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Abstract: Sludges from the papermaking industry represent a challenging residue stream that is diffi-
cult to dewater using conventional processes. The successful development and scale-up of innovative
processes from lab- to pilot- to industrial-scale are required to tackle challenges for waste treatment,
including paper sludges. Biological paper sludge was treated via a mild hydrothermal carbonization
process (TORWASH®) to improve dewaterability of the sludge, including long-duration, continuous
testing. Initial lab-scale experiments indicated the optimal treatment temperature for sludge dewa-
tering was 190 ◦C. Dewaterability improved with increasing temperature, but the obtained solid
yield decreased. Scaling-up to a continuous flow pilot plant required a temperature of 200 ◦C to
achieve optimum dewatering. Pilot-scale hydrothermal treatment and dewatering resulted in solid
cakes with an average dry matter content of 38% and a solid yield of 39%. This study demonstrates
the benefits of hydrothermal carbonization for the dewatering of biological paper sludge without
the use of dewatering aids such as fiber sludge or polyelectrolytes. The results also demonstrate
the successful adaptation of a lab-scale batch process to a pilot-scale continuous flow process for
hydrothermal carbonization of industrial wastewater sludge.

Keywords: hydrothermal carbonization; industrial wastewater; biological paper sludge; dewatering;
TORWASH

1. Introduction

The paper industry is one of the largest global industries with an estimated production
of >400 Mton of board and paper produced per year. During this production, approxi-
mately 400 Mton of wet sludges are generated annually as a residue stream of wastewater
treatment at paper mills [1,2]. Of these, the most problematic for the paper mill is biological
(bio-) sludge, so named because it is a product of biological wastewater treatment (typically
aeration followed by clarification). The composition of biological paper sludge is complex
and can contain high concentrations of harmful substances, including heavy metals, inor-
ganics and pathogenic microorganisms [3,4]. Typically, these sludges are disposed of via
landfilling or incineration. Landfilling of bio-sludge has been banned in many countries
due to associated negative environmental impacts. Incineration is still a common disposal
pathway but is difficult and expensive due to the high concentration of inorganic particles
in the paper sludges combined with their poor dewaterability [5–7]. Dewatering, the
separation of solid and liquid components, of biological paper sludge in order to improve
the calorific value at incineration, can be so challenging that it can be responsible for
over half of the total wastewater treatment costs at a paper mill [8], often requiring the
use of costly dewatering aids such as coagulants or polyelectrolytes. A widely applied
method to improve the dewaterability of the bio-sludge is the addition of fiber sludge,
a by-product of paper making. Fiber sludge is composed of short cellulose fibers and is
obtained from primary clarification in the wastewater treatment process. The addition of
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fiber sludge to bio-sludge to form a mixed sludge enhances the overall dewaterability via
mechanical dewatering, which is highly preferred over thermal dewatering [8,9]. However,
the use of fiber sludge as a dewatering aid is not ideal as it is rich in cellulose fibers and
organics and therefore has the potential for reuse as a raw material in the papermaking
process [5]. Therefore, alternative methods to improve the dewaterability of bio-sludge
should be explored.

A variety of thermochemical processes have been developed for the upgrading of
biomass. The majority of these processes use dry biomass as a feedstock, requiring an
energy- and cost-intensive upstream drying step [10]. For hydrothermal carbonization
this is not required, as water is the applied reaction medium. Therefore, it is an excellent
upgrading process for wet biogenic feedstocks, including sludges [6]. Hydrothermal
carbonization (HTC) is typically applied at temperatures in the range of 180–250 ◦C under
autogenous pressure (1–5 MPa). Historically, the higher temperatures in this temperature
range in combination with long residence times were targeted, but the focus has been
shifting towards the lower temperatures of this temperature range in combination with
shorter residence times [11]. At TNO, the TORWASH® technology has been developed as a
reactor concept in which a mild HTC process, with relatively low temperatures (150–210 ◦C)
and an adjustable short residence time, is applied for the upgrading of wet low-grade
biomass feedstocks towards high-grade solid fuel of a quality suitable for co-firing [12,13].

At the applied conditions, a wide range of chemical reactions take place, including
hydrolysis, dehydration, decarboxylation, recondensation and aromatization. These re-
actions result in lower O/C and H/C ratios for the obtained product compared to the
original biomass, with values similar to conventional solid fuels [14,15]. During this car-
bonization process, organic acids (acetic acid, lactic acid, formic acid, levulinic acid) are
generated, which decreases the pH of the reaction media. The decrease in pH further
enhances the hydrolysis and decomposition of the polymers, making HTC an autocatalytic
process [16,17]. As such, a drop in pH of the product slurry is a good indication for an
efficient carbonization reaction, and the resulting decrease in the O/C ratio can therefore be
linked to physicochemical properties such as enhanced dewaterability and higher heating
value (HHV) [18].

The main product of HTC is a solid fraction (hydrochar), with a carbon-rich aqueous
solution and a small amount of gas (70–90% of which is CO2) as side products. The
distribution between these components is influenced by the reaction conditions and the
feedstock [17,19]. The most influential reaction parameter is the applied temperature.
Moderately low temperatures are applied in HTC, as higher temperatures (>250 ◦C) favor
the formation of liquids and gases. With increasing temperature, the atomic ratios of
H/C and O/C gradually decrease [20,21], but this comes at the expense of the hydrochar
yield [10,22]. Another important parameter is the reaction time. Longer reaction times result
in a higher hydrochar yield with better properties such as enhanced porosity, pore volume
and surface area and a higher calorific value due to a decrease in the O/C ratio [23,24].

The generated hydrochar has many improved properties compared to the initial
biomass, including higher mass and energy density, and improved grindability, hydropho-
bicity and stability to microbial degradation, and better combustion performance as a
solid. The increased hydrophobicity results in better dewaterability of the hydrochar and
removal of part of the inorganics, which significantly improves the combustion perfor-
mance [19,23,25]. The hydrochar has many applications, including as a solid bio-fuel,
adsorbent, catalyst, soil improver and carbon sequestration medium [19,21].

Hydrothermal carbonization of paper sludge has been widely reported in recent
years [26–31]. Studies on the effect of temperature on different paper sludges show sim-
ilar trends. With increasing temperature, a decrease in oxygen content relative to the
carbon content was observed, resulting in a higher heating value (HHV) for the obtained
hydrochar. Additionally, a clear decrease in solid yield was observed for both a higher
reaction temperature and increased residence time [26–28].
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One of the current gaps in hydrothermal carbonization research is the lack of reported
data for pilot- and full-scale processes. Most of the existing research focuses on bench-scale
operation and model simulations [11,32,33]. Recent work by Zaccariello et al. [34] demon-
strated that the reaction conditions are scalable from a 3 L to a 100 L batch reactor but that the
thermal efficiency decreases for the larger reactor. Moving from batch to (semi-)continuous
reactors for hydrothermal carbonization is also highly relevant from an industrial point of
view. The use of liter-scale semi-continuous reactors has been reported in a few studies and
the results tend to be in agreement with small batch experiments [35,36]. Higher degrees
of carbonization are reported for the hydrochar obtained by semi-continuous operation,
which also lead to a higher hydrophobicity and thermal stability [35]. These results are
promising, but additional research is needed on continuous HTC at a larger/industrially
relevant (multi-kilogram to ton) scale for longer (days/weeks/months) time periods.

The aim of this project is the scale-up of a mild continuous hydrothermal carbonization
of paper sludge from batch lab-scale to a continuous pilot-scale (>25 kg/h) in an industrial
setting for a long duration (>400 h). A special focus is given to raw bio-sludge, as this
is the problematic waste stream of the paper industry. Improving dewatering of this
stream following hydrothermal treatment can forego the use of dewatering aids such as
polyelectrolytes and fiber sludge. A reaction condition screening is performed at the lab-
scale to optimize the HTC reaction conditions for both good dewaterability (reported as
dry matter content of the obtained press cakes) and solid yield, and these conditions are
applied at a continuous pilot-scale.

2. Materials and Methods
2.1. Raw Feedstock and Reference Dewatering Process

Biological paper sludge (bio-sludge) and mixed sludge (bio-sludge and fiber sludge)
were provided by the Smurfit Kappa paper mill in Piteå, Sweden. The bio-sludge is a
by-product of the biological wastewater treatment process of the paper mill. The mixed
sludge is bio-sludge (33%) mixed with fiber sludge (67%). Fiber sludge is a by-product of
paper production and is a wet stream containing solids in the form of very short cellulose
fibers. During the initial lab testing, two different batches of bio-sludge were applied. The
first batch had a low dry matter content (1.0%), which was a sample obtained directly
after a maintenance stop. The second batch was obtained during normal operation, which
resulted in a significantly higher dry matter content (3.4%)

Currently, the Smurfit Kappa paper mill in Piteå treats (dewaters) the mixed sludge
as a residue stream, where the addition of fiber sludge aims to improve dewaterability of
the bio-sludge. The mixed sludge is first treated with the addition of a polyelectrolyte as a
chemical dewatering aid and this mixture is dewatered via a screw press to achieve solids
with approximately 30–35% dry matter content. The solids are used on-site in a biomass
boiler for heat production.

2.2. TORWASH® Process

This study uses the TORWASH® hydrothermal treatment process for short and mild
HTC of bio-sludge. For this specific feedstock a temperature of 200 ◦C and autogenous
pressure are applied. TORWASH® is a patented process that applies hydrothermal car-
bonization on wet organic residues via TORWASH® reactor technology. This process yields
a product slurry that can be dewatered mechanically, whilst part of the inorganic ions
are removed. Organic material that is dissolved in the filtrate is biodegradable and can
be converted to biogas. Figure 1 shows a schematic representation of the overall process.
The TORWASH® reactor technology includes flow operation on a small angle. During
the carbonization reaction that takes place in the TORWASH® section (Figure 2), CO2 is
generated as a result of dehydration and decarboxylation reactions. The angle of the reactor
pipe retains the CO2 in the reactor. This results in a decrease in pH of the reaction media,
catalyzing the hydrothermal carbonization [12].
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2.3. Lab-Scale Batch Experiments

Initial screening tests were performed in small microclave vessels (125 mL) to de-
termine the optimal temperature for hydrothermal treatment. Six different temperatures
(160–210 ◦C) were selected to test the effect of the reaction temperature on the properties
and the dewaterability of the obtained product slurry. In total, 80 g of feedstock was added
to the microclave vessel, which was then tightly sealed and inserted into a heating block
and heated to a target temperature. A typical test was performed with a stirring speed of
500 rpm and a run time at setpoint of 30 min.

Autoclave experiments were performed in a stainless steel vessel (20 L), which was
indirectly heated. These experiments were performed to scale up optimized conditions as
determined by the initial screening experiments. A total of 15 kg of feedstock was added to
the vessel and the vessel was tightly sealed. The mixture was stirred by a stirrer equipped
inside the vessel. Heating to the set temperature required approximately three hours. Upon
reaching the temperature set point, the reactor was kept at this temperature for 30 min.
Afterwards the reactor was left to cool to room temperature.

2.4. Pilot-Scale Continuous Flow Experiments

The TORWASH® continuous flow pilot plant (Figure 2) was designed for a maximum
throughput of 50 kg/h, maximum temperature of 250 ◦C and a maximum pressure of 25 bar.
The feedstock passes through three distinct temperature regimes in the pilot plant. The first
section is the preheat section (~30 min residence time), in which the feed is gradually heated
from ambient temperature to approximately 180 ◦C. Hydrolysis reactions occur in this
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section, but dehydration reactions are limited. In the TORWASH® section the temperature
is increased to the desired temperature (200 ◦C for bio-sludge, ~1 h residence time) to
achieve hydrothermal carbonization. In the cooling section the mixture is rapidly cooled to
40 ◦C to stop the reaction. The product slurry is depressurized and afterwards collected in
external tanks. For the heating sections, electrical heating is applied, whereas the cooling
section applies cooling water.

The typical throughput during the pilot tests was 25 kg/h, which corresponds to an
overall residence time of ~2.5 h. The pilot plant is containerized and mobile and was used
for long-duration (>400 h) experiments performed on-site at the Smurfit Kappa paper mill
in Piteå, Sweden.

2.5. Dewatering Experiments

For lab-scale experiments and initial testing of the TORWASH® reactor, the obtained
product slurry after hydrothermal carbonization was filtered (Whatman GF/D glass mi-
crofiber filter, 2.7 µm pore size) to remove the bulk of the liquid from the product slurry,
yielding a transparent orange–brown filtrate and a solid filter cake. The filter cake was
further mechanically dewatered with a carver die unit. For the carver die (58 mm diameter),
nylon filters (20 µm pore size) were used at the top and bottom of the die. The loaded die
was pressed unidirectionally in a hydraulic press, operated at 65 bar for 1 min to generate a
solid press cake.

For on-site pilot-scale testing, dewatering of the large quantities of product slurry
obtained during the long-duration test was performed by a pilot-scale membrane filter
press of Limburg Filter, which employs their Leaktite technology. Briefly, the product slurry
was pumped into the chambers of the membrane filter press, which was set at a (adjustable)
pressure. The pressure slowly increased, which removed the bulk of the water from the
solids. Next, the membranes were squeezed to dewater the solids as much as possible,
yielding the solid press cake.

2.6. Analysis

The dry matter content of the feedstocks, TORWASH® product slurry, press cakes and
filtrate was determined by drying overnight in an oven at 105 ◦C at atmospheric pressure.
The dry matter content of press cakes was used to evaluate the dewaterability of the solids
following the hydrothermal treatment.

Elemental analysis was performed on all streams (dried) with the Element Analyser
Flash 2000 (Thermo Fisher Scientific, Lelystad, The Netherlands) and the ash content
was determined using a Nabertherm LV5/11/B180 oven. CHN content was determined
according to EN 15104 and the ash content according to EN 14775. Volatile matter was
measured according to EN 15148. The higher heating value (HHV) was determined
according to EN 14918. Inorganics were measured by Inductively Coupled Plasma with an
ICAP6300 ICP-OES destruction according to NEN 6963 standard and ICP measurements
according to NEN 6966. F, Cl and Br were analyzed according to NEN-EN-ISO-10304-1.
Mercury was analyzed by Cold Vapour Atomic Fluorescence Spectroscopy. Dissolved
chemical oxygen demand (COD) and dissolved phosphorus and nitrogen in the liquid
fractions were measured with the Hach Lange cuvette test method.

3. Results and Discussion
3.1. Feedstock Analysis

Analysis of the two feedstocks showed that both streams are similar in composition
(Table 1). Both feedstocks have close to neutral pH and are very dilute (<3% dry solids)
with approximately 42% carbon content in the solids. The oxygen content of the mixed
sludge is higher (38%) than in the bio-sludge (31%) due to the presence of cellulose fibers
in the mixed sludge. The ash content of both feedstocks is high (up to 16%) due to the
presence of a wide range of metals. Heavy metals are common in paper mill wastewater,
mainly from the black liquor by-product of papermaking. These metals are concentrated in



Processes 2022, 10, 2702 6 of 15

the sludge during wastewater treatment. The sulfur content in both sludges is particularly
high, which is a result of the use of sulfur in the pulping process. The obtained values are
within the range of other reported sludges derived from various paper mills [26].

Table 1. Characteristics of biological sludge and mixed sludge (33% biological sludge and 67% fiber
sludge) as received. 1 db = dry basis; analysis on solids that were dried at 105 ◦C.

Parameter Bio-Sludge Mixed Sludge

pH 7.48 6.41
Conductivity (mS/cm) 1.87 2.01
Dry matter content (%) 1.0 2.2
Moisture content (%) 99.0 97.8

Solids Analysis:
Ash content, 815 ◦C (% db 1) 15.8 12.4

Volatile matter (% db) 71.8 72.8
HHV (MJ/kg) 18.6 17.8

C (% db) 42.4 41.8
H (% db) 5.9 5.8
N (% db) 7.1 2.7
O (% db) 30.8 38.3

S (mg/kg) 11,000 7400
F (mg/kg) 37 39
Cl (mg/kg) 580 150
Br (mg/kg) 150 76
Hg (mg/kg) 0.059 0.055

3.2. Lab-Scale Experiments
3.2.1. Microclave Tests

A good indication of an efficient hydrothermal carbonization process, and thus dewat-
erability, is the decrease in pH of the resulting product slurry [17]. For both mixed sludge
and bio-sludge, a clear decrease in pH was observed with hydrothermal treatment in the
screening tests (Tables 2 and 3). For bio-sludge, the optimum temperature for pH reduction
was 180 ◦C. For mixed sludge, the pH decreased with increasing temperature to 180 ◦C
and then did not further decrease with higher temperatures. The chemical oxygen demand
(COD) of the product slurry increased with increasing reaction temperature, confirming the
increase in organics in the liquid fraction by hydrolysis reactions. Hydrothermally treated
mixed sludge had increased concentrations of dissolved ammonium, total nitrogen and
orthophosphate compared to the feedstock, and a strong relationship between the reaction
temperature and the total dissolved matter was observed.

Table 2. Characteristics of the mixed sludge feedstock before and after processing, and the effect of
hydrothermal treatment reaction temperature. Reported values for COD, NH4

+, total nitrogen and
PO4

3− correspond to the dissolved fraction.

Temperature
(◦C) pH Conductivity

(mS/cm)
COD
(g/L)

NH4
+

(mg/L)

Total
Nitrogen

(mg/L)

PO43−

(mg/L)

Mixed sludge
feed 6.4 2.0 0.8 8 22 7

160 6.7 1.7 4.7 11 247 24
170 5.8 2.5 6.0 63 312 24
180 5.4 2.6 7.5 87 367 24
190 5.5 2.8 7.8 101 417 20
200 5.3 3.1 8.1 154 437 37
210 5.2 3.3 8.3 164 445 37
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Table 3. Characteristics of two bio-sludge feedstocks before and after processing, and the effect of
hydrothermal treatment reaction temperature. * Second bio-sludge batch used, n.d. = not determined.
Reported values for COD, NH4

+, total nitrogen and PO4
3− correspond to the dissolved fraction.

Temperature
(◦C) pH Conductivity

(mS/cm)
COD
(g/L)

NH4
+

(mg/L)

Total
Nitrogen

(mg/L)

PO43−

(mg/L)

Bio-sludge feed 7.5 1.9 0.2 n.d. n.d. n.d.

160 6.7 2.0 5.0 n.d. n.d. n.d.
170 6.4 2.2 5.1 n.d. n.d. n.d.
180 5.6 2.3 6.6 n.d. n.d. n.d.
190 5.9 2.8 6.0 n.d. n.d. n.d.
200 5.9 2.9 6.5 n.d. n.d. n.d.
210 5.9 3.1 7.2 n.d. n.d. n.d.

Second
bio-sludge feed 6.4 2.5 2.7 200 223 42

180 * 5.4 4.4 24.8 548 2258 112
200 * 5.3 5.0 23.7 675 2153 134

Hydrothermally treated bio-sludge and mixed sludge from the screening tests were
pressed with the carver die to test the dewaterability of the obtained product slurries.
Sludges that were treated at higher reaction temperatures were more easily pressable, which
is closely related to a drop in pH (Tables 2 and 3). For mixed sludge, the dewaterability
was consistent as a good press cake could be obtained in combination with a clear liquid.
The dry matter content of the obtained press cake was in the range of 59–63% at treatment
temperatures between 160–190 ◦C (Table S1). The dry matter content in the press cake did
show a small (and unexpected) decrease at higher temperatures, to 54% at 200 and 210 ◦C,
as dewaterability is expected to increase for hydrochar obtained at higher temperatures [23].
For bio-sludge, no reliable data for the dry matter content could be obtained due to the
small quantity of solids obtained in each experiment. The product slurry obtained at 160 ◦C
was not dewaterable, whereas all the other samples yielded a solid and a clear liquid after
mechanical dewatering.

Determination of the total solid yield did show a clear trend for both feedstocks
(Figure 3) as a decrease in the solid yield (as a percentage of the total initial solids) was
observed with increasing reaction temperature. For mixed sludge, this decrease was gradual
from 160 ◦C (83% solid yield) to 190 ◦C (69% solid yield). Increasing the temperature to
200 ◦C resulted in a sharp drop to 56% solid yield. For bio-sludge treated at 170 ◦C and
180 ◦C, the solid yield was comparable (42% and 38%, respectively). Higher temperatures
resulted in a sharp decrease in solid yield, ranging from 26% at 190 ◦C to 10% at 210 ◦C,
as was also observed in comparable studies [26,27]. The very low values obtained for
bio-sludge are also a result of the small quantities of solids obtained (less than 0.4 g), which
makes any product loss during work-up result in a significant yield loss percentage-wise.

The differences between both feedstocks confirm the positive effect of the addition of
fiber sludge to bio-sludge for both the dewaterability and the solid yield of the obtained
product. Based on these results the optimal reaction temperature for mixed sludge was
determined to be 190 ◦C. It should be noted that the results (and trends) observed for
the experiments at the higher temperatures are likely an actual overestimation of the
temperature effect. This is due to the relatively slow heating and cooling profile of the
microclave, causing a longer exposure to reactive conditions compared to the experiments
performed at lower temperatures.
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* Second batch of bio-sludge.

Some follow-up experiments were performed with a different (second) batch of bio-
sludge from Smurfit Kappa, which had different properties compared to the first batch
(Table 3). In particular the dry matter content (3.4% vs. 1%) and the dissolved organics
(COD of 2.7 g/L vs. 0.2 g/L) were significantly higher than those of the original bio-sludge
sample. Two microclave experiments were performed for this new bio-sludge, at 180 ◦C
and 200 ◦C, and confirmed the trends observed with the previous feedstock. The result for
the total solid yield was similar at 180 ◦C (40% solid yield), but a significant improvement
was observed at 200 ◦C (28% solid yield vs. 17% for the first batch). This is likely a result of
the higher amount of dry matter content in the second batch and the lower pH of both the
feedstock and the resulting product slurry, resulting in more efficient carbonization.

3.2.2. Autoclave Tests

Based on the results obtained with the microclave experiments, a reaction temperature
of 190 ◦C was determined as a setpoint for the autoclave tests for mixed sludge and the
second batch of bio-sludge. The dewaterability of both product slurries was very good,
with consistent quality of the solid press cake and a clear liquid. For mixed sludge, the
obtained results were similar to the microclave experiment, although the pH of the resulting
mixture was slightly more acidic (pH 5.4) and the COD slightly higher (9.2 g/L) (Table 4).
Due to the high volume of product slurry created, 18 press cakes were pressed in order to
obtain good average values. A total solid yield of 66% and an average dry matter content of
61% were obtained for the press cakes, which is in correspondence with the results obtained
with the microclave experiments.

Table 4. Characteristics of the product slurry obtained with the hydrothermal treatment at 190 ◦C
with the autoclave. Reported values for COD, NH4

+, total nitrogen and PO4
3− correspond to the

dissolved fraction.

Feedstock pH Conductivity
(mS/cm)

COD
(g/L)

NH4
+

(mg/L)

Total
Nitrogen

(mg/L)

PO43−

(mg/L)

Mixed sludge 5.4 3.2 9.2 172 535 44
Bio-sludge 5.3 5.1 24.0 760 2489 194
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For bio-sludge, the results were also in line with the microclave experiments. The
characteristics of the obtained product slurry are similar to the results with the microclave
at 200 ◦C, with a slightly higher amount of dissolved components. This is likely a result of
the longer heating and cooling time of the autoclave compared to the microclave, effectively
resulting in a longer reaction time. A total solid yield of 30% was obtained and an average
dry matter content of 61% was obtained for the press cakes (average of six press cakes).
These results are also comparable to the results obtained with the microclave at 200 ◦C.

3.3. Pilot-Scale Continuous Flow Experiments

The first experiments in the pilot plant were performed at TNO in an effort to prepare
for and de-risk the long-duration experiments on-site. The first experiment was performed
with mixed sludge as the feedstock, during which a range of temperatures were tested. A
clear improvement in dewaterability was observed with increasing temperature. The liquid
obtained after pressing the product slurry obtained at 185 ◦C contained solids, whilst at
higher reaction temperatures, a clear liquid was obtained. The press cake obtained from
the mixed sludge treated at 185 ◦C showed large fluctuations in the dry matter content,
ranging from 20–46%. At temperatures of 195 ◦C and 205 ◦C, more consistent results for the
press cakes were obtained with an average dry matter content of 61% and 63%, respectively
(Table 5), which is in correspondence with the results obtained with the microclave and
autoclave at 190 ◦C. The improved dewaterabilty at elevated temperatures is in accordance
with the reported literature [23]. The solid yields at 195 ◦C and 205 ◦C were 69% and
68%, respectively, which was similar to the result with the microclave at 190 ◦C (69%).
pH analysis of the product slurries confirmed the trend of improved dewaterability with
decreasing pH. The product slurry obtained at 185 ◦C had a pH of 6.0, compared to a pH
of 5.8 for treatment at 195 ◦C and 5.6 at 205 ◦C. The pH of the obtained product slurries
was less acidic compared to the corresponding results with the microclave, indicating a less
efficient carbonization reaction. Overall, it was noticed that a higher temperature (~10 ◦C)
was required for the pilot plant to obtain similar results to those for the microclave and
autoclave tests. This could be a result of a low degree of mixing in the pilot plant, which
limits the heat transfer in the reaction mixture. The requirement for higher temperatures
could also be a result of the shorter residence time in the pilot plant compared to the
autoclave and microclave. Therefore, the carbonization reaction is not as effective in
the pilot plant compared to the batch systems at the same temperature, and a higher
temperature is required in the pilot reactor to obtain similar results to the batch system.

Table 5. Results obtained for the press cake and the pH of the obtained product slurry.

Dry Matter Content Press
Cake (%) Solid Yield (%) pH

Mixed sludge 6.4

185 ◦C 34 ± 9 70 6.0

195 ◦C 61 ± 3 69 5.8

205 ◦C 63 ± 2 68 5.6

Bio-sludge 6.4

185 ◦C Not pressable 5.9

195 ◦C 48 ± 7 49 5.7

205 ◦C 50 ± 5 44 5.7

Following 8.5 h of continuous pilot plant operation with mixed sludge, the flow profile
became irregular and the experiment was stopped. Subsequent inspection of the pilot plant
showed the accumulation of fibrous material inside the reactor. This would be problematic
for continuous flow operation for an extended time period.
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Initial pilot experiments with bio-sludge were performed at the same temperatures as
mixed sludge. As with the mixed sludge, a clear increase in dewaterability was observed
with increasing temperature. Bio-sludge treated at 185 ◦C was not dewaterable. A tempera-
ture increase to 195 ◦C yielded a product slurry that was pressable, albeit with difficulty.
The product slurry obtained at 205 ◦C was significantly easier and more consistent to press.
The obtained press cakes from the product slurry generated at 195 ◦C and 205 ◦C had
average dry matter contents of 48% and 50%, respectively, which were lower than the 61%
obtained from the autoclave experiment at 190 ◦C. The solid yields at 195 ◦C and 205 ◦C
were 49% and 44%, respectively, which were markedly higher compared to the microclave
and autoclave experiments, which had a solid yield of around 30%, which could be an
effect of the shorter residence time in the flow setup [26–28]. The pH of the product slurry
followed the same trend of decreasing with increasing reaction temperature. Inspection
of the pilot plant following the experiments did not show any accumulation of solids,
demonstrating the suitability of bio-sludge for long duration experiments. The improved
dewaterability with increasing temperature is in good accordance with literature reports.
Enhanced dewaterability is directly linked to the polarity index ((O+N)/C), where a low
value (due to a high carbon content) corresponds to hydrophobicity [37,38]. At higher
temperatures, the carbon content of the obtained hydrochar is higher, resulting in enhanced
dewaterability.

Based on the results of the initial pilot plant experiments with mixed sludge and bio-
sludge, bio-sludge was selected as the feedstock for long duration (>400 h) testing on-site
at the Smurfit Kappa paper mill. The preliminary experiments showed that hydrothermal
treatment of mixed sludge does not offer many benefits in terms of dewaterability over
the bio-sludge and, in fact, is detrimental at the pilot-scale due to the fibers settling in the
reactor. The use of bio-sludge as the sole feedstock for hydrothermal treatment is also
beneficial from an industrial perspective, as this material is the problematic waste stream
for the paper industry. Fiber sludge is typically added as a dewatering aid, but it could be
used instead for higher value applications [8].

The long-duration pilot-scale experiment was performed on the site of the wastewater
treatment plant at the paper mill of Smurfit Kappa in Piteå, Sweden. This allowed for
pilot testing on the actual location where the residue stream was generated and ensured a
constant supply of fresh bio-sludge for the entire duration of the test, providing a better
approximation of actual scale-up conditions. The long-duration experiment was performed
over a period of 24 days, with a pilot plant uptime of 75% (410 h). The reactor down-time
was mainly caused by the unusual flow behavior of heated bio-sludge and fouling within
the reactor, more details of which can be found in the Supporting Information.

During the long-duration experiment, the target temperature was set at 200 ◦C, and
throughout the experiment the temperature ranged between 195 and 205 ◦C. Nearly
11,000 kg of product slurry was produced in this experiment. The obtained product
slurry was easily dewaterable with a membrane filter press, yielding a clear filtrate. In total,
142 kg of press cake was obtained from the product slurry with the membrane filter press
(Figure 4). The press cakes had an average dry matter content of 38% (54.4 kg dry solid)
and a total solid yield of 39%. The dry matter content of the press cake was consistent
throughout the entire test with values ranging from 33–42% (9 filter press runs). The solid
yield is comparable but slightly lower than those obtained in the preliminary pilot plant
experiments. The values for the dry matter content of the press cakes obtained during
continuous operation were approximately 10% lower compared to the values obtained
during the lab and pilot tests. This is due to the difference in operating pressure of the
applied filter press. The carver die operates at a higher pressure compared to the membrane
filter press, resulting in a more compressed cake. The dry matter content of the obtained
press cakes was higher than the values obtained with the currently applied dewatering
method at the paper mill, showing the potential of the hydrothermal treatment process.
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Figure 4. Press cake obtained with the membrane filter press during the long duration experiment.

Analysis of the bio-sludge feedstock on-site showed values that were an intermediary
of the two bio-sludge samples used in the lab-scale testing. This demonstrates the variability
within this feedstock and the requirement for a robust process to treat it. Hydrothermally
treated bio-sludge had a slightly smaller dry matter content compared to untreated bio-
sludge (Table 6). This loss is likely a combined effect of loss due to the formation of gases
(~5% of the initial organic content) and some settling of solids in both the pilot plant and
the collection tanks. The high dry matter content of the filtrate (53% of the feed) indicates
that a large fraction of the initial feed is dissolved in the liquid fraction as a result of the
hydrothermal treatment and valorization of this stream is essential. The decrease in pH
of the initial feedstock compared to both the obtained product slurry and filtrate and the
marked increase in dissolved COD are indicators for efficient hydrothermal carbonization.

Table 6. Characteristics of the bio-sludge feed, product slurry and filtrate obtained with the pilot
plant operated at 200 ◦C. Reported values for COD, NH4

+, total nitrogen and PO4
3− correspond to

the dissolved fraction. Early stage denotes the first two weeks of long duration testing, late stage
denotes the final two weeks of long duration testing.

Dry Matter
Content (%) pH Conductivity

(mS/cm)
COD
(g/L)

NH4
+

(mg/L)

Total
Nitrogen

(mg/L)

PO43−

(mg/L)

Early stage

Feed 1.59 7.0 2.2 0.4 36 84 17
Product slurry 1.45 6.1 3.3 11.2 93 885 34

Filtrate 0.86 5.9 3.4 11.0 103 947 43
Late stage

Feed 1.57 6.9 2.0 0.6 32 47 34
Product slurry 1.46 6.0 3.0 10.6 93 866 110

Filtrate 0.83 6.1 3.1 10.8 97 802 98

In order to obtain more insight into the chemical changes during the process and
the final composition of the obtained products, an extensive analysis was performed on
the feedstock, hydrothermal carbonization product slurry, the obtained press cake from
the membrane filter press and the resulting filtrate of the membrane filter press (Table 7).
One of the main observations is the high ash content (24.9%) of the obtained press cake.
More specifically, the press cake has a high affinity for metals such as aluminum, barium,
cadmium, chromium, copper, iron, lead, manganese, mercury, silicon, strontium, titanium,
vanadium and zinc compared to the obtained filtrate. This makes the hydrothermal car-
bonization of bio-sludge an efficient method to concentrate and trap metals in a wastewater
stream [39]. Calcium, magnesium, phosphorus and sulfur were also detected in the press
cake, but these were more evenly distributed between the press cake and filtrate. The filtrate
has high affinity for boron, bromine, chlorine, potassium and sodium and is also rich in
calcium and sulfur. Another trend is the increase in the higher heating value (HHV) for the
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obtained product slurry and press cake (19.2 and 20.8 MJ/kg db) compared to the feedstock
(18.1 MJ/kg db). This is associated with an increase in the carbon content relative to oxygen
in the product slurry and press cake, a direct effect of the carbonization of the feedstock.
The increase in the HHV and the removal of most of the water (99.2% of the initial feed-
stock) could make this a suitable process to produce solid fuel. Further investigation to
see if the press cake can be used directly as a solid fuel (e.g., in the steelmaking industry)
should be performed [40], whereas the effluent could be used for nutrient recovery [41]
and biogas formation via anaerobic digestion [42]. The effect of the high ash content of the
hydrochar obtained from this specific feedstock should be carefully evaluated as this will
exclude the use as, e.g., soil remediation. Even if no direct applications are possible for
this feedstock, this process is still of high interest for the paper industry as the enhanced
dewaterability of bio-sludge can lead to improved energy efficiency of the sludge and cost
savings. Preliminary techno-economic analysis indicates the proposed process can save
three times the primary fuel and reduce treatment costs by 28% when compared to the
conventional dewatering and incineration process at the mill. Detailed techno-economic
and environmental assessments are ongoing and represent topics for future research.

Table 7. Analysis results of bio-sludge, the hydrothermal carbonization product slurry, the press cake
obtained with the membrane press and the resulting filtrate.

Parameter Unit Bio-
Sludge

Product
Slurry

Press
Cake Filtrate

Ash content (550 ◦C) % db 19.7 20.3 24.9 18.4
Ash content (815 ◦C) % db 19.0 19.9 23.4 18.0

Volatile matter % db 70.0 67.7 59.9 74.4
Moisture % ar 5.6 4.6 1.6 7.9

HHV MJ/kg db 18.1 19.2 20.8 17.3
Element

C % db 41.3 43.7 46.0 40.7
N % db 6.3 7.2 4.2 9.0
H % db 5.8 5.5 5.8 5.5
O % db 32.7 29.2 22.2 33.1
Br mg/kg 120 130 30 140
Cl mg/kg 820 960 120 790
F mg/kg 18 18 64 <10

Al mg/kg db 7000 6900 18,000 210
As mg/kg db <4 <4 <4 <4
B mg/kg db 170 180 9.8 220

Ba mg/kg db 360 360 820 5.6
Ca mg/kg db 18,000 14,000 21,000 9000
Cd mg/kg db 4.8 5.0 12 <0.3
Co mg/kg db 1.4 1.4 1.7 <0.9
Cr mg/kg db 18 18 40 4.1
Cu mg/kg db 27 27 69 <5
Fe mg/kg db 3100 3000 6300 730
K mg/kg db 6100 7000 1300 11,000
Li mg/kg db 3.4 3.8 3.1 4.4

Mg mg/kg db 2500 2900 3200 3100
Mn mg/kg db 7600 7300 12,000 1900
Mo mg/kg db 7.4 7.9 7.9 3.9
Na mg/kg db 21,000 24,000 1400 44,000
Ni mg/kg db 8.3 8.8 18 4.6
P mg/kg db 13,000 13,000 22,000 6500

Pb mg/kg db 17 17 43 <2
S mg/kg db 22,000 23,000 9300 33,000

Sb mg/kg db <10 <10 <10 <10
Se mg/kg db <4 <4 <4 <4
Si mg/kg db 13,000 14,000 35,000 3800
Sn mg/kg db <3 <3 <3 <3
Sr mg/kg db 59 51 110 15
Ti mg/kg db 250 390 860 2.2
V mg/kg db 14 15 29 1.7
W mg/kg db <4 <4 <4 <4
Zn mg/kg db 530 550 1200 24
Hg mg/kg ar 0.062 0.065 0.14 <0.004
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4. Conclusions

This study reports the successful scale-up from a batch lab-scale process to a contin-
uous flow pilot plant for the mild hydrothermal carbonization of biological sludge from
the wastewater treatment plant of a paper mill. Initial experiments were performed at
lab-scale on bio-sludge and mixed sludge (mix of bio- and fiber sludge, with the latter
as a dewatering aid) to determine the optimal reaction temperature for dewaterability of
the sludge whilst maintaining a good solid yield. At lab-scale, a temperature of around
190 ◦C was established as the optimal temperature as determined by the overall solid yield
(26% for bio-sludge and 69% for mixed sludge) and ease of mechanical dewaterability
(pressing). The experiments could be increased in scale from a 100 mL microclave to a
20 L autoclave with good and comparable results for both bio-sludge (30% solid yield,
61% dry matter content) and mixed sludge (66% solid yield, 61% dry matter content) at
190 ◦C. In short tests at the pilot-scale, it was possible to achieve the same results at a small
increase in temperature to approximately 200 ◦C. This increase in temperature was likely
required due to poorer mixing and uneven heating in the pilot reactor. For mixed sludge,
the pilot-scale test showed that the accumulation of cellulose fibers in the reactor would
be problematic. For bio-sludge, a significant improvement in solid yield to over 40% was
achieved by hydrothermal treatment in combination with a dry matter content close to 50%,
which is higher than the current applied methods for enhancing bio-sludge dewaterability.
Therefore, bio-sludge was selected as feedstock for the long duration testing. A long dura-
tion experiment, 24 days, 410 h for a total uptime of 75%, was performed on-site at a paper
mill with bio-sludge as the feedstock. The results were in good correspondence with the
lab tests, with a solid yield of 39% and a dry matter content of 38% for the obtained press
cakes (solids). Compared to the current practice at the paper mill, which uses valuable fiber
sludge and polymer as dewatering aids to achieve 30% dry matter content, this study high-
lights the potential of hydrothermal treatment to improve the dewaterability of wastewater
sludges without the use of dewatering aids. The obtained press cake shows potential as a
means to concentrate metals present in wastewater, and due to the enhanced dewaterability
of bio-sludge, it should have enhanced potential as a solid fuel. Furthermore, 99.2% of the
initial water content was removed from the bio-sludge during the process of hydrothermal
carbonization and dewatering. Applying a more concentrated feed and valorization of the
filtrate are topics that should be addressed in follow-up research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10122702/s1, Figure S1: Build-up and blockages of sludge
in the reactor (left) and unexpected phase separation of floating sludge upon heating of bio-sludge
(right) to explain the blockages at the top of the reactor tubes; Figure S2: Fouling on the inside of the
TORWASH pilot plant upon inspection and cleaning at the end of the long-duration tests; Table S1:
Results for the microclave and autoclave experiments at different reaction temperatures on bio-sludge
and mixed sludge as feedstock.
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