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Abstract: In a circular economy, the efficient utilization of all materials as valuable resources, with
a focus on minimizing waste, is paramount. This study shows the possibilities of upgrading the
lowest-valued residuals from the forest industry into a new product with both liming and fertilizing
properties on forest soil. Hydrothermal carbonized sludge mixed with bark and ash in the proportions
of 45:10:45 was densified into fertilizer pellets that meet the nutrient requirements of 120 kg N per
hectare when 7 tons of pellets is spread in forests. The pellets met a high-quality result according to
durability and density, which were above 95% and 900 kg/m3. However, pellets exposed to wet and
cold conditions lost their hardness, making the pellets dissolve over time. Small amounts, <5‰, of
nutrients, alkali ions, and heavy metals leached out from the pellets under all conditions, indicating
good properties for forest soil amendment. The conclusion is that it is possible to close the circle of
nutrients by using innovative thinking around forest industrial residual products.

Keywords: black pellets; circularity; densification; hydrothermal carbonization; forest-industrial-
waste-derived hydrochar

1. Introduction

In Sweden, about 50% of felled forest is used for pulp and paper production [1].
However, when logging these trees, nutrients and minerals that the trees have taken up are
also leaving the forest. During their lifespan, trees absorb macro-nutrients, such as nitrogen,
phosphorus, potassium, calcium, and magnesium. When the tree absorbs cations like
calcium (Ca2+) and magnesium (Mg2+), the tree simultaneously emits acidifying protons
(H+). In addition, depending on the tree’s soil, it absorbs other substances, such as heavy
metals. The balance is restored if the tree dies and degrades in the same place it was
growing up. However, nutrient depletion and an acidifying effect remain if the tree with
the nutrients and alkali cations are transported out of the forest. For sustainable forestry,
these substances have to be returned.

In a circular economy, all resources are used for as long as possible without becoming
waste. To redirect to a sustainable circular bioeconomy, we need to use the forest’s resources
more independently. So, when wood fibers from forests are used to produce paper products,
it is an excellent strategy to seek nutrients for recycling from the mill’s residual streams.

In pulp and paper mills, these nutrients and minerals are accumulated in ashes and
sludge from industrial wastewater treatment. Ash and sludge are disposed of today as
waste materials. Recycling or reusing these biobased waste materials for forest growth will
support the decarbonization of the forest sectors. Other organic material, such as bark, is
burned for energy recovery, and inorganic substances, such as calcium, magnesium, and
phosphorus, eventually accumulate in the ash. Along with the inorganic nutrients are
also the heavy metals in the wood ash. As methods are developed to recycle beneficial
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nutrients and base cations, strategies must also be developed to avoid recycling excessive
heavy metals.

Today, commercial mineral fertilizers are commonly used to increase growth. When
it comes to nitrogen, it is customary to spread 150 kg of nitrogen per hectare [2]. Mineral
fertilizers come with large costs and a big carbon footprint [3], including between 3 and
8 tons CO2-eq/tons of produced ammonium nitrate or urea. Furthermore, ammonium
based nutrients can be leached out of the soil and create eutrophication in the surrounding
water; therefore, fertilization needs to be done carefully and with protective zones of 25 m
to watercourses and other sensitive biotopes.

Ash from biofuel boilers is also spread in forest land to reduce soil acidification and
to recycle the essential nutrients phosphorus and potassium [2]. However, nitrogen is
converted to NOx gases at high temperatures, and ash is often completely nitrogen-free.
Therefore, if nitrogen is the limited nutrient in the forest soil, ash will not have a fertilizing
effect. On the other hand, if the ash can be enriched with nitrogen, spreading the ash can
counteract acidification during fertilization. So, in a circular economy where all resources
should be used as long as possible, it is vital to take care of residual nitrogen-rich products.

The organic material in the wood that is not used for products or that can be energy-
recycled ends up in the process effluents. Process effluents are generally treated with
biological methods, and nutrients, such as nitrogen and phosphorus, accumulate in the
sludge. In a large pulp and paper mill, about 5–10 tons of dry matter biosludge is formed
daily. The sludge contains essential nutrients, such as nitrogen and phosphorus. Biosludge
is today a resource handled as waste, but the challenge is that it is wet and difficult to
dewater. Currently, it is processed through co-incineration with other, more energy-rich
fuels. In order to increase the energy value of the biosludge, it can be processed into
biochar [4]. Unlike biosludge, biochar is stable and can be handled and transported. In
addition to its high energy value, biochar has good properties as a soil amendment that can
be applied back in the forest to improve the soil quality [5].

There are several ways to carbonize organic material to create biochar. Traditionally,
biochar is produced through pyrolysis. Biochar and pyrolysis gases are formed under
oxygen-free conditions and high temperatures (500–900 ◦C). When used for soil amendment,
biochar also reduces the climate effect. The charring process delays the mineralization
of the organic material and, depending on the charring process, biochar can be stable for
hundreds to thousands of years and mitigate climate change.

However, the material needs to be dry before it is pyrolyzed, and wet sludge requires
a lot of energy to dry. Therefore, a more common way to upgrade bioresources containing
much water is to use hydrothermal processes, such as hydrothermal liquefaction (HTL),
supercritical water gasification (SCWG), and hydrothermal carbonization (HTC). HTL is
used for bio-oil production, and SCWG generates H2-rich syngas, while the HTC process
generates hydrochar. In the liquid phase, water-soluble organics, like sugars and volatile
fatty acids, are found. Some of the nutrients are also dissolved and found in the liquid
phase. During the HTC process, the material and water are carbonized at relatively low
temperatures (180–260 ◦C) and with a pressure rate of 2–6 MPa [6,7]. Because the material
does not need to be dried before the HTC process, the technology is suitable for handling
sludge. A smaller part, approximately 15%, of hydrochar is stable for degradation compared
to biochar [4,8,9]. Hydrochar as a soil improver is not as investigated as the use of pyrochar.
During the HTC process, toxic organic compounds like PAH and phenols may be formed.
The temperature during the process is one important factor. At temperatures below 220 ◦C,
only low concentrations of harmful compounds are found [10]. However, some studies
show promising results. Baronti [11] showed hydrochar improved poplar growth during
a two-year field trial. Pine plants grown at nurseries are grown in peat. The peat lack
nutrients, and the plants need to be fertilized. Eskandari [12] showed that hydrochar
and biofuel ash could reduce the need for fertilizer. Pine seedlings that were allowed to
germinate and grow in peat mixed with 20% hydrochar and 6% ash only needed half of
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a fertilizer dose to develop as well as the reference seedlings that grew only in peat but
received a 100% dose of fertilizer [12].

Furthermore, the transportation of hydrochar and ash in the form of powder is a
challenge. The low bulk density increases the transportation cost and adds challenges
related to storage and handling. Another major challenge is when biochar and ash become
a blend, with variability in particle sizes. The variability of particles segregates the material
during storage and transportation. This can lead to inefficient or non-uniform distribution
of the material into the forest fields. In addition, it can create pockets of highly concentrated
hydrochar or biofuel ash, which can further impact the performance. In their review of
biomass densification, Tumuluru et al. [13] identified various systems, such as pellet mills,
briquette presses, cubers, agglomerators, and tablet presses, for converting raw biomass
material into densified products. Among these systems, a pellet mill is widely used for
making densified products from biomass material [13]. Typically, pelletization increases
the bulk density by about 3–5 times [14]. The bulk density increase depends on the type
of densification system and the process conditions tested [13]. There are many studies
on the pelleting of biomass, and, in general, two types of pellets are produced: white
pellets, based on raw biomass, and black pellets, based on thermal pretreatment biomass.
In white pellet production, the lignin acts as a one-binding agent [15], where the lignin
goes through a glass transition phase during pelleting and binds the biomass particles
together [16–19]. Lignin is one binding agent; other biomass components that go through
the glass transition phases are waxes and the hemicelluloses, xylan and galactan [20–22],
which also create additional bonds between the particles due to the temperature generated
during the pelletizing process [20–22].

The black pellet pelletization of biochars produced at a high temperature of around
400 ◦C is particularly challenging [23], which means that the HTC process is preferred,
especially if the HTC process temperatures are below 260 ◦C and the nature of lignin will
not be influenced [24]. Fakkaew [25] studied hydrochar pellets from fecal sludge in a
single pellet press blended with lignin, starch, and calcium hydroxide and found that the
optimum mixing rate was when 15% starch together with hydrochar and no water were
added [25]. These authors also found that adding water decreased the bulk density as well
as the compressive strength of the pellets. Mittapalli [26] co-pelletized hydrochar with yard
waste in a single pellet press and found that the hydrochar pellets, co-pelletized with yard
waste, were less brittle. Saqib [27] used molasses as a binder with hydrochar and pelletized
these in a single pellet press and concluded that molasses played an important role when
formatting pellets. Few studies on hydrochar pellets have been performed, and Gallant [7]
discussed in their mini-review die temperatures, moisture contents, applied pressure, and
types of binders when pelletizing hydrochar and found some recommendations related
to pelletizing parameters of hydrochar. However, the experimental investigations behind
recommendations are based on single pellet press techniques [6,7,23], and it has been shown
that it is difficult to evaluate results between different single pellet press studies because
inlet data in these studies often vary [28]. During single pellet press studies, parameters,
such as press ratio, are not evaluated, and translating the result into a continuous pellet
press is challenging. This means there is a gap of knowledge related to pelletization of
hydrochar in a continuous pellet press.

Continuous pellet presses have difficulties with the variation of raw material flows [27],
and when blends are to be pelletized, it is essential to know the material properties [14,29,30].
When it comes to a pulp and paper mill, bark, the outermost layer of the tree stem, is
separated during the process; even if the bark is often used as energy, it is a rest product from
the process. Fuel pellets containing bark are limited mainly based on the high ash content,
which is significantly higher than wood, and it can also be augmented through mineral
contamination [31]. The amount of ash produced through the combustion of bark pellets can
be 4–10 times higher than that produced by wood pellets [32]. However, if the pellets are not
intended to be incinerated but instead used as fertilization pellets, the ash and the minerals
become a resource. Beyond that, a small amount of bark is added to pellet production to
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increase the pellets’ durability [32]. Bark also contains a large amount of extractives [31],
which can act as a lubricant within the die channel [33]. Studies of hydrochar pelleting have
shown that by adding a lubricant binder, the pelletizing process is more energy-efficient [34],
and hydrochar seems to need binders [7].

The Swedish Forest Agency has guidelines for heavy metals based on the recom-
mended 3 tons per hectare of approved ash and 150 kg of nitrogen per hectare. Mixing
hydrochar with biofuel ash and bark can create a material for combined fertilization and
ash recycling. As a compact product, the material can be more economically transported,
and problems with dusting can be avoided. Furthermore, by pressing the fertilizers into
pellets, nutrients and alkali cations will likely leach into the soil more slowly than if they
are leached into the soil spread in the form of powder. Hydrochar fertilizer pellets are a
new product type with no published experience of pellet quality or leaching properties or
how they are affected when spread in boreal forests in summer and winter conditions.

This study aims to use hydrochar produced from pulp and paper mill sludge, mix
it with bark and ash, and pelletize these materials to produce a soil amendment with a
double purpose as fertilizer and as a liming agent. As far as the authors know, similar
issues have never been published. The main idea is to show the possibilities of upgrading
residual products from the forest industry and to show a method for returning nutrients to
nature, as depicted in Figure 1.
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Figure 1. The principle behind this study is to utilize residual products from the forest industry
and upgrade these to a biochar-based nutrient pellet, divided into three focus areas: (1) related to
possibilities to mix these waste products into fertilizers, (2) analyze pelletabilites of the mix, and
(3) evaluate what happens when these pellets are exposed to water and low temperature. The
experiments were designed to mimic natural conditions in a boreal forest.

This study aims to find the optimal blend of hydrochar ash and bark for the production
of a soil amendment for boreal forests with dual purposes as a fertilizer and as a liming
agent while ensuring that heavy metal spreading limitations are not exceeded. Additionally,
it aims to assess whether a blend of hydrochar, spruce bark, and ash can be pelletized
in a continuous pellet press, and if the resulting pellet quality is suitable for storage,
transportation, and spreading in the forest. Furthermore, this study intends to gather data
on the efficacy of these pellets as forest soil amendments by evaluating leakage of nutrients,
alkali ions, and heavy metals during both the summer and winter seasons.

2. Materials and Methods

The methods are explained in the following three sections: Section 2.1 describes the
materials used in this study, including a description of how the distribution between hy-
drochar, bark, and ash was decided. Section 2.2 is related to pelletization and evaluation of
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the pellets, and Section 2.3 is a mass flow analysis where the pellets produced in Section 2.2
are simulated to be spread in the forest. Quantities are compared with the Swedish Forest
Agency’s guidelines when 3–4 tons/hectare of approved ash is spread in Swedish forests.

2.1. Materials Used and Distribution of the Blends

In this study, hydrochar derived from forest industrial biosludge has been used. The
biosludge from Stora Enso Mill in Heinola, Finland, was carbonized with OxyPower
Hydrothermal Carbonization (HTC). The production reactor was delivered by C-Green
and had a capacity to produce 16,000 tons of hydrochar annually. The HTC process was
conducted at 270 ◦C and approximately 20 bar, and the sludge had a moisture content of
approximately 80%. The hydrochar was enriched with fly ash from Stora Enso Skoghall
Sweden mill’s biofuel boiler and the spruce bark from Stora Enso Timber AB in Grums,
Sweden. The hydrochar and ash used in this study were analyzed with plasma-induced
mass spectroscopy methods SS-EN 16174 [35], SS-EN 16171 [36], ISO 11885 [37] SYNLAB
analytical, and Services Sweden AB. The results are reported in Table 1. Furthermore,
a study conducted by a Swedish environmental institute analyzed the concentration of
nutrients and alkali ions in spruce bark from eight Scandinavian locations [38]. The
concentration of heavy metal in spruce bark is based on Krogell [31], and their results
related to spruce bark are also reported in Table 1.

Table 1. Concentration of nutrients, alkali ions, and heavy metals in the material used to produce
pellets for soil amendment [34].

Substance Unit Hydrochar Biofuel Ash Spruce Bark
N g/kg 37 0 4.5
P g/kg 17 7.1 0.35
Ca g/kg 13 150 9
K g/kg 1.3 19 1.7
Mg g/kg 1.8 12 0.4
As mg/kg na 3.8 na
Pb mg/kg 4.2 39 1.92
Cd mg/kg 1.2 8.1 0.12
Co mg/kg 9.8 6.3 na
Cu mg/kg 22 66 1.05
Cr mg/kg 23 71 0.25
Ni mg/kg 34 31 0.63
V mg/kg 16 42 na
Zn mg/kg 370 1200 0.08
Hg mg/kg 0.09 0.32 na

By mixing hydrochar and ash, a product used both as fertilizer and as a liming agent
for forest soil may be formed. However, it is crucial to ensure that the amount of heavy
metals does not exceed limiting regulations. In this study, the Swedish Forest Agency’s
recommendations for spreading ash have been used to find the right proportions between
hydrocarbon and ash without exceeding the limits. According to the Swedish Forestry
Agency, 3 to 4 tons of approved ash can be spread in the forest to remediate soil acidity.

The first step in finding the correct mix blend for the fertilizer application was based
on the hydrochar needing to achieve 150 kg N/ha. Then, the amount of ash necessary
in the blend was calculated to fulfill the other criteria based on the Forestry Agency
recommendations for nutrients, alkali ions, and heavy metals. The result showed that a
50/50 relationship between hydrochar and ash fulfilled the recommendations; thus, the
first chosen distribution ratio of hydrochar/ash was 50/50. To evaluate the role of bark
as an additive, 10% was added to the blend, meaning that the total mix was 45/10/45 of
hydrochar, bark, and ash.



Sustainability 2024, 16, 2868 6 of 19

Physical Properties of the Material

The ash did not need any preparations. The hydrochar and the spruce bark were dried
in a bed dryer at 50 ◦C until about 10% (wb) moisture content was reached. The drier was
constructed at Karlstad University. The hydrochar was used in the delivered size, and the
spruce bark was milled in an IKA Pilotina MU equipped with an impact mill system and
an 8 mm sieve. For particle size distribution, the sawdust was sieved for 10 min using
a shaking machine from Pascall Engineering with six different sieve sizes: 4.0, 2.8, 1.4,
0.71, 0.5, 0.25, and 0.12 mm. The bulk density of raw material was tested according to ISO
17828:2015 [39], with the deviation that a 0.5 L jar was used.

Based on results from Section 2.1, two test series of about 5 kg were blended, one with
50/50 hydrochar/ash and one with 45/10/45 HC/bark/ash; the weight properties were
based on dry substance. Both of the blend ratios were conditioned to reach a moisture
content of 20% (wb) for pelletizing based on earlier studies [23], and the blending process
was performed with a SoRoTo 100 L mixer (Glostrup, Danmark), in 10 min.

2.2. Pelletizing and Pellet Physical Properties
2.2.1. Pelletizing

The pellet production was performed at Karlstad University, Sweden’s Environmental
and Energy Systems section. The pellets unit was a lab scale, flat die pellet press (Model
14-175, Amandus Kahl, Hamburg, Germany) with a maximum power rate of 3 kW and a
20 kg/h production capacity equipped with a feeder (Figure 2). The chosen die had 6 mm
diameter holes and a presslength of 24 mm, which gave a press ratio of 4. The test run
started with the pelletizing of a neutral material consisting of sawdust, oats, and rapeseed
oil until stable temperature conditions were reached, and then the test material was added
to the process and pelletized until a homogeneous material of only biochar pellets was
produced before the test was started. The flow rate of raw material to the pellet press
was kept constant through a feeder. The feeder was designed and constructed at Karlstad
University. No steam or preheating of the material was used before pelletization.
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Figure 2. Picture of used pellet press, an Amandus Kahl 14-175, with feeding system.

2.2.2. Physical Pellet Properties

Six tests were performed to evaluate the pellets: solid pellet density, loose and bulk
density, loose and tapped macro-porosity, and pellet durability. Loose pellet bulk density is
defined as the density obtained just by randomly filling a jar with pellets, while tapped
and standardized bulk density has a moment of release or tapping against a hard surface
to obtain a packed pellet. The methodology within this study for loose and tapped density
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and macro-porosity followed [40]; thus, more information and a complete description
of the methodology can be found there. However, in general, the methodology behind
loose bulk density was that randomly selected pellets were poured from a height of about
100 mm from a 14.3 cl plastic jar, and the top surface was carefully flattened so that the
pellet was adapted to the experimental volume, which corresponds to the bulk weight with
pellets filled in a loose state. When the tapped bulk was calculated, the pellet-filled jar was
tapped fifty times against a hard wooden surface to simulate a settling behavior during
transport, and then the top surface was carefully flattened so that the pellet was adapted to
the experimental volume. Three trials were performed for booth loose and tapped bulk
density; an average value is presented as kg/m3. Also, according to ISO 17828:2015, the
bulk density was performed, with the deviation that a 0.5 L jar was used.

For solid pellet density, the length and diameter of fifty pellets were measured using a
digital caliper, and their weight was noted using a digital wave. Pellets with irregular ends
were ground smooth with sandpaper before measurement. The solid pellet density result
is an average value with the unit kg/m3.

Macro-porosity is defined as the percentage of the volume of voids among the pellets
when they are held in bulk to the overall fill volume [40]. For macro-porosity, three different
measurements were made, and the average value presented by the general method was
that at the same time as the loose and tapped bulk density was determined the number
of pellets per jar was also counted. The total amount of pellets was then multiplied by
the average volume of a solid pellet, and the ratio between the volume of the solid pellets
and the volume of the jar gave the macro-porosity. Finally, the pellet durability (%) was
determined according to ISO 17831-1:2015 [41], and the moisture content (%) according to
SS EN 14774-1 (2009) [42], with the deviation that the test sample was less than 100 g.

2.2.3. Fourier Transform Infrared Spectroscopic Analysis (FT-IR)

Pellet quality can be measured in several ways to understand whether fuel pellets
have quality standards related to pellet durability, bulk density, moisture content, and ash
content. Research studies evaluate pellet quality mechanically outside of the standard
by testing pellet hardness, springback effect, and moisture uptake. However, when new
materials are tested, knowledge and understanding of structural chemistry should be
evaluated to comprehend the mechanism of bonding in biomass pellets and how these
parameters are affected by the pelletizing properties because polar functional groups play
a vital role in enhancing and identifying the type of attraction forces between particles
during pelleting. The raw material and pellets with different ash hydrochar and bark
blends were analyzed with FTIR. The method is based on earlier studies [43–47] by using
Fourier transform infrared—Attenuated total reflectance spectroscopy (FTIR–ATR) (Perkin
Elmer Spectrum Two spectrometer, Waltham, MA, USA) in an attenuated total reflectance
mode, and the spectra were scanned in the range of 4000–600 cm−1.

2.3. Pellet Properties after Being Spread in the Forest

To determine if the mixture’s content complies with the Swedish Forest Agency’s
guidelines, the concentration in the blended material was compared with the amount of
nutrients, alkali cations, and heavy metals spread when 3 tons of approved ash was spread
per hectare. To mimic winter conditions in forest land, pellets were mixed with wet peat
and frozen in a lab freezer at −18 ◦C. Ten pellets from both test series 50/50 and 45/10/45
were placed in jars with 10 g of peat and 20 mL of rainwater (pH 6.4). A total of 10 jars were
completed (2 per test series). Each jar included ten pellets mixed with 10 g of moisturized
peat. The series of tests conducted is given below.

(0) The control, not stored in moist peat.
(1) Stored wet 1 day at room temperature.
(2) Stored wet 8 days at room temperature.
(3) Stored wet 1 day at room temperature and then stored in a freezer at −18 ◦C for 1 day.
(4) Stored wet 1 day at room temperature and stored in a freezer at −18 ◦C for 7 days.
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After the storing period, the jar was thawed when needed. The pellets were carefully
picked out, and their quality was tested according to pellet hardness (kg), which was
determined using a KAHL motor-driven hardness tester (K3175-0011, Reinbek, Germany).
The hardness tester has a small cone that is electronically driven forward toward the side
of the pellet, and the resistance is measured by compressing a feather or spring; when the
pellet breaks, the hardness is measured visually. Depending on the pellet quality, different
feathers are used; in this test, a 3.5 mm and a 2.5 mm feather were used, and the 2.5 mm
feather was used for pellets after being stored in peat. The hardness results are presented
as the average of ten pellets.

The remaining peat in the sample was dried in an oven at 50 ◦C for 24 h. Nutrients
and heavy metals within the dried peat were measured with a portable Bruker S1 titan
800 X-ray fluorescence spectrometer (pXRF) Bruker Handheld LLC (Billerica, MA, USA).
Kennewick, USA. The use of pXRF has been shown to be an easy way to measure nutrients
in, for instance, soil [48] and organic waste [49] with relatively good accuracy. An S1 Titan
800 was used to scan each sample with a configuration called soil mode. Each measurement
lasts one minute and includes three different phases, the accuracy of which improves
through each phase. During measurements, the peat was placed in a sample cup containing
approximately 15 mL.

3. Results and Discussion

The results and discussion section is divided into four parts. Section 3.1 presents and
discusses the amount of pellets needed in the forest. Section 3.2 relates to the pelletizing
properties, and Section 3.3 relates to tests to mimic winter situations. Section 3.4 discusses
the project’s novelty, experience, challenges, and future work.

3.1. Distribution Ratio between Hydrochar Bark and Ash

To reach the desired 150 kg N/ha [2], 4.05 tons of hydrochar must be spread on forest
soil. To reach the Swedish Forest Agency’s guidelines regarding the amount of macro-
nutrients, alkali cations, and heavy metals, 8.11 tons/ha of pellets with hydrochar and
ash 50/50 can be spread (see Tables 2 and 3). With this new type of recirculated fertilizer,
more than double the amount of material must be transported to the forest and spread
compared to traditional ash spreading of 3 tons/ha. The positive effects are better use of
waste materials at the mills and less use of fossil-based fertilizers. When 10% bark is added
to the pellets, the total spread amount of pellets has to increase to 8.77 tons/ha to reach the
criteria of 150 kg N/ha (Table 2).

Table 2. Amount and volume of pellets spread to fulfill the criteria of 150 and 120 kg N per hectare.

Amount of Nitrogen per Hectare To Reach 150 kg
N/Hectare

To Reach 120 kg
N/Hectare

Test series 50/50 45/10/45 50/50 45/10/45
Ton pellets/hectare 8.1 8.8 6.5 7.0
m3 pellets/hectare 8.9 9.9 7.1 7.9

With the tested blends of hydrochar ash (50/50) and bark (45/10/45), the potassium
level was slightly lower than the recommendations from the Swedish Forestry Agency.
Ash approved as soil amendment has to give >90 kg K/ha. With 8.11 tons of pellets per
hectare, only 82 kg/ha are reached, as seen in Table 3 in bold numbers. The other macro-
nutrients exceed by far the recommended values. Most heavy metals do not exceed the
recommended numbers. However, as Table 3 shows, Vanadium and nickel give slight
to high concentrations, >210 g/ha, when 150 kg N/ha is spread. To avoid the problem,
fewer pellets can be spread. When 6.5 ton 50/50 pellets are used, 120 kg N/ha and all
required concentrations of heavy metals are fulfilled. This is preferred on soils with a
higher nutritional status.
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Table 3. Amount of substances needed when the criteria from 150 kg N/ha by the Swedish Forestry
Agency recommended amounts of nutrients, alkali ions, and heavy metals are fulfilled and when 120
kg N/ha is reached. Underlined nitrogen is not reached, bold number criteria is not reached.

Criteria 3 Ton Ash/ha Criteria 150 kg N/ha Criteria 120 kg N/ha

Su
bs

ta
nc

e

U
ni

ts

C
ri

te
ri

a
Hydrochar/Ash

50/50
Hydrochar/Ash/Bark

45/10/45
Hydrochar/Ash

50/50
Hydrochar/Ash/Bark

45/10/45

N kg/ha - 150.0 150.0 119.9 119.7
P kg/ha >21 97.7 95.4 78.1 76.2

Ca kg/ha >375 660.8 651.3 528.1 519.8
K kg/ha >90 82.3 81.6 65.8 65.1

Mg kg/ha >45 55.9 54.8 44.7 43.8
As g/ha <90 15.4 15.0 12.3 12.0
Pb g/ha <900 175.1 172.2 140.0 137.4
Cd g/ha <90 37.7 36.8 30.1 29.4
Co g/ha <1200 65.3 63.6 52.2 50.7
Cu g/ha <600 356.8 348.3 285.1 277.9
Cr g/ha <600 381.1 371.3 304.6 296.3
Ni g/ha <210 263.5 257.1 210.6 205.2
V g/ha <210 235.1 228.9 187.9 182.7

Zn g/ha 1500–21,000 6364.9 6197.4 5086.8 4945.6
Hg g/ha <9 1.7 1.6 1.3 1.3

The material was pretreated in different ways. The ash was used as it was delivered
with a bulk density and particle distribution, as shown in Table 4 and Figure 3. The bark
was ground, and, as shown in Table 4 and Figure 3, the density of the bark is lower than
that of the other materials, and the particle distribution is more even for the bark than
for the other materials. The material with the highest bulk density was pure hydrochar,
including the most significant particle variation. In general, HTC has many small particles
clumped together, which is smaller than the data shown in Figure 3. The data presented
are hydrochar as it is after drying in a bed dryer. The small particles are clumped together
during this drying stage, which we see in Figure 3. However, we have chosen to present
the results based on how the particle distribution looked when blended. It must be said
that some of the larger lumps were broken in the blending process. In any case, grinding
the hydrochar would generate dust, which leads to a work environment problem, and in
an industrial application, the authors recommend not grinding the material but instead
using it in its existing form.
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Table 4. Bulk density for all included materials as they were used.

Bulk Density (kg/m3)
Mean Stdav

Hydrochar 527.5 5.2
Ash 397.6 10.1
Bark 342.7 3.1

3.2. Pelletizing and Pellet Properties

Both mixtures of hydrochar pellets went well when pelletized, even if the mixture
with bark, 45/10/45, was easier to pelletize (see Figure 4). When the 50/50 mixture was
produced, the starting process took longer before the actual production started, and as
Table 5 shows, the die temperature was higher for 50/50, indicating a higher friction level.
Also, the power was slightly higher even if the variation was low. However, both batches
produced fine and hard pellets with high glossiness and a hard surface, indicating that a
press ratio of four works when hydrochar is mixed with ash and bark.
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Table 5. Operation data from the pellet press during production.

50/50 45/10/45

Roller frequency (Hz) 48.4 48.2
Die temperature (◦C) 77.9 ± 2.3 76.2 ± 1.8
Power (kW) 1.94 ± 0.1 1.6 ± 0.1

Initial experiments in a single pellet press indicated that a moisture content of 20%
(wb) was appropriate for the material [23]. The pellets for this study were produced in
a continuous pellets press at a moisture content of 18% (wb). The results indicated that
the moisture content could be decreased further. As shown in Table 6, the raw material
loses about 4% (wb) moisture during the densification step just through the die, which is
relatively high. In ordinary white pellet production, a drop of around 2% (wb) is more
typical for raw material to warm pellets. The pellet press has a power rate of around 1.6 kW,
about 50% of the maximum, and low die temperatures. This indicates that the optimal
moisture content is probably lower than tested in this study, and more tests have to be
performed to evaluate the optimum moisture content for different storage, transportation,
and application needs.
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Table 6. Pellet properties after being stored for 1 month and moisture during pelletization.

Loose Density Bulk Density Moisture
(kg/m3) (kg/m3) During Pelletization Pellets

Mean Stdav Mean Stdav Before
(%)

Warm Pellets
(%)

Evaporated
(kgH2O/kgDS) (%)

50/50 774.4 5.7 909.5 14.4 17.5 13.7 0.25 6.19
45/10/45 757.4 5.2 886.4 7.0 17.9 13.5 0.27 5.91

The bulk density for hydrochar pellets is high, as shown in Table 6; for 50/50, the
bulk density over 900 kg/m3 is significantly higher than that of ordinary white fuel pellets,
which is 600–750 kg/m3. Table 6 shows that the bulk density is higher for pellets not mixed
with bark. However, as seen in Table 4, bark’s bulk density is lower than hydrochar and ash.
As seen in Table 5, the power need and temperature during pelletization are lower for the
mix with bark, meaning that bark is a lubricant in the pelleting process, which is consistent
with other studies [33]. So, it is likely that the pellets with bark can increase their bulk
density by increasing the presslength slightly. Furthermore, the porosity data (see Table 7)
indicated that the pellets made with the bark in the blend had lower values, indicating that
the particle packing was better during the pelleting process. Also, the durability data (See
Figure 5) indicated that adding bark pellets is better than only ash and hydrochar blend
pellets. The durability data show that adding bark improved the durability to >95%. Based
on binding phenomena of biomass particles during pelleting, the lignin in the biomass
acts as binding agent [13]. However, waxes and hemicelluloses may also create bonds
at the temperature in the die [20–22]. Further studies are needed related to which bark
components play the most significant role. However, we can conclude that the durability
for 45/10/45 pellets is 96.2% compared to 94.4% for 50/50 pellets, which shows that bark
acts as a good binder to both ash and hydrochar (See Figure 5).

Table 7. Pellet properties, including solid pellet density and loose and tapped macro-porosity.

Solid Pellet Density
(kg/m3)

Macro Porosity
Loose (%) Loose (%)

Mean Stdav Mean Stdav Mean Stdav

50/50 774.4 5.7 53.3 0.5 50.5 0.7
45/10/45 757.4 5.2 49.5 3.1 46.6 2.9

Also, packing the particle in the die due to shorter residence time due to the presence
of bark can be the reason for a slight reduction in the bulk density of the bark blend pellets.
When it comes to durability, it is clear that adding bark to hydrochar and ash creates a more
durable pellet (see 6). Likely, the reason behind an increase in the mechanical quality of the
bark-blended pellets can be attributed to lignin; however, these bondings are not tested,
and extractives or carbohydrates have been found to generate even better bondings than
lignin [33], so further studies are needed. The pellets produced based on this study using
the two blends have met the ISO standards regarding moisture and bulk density, and for
45/10/45 also durability (BD800+ (>900 kg/m3), DU95.0− (<90%), and DU95.0 (≥95%)
and M08 (moisture ≤ 8%)) (See Figure 5).
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Fourier Transform Infrared Spectroscopic Analysis (FT-IR)

Pellet quality can be measured in several ways, and fuel pellets have quality standards
related to pellet durability, bulk density, moisture content, and ash content. Research
studies evaluate pellet quality mechanically outside of the standard by testing pellet
hardness, springback effect, and moisture uptake. However, when new materials are tested,
knowledge and understanding of structural chemistry should be evaluated to comprehend
the mechanism of bonding in biomass pellets and how these parameters are affected by
the pelletizing properties because polar functional groups play a vital role in enhancing
and identifying the type of attraction forces between particles during pelleting [43,45]. One
way to evaluate this is through FT-IR spectra, where peak position and intensity determine
the functional group type and concentration. Using Fourier transform infrared–Attenuated
total reflectance spectroscopy (FTIR–ATR) (Perkin Elmer Spectrum Two spectrometer) in
an attenuated total reflectance mode, spectra were scanned in the range of 4000–600 cm−1

at a resolution of 4 cm−1 [46,47].
Figure 6 presents the results from FT-IR spectra from pure hydrochar, pure ash,

pure bark, and pellets from a mixture of hydrochar/ash 50/50 and hydrochar/bark/ash
45/10/45. The characteristic peaks for methoxyl groups (2880 and 1940 cm−1) in HC
remain after pelletization. Also, the broad band for -OH (3400 cm−1) and C-O stretch
(1050 cm−1) in cellulose remains. However, the absorbance connected with the active
groups and carboxylic acids C=O (1610 cm−1) and -OH (1655, 1225 cm−1) decreases. Mean-
while, absorbance connected to aromates and phenolic groups in lignin (860 cm−1 guaiacyl
groups, 1425 cm−1 methoxyl in lignin, 3555 cm−1 phenolic) increases during pelletization.
The results indicate that carboxylic acids react to the high temperature and pressure during
pelletization, making the structure of lignin and other aromatic compounds more visible
for FT-IR. The glass transition temperature for lignin may be reached, which may move
lignin to the pellet’s surface.
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3.3. Pellet Properties in the Forest-like Environment

The pellets must have high hardness and durability to avoid problems during storage
and transportation. It is also important that the pellets’ quality is good enough to be spread
with mechanical spreaders. However, when the pellets are used as a soil amendment
and placed on the ground, it is beneficial if they slowly break down into powder. The
results show that the two pellet types are strong enough for transportation and storage.
However, as soon as the pellets are exposed to water or frozen, they lose hardness, going
from approximately 20 kg to 5 kg (Figure 7).
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Adding bark initially gives harder pellets and higher durability (Figure 5 and control
Figure 7). When exposed to water, the bark seems to adsorb the water better than the
hydrophobic hydrochar. When frozen, the water breaks the pellets efficiently. The hardness
decreases after one day in the freezer. Seven extra days in the freezer had only a minor
effect on hardness. The results thus indicate that adding bark on purpose to increase
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durability also positively affects fertilizer pellets, as the pellet will retain its shape better
after transport into the forest than without bark.

Another critical parameter is the pellet’s ability to leach macro-nutrients and heavy
metals to the forest soil. Figures 8 and 9 show the concentration of nutrients, alkali ions,
and heavy metals in peat after exposure to hydrochar, ash pellets, water, and freezing
temperature. To obtain measurable concentrations of inorganic substances and to compare
the effect of different temperatures and winter conditions, 10 g of pellets was mixed with
10 g of peat. This is a much higher concentration of pellets in the peat than if 7–8 tons of
pellets was spread per hectare of forest.

Sustainability 2024, 16, x FOR PEER REVIEW 14 of 19 
 

Adding bark initially gives harder pellets and higher durability (Figure 5 and control 
Figure 7). When exposed to water, the bark seems to adsorb the water better than the 
hydrophobic hydrochar. When frozen, the water breaks the pellets efficiently. The 
hardness decreases after one day in the freezer. Seven extra days in the freezer had only a 
minor effect on hardness. The results thus indicate that adding bark on purpose to increase 
durability also positively affects fertilizer pellets, as the pellet will retain its shape better 
after transport into the forest than without bark. 

Another critical parameter is the pellet’s ability to leach macro-nutrients and heavy 
metals to the forest soil. Figures 8 and 9 show the concentration of nutrients, alkali ions, 
and heavy metals in peat after exposure to hydrochar, ash pellets, water, and freezing 
temperature. To obtain measurable concentrations of inorganic substances and to 
compare the effect of different temperatures and winter conditions, 10 g of pellets was 
mixed with 10 g of peat. This is a much higher concentration of pellets in the peat than if 
7–8 tons of pellets was spread per hectare of forest. 

The results presented in Figure 8 and Table 8 show that some of the macro-nutrients 
leach out when exposed to moist peat. Standard deviations for assays performed with the 
pXRF are displayed as error bars for each macro-nutrient. The pXRF instrument give less 
certain values for magnesium and chromium compared to the other metals. For the 
reference test presented in Figure 8, the amount of phosphor was under the limit of 
detection. In Figure 9, some measurements for arsenic, lead, and nickel were under the 
detection limit. 

Table 8. The p-value from t-test analysis between reference peat and peat exposed to hydrochar:ash 
50:50 pellets 1 day in moist conditions plus 7 days in −18 °C. Also, the amount of macro-nutrients in 
the pellets leached to the peat. 

 P Ca Mg K Cu Cr Zn 
p-value  0.0003 1.58 × 10−6 0.749 5.21 × 10−6 0.01 0.093 0.0009 
Leached 0.8‰ 3.7‰ 0.5‰ 6.7‰ 1.38‰ 2.98‰ 1.39‰ 

 
Figure 8 Concentration of macro-nutrients in surrounding peat leached from pellets made of 50:50 
hydrochar:ash after exposure to water and winter temperatures (5 g pellets/5 g peat). The 
concentration of calcium is presented/10 due to its high concentration. 

The difference between 1 day in moist conditions and 7 days in the freezer is small. 
The results indicate that the initial leaching is due to macro-nutrients on the surface of the 

Figure 8. Concentration of macro-nutrients in surrounding peat leached from pellets made of
50:50 hydrochar:ash after exposure to water and winter temperatures (5 g pellets/5 g peat). The
concentration of calcium is presented/10 due to its high concentration.

Sustainability 2024, 16, x FOR PEER REVIEW 15 of 19 
 

hydrochar. Extra days in water or after freezing have little effect on leaching, indicating 
that the macro-nutrients in the hydrochar and ash are bound to the particles. 

According to Figure 9 and Table 8, only a small percentage of the heavy metals in the 
pellets leach out to the surrounding peat. The leaching does not increase when the pellets 
are exposed to water or frozen, even if the pellets’ hardness is affected. The results indicate 
that the heavy metals are bound to the hydrochar particles and will not leach more when 
the pellets do not disintegrate. In previous studies, hydrochar positively affected pine 
seedling growth [11,12], indicating that the nutrients are bioavailable even though they 
are bound to the hydrochar. The results indicate that hydrochar immobilizes the 
substances and avoids the environmental impact of leaching. The nutrients will not cause 
eutrophication in water bodies close to the area fertilized with hydrochar. Moreover, 
heavy metals will not leach and cause a toxic impact on the surrounding environment. 

 
Figure 9. Concentration of heavy metals in surrounding peat leached from pellets made of 50:50 
hydrochar:ash after exposure to water and winter temperatures (5 g pellets/5 g peat). The 
concentration of zinc is presented /10 due to its high concentration. 

The amount of heavy metals leached from the pellets to the peat was very low (Figure 
8). In some cases, the concentration was under the detection limit. T-tests were conducted 
to further analyze if there is a difference between peat and peat exposed to hydrochar:ash 
50:50 pellets 1 day in moist conditions and 8 days frozen at −18°C. In Table 8, the p-value 
from the t-test shows, with 95% confidence, that there is no difference between the 
reference peat and peat exposed to hydrochar:ash 50:50 pellets frozen for 7 days for all 
substances except chromium. 

Results from the measurements with the pXRF may be affected by the pretreatment 
of the samples as they have been ground and mixed with devices containing metal. In the 
process of making pellets, some pretreatment is required where certain contamination can 
occur. In the event of a changed process or increased production, this should be 
investigated and considered. Also, a large amount of organic material and moisture 
content might, according to the literature [49], affect the accuracy of the results. To avoid 
this source of error, the samples should be dried before they are measured. In this study, 
only dry substances were measured. 

3.4. Future Possibilities for Sustainable Resource Recovery 
The aim of this study was to show an efficient method for returning macro-nutrients 

to nature by upgrading residual products from the forest industry, which is entirely in 
line with a sustainable bioeconomy cycle. The promising results indicate that upgrading 

Figure 9. Concentration of heavy metals in surrounding peat leached from pellets made of 50:50
hydrochar:ash after exposure to water and winter temperatures (5 g pellets/5 g peat). The concentration
of zinc is presented /10 due to its high concentration.



Sustainability 2024, 16, 2868 15 of 19

The results presented in Figure 8 and Table 8 show that some of the macro-nutrients
leach out when exposed to moist peat. Standard deviations for assays performed with
the pXRF are displayed as error bars for each macro-nutrient. The pXRF instrument give
less certain values for magnesium and chromium compared to the other metals. For
the reference test presented in Figure 8, the amount of phosphor was under the limit of
detection. In Figure 9, some measurements for arsenic, lead, and nickel were under the
detection limit.

Table 8. The p-value from t-test analysis between reference peat and peat exposed to hydrochar:ash
50:50 pellets 1 day in moist conditions plus 7 days in −18 ◦C. Also, the amount of macro-nutrients in
the pellets leached to the peat.

P Ca Mg K Cu Cr Zn

p-value 0.0003 1.58 × 10−6 0.749 5.21 × 10−6 0.01 0.093 0.0009

Leached 0.8‰ 3.7‰ 0.5‰ 6.7‰ 1.38‰ 2.98‰ 1.39‰

The difference between 1 day in moist conditions and 7 days in the freezer is small.
The results indicate that the initial leaching is due to macro-nutrients on the surface of the
hydrochar. Extra days in water or after freezing have little effect on leaching, indicating
that the macro-nutrients in the hydrochar and ash are bound to the particles.

According to Figure 9 and Table 8, only a small percentage of the heavy metals in
the pellets leach out to the surrounding peat. The leaching does not increase when the
pellets are exposed to water or frozen, even if the pellets’ hardness is affected. The results
indicate that the heavy metals are bound to the hydrochar particles and will not leach more
when the pellets do not disintegrate. In previous studies, hydrochar positively affected
pine seedling growth [11,12], indicating that the nutrients are bioavailable even though
they are bound to the hydrochar. The results indicate that hydrochar immobilizes the
substances and avoids the environmental impact of leaching. The nutrients will not cause
eutrophication in water bodies close to the area fertilized with hydrochar. Moreover, heavy
metals will not leach and cause a toxic impact on the surrounding environment.

The amount of heavy metals leached from the pellets to the peat was very low
(Figure 8). In some cases, the concentration was under the detection limit. T-tests were
conducted to further analyze if there is a difference between peat and peat exposed to
hydrochar:ash 50:50 pellets 1 day in moist conditions and 8 days frozen at −18◦C. In Table 8,
the p-value from the t-test shows, with 95% confidence, that there is no difference between
the reference peat and peat exposed to hydrochar:ash 50:50 pellets frozen for 7 days for all
substances except chromium.

Results from the measurements with the pXRF may be affected by the pretreatment
of the samples as they have been ground and mixed with devices containing metal. In
the process of making pellets, some pretreatment is required where certain contamination
can occur. In the event of a changed process or increased production, this should be
investigated and considered. Also, a large amount of organic material and moisture content
might, according to the literature [49], affect the accuracy of the results. To avoid this source
of error, the samples should be dried before they are measured. In this study, only dry
substances were measured.

3.4. Future Possibilities for Sustainable Resource Recovery

The aim of this study was to show an efficient method for returning macro-nutrients
to nature by upgrading residual products from the forest industry, which is entirely in line
with a sustainable bioeconomy cycle. The promising results indicate that upgrading the
least valuable waste found at a pulp and paper mill, sludge and ash, into a promising new
type of soil amendment with double purposes as a fertilizer and liming agent is possible.
In the long run, this may contribute to restoring nutrient depletion and acidification of
forest soils due to heavy forestry. It may also lead to more sustainable waste management
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at the mills and a smaller carbon footprint compared to using commercial mineral forest
fertilizers. The new double-purpose product may increase the willingness of forest owners
to use it. Additionally, a small part of the hydrochar can be considered stable and mitigate
carbon change.

For future industrial use, it is crucial that the material can be handled, stored, and
transported without dusting and material losses. This study shows that the mixed material
can be pelletized into resilient, hard pellets. A third waste material, bark, can be added to
the new product with benefits. Bark does not contribute nutrients but rather smoothing
properties that decrease energy use during pelletization. The pellets’ quality indicates that
the pellets will remain resilient during transportation, but they will lose hardness when
exposed to water and freezing temperatures as in nature. The pellets will, therefore, not be
visible in nature, and the hydrochar and ash materials will be blended with the soil.

This study has also raised several new research avenues. For example, how should
these pellets be evaluated related to mechanical properties? Today, we have more or less
quality parameters related to pellets for other purposes, such as energy. These fertilizer
pellets are intended to be spread in the forest, and nutrient and heavy metal leaching from
a hydrochar/ash pellet is a new research field; what should be the recommendations?
However, even if more research is needed, the authors have shown that generating a
hydrochar/ash pellets loop based on forestry waste is a new way of thinking about recycling
and a sustainable bioeconomic system because a large pulp and paper mill can form about
5–10 tons of dry matter biosludge per day; as such, the recycling system presented in this
study has great potential.

Today, sludge is burned for destruction. Co-combustion with a fuel of high energy
value is needed because sludge has a very high moisture content. The HTC process is
exothermic, and little or no additional energy is needed for the process. However, drying
the hydrochar before pelletizing requires heat, and the pelletizing process itself requires
electrical input. The environmental benefits and drawbacks of the full production process
need to be further studied.

With the new product, large amounts of material, 7–8 tons per hectare, have to be
spread in the forest to achieve the same effect as today’s use of ash and mineral fertilizer.
More transportation will lead to larger CO2 emissions. To determine the total environ-
mental benefits of the new hydrochar:ash product, further LCA studies are planned for
ongoing projects.

To make sure this pelletized product is suitable as forest soil amendment, production
of pellets, storage, transportation, and spreading have to be tested with industrial-scale
machinery.

Because the new product leaches nutrients slowly, the hydrochar:ash pellets may be
transported and spread with the harvest to avoid extra transportation of material. However,
the time of a tree’s lifespan that is most suitable for fertilizing with this new product needs
to be studied further.

In this study, preliminary leaching experiments were performed. The experiments
have to be repeated in natural conditions, and more effects than soil chemistry have to
be recorded. For example, the hydrochar:ash pellets’ effect on moss grass, berries, and
other plants has to be studied. Also, the important ecosystem of fungi has to be studied to
make sure the new fertilizer does not disturb the delicate ecosystem of forest soil. These
experiments have been initiated, and the results will be evaluated within the next couple
of years.

4. Conclusions

This study has indicated that it is possible to use pulp and paper mill waste materials
to produce a new pelletized product of hydrochar, spruce bark, and biofuel ash with liming
and fertilizing properties on forest soil. These pellets have quality attributes of bulk density
and durability suitable for industrial handling and transportation. By mixing hydrochar,
spruce bark, and ash in the proportions of 45:10:45, it is possible to produce a product to be
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spread on forest soil. By spreading 7 tons per hectare of the mixed material, the soil can be
enriched with 120 kg N per hectare, and the concentrations of other macro-nutrients, liming
agents, and heavy metals are within the regulated concentrations. The current research
has indicated that it is possible to press hydrochar and ash into pellets in a continuous
process. The addition of spruce bark lowers the energy consumption in the pellet press and
increases the durability of the pellet, but the major disadvantage is that 8% more pellets
per hectare are required. Pellets exposed to wet and cold conditions mimicking borealis
winter conditions lose their hardness. Small amounts of nutrients, alkali ions, and heavy
metals leach out from the pellets under all conditions, indicating good properties for forest
soil amendment. Further studies are needed to establish the total environmental benefits or
drawbacks of the full process of producing, pelletizing, transporting, and using the new
type of nutrition pellets. Also, new evaluation methods are needed for both mechanical
properties and leaching properties for these types of nutrition pellets.
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