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Abstract

In this study, a series of seven residual biomass feedstock was treated by hydrothermal carbonization (HTC) at temperatures of
180 °C, 210 °C, 240 °C, and 270 °C and residence times of 0.5 h, 2 h, and 4 h. The processed samples were analyzed with focus
on properties that are relevant for the combustion of a fuel. Temperature was found to have the highest impact on fuel properties.
HTC has a positive effect on the energy density of the material, increasing lower heating values typically by 10-15% at 180 °C
and 47-59% at 270 °C. At the same time, mass yield was decreasing for increasing treatment temperature. The hydrothermal
treatment was found to have a profound impact on the inorganic composition of the fuels, lowering significantly the alkali metal
and chlorine content while increasing silicon and phosphorous concentrations in the ash. These transformations lead to improve-
ments in ash melting temperatures and in molar S/Cl ratio, an indicator commonly used to assess the risk of high-temperature
corrosion in biomass combustion. HTC is also expected to have a positive impact on fine particle emissions upon combustion due
to lowered concentrations of elements responsible for aerosol formation after HTC treatment. On the other hand, HTC leads to
higher nitrogen contents in the fuel, thereby potentially increasing the risk for higher NO, emissions upon combustion of HTC-
treated fuels. Overall, HTC clearly shows a positive effect on combustion properties, but the effects are fuel specific and
especially interesting for biogenic waste that originates from lignocellulosic material. Applying the criteria of this study, the fuel
properties of sewage sludge could not significantly be improved. For feedstock like this, the advantage of utilizing HTC as
treatment lies in improved dewatering, storage, and feedstock logistics.
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1 Introduction

Moving towards a more sustainable society has become one of
the most important challenges for the twenty-first century. A
major part of the worldwide greenhouse gas emissions origi-
nates from the energy production from fossil fuels. Biomass as
an abundant, renewable energy carrier offers the possibility to
reduce net greenhouse gas emissions by substituting fossil
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fuels [1, 2]. The energetic utilization of biomass, however,
poses challenges caused by the huge diversity of these feed-
stocks. Unfavorable fuel properties, such as high alkali and
chlorine content, lead to a variety of undesirable reactions in
the furnaces of power boilers [3, 4]. Common problems in
biomass combustion are ash related, such as corrosion, ash
melting, deposit formation, and particle formation, as well as
problems regarding nitrogen oxides (NO,), sulfur oxides
(SO,), and hydrochloric acid (HCI) emissions. With an in-
creasing demand for biofuels, also low-quality feedstocks
and residues enter the market, further aggravating these issues
[5, 6].

For example, firing of biomass in power boilers can lead to
high-temperature corrosion of superheaters due formation of
deposits by alkali chloride condensation and subsequent reac-
tion of the superheater metal with chlorine (Cl) [4, 7]. To
prevent high-temperature corrosion, alkali chloride formation
needs to be suppressed. A possible process for this is the
binding of alkali with sulfur (S) in the form of alkali sulfate
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in the combustion chamber [8]; a second option is to remove
chlorine from the feedstock. Although the exact underlying
reaction mechanisms of high-temperature corrosion are not
yet fully understood, the prediction of the corrosion rate with
the molar 2 S/Cl ration has proofed to be a useful indicator [9].
Only minor corrosion risks have to be expected for a molar
2 S/Cl ratio of >4 [9].

Biomass combustion also leads to the emission of
particulate matter (PM) that can cause respiratory prob-
lems and deposition on heat exchanger surfaces in the
power plant. The two main sources of PM in biomass
combustion are particles from incomplete combustion,
such as soot, condensable organic matter, and char,
and particles from ash-forming matter in the fuel [10,
11]. In the latter case of aerosol formation, a part of the
volatile inorganics such as alkali metals, heavy metals,
S, and Cl are released from the fuel to the gas phase
during combustion and start to nucleate or condense
[12]. Regarding biomass fuels, K, being often the most
abundant inorganic species, is the most relevant compo-
nent for aerosol emissions.

Additionally, NO, emissions are a possible pollutant
resulting from the combustion of biomass. Generally, NOy
emissions are contributing to rain acidification and the forma-
tion of smog and affect the tropospheric zone by facilitating
ozone creation. The formation of NO, is known to originate
mainly from the oxidation of fuel nitrogen and, to a lesser
extent, from other mechanisms involving conversion of nitro-
gen from air [13-15].

One promising approach to address these challenges is bio-
mass upgrading by hydrothermal carbonization (HTC). In this
process, biomass is converted in water at temperatures of 150—
300 °C and elevated pressure to a product called hydrochar
[16, 17]. A number of reactions occur during HTC that fun-
damentally alter the structure of biomass by dehydration, de-
carboxylation, and cleavage of ester and ether bonds by hy-
drolysis [17]. Overall, these reactions lead to a solid product
that has an increased energy density and higher hydrophobic-
ity and is more brittle than the starting material [18-20].
Depending on the process conditions, the lower heating value
of the fuel can be increased by up to 60%, mostly on the
account of a higher carbon content of the hydrochars. The
coalification of the material by HTC is governed by dehydra-
tion and decarboxylation. Higher reaction severity, i.e., higher
temperature and residence time, leads to a higher degree of
coalification and lower volatile content but also decreases
mass yield due to dissolution of organic material in the water
phase. Finding an effective and cost-efficient treatment of the
resulting process water currently poses a challenge on the
HTC technology, since persistent organic compounds form
during the process. These compounds are hardly degraded
during traditional wastewater treatment. Current develop-
ments on this issue are discussed in the literature [21-24].
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Characteristic temperature regimes of HTC for lignocellu-
losic biomass are 150 °C where the decarboxylation of car-
bonyl groups starts and 180 °C, 200-230 °C, and 220-260 °C
where hemicellulose, cellulose, and lignin degradation occurs
[17, 25, 26]. Above temperatures of 250 °C more and more,
liquid byproducts are formed, and mass yield decreases dra-
matically, marking the transition to hydrothermal liquefaction
(HTL). The higher hydrophobicity and brittleness of the
hydrochars are a result of the removal of oxygenated surface
groups during the treatment.

HTC not only alters the structure of biomass but also large-
ly affects the ash composition by leaching of inorganics to the
process water. Yet, the extent to which inorganics can be
removed from the feedstock by HTC is determined by the
nature of the inorganic matter: Ash-forming elements in bio-
mass exist in different forms, e.g., as soluble ions, organically
associated, as included minerals or as excluded minerals [27,
28]. Soluble ions can easily be removed by washing of bio-
mass in water already at ambient conditions and hence also by
HTC [29]. However, two factors further promote the extrac-
tion of inorganics during HTC compared to simple water
leaching: During HTC process, water is in a subcritical state,
in which it exhibits a lower viscosity and higher solubility of
organic substances than water under normal conditions [16].
Therefore, also inorganics that are organically associated can
potentially be removed from the biomass matrix by ion ex-
change followed by the dissolution of the soluble salt. In ad-
dition, the disintegration of the biomass structure by HTC
further facilitates the removal of inorganic matter. Only few
studies have investigated the effect of HTC on the fate of
inorganics. Reza et al. [30] have investigated the influence
of HTC temperature on the ash composition of corn stover,
miscanthus, switch grass, and rice hulls. They found that cal-
cium, magnesium, sulfur, phosphorous, and potassium can be
reduced during HTC, which they linked to the decomposition
of hemicellulose. Silicon is only partly removed at higher
temperatures. Smith et al. [31] have investigated the influence
of feedstock on the combustion behavior of hydrochar. They
observed a significant reduction of alkali metals. Smith et al.
[32] have also investigated the influence of residence time on
the inorganic composition of miscanthus and concluded that
the extraction of some inorganics like sulfur and phosphorous
is decreasing with increasing residence time. They confirmed
that also for miscanthus, more than 75% of alkali metals are
removed from the feedstock after HTC treatment.

The transformation of both the organic and inorganic com-
ponents of the feedstock during HTC leads to changes in the
combustion behavior. To evaluate whether these transforma-
tions caused by a HTC lead to an improvement of the fuel
quality, the implications that these changes have on challenges
in biomass combustion have to be assessed. In most cases, fuel
indices derived from fuel analysis have been used for this
purpose. Most researchers rely on indices and correlations that
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have been developed for coal. Yet, due to the inherently dif-
ferent composition and structure of biomass compared to coal,
their usefulness for the assessment of biofuels is questionable
[5, 6]. Few attempts have been made to develop new indices
for the prediction of undesired furnace reactions for biomass
fuels: Sommersacher et al. [6] have performed lab- and real-
scale combustion tests of a large variety of biomass fuels.
They evaluated fuel indices derived from chemical fuel anal-
ysis regarding their applicability for biomass combustion by
comparison of the index prediction to their measurements
using statistical analysis. This way they identified that, for
instance, the molar 2 S/Cl ratio is a suitable indicator for cor-
rosion risk. The N content in the fuel is an indicator for NOy
emissions, and the sum of the concentrations of K, Na, Zn, and
Pb can predict aerosol emissions. Nézelius et al. [5] have
shown that for the estimation of slagging in fixed-bed com-
bustion of phosphorous-poor biomass fuels, none of the tradi-
tional fuel indices performs well. Instead, they proposed the
use of a ternary diagram with K,O (+Na,0), CaO (+MgO),
and SiO; as crucial components to predict slagging behavior.

In this work for the first time, a large number of seven
different waste feedstocks have been hydrothermally treated
at three different residence times and four different tempera-
tures. The aim of this study is to provide an overview of the
impact of HTC on the fuel quality regarding combustion-
related issues. The study focuses on the change in inorganic
composition of HTC-treated fuels. However, it also considers
risk of pollutant emission from, i.e., NO, and fine particles
that to date are hardly discussed in literature. The feedstock
includes agricultural residues such as straw and empty fruit
bunches, forestry residues like bark, and residues from food
production such as olive pomace. Additionally, digestate as a
secondary product from energy production and grass cuttings
and sewage sludge representing typical municipal wastes are
investigated. Only fuel indices that have been proven suitable
for the assessment of biomass-derived fuels are applied. The
impact of HTC on energy density, ash composition, ash melt-
ing, corrosion tendency, NO, emissions, and fine particle for-
mation is evaluated.

2 Materials and methods
2.1 Materials

Seven different biomass feedstocks are investigated in this
study. Digestate was obtained from a local biogas plant
digesting corn silage; empty fruit bunches were imported from
Malaysia. Lawn cuttings were obtained from a local
composting facility; olive pomace was obtained from south
France. Sewage sludge was collected from a local wastewater
facility, and wheat straw was provided from the Netherlands.
Spruce bark was obtained from a pulp and paper mill in

Finland. Prior to HTC, all collected biomass samples were
dried and milled to a particle size below 1 mm.

2.2 Hydrothermal carbonization and fuel
characterization

HTC experiments were carried out in a stirred Parr mini
batch reactor that has been described in previous work
[33]. The reactor has a volume of 600 mL and can be
operated at a temperature range of up to 350 °C and a
pressure range of up to 200 bar. The reactor is electrically
heated with three 700-W powered heating jackets and was
pressurized with argon. The pressure in the system was
kept constant throughout the process with a backpressure
regulator. In all experiments, 30 g of dry biomass were
submerged in 300 mL deionized water and poured into
the reactor. The reactor was then pressurized and heated
to reaction temperature at a heating rate of 7 K min ' and
held at the specified residence time. In this study, biomass
was carbonized at temperatures and pressure of 180 °C/
20 bar, 210 °C/40 bar, 240 °C/40 bar, and 270 °C/80 bar.
Residence time of was varied from 0.5 h, 2 h, to 4 h.
After the reaction, the reactor was cooled, and the slurry
was filtered and dried at ambient conditions to isolate the
solid product. Fuel analysis data is provided on a dry
basis in all tables and figures.

2.3 Sample analysis

Proximate analysis of the raw materials and hydrochar was
carried out according to industrial standard methods DIN
51718 for the moisture content, DIN 14775/EN14775:2009
for determination of ash content, and DIN 51720/ISO
562:1998 for the volatile content using a moisture analyzer
Denver IR60 and a muffle furnace. The amount of fixed car-
bon was calculated by closing the mass balance. Ultimate
analysis was done according to industrial standard method
DIN 51732/ISO/CD 12902:2006-11 in an elemental analyzer
Vario Marco Cube from elementar. The chlorine content was
determined in a similar device vario MACRO cube, also from
elementar. The heating value was determined according to
DIN 51900-1/ISO 1928:1995 using a bomb calorimeter C
200 from IKA. Ash compositions were determined by X-ray
fluorescence (XRF) after complete combustion of the samples
at 550 °C according to DIN 14775/EN14775:2009. For ash
composition analysis, the instrument of Shimadzu EDX-800
HS was used. The examination requirement for fuel ashes by
means of compressed tablets according to DIN 14775/
EN14775:2009 for the determination of ash composition
was used in this case. The pellet contains 100 mg of the test
ash and 20 mg of a binder, in this case wax. Ash melting
temperatures were determined following the standard method
DIN 15370-1/1SO 540:1995-03.
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3 Results and discussion
3.1 Mass and energy yield and heating values

Biomass samples are treated at temperatures ranging from 180
to 270 °C at constant residence time of 2 h. The treated bio-
mass is referred to as hydrochar. Table 1 lists the mass yield,
the lower heating value (LHV), and elemental composition
obtained at different treatment temperatures. For all investi-
gated biomass types, the mass yield is constantly decreasing
for higher treatment temperatures. At the same time, the LHV
on dry basis is increasing significantly for all treatment tem-
peratures above 180 °C. An exception to this is sewage sludge
where the LHV is slightly decreased by HTC. The tempera-
ture range investigated covers a wide range of conditions with
different predominant reaction mechanisms: Decarboxylation
of unstable carboxylic acids, releasing CO,, occurs starting
from 150 °C [17]. Generally, during HTC, a variety of differ-
ent reactions occur that lead to the removal of oxygen and
hydrogen in the fuel matrix mainly by decarboxylation and
dehydration [16]. Consequently, the hydrochar has a higher
carbon content, also leading to a higher energy content of the
fuel. During HTC of lignocellulosic biomass, the composition
changes with more severe reaction conditions, i.e., the higher
treatment temperature. Significant reactions occur above
180 °C where hydrolysis of hemicellulose (180 °C), cellulose
(220 °C), and lignin (180220 °C) takes place [25]. On the
other hand, treating sewage sludge by HTC does not lead to a
significant energy densification on dry basis. The reason for
this is that upon HTC treatment of sewage sludge, the ash
content is increased from 21.8 wt.% to 55.8 wt.% when com-
paring the starting material with sewage sludge treated at
270 °C. On an ash-free basis, also the LHV of sewage sludge
is increased 1.4-fold. The mass loss with higher reaction se-
verity is attributed to the dissolution of organic material in the
process water. Increasing LHV and decreasing mass yield is
also observed with increasing temperature for both other res-
idence times 0.5 h and 4 h. LHV further increases with longer
residence times, but temperature remains the most influential
process parameter for this property. Within the investigated
residence time ranges to up to 4 h, mass yield slightly de-
creases for increasing residence times for all feedstock. The
full dataset for residence times 0.5 h and 4 h can be found in
the supplementary material. The obtained energy yield,
i.e., the ratio of LHV of the HTC-treated and untreated
fuel multiplied by the mass yield, does not diminish as
strongly as the mass yield with increasing treatment
temperature. The lowest energy yields were obtained
for sewage sludge with only 45-55% recovered energy
content after HTC. The other feedstock exhibits fairly
similar energy yields of around 80% at the lowest treat-
ment temperature of 180 °C, which decreases to around
60% at the highest treatment temperature of 270 °C.

@ Springer

3.2 Inorganic biomass composition

Figure 1 shows the ash composition of the raw biomass feed-
stock investigated in this study. Depending on its origin, func-
tionality within the organism or usage history each biomass
has a unique inorganic composition. Major ash-forming ele-
ments are silicon (Si), potassium (K), phosphorous (P), calci-
um (Ca), aluminum (Al), magnesium (Mg), sodium (Na), and
iron (Fe). Ashes from digestate, lawn cuttings, and sewage
sludge are rich in P. Empty fruit bunches and olive pomace
show high concentrations of K. In spruce bark, Ca constitutes
the most abundant inorganic species, whereas ash from wheat
straw contains mostly Si. Further, also the ash content given in
Table 1 is strongly feedstock dependent. Ash contents below
5 wt.% ash are found for untreated olive pomace with
2.01 wt.% and spruce bark with 3.43 wt.%. Untreated sewage
sludge has the highest ash content with 28.1 wt.%. Digestate,
empty fruit bunches, lawn cuttings, and wheat straw all have
similar ash contents of 8.9 wt.%, 8.3 wt.%, 9.5 wt.%, and
10.8 wt.%, respectively.

After HTC for most biomass feedstocks investigated in this
study, the ash content increases with increasing treatment tem-
perature. During HTC, inorganics can be extracted from the
biomass matrix to the process water and hence are removed
from the resulting solid fuel. However, at the same time, also
organic material is dissolved in the process water leading to a
decreasing overall mass yield. Thus, if the loss of organic
material is higher than the reduction of inorganic elements,
the ash content increases after the pre-treatment. An increase
in ash content after HTC is observed for biomass types con-
taining high shares of Si and P like digestate, lawn cuttings,
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Table 1  Mass yield, energy yield, proximate, and ultimate analysis of raw feedstock and HTC-treated feedstock at different temperatures for a

residence time of 2 h

Biomass HTC LHV/  Mass Energy Ash Volatiles Fixed-C C H N S O Cl Molar
type conditions MJ kgﬁ1 yield/- yield- content (wt.%) Wt.%)  (Wt.%) (wt.%) (Wt.%) (wWt.%) (wt.%) (wt.%) 2 S/CI
(Wt.%) ratio
Digestate ~ Raw 17.81 - - 9.84  59.70 30.46 4949 586 150 0.13  33.18 039 0.61
HTC 180 °C  20.00 0.71 0.79 8.84  74.66 16.50 5356 544 141 0.14 3061 0.15 1.74
HTC 210 °C 21.47 0.63  0.76 842  70.58 21.00 5721 527 1.67 0.16 2728 0.16 1.74
HTC 240 °C 25.94 046 066 12.11  60.78 27.11 6585 529 242 021 1414 0.14  2.66
HTC 270 °C 26.73 040 060 1568 54.74 29.58 6728 497 257 0.19 930 0.13 2.72
Empty fruit Raw 19.12 - - 8.98  81.00 10.02 50.60 6.78 1.13 034 3217 0.57 1.06
bunches
HTC 180 °C  21.65 0.67 075 695  78.96 14.08 5654 6.07 081 010 2953 006 298
HTC 210 °C  23.00 0.60  0.73 6.84  74.40 18.77 5952 6.08 097 0.11 2648 0.10 2.00
HTC 240 °C 28.95 0.51 0.77 774 6321 29.05 7124 6.65 143 012 1281 009 255
HTC 270 °C  26.29 038 052 7.69  67.36 24.94 66.56 650 124 012 1788 0.09 235
Lawn Raw 17.08 - - 1047  72.66 16.87 48.03 6.08 218 0.18 33.06 0.26 1.26
cuttings
HTC 180 °C  19.93 064 075 17.84  61.58 20.57 5328 530 2.10 015 2132 0.16 1.70
HTC 210 °C  21.29 053 066 17.03 61.51 21.47 5534 537 204 016 2006 0.18 1.57
HTC 240 °C  23.33 047  0.64 20.57  56.55 22.88 5885 538 238 017 12,66 0.17 1.78
HTC 270 °C  26.07 037 057 21.81 5326 24.93 63.18 559 261 0.18 6.63 0.24 1.32
Olive Raw 20.65 - - 2.08  78.04 19.88 5470 6.07 048 0.10 3658 0.13 1.36
pomace
HTC 180 °C  23.40 065 0.74 0.64  78.55 20.81 6155 651 049 010 30.70 ND ND
HTC 210 °C  25.31 062  0.76 0.63  74.00 25.37 6575 6.72 051 009 2630 ND ND
HTC 240 °C 27.94 052 0.70 0.58  65.11 34.31 7161 673 062 009 2036 ND ND
HTC 270 °C  30.69 046  0.69 090  58.92 40.18 7765 690 0.9 010 13.77 ND ND
Sewage Raw 15.35 - - 31.74  60.92 7.34 3858 628 681 084 1575 0.09 16.89
sludge
HTC 180 °C  14.39 059 055 48.13 5281 0.01 3454 397 337 035 9.64  0.19 3.27
HTC 210 °C  13.68 054 048 5236 4739 0.25 3296 3.57 260 030 821 0.18 3.10
HTC 240 °C 13.95 052 047 55.18  44.08 0.74 3253 337 227 032 633  0.17 3.35
HTC 270 °C 14.04 050 045 5758  41.07 1.35 3138 3.02 2.04 029 569  0.16 3.19
Spruce bark Raw 19.12 - - 376  85.03 11.22 5268 6.73 041 0.03 3625 0.02 3.76
HTC 180 °C 21.11 070  0.77 328  69.61 27.10 6037 595 046 0.09 2985 0.11 1.56
HTC 210 °C 22.46 0.67  0.79 344 66.80 29.76 63.09 565 044 0.08 2730 0.11 1.26
HTC 240 °C 25.34 054 071 381  57.54 38.65 7020 541 053 008 1996 0.11 1.31
HTC 270 °C  28.62 047  0.70 328  52.16 44.55 7595 541 0.60 009 14.67 0.10 1.58
Wheat Raw 16.41 - - 11.69  70.54 17.77 4505 523 065 0.17 3721 0.26 1.18
straw
HTC 180 °C 18.46 069 078 13.17  73.59 13.25 5034 494 052 013 3091 0.15 1.53
HTC 210 °C  19.32 062 073 1326 67.23 19.50 5258 499 053 010 2854 0.18 1.02
HTC 240 °C  23.09 047 066 1640 52.82 30.78 6054 460 076 011 1759 ND ND
HTC 270 °C  24.85 043  0.65 1749  49.19 33.32 6454 475 085 011 1227 ND ND

*ND, below detection limit;

all values are reported on dry basis

sewage sludge, and wheat straw. In contrast, HTC slightly
reduces the ash content of olive pomace, spruce bark, and
empty fruit bunches that are rich in K. Consequently, there
seems to be a correlation between the raw biomass ash com-
position and the effect of HTC on the ash content of the treated

biomass.

Besides, HTC has the capability of altering the ash compo-
sition upon treatment. The characteristics of water under hy-
drothermal conditions, i.e., low viscosity and low dielectrical
constant, as well as the overall degradation of biomass during
the process potentially facilitate extraction of ash-forming
matter from the feedstock. Table 2 shows an assessment of

@ Springer
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the influence of HTC on the concentration of main ash-
forming elements Na, K, Ca, Mg, Si, and P. The change in
ash concentration is determined by calculating the ratio R of
the element weight percentage in the ash of treated and un-
treated feedstock. Elements that decrease in ash concentration
are denoted with a minus sign (R < 0.9). Elements that do not
change significantly in concentration (0.9 < R <1.1) are de-
noted with o. Elements that increase in ash concentration (R >

1.1) are marked with a plus sign. Table 2 shows that for all
investigated feedstocks, K is removed during HTC, while Ca,
Si, and P removal is limited, and, therefore, the resulting
hydrochar ash is richer in Ca, Si, and P. Mg removal depends
on feedstock: For most biomass feedstock, the ash of the
resulting hydrochar is lower in Mg, while in case of digestate
and olive pomace, Mg levels are increasing after HTC.

In addition, the efficiency of HTC in removing main ash
elements Na, K, Ca, Mg, Si, and P from the feedstock was
evaluated. The extent to which ash-forming elements can be
removed from the feedstock by HTC is dependent on its
chemical nature. Therefore, removal of inorganic constituents
is dependent on feedstock and treatment conditions. Figure 2
illustrates the HTC removal efficiency regarding Na, K, Ca,
Mg, Si, and P in the ash of HTC-treated digestate as a function
of temperature at different residence time. The removal effi-
ciency was calculated by subtracting the ratio of the inorganic
element content of the hydrochar with the raw feedstock mul-
tiplied by the mass yield from 100%, as also applied by Smith
etal. [31]. Figure 2 illustrates digestate as an example, yet the
following observations are made for all feedstock: It appears
that the treatment temperature has a stronger effect on the
element concentrations than residence time. Alkali metals
Na and K both are extracted to a large extend during HTC.
Between 29 and 100% of Na are removed upon treatment at
180 °C. This fraction increases to above 35% for all feedstock
at the highest treatment temperature of 270 °C. Already at
180 °C and 2 h residence time, between 57 and 90% of the

Table 2  Influence of HTC treatment on ash concentration of main ash-
forming elements with respect to the raw material

Feedstock NaO K,0 CaO MgO SiO, P,0Os

Concentration change after HTC

Digestate - - + + - +
Empty fruit bunches  — - + - + +
Lawn cuttings - - + - + +
Olive pomace - - + + + +
Sewage sludge - - + - o o
Spruce bark - - + - + +
Wheat straw - - - - + +

*The full dataset of ash characterization can be found in the supplemen-
tary material; a minus sign marks a decrease in concentration, plus sign an
increase in concentration, and 0 no significant change in concentration
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initially present K is removed from the feedstock. At 270 °C,
between 63 and 95% of K is extracted. Consequently, a further
increase in temperature further enhances K removal by up to
30%. On the other hand, the impact of residence time is less
pronounced: The differences in K removal at 210 °C, for
instance, only vary between 2 and 6% when increasing the
residence times from 0.5 to 4 h. Na and K in biomass are
mostly present as a highly soluble ion such as sodium or
potassium nitrate and chloride and, therefore, easily removed
by HTC [27, 34]. With increasing temperatures, biomass deg-
radation advances facilitating further the removal of Na and K.
Ca is only removed to a limited extent during HTC. In plant-
derived biomass, Ca mainly fulfills structural functions in the
cell wall and has limited mobility [35]. It is present as calcium
pectate or calcium oxalate crystals which both exhibit poor
water solubility, explaining the increase of concentration of
Ca species in the ash of HTC-treated biomass. For most in-
vestigated feedstock, temperature shows a stronger positive
effect on removal efficiencies than residence time. For in-
stance, spruce bark treated for 4 h Ca removal increases from
24% at 180 °C to 65% at 270 °C, while increasing the resi-
dence time from 0.5 h to 4 h only enhances Ca removal by 2
and 18% at 180 °C and 270 °C, respectively. For other bio-
mass types, i.e., lawn cuttings or sewage sludge, no significant
change in concentration was observed with increasing temper-
ature and/or residence time. No clear trend is observed for Mg
that is depending on the raw material, either enriched or re-
moved: The Mg concentration in the ash is slightly increasing
in the case of HTC-treated digestate and lawn cuttings; for all
other feedstock, the concentration in the hydrochar ash is
decreasing.

The Si concentration in the ash increases after HTC in all
hydrochar samples. Typically only between 20 and 40% of the
initially present Si are removed. A further increase in temper-
ature and residence time does not lead to higher removal per-
centages. Si in plants is mostly present as stable hydrated
oxides and is incorporated within the plant cell wall and, there-
fore, not accessible for removal [30, 36]. P is also accumulat-
ing in the hydrochar. Initially at temperatures below 210 °C, P
is extracted from the feedstock. For instance, when treating
olive pomace at 180 °C for 2 h, almost 87% of P is removed, at
higher temperatures of 270 °C and 2 h; however, this fraction
decreases to only 31%. Similar trends can be observed for
empty fruit bunches, spruce bark, and wheat straw. For all
other investigated feedstock, the P removal is limited to 0—
30% and shows no strong correlation with neither treatment
temperature nor residence time.

3.3 Ash melting behavior
In traditional ash melting analysis, the temperatures at which the

various stages of ash softening and melting take place are
assessed and described by four characteristic temperatures: initial
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deformation temperature (IDT), softening temperature (ST),
hemispherical temperature (HT), and flow temperature (FT). It
is a widely accepted method to predict the likelihood of deposi-
tion of ash particles on heat exchange surfaces. Despite high
complexity of ash melting behavior, a number of inorganic bio-
mass constituents have been shown to play an important role:
While Mg and Ca generally increase ash melting temperatures,
alkali metals are known to form low-temperature melting alkali
silicates in the presence of Si. High P contents and high concen-
trations of chlorine are also often linked to low ash melting
temperatures. Table 3 shows the ash melting temperatures of

Temperature / (°C)

raw and HTC-treated biomass ash samples. Olive pomace sam-
ples were not analyzed due to the very low ash content. Biomass
ashes from feedstock rich in P and K such as sewage sludge,
digestate, and empty fruit bunches exhibit the lowest initial de-
formations at the temperatures of 772, 863, and 837 °C. Spruce
bark, being rich in Ca, shows a higher IDT temperature of
1304 °C.

Concerning the impact of HTC on ash melting temperatures,
the following observations can be made: The effect of HTC on
the IDT seems to be quite variable. On the one hand for some
biomass types, i.e., wheat straw, the effect of HTC seems to be

@ Springer
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Table 3  Characteristic of ash melting temperatures of raw and HTC-treated biomass ash for a residence time of 2 h

Biomass type Condition Initial deformation Softening Hemispherical Flow temperature (°C)

temperature (°C) temperature (°C) temperature (°C)

Digestate Raw 863 1040 1147 1164
HTC 180 °C 956 1129 1259 1286
HTC 210 °C 963 1119 1300 1320
HTC 240 °C 940 1230 1312 1328
HTC 270 °C 781 1208 1256 1291

Empty fruit bunches Raw 837 954 1035 1230
HTC 180 °C 835 1142 1282 1347
HTC 210 °C 915 1177 1344 1383
HTC 240 °C 948 1235 1349 1430
HTC 270 °C 940 1205 1365 1385

Lawn cuttings Raw 946 1083 1171 1214
HTC 180 °C 1155 1209 1229 1255
HTC 210 °C 964 1203 1231 1296
HTC 240 °C 1065 1195 1239 1294
HTC 270 °C 781 1206 1233 1282

Sewage sludge Raw 772 1169 1218 1232
HTC 180 °C 666 1151 1218 1231
HTC 210 °C 663 1198 1269 1282
HTC 240 °C 680 1133 1223 1243
HTC 270 °C 741 1142 1227 1248

Spruce bark Raw 1304 1409 1453 1457
HTC 180 °C 1016 ND > 1550 > 1550
HTC 210 °C 1074 1341 > 1550 > 1550
HTC 240 °C 1360 ND > 1550 > 1550
HTC 270 °C 1313 1478 1502 1519

Wheat straw Raw 722 1236 1398 1432
HTC 180 °C 815 ND > 1550 > 1550
HTC 210 °C 852 1086 > 1550 > 1550
HTC 240 °C 919 ND > 1550 > 1550
HTC 270 °C 932 1118 > 1550 > 1550

*ND: No evaluation possible

highly beneficial increasing the IDT of the sample treated at
210 °C by over 130 °C. On the other hand for spruce bark and
sewage sludge, the IDT surprisingly is lowered after the pre-
treatment. The other characteristic of ash melting temperatures
ST, HT, and FT shows a more consistent trend: they are in-
creased for all feedstocks after a HTC treatment. A higher treat-
ment temperature, however, does not necessarily further lead to
significant improvement concerning ash melting temperatures.
HTC fundamentally changes the composition of treated biomass
samples. Improvements in ash melting after a pre-treatment can
be explained by the removal elements lowering the ash melting
temperature such as alkali metals or chlorine. On the other hand,
elements beneficial for ash melting temperatures such as Ca and
Mg are removed to a lesser extent and thereby accumulate in the
hydrochar.

@ Springer

3.4 Corrosion tendency (molar 2 S/dl ratio)

Firing of biomass can lead to high-temperature corrosion of
superheaters due to formation of deposits by alkali chloride
condensation and subsequent reaction of the superheater metal
with chlorine (Cl) [7, 37]. The prediction of the corrosion rate
with the molar 2 S/Cl ration has proven to be a useful indicator
[9]. Only minor corrosion risks have to be expected for a
molar 2 S/Cl ratio of >4 [9].

Figure 3 shows the evolution of the molar 2 S/CI ratio of
HTC-treated biomass with temperature of samples treated for
2 h. Overall the values of molar 2 S/CI ratio are increasing
with increasing HTC treatment temperature for digestate,
empty fruit bunches, lawn cuttings, and wheat straw. For these
feedstock already at a temperature of 180 °C, the molar 2 S/Cl
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Fig. 3 Molar 2 S/Cl ratio of raw biomass and hydrochars treated at dif-
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ratio is increased by 130-780%. At a residence time of 2 h,
further increase of HTC treatment temperature does not lead to
a further increase of molar 2 S/Cl ratio. Data for 0.5 hand 4 h
of residence time, however, show a further increase of molar
2 S/Cl ratio for higher treatment temperatures (see
supplementary material). Overall, for 20% of all HTC-
treated samples, the Cl content lies below the detection limit
0f 0.01 wt.% for our device. In these samples, Cl concentra-
tions are so low that Cl-induced corrosion is highly unlikely
during biomass combustion. On the other hand, for spruce
bark and sewage sludge, a reduction of 2 S/CI ratio is
observed.

These changes in molar 2 S/Cl ratio are a consequence of
different concentrations of Cl and S in the fuels. The major-
ity of Cl in biomass is present in the form of water-soluble
salt [38, 39]. At a temperature of 180 °C, the directly acces-
sible Cl is dissolved leading to the improvements compared
to the raw material. For temperatures > 180 °C, biomass
degradation possibly exposes additional inorganic domains
for salt dissolution and thereby additional Cl reduction.
Thus, the molar 2 S/CI ratio increases further for higher
temperatures. As seen in Table 1, the S weight fraction in
the solid fuel is not strongly affected by a HTC treatment. It
seems a balance between S extraction, and mass loss of
other organic material is maintained; thus, the weight frac-
tion of S in the solid fuel stays approximately constant. In
general, the values of molar 2 S/Cl ratio can be improved by
HTC. This amelioration is attributed to the reduction of Cl
in the fuel, based on leaching of CI species to the process
water.

3.5 Risk for nitrogen oxides emissions

Nitric oxide (NOy) emissions are a possible pollutant resulting
from the combustion of biomass. The formation of NO, is
known to originate mainly from the oxidation of fuel nitrogen
and, to a lesser extent, from other mechanisms involving conver-
sion of nitrogen from air [13—15]. Therefore, it is important to
investigate the effect of an HTC pre-treatment on the fuel N
content. Figure 4 shows the relative fuel N content of the pro-
duced hydrochar. The relative fuel N is defined as the ratio of the
nitrogen content of the hydrochar and the raw material. A value
above one indicates that after HTC, the nitrogen content in-
creases. Figure 4 shows that for most feedstock, the relative fuel
N content in the hydrochars is increased by between 10 and 40%
compared to the starting material. Only for sewage sludge, the
relative fuel N content is reduced by roughly 10-20%. The evo-
lution of nitrogen content with temperature is feedstock depen-
dent. While for empty fruit bunches and digestate, a higher treat-
ment temperature leads to further increase in fuel N content, and
for other feedstocks, quite ambiguous trends are observed.

Consequently, according to the relationship between fuel N
content and NO, emission established by Sommersacher et al.
[6], HTC treatment is expected to have an adverse effect on
NO, emissions during combustion of the char due to increased
fuel N content.

During HTC, nitrogen is released to the process water. The
initial decline in fuel N at low temperatures can be explained
by the removal of nitrogen in the form of water-soluble am-
monium and nitrite salts. Also, hydrolysis leads to dissolution
of nitrogen [40] in the process water, causing even higher
removal of nitrogen for higher reaction temperatures. The
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apparent rise of N content in the solid residue is a consequence
of higher losses of other organic material.

Another approach to assess the NO, emission risk is to
consider the specific nitrogen content per unit energy content.
Figure 5 depicts the development of specific nitrogen contents
per unit energy in mg MJ " for all feedstock with increasing
temperature for samples treated for 2 h. Compared to the
starting material, the specific nitrogen content per unit energy
is decreased by roughly 10-40% at a treatment temperature of
180 °C. Upon further increasing the treatment temperature, the

nitrogen contents per unit energy slightly increase with in-
creasing temperature, diminishing the initial reduction to only
20% on average. In the case of HTC-treated digestate for
treatment temperatures above 210 °C, the value of specific
nitrogen content per unit energy is exceeding the value obtain-
ed for the starting material. Again sewage sludge marks the
exception for which the nitrogen contents per unit energy
decreases further with increasing treatment temperature. The
same observations on temperature dependence of specific ni-
trogen content per unit energy can be made analyzing the
samples that have been treated at 0.5 h and 4 h. Hence, ac-
cording to this indicator, HTC could have a positive effect on
NO, emission risk. On the other hand, also the volatile matter
of the fuels is reduced by HTC. This likely shifts the N
partitioning between volatiles and char towards a higher frac-
tion of N in the char, which in general reduces the ability of the
volatiles to reduce NO, formation in situ [41].

The fuel analysis points towards a higher NO, emission
risk for HTC-treated fuels; however, further experimental val-
idation in combustion tests is required for a final conclusion.

3.6 Fine particle emissions

Biomass combustion leads to the emission of particulate matter
(PM) that can cause respiratory problems and deposition on heat
exchanger surfaces in the power plant. Regarding biomass fuels,
K, being often the most abundant inorganic species, is the most
relevant component for aerosol emissions. Sommersacher et al.
[6] have shown that the sum of K, Na, Zn, and Pb in mg kg_1 fuel
can serve as an indicator regarding aerosol emissions and deposit
built-up on heat exchanger surfaces. Based on this index, low
PM emissions are expected for values < 1000 mg kg ', medium

Table 4  Concentration of sum of K, Na, Zn, and Pb in mg per kg fuel as indicator for fine particle emission tendency for raw and HTC-treated

feedstock
Sample Concentration of K, Na, Zn, and Pb (mg kg ™' fuel)
Digestate Empty fruit bunches Lawn cuttings Olive pomace Sewage sludge Spruce bark Wheat straw

Raw 23,096 28,824 24,325 12,846 21,730 3174 10,672
180 °C,0.5 h 13,276 10,922 19,652 925 7419 1412 7116
210°C,0.5h 9535 7867 6633 2291 5063 1346 2327
240 °C,0.5h 6510 5191 8026 2440 6643 1354 1775
270 °C, 0.5 h 5511 4286 6184 1768 6281 1013 787
180 °C,2 h 13,913 9150 13,617 1131 6899 1632 3058
210°C,2 h 11,884 6190 17,202 2979 6768 1436 2810
240 °C,2 h 6603 3450 11,390 3630 6985 1305 1211
270 °C,2 h 5527 7525 8292 2001 7320 1494 1057
180 °C,4 h 15,619 7048 9151 2289 7792 1563 3987
210 °C,4 h 14,883 6073 11,093 2446 7345 1251 3189
240 °C,4 h 10,012 6610 5436 3754 7778 859 1598
270 °C,4 h 8412 3119 4342 1704 8161 991 1550
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PM emissions for values between 1000 and 10.000 mg kg ', and
high emissions for values > 10.000 mg kg . The applicability of
the index for P- and Si-rich fuels is limited due to their possible
influence on the K-release. Table 4 shows the evolution of the
concentration of aerosol-forming inorganics for the raw feed-
stock, as well as the feedstock treated at different temperatures
and residence times.

For all investigated fuels, a drastic decline in the sum of K,
Na, Zn, and Pb is observed after HTC treatment compared to the
raw fuel. The improvement is a consequence of removal of K by
dissolution of potassium salts in the process water. As discussed
previously, K in biomass is mostly present in extractives and
hemicellulose as highly water-soluble salt [4]. Therefore, it can
effectively be removed by a HTC treatment, where additional K
is solubilized from the biomass matrix at temperatures above
150 °C, where degradation of hemicellulose starts. The concen-
trations of Na and Zn only contribute to the sum of the element
concentrations to a minor part: their concentrations typically lie
below 1.000 mg kg ' fuel. The strongest reduction in concen-
tration is already achieved at low HTC temperatures since for
higher temperatures, the higher ash content of the hydrochar is
increasing which diminishes the positive effect of K removal. At
temperatures above 240 °C, a concentration of aerosol-forming
elements below 10.000 mg kg™ is achieved for all fuels abating
the amount of PM emissions.

4 Summary and conclusion

Seven residual biomass feedstocks were hydrothermally treated
at temperatures ranging from 180 to 270 °C and residence times
of 0.5 h, 2 h, and 4 h. The effects of a hydrothermal treatment on
propetties relevant for combustion were investigated. HTC was
found to increase the lower heating value of the treated material
with increasing temperature. Residence time was found to have
less impact on the fuel properties. At the same time, due to
removal of organic material and less removal of inorganic mate-
rial, the ash content typically increases after an HTC treatment.
The inorganic composition of HTC-treated feedstock is funda-
mentally altered by HTC. K and Cl are removed to a large extent
from the fuel by dissolution of salts in the process water, while Si,
Ca, and P removal is limited in the solid material. These changes
lead to the improvement of fuel properties with respect to corro-
sion tendency, ash melting temperatures, and fine particle emis-
sions. On the other hand, the fuel N content increases after the
treatment leading to a potential higher risk of NO, emissions
during its combustion. The results indicate that HTC is suited
well for improving the fuel quality of waste streams originating
from lignocellulosic feedstock like digestate, empty fruit
bunches, lawn cuttings, olive pomace, spruce bark, and wheat
straw. Contrary, judging by the indicators used in this study, the
fuel quality of sewage sludge could not significantly be improved
by HTC. Nonetheless, apart from changing fuel properties

related to challenges in biomass combustion, which has been
described thoroughly in this work, HTC also offers other bene-
ficial effects like improving storage behavior and dewatering and
drying of biofuels. For a holistic assessment of HTC for fuel
upgrading, future research that also quantifies the fuel improve-
ments concerning these properties as well as investigation on fuel
pricing and logistics is needed.
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