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ABSTRACT

In order to overcome several obstacles when using lignocellulosic biomass as solid fuel, different heat induced
pre-treatment techniques are available. Such a pre-treatment can be realized either within a gaseous or within a
hydrothermal or vapothermal atmosphere. Below, the main reactions, occurring in the respective atmosphere at
temperatures below 300°C, typical for such a pre-treatment, are discussed. Different pre-treatment techniques
realized at this temperature range were introduced, characterized and compared with each other. This comparison
included the current state of research, the market proximity, the process parameters as well as applicable educts
and product properties.
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INTRODUCTION

Biogenic energy carriers provide around 11 to
15% of the global primary energy; thus, biomass
is the most widely used renewable energy car-
rier in the world (IEA, 2017). The reason for this
is that biomass is available almost everywhere
throughout the world — or at least where most of
the people live on this globe. Furthermore, bio-
mass is a versatile energy source; it can be con-
verted into solid, liquid and gaseous fuels and can
both be used for heat and electricity generation.
Furthermore, biomass is not fluctuating, as is the
case wind energy or solar radiation; the solar en-
ergy is stored in biomass. Additionally, biomass
can typically be stored easily without significant
losses; this can also be realized on the large scale.
However, compared to fossil sources of energy
like crude oil and hard coal, biomass shows some
significant drawbacks including heterogeneous
composition, relatively low bulk density, high
water content and low heating value. Therefore,
in recent years, different techniques have been
developed in order to improve the fuel properties
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especially of solid biofuels (e.g., by lowering its
water content, by modifying its chemical and
physical properties).

Against this background, this paper aims at
assessing and characterizing the most common
heat-induced pre-treatment technologies for
solid biofuels (i.e. lignocellulosic biomass) re-
alized within a temperature range up to 300°C.
Namely, these are torrefaction, hydrothermal car-
bonization (HTC) and vapothermal carbonization
(VTC). Furthermore, the autoclave pre-treatment
is introduced. Subsequently, the techniques were
compared with each other and the similarities as
well as differences were identified. Additionally,
the effect of these different pre-treatment options
was discussed in detail. The composition of lig-
nocellulosic biomass was first presented in detail
as a basis for the following explanations.

COMPOSITION OF LIGNOCELLULOSIC
BIOMASS

Below, the elemental and molecular structure
of lignocellulosic biomass was discussed, since
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structural changes are a key driver in improving

biomass combustion properties.

The main components of lignocellulosic bio-
mass are: carbon (C), oxygen (O) and hydrogen
(H). About 90 wt.-% of the organic dry matter
content of biomass is composed of the C and O
elements; H contributes as the third-largest ele-
ment with about 6 wt.-% to its composition. Fur-
thermore, lignocellulosic biomass contains differ-
ent shares of trace elements which can be divided
into macro- and micro-nutrients (Kaltschmitt,
Hartmann & Hotbauer, 2016).

At the molecular level, lignocellulosic bio-
mass is composed of 3 different biopolymers,
namely cellulose, hemicellulose and lignin. Their
percentages are highly dependent on the respec-
tive plant species (e.g., woody or herbaceous bio-
mass), the plant part (e.g., leaves, roots or branch-
es), growth stage (e.g., green leave or foliage) and
plant age (e.g., biomass from short rotation cop-
pice or from old trees) (Liu, Wang, Karim, Sun &
Wang, 2014). Table 1 shows the shares of these
biopolymers for different types and parts of se-
lected plants. The remaining part of dry matter
consists of extractives like fats and resins.

The characteristics of cellulose, hemicellu-
lose and lignin composed of long-chained and
branched hydrocarbons are shortly presented
below.

e Cellulose. This biopolymer is the most fre-
quently occurring organic substance in nature.
It is built from D-glucose-subunits linked to
each other via [-1,4-glycosidic bonds. Ad-
ditionally, hydrogen bonds are formed since
there is a large number of hydroxyl groups
(OH-groups) present within the cellulose
(Pérez et al., 2002). Amongst others, the mi-
cro fibrils in plant cell walls are formed in this
way (Karimi, 2015).

e Hemicellulose. Hemicellulose is a collective
term for many different hydrocarbon-polymers
that consist of D-xylose, D-mannose, D-ga-
lactose, D-glucose, L-arabinose, 4-O-methyl-
glucuronic, D-galacturonic, and D-glucuronic

acids that are linked via [-1,4- and partially
B-1,3-glycosidic bonds. Due to the presence
of branches with short lateral chains, hemicel-
lulose is better hydrolysable, compared with
cellulose (Pérez et al., 2002).

e Lignin. This heterogeneously structured bio-
polymer consists of 3 phenyl-propane units
(p-cumaryl, coniferyl and sinapyl), whereby
the basic units are connected via C-C- and
aryl-ether bonds. Its heating value is higher
compared to cellulose and hemicellulose
(Pérez et al., 2002; Brebu & Vasile, 2010).

HEAT INDUCED DEGRADATION
IN DIFFERENT ATMOSPHERES

The heat induced pre-treatment to improve the
combustion properties of lignocellulosic biomass
can be realized within a gaseous as well as with-
in a hydrothermal or vapothermal atmosphere.
Hence, the impacts of such pre-treatment pro-
cesses in the respective atmosphere on cellulose,
hemicellulose and lignin are discussed below.

Gaseous atmosphere

Basically, while heating up the lignocellulos-
ic biomass up to a temperature range of 300°C,
the biopolymers cellulose, hemicellulose and lig-
nin are increasingly decomposed with growing
heat supply. Nevertheless, up to roughly 150°C,
these biopolymers are still basically stable but
the water included within the solid biofuels (i.e.,
the ligncellulosic biomass) vaporizes into the
surrounding gas atmosphere. At the temperature
levels exceeding about 150°C, these biopolymers
start to break up due to the dissociation of bonds;
thereby, smaller molecule fragments emerge,
which might leave the biomass matrix as volatile
matter (so called volatiles) (Christ et al., 2017).
Figure 1 shows the heat-induced degradation of
cellulose, xylan (which is commonly used as a
representative for hemicellulose) and lignin on

Table 1: Shares of main biopolymers in different types and parts of plants (Cortez, Demard, Bottner & Jocteur

Monrozier, 1996; Leemhuis & de Jong, 1997)

. Beech (Hardwood) Pine (Softwood) Cotton
Biopolymers
Leaves Wood Needles Wood Straw
Cellulose [wt.%] 324 49.0 42.6 45.0 42.0
Hemicellulose [wt.%] 23.7 22.0 223 27.5 12.0
Lignin [wt.%] 315 24.0 37.7 25.0 15.0
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the basis of thermogravimetric analyses within
the nitrogen atmosphere.

Figure 1 indicates that the pyrolytic decom-
position of the respective biopolymers takes
place at different temperature ranges. This is due
to the different molecular composition of these
biopolymers. For instance, hemicellulose has an
amorphous molecular structure with many side-
branches. These side-branches can easily be re-
moved from the main branch already with little
thermal energy or heat. Cellulose consists of a
long, unbranched strand. Therefore, this biopoly-
mer is comparatively thermally stable — at least
compared to hemicellulose. Lignin consists of
aromatic rings with different branches (Yang et
al., 2007). Therefore, it decomposes in a wide
temperature range between 100 and 600°C
while the main decomposition of cellulose and
hemicellulose occurs at the temperatures be-
tween 320 and 360°C and from 180 to 220°C,
respectively (Jin et al., 2013).The main reactions
occurring during the heat-induced decomposi-
tion of the respective biopolymer are shortly ex-
plained below.

e Cellulose. First, bonds between the individual
monomers are broken down; this results in

a reduced degree of polymerization. Subse-

quently, decarbonylation and decarboxylation

reactions take place in parallel; thereby, car-
bon monoxide (CO) and carbon dioxide (CO,)
emerge into the surrounding gas phase (Antal

& Varhegyi, 1995). Then, further degradation

can take place either via ring cleavage or via

depolymerisation; these mechanisms can also

occur in parallel (Kaltschmitt et al., 2016).

e Hemicellulose. Because of the similar poly-
meric structure, it is commonly assumed that
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the thermal degradation of hemicellulose fol-
lows the same reactions like the cellulose
degradation (Patwardhan, 2010). Different au-
thors developed the reaction schemes that also
included decarbonylation, decarboxylation,
dehydration and depolymerization. How-
ever, kinetic modelling or quantum chemical
calculations has not validated such reaction
schemes yet (Zhou et al., 2017).

e Lignin. During the thermal degradation of
lignin, starting at around 100°C, the aliphatic
OH-groups are broken up by releasing main-
ly CO,. At a temperature of approximately
230°C, the aryl-alkyl-ether bonds start to
crack, resulting in the formation of phenolic
compounds. Additionally, the thermally in-
duced cracking of side chains realized at these
elevated temperatures can result in the forma-
tion of CO, CO,, water (H,0) and formalde-
hyde (CH,O) even at lower temperatures. At
even higher temperatures of around 400°C
larger molecules are released as well (Evans,
Milne & Soltys, 1986).

Hydrothermal / vapothermal atmosphere

Heat-induced degradation of lignocellulosic
biomass can also take place in a hydrothermal or
vapothermal atmosphere. A hydrothermal atmo-
sphere is characterized by the presence of liquid
water at the temperatures above 100°C and shows
typically an elevated pressure above 0.1 MPa.
Compared to that vapothermal describes the atmo-
sphere of saturated steam at the same temperature
range. In both atmospheres, similar degradation
steps take place within the biopolymers the solid
biomass consists of (Funke, Reebs & Kruse, 2013).
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Figure 1: Thermogravimetric (a) and differential thermogravimetric analysis of cellulose, xylan and lignin
(modified from (Jin, Singh & Zondlo, 2013))
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In order to facilitate the degradation reactions, the

solid biomass has to be completely surrounded by

liquid water or saturated steam (Funke & Ziegler,

2010). Thereby, water (or steam) has various func-

tions; e.g., parts of solid biomass dissolve and

some reactions are catalysed in its presence (Akiya

& Savage, 2002). Two different circumstances are

mainly responsible for this phenomenon.

e With an increasing temperature level, the ionic
product of water grows while increasing the
concentration of hydroxyl and hydronium
ions. Thereby, dehydration reactions that are
catalysed by these ions are strongly influenced.

e With higher temperatures, the dielectric con-
stant of water decreases, influencing its dis-
solving properties. Thereby, non-polar sub-
stances can be dissolved easier while the solu-
bility for salts decreases (Stemann, 2013).

Furthermore, an increasing temperature and
pressure level cause a decrease in water density
and viscosity; this supports material transfers
(Funke, 2012). Thus, the main degradation reac-
tions within such a hydrothermal or vapothermal
atmosphere are introduced below.

e Firstly, biopolymers are decomposed by the
hydrolysis reactions. Thereby, macromolecules
are dissolved out of the biomass matrix and
broken down into their basic components. Due
to lower activation energy compared to the deg-
radation reactions taking place within a gaseous
atmosphere, such reactions are executed at rela-
tively low temperatures; e.g., hemicellulose has
its maximal hydrolysis rate at around 180°C,
cellulose at around 270°C and lignin at around
340°C (Bobleter & Binder, 1980).

e Decarboxylation reactions can occur subse-
quently to hydrolysis. Thereby, CO, dissoci-
ates from the remaining molecule. Depending
on the molecular structure of the starting ma-
terial, this reaction can either be endothermic
or exothermic (Kaltschmitt et al., 2016).

e Parallel to decarboxylation, dehydration re-
actions can occur as well (Coronella et al.,
2014). Thereby, the atomic H/C- and O/C-
ratio decrease. As a consequence, the bio-
mass is carbonized; i.e., related to the com-
position the biomass “moves” more and more
towards lignite.

e Some of the components dissociated previ-
ously from the biopolymers lignin, cellulose
and hemicellulose can be very reactive. This
enables the highly temperature-dependent

polymerization and condensation reactions to
take place; e.g., dissociation of carboxyl- and
hydroxyl-groups leads to the formation of un-
saturated compounds that can be polymerized
easily (Terres, 1952).

HEAT-INDUCED PRE-TREATMENT
TECHNOLOGIES

Currently, different processes and techniques
to modify the fuel properties of lignocellulosic
biomass are available. Some of the best known of
these techniques are shortly presented and char-
acterized below.

Torrefaction

Torrefaction takes place within a gaseous at-
mosphere, usually consisting of nitrogen, to su-
press oxidation reactions (and thus to minimize
losses) at ambient pressure. This thermal treatment
process is realized at the temperatures between 200
and 300°C with heating rates up to 50°C/min. The
maximal retention time at this temperature level is
approximately 60 min; but there are huge varia-
tions because this time period within the respective
temperature level depends highly on the mechani-
cal properties of fuel (e.g., size or particles, form
of particles, moisture content). Heat input into the
organic material can be realized either directly by
flowing hot gas through the bulk material or indi-
rectly by heating the reactor walls or additional fit-
tings (Kaltschmitt et al., 2016), (Tran et al., 2013).
Typically, the overarching goal of the torrefaction
process is to improve the different fuel-related
properties of lignocellulosic biomass such as
storage properties, grindability and heating value
(Acharya, Sule & Dutta, 2012).

Hydrothermal Carbonization (HTC)

Hydrothermal carbonization takes place with-
in a hydrothermal atmosphere in the temperature
range between 180 and 250°C and a pressure
level between 2 and 10 MPa. The retention time
typically ranges between 2 and 16 h. The real-
ized heating time is between 60 and 75 min in a
laboratory scale; however, there are huge varia-
tions reported in literature (e.g., (Glasner, Deer-
berg & Lyko, 2011)). So far, large scale technical
realization of such a hydrothermal carboniza-
tion of organic material can be carried out either
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discontinuously (with the advantage of switching
input material easily) or continuously (with the
advantage of a high degree of automation). The
heat input into the treated biomass can be real-
ized either directly by passing in hot steam or in-
directly by heating the reactor walls or additional
fittings; the technological solutions are similar to
the options discussed for torrefaction (Quicker
& Weber, 2016). The main goals of hydrother-
mal carbonization in this context are to increase
the carbon content of biomass as well as to wash
out incombustible components and/or impurities,
unwanted due to environmental reasons (Ramke,
Blohse & Lehman, 2012); the consequence of the
latter effect is the resulting need for an environ-
mental sound treatment of the remaining treat-
ment water.

Vapothermal Carbonization (VTC)

Vapothermal carbonization is another option
for a biomass pre-treatment. This possibility is
basically a further development of the “classi-
cal” hydrothermal carbonization. Here, the heat-
induced treatment takes place within a vapother-
mal atmosphere. Typically, the temperature range
is between 180 and 250°C and the pressure level
ranges between 2 and 10 MPa (Funke et al., 2013).
In most cases, the heat input is realized directly
by passing in saturated steam into the batch re-
actor where the treatment takes place. Therefore,
for the time being, vapothermal carbonization
can only be realized discontinuously (Serfass,
2014). Compared to hydrothermal carbonization,
vapothermal carbonization can be applied more
effectively due to a significantly reduced amount
of process water; thus the efforts to process the
remaining (contaminated) water is also consider-
ably lower (Schlitt & Richarts, 2010). The main
goal of vapothermal carbonization in this context
is to increase the carbon content of biomass (to
come closer to the fuel characteristics of lignite)
and to improve its dewatering properties. In con-
trast to hydrothermal carbonization, inorganic
compounds cannot be washed out; in average,
which results in a relative higher ash content of
the treated biomass (Minaret & Dutta, 2016).

Autoclave pre-treatment

During the autoclave pre-treatment, the bio-
mass with significant water content is heated up
to the temperatures of 120 to 180°C within a
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closed reactor (i.e., batch system). Typically, the
heat input is realized indirectly by heating the re-
actor walls. Thus, to reach a more or less uniform
heat distribution within the biomass which is in-
side the reactor, mixing e.g. by a drum mixer, is
necessary (Mavropoulos, 2017). During the heat-
ing up of the biomass within the reactor, the in-
serted biomass is firstly surrounded by a gaseous
atmosphere (air containing a certain share of wa-
ter vapour). Then, with increasing temperatures,
the water contained inside the organic material
partly evaporates while the remaining water stays
in its liquid status due to the resulting increase of
the pressure (i.e., the autoclave reactor is closed
during the heating-up process). Thereby, a pres-
sure increase follows the saturation vapour curve
of water; afterwards, the pressure lays within a
range between 0.2 and 1.0 MPa (Scherzinger,
2017). The reaction time during autoclave pre-
treatment is between 1 and 5 hours. By the end
of the treatment, the pressure is released suddenly
by opening a valve; due to this abrupt pressure
release, the water still existing inside the organic
material expands and vaporises all at once, result-
ing in an increase of pores and partial destruction
of the cell system of the treated biomass (similar
to steam explosion, but most likely a bit “softer”).
The main goals of the autoclave pre-treatment are
to increase the heating value of biomass (e.g., by
decreasing its water content or by hydrolysing
low calorific fractions like hemicellulose) and to
improve its storage properties.

COMPARISON

Below, the presented pre-treatment options
are compared and characterized with respect to
their current state of research, their market prox-
imity, their main process parameters, their appli-
cable educts and their product properties.

Current state of research

Figure 2 shows a quantification of published
papers found in the Scopus database for the
search terms “Torrefaction”, “Hydrothermal Car-
bonization”, “Vapothermal Carbonization” and
“Autoclave Pre-treatment” in recent years (i.e.,
since 2015). Thus, most publications have been
found for hydrothermal carbonization; and this
trend is still clearly increasing. However, the pub-
lished research on hydrothermal carbonization
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does not only focus on producing solid fuels with
enhanced fuel properties but also on phosphate
recovery from the solid fraction of carbonized
waste materials as well as producing activated
carbon for gas and water cleaning purposes (i.¢.,
the use of the biomass as a raw material and not as
an energy carrier) (Kruse & Dahmen, 2018). The
second highest number of publications was found
for torrefaction. Most studies in this field aims
at finding the best set of parameters for torrefac-
tion of different types of biomass feedstock (Ri-
beiro et al., 2018). For autoclave pre-treatment,
the amount of published papers is very limited.
None of the found publications focuses on pro-
ducing a solid fuel in the afore-mentioned tem-
perature range between 120 and 180°C. Instead,
most of these publications deal with enhancing
the biogas production of different types of bio-
mass feedstock by assessing the improvement
of the anaerobic digestibility of the organic mat-
ter treated within an autoclave. For vapothermal
carbonization, only two publications were found
since 2015. The research in this field is still at an
early stage, although demonstration plants are al-
ready available.

Market proximity

In the recent years, various companies dis-
tributing the afore-mentioned techniques were
incorporated. Currently, torrefaction is the most
developed of these techniques. Marketable tor-
refaction plants are already available, most of
them operating in Europe and North America
(Thrén et al., 2016).

500
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100
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2015
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Torrefaction

e In Europe, e.g. Blackwood Technology is one
of the leading torrefaction companies, operat-
ing torrefaction plants in the Netherlands and in
Finland (Blackwood Technology B.V., 2019).

e In North America, for example, Airex Energy
is operating an industrial-scale torrefaction
plant in Quebec, Canada (Airex Energy, 2019).

Compared with torrefaction, hydrothermal

carbonization is not that far from being intro-
duced to the market. In 2017 the largest hydro-
thermal carbonization plant was put into opera-
tion by AVA GmbH in Germany. Further plants
are planned to be built within the next years,
especially in China (Alt, 2017). Additionally,
the company TerraNova Energy is operating an
industrial-scale hydrothermal carbonization plant
in Jining, China (Agrokarbo, 2017).
As of yet, vapothermal carbonization is only
available in demonstration scale. KS-VTCtech
GmbH, for instance, is operating a vapothermal
carbonization demonstration plant in Rudong,
China (Quicker & Weber, 2016). Furthermore,
Revatec GmbH holds patents for a special vapo-
thermal carbonization process which is planned to
be tested in a large scale (Revatec GmbH, 2011).
Autoclave pre-treatment is the least developed of
the afore-mentioned techniques. At the moment,
only the research on upgrading various types of
biomass is conducted at various universities.

Process parameters

Figure 3 shows a comparison and classification
of the afore-mentioned pre-treatment technolo-
gies related to typical selected process parameters

2017

2018

BHTC @VTC Autoclave Pre-Treatment

Figure 2: Published papers found in the Scopus database for the search terms “Torrefaction”, “Hydro-
thermal Carbonization (HTC)”, “Vapothermal Carbonization (VTC)” and “Autoclave Pre-Treatment”
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(surrounding atmosphere, temperature, pressure,
reaction time).

Hereinafter, the different processes are dis-

cussed regarding their process parameters. The
focus is on describing the resulting changes.
e Torrefaction. Below, this pre-treatment pro-
cess is discussed in detail.
— Torrefaction can be performed either within
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a gaseous atmosphere dominated by either
air or nitrogen. However, within an oxygen-
containing atmosphere (e.g., ambient air is
used within the gaseous atmosphere) there
is the risk of carbon losses due to the oxida-
tion of organic carbon contained within the
lignocellulosic biomass into CO and CO,,
which could result in significant energy
losses. This is the reason why typically a
nitrogen atmosphere is realized in technical
processes.

Within the temperature range at which such
a torrefaction is typically realized (200 to
300°C) mainly hemicellulose is thermally
degraded. The other biopolymers con-
tained within lignocellulosic biomass are
typically only affected to a limited extent or
even untouched.

The typical retention time during torrefac-
tion is relatively short, ranging from few

gaseous
atmosphere

minutes to 1 h; if larger biomass pieces are
to be torrefied, the treatment time might be
longer. This is sufficient to realize such a
partial degradation of the biopolymers con-
tained within the organic material. Lon-
ger retention times would lead to stronger
degradation resulting in lower solid yield,
which is undesired when producing a solid
fuel (Wannapeera, Fungtammasan & Wora-
suwannarak, 2011).

Torrefaction normally takes place under at-
mospheric pressure. Yet, there are only few
studies available investigating the influence
of pressure on the heat-induced degrada-
tion processes as well as on the torrefaction
products. Nevertheless, a study on the tor-
refaction of woody biomass shows that an
increase in pressure could result in higher
solid yield as well as in average a higher
carbon content and a lower oxygen content
of the pressurized torrefied product, com-
pared to the product provided under ambi-
ent pressure; this could result in a higher
energy content of the final product (Wan-
napeera & Worasuwannarak, 2012).

e Hydrothermal carbonization. According to
the procedure realized above, hydrothermal
carbonisation is also assessed below.

vapothermal
atmosphere

hydrothermal
atmosphere
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— Hydrothermal carbonization takes place in

liquid, subcritical water. This enables hy-
drolysis reactions to occur.

— Temperature constitutes the main influenc-

ing parameter the hydrothermal carbon-
ization. In the temperature range (180 to
250°C) where this process is typically real-
ized, hemicellulose as well as cellulose can
be hydrolysed. Subsequently, decarboxyl-
ation, dehydration, polymerization and con-
densation reactions (chapter 3.2) can occur.
Reaction time is another important pro-
cess parameter. Longer reaction times
lead to higher degree of carbonization

technically be reduced, resulting in shorter
total retention times.

— Pressure during vapothermal carbonization
is used to reach the desired process tem-
perature. Similarly to hydrothermal carbon-
ization, it is assumed that pressure does not
strongly influence the characteristics of the
solid product.

e Autoclave pre-treatment. Autoclave pre-
treatment, as a pre-treatment process for lig-
nocellulosic biomass, remains mostly unex-
plored. Nevertheless, the most important facts
available so far are summarized below.

— Autoclave pre-treatment starts in a sur-

and therefore higher energy density of the
solid product. Unfortunately, longer reac-
tion time also leads to a decrease in solid
yield so that a techno-economic compro-
mise has to be found (Mikeld, Benavente &
Fullana, 2015).

— Pressure does not strongly influence the
characteristics of the solid product, but
has to be high enough to enable a liquid
phase in the respective temperature range
(Kaltschmitt et al., 2016).

e Vapothermal carbonization. This pre-treat-
ment process is presented and analysed in de-
tail below, according to the same assessment
criteria.

— Vapothermal carbonization takes place in

rounding gas atmosphere. During heating
up, the water contained within the biomass
evaporates; this leads to a surrounding at-
mosphere of saturated steam within the
closed batch reactor at the temperatures
above 100 C. Such an atmosphere enables
the hydrolysis reactions to occur.

The process temperatures of 120 to 180°C
where the autoclave treatment is commonly
realized are comparatively low. Neverthe-
less, degradation reactions can occur dur-
ing the autoclave pre-treatment due to the
surrounding vapothermal atmosphere. This
mainly affects hemicellulose, which can be
hydrolysed starting at around 150°C.
Reaction time during autoclave pre-treat-

a saturated steam atmosphere. The total
amount of surrounding water is much lower
compared to the processes in a hydrother-
mal atmosphere, but nevertheless, hydroly-
sis reactions can occur.

Vapothermal carbonization takes place at
the same temperature as the hydrothermal
carbonization (180 to 250°C). Thereby, the
heat-induced degradation is similar to the
processes occurring at hydrothermal car-
bonization (see above). Although the pro-
cess is similar, there are some differences
reported; e.g., fewer hydrophilic, oxygen-
containing functional groups are degrad-
ed during the vapothermal carbonization
(Shafie, Al-attab & Zainal, 2018).

Reaction time during vapothermal -car-
bonization is also in the same range like
in the case of hydrothermal carbonization.
However, since vapothermal carbonization
takes place in an atmosphere consisting
of saturated steam, the heating phase can

ment has not been investigated so far, but
most likely, it is oriented to reaction kinet-
ics. This means, longer reaction times lead
to stronger degradation reactions.

— Pressure can be an important parameter
during autoclave pre-treatment. By sudden-
ly releasing pressure, the water inside the
biomass evaporates, which could destroy
the biomass structure (steam explosion ef-
fect). Depending on the type of biomass and
the liquid water contained within the organ-
ic material, this could greatly influence the
mechanical properties of fuel.

Applicable educts

While applying the afore-mentioned pre-
treatment techniques, the used educts can differ
vastly. In general, the lignocellulosic biomass
with high moisture content is well-suited for the
processes in hydrothermal or vapothermal at-
mosphere, while dry biomass should rather be
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treated in a gaseous atmosphere in order to in-

crease the overall energy efficiency (Kaltschmitt

et al., 2016). Typical examples for naturally oc-
curring (relatively) dry biomasses are wood and

stalk-type biomass; typical wet biomass is, e.g.

organic waste streams from the food processing

industry and/or from waste water treatment like
sewage sludge. Figure 4 shows the recommenda-
tions based on the educt moisture content.

Therefore (and considering further plant-
related reasons), the following subdivision of
educts can be made:

e Torrefaction. Machine-chipped wood or stalk
type biomass with low moisture content is
most suitable for a treatment via torrefaction
(Chen et al., 2011).

e Hydrothermal carbonization. Biomass has to
be in a pumpable state in order to realize hy-
drothermal carbonization. In order to ensure
complete wetting, mostly wet organic residues
like manure or sewage sludge are used. In
principle, it is also possible to use other types
of biomass; this would require additional pro-
cess steps like comminution and addition of
water (Greve, 2016).

e Vapothermal carbonization. Moist and chunky
biomass like domestic biowaste, as well as
non-dried cultivated biomass, is suitable for
a treatment via vapothermal carbonization.
The possibility of co-treating foreign matter
without disrupting the process is an advantage
of this pre-treatment; these impurities can be
separated afterwards (Quicker & Weber, 2016;
Serfass, 2014).

e Autoclave pre-treatment. For autoclave pre-
treatment, similar educts like for vapothermal
carbonization can be used. Due to the fact that
no saturated steam is additionally supplied, the
moisture content of an educt has to be above
50 wt.-% in order to generate the surrounding
vapothermal atmosphere.

Torrefaction _
Vapothermal Carbonisation

Autoclave pre-treatment

Hydrothermal Carbonization

Product properties

The product properties of the different pre-
treatment techniques are different even due the
fact that all afore-mentioned techniques aim at
providing a solid biofuel with defined properties.
Thereby, the product properties can vary due to
the use of different types of educts and different
process parameters (chapter 5.1).

e Torrefaction. Pre-treatment by torrefaction
does not (or just hardly) change the biomass
shape; the biomass structure can therefore still
easily be recognized after torrefaction. Nev-
ertheless, due to outpouring gases, the solid
biomass becomes more porous, which results
in lower bulk density, as well as a clearly im-
proved grindability (Tumuluru et al., 2011).
Furthermore, due to heating-up during torre-
faction, the water content of the organic matter
decreases. The equilibrium moisture content,
which is an indicator for hydrophobicity, also
decreases due to the loss of hydroxyl groups
from cellulose and hemicellulose (Chen et al.,
2015). Additionally, the final product is char-
acterized by a higher ash content compared
to the educt, due to the loss of organic matter.
Nevertheless, the heating value increases, be-
cause the substances released during the pre-
treatment process are mostly characterized
by relatively high oxygen contents; the latter
hardly contributes to the heating value of the
biomass (Tumuluru et al., 2011).

e Hydrothermal carbonization. The products
resulting from hydrothermal carbonization
are more porous compared to the used educt,
which can be seen by visual enlargement
(Ramke & Blohse, 2010). This results in a
lower bulk density at the same particle size
after dewatering. Nevertheless, the original
structure of the biomass can still be easily rec-
ognized after hydrothermal carbonization. The

40 60 80 100

Educt moisture content [wt.-%)]

Figure 4: Recommendation for the application of different pre-treatment techniques based on educt water content
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decrease in hydrophilic functional groups dur-
ing the process facilitates the mechanical de-
watering and thermal drying. Furthermore, the
hydrothermal carbonization products show a
higher energy content compared to their educt,
because the oxygen- and hydrogen-content
decreases (i.e., relative increase of the carbon
content) (Luque, Campelo & Clark, 2011).
Moreover, lightly adhesive foreign particles,
as well as inorganic material eventually en-
closed within the biomass, can be detached
during hydrothermal carbonization; this re-
sults in a comparatively lower ash content
(Reza et al., 2013).

e Vapothermal carbonization. Similarly to hy-
drothermal carbonization, the biomass struc-
ture can still be recognized for vapothermal
carbonization products. Nevertheless, poros-
ity increases considerably. Even though there
is no addition of liquid water during vapo-
thermal carbonization, the products provided
after this pre-treatment are characterized by
increased water content before drying takes
place; this results from the introduction of
saturated steam during the process. Compared
to hydrothermal carbonization, this increase
is lower, so that the mechanical dewatering is
not mandatory (Schwark, 2016). Through va-
pothermal carbonization, the drying behaviour
of the product increases compared to the educt.
This is an indicator for degradation of cell wall
components, which results in releasing bound
water from the biomass (Shafie et al., 2018).
Furthermore, the same functional groups as
during hydrothermal carbonization are dis-
integrated. The resulting consequences are
higher hydrophobicity and increased energy
density (Schwark, 2016) (Funke et al., 2013).
Compared to hydrothermal carbonization, the
adhesive particles are not removed during va-
pothermal carbonization. Since more organic
than inorganic compounds are removed during
vapothermal carbonization, the products are

characterized by a higher ash content, com-
pared to their educts (Schwark, 2016).

e Autoclave pre-treatment. After autoclave pre-
treatment, the biomass structure is still visible
as well. Further research has to be carried out
to analyse how biomass cells are destroyed dur-
ing the pressure release (i.e., steam explosion
effect). Since there is no addition of water dur-
ing the autoclave pre-treatment, the product has
lower water content, compared to the respec-
tive educt, because of the evaporation of water
as a consequence of the heating-up during this
pre-treatment process. Nevertheless, to pro-
duce a solid fuel, the product has to be dried.
At the temperatures over 150°C, a reduction of
hemicellulose has been observed. This results
in higher energy density, compared to the un-
treated biomass, because relatively more lignin
with a higher energy content remains within
the product. Furthermore, lower equilibrium
moisture contents have been measured for the
products pre-treated at this temperature range,
which could be due to heat induced degradation
of hydrophilic functional groups.

Table 2 classifies the changes of different im-
portant biomass characteristics that are to be im-
proved by the respective pre-treatment technique.
It can be seen that both torrefaction and hydrother-
mal carbonization can significantly increase heating
value, grindability and hydrophobicity of the used
educt. Due to the fact that inorganics can be washed
out, hydrothermal carbonization can also decrease
the ash content (and produce contaminated water to
be further treated). In turn, the torrefaction increases
the ash content. This is also true for vapothermal
carbonization. Additionally, it has been observed
that the positive effect on grindability is lower for
vapothermal carbonization, compared to hydrother-
mal carbonization. For autoclave pre-treatment, no
data is yet available for the effect on grindability.
Nevertheless, the first results show an increase in
heating value, hydrophobicity and ash content.

Table 2: Assessment of the change of different biomass characteristics by the respective pre-treatment techniques
(Minaret & Dutta, 2016; Shafie et al., 2018; Reza et al., 2013; Reza et al., 2014; Al-Wabel et al., 2018; Alvarez et

al., 2018; Wang et al., 2018; Kambo & Dutta, 2014)

Pre-treatment techniques Heating value Grindability Hydrophobicity Ash content
Torrefaction N N TN 2
Hydrothermal carbonisation N N TN N
Vapothermal carbonisation N 2 N 2
Autoclave pre-treatment A N/A A A2

N: high increase 7: low increase

N: low decrease N/A: no data available
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CONCLUSIONS

Some biomass properties, e.g. low heating
value and hydrophilicity, complicate its use as a
solid fuel. The thermal processes to improve the
biomass fuel properties can be realized in dif-
ferent atmospheres (hydrothermal, vapothermal,
gaseous) at different temperatures. Therefore,
four different techniques were described and
characterized, namely torrefaction, hydrothermal
carbonization, vapothermal carbonization and au-
toclave pre-treatment. The main findings can be
summarized as follows.

e In order to achieve similar results related to
the fuel properties within a gaseous atmo-
sphere, higher temperatures but lower reaction
times are required compared to the processes
in vapothermal or hydrothermal atmosphere.

e Only one of the pre-treatment techniques as-
sessed here (torrefaction) is currently market-
ready. All the others are still in an early (auto-
clave pre-treatment) or advanced R&D phase;
for example, a lot of research has been carried
out especially for hydrothermal carbonization
and only limited research activities have been
realized for vapothermal carbonization.

e The selection of the most suitable pre-treat-
ment technique should be based on the bio-
mass properties. The biomass in a liquid state
should preferably be treated in a hydrothermal
atmosphere, while the dry biomass should be
treated in a gaseous atmosphere. Relatively
moist biomass can be treated in a vapothermal
atmosphere.

All over, these various pre-treatment op-
tions address different types of biomass. Thus,
if biomass and especially organic side and waste
streams are to be used in the years to come to
prove climate neutral energy within the global
energy system, all options are most likely needed
to lock-up these potentials for an economically
viable, environmentally sound and socially ac-
ceptable energy provision.
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