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Preamble

This thesis is publication-based and therefore most of the content contained in this
thesis has been previously published in peer-reviewed articles. Parts of the following
work closely align with the published articles, incorporating minor modifications such
as adjustments of formatting, citation style, figures, tables, and overall layout.

In Chapter 1, the objectives of the present work are outlined.

In Chapter 2, a comprehensive introduction to the process of supercritical water gasi-
fication (SCWG) is provided, to avoid repetition in the beginning of each chapter. The
same accounts for Chapter 3, where the materials and methods are presented which
were used throughout the experimental work. Additional materials and methods used
in the different experimental campaigns are highlighted in Chapters 4 to 7.

Chapters 4 to 7 contain the experimental work conducted within this thesis. The publi-
cations which these chapters are based on are named at the beginning of each chap-
ter, including an outline of the contributions of the authors.



Abstract VI

Abstract

The growing demand for renewable energy requires the exploration and use of differ-
ent methods of renewable energy production, including methods for different feed-
stocks. In this context, it is particularly important to consider waste streams. Wastes
streams are often challenging to process, as for example a high water content can
hinder their treatment in conventional conversion processes. One promising approach
that enables the conversion of a wide range of organic materials and is not affected by
high water content is supercritical water gasification (SCWG). With SCWG, valuable
syngas can be obtained from biomass, which can be further processed into high-value
products such as Fischer-Tropsch fuels or used directly as a fuel gas.

This study investigates the conversion of grasses grown on heavy metal-contaminated
soils. These grasses were provided in dry form as part of the H2020 EU project CER-
ESIS (Grant-Agreement-No.: 10100671). Primary objective of this work was to assess

the suitability of SCWG for processing dry, contaminated biomasses.

In the first part of the work, initial investigations were carried out in a continuous lab-
plant. The design of the lab-plant was based on years of experience in the research
group. These initial investigations demonstrated the potential of SCWG to process the
various biomasses (similar results for multiple biomasses). Additionally, it was demon-
strated that the fresh-water usage could be significantly reduced by recycling of the
process effluent. However, it was also pointed out that insufficient salt removal is the
critical issue hindering long-term operation. A detailed study of the temperature zone
for salt precipitation revealed that solid deposits primarily formed in a temperature
range of 400 to 440 °C (temperature in reaction medium) while the reactor wall tem-
perature was set to 500 °C. These findings indicated that the solid formation was
caused by the heating concept which has been used (electrical heating of the biomass

slurry from the outside of the reactor wall).

Therefore, in the second part of this thesis, a novel reactor concept is presented to
overcome the problems identified in the initial investigations. Instead of heating the

biomass slurry electrically from the outside of the reactor, a heating concept was
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implemented, where cold biomass was mixed with supercritical water for heating. This
approach improved gasification efficiency, reduced deposition, and demonstrated op-
erational feasibility over 100 hours of testing. A parametric study investigated the ef-
fects of biomass type, concentration, temperature, pressure, potassium addition, and
residence time on process performance. The results showed that temperature and res-
idence time significantly affected carbon gasification efficiency, reaching 91% at 700

°C and 31 s, while potassium addition and pressure had minimal impact.

Based on the very good results of the new reactor concept, a comparison was made
with the thermodynamic equilibrium that can be achieved for the SCWG under the
respective conditions. Deviations from equilibrium were evident, which, in most cases,
could be explained by the incomplete conversion of methane and water by the steam
reforming reaction. Maximizing the hydrogen yield may be possible through the use of
an appropriate catalyst. Additionally, experimental observations revealed that the most
influential factors have an almost linear impact on gasification (temperature, dry matter
content, and residence time). Therefore, a simplified multi-linear model was para-
metrized and verified through additional experiments. This allows for estimating the
amount of gas produced and its composition for the used biomasses (dry grasses)

without further experimental effort.

Lastly, the water consumption stemming from the reactions was evaluated using eth-
anol as a model substance. As process water is commonly treated and reused, the
amount of single-pass water demand is relevant for the whole process. Both experi-
mental investigations and thermodynamic equilibrium simulations demonstrated how
water usage correlates with biomass concentration. Specifically, as the ethanol con-
centration increased, water consumption per mole of ethanol decreased significantly,
as the product gas composition also shifted. These findings can be transferred to more

complex biomasses, enabling the estimation of water consumption in such processes.

The present thesis expands the application of SCWG to new biomasses and presents
a long-needed process development in the SCWG process. Through a systematic in-
vestigation of the issues that previously hindered long-term operation, not only was the
process understanding deepened, but also a new plant configuration was developed,
enabling long-term operation with high gasification rates.
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Zusammenfassung

Die wachsende Nachfrage nach erneuerbarer Energie erfordert die Erforschung und
Nutzung verschiedener Methoden zur Erzeugung erneuerbarer Energie, einschlief3lich
Methoden zur Verwendung verschiedener Rohstoffe. In diesem Zusammenhang ist es
besonders wichtig, Abfallstrome zu bertcksichtigen. Diese sind oft schwierig zu verar-
beiten, da z.B. ein hoher Wassergehalt ihre Behandlung in konventionellen Umwand-
lungsprozessen erschweren kann. Ein vielversprechender Ansatz, der die Umwand-
lung eines breiten Spektrums organischer Materialien ermdglicht und nicht durch einen
hohen Wassergehalt beeintrachtigt wird, ist die Vergasung in tberkritischem Wasser
(SCWG). Mit SCWG kann aus Biomasse wertvolles Synthesegas gewonnen werden,
das zu hochwertigen Produkten wie Fischer-Tropsch-Kraftstoffen weiterverarbeitet

oder direkt als Brenngas genutzt werden kann.

In der vorliegenden Arbeit wird die Umwandlung von Grasern untersucht, die auf
schwermetallbelasteten Boden gewachsen sind. Diese Graser wurden in trockener
Form im Rahmen des H2020 EU-Projekts CERESIS (Foérdernummer: 10100671) zur
Verfligung gestellt. Primares Ziel dieser Arbeit war es, die Eignung von SCWG fir die

Verarbeitung trockener, kontaminierter Biomassen zu bewerten.

Die ersten Untersuchungen wurden in der kontinuierlichen SCWG Anlage am KIT
durchgefuhrt, deren Konfiguration auf jahrelanger Erfahrung der Arbeitsgruppe be-
ruhte. Die Ergebnisse zeigten das Potenzial der SCWG fir die Verarbeitung der ver-
schiedenen Biomassen (ahnliche Ergebnisse fir mehrere Biomassen). Aul3erdem
wurde nachgewiesen, dass der Frischwasserverbrauch durch die Wiederverwendung
des Prozessabwassers drastisch reduziert werden kann. Es wurde jedoch auch deut-
lich, dass eine unzureichende Salzabscheidung das entscheidende Problem ist, das
einen Langzeitbetrieb verhindert. Eine detaillierte Untersuchung der Temperaturzone
fur die Salzausféallung ergab, dass sich feste Ablagerungen hauptsachlich in einem
Temperaturbereich von 400 bis 440 °C (Temperatur im Reaktionsmedium) bildeten,
wahrend die Wandtemperatur des Reaktors in diesem Bereich auf 500 °C eingestellt

war. Diese Ergebnisse deuten darauf hin, dass die Feststoffbildung durch das
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verwendete Heizungskonzept (elektrische Beheizung der Biomasse von der Aul3en-
seite der Reaktorwand) begiinstigt wurde.

Daher wurde im zweiten Teil der vorliegenden Arbeit ein neuartiges Reaktorkonzept
entwickelt, um die in den ersten Untersuchungen festgestellten Probleme zu tUberwin-
den. Anstatt die Biomasse uber die heif3e Reaktorwand zu erwarmen, wurde ein Heiz-
konzept umgesetzt, bei dem kalte Biomasse zur Erwarmung mit Gberkritischem Was-
ser gemischt wurde. Dieser Ansatz verbesserte die Vergasungseffizienz, verringerte

die Ablagerung und bestétigte die Funktionalitat in einem 100-stiindigen Test.

In einer parametrischen Studie wurden die Auswirkungen von Biomasseart, Konzent-
ration, Temperatur, Druck, Kaliumzusatz und Verweilzeit auf den Prozess untersucht.
Die Ergebnisse zeigten, dass Temperatur und Verweilzeit die Effizienz der Kohlen-
stoffvergasung erheblich beeinflussten, welche bei 700 °C und 31 s einen Wert von
91% erreichte, wahrend die Kaliumzugabe und der Druck nur minimale Auswirkungen

hatten.

Auf der Grundlage der sehr guten Ergebnisse des neuen Reaktorkonzepts wurde ein
Vergleich mit dem thermodynamischen Gleichgewicht durchgefiihrt. Es zeigte sich,
dass Abweichungen vom Gleichgewicht vorhanden waren, die in den meisten Fallen
durch unzureichend ablaufende Dampfreformierung erklart werden konnten. Daraus
lasst sich ableiten, dass die Wasserstoffausbeute durch den Einsatz eines geeigneten
Katalysators maximiert werden kdnnte. Dartber hinaus machten die experimentellen
Beobachtungen deutlich, dass die meisten Einflussfaktoren einen nahezu linearen Ein-
fluss auf die Vergasung haben (Temperatur, Trockenmassegehalt und Verweilzeit bei
Werten Uber 8 s). Daher wurde ein multi-lineares Modell abgeleitet und durch zusétz-
liche Experimente verifiziert. Dieses erlaubt es nun, die Menge des erzeugten Gases
und seine Zusammensetzung fir die verwendeten Biomassen (trockene Graser) ohne

weiteren experimentellen Aufwand abzuschatzen.

Abschliel3end wurde der Wasserverbrauch, der aus den Reaktionen resultiert, unter
Verwendung von Ethanol als Modellsubstanz bewertet. Da Prozesswasser ublicher-
weise aufbereitet und wiederverwendet wird, ist die Menge an Frischwasserbedarf pro
Durchlauf fir den gesamten Prozess von Bedeutung. Sowohl experimentelle Untersu-

chungen als auch thermodynamische Gleichgewichtssimulationen zeigten, wie der
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Wasserverbrauch mit der Biomassekonzentration zusammenhangt. Insbesondere
nahm der Wasserverbrauch pro Mol Ethanol mit steigender Ethanolkonzentration deut-
lich ab, da sich auch die Zusammensetzung des Produktgases veranderte. Diese Er-
kenntnisse lassen sich auf komplexere Biomassen Ubertragen und erméglichen die

Abschatzung des Wasserverbrauchs in solchen Prozessen.

Die vorliegende Arbeit erweitert den Anwendungsbereich von SCWG auf neue Bio-
massen und stellt eine seit langem bendtigte Prozessentwicklung der Vergasung im
Uberkritischen Wasser dar. Durch eine systematische Untersuchung der Probleme, die
bisher den Langzeitbetrieb verhinderten, wurde nicht nur das Prozessverstandnis ver-
tieft, sondern auch eine neue Anlagenkonfiguration entwickelt, die einen Langzeitbe-

trieb mit hohen Vergasungsraten erméglicht.
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Chapter 1. Objectives of the present

work

Supercritical water gasification (SCWG) is a promising technology for converting bio-
mass into gaseous products. However, the continuous operation of SCWG systems
remains challenging due to issues such as salt precipitation, solid deposition (espe-
cially when processing high biomass concentrations) and the high water demand of

the process.

This dissertation was conducted in the framework of the EU project CERESIS, which
aimed at developing sustainable conversion pathways for grassy biomasses. Within
this context, the present work focuses on addressing key technical challenges associ-
ated with the continuous operation of SCWG systems.

The initial objective of this work was to evaluate the suitability of SCWG for the con-
version of dry, mostly grassy biomasses provided within the CERESIS project. This
investigation included experiments with different biomasses and process conditions,
particularly temperature and residence time. A central aspect of this investigation was
the behavior of inorganic species, as salts and heavy metals may precipitate under
supercritical conditions. Such precipitation can lead to solid deposition and plugging of
reactor components, thereby limiting long-term reactor operation. Consequently, effi-
cient salt separation is a critical requirement for the reliable operation of continuous

SCWG systems. The results of these investigations are presented in Chapter 4.

Initial experiments demonstrated that SCWG is generally suitable for processing the
investigated biomasses. However, operational challenges remained, most notably in-
sufficient salt separation that resulted in system plugging during extended operation.
To address this limitation, a secondary objective of this work was defined: to investi-
gate the mechanisms responsible for insufficient salt separation in the reactor system.
Since solid deposit formation appeared to correlate with the reactor temperature pro-

file, a detailed investigation of the temperature zone of salt precipitation was
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conducted. This study aimed to identify the conditions under which salts precipitate
and accumulate in the system and is presented in Chapter 5.

Based on the insights obtained from the salt precipitation study, the main objective of
this thesis was formulated: the development and parameterization of a SCWG reactor
system suitable for the continuous processing of grassy biomasses. To achieve this, a
novel heating concept was developed and implemented in the experimental setup (see
Chapter 6). Following initial successful tests, a comprehensive parametric study was
conducted to investigate the influence of key process parameters and to determine
suitable operating windows for stable reactor operation. During this investigation, the
biomass concentration in the feed was varied, as higher biomass concentrations are
generally desirable to improve the economic viability of the process. Based on the ex-
perimental data, an empirical model was developed to predict the outcomes of exper-
iments across a wide range of operating conditions. Such a model can significantly

reduce the experimental effort required for future investigations.

In addition to the reactor development, another objective of this work was to investigate
water consumption in SCWG processes. The large amounts of water required for feed
preparation and operation can influence the overall sustainability of the technology.
Therefore, strategies to reduce the demand for fresh water are of particular interest. In
this context, recycling the process effluent to produce new feed slurry was experimen-
tally evaluated and demonstrated to be a feasible approach to reduce fresh water con-
sumption (see Chapter 4). Furthermore, a fundamental investigation of water con-
sumption in SCWG was conducted to better understand how much water participates
in chemical reactions during the process. The results provide fundamental insights into
the role of water in SCWG reactions and allow conclusions to be drawn for the pro-

cessing of complex biomass systems. These findings are presented in Chapter 7.
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Chapter 2. Introduction to the super-

critical water gasification
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2.1Biomass as energy carrier

The transition to sustainable energy systems has become a global priority due to the
rising demand for energy and the negative environmental impacts of fossil fuels. Bio-
mass, as a renewable and widely available resource, offers significant potential for
energy production [1,2]. Biomass refers to all substances of organic origin formed
through photosynthesis including their transformation and decomposition products
[3,4]. It can be sourced from many different origins such as forestry residues, agricul-

tural waste or algae [1,4].

To utilize the energy in biomass, it is transformed into solid, liquid, or gaseous products
through various conversion processes. These are categorized into thermochemical,
biochemical and physicochemical methods [3-5]. Biochemical conversion involves the
use of microorganisms, such as yeasts or bacteria, or enzymes to transform biomass
into energy carriers [6,7]. Fermentation for example uses microorganisms to break
down complex organics, especially sugars, into simpler compounds such as ethanol,
e.g., for use as biofuel [8,9]. In anaerobic digestion on the other hand, organic matter
is digested by bacteria in the absence of oxygen to produce biogas [10,11]. Lignin can
for example be converted via enzymes [3], e.g., to release valuable aromatic com-
pounds for the use as bio-based chemicals [12]. Biochemical processes are in general
rather simple, but a main disadvantage is that the biochemical processes require a
long processing time [13]. Physicochemical methods concern the energetic use of
plant oils. The oil first needs to be separated from the solid parts of the biomass e.g.
via extraction [3,4]. The oil can be used as a fuel, either directly or after further upgrad-
ing, e.g. after esterification to biodiesel [3,5]. Thermochemical methods include pro-
cesses like direct combustion, gasification, and pyrolysis [3,14,15]. Pyrolysis involves
heating biomass in the absence of oxygen, leading to its thermal decomposition into
mainly bio-oil and a solid char [10,16]. Gasification aims to convert feedstock primarily
into gas at high temperatures (above 700 °C) under sub-stoichiometric air conditions,
often using oxygen or steam as gasification agents [3,14,16]. Both direct combustion
and gasification can face challenges due to the presence of contaminants like chlorine,
sulfur, or alkalis, which may produce harmful emissions or cause equipment corrosion
[17-19].
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The beforementioned thermochemical conversion methods are particularly suitable for
dry biomass (wet biomass would often have to be dried first to tolerable moisture lev-
els) [15,20]. However, since biomass typically contains significant amount of moisture,
it often requires energy-intensive drying. Alternatively, a subsection of the thermo-
chemical processes, the so-called hydrothermal processes, provide an efficient solu-
tion for handling wet biomass without the need for drying [21-23]. These processes
utilize an aqueous environment under elevated temperatures and pressures to convert
the biomass [20].

2.1.1 Hydrothermal processes for biomass conversion

Hydrothermal processes facilitate the conversion of moist biomass without the need
for prior drying, utilizing an agueous environment under elevated temperatures and
pressures [21-23]. Thus, these processes are especially considered when processing
moist biomass, but they are not limited to them. These processes are classified into
three main types [24,25]: hydrothermal carbonization (HTC), hydrothermal liquefaction
(HTL), and hydrothermal gasification (HTG).

HTC operates at temperatures ranging from 170 to 250 °C [22,26,27], mimicking the
natural coalification of biomass [22], a process that typically occurs over millions of
years. Under these conditions, liquefaction and gasification are limited, and the primary
product is hydrochar [22,26], which exhibits a significantly enhanced calorific value

compared to the raw biomass [21,27].

HTL occurs at temperatures between 280 and 370 °C and pressures of 100 to 250 bar
[28,29], producing two distinct liquid phases, an aqueous phase rich in dissolved or-
ganic compounds and a viscous oil phase known as biocrude, and as byproducts solid
char and gaseous emissions [24]. Often the primary objective of HTL is to maximize
the conversion of biomass into biocrude, which can be refined into liquid fuels [29-31].

HTG aims to mainly produce a gaseous product containing valuable components such
as Hz and CHa. There are different hydrothermal gasification processes with varying
operating conditions (such as aqueous phase reforming or gasification in the near-
critical region or supercritical water gasification) [32]. Supercritical water gasification

takes place at high temperatures and pressures exceeding 221 bar. In this regime,
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water exists in a supercritical state, enabling efficient conversion of biomass into fuel
gases. As this hydrothermal process is of particular interest for the present work, a

detailed description follows in section 2.2.

2.1.2 Phytoremediation

Historically, large areas of land have been contaminated with organic substances (e.g.,
pesticides, petroleum-based compounds) and inorganic substances (e.g., lead, mer-
cury or cadmium) due to industrial activities, mining operations, transportation, and
agricultural practices [33—38]. Elevated concentrations of pollutants in soils pose sig-
nificant risks to human health, ecosystems, and wildlife [33,39]. A promising technique
for mitigating soil contamination is phytoremediation, the utilization of plants to reme-
diate the contaminated soil or water [40]. Compared to other remediation methods,
such as excavation, chemical treatment or soil washing, phytoremediation is relatively

low-cost as it relies on natural plant growth [41-43].
There are different types of phytoremediation [44,45]:

e Phytostabilization: Plants immobilize contaminants in the soil or prevent soil
movement itself, e.g., by preventing erosion [46].

e Phytoextraction: Plants extract contaminants and store them in above-ground
biomass [45].

e Phytostimulation: Plants can promote the biodegradation of organic contami-
nants by microbes in their rhizosphere by releasing organic substances that can
support the activity of microbes [44,47].

e Phytodegradation: Decomposition of organic contaminants after uptake with the
help of enzymes, turning the contaminants into less harmful products [33,40,48].

e Phytovolatilization: Some contaminants can be released from the plant in vola-

tile, less toxic form after extraction from the soil [33,49].

Phytoextraction in particular, leverages the ability of plants to absorb pollutants through
their root systems [45]. Multiple steps are involved: contaminant uptake, translocation
of contaminants and storage and accumulation in above-ground tissue [40,49,50]. With

repeated cycles of plant cultivation and harvesting, the level of contaminants in the soll
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can be progressively reduced, ultimately achieving successful remediation (contami-
nation below a tolerable level).

The effectiveness of the extraction depends on soil properties (e.g., the availability of
the metal contaminant in the soil, pH) and the plant species (e.g., capacity for metal
uptake, growth rate/biomass production) [40,45,51]. Plants capable of accumulating
substantial quantities of heavy metals in their above-ground biomass are known as
hyperaccumulators [52]. These species can typically absorb heavy metals at concen-
trations ranging from 0.1 to 1% of their dry mass [44]. For example, the fern Pteris
vittata L. is recognized for its ability to accumulate arsenic [53], Tagetes patula L. pre-
sents a hyperaccumulator for cadmium [54], while Alyssum bertolonii is effective in

absorbing nickel [55].

To prevent secondary environmental contamination, the harvested biomass grown on
contaminated soil must be managed through proper disposal or further processing
[44,46]. Hydrothermal processing technologies, which are well-suited for handling plant
materials with high moisture content, present a viable solution for processing contam-
inated biomass. This approach has been the focus of numerous experimental studies
and offer an efficient way of managing contaminated plant material while minimizing

additional environmental impacts [56—61].

In the EU project CERESIS [62] (Grant Agreement No. 101006717) phytoextraction
was used to clean up contaminated soils at various sites, e.g. in Brazil, Scotland and
Italy. The harvested contaminated biomass was subsequently processed by two con-
version technologies: Fast pyrolysis and supercritical water gasification. Fast pyrolysis
produced a bio-oil while the product gas of the gasification process was upgraded, e.g.

via dry reforming [63], to Fischer-Tropsch fuels.

2.2Supercritical water gasification

Supercritical Water Gasification (SCWG) utilizes water in its supercritical state as a
solvent and reactant. The supercritical state is reached when the critical point of water
(T =374 °C, p = 221 bar) is exceeded. Supercritical water displays unique properties
(which are described in detail in section 2.2.1) and acts as a non-polar solvent in which

organics can dissolve and thus can be easily hydrolyzed and decomposed to form a
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valuable product gas [64], mainly containing Hz, CH4, CO2, CO and some C2+ hydro-
carbons [65-67]. Eq. 2.1 and 2.2 can be defined as global reactions to describe the
hydrolysis of the biomass. The gas formed further reacts according to steam reforming

(Eq. 2.4) and water gas shift reactions (Eq. 2.3).

CyH, 0, + (x — z)H,0 - xCO + (x — z + 0.5y)H, (2.1)
CyH, 0, + (2x — 2)H,0 - xC0, + (2x — z + 0.5y)H, (2.2)
CO + H,0 & CO, + H, (2.3)
CpHm +nH,0 & nCO + (5 + n)H, (2.4)

Inorganics are poorly soluble and precipitate in the supercritical water [68,69]. This
precipitation can be used to in-situ separate the inorganic components from the organ-
ics [70]. Through this separation, valuable nutrients such as phosphorus or potassium
can be recovered from the biomass. SCWG also offers the potential to efficiently utilize
wet biomass. The use of water as a solvent and reactant eliminates the need for prior
drying [71], as is the case with conventional gasification. This allows for the utilization
of a wide variety of moist waste biomasses such as sewage sludge [59,72], spent
grains [73] or animal manure [74,75]. The composition of the resulting gas and the
efficiency of gasification in SCWG heavily depend on process parameters, such as
temperature, pressure, and biomass concentration in the feed. The influence of these
parameters is described in detail in section 2.2.2.

2.2.1 Supercritical water and its unique properties

The critical point of water, defining the termination of the vapor pressure curve in its
phase diagram, is reached at a temperature of 374 °C and a pressure of 221 bar
[76,77]. Beyond this point, in the supercritical region, water displays unique properties

which stem from the changes in its density, viscosity, diffusivity and dielectric constant.

As the temperature increases, the density of water decreases substantially, with a
sharp decline occurring at the critical point [71,78] (see Figure 2.1). Nevertheless, su-
percritical water retains a higher density compared to steam, enabling high space-time

yields in chemical reactions [79]. In the absence of phase boundaries, the density of
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supercritical water can be continuously modulated by adjusting temperature or pres-
sure [80,81]. Additionally, water's viscosity decreases with rising temperature, which
enhances its diffusivity and supports rapid reactions [78]. In the supercritical state, the

viscosity of water approximates the viscosity of a gaseous medium [78,82].
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Figure 2.1: Selected properties of water at different temperatures, p = 280 bar (data
taken from the IAPWS data base).

The dielectric constant of water, an indicator of its polarity, decreases with increasing
temperature [81,83]. While water is a polar solvent under standard conditions, its die-
lectric constant decreases significantly in the supercritical region, rendering supercriti-
cal water a nonpolar solvent capable of efficiently dissolving organic compounds
[64,78]. Additionally, gases also exhibit high solubility in supercritical water [81], mak-
ing it an ideal reaction medium for homogeneous reactions involving organic molecules
and gases [82]. However, inorganic salts have limited solubility in supercritical water
and typically precipitate [69,84,85].

2.2.2 Influence of process parameters
The gas composition and yield in supercritical water gasification are strongly influenced

by several process parameters, which are discussed below.

2.2.2.1 Temperature
In literature, it is well described that increasing the temperature is beneficial for the
supercritical water gasification of biomass [66,86], as the decomposition of the



Chapter 2. Introduction to the supercritical water gasification 10

organics is enhanced. This leads to an increase of the amount of gas produced and
reduces the organic carbon content of the effluent. Thus, with increasing temperature
the gasification efficiency and the organic carbon conversion are expected to rise. An
increasing temperature is expected to enhance steam reforming reactions due to their
endothermic nature [87]. In literature it is also described that an increasing temperature
increases the COz2 yield due to the promotion of the water gas shift reaction [88].

2.2.2.2 Pressure

Various studies have been conducted in the past on the influence of pressure on the
SCWG process in the range of 250 to 450 bar [89—-91]. According to the literature, the
gasification efficiency is not significantly affected by the system’s pressure [92,93]. An
increase in pressure generally suppresses methane conversion [94,95]. This would
result in a decreased hydrogen yield while the methane yield should increase, when
increasing the pressure. Gadhe and Gupta observed this when gasifying methanol in
supercritical water [79]. However, other authors didn’'t see a significant influence of
pressure on the gas composition [93,96].

2.2.2.3 Residence time
The residence time at reaction temperature t is an important process parameter of the

process of SCWG. In general, increasing the residence time is beneficial in terms of
carbon gasification efficiency (CE), however at a certain residence time a maximum
value of CE seems to be reached depending on the gasification conditions and bio-
masses processed. Guo et al. [97] found an increase of CE from 8% at 5.2 s to 42%
at 9.0 s when they gasified 10 wt.% glycerol at 487 °C. At the same time the hydrogen
yield increased significantly. However, the slope of the CE increase decreased with
increasing residence time, indicating that a limit might be reached. At an elevated tem-
perature of 567 °C they only observed a small increase from 84 to 94% at 4.2 and
7.3 s, respectively. Lu et al. [66] also observed an increase in CE when they increased
the residence time during gasification of wood saw dust. The total organic carbon con-
tent of the effluent decreased correspondingly. Susanti et al. [67] gasified 15.25 wt.%

isooctane at 632 °C. CE increased from 26.6 to 52.5% at residence times of 6.0 and
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18.4 s, respectively. However, further increases in residence time up to 33.3 s had no
significant beneficial effect. With increasing residence time, they found a decrease of
C2+ compounds while the Hz content of the product gas was at maximum at the longest
tested residence time. D" Jesus et al. [92] found a linear increase of CE between 0.6
and 1.6 min, when gasifying 5 wt.% corn silage at 700 °C. A further prolonged resi-
dence time did not increase CE. This effect was also visible at other temperatures
investigated. Chakinala et al. [98] observed similar when gasifying microalgae at 580
°C. CE increased with increasing residence times up to 5 min. Thereafter, a plateau
was reached. They assumed that either part of the biomass is resistant to the chosen
SCWG conditions or coke/tar formation is occurring, limiting the increase of CE. With
increasing residence time, the C2+ and CO content of the product gas decrease while
Hzand CHa4 contents increase due to enhanced hydrocarbon reforming and water-gas-

shift reaction.

2.2.2.4 Biomass concentration

The dry matter content in the system is a crucial process parameter of SCWG regard-
ing gasification efficiency and also process economics. With increasing dry matter con-
tent, the carbon gasification efficiency decreases due to a decreasing water surplus
and thus worse splitting of the biomass molecules [89,99,100]. For example, D Jesus
et al. [89] found a reduction of CE from about 82 to 75% when increasing the dry matter
content from 2.5 to 10 wt.%. Also, the product gas composition is influenced by the dry
matter content in the system. The increasing biomass content influences the water-
gas-shift and methanation reactions [99,100]. A decrease in water content favors
methanation and reverse water gas shift, thus decreasing the Hz2 and CO: yield while

increasing the CHas yield.

Processing high dry matter contents is for one limited by decreasing gasification effi-
ciencies as described above, but also by the pumpability of the feed slurry which de-

pends on the geometry of the SCWG plant and also the biomass [83].
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2.2.3 Challenges and knowledge gaps

Supercritical water gasification has been a topic of research since the late 1970s, with
M. Modell pioneering the first experiments on glucose conversion [101]. Although,
SCWG has been investigated for a few decades there has not yet been a commercial
application (to the best of the authors’ knowledge). There have been several pilot-scale
facilities including one at the Karlsruhe Institute of Technology in Germany [102], which
was the first pilot-scale SCWG facility. Another pilot plant is operated by Hiroshima
University and Chugoku Electric Power Company in Japan [103]. At the Technical Uni-
versity of Delft, a pilot plant with a biomass throughput of 50 kg h* has been estab-
lished, utilizing a fluidized bed reactor [104]. At laboratory scale, studies are often car-
ried out in batch reactors [59,105,106]. Batch reactors are widely used for parameter
studies and offer simplicity and controlled conditions. However, they suffer from slow
heating rates, limiting their applicability for scaling up SCWG [107]. Tubular reactors
on the other hand, enable continuous operation with short residence times, making

them more suitable for scaling, but face several challenges in the SCWG process [108].

The commercial viability of SCWG faces several challenges including corrosion, for-
mation of solid deposits consisting of coke and salts and the ability to pump the bio-
mass slurry [83,108]. Only few reactor materials can withstand the harsh conditions of
SCWG with temperatures up to 700 °C and pressures above 221 bar. Examples for
materials with sufficient mechanical strength are the nickel-based alloys, e.g., alloy 625
(which is used in the present thesis) or alloy 602 [108]. In addition to the high temper-
atures and pressures, the reactor materials also face corrosion in SCWG. Corrosion
presents a major challenge, driven by extreme operating conditions and the presence
of corrosive gases and minerals [82]. Precipitating salts, which are poorly soluble in
supercritical water [69,84,109,110], enhance corrosion, particularly at temperatures
exceeding 500 °C [83,111,112]. Beyond accelerating material degradation, these salts
can also obstruct system flow [113,114]. Effective separation of precipitated salts is
therefore essential to maintaining long-term reactor performance. While prior studies
have examined salt precipitation in salt—water mixtures under supercritical conditions
[68,69,85,111], further research is needed to address the complexities introduced by
biomass, which contains a diverse range of salts in varying forms in order to design a

suitable salt separation.
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Compared to conventional gasification methods, SCWG minimizes coke formation due
to the dilution effect of supercritical water, which reduces molecular interactions and
inhibits tar and coke buildup [64,115]. However, coke formation, even in small
amounts, can lower gasification efficiency and cause operational blockages [87]. Coke
primarily results from the polymerization of aromatic intermediates, such as furfurals
[116,117], and tends to accumulate in heated pipelines where specific temperature
conditions promote its formation. Research by Kruse et al. has identified high concen-
trations of these intermediates at subcritical temperatures [118]. To mitigate coke-re-
lated issues, employing rapid heating rates is suggested to be an effective strategy
[118-120].

Additionally, a hurdle in SCWG is the difficulty in pumping the biomass slurry, which is
directly influenced by the biomass content in the feed. While higher biomass concen-
trations improve gas production and overall process efficiency [82,121], they also re-
duce the slurry’s pumpability, with the maximum feasible content depending on the
specific biomass type [32]. To counteract this limitation, pre-treatment techniques,

such as particle size reduction, can enhance slurry flow and improve process stability.

Addressing these technical barriers is crucial for advancing SCWG toward widespread
commercial implementation. Continued research and innovation in these areas will be

key to optimizing system efficiency and long-term feasibility.
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3.1Apparatus
The gasification experiments are carried out in a continuous lab-plant for high pressure

(p = 300 bar) and high temperature (T < 700 °C) conversion of biomass compounds.

Figure 3.1: Two pictures of the continuous lab-plant.

The development of a suitable reactor concept for the process of SCWG was one of
the main objective of the present work. Thus, throughout the present work, the lab-
plant has been remodeled several times. Different reactors, preheaters and heating
concepts were used. The periphery of the reaction system (feed system, low pressure

system downstream of the reactor) stayed the same throughout the present work.

A detailed description of the different configurations can be found in the specific chap-

ters.

3.2Preparation of educts

The focus of the present work was to gasify biomasses which were mostly dry and
grassy. Also, one type of woody biomass and one type of wet biomass were gasified.
The biomasses were provided by the CERESIS partners from Scotland, Italy and Bra-
zil. They were delivered in various forms (from powder to large pieces). All of the dry
biomasses were milled to a powder (sieve size = 0.2 mm), as a small size was needed

to feed the biomass slurry to the system.
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To create the slurry, the biomass powder was mixed with distilled water in various
ratios. Additionally, xanthan was added as a stabilizing agent. In some experiments,
KOH or KHCO3s was added as a homogeneous catalyst. The specific procedure to
create the feed slurries varied throughout the work and can be found in the specific

chapters.

Additional to the dry biomasses, ethanol, acting as a biomass model compound, was
also gasified. For that purpose, ethanol was mixed with distilled water also in various

concentrations. The details can be seen in the specific chapters.

3.3Analysis
Throughout the whole experimental work, the same analytic methods were used. Thus,

they are only stated here and not in the individual chapters.

In this work the composition of liquid, solid and gaseous samples was determined. The
gaseous products were analyzed regarding the contents of Hz, CO, CHas, CO2, C2Ha,
C2Hs, CsHs and CsHes by gas chromatography (5890 series Il plus (Hewlett-Packard
GmbH), equipped with a fused silica capillary column (Carboxen 1010 PLOT 30 m,
SUPELCOQ)).

Liquid samples are analyzed regarding the following parameters:

- Total Carbon (TC) by combustion, Total Inorganic Carbon (TIC) by acid extrac-
tion and Total Organic Carbon (TOC) by calculation of the difference of TC and
TIC in a TOC analyzer (DIMATOC 2100, DIMATEC Analysentechnik GmbH)

- Organic species via HPLC analysis with different columns (Lichrospher 100 RP-
18, by Merck; Kinetex 2.6 ul C18 PFP 100A 100x4,6 (OOD-4462-E0O), by Phe-
nomenex; Aminex HPX 87H, by Biorad)

- Trace elements (Al, As, Pb, Cd, Ca, Cr, Fe, K, Cu, Mg, Na, Ni, Hg, S, Si, Zn,
Co, Li, Mn, P, Sn) by ICP-OES (Inductively Coupled Plasma—Optical Emission
Spectrometry) with an Agilent 725 spectrometer (Agilent Technologies).

- Molecular weight by size exclusion chromatography (SEC) with a LaChrom di-
ode array detector DAD L-2455 (Merck), with a Viscotek A2500 column by Mal-
vern Panalytical
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The feed slurry is dried in an oven at 105 °C for 24 h to determine its dry matter content.

The following parameters of the dry feed are determined:

- Trace elements (Al, As, Pb, Cd, Ca, Cr, Fe, K, Cu, Mg, Na, Ni, Hg, S, Si, Zn,
Co, Li, Mn, P, Sn) by ICP-OES (Inductively Coupled Plasma—Optical Emission
Spectrometry) with an Agilent 725 spectrometer (Agilent Technologies) after
acidic pretreatment.

- CHNS content in the element analyzer vario EL cube (by Elementar Analysen-

systeme GmbH).

Solid samples, if present (e.g. deposits from the reaction), are analyzed qualitatively
via SEM-EDS (Scanning Electron Microscope - Energy Dispersive X-ray Spectros-
copy) in a GeminiSEM 500 (Carl Zeiss AG).

3.4Data Interpretation

Throughout the whole experimental work, the same key figures were calculated. Thus,
they are only stated here and not in the individual chapters. For evaluation of the suc-
cess of the experiments the carbon efficiency (CE) and the total organic carbon (TOC)

conversion are determined.

Carbon Efficiency (CE) quantifies the proportion of organic carbon in the feed that is

converted to the gas phase during gasification. The calculation for CE is as follows:

VeastD
__ CinProduct Gas _ Zﬁi*xi*—%‘i? *Mc

CE =

TOC in Feed MEeed*® (31)
X; Concentration of component ‘i’ in the gas product (vol.%)
a Organic carbon concentration in the feed (wt.%)
Bi Number of carbon atoms of component ‘i’ in the gas product
Mreeq Fe€d mass flow (g h?)
M, Molar mass of carbon (g mol?t)
p Pressure (Pa)
R Universal constant of gases (J (molxK)1)
T Temperature (K)
Veas Gas flow under ambient conditions (I h'?)

CE is an important metric that reflects how effectively the organic components in the

feed solution are transformed into gaseous products. The composition of the gaseous
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product stream was quantified by gas chromatography. The calibration covered the
major gas components, like H2, CO and CO2, and light hydrocarbons up to Ca. All
chromatographic peaks detected in the experimental analyses could be assigned to
calibrated gas components, with no additional unidentified signals observed. Further-
more, the calibrated C4 hydrocarbons were not detected in the product gas samples.
Thus, an extension of the calibration range to higher hydrocarbons was not considered
necessary. All detected carbon-containing gas species were included in the calculation

of CE. The properties of these gases were approximated using the ideal gas law.

TOC-conversion quantifies the fraction of total organic carbon in the feed slurry that is
converted into other forms, such as gases, solubilized inorganic compounds in water,
and organic residues like coke, tar, and soot and thus is an indicator of the

wastewater's quality. The TOC-conversion is defined as follows:

O eoms = e = L e @2
mpg Mass flow of reactor effluent (g h?)
Mg Mass flow of salt concentrate (g h?)
TOCg TOC content of reactor effluent (mg g*)
TOCs TOC content of salt concentrate (mg g*)

The residence time (7) is calculated according to Eq. 3.3. To determine the mass con-
tent of the reactor, the density under the existing temperature conditions has to be
determined. Therefore, the temperature profile of the reactor is divided into sections of
length |, defined by the positioned thermocouples. The average temperature of the two
thermocouples is calculated and assumed to be constant over this section. With this
information, the density can be determined and thus the mass content of the reactor
can be calculated. For simplicity, the density of the mixture is assumed to be the den-
sity of water, as water is present in great surplus, and taken from the IAPWS-97 data

base (software package by Ruhr University Bochum).

_ w0

7= 2 TTPH20 (3.3)
MFEeed
d Inner diameter of the reactor (m)
l Length of section with constant temperature (m)
PH,0 Water density at given temperature and pressure (kg m=3)

In Chapters 3 and 6, further key figures are calculated and specified there.
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Summary of chapter 4

Soil and groundwater contaminated with heavy metals present a serious threat to both
human and animal health. Phytoremediation, can effectively reduce soil and ground-
water contamination. However, the used plants can accumulate the heavy metals, rais-
ing the need for methods to safely process and utilize the contaminated biomass. In
principle, supercritical water gasification should allow the generation of a fuel gas from
contaminated biomass while simultaneously separating pollutants, particularly heavy
metals such as zinc, manganese, and iron, in a continuous laboratory system with
process-integrated salt separation. However, there are critical challenges related to
gasification efficiency, salt and heavy metal separation, and long-term operability.

In this chapter, various biomasses were investigated for their suitability in SCWG ap-
plications, including both moist and dry, woody and grassy types. They revealed minor
differences in gasification efficiency and gas composition. A carbon efficiency of 60.3
+ 5.1% was achieved consistently across experiments. However, plugging caused by
solid deposits, particularly in the reactor’'s high-temperature zones, remains a signifi-
cant obstacle. For the moist biomass Reed Canary Grass, plugging of feed tubing was
observed due to inadequate size reduction, highlighting the importance of proper pre-

treatment.

Process-integrated salt separation (downstream of the preheater) removed up to 35%
of heavy metals into the salt concentrate, preventing secondary contamination. Nota-
bly, the separation efficiency was dependent on preheating temperatures, improving
as temperatures increased from 460 to 550 °C. Despite these advantages, challenges
persist with solid deposition, including coke, salts, and corrosion products, which limit

experimental durations.

To optimize the economics and the ecological impact of the SCWG process, the influ-
ence of process water recycling on dry biomass gasification was explored. Recycling
of the effluent from SCWG could reduce costs associated with treating contaminated
wastewater but requires effective salt separation to prevent salt buildup, which can
cause corrosion and flow blockages in the reactor. Experiments showed that while ef-
fluent recycling did not significantly affect product gas composition, it reduced carbon
gasification efficiency by approximately 4% and increased the concentrations of
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organic carbon and potassium in the reactor effluent. Thus, recycling is possible, but
the waste water quality needs to be monitored.

In conclusion, the general suitability of the SCWG technology to process contaminated
dry biomasses was demonstrated. However, some major issues such as salt deposi-
tion and coke formation, hinder long-term operation and thus require further develop-

ment.

4.1Introduction

Due to the careless handling of harmful substances in the past decades, pollutants like
heavy metals have been distributed in air, water and soil. The groundwater and soils
have been contaminated by mining, industry, transport and agriculture, which poses a
threat to humans and animals that feed of the plants growing on contaminated sites
[56,122,123]. Phytoremediation is a technology that uses plants to remove contami-
nants from soil, groundwater, and air [123]. Within the H2020 EU-project “Contami-
natEd land Remediation through Energy crops for Soil improvement to liquid fuel Strat-
egies” (CERESIS) the phytoremediation (in form of phytoextraction) of soils that are
contaminated with heavy metals (e.g. Pb, Zn, Cr, Mn) and organics is investigated. For
phytoextraction it is important to dispose or recycle the plants used appropriately to
prevent secondary contamination [56,124,125]. The supercritical water gasification
process seems to be suitable for this purpose as many studies have shown
[56,58,113,126-128]. In SCWG, organic pollutants can be decomposed and inorganic
pollutants like heavy metal salts can be separated in concentrated form. In addition, a
hydrogen- and methane-rich product gas is produced [20], which for example can be

converted to Fischer-Tropsch fuels after further purification and conversion steps.

In recent studies the fate of heavy metals in the process of SCWG was investigated in
batch reactors [56—61]. Chen et al. demonstrated that during the gasification of lignite
no heavy metals were transferred into the gas phase and only low concentrations in
the liquid phase were detected. Most heavy metals were detected in the solid biochar,
that formed in the process [58]. Su et al. postulate in the gasification of the hyperaccu-
mulator sedum plumbizincicola that the formed biochar helps to absorb the heavy met-

als, where they form complexes with inorganic components [56]. In the gasification of
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the same plant, Su et al. investigated the influence of alkali catalysts and found that
the addition of alkali enhanced the immobilization of heavy metals into the biochar, as
these catalysts increase gasification efficiencies and thus reduce the amount of organ-
ics in the biochar [57]. Thus, it is easier for heavy metals to form complexes with inor-
ganics in the biochar and to precipitate [60]. Li et al. discovered that during the gasifi-
cation of oily sludge longer residence times and higher temperatures were beneficial
for the transfer of heavy metals from the liquid to the solid phase [61]. During continu-
ous SCWG the formation of char and coke is unwanted since it can lead to blockage
of the flow and decreases the gasification efficiency [87,100,115]. Since batch pro-
cesses are of little interest for an industrial application of the SCWG process the sep-
aration of heavy metals in a continuous process needs to be investigated. For this
purpose, continuous lab-scale SCWG experiments were conducted with subsequent

analysis of the produced samples.

As different biomasses can be grown in different parts of the world depending on cli-
mate or soil quality, it is important to investigate whether there are major differences
between different biomasses regarding the downstream processing via SCWG. For
this purpose, continuous SCWG experiments were conducted with biomasses from
different regions of the world (England, Italy and Brazil) in the framework of the current

work.

When processing biomass via SCWG, usually wet biomasses were used like sewage
sludge, spent grains or animal manure [82,109,129,130]. As SCWG is conducted with
water as a reactant the moisture of these biomasses is no issue, as it for example
would be in conventional gasification. In contrary dry biomasses are used in the pre-
sent work as this is the kind of biomass processed in the CERESIS project. When dry
biomass is processed a high amount of water with low salt content is necessary to
dilute the biomass so that the slurry can be pumped [83] and enough water is available
for the reaction. Typically, the dry matter content is 5 to 20 wt.% in the feed slurry
[83,131]. The providing of salt-free water and the purification or disposal of the process
effluent is cost-intensive and therefore recycling of the process effluent is attractive.
This is possible due to low concentrations of salts in the reactor effluent [131]. Salts
are poorly soluble in supercritical water [69,84,109] and can block the flow and cause
corrosion [32,82]. A salt separation implemented in the process can reduce the amount
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of salts in the reactor effluent [73] and therefore enable the recycling of process water
[108]. Dry biomass contains little water and thus most of the effluent can be reused. In
the past the recycling of process effluent was only investigated for wet biomasses in a
small set of experiments at the Karlsruhe Institute of Technology [89], but not for dry
biomasses. To optimize the process of SCWG of dry biomasses, the influence of pro-
cess water recycling has to be investigated. In this chapter, the process water recycling
during the supercritical water gasification of dry biomasses is tested and the effects on
the SCWG process are described. Two different biomasses, a grass and a biomass

with wooden stems and branches, were used for the experiments.

4.2 Screening of dry biomasses
4.2.1 Materials and methods

4.2.1.1 Preparation of educts
Ten different biomasses were used (eight different plant species of which two plants

were evaluated from two different growing sites) (see Figure 4.1 and Table 4.1).

Table 4.1: Labeling of biomasses in the current work.

English name Latin name Abbreviation in the following text
Switchgrass Panicum Virgatum PV

Giant Reed Arundo donax AD

Grapevine Vitis vinifera GV

Silvergrass Miscanthus MC (either grown in HH or in ST)

Short rotation . _ .
_ - SRC (either grown in HH or in ST)
coppice

Reed Canary _ _
Phalaris arundinacea RCG

Grass
Sugar Cane Saccharum officinarum SC
Energy Cane - EC

They were provided by the CERESIS partners from Scotland, Italy and Brazil in various
forms. The biomasses Silvergrass (lat. Miscanthus) and Short rotation coppice were
grown in two different locations in England, abbreviated with ST and HH. The dry
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biomasses (DM > 90 wt.%) had to be milled to a size of 0.25 mm or smaller. Biomasses
E, F, G and J (see Figure 4.1) were milled prior to delivery. The size of biomasses A,
B, C and D was reduced by a mill with a 0.2 mm sieve (Pulverisette 14, Fritsch GmbH).
For biomass | (wooden stems and branches of grapevines) two preliminary size reduc-
tion steps were carried out: first in a wood chipper (GE 260, Viking GmbH) to about 2
cm long pieces, then in a mill with 4 mm sieve (Pulverisette 25, Fritsch GmbH).

Figure 4.1: Pictures of biomasses as received from project partners (A: PV; B: AD; C:
EC; D: SC; E: ST-MC; F: HH-MC; G: ST-SRC; H: RCG; I: GV; J: HH-SRC,; for abbre-
viation see Table 4.1).

Biomass H (RCG) was provided in moist form (DM = 54.2 wt.%). The size was reduced
by a meat grinder, as a mill was not sufficient due to the high water content. In different
size reduction steps (see Figure 4.2) the size was reduced below 1 mm. A size analysis

has not been performed.

Figure 4.2: Inner setup of meat grinder and size reduced Reed Canary Grass (RCG)
(Biomass H).
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The reduced size biomass H can be seen in Figure 4.2. The biomass is not in the form
of powder and displays small fibers. Except for the different size reduction pathways,

the further feed preparation was carried out in the same way.

The feed slurry was created by adding distilled water to the biomass powder in such a
ratio that a dry matter content of 8 wt.%. was achieved. Xanthan, provided by Carl
Roth GmbH, was added as a thickening agent (0.5 wt.%) to prevent phase separation,
and KOH (5000 mg K*/kg feed slurry), provided by Merck KGaA, was added as a ho-
mogeneous catalyst. After the addition of the additives the feed was thermally pre-
treated at T = 70 °C in a mixer for two hours under constant stirring (Thermomix TM31,
Vorwerk Deutschland Stiftung & Co. KG).

Before every experiment with the CERESIS biomasses pre-experiments were carried
out with ethanol solution (5 wt.% ethanol). The ethanol was supplied by VWR Chemi-
cals. These pre-experiments were conducted to reach a gas-liquid-equilibrium in the
system prior to feeding the biomass. With this procedure dead volumes in the lab-plant
are filled with a water phase and gases with very similar composition like the later
experiment and steady-state operation can be reached more quickly during the main

experiment.

4.2.1.2 Apparatus

The SCWG experiments were performed in a continuous lab-plant for high pressure (p
< 300 bar) and high temperature (T < 700 °C) conversion of biomass compounds. In
the present configuration the lab-plant consists of two main parts: the preheater and
the SCWG reactor (see Figure 4.3).

The preheater is made of a 750 mm long SS316 pipe (9/16 inch outer diameter, 8 mm
inner diameter). The pipe is heated from the outside by two spiral heaters. Tempera-
tures are monitored by six thermocouples on the outside of the pipe. After the feed is
preheated to about 350 °C it enters the gasification reactor which is made of the nickel-
base alloy 625 and has a length of 1500 mm (9/16 inch outer diameter, 8 mm inner
diameter). Seven spiral heaters and 21 thermocouples are mounted on the outside of
the pipe. In the reactor the main reactions between organics and water take place to

form mainly gaseous products.
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A filter bearing (F01) is installed downstream of the reactor to collect solids and tars
that formed in the process. Salts that precipitated in the supercritical state of water (in
the gasification reactor) might re-dissolve in the cooled water in the filter bearing. The
formed salt concentrate can be retracted from the sump of the filter bearing by a two
needle-valves, that open shortly after each other (20 ms) and act as a sluice. They
open every 5 min and separate about 3 ml of salt concentrate into a glass container.
The product gas and the reactor effluent leave the filter towards the back-pressure
regulator (BPR) provided by Tescom. After the BPR follows the phase separation. Gas
and liquid samples can be collected and analyzed. The products are quantified using

scales and gas meters.

11
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Figure 4.3: Process scheme of the continuous lab-plant in section 4.2.

To start up the experiment the system is pressurized with water using a high-pressure
pump by Prominent and subsequently heated. To reach a gas-liquid-equilibrium in the
system ethanol solution is gasified prior to feeding the biomass. With this procedure
steady-state operation can be reached faster during the main experiment. The ethanol
solution is fed into the system by a HPLC pump during the night before the experiment

with biomass. For the biomass experiment the feed slurry is stored in a pressurized
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tank. A water-driven piston pumps the feed into the system in defined amounts (for
details see [113]). Pressure, flow and temperatures are set and monitored in the pro-
cess control system.

4.2.1.3 Experimental
The SCWG experiments were conducted with a reaction temperature of 650 °C and a
pressure of 280 bar. The biomass content in the feed slurry was 8 wt.% and the flow

rate was set to 200 g h't. The set temperature profile can be seen in Figure 4.4.
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Figure 4.4: Outside temperature profile, representative of the experiments.

The set temperature profile resulted in a 900 mm long zone in which the temperature
was greater than 600 °C (relevant for gasification; mean residence time in this zone

was 65 s). Ten different biomasses were gasified. Their elemental composition can be
seen in Table 4.2.
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Table 4.2: Dry Matter (DM) content of biomass, elemental analysis (CHNO) on dry
matter basis (wt.%).

Exp. Nr. Biomass DM C H N O
3.2.1 PV 97.7 43.6 6.4 0.4 46.8
3.2.2 SC 92.8 43.2 6.0 0.7 n.d.
3.2.3 AD 95.5 43.1 6.4 0.4 46.2
3.24 GV 95.1 47.1 4.5 1.2 47.2
3.25 ST-MC 99.4 45.9 6.9 0.8 40.7
3.2.6 ST-SRC 100.0 47.7 7.4 0.5 42.3
3.2.7 HH-MC 99.6 45.2 6.8 0.5 41.3
3.2.8 HH-SRC 100.0 48.2 7.0 0.6 42.1
3.2.9 RCG 54.2 43.7 9.2 1.3 45.8
3.2.10 EC 93.5 42.4 6.1 0.7 n.d.
Mean [ 45.0 6.7 0.7 441
Standard devia-
2.0 1.1 0.3 2.5

tiono

*n.d. = not determined

4214

Data interpretation

The key figures used to evaluate the process are shown in section 3.4. Additionally, to

assess the deviation of the results the mean value p and the standard deviation o are

calculated according to Eq. 4.1 and 4.2.

— m
W= 2 2i=1Di
g = Z?=1(3/i_U)2
n
n

1

Vi

Number of values considered (-)

Value of sample i (%)

(4.1)

(4.2)
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4.2.2 Results and discussion

SCWoG is supposed to be able to process a wide variety of biomasses, either moist or
dry. In literature it has been reported that kitchen waste, animal manure, sewage
sludge, dry plants and many more biomasses have been gasified [82,129,132,133].
For example, D'Jesus et al. found that corn silage and clover grass were equally gas-
ified and produced similar product gases [86]. It is important to understand the influ-
ence of the biomass on the process of SCWG. In the case of CERESIS, it must be
known if some plants need to be excluded for the phytoremediation because a subse-
guent processing in SCWG would not be possible. For this purpose, ten different bio-
masses were evaluated under the same conditions. The feed was prepared according
to section 4.2.1.1. The biomasses are listed in Table 4.2. They are very similar in com-
position, e.g. the carbon content is for example 45.0 + 2.0 wt.%. The appearance
though is very different (as displayed in Figure 4.1). The biomass GV for example is a
woody biomass while MC is a grass. Thus, in these experiments a wide range of dif-
ferently structured plants is covered. The experiments displayed quite similar results.
The mean CE is 60.3% with a standard deviation of 5.1% (as can be seen in Table
4.3). The ability to gasify the different plants was thus similar. Regarding the gasifica-
tion efficiency no differences was detectable between moist biomass like RCG (CE =
59.4%) and the dry biomasses (mean CE of dry biomasses p = 60.4 £ 5.4%). Thus,
the ability to gasify biomasses does not seem to depend on the degree of humidity of
the biomass. Seemingly, biomasses with similar elemental composition (see Table
4.2), if moist or not, if woody or grassy, can similarly be gasified. Assuming Gaussian
distribution of the CE of similar biomasses, a typical significance interval (£20) can be
set (see Figure 4.5). With this tool, future biomasses can be evaluated regarding the
ability to gasify them. In case the CE lies inside the significance interval no significant
deviation can be detected. If for example, calculating the mean and standard deviation
without considering the biomass EC (i.e. prior to the last experiment) it becomes clear
that the gasification of EC falls into this interval and thus is not significantly different

from the other results.
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Table 4.3: Carbon Efficiency (CE) and gas composition of different biomass experi-

ments under same conditions.

Exp. _ CE H2 CHa CO2 C2Hs
Nr. Blomass % vol.% vol.% vol.% vol.%
4.2.1 PV 68.0 34.4 17.7 42.3 3.8
4.2.2 SC 55.0 37.3 17.7 39.8 3.7
4.2.3 AD 68.2 33.9 19.6 394 4.9
4.2.4 GV 53.2 35.2 16.7 43.4 3.4
4.2.5 ST-MC 60.4 27.9 16.6 48.8 4.5
4.2.6 ST-SRC 65.1 32.3 19.2 42.1 4.3
4.2.7 HH-MC 55.6 31.7 17.3 44.7 4.1
4.2.8 HH-SRC 57.0 30.3 13.2 52.6 2.6
4.2.9 RCG 59.4 39.7 15.0 41.6 2.5
4210 EC 60.7 32.7 16.2 45.6 3.9
Mean p 60.3 33.5 16.9 44.0 3.8
Standard deviationo 5.1 3.2 1.8 3.9 0.7

—— Normalized Gaussian Curve =
- - - Significance Interval

Data Points
-+ Mean

CE/%

Figure 4.5: Carbon Efficiency (CE) of different biomass experiments in a Gaussian
curve (Treaction = 650 °C, p = 280 bar).
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When visualizing the gas compositions (Table 4.3) in box plots (see Figure 4.6) it be-
comes clear that the gas compositions of the gasification of different biomasses are

quite similar.

60- [ 25-75% T Whisker (within 1.5IQR)
1 | — Medianline = Mean <« Outlier

*

Figure 4.6: Gas compositions of different biomasses (Treaction = 650 °C, p = 280 bar).

The variance in C2Hes content (3.8 £ 0.7 vol.%) and in CH4 content (16.9 £ 1.8 vol.%)
is very low. In Hz content and COz2 content more variance is visible. 33.5 + 3.2 vol.% of
H2 are formed. In case of RCG (moist biomass) most hydrogen formed (39.7 vol.%).
This might be due to the fact that RCG shows a higher hydrogen content in the dry
biomass (see Table 4.2). Possibly it is also beneficial to feed the biomass that had not
been previously dried to generate more Hz. In case of CO2, 44.0 + 3.9 vol.% are

formed. HH-SRC showed a deviation in the CO2 content (outlier in Figure 4.6).

One significant difference appeared in the gasification of moist and dry biomass. The
experiments with dry biomass all lasted at least 6 hours prior to clogging, except for
the biomass GV, but this must have been an outlier as in section 4.4 it is shown that
this biomass is equally gasified as grasses with similar elemental composition. With
RCG, which was the only biomass processed in moist form, the experiment ended after
3 h but not due to formation of solid deposits in the reaction system but due to blocking
of the feed tubing. As described in section 4.2.1.1, RCG was ground up with a meat

grinder to a supposed size smaller than 1 mm. As the feed tubing has an inner diameter
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of 2.5 mm this size reduction was not sufficient. In future experiments with moist bio-

masses a different size reduction approach needs to be chosen.

As described above, the gasification efficiency is far from 100%. Some carbon re-
mained in the reactor effluent, but only in small amounts (TOCeffuent = 2000 £ 510 ppm).
Since the TOC-conversion was 95.3 + 0.8% in all cases and almost no TIC was de-
tectable most of the carbon that did not form gaseous products deposited in some way.
Additionally, tarry material formed that could not be quantified. After all experiments
solid deposits were found in the gasification reactor about 50 cm from the top (set
temperature on the outside 500 °C). In some cases, these deposits led to blockage of
the flow and thus to an early end of the experiment. In section 4.4, this phenomenon
is described in detail based on Reed Canary Grass and grapevines. It was found that
these deposits consist of coke and salts that precipitate in the process. This can be
confirmed by the EDS-analysis of solid deposits that were mechanically removed from
the gasification reactor after these experiments (see Table 4.4). The solids in the re-
actor mainly consisted of carbon and secondly of salt building elements like Si, K and
Ca. Not all solids deposited in the gasification reactor, in some cases the solids also
dropped into the filter bearing below the reactor. These solids were also collected and
analyzed via EDS. The analysis is shown in Table 4.5. It can be seen that also most
of these solids are made of carbon in form of coke. In some cases, salt building ele-
ments like K (experiments 4.2.3, 4.2.5 and 4.2.7) or Si (experiments 4.2.7 and 4.2.9)
are predominant. In experiments 4.2.7 and 4.2.9 the carbon seems to be present in
form of carbonate COgs', rather than coke. Some amounts of corrosion products are

also in the solids, an extreme case is experiment 4.2.10 with 9.42 wt.% Cr.

It is important to remove salt building elements from the system prior to the gasification
reactor. There they precipitate and subsequently can cause blockage of the flow and
corrosion (as can be seen in solid sample of experiment 4.2.10). The coke formation
has to be reduced as well to ensure high CE and long operation. Possible measures
could be the reduction of the dry matter in the feed to increase the water surplus and
to reduce the contact rates of biomass molecules and intermediates that could poly-
merize [89,134,135]. Faster heating rates could as well be beneficial because un-

wanted side reactions at temperatures below 600 °C could then be reduced
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[106,118,119]. Kruse et al. found high concentrations of these aromatic intermediates
at subcritical temperature [118].

Table 4.4: EDS-analysis of solids from reactor (in wt.%).

E):p' 422 423 424 425 426 427 428 4.29
C 81.15 71.64 89.5 68.87 79.91 74.02 8155 47.98
0] 9.12 15.05 591 13.68 11.04 13.87 11.25 27.28
Salt building elements
Na 0.03 0.03 0.04 0.03 0.05 0.08
Mg 227 064 028 057 066 041 066 0.43
Al 0.2 004 006 0.09 0.09 0.05 0.27
Si 3.79 7.05 155 511 048 6.08 055 17.74
P 0.16 095 0.09 044 034 043 04 042
S 0.14 0.12 0.29 0.03 0.04 0.09
K 129 09 015 235 062 138 025 191
Ca 064 358 066 423 6.48 347 533 341
Metals
Cr 0.22 042 241
Fe 0.24 0.18 0.16 0.39
Ni 0.74 049 214
Mo 0.37 0.15
Zn 0.11 0.02

Based on these insights, it can be concluded that plants with similar elemental compo-
sition behave similarly in the process of SCWG. Regarding the framework of CERESIS,
this leads to the conclusion that the biomasses can be chosen according to their ability

to remediate the grounds without the need to worry about the processing of a wide

range of biomasses.
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Table 4.5: EDS-analysis of solids from FO1 (in wt.%).

E)r(.p- 421 422 423 424 425 426 427 428 429 4210
C 81.38 57.24 41.68 63.27 46.91 92.17 16.29 91.6 26.05 36.45
O 8.64 21.39 2421 24.78 2240 438 41.16 4.80 37.04 18.13
Salt building elements

Na 0.04 007 021 032 082 006 102 0.01 o0.07

Mg 096 382 076 008 181 0.06 019 0.17 085 2.20
Al 009 03 0.07 017 0.15 0.03 0.07 0.52 0.26
Si 219 824 7.07 102 486 0.08 1578 0.32 27.65 5.13
P 020 125 0.7 008 042 037 016 049 096 0.48
S 020 0.06 042 059 026 0.10 0.13 0.17 0.16 0.34
Cl 0.06 053 0.11 0.47 0.35 0.04 0.12

K 251 31 1186 6.37 15.18 1.08 19.02 083 1.64 1.29
Ca 0.65 3.03 1.63 1.08 035 143 369 1.62
Metals

Cr 0.36 0.14 0.86 1.28 0.15 9.42
Fe 029 035 044 0.81 0.18 09 1.98
Ni 1.63 0.15 3.19 0.24 02 227
Mo 0.79 0.69 598 307 589 034 4.02

Zn 0.08 0.15

4 3First process parameter variations

4.3.1 Materials and methods

43.1.1

Preparation of educts

The grasses Reed Canary Grass (RCG, lat. Phalaris arundinacea) and Napier Grass

(lat. Pennisetum purpureum) and wooden stems and branches of grapevines were

used as biomass sources for the gasification experiments (see Table 4.6 and Figure

4.7). The grapevines were delivered in pieces about 10 cm long, which were milled to

a powder using a wood chipper (GE 260, Viking), a mill with a 4 mm sieve (Pulverisette

25, Fritsch), and a mill with a 0.2 mm sieve (Pulverisette 14, Fritsch). For the size

reduction of Napier Grass the Pulverisette 14 was sufficient. The biomasses were
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chosen as they are relevant for the CERESIS project. The CERESIS project strategy

is to identify high biomass productivity, low contaminant uptake species suitable for a

particular climatic zone, following the results of the BioReGen project [136]. Also, there

was a lack of literature on the SCWG of dry biomasses.

Figure 4.7: Gasified biomasses as delivered (left to right: grapevines, Napier Grass,

Reed Canary Grass).

Table 4.6: Origin of Biomasses.

Reed Canary

Biomass Napier Grass Grapevines
Grass

Country of origin Brazil England Italy

Site/main soil is- Former tannery/Cr Former land- Vineyard/pesti-

sue fill/clean soil cap- cides

Delivered Form Straw

Dry Matter / % 89.9

ping
Powder (0.25 mm

sieve)

97.4

About 10 cm long
pieces
95.1

The elemental composition and the contamination of the biomasses are presented in

Table 4.7 and Table 4.8.

Table 4.7: CHNS analysis of biomasses, based on dry weight (in wt.%).

Biomass C H N S

Napier Grass 43.2 6.00 1.0 0.200
Reed Canary Grass 48.9 7.46 <0.3 0.090
Grapevines 47.1 4.47 1.2 0.003
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Table 4.8: Heavy metal contamination of biomasses (in ppmw).

Biomass Pb Ni Zn Cd Cr Mn Fe
Napier Grass 126.18 12.63 49.93 1.05 27.25 70.83 348.10
Reed Canary Grass 0.50 0.60 37.00 <0.10 0.90 490.00 61.00
Grapevines 0.05 0.06 26.61 <0.10 0.15 50.40 42.80

To create a feed slurry, water was added to the biomass powder to adjust the dry mass
to about 8 wt.% (up to 20 wt.% of dry matter is possible to gasify [108], but higher dry
matter content than 8 wt.% (value from experience) might lead to plugging in feed tub-
ing as the lab-plant is equipped with quarter-inch pipes). Xanthan was added as a
thickening agent (0.5 wt.%, based on slurry mass) to prevent phase separation, and
KOH (5000 mg K*/kg feed slurry) was added as a homogeneous catalyst. KOH en-
hances the water gas shift reaction, increases Hz-yield and weakens the intermolecular
bonds of the biopolymers due to its alkaline character (pH = 9.3 in feed), which in-
creases decomposition of the macromolecules [106,137,138]. The components were
mixed and thermally pretreated at a temperature of 70 °C for two hours in a mixer
(Thermomix TM31, Vorwerk). Low temperature thermal pretreatment is conducted be-
cause part of the organics is solubilized after this pretreatment and thus easier to gasify
[139,140]. After cooling, samples of the final slurry were taken to analyze dry matter

content and elemental composition.

4.3.1.2 Apparatus

A continuous lab-plant for high pressure (p < 300 bar) and high temperature (T < 700
°C) conversion of biomass compounds at the Karlsruhe Institute of Technology was
used for laboratory tests. The setup for this investigation included a preheater, a salt
separation unit, and a gasification reactor. The dimensions of the preheater and reactor
can be seen in Table 4.9.

The set temperatures of the preheater are such that the reaction medium reaches its
supercritical state. Salt separation occurs downstream of the preheater using a T-fit-
ting, where inorganic compounds are separated from the biomass slurry due to their
low solubility in supercritical water. This salt separation device was installed based on

the knowledge gained in section 4.2, that sufficient salt separation is important for long-
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term operation and minimization of solid formation. The salts (and heavy metals) are
supposed to drop down vertically into the salt concentrate at the T-fitting (separation
by gravity) while the organics are transported sideways to the gasification reactor (a
schematic drawing can be seen in [113]). A small amount of the salt concentrate is
semi-continuously separated in a defined interval by two needle valves that act as a
sluice (the valves open 20 ms apart). The salt concentrate is immediately depressur-
ized and collected in a glass container. Since only a small amount of liquid is separated
(about 3-5 g per sluice operation) the pressure in the lab-plant is not significantly af-

fected by this.

Table 4.9: Dimensions of preheater and reactor.

Preheater Reactor
_ Inconel 625 with SS 316
Material _ Inconel 625
Liner
Length / mm 750 1800
Inner Diameter / mm 3.20 8.00
Electric Heating 3 spiral heaters 6 rod heaters

BPR

Gas Sample

Sl
A~

Liquid Sample

SCWG Reactor

Product Gas

Salt E -
Concentrate —L/ I—/:
Reactor Effluent Gux Mieter

Figure 4.8: Process scheme of the lab-plant in section 4.3.
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Gas meters (Ritter GmbH) and scales (Soehnle GmbH) are used to quantify the prod-
ucts of the experiments, positioned in the low-pressure part of the lab-plant. Liquid and
gas samples are taken at regular intervals form a glass container in the low-pressure
part of the plant during the experiment to ensure a steady-state operating condition.
The system is pressurized and heated using a HPLC pump and a process control sys-
tem. A preliminary test using an ethanol solution is run the day before the main exper-
iment to bring the system into liquid-gas equilibrium (dead volumes of the plant are
filled with a gas mixture similar to the gas produced by biomass gasification) and to
check for leaks. The feed slurry is stored in a tank and indirectly pumped into the sys-
tem by a piston using a HPLC pump.

4.3.1.3 Experimental

In total seven experiments were conducted (see Table 4.10). During the experiments
the pressure was 280 bar and the temperature of the SCWG reactor was 650 °C. Three
different plants were processed. In addition, three different preheating temperatures
and three different flow rates were set for the gasification of Reed Canary Grass. The
duration of the experiments was limited by the available amount of feed slurry (some
experiments were ended prematurely due to blockage of the flow). Each experiment
was conducted once due to the limited time and resources and high effort it takes to

prepare the experimental setup.

Table 4.10: Process parameters of conducted experiments.

Exp. Duration Tpreheater max Flow rate
Nr. Feed h °C ght
4.3.1 Napier Grass 4.50 500 700
4.3.2 Grapevines 5.75 500 700
4.3.3 Reed Canary Grass 6.50 500 700
4.3.4 Reed Canary Grass 3.50* 460 700
4.3.5 Reed Canary Grass 3.92* 550 700
4.3.6 Reed Canary Grass 6.25 500 500
4.3.7 Reed Canary Grass 0.25* 500 300

* Premature ending of the experiments due to blockage of the flow.
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4.3.2 Results and discussion

4.3.2.1 Influence of biomass type

To investigate the influence of the dry biomass type on the process of SCWG three
different dry plants were processed. Two grasses, Napier Grass and Reed Canary
Grass, and a plant with wooden stems and branches, grapevines, were gasified (see
Table 4.11).

Table 4.11: Results of the gasification experiments.

Exp. Feed CE TOC-conversion TOC content in effluent
Nr. % % mg kg

4.3.1 Napier Grass 60.45 78.03 3933

4.3.2 Grapevines 55.18 86.20 3027

4.3.3 Reed Canary Grass 59.14 83.83 3204

4.3.4 Reed Canary Grass 67.35 89.69 3765

4.3.5 Reed Canary Grass 63.38 85.66 3310

4.3.6 Reed Canary Grass 61.92 89.13 2821

4.3.7 Reed Canary Grass - - -

The mean steady-state carbon balance was 77% with a standard deviation of 4.3% in
all experiments, as not all carbon could be detected either in gas or liquid effluent and
solid deposits formed. Obviously, solids remain in the tubing of the plant causing foul-
ing. This leads to premature end of several experiments, mechanical cleaning of the
plant had to be performed frequently. The experiments for comparison of the different

biomasses (experiments 4.3.1, 4.3.2 and 4.3.3) were finished according to plan.

The feed composition regarding the CHNS content and the content of the main salt
building elements can be seen in Table 4.12. There are some differences between the
feed compositions, especially the potassium content of the biomass slurry of Napier
Grass is higher than the other two kinds of feed. This is due to the high potassium
content of the biomass Napier Grass, which has been described in literature [141,142].
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Table 4.12: Content of CHNS and main salt building elements in the feed slurry in wt.%

(based on dry matter).

Exp. )
N Feed C H N S K Ca Mg Si P

r.
4.3.1 Napier Grass 393 56 09 0.2 6.90 045 0.03 0.88 0.12
4.3.2 Grapevines 436 5.7 05 <0.1 413 153 0.10 0.46 0.13
4.3.3 RCG 39.6 55 04 0.1 4.68 0.29 0.08 2.27 0.13

Minor differences between the plants regarding carbon efficiency were noticed (exper-
iments 4.3.1, 4.3.2 and 4.3.3) (see Table 4.11). The mean CE for all plants is 58.3%
with a maximum deviation of 3.1%. The CE is therefore not influenced by the kind of
dry plant that was processed in the present experiments. D’Jesus et al. also noticed
only small differences in CE when gasifying clover grass (44.9 wt.% C in biomass) and
corn starch (44.4 wt.% C in biomass) in a similar lab-plant [86]. Thus, when biomasses
with similar elemental composition are gasified (similar carbon content) the CE does
not seem to be significantly influenced by the type of plant. This confirms the

knowledge gained in section 4.2, also in a changed experimental setup.

A small difference in the TOC content of the reactor effluent was visible. The TOC-
conversion is 78% for Napier Grass, 84% for Reed Canary Grass and 86% for grape-
vines. Since the TOC conversion compares the amount of TOC that is contained in the
effluents with the TOC content of the feed it is an indicator of the effluent purity. During
experiment 4.3.1 with Napier Grass a higher TOC content in the effluent of about 20%
is visible than in the other two experiments although CE is roughly the same. This can
be explained by the formation of solids during the experiments 4.3.2 and 4.3.3 with
Reed Canary Grass and grapevines. After each experiment the reactor and the pre-
heater are opened and checked for solid deposits. After the experiment with Napier
Grass no solid deposits were found in the system. After the other two experiments solid
deposits were found at the top of the SCWG reactor (300-500 mm from the top, where
a temperature of 500 °C was set). The carbon contained in these solid deposits can
not be gasified and is not contained in the reactor effluent and therefore the TOC con-

tent of the experiments with Reed Canary Grass and Grapevines was lower than in the
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experiment with Napier Grass even though the carbon efficiency and therefore the
amount of gas produced was roughly the same.
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Figure 4.9: Gas composition of the gasification of three different feeds.

The gas composition is also not significantly influenced by the kind of dry plant that is
processed (see Figure 4.9). The mean Hz-content of the product gas is 31 vol.% with
only little deviation. The most visible difference can be seen when comparing the CO:2
and CHa-contents of the product gas of Napier Grass and Grapevines. About 4 vol.%
more CO2 and 1.5 vol.% less CHais contained in the product gas of Napier Grass than
in the product gas of grapevines. The methanation reactions seem to take place in a
slightly greater extend in the case of Napier Grass. Methanation reactions are kinet-
ically limited and therefore longer reaction times result in an increased CHa-yield
[67,143,144]. The flow rate was set at 700 g h* during all three experiments and thus
the residence times were the same initially. As mentioned before, solid deposits oc-
curred during the gasification of grapevines. These solid deposits reduce the free di-
ameter of the reactor and so the residence time decreases over the course of the ex-

periment. This could be a possible reason for the small differences in gas composition.

As the heavy metal contamination (see Table 4.8) of the biomasses is rather low, the
gasification process is presumably not influenced by the heavy metals. Thus, the
achieved gasification results can be transferred to non-contaminated biomasses of the

same species.
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4.3.2.2 Influence of the preheating temperature

The temperature settings of the preheater are crucial for the separation of salts in the
lab-plant. Salts need to be separated from the reaction medium since salts can cause
blockage of the flow due to precipitation [102,111] and enhance corrosion rates at T >
500 °C [83,111,145,146]. Salts are generally poorly soluble in supercritical water [84]
and thus can be separated by precipitation. In binary salt-water systems salts are dis-
tinguished between type 1 and type 2 salts [68,69,85]. Type 1 salts are soluble in dense
supercritical water and only precipitate when the temperature is further increased,
while type 2 salts are almost non-soluble in supercritical water. Downstream of the
preheater a T-fitting is located where salts are supposed to be separated by precipita-
tion. Since the T-fitting at which salts are supposed to be separated is not externally
heated the reaction medium needs to be preheated sufficiently so the temperature is
supercritical at the T-fitting. The salt separation is conducted upstream of the gasifica-
tion reactor to avoid extensive salt deposition in the reactor. To investigate the influ-
ence of the preheating temperature on the separation of salts three different maximum
preheating temperatures (460 to 550 °C) were set. This resulted in the following tem-

peratures at the T-fitting (measurement on the outside) (see Table 4.13).

Table 4.13: Temperatures of the T-fitting for salt separation.

Exp. Tpreheater,max TT-Fitting Duration of Experiment
Nr. °C °C h

4.3.4 460 370 3.5%

4.3.3 500 388 6.5

4.3.5 550 394 3.9*

* Premature ending of the experiments due to blockage of the flow.

To evaluate the quality of salt separation the concentration of relevant salt building
elements (Ca, K, Mg, Na, S, Si and P [75,147,148]) is monitored in the effluents of the
lab-plant. During the experiment 4.3.4 only a subcritical temperature of 370 °C could
be reached at the T-fitting. Thus, the separation of salts based on precipitation does
not work. This can be seen when looking at the distribution of the salt building elements

(see Figure 4.10).
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Figure 4.10: Share of elements in the liquid effluents of different experiments with

different preheating temperatures (370 - 394 °C) (feed concentration = 100%).

Less than 20%, in most cases even less than 10% of the salt building elements can be
detected in the salt concentrate. Potassium and sodium are mostly detected in the
reactor effluent and the rinse water (after every experiment the system is flushed with
water). For all other salt building elements, a big mass balance deficit can be seen.
The balance deficit, as mentioned, can be assumed to consist of solid deposits that
mainly stayed in the reaction system (some solids were also contained in the salt con-
centrate). Solid deposits cannot be quantitively collected and analyzed (due to their
inhomogeneities) and therefore cannot be calculated into the mass balance of the el-
ements. After experiment 4.3.4 solid deposits were discovered in the top part of the
SCWG reactor where a temperature of 500 °C was set. The formation of solid deposits
in the reaction system poses a danger to long-time operation of the process.

The increase of the preheating temperature to 500 °C (experiment 4.3.3) resulted in a
slightly supercritical temperature of 388 °C at the T-fitting. The separation of calcium,
sodium and phosphorus into the salt separation increased. The separation of the other
elements was not influenced by the rise in temperature. As stated earlier, salt separa-
tion is influenced by the type of salt. Examples of type 2 salts that could explain the
shown behavior of Ca and P could be CaSO4 and NasPOa4 [81]. The separation of the
other salt building elements was not influenced. These salt building elements might be
present in type 1 salt configurations, such as NaCl, KsPO4, KCl or K3SiO3[81,111]. The
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mass deficit of most elements is very large. Similar to the experiment 4.3.4, after the
experiment 4.3.3 solid deposits were discovered in the top part of the reactor where a

temperature of 500 °C was set.

The qualitative analysis (EDS-analysis) of the solid deposits of the SCWG reactor (ex-
periment 4.3.3) displays a mixture of carbon and salt building elements (see Figure
4.11). Especially silicon and potassium can be detected. On the right side of the micro
photography a big planar structure consisting of nickel can be seen. This can be as-
sumed to be a corrosion product from the reactor. The reactor is made of the nickel-
based alloy Inconel 625. Since salts are known to enhance corrosion rates this shows
the importance of a functioning salt separation. The functionality of the salt separation

was still not given for the selected process conditions.

C K serie 0O K serie Si K serie

100pm "

100pm "

100pm "

Ni L serie

K K serie Ca K serie Cr L serie

Figure 4.11: SEM-EDS analysis of the solid deposits of experiment 4.3.3.

In both experiments (experiments 4.3.4 and 4.3.3) the solid deposits occurred in the
section of the reactor where a temperature of 500 °C was set (on the outside of the

pipe). An inner temperature measurement in the reaction medium was not possible.
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Therefore, the reaction temperature has to be estimated based on data given in litera-
ture. Due to a relatively big inner diameter of 8 mm in the SCWG reactor a low flow
speed results. D Jesus could not detect any temperature gradients between inside the
medium and outside of the pipe in a SCWG reactor with 8 mm inner diameter [89]. In
the section where the solid deposits occurred the temperature in the reaction medium
can therefore be assumed to be above 450 °C (and below 500 °C). This temperature
range seems to be critical for the separation of most salts. This has been experimen-
tally confirmed by Schubert et al. [69]. According to Schubert et al., a salt separator set
point temperature of 430 °C is necessary to separate more than 90% of KsPO4 and
470 °C to separate more than 90% of Ca(NOs)2 into the salt concentrate [69]. In ex-
periments 4.3.4 and 4.3.3, in which a maximum preheating temperature of 460 and
500 °C was set, these temperatures seem not to be reached in the reaction medium
within the preheater and thus the precipitation of salts could not take place at the T-
fitting. Due to a small inner diameter of the preheater (3.20 mm) and thus higher flow

speed a lower maximum temperature of the reaction medium is reached.

A further increase in the preheating temperature to 550 °C (experiment 4.3.5) resulted
in 394 °C at the T-fitting. Even though this temperature is only 6 °C higher than when
the preheating temperature was 500 °C, an improved salt separation can be seen for
almost all salt building elements. Almost 30% of Ca and P can be separated. The sep-
aration of K, Na, Mg and S also improves by about 5%. Solely silicon is not influenced
by the increasing temperature. The mass deficit is still very high for most salt building
elements (except K and Na). During this experiment solid deposits formed in the pre-
heater, leading to faster plugging even though the salts were separated more efficiently
as the inner diameter of the preheater was smaller than that of the reactor. Due to the
high maximum preheating temperature of 550 °C the temperature in the reaction me-
dium can be assumed to be higher than 450 °C in the preheater. This resulted in im-
proved salt separation but also in precipitation of salts in the preheater and led to block-
age of the flow in the preheater. In Figure 4.12 it can be seen that Ca, Mg, Si and K
are part of the solid deposit in the preheater.
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Figure 4.12: Elemental spectrum of a sample of solid deposits in the preheater.

4.3.2.3 Influence of residence time

To investigate the influence of the residence time on CE and the formation of solid
deposits during the gasification of Reed Canary Grass three different throughputs were
set (see Table 4.14). Experiment 4.3.7 did not reach a steady state and therefore it
can not be considered in the evaluation of the trend of CE and TOC. For the other two
experiments (4.3.3 and 4.3.6) CE only slightly rises with increasing residence time (17
to 24 s) (see Table 4.14). Generally, it is known that CE rises strongly with increasing
residence time [66,143,149]. This cannot be observed in the present experiments. A
possible reason for this could be the formation of solid deposits in the SCWG reactor
(as stated in section 4.3.2.2). This assumption can be made since the TOC content of
the effluent decreases while CE only rises slightly with increasing residence time. Ex-
periment 4.3.6 had to be finished prematurely due to blockage of the flow in the SCWG
reactor. After experiment 4.3.3 solid deposits were also detected in the same part of
the reactor but they did not lead to blockage of the flow. Therefore, more solid deposits
were formed during experiment 4.3.6. A lower flow speed and thus higher residence
time in the temperature range of 450 to 500 °C seems to be disadvantageous for the
chemistry of SCWG towards gases and favors the formation of solid deposits. Faster
heating to the desired temperature of 650 °C should be implemented since tar and

char production are significantly influenced by the heating rate [150]. This might avoid
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coke formation and additionally enable better salt separation as the salts seem to de-

posit in a temperature range of 450 to 500 °C, which so far has not been reached at
the salt separation T-fitting.

Table 4.14: Residence time and salt separation temperature of different experiments.

Exp. Duration Flow rate

Tpreheater TReactor (T>600°C) TT-Fitting
Nr. h ght s s °C
4.3.3 6.5 700 4.6 17 388
4.3.6 6.25* 500 7.4 24 400
4.3.7 0.25* 300 12.4 41 420

* Premature ending of the experiments due to blockage of the flow.

The gas composition is not significantly influenced by the increase of the residence
time (see Figure 4.13). A slight increase of Hz can be seen when the residence time is

increased from 17 to 24 s. This effect has been reported by other authors [66,135].
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Figure 4.13: Steady state gas composition for three different residence times in the

SCWG reactor (T > 600 °C), no steady state reached for the mean residence time of
41 s.

As stated above, experiment 4.3.7 did not reach steady state operation due to block-
age of the flow. Solid deposits blocked the flow in the preheater. As described in sec-

tion 4.3.2.2, a temperature of above 450 °C in the reaction medium seems to be critical
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for the formation of solid deposits that consist of coke and salts (see Figure 4.11 and
Figure 4.12). In order to achieve higher residence times, the throughput was reduced
from 700 to 300 g ht. This resulted in reduced flow speed in the preheater. Due to the
reduced flow speed higher temperatures can be reached in the preheater. An indicator
for this is the temperature at the salt separation (T-fitting) downstream of the preheater
(see Table 4.14). When a throughput of 700 g h'! was set the temperature was 388 °C
but when the throughput was 300 g ht it was 420 °C at the T-fitting. Therefore, it can
be assumed that the critical temperature range of T > 450 °C was reached within the
preheater (assuming some thermal losses in the not heated part of the plant) and led
to precipitation, combined with a low flow speed. This explains why solid deposits
formed in the preheater and blocked the flow after a short time and a further increase

in residence time could not be investigated.

To achieve higher residence times a larger reactor should be implemented in future
experiments instead of reducing the throughput. In that way consistent temperatures
of the reaction medium will be ensured. This will avoid the change of a second param-
eter — the temperature profile — when the residence time is changed and thus clear
correlations between residence time and CE can be determined.

4.3.2.4  Separation of heavy metals

In batch SCWG experiments with contaminated biomasses most heavy metals remain
in the forming biochar and only low concentrations are measured in the liquid effluents
[56-58]. The suggested separation mechanism by Lin et al. is that the heavy metals
compound with inorganic components in the reaction mixture and precipitate due to
low solubility in supercritical water [60]. Therefore, the addition of inorganic compo-

nents in alkali metal catalysts (K, Ca, Na) promotes the precipitation [57].

Since batch experiments are not relevant for an industrial application of SCWG in this
work the experiments were conducted in a continuous lab-plant. KOH was added to
the feed as a homogeneous catalyst. To evaluate the separation of the heavy metals
the liquid effluents were analyzed. For many heavy metals (metals heavier than 5 g
cm3[151]) the content was below the detection limit in the liquid effluents. Ni, Co, As,

Pb, Cd, Cu and Sn were not detectable in the effluents. Most experiments (experiments
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4.3.3 to 4.3.7) were conducted with the grass Reed Canary Grass. The heavy metal
contamination of this plant from highest to lowest is Mn > Fe > Zn > Cr > Ni > Pb > Cd
(for exact concentration see Table 4.8). The mean content of detectable heavy metals

is displayed in Figure 4.14.
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Figure 4.14: Mean content of heavy metals in the effluents of the experiments (100%

= feed concentration).

Only three heavy metals are detectable, Mn, Fe and Zn. The content of the other heavy
metals was below the detection limit in the feed slurry and therefore also in the efflu-
ents. About 21.5 + 8% of Mn, that was in the feed slurry, can be detected in the salt
concentrate. 9.0 + 1% of Fe and 10.2 = 3.6% of Zn are detected in the salt concentrate.
Less than 0.6% of the heavy metals can be detected in the reactor effluent and none
in the rinse water. The separation of contaminants is based on the precipitation in su-
percritical water due to low solubility. Since heavy metals are (almost) exclusively de-
tected in the salt concentrate it can be assumed that they form heavy metal-salt-com-

pounds as proposed by Lin et al. [60] and precipitate into the salt concentrate.
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Most of the amount of the heavy metals that are fed into the system cannot be found
in liquid effluents. One reason for this are the detection limits of the analysis method
(ICP-OES). The heavy metals might for example be so diluted that they are not de-
tected in the rinse water even though it might contain some. Another reason is the
formation of solid deposits in the reaction system which are also insoluble in water
under ambient conditions. As described in section 4.3.2.2 solid deposits form in the
system, especially in the SCWG reactor. These solid deposits also contain heavy met-

als as can be seen in Figure 4.15, in this part of the solid deposit Cr, Ni and Fe.

Only one experiment (experiment 4.3.1) was conducted with Napier Grass and one
with grapevines (experiment 4.3.2). In grapevines Mn, Fe and Zn make up the biggest
part of the heavy metal contaminants. Only 3.5% of the fed Fe can be detected in the
effluents (see Figure 4.14). 35% of Mn and 10% of Zn can be detected in the salt
concentrate. The heavy metals show a similar behavior as in the gasification of Reed
Canary Grass. Fe, Pb, Mn and Zn are the main contaminants of Napier Grass. In the
experiment with Napier Grass almost no heavy metals were detected in the effluents
(see Figure 4.14) but as seen in the other gasification experiments the only detected
heavy metals were found in the salt concentrate. Little to none were found in the reactor

effluent or the rinse water. Pb was not detected at all.
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Figure 4.15: Elemental composition of solid deposits in experiment 4.3.1.

In batch experiments it was proposed that the heavy metals formed compounds with
inorganics and precipitated. Due to the detection of heavy metals in the salt
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concentrate this mechanism seems to be justified. As described in section 4.3.2.2 the
salt separation of this lab-plant does not work sufficiently under the selected conditions.
In the future an improved salt separation should reduce the formation of solid deposits
or transporting the solids towards the salt concentrate and improve the precipitation of
salts and thus also of heavy metals into the salt concentrate. Even though, the salt
separation was not optimal in the conducted experiments, it is shown that in principle
the separation of heavy metals from the reaction mixture is possible during continuous
SCWG. It can also be noted that under the chosen conditions the reactor effluent can
be considered free of heavy metals (concentration below quantification limit) and there-
fore can be treated as not contaminated. This is the most important aspect as this
effluent would either be discharged or recycled to create new feed in a commercial
application. In the framework of the CERESIS project a novel procedure for the sepa-
ration of the heavy metals from the salt concentrate was developed [152] and thus the

separation of heavy metals into the salt concentrate is the desired pathway.

4.4Process effluent recycling
4.4.1 Materials and methods

4.4.1.1 Preparation of educts

In first experiments Reed Canary Grass (RCG) (lat. Phalaris arundinacea) was used
as biomass. The grass was cultivated in Warden Law, England [136] and provided as
a dry powder by the University of Strathclyde. To compare it to a woody biomass, the
stems and branches of grapevines, provided by the University of Tuscia, were pro-
cessed. Information on the biomasses and the feed preparation is given in sec-
tion 4.3.1.1.

4.4.1.2 Apparatus
The description of the continuous lab-plant can be seen in section 4.3.1.2.
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4.41.3 Experimental

In total seven experiments were conducted (see Table 4.15). The pressure of the sys-
tem was 280 bar and the temperature of the SCWG reactor was set to 650 °C. The
flow rate was set to 700 g h't. The duration of the experiment was limited by the avail-
able amount of feed slurry and therefore varies between the experiments. Tpreheater,max
describes the maximum temperature that was set in the preheater. Except for experi-
ment 4.4.1 the maximum temperature of the preheater was 500 °C. After the preheater
salts are separated with the help of a high-pressure valve which opens in certain inter-
vals (see Table 4.15 for the chosen intervals) for a very short time (20 ms). In experi-
ments 4.4.1 and 4.4.3 the interval was extended. Both experiments (4.4.1 and 4.4.3)
ended prematurely due to formation of solids in the SCWG reactor. For that reason,

the other experiments were conducted with an interval of 120 s.

Table 4.15: Experimental conditions of SCWG process.

Ex Duration Tpre- Salt separa-
P Feed heater,max tion interval
Nr.
h S S
4.4.1 Reed Canary Grass (8 wt.%)
o 3.5* 460 180
+ distilled water
4.4.2 Reed Canary Grass (8 wt.%)
6.5 500 120
+ distilled water
4.4.3 Reed Canary Grass (8 wt.%)
2.5* 500 240

+ distilled water
4.4.4 Reactor effluent of 4.4.2 5.0 500 -
4.4.5 Reed Canary Grass (8 wt.%)

4.8 500 120
+ reactor effluent of 4.4.1&4.4.3
4.4.6 Grapevines (8 wt.%)
o 5.8 500 120
+ distilled water
4.4.7 Grapevines (8 wt.%)
4.5 500 120

+ reactor effluent of 4.4.6

*Premature end of experiment due to formation of solid deposits in the SCWG reactor.
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4.4.2 Results and Discussion

4.4.2.1 Gasification of Reed Canary Grass
To investigate the influence of recycling of the reactor effluent gasification experiments

with the grass Reed Canary Grass were conducted (see Table 4.16).

Table 4.16: Results of gasification experiments.

CE TOC- TOC content
E|\>|<p. Feed conversion  in effluent
r.
% % mg I
4.4.1 Reed Canary Grass (8 wt.%)
o 67.35 89.69 3765
+ distilled water
4.4.2 Reed Canary Grass (8 wt.%)
o 59.14 83.83 3204
+ distilled water
4.4.3 Reed Canary Grass (8 wt.%)
57.73 86.85 3230

+ distilled water
4.4.4 Reactor effluent of 4.4.2 102.73 59.32 1311
4.45 Reed Canary Grass (8 wt.%)

55.31 86.11 3902
+ reactor effluent of 4.4.1&4.4.3
4.4.6 Grapevines (8 wt.%)
o 55.18 86.20 3027
+ distilled water
4.4.7 Grapevines (8 wt.%)
51.80 86.51 3805

+ reactor effluent of 4.4.6

At first, Reed Canary Grass was mixed with distilled water (as described in section
4.4.1.1) and gasified (experiment 4.4.2). The TOC content in the feed slurry was 36115
mg kg?. The reactor effluent of experiment 4.4.2 was then gasified under the same
conditions (experiment 4.4.4). The reactor effluent had some inhomogeneities (oily
substances) on its surface that could not be detected during the TOC-measurement.
These oily substances were also recycled and gasified. Due to the inaccuracies in the
TOC-measurement, CE and the TOC-conversion might deviate in experiment 4.4.4.
Due to the low organic carbon content of the effluent a high gasification efficiency could
be reached. As the proportion of organic components decreases, the relative excess

of water increases, which results in an increased conversion efficiency [153]. The
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mixing of organic components with supercritical water is favored by a small amount of
organic matter. This leads to better decomposition of organic components towards
gases [134]. Nanda et al. and D'Jesus observed an increase in gasification efficiency
with decreasing organic content [89,135]. A lower organic content also results in a
higher hydrogen yield [153]. This has been experimentally confirmed by Lu et al. and
Nanda et al. [66,135]. The Hz-content in the product gas of the gasified reactor effluent
is significantly higher (about 46 vol.%) than in the product gas of gasification experi-
ments with biomass (about 31 vol.%) (see Figure 4.16). The high CE and the high Hz-
content indicate that the reactor effluent can be efficiently gasified and could be used

for creating new feed slurries.
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Figure 4.16: Gas composition of experiments with Reed Canary Grass for three differ-

ent feeds.

Two further experiments (experiment 4.4.1 and 4.4.3) were conducted under similar
conditions as experiment 4.4.2 to produce additional reactor effluent. The TOC content
of the reactor effluents was similar to experiment 4.4.2 (see Table 4.16). The dry bio-
mass was then mixed with the reactor effluents (instead of distilled water) to create a

feed slurry with recycled process water (experiment 4.4.5).

The TOC content of the feed slurry with recycled reactor effluent was 42044 mg kg™.
The experiments show that the recycling of process water does not influence the gas
composition of the product gas. In both experiments the content of Hz is 31 vol.%, CO2
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is 48 vol.% and CHa is 16 vol.%. The carbon efficiency decreases slightly by about 4%
from 59.1 to 55.3% when the effluent is recycled (as shown in Figure 4.17), which is
most probably due to the higher TOC content of the feed.

In general, CE is low under the selected process conditions. Due to high flow rates
(700 g h?) the residence time is short which affects CE negatively. Gasification rates
increase with increasing residence time due to further cracking of biomass molecules.
This has been demonstrated experimentally in many studies [66,89,154]. In the con-
ducted experiments the residence time is 17 s in the section of the SCWG reactor with
temperatures higher than 600 °C. Earlier work at the Karlsruhe Institute of Technology
with corn silage (5 wt.%) in a similar lab-plant showed comparable CEs in this range

of residence times (T = 50 s; CE = 60%) [92].
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Figure 4.17: Carbon Efficiency and TOC content of reactor effluent of gasification ex-
periments with Reed Canary Grass for three different feeds.

The TOC-conversion is about 0.85 in both experiments but the reactor effluent of the
experiment with recycled process water shows a higher TOC content than the reactor
effluent of the experiment with distilled water due to the higher TOC content in the feed
slurry. As shown in Table 4.17, the content of all detected organic compounds rises
when the effluent is recycled, especially the concentration of phenols. Regarding
SCWG, phenols are relatively inert [83] and thus might accumulate when recycling the

effluent more often. Further investigation on rising TOC content is needed in order to
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determine how often the reactor effluent can be recycled without excessive enrichment
of TOC in the effluent.

Table 4.17: Organics in reactor effluents of the experiments with RCG (in mg I%).

Exp. Nr. Formic Acid Acetic Acid Resorcinol Phenol
4.4.2 640 57 177 361
4.4.5 742 76 187 618

To avoid corrosion and solid deposits the content of other elements, especially salts
and metals, has also to be monitored. As shown in Table 4.18, the concentration of
calcium, phosphorus, zinc, aluminum and magnesium is approximately the same in

the reactor effluent after recycling.

Table 4.18: Elements in reactor effluents of experiments with RCG (in pg ml).

Exp. Nr. Al Ca K Mg Na S Si Zn P
4.4.2 <2(0.1) 2.51 2180 <0.8(0.1) 46.1 20.6 75,5 <0.2(0.02) 6.8
4.4.5 <2(0.3) 2.12 3850 <0.8 66.2 43.4 102 n.d.! 5.8

In.d. = not detected

The concentrations of sodium, sulfur and silicon rise when the reactor effluent is recy-
cled but remain on a low level. The most significant change can be seen in potassium.
The concentration of potassium rises from 2180 to 3850 pug ml* when the reactor ef-
fluent is reused. The implemented salt separation does not separate the salt compo-
nents efficiently (detailed description in section 4.4.2.3) but limits the accumulation of

salt building elements and metals in the reactor effluent.

Most of the experiments were only conducted once due to limited time and resources
and due to the high effort, it takes to prepare and conduct the experiments. One ex-
periment was repeated (experiment 4.4.2 and 4.4.3) to produce additional reactor ef-
fluent. In these two experiments the carbon efficiency deviated only 1.4%. A possible
source of error in TOC measurement and in CE are the inhomogeneities in the reactor
effluent which contains a small amount of an oily phase that is too small to be sepa-

rated (as stated above).
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4.4.2.2 Gasification of grapevines

In a second set of experiments grapevines were studied under the same conditions as
Reed Canary Grass. At first, the milled grapevines were mixed with distilled water (as
described in section 4.4.1.1) to create a feed slurry with about 8% dry mass and then
gasified (experiment 4.4.6). The reactor effluent of this experiment was then used to
create the feed slurry for the second experiment with recycled process water (experi-
ment 4.4.7). KOH and xanthan were also added. The TOC content of the feed slurry
with distilled water was 35120 mg kg? and with reactor effluent was 41876 mg kg™.
The experiments show that the gas composition is not influenced by the reuse of the
process effluent. The yield of the different compounds varies about £ 1% (see Figure

4.18). In both experiments the mean content of Hz is 32 vol.%, CO:2 is 49 vol.% and
CHa is 15 vol.%.
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Figure 4.18: Gas composition of gasification experiments with grapevines for two dif-
ferent feeds.

Similar to the findings with Reed Canary Grass, the carbon efficiency decreases from
55.2 to 51.8% when the reactor effluent is recycled (see Figure 4.19). At the same time
the TOC content of the reactor effluent rises from 3027 mg I to 3805 mg 2. In Table
4.19 it is shown that similar to the gasification of Reed Canary Grass, the content of all
detected organic compounds in the effluent increases when the effluent is recycled.

The TOC-conversion does not change (TOC-conversion = 86%).
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Table 4.19: Organics in reactor effluent of experiments with grapevines (in mg I%).

Exp. Nr. Formic Acid  Acetic Acid Resorcinol Phenol
4.4.6 470 32 178 440
4.4.7 808 121 312 760

A maximum TOC content of the reactor effluent needs to be defined to avoid too high
TOC contents in the feed when the effluent is reused multiple times. It might also be
possible to reduce the biomass content in the feed to lower the TOC content and there-
fore produce process effluent with constant TOC content. This needs to be investigated

in further experiments in the future.
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Figure 4.19: Carbon efficiency and TOC content of reactor effluent of gasification ex-
periments with grapevines for two different feeds.

In addition to the TOC content, the concentration of various elements (salt building
elements and metal contaminants) in the effluent is monitored. When the effluent is
recycled the contents of most contaminants (aluminum, calcium, sodium, sulfur and
zinc) are not affected, as can be seen in Table 4.20. These elements either get sepa-
rated in the salt concentrate or form solid deposits and therefore do not accumulate in
the reactor effluent. A rise in the concentration of potassium from 2430 up to
2840 pg mltcan be seen. This could also be observed in the gasification of Reed Ca-
nary Grass (see section 4.4.2.1), although the accumulation is not as significant during
the gasification of grapevines.
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Table 4.20: Elements in reactor effluents of experiments with grapevines (in pg mlt).

EXxp.
Nr.
446 <2(0.06) <2(1) 2430 <0.8(0.06) 33.3 4.1 26 n.d.t n.d.
447 <2(0.3) 6.06 2840 <0.8(0.3) 31.7 6.8 159 n.d. <4(3.2)

In.d. = not detected

Al Ca K Mg Na S Si Zn P

The recycling of reactor effluent when gasifying grapevines shows only minor disad-
vantages regarding CE and the accumulation of TOC in the effluent. In future experi-
ments the accumulation of potassium in the effluent can be avoided by not adding KOH
to the feed when K* is already contained in the effluent. The same accounts for the

gasification of Reed Canary Grass.

4.4.2.3 Separation of salts

Separation of salts is important during the process of SCWG since salts can form solid
deposits, cause blockage of the flow [102,111] and also enhance corrosion rates at T
> 500 °C [83,111,145,146]. As described in section 4.4.1.2 the salt separation is real-
ized in form of a T-fitting where salts are supposed to drop vertically down into the salt
concentrate due to low solubility in supercritical water at T > 374 °C and due to gravity.
The organic material and water leave the T-fitting upwards in an angle of 45 ° to the

SCWG reactor where the organics are gasified (see Figure 4.20).

The temperature at this T-fitting was T = 388 + 3 °C during all experiments and thus
slightly supercritical (measurement on the outside of the T-fitting). Above its critical
point water acts as a nonpolar solvent [78], in which salts generally dissolve poorly.
The change in solubility with rising temperature depends on the kind of salt and there-
fore influences the ability to separate the salts by precipitation [84]. In binary salt-water-
systems it is distinguished between type 1 and type 2 salts [68,69,85]. Type 1 salts
(e.g. K2COs, NaCl, CaCl2) are soluble in dense supercritical water and only precipitate
with further rise in temperature while type 2 salts (e.g. Na2COs, K2SO4, Na2S0a4) are
(almost) non-soluble [68,81].
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Figure 4.20: Design of salt separation in lab-plant in section 4.4.

Since the temperature of salt separation was at 388 °C, and thus only slightly above
the critical point of water, not all salts could be sufficiently removed at the T-fitting. This
leads to precipitation of some salts in the SCWG reactor due to further rising in tem-
peratures. The composition of solid deposits that are collected from the SCWG reactor
after the experiments cannot be quantitatively detected. The composition of the sam-
ples is very heterogeneous (as shown in Figure 4.21) and therefore can only be quali-

tatively described (see section 4.4.2.4).

Experiment 3.4.6

Figure 4.21: Solid sample from SCWG reactor in experiment 4.4.5 and 4.4.6.

Relevant salt forming elements in the SCWG process are K, P, S, Cl, Ca, Mg, Na and
Si [75,147,148]. In Figure 4.22 the distribution of relevant salt building elements in the
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products of experiment 4.4.2 is displayed (distribution of elements is similar in all ex-

periments).
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Figure 4.22: Distribution of salt building elements in the products of experiment 4.4.2

(concentration in feed 2 100%).

Depending on the element, between 10 and 80% of the feed-content can be detected
in the liquid products of the process. Ca, Mg, Na, S and Si can only be detected to 20%
or less. 80% of K can be detected, 40% in the reactor effluent and 30% in the rinse
water (after the experiments the reactors are flushed with water). Only 10% are sepa-
rated into the salt concentrate. As described in sections 4.4.2.1 and 4.4.2.2 the accu-
mulation of potassium in the effluent can be reduced by reducing the amount of potas-
sium that is added in the feed slurry when creating the feed slurry with recycled process
water. The mass deficit of all elements which is displayed in Figure 4.22 is very high
(except for potassium). Most of it can be assumed to be solid deposits in the reaction
system, especially in the SCWG reactor, which can only be partially collected. In case
of calcium, magnesium and phosphorus most of the feed-content is separated either
in the salt concentrate or in form of solid deposits. Thus, these elements do not accu-
mulate in the reactor effluent when it is recycled, as can be seen in Table 4.18.

Due to the high mass deficit and therefore the high amount of salt deposits that are
formed in the reactor the salt separation conditions and the hardware installed are

insufficient under the selected process conditions. Salt separation needs to be
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optimized to ensure that the precipitating salts are removed before a temperature of
approximately 450 °C is reached in the SCWG reactor. The geometry of the salt sep-
aration T-fitting might show potential for optimization. A sharper redirection of the flow
could result in better salt separation. In future experiments an inner temperature meas-
urement should also be completed to accurately determine the temperature of salt pre-
cipitation. Also, the flow velocity should be optimized.

4.4.2.4 Formation of solid deposits

Asides from salts that can precipitate and block the flow in continuous SCWG plants,
coke and char formation poses an additional process challenge. Due to the dilution of
the biomass in supercritical water the contact rate of the biomass molecules with each
other decreases, which inhibits the formation of coke [83]. Therefore, the coke and
char formation rate is smaller than in conventional gasification [115], but it cannot be
completely neglected. Coke and char formation can also cause blockage of the flow
and decreases the gasification efficiency [87,100,115]. Two of the conducted experi-
ments had to be stopped prematurely due to blockage of the flow in the SCWG reactor.
After the end of these experiments the reactor was opened and solid deposits were
removed by a drill. The same procedure was also applied when the experiment was
finished according to plan. In all experiments (except for experiment 4.4.4, where only
the reactor effluent was gasified) solid deposits were found in the top section of the
SCWG reactor (about 300 - 500 mm from the top) in which a temperature of 500 °C
was set. An additional indication of the formation of solid deposits is the poor carbon
balance of the experiment in the range of 70 to 80%. The collected samples were dried
and analyzed via SEM-EDS.

The composition cannot be analyzed quantitively due to heterogeneity of the solids
(see Figure 4.21) but can be qualitatively analyzed. Many different structures can be
seen by SEM-EDS analysis of the solid sample of experiment 4.4.5 (see Figure 4.23).
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Figure 4.23: SEM recordings of solid deposits of experiment 4.4.5.

Part of the solid deposit is made up mainly by carbon (area 3). This is visible in the

EDS-analysis (see Figure 4.24).
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Figure 4.24: EDS analysis of solid deposits from experiment 4.4.5.

Spherical structures can be seen that are fused together in stacks. Spherical carbon
structures are known from hydrothermal processes, especially hydrothermal carboni-
zation (HTC) [155-158]. The HTC process is used to synthesize spherical carbon
structures. According to Sun et al. and Li et al. the formation of the carbon spheres

follows the LaMer model [158,159], which mainly consists of two steps: nucleation and
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growth [160]. Sun et al. investigated the HTC of glucose [158]. It is proposed that glu-
cose polymerizes to form aromatic structures and oligosaccharides. Due to further de-
hydration of these intermediates nuclei are formed. These nuclei grow due to diffusion
of further organics to the surface of the nuclei [158]. During long reaction times cross-
linking and polymerization of spheres can lead to irregular structures [161]. This effect
can also be seen in Figure 4.23. Multiple spheres are fused together and have formed
stacks. The sphere formation from glucose was studied in autoclaves at T < 200 °C by
many authors [158,159,162,163]. Zheng et al. investigated HTC of starch at tempera-
tures of 500 to 600 °C [164]. They also found spherical structures, with some spheres
fused together. As outlined, the formation mechanism and carbon structures are well-
described for the process of HTC. In the process of SCWG the formation of solid car-
bon is supposed to be limited [83]. In this work the solid deposits occurred in the SCWG
reactor (T > 500 °C). Since the solid samples can not be collected during the experi-
ment and quenched down to room temperature the point in time these spherical struc-
tures formed can not be determined. The solids were collected after the lab-plant
cooled down to room temperature. While cooling down the temperature range of HTC

(typically 160 to 250 °C [20]) is passed. A possible origin of the spherical structures

could be the formation under the temperature conditions of HTC.

Figure 4.25: SEM recordings of solid deposits of experiment 4.4.6.

Spherical structures that are stuck together can also be seen in the SEM recordings of

the solid deposits of experiment 4.4.6 (see Figure 4.25). The spherical structures are
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also made up of carbon in this case (see Figure 4.26) but are larger than in the solid

sample of experiment 4.4.5.
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Figure 4.26: EDS analysis of solid deposits from experiment 4.4.6.

In area 1 clusters can be seen. These structures consist mainly of silicon in form of
silicon oxide (see Figure 4.24). Under the conditions of supercritical water gasification
silicon oxide seems to form clusters. Since the solid deposit is mainly made of silicon,
the separation of silicates, like K2(SiO2)n [148], needs to be optimized or a biomass
with low silicon content needs to be selected in order to avoid solid deposits and even-
tually blockage of the flow in the SCWG reactor. Silicon also makes up part of the solid
sample of experiment 4.4.6 but potassium is making up the biggest part in form of
planar structures (see Figure 4.25 and Figure 4.26). As described in section 4.4.2.3
potassium does not get separated by the salt separation sufficiently. This can result in
solid deposits in the SCWG reactor as can be seen in experiment 4.4.6. Thus, no KOH

should be added to the feed when K* is already contained in the recycled effluent.

Besides the described structures a planar structure can be seen in area 2. The EDS-
analysis (see Figure 4.24) shows that this structure mainly consists of nickel. There-
fore, this is a corrosion product which originated from the reactor wall. It is known that
alkaline salts cause corrosion under the process conditions present [112,146]. The
reactor wall thickness needs to be monitored in order to ensure safe operation of the

laboratory plant.
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Salt building elements (Si, Mg, Ca, P and K) can also be detected throughout both
samples (see Figure 4.24 and Figure 4.26). This indicates that various salt deposits
have formed and thus shows that the salt separation prior to the SCWG reactor is

insufficient (as described in section 4.4.2.3).

The composition of the solid deposits is complex. Corrosion can be minimized by lim-
iting the amount of salts in the SCWG reactor. The solid deposits seem to be mainly
made up by salts (especially silicon and potassium compounds). This issue needs to

be addressed by optimizing the salt separation.

4.4.2.5 Estimation of water savings through effluent recycling

In the experiments, the feed slurry was pumped with 700 g h*. In the slurry approxi-
mately 640 g h! is water. On average 570 g h'! of reactor effluent is collected. Due to
separation of the salt concentrate after the preheater not the whole amount of water in
the feed slurry can be collected in the reactor effluent. In a continuous process the
deficit (70 g h't) needs to be made up with distilled water. This amounts to water sav-

ings of 89 % when the complete reactor effluent is recycled (see Eqg. 4.3).

. g
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water savings = — et — —_h — (89 (4.3)
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To create a feed slurry with 8 wt.% biomass, for 1 kg of dry biomass usually about
11 kg of fresh distilled water is necessary. With the recycling of process water only

about 1.2 kg of fresh water is needed.

4.5Conclusion

In the present chapter, first investigations of the SCWG process with contaminated,
dry biomasses were conducted. It was demonstrated that the separation of heavy
metal contaminants from biomasses was possible with a process integrated salt sep-
aration. The heavy metal separation was not influenced by the type of plant that was
gasified (Reed Canary Grass, Napier Grass, grapevines). The reactor effluent was
heavy metal-free under all conditions tested (concentrations below quantification limit).
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An extensive study on the processability of different biomass types was carried out
because flexibility regarding the biomass type would be beneficial for an application of
SCWG. For ten different biomasses, it was demonstrated that the macroscopic ap-
pearance, i.e. woody or grassy biomass, and the level of humidity did not influence the
carbon efficiency. Carbon efficiency was 60.3 £ 5.1% for all biomasses. The feed prep-
aration is important in the process of SCWG. Sufficient size reduction is important to
avoid plugging of the feed tubing (plugging occurred when size of biomass patrticles
was reduced to about 1 mm with tubing with inner diameter 2.5 mm). It can be con-
cluded that no significant differences could be determined. Thus, when pretreating the
biomasses in the same way all of them could be gasified equally well and thus all of

them can be considered for preceding phytoremediation.

Solid deposits formed in the reaction system (containing coke, salt building elements
and heavy metals), leading to plugging in most cases. Salt and thus heavy metal sep-
aration strongly depend on the preheating temperature prior to salt separation. Salt
separation temperatures of 394 °C or lower are not sufficient for complete salt separa-
tion. This led to formation of solid deposits containing coke, salts and heavy metals in
the reaction system. It can be concluded that in principle the process of SCWG can be
suitable for processing dry biomasses, however due to the relatively low CE, the for-
mation of solid deposits and the remaining TOC in the effluent, the realization of the
SCWG process in this process design is not recommendable and further process de-
velopment is necessary. To avoid blockage of the flow and enable long-term operation
further improving of the salt separation, especially the temperature profile, needs to be
investigated. In the following experiments an inner temperature measurement, which
is very difficult due to the high pressure and high temperature environment, was com-
pleted to accurately determine the temperature of salt precipitation. The set tempera-
ture of the preheater should be in such way that the salt separation temperature can
then be reached right before the T-fitting. At the same time the flow speed of the pre-
heater needs to be high enough to transport precipitating salts to the salt concentrate
and to avoid blockage of the preheater. Additionally, faster heating rates should be
applied to reduce solid coke deposit formation.

Lastly, as dry biomasses are used it is important to consider the amount of water that
is needed to create a pumpable feed slurry. To reduce the amount of fresh water



Chapter 4. First investigations of dry biomasses in SCWG 69

needed an investigation on the possibility to recycle the process effluent was con-
ducted. It was demonstrated that the recycling of the SCWG effluent to produce new
feed slurry was possible for dry biomasses. The gasification was successful with a
grass, Reed Canary Grass, and a wooden biomass, grapevines. About 89% of the
needed water to dilute the feed can be saved by reusing the effluent. The gas compo-
sition was not influenced by the reuse of the effluent. The carbon efficiency decreased
only by 4%, probably due to the higher TOC content of the feed. The TOC content and

the content of potassium rise in the reactor effluent when the effluent is recycled.
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Summary of chapter 5

The formation of solid deposits in the process of supercritical water gasification
(SCWG) is one of the main problems hindering the commercial application of the pro-
cess. Seven experiments were conducted with the grass Reed Canary Grass with dif-
ferent preheating temperatures, but all ended early due to the formation of solid de-
posits (maximum operation of 3.8 h). The position of solid deposits in the lab plant
changed with the variation in the temperature profile. Since the formation of solid de-
posits consisting of salts, coke, and corrosion products is a severe issue that needs to
be resolved in order to enable long-time operation, inner temperature measurements
were conducted to determine the temperature range that corresponds with the zone of
solid formation. The temperature range was found to be 400 to 440 °C. Wherever this
temperature was first reached solid deposits occurred in the system that led to block-
age of the flow. Additional to the influence of the temperature, the influence of the flow
direction (up-flow or down-flow) on the operation of the continuous SCWG plant was
examined. If salts are not separated from the system sufficiently, up-flow reactors
should be avoided because they amplify the accumulation of solid deposits leading to
a shortened operation time. The heating concept coupled with the salt separation
needs to be redesigned in order to separate the salts before entering the gasification
reactors. Outside of the determined temperature zone no deposition was visible. Thus,
even though the gasification efficiency was low it could be shown that the operation
was limited to the deposits forming in the heating section and not by incomplete gasi-

fication in the reactor where T > 600 °C.
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5.1Introduction

As described in Chapter 4, the process of supercritical water gasification can be suita-
ble for the processing of contaminated, dry biomasses. Even though, the contamina-
tion itself is not a crucial issue influencing the process, salt separation and coke for-
mation are. To further improve the process and with that to enable long-term operation
it is important to further understand the phenomena hindering long-term operation.

Common obstacles in the process of SCWG hindering a commercial application in-

clude the ability to pump biomass slurry, corrosion, and the formation of coke [83,108].

Corrosion arises from the extreme process conditions and the gases and minerals
formed within the process [82]. Especially, precipitating salts enhance corrosion at T >
500 °C [83,111,112]. Salts are generally poorly soluble in supercritical water and thus
precipitate [69,84,109,110]. This enhances corrosion rates but can also lead to the
blockage of the flow [113,114]. It is thus important to separate salts from the reaction

system after they precipitate.

SCWG exhibits lower coke formation compared to conventional gasification methods
[64,115]. The dilution of biomass in supercritical water reduces the interaction rate
among biomass molecules, thus inhibiting the formation of tar and coke [83]. However,
coke formation, even in low quantities, still plays a significant role, leading to decreased
gasification efficiency and potential flow blockages [87]. Coke predominantly originates
from the polymerization of aromatic intermediates, such as furfurals [116,117]. Coke
formation may occur in heated pipelines due to temperature ranges that promote their
development. Kruse et al. found high concentrations of these aromatic intermediates
at subcritical temperatures [118]. Utilizing high heating rates can help minimize coke
formation [118-120].

The following chapter deals with one of the main obstacles described above, the salt
precipitation, which also appears to be the major issue causing plugging in the first
experiments, as described in Chapter 4. As stated above, precipitating salts can cause
corrosion and plugging of the reactors. Thus, salts need to be removed after reaching
the supercritical state of water. The behavior of salt—water mixtures under supercritical
conditions of water has been studied in the past by other authors [68,69,85,111]. How-

ever, it is important to study the precipitation also for biomasses which contain salts in
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various forms, in order to design the salt separation properly. Thus, a thorough inves-
tigation of the salt precipitation temperature was carried out.

5.2Materials and methods

5.2.1 Preparation of educts

The grass Reed Canary Grass (RCG) (lat. Phalaris arundinacea) was used as biomass
source for the gasification experiments. Prior experiments had shown that there are no
major differences in the gasification of different plants (see section 4.2), and thus, for
the investigation of the present work, only one grass was chosen. The plant was pro-
cessed in the form of a dry powder with a grain size smaller than 0.25 mm. The ele-

mental analysis of the biomass is displayed in Table 5.1.

Table 5.1: Elemental analysis of RCG (in wt.%).

Biomass C H N S K Ca Mg P Si

Reed Canary
489 7.46 <03 0.09 0.29 0.17 0.05 0.10 23
Grass

The feed slurry was created by adding distilled water to the biomass powder in such a
ratio that a dry matter content of 8 wt.%. was achieved. Xanthan, supplied by Carl Roth
GmbH (Karlsruhe, Germany), was added as a thickening agent (0.5 wt.% based on
slurry mass) to prevent phase separation, and KHCO3s (5000 mg K*/kg feed slurry),
supplied by VWR International GmbH (Darmstadt, Germany), was added as a homo-
geneous catalyst. The homogeneous catalyst was chosen as it is known to enhance
gasification efficiencies [165]; however, other homogenous catalysts such as K2COs,
KOH, or NaOH would have also been possible [166]. Even though, the homogenous
catalysts are known to enhance gasification efficiencies, they might also contribute to
plugging if the salt removal in the process is insufficient. A variation in catalyst concen-

tration was not performed in the present work.
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5.2.2 Apparatus

The SCWG experiments were performed in a continuous lab-plant for high pressure (p
< 300 bar) and high temperature (T < 700 °C) conversion of biomass compounds. In
the past, the laboratory plant has been redesigned several times. In the present chap-

ter, the following two configurations are assessed and compared.

5.2.2.1 Configuration 1

The description of Configuration 1 can be found in section 4.3. Compared to Configu-
ration 2, a shorter preheater and only one instead of two reactors were installed. The
periphery of the system (low pressure system after the reactor, feed system) is the

same as in Configuration 2.

5.2.2.2 Configuration 2
In Configuration 2, the lab-plant consists of a preheater and two gasification reactors

(see Figure 5.1.).

The preheater, constructed from the nickel-based alloy Inconel 625, has an inner di-
ameter of 8 mm and a length of 1200 mm. It is equipped with a liner to reduce the inner
diameter. Two different liners are used, one made of SS316 with an inner diameter of
3.2 mm and one made of titanium with an inner diameter of 1.5 mm. To heat the pre-
heater, five electric spiral heaters are positioned externally, each with two thermocou-
ples attached to the outer wall of the pipe. In the preheater, the water is heated to its
supercritical state. Due to the changes in properties of water, salts are poorly soluble
in the supercritical region and thus precipitate. This process is intended to happen at
the salt separation, which is realized in the form of a T-fitting at which the flow is redi-
rected sideways. The salts are supposed to drop down vertically into the salt concen-
trate due to gravity, while the organics are intended to follow the water stream to the

SCWoG reactor (a schematic drawing can be seen in section 4.4).
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Figure 5.1: Schematic diagram of lab-plant in Configuration 2.

The gasification reactors, also made of Inconel 625, have lengths of 1100 mm and
1800 mm, both with an inner diameter of 8 mm. Reactor 1 is heated externally using
an electric spiral heater and three electric rod heaters, while Reactor 2 is heated using
one electric spiral heater and six electric rod heaters. Thermocouples are mounted on
the outer wall of both reactors to monitor temperature, with seven thermocouples for

Reactor 1 and nine for Reactor 2.

The products are quantified using scales (Soehnle Industrial Solutions GmbH,
Backnang, Germany) and gas meters (Ritter Apparatebau GmbH & Co. KG, Bochum,
Germany). Throughout the experiment, liquid and gas samples are collected at regular
intervals. The evaluation is conducted under steady-state operating conditions, ensur-

ing constant gas composition and production.

To pressurize the system, water is pumped using a high-pressure pump (ProMinent
GmbH, Heidelberg, Germany) and subsequently heated. The process control system
is used for setting the temperatures required for this purpose. The system’s pressure
is regulated by a TESCOM back-pressure regulator (Emerson Automation Solutions,

Selmsdorf, Germany) in the cold part of the lab plant after the reactor.
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5.2.3 Experimental
In Table 5.2, the conducted experiments of Configuration 1 are listed in which the bio-

mass and the preheating temperature were varied (data from sections 4.3 and 4.4).

Table 5.2: Conducted experiments in Configuration 1 (data from sections 4.3 and 4.4)

Exp. _ Preheating Temperature* _ _ _ _

- Biomass oc Location of Formation of Solid Deposits
H1 H2 H3

5.1 Reed Canary Grass 250 350 460 Reactor (30-50 cm from top)

5.2 Napier Grass 350 450 500 Reactor (30-50 cm from top, no plugging)

5.3 Reed Canary Grass 350 450 500 Reactor (30-50 cm from top)

5.4 Reed Canary Grass 350 450 500 Reactor (30—70 cm from top)

5.5 Grapevines 350 450 500 Reactor (30-50 cm from top)

5.6 Reed Canary Grass 390 500 550 Preheater (65—75 cm from top)

* Heater (H) 1 to 3 from top to bottom of preheater.

The SCWG experiments were conducted with a reaction temperature that was set to
650 °C and the pressure of the system was kept at 280 bar. These conditions were
chosen out of experience. In general, the pressure does not influence the process sig-
nificantly according to the literature [89,90]. The gasification efficiency increases with
increasing temperature. D'Jesus showed that a temperature of at least 650 °C should
be chosen for gasification efficiencies higher than 80% when gasifying 5 wt.% corn
silage at different residence times [89]. The biomass content in the feed was 8 wt.%

and the flow rate was 700 g h™* in the present study.

In Table 5.3, the seven conducted experiments in Configuration 2 are listed in which
the preheating temperature and the inner material of the preheater (SS316 and tita-
nium) were varied. With the variation of materials, a variation in the inner diameter was
also realized. The experiments were conducted once. Also, the according inner tem-

perature profiles were measured once.



Chapter 5. Systematic investigation of salt precipitation 77

Table 5.3: Conducted experiments in Configuration 2 (used biomass: RCG).

Exp. Li Preheating Temperature® Location of Formation of Solid
iner
Nr. °C Deposits

HlI H2 H3 H4 H5

5.7 SS316 (3.2mmi.D.) 450 500 500 500 500 Preheater (65-75 cm from top)
58 SS316 (3.2mmi.D.) 350 450 500 500 500 Preheater(100-120 cm from top)

59 SS316 (3.2mmi.D.) - - 350 450 500 Preheater (95-105 cm from top)
5.10 SS316 (3.2mmi.D.) - - - 430 570 Preheater (80—105 cm from top)
511 SS316 (3.2mmi.D.) - - 250 350 400 Reactor 1 (30—-40 cm from bottom)

5.12 Titanium (1.5 mmi.D.)
5.13 Titanium (1.5 mmi.D.)

350 450 500 Reactor 1 (10-20 cm from bottom)
275 375 475 525 Preheater (exact location not de-

tectable due to small diameter of

liner)

*Heater (H) 1 to 5 from top to bottom of preheater.

5.3 Results and discussion

5.3.1 Influence of temperature on solid formation in SCWG

SCWG experiments conducted with Reed Canary Grass, Napier Grass, and grape-
vines in Configuration 1 showed that when processing lignocellulosic biomasses, solid
deposits can occur in the reaction system that cause a blockage of the flow (see sec-
tions 4.3 and 4.4). The solid deposits consist of carbon, precipitating salts, and corro-
sion products. In previous investigations, it was concluded that the formation of solid
deposits can most likely be avoided through sufficient salt separation. The salts were
not separated completely (30 wt.% or less of the salt forming elements were removed
flow (see sections 4.3 and 4.4)) as the salt separation temperature was only slightly
supercritical (at max. 390 °C). The salts that were not removed at the salt separation
were transported to the gasification reactor where they precipitated due to the further
increase in temperature. An optimization could possibly be conducted in terms of ge-

ometry and in terms of salt separation temperature.

These measures were realized in Configuration 2. The optimization of the geometry
was realized in the form of a sharper redirection of the flow in the salt separation T-

fitting (see Figure 5.2) by extending the liner in the preheater past the outlet in the T-
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fitting that leads to the gasification reactors. The flow redirection is more extreme in
Configuration 2, in theory resulting in more salts depositing in the salt concentrate due
to gravity. At the same time, the preheater was prolonged from 750 mm to 1200 mm
in order to achieve higher temperatures at the T-fitting due to a longer heating range
without exceeding 500 °C outer temperature, so that excessive local hot-spots at the

reactor wall are avoided.

Preheated Preheated
Feed Feed
l Reaction l Reaction

Mixture to Mixture to

SCWG

’ Reactor

SCWG

’ Reactor

Salt Salt
Concentrate Concentrate
Figure 5.2: Salt separation T-fitting. Red line: flow of reaction mixture. Yellow line:
salts separating into salt concentrate. (left): Configuration 1, investigated in sections
4.3 and 4.4. (right): Configuration 2.

Seven experiments were conducted with different preheating temperatures in Config-
uration 2. All conducted experiments, as listed in Table 5.3, ended early due to the
formation of solid deposits. The maximum operation duration with the SS316 liner was
3.8 h. The deposits occurred in the preheater and in Reactor 1 depending on the tem-
perature profile of the preheater. As a first countermeasure, a liner with a smaller inner
diameter was installed to increase the flow rate in the preheater to improve the removal
of possible precipitating solids. In order to avoid the possibility of the carbon formation
on SS316 (through coke formation which can be catalyzed by nickel [167]), this new
liner was made out of titanium (experiments 5.12 and 5.13). In these two experiments,
solid formation occurred in less than 1.7 h and the location changed again with the

preheating temperature profile. In previous work, the authors proposed that salts
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mainly precipitate in the reaction system at temperatures of about 450 °C (see sections
4.3 and 4.4). For that reason, at a salt separation temperature of only 390 °C, the salts
were not separated sufficiently. In the present experiments, the proposed temperature
that leads to solid formation seems to be reached in the preheater when setting the
maximum preheating temperature at 500 °C or above when using the SS316 liner. The
precipitating salts are not transported to the salt concentrate but rather deposited in
the preheater. It is interesting to note that the location of the solid deposits in the pre-
heater varies with the temperature profile. In experiment 5.7, the proposed temperature
range seems to be reached far earlier than in the other experiments due to the long
heating zone with an outer temperature of 500 °C and thus the solids were found at 65
to 75 cm from the top in the preheater (the middle of the preheater). In the other ex-
periments with the SS316 liner, they occur further down towards the end of the pre-
heater since less heating was applied. When the preheating temperature was below
500 °C (experiment 5.11), the deposits occurred in Reactor 1. In this case, the temper-
ature at the salt separation point was only 365 °C (measured on the outside of the T-
fitting) and thus not sufficient to separate salts. The same accounts for the titanium
liner where a higher outer temperature and a longer heated zone was necessary in
order to reach the proposed temperature range due to the smaller diameter and thus
higher flow speed.

Since the formation of solids is the predominant issue hindering long-time operation in
both configurations 1 and 2, the temperature zone of solid deposit formation is of great
interest. Therefore, an inner temperature measurement was conducted. The inner tem-
perature measurement was conducted by inserting a 1/16-inch capillary (material:
SS316) into the preheater and Reactor 1 (over the whole length of the preheater/reac-
tor) as shown in Figure 5.3. The inside of the capillary is open to the environment while
the outside is in contact with the reaction medium. A thermocouple (0.5 mm diameter)
can be inserted into the capillary and moved along the axis of the preheater/reactor to
obtain a temperature profile over the whole length of the preheater/reactor. Due to the
small diameter of the capillary, it is assumed that the temperature profile is not changed
when inserting the capillary. Additionally, it can be assumed that the measured tem-
perature profile is equal to the temperature profile during experiments since the capil-
lary’s walls are so thin that temperature gradients due to heat transfer can be ne-

glected. D’'Jesus found that there is no difference in measuring the inner temperature
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profile with this method when water is flowing through the system compared to biomass
slurry [89]. Thus, for simplicity and to avoid corrosion on the capillary, the temperature
measurement is conducted with water. The inner measurement in the preheater could
only be conducted with the SS316 liner and not the titanium liner since the inner diam-

eter of the titanium liner (1.5 mm) was too small to insert a capillary.

Fluid

Outer Pipe

Capillary

‘ Outlet

T-Fitting

Thermocouple

Figure 5.3: Set-up of the inner temperature measurement.

The temperature measurements of the preheater show that the outer pipe temperature
profile is (almost) the same during the real experiment and during the temperature
measurements with water. They display that the inner temperature is up to 100 °C
colder than the set temperature on the outside of the preheater in parts where an out-
side temperature of 500 °C is reached (see Figure 5.4). Long zones of set outside
temperatures of 500 °C are necessary to reach an inner temperature of more than 400
°C. When comparing the measured inner temperature profile and the locations of solid
formation for experiments 5.7, 5.8 and 5.9, the temperature range of solid formation
lies between 400 and 440 °C in all cases, while the outside temperature is set at 500
°C.

The inside measurements of Reactor 1 reinforce the knowledge gained from the meas-
urements in the preheater (see Figure 5.5). When the maximum preheating tempera-
ture was set to 400 °C in the case of the SS316 liner and to 500 °C in case of the
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titanium liner, the crucial temperature range of 400 to 440 °C is not reached within the
preheater. Subsequently, this temperature range is first reached in Reactor 1 (where
the outside temperature is set to 600 °C) as shown by the inside measurement con-
ducted under the set temperatures of experiment 5.11 and 5.12. In this case, the solids

also formed in a place where 400 to 430 °C were reached.
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Figure 5.4: Outside and inside temperature profile of experiment 5.7.
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Figure 5.5: Outside and inside temperature profile of experiment 5.11.
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In the preheater and as well in Reactor 1, the solid deposits occurred in the same
temperature range. In this temperature range, salts precipitate and coke seem to form.
Itis well known that salts precipitate at temperatures above 374 °C [84,111]. The ability
to separate salts by precipitation depends on the kind of salt. In binary salt—water sys-
tems, salts are divided into type 1 and type 2 salts [68,69,85]. Type 1 salts dissolve in
dense supercritical water and only precipitate when the temperature is further in-
creased (e.g., KHCO3 [68]), while type 2 salts are poorly soluble in supercritical water
(e.g., NazSO4 [81]). Thus, in the crucial temperature range of 400 to 440 °C, type 2
salts precipitate but the solubility of type 1 salts also decreases significantly. Due to
the addition of KHCOs3 as a catalyst in large quantities, this salt is the predominant one
present in the system. In a KHCOs—water mixture, Schubert found that a significant
amount of potassium can be separated at a salt separation set point of 470 °C, which
equals a fluid temperature of about 410 °C in their system [68]. This temperature fits
in the interval determined in the present work. In the present case, the precipitation of
salts is wanted in the preheater in order to separate them into the salt concentrate. The
salts would need to be transported to the salt concentrate by the drag of the water flow,
which they are not in the present experiments. Rather, they deposit on the reactor
walls. This is also the case when the flow speed is increased through a smaller inner
diameter, as shown in experiment 5.13 with the titanium liner. In the titanium liner, the
Reynolds (Re) number (calculated based on properties of water taken from IAPWS-
IF97 data base) is greater than 3000, and thus, the flow can be assumed to be turbu-
lent, while in the SS316 liner, the flow is either laminar (Re < 2300) or in the transition
between laminar and turbulent (2300 < Re < 3000) (see Table 5.4).

Table 5.4: Flow velocities and Re numbers for different temperatures in the preheater.

SS316 Liner Titanium Liner

(i.D.=3.2mm) (i.D.=1.5mm)
Temperature / °C 400 440 400 440
Velocity u/cm s™ 9.32 17.22 29.45 54.43
Re /- 2169 2568 3856 4566

The state of the flow thus does not seem to influence the transportation of the solids.
A possible reason for this is that the reactor wall is the hottest point in the system as
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the reactors are heated from the outside, so there, the solubility of the salts is the
lowest and they deposit there. A different heating concept could be implemented in

order to avoid this if the present salt separation technique is kept.

In addition to the salt precipitation, coke formation was observed in the present exper-
iments and in the experiments conducted in sections 4.3 and 4.4. A possible explana-
tion for this can be found when looking at the hydrothermal liquefaction (HTL) of bio-
mass. HTL usually is conducted at temperatures lower than 370 °C and elevated pres-
sures of up to 250 bar [28]. The optimal temperature range of HTL for the maximum
oil yield depends on the type of biomass, but in general, 275 to 350 °C seems to be
optimal [168-171]. At lower temperatures, the biomass is not fully converted, whereas
at higher temperatures, the formation of coke is increased due to repolymerization
[172]. The optimal residence time also depends on the type of biomass, but in general,
too long residence times increase the coke and gas yield due to repolymerization and
cracking [172-175]. The residence time in the preheater is about 6 s with the titanium
liner and about 29 to 37 s for the SS316 liner in the conducted experiments (depending
on the temperature profile). Generally, HTL is conducted in multiple minutes rather
than seconds [176—179], but in some cases, residence times as short as 1 or 1.4 min
were sufficient to liquefy biomass [180,181]. The residence time in the present experi-
ments under normal operation is too short to explain the coke formation. Assumedly,
the coke formation thus might appear after salts precipitate, and thus, obstacles in the
flow regime are formed at which biomass particles can get stuck. In this case, the
residence time in the preheater is significantly prolonged for these particles. Addition-
ally, once the system is blocked, no flow is possible anymore. Even without active
heating, it takes several minutes to hours for the temperature to fall below the HTL
temperature range due to the installed insulation leading to increased coke formation.
Salt separation thus is the main issue that needs to be resolved.

As there is no sign of deposits outside this temperature window that could cause a
blockage of the flow, a SCWG configuration should be developed that applies rapid
heating of the biomass slurry to temperatures above the determined 400 to 440 °C,
possibly without the pipe being the local hotspot. This might overcome the issue of salt

depositions due to slow external heating, as it is the case in the present work.
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5.3.2 Influence of flow direction on the separation of solids

In Configuration 1, only one gasification reactor was used (1800 mm long). For Con-
figuration 2, additionally to the redesigned preheater/salt separation, a second reactor
was installed to increase the residence time in the temperature range of T > 600 °C.
The residence time increased from 17 to 51 s. With this measure, the residence time
was increased without changing further parameters. A reduction in the flow rate, for
example, would also increase the residence time but also influence temperature pro-

files and the flow regime.

It is well known from the literature that an increase in residence time increases the
gasification efficiency since the splitting of biomass towards gases can further proceed
[66,67,143]. Compared to Configuration 1, the gasification efficiency increased by
roughly 7%, from 59 to 66% (experiment 5.3 and 5.9) (see Table 5.5).

Table 5.5: CE and TOC conversion of conducted experiments (flow rate = 700 g h™).

Exp. NI. Duration CE TOC conversion
h % %
Configuration 1
5.3 6.5 59.1 83.8
5.4 2.5 57.7 86.9
Configuration 2
5.7 0.25 - -
5.8 0.25 - -
5.9 3.5 65.8 86.0
5.10 3.8 66.7 85.4
5.11 2.5 63.4 86.0
512 1.7 58.1 90.0
5.13 0.8 - -

Literature shows that this increase in residence time is by far not sufficient to reach a
full conversion of the biomass. D’Jesus et al. showed that residence times above 2 min
are necessary in order to gasify 5 wt.% corn silage completely at T = 650 °C [92]. When
comparing the present results with the results achieved by D'Jesus et al. [92], the
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gasification efficiency is in the same magnitude. Thus, in the present case, the resi-
dence time needs to increase further to achieve complete gasification, and the issues
described in section 5.3.1 need to be resolved. The increase in residence time did not

influence the gas composition, as can be seen in Figure 5.6.
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Figure 5.6: Gas composition for configuration 1 and 2.

The implementation of the new reactor (Reactor 1) resulted in new obstacles. When
plugging in the gasification reactors occurred, it occurred after less than 2.5 h (experi-
ments 5.11 and 5.12). In Configuration 1, operation of up to 6.5 h could be achieved
before the plugging of the reactor. The reason for this seems to be the flow direction
in the reactors. In Configuration 1, the reactor is a downflow reactor, and the newly
implemented reactor (Reactor 1) in Configuration 2 is an up-flow reactor. The flow di-
rection is important for transporting deposits to the outlet of the system (reactor efflu-
ent) to avoid plugging. In the downflow reactor, the gravity and the flow direction result
in a force in the same direction, while in the up-flow reactor, they act as opposite forces.
Thus, in the up-flow reactor, the deposits (especially the precipitating salts) are not as

easily transported with the flow and thus blocking occurs quicker.

An indicator for this is the potassium concentration in the reactor effluent during exper-
iments with only Reactor 2 and with two reactors installed. During operation with only
Reactor 2, 1090 to 2180 ppm K* is detected in the effluent, and during operation with

two reactors, on average, only 465 ppm K* is detected (see Table 5.6).
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Table 5.6: Potassium concentration in the reactor effluent.

Exp. NF. K* added to the feed K*in reactor effluent
ppm ppm
Configuration 1
5.3 5000 2180
>4 5000 1090
Configuration 2
5.9 5000 168
5.10 5000 163
5.11 5000 1260
5.12 5000 270

A reduced number of salts in the effluent is wanted if the salts instead are accumulated
in the salt concentrate. But since salt separation was not improved with the newly im-
plemented salt separation system (see Figure 5.7), the difference in potassium stays

in the system as solid deposits which can be seen by the increase in potassium in the

rinse water.
Exp. 5.3 Exp. 5.9
100 100
X 804 £ 80
€ €
£ 601 2 601
: ] :
w w
5 404 - ‘S 404
o S
£ : -
" 20 »n 20
ol , . == o<--, i! LI
Ca K Mg Na S Si Ca K Mg Na S Si

[ IMass Deficit [ |Sumps[___|Rinse Water
|

Salt Concentrate] | Reactor Effluent

[ |MassDeficit [ |Sumps[__]Rinse Water
=

Salt Concentrate] | Reactor Effluent

Figure 5.7: Distribution of salt building elements for two configurations.

During cooling of the plant, potassium is soluble again and is washed out of the system.
To reach a certain amount of solid deposits, it thus takes less time which leads to
quicker plugging. Reactor 1 also needs to be constructed as a downflow reactor to
increase the operation time if the salt separation is not sufficient. In the case of
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complete salt removal before the gasification reactors, the flow direction in the reactors
should not influence the process.

The described issues that result in the short duration of experiments are mainly due to
chemical and physical effects (coking and salt precipitation) in the temperature range
of 400 to 440 °C. Thus, resolving the heating problem and with that also the issue of
salt separation should enable long-term operation. In the current lab plant with the
chosen throughput, the residence time is very low (D’Jesus found that residence times
well above 2 min are necessary to gasify 5 wt.% corn silage at T = 650 °C completely
[92]), but still sufficient for some organics. This becomes clear when gasifying ethanol
solutions (up to 72 wt.% ethanol), with no salts in it. Long-time operation with CE =
100% was achieved, as outlined in detail in Chapter 7. RCG obviously requires a higher

residence time, as seen in the currently achieved CE.

5.4Conclusion

The salt precipitation during the supercritical water gasification of biomass was inves-
tigated in a continuous SCWG lab plant. By inner temperature measurements in a
complex setup, it was discovered that the temperature range in which salts mainly
precipitate is 400 to 440 °C. In order to reach the reaction temperature of 650 °C, this
temperature window needs to be passed. This could be used to separate the salts from
the reaction mixture. However, since the salt separation installed, which is supposed
to remove the precipitating salts by gravity, was not able to separate the salts in the
current setup, blockage of the flow in the reactors occurred. Additionally, the influence
of flow direction in the lab plant on the duration of operation was investigated. The
tendency to block the flow by precipitation is strongly influenced by removing the salts
by gravity and drag of the flow. It was thus found that the direction of flow is an im-
portant factor to consider during salt separation. The importance of the understanding
of chemical and physical effects during the heating of biomass slurries in the process
of supercritical water gasification was demonstrated. Future optimization of the heating
concept coupled with the positioning of the salt separation device is necessary in order

to enable long-time operation of SCWG with salt containing biomasses.
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Summary of chapter 6

A novel reactor concept for supercritical water gasification was developed, where cold
biomass is mixed with supercritical water for heating. This approach enhanced gasifi-
cation efficiency and reduced solid deposition. Following proof of concept over 100
hours, a parametric study was conducted, varying biomass type, dry matter content
(1.3-8.2 wt.%), temperature (550-700 °C), pressure (240-300 bar), potassium addition
(0-3750 ppm), and residence time (0-42 s). Results showed that biomass type, pres-
sure, and potassium addition had minimal impact on the process. Higher biomass con-
centration reduced carbon efficiency (CE) but CE maintained levels around 80%. In-
creasing residence time at reaction temperature significantly improved CE up to 8 s at
650 °C (t =0s, CE =27%; t = 8 s, CE = 72%), beyond which gains plateaued. Tem-
perature strongly influenced CE (T = 550 °C, CE = 58%; T = 700 °C, CE = 91%) and
gas composition, with higher temperatures reducing organic carbon and tar formation
but increasing methane (T = 550 °C, 9.5 vol.% CHa4; T = 700 °C, 15.9 vol.% CHa4) and
C2+ (T =550 °C, 2.3 vol.% C2+; T = 700 °C, 5.1 vol.% C2+) content. Deviations in gas
composition from equilibrium calculations, conducted with ASPEN HYSYS, suggested
insufficient steam reforming, potentially addressable with a nickel catalyst. An empirical
multi-linear regression model was developed, accurately predicting outcomes for the
studied biomasses and reducing experimental effort for process optimization. Overall,
the study demonstrates the reactor concept's superior performance and provides a
strong foundation for further developing and optimizing supercritical water gasification

processes that could potentially be applied to other feedstocks.
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6.1Introduction

Although, SCWG offers the possibility of hydrogen- or methane-rich product gas from
difficult-to-utilize biomasses such as sewage sludge there has not yet been a commer-
cial application (to the best of the author's knowledge). This is due to several obstacles
in the process [108]. As described in the previous chapter the salt separation appears
to be the major bottleneck at lab-scale. It was found that the gradual heating of the
biomass slurry to supercritical temperatures by electrically heating the pipes leads to
the formation of solids on the reactor walls, since the temperature is locally the hottest
at the wall and thus the solubility of the inorganics is the lowest there. Thus, the pre-
cipitating salts stick to the wall instead of being separated. A different heating concept
needs to be adapted. An alternative heating concept can be derived from pilot-scale
results produced in the VERENA plant at KIT [129]. When they had implemented heat-
ing from the outside of the reactor (as done in this work in Chapter 4) they also ob-
served plugging [182]. Therefore, they developed the so-called “two-stream concept”,
in which a pure water stream is heated to supercritical temperatures and then mixed
with cold biomass slurry. This process achieves rapid heating of the biomass, without
the need for external heating through the reactor walls. In the two-stream concept solid
formation was reduced and no plugging occurred in the pilot plant [108]. Due to the
configuration of the pilot plant a maximum reaction temperature of only 550 °C was
achieved, resulting in a gasification efficiency of less than 60%. A similar setup has
been investigated in the past at KIT on lab-scale [183]. However, there was no salt
separation. Additionally, it was not possible to ensure that the feed slurry enters the
mixing point at T < 100 °C. Thus, further development is required to implement a work-

ing two-stream concept at lab-scale.

Once a working SCWG concept has been developed, it is important to investigate the
influence of the key process parameters such as biomass concentration, temperature,
pressure, catalyst addition and residence time. With such parametric studies, process
limitations and the parameter set that generates the maximum amount of product gas

with the least input (energy and cost) can be determined.

In this chapter, the two-stream concept has been adapted and further developed on a
lab-scale. This newly developed SCWG system is described and tested. After success-
ful proof of concept, a parametric study is performed to fully characterize the new
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system, including variation of biomass type and concentration, temperature, pressure,
residence time and addition of homogeneous catalysts. Since some process parame-
ters showed a linear influence on the gasification efficiency and gas composition, an
empirical model describing the present SCWG system was derived based on multi-
linear regression and subsequently verified. The model can be used to predict the out-
come of new parameter sets for the studied biomasses. The parametric study is ac-
companied by simulation of equilibrium gas compositions and gas production, carried
out in ASPEN HYSYS V14, to determine where further improvement is possible.

6.2Materials and methods

6.2.1 Setup

The gasification experiments are carried out in the continuous lab-plant for high pres-
sure (p < 300 bar) and high temperature (T < 700 °C) conversion of biomass com-
pounds. In the present configuration, the lab-plant consists of three main parts: the

water preheater, the salt separator and the gasification reactor.
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Figure 6.1: Schematic setup of SCWG lab-plant in Chapter 6.
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In this configuration, the biomass slurry is rapidly heated by mixing it with supercritical
water. This is accomplished by heating distilled water to temperatures up to 650°C
through 5 spiral heaters in the water preheater (Inconel 625, 9/16 inch 0.D., 8 mm i.D).
The water stream (1) is mixed with a cold biomass slurry (2). A thin pipe (1/4-inch pipe)
was chosen for the feed stream to ensure a faster flow. To connect the feed stream to
the water preheater, a hole was drilled into the side of the water preheater. The feed
line was then welded onto this hole. The mixing of the two streams occurs as soon as
the feed stream enters the preheated water stream through the drilled opening. From
this point onward, the subsequent 9/16-inch pipe is referred to as the salt separator
(the water preheater and salt separator are two separate 9/16-inch pipes connected
by a screw joint, allowing partial disassembly and cleaning). To ensure that the bio-
mass slurry is not preheated prior to mixing a water cooler is implemented (welded
onto the feed piping), with a set temperature of 20 °C (see Figure 6.1). A mixing tem-
perature of over 420 °C is achieved (measured on the outside). The implementation of
a cooler is necessary due to low flow rates. At lower flow rates the slurry will be heated
to higher temperatures if no cooler is present. At much higher flow rates the implemen-

tation of a cooler could be omitted, as realized in the VERENA pilot plant [108].

The mixture enters the salt separator which consists of a tube (Inconel 625, 9/16 inch
0.D., 8 mm i.D), with a T-fitting at the bottom. The salt separator is heated from the
outside by 5 spiral heaters to ensure that the temperature remains above the critical
point of water. The set point for this is T = 450 °C. Inside the tube, the salts in the
biomass precipitate due to the properties of the supercritical water. They are separated
by gravity at a T-fitting at the bottom of the tube. The precipitated salts fall vertically
into the salt concentrate, while the organic-water mixture is transported laterally to the

gasification reactor.

In the gasification reactor (Inconel 625, 9/16 inch 0.D., 8 mm i.D), heated by 1 spiral
and 6 rod heaters, temperatures up to 700 °C (measured on the outside) are used to
gasify the organics. Air cooling reduces the temperature to below 30 °C after the reac-
tor. After the reactor a high-pressure filter and a back-pressure regulator by Tescom
are located in the cold section of the lab-plant. After pressure reduction to ambient
pressure, the gas flow is measured by a gas meter (Ritter Apparatebau GmbH) and
the effluent is quantified by a scale (Soehnle GmbH).
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At the bottom of both the salt separator and the gasification reactor there are sluices,
consisting of two valves, so that the salt concentrate can be drained from the salt sep-
arator and possible deposits, like salts and corrosion products, can be drained from

the gasification reactor.

The novelty of the current configuration lies in the biomass heating concept. In the
past, the laboratory plant consisted of two main components: the preheater and the
gasification reactor (see sections 4.3 and 4.4). In the preheater, the biomass slurry
was gradually heated by electric heaters on the outside of the reactor wall to reach the
supercritical state of water. This gradual heating led to clogging problems due to salt
deposits on the wall of the preheater. Therefore, a novel system was developed to

overcome this problem.

6.2.2 Description of experiments

6.2.2.1 Preparation of educts

The dry grasses Reed Canary Grass (RCG), Capiacu Grass (CG), Energy Cane (EC)
and Napier Grass (NG) were used as biomasses for the present experiments. RCG
was provided as a powder with a grain size less than 0.25 mm. The other biomasses
were milled in a mill with a 0.2 mm sieve (Pulverisette 14, Fritsch GmbH). The feed
slurry was prepared by mixing distilled water with dry biomass to obtain a mixture with
the desired dry matter content. Xanthan (Carl Roth GmbH) is added as a thickening
agent (0.5 wt% based on slurry mass). KHCOs (VWR International GmbH) is added as

a homogeneous catalyst in various concentrations.

6.2.2.2 Experimental procedure

The experimental procedure is started by feeding water into the lab-plant to pressurize
it. Once the desired pressure is reached and no leakage occurs in cold operation, the
lab-plant is heated to the desired temperatures. Pressure and temperature are set in
the process control system. One day before biomass slurry feeding is started, ethanol
solution is pumped into the lab-plant. This procedure fills the dead volumes in the lab

plant with water-gas mixtures similar to the product gas during biomass slurry



Chapter 6. Development and parametrization of novel reactor concept 94

operation. With this preliminary test, a steady state can be reached faster during the

biomass slurry operation.

On the day of the main experiment, the biomass slurry is fed into the system. The
biomass slurry is stored in a pressurized tank connected to the system. From this tank,
the slurry is fed indirectly into the lab plant by a water driven piston. The lab plant is
operated until a steady state is reached, which is required for evaluation. To assess
whether steady state has been reached, gas and effluent flows are quantified and gas
samples are analyzed at 30-minute intervals. Liquid samples are also collected
throughout the experiment. At the end of the experiment, the system is flushed with

water to clean it.

During the experiments the following parameters were changed in the following ranges
(see Table 6.1). The default values were chosen and only one parameter was varied
during each experiment. The default values were chosen and only one parameter was
varied during each experiment. As all different biomass types displayed similar behav-
ior (see section 6.3.2.1), the choice of biomass was varied between the four biomasses
tested according to their availability. Due to limited time, resources, and the consider-
able effort involved in preparation and execution, most experiments were performed
only a single time. Only a small number of experiments were conducted multiple times,

all producing very similar results.

Table 6.1: Investigated parameters.

Parameter Range Default value  Unit
Biomass type 4 biomasses
Dry matter in reaction

_ 3-8.2 6.6 wt.%
mixture
Temperature 550 — 700 650 °C
Pressure 240 - 300 280 bar
Homogeneous catalyst _

o 0 - 3750 3750* mg K* / kg mixture

addition
Residence time at Tret 0-42 31 S

*during dry matter variation, K* addition was adjusted in such a way that a constant amount of 560 ppm
K*/wt.% dry matter was added.
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6.2.3 Thermodynamic equilibrium calculations

Equilibrium calculations with ASPEN HYSYS can serve as a valuable tool for the pro-
cess evaluation, e.g., investigating the water consumption of the reactions during
SCWG of ethanol, as shown in Chapter 7. Additionally, equilibrium calculations allow
for the examination of the operational limits of a chemical process, aid in maximizing
the production of the target product, minimizing energy consumption, and reducing
overall costs [184]. In the present study equilibrium calculations were carried out to
determine the deviation of the equilibrium Hz yield between experiment and equilibrium
calculation under different operating conditions. The thermodynamic equilibrium was
calculated in Aspen HYSYS V14. Since the real biomass or cellulose as a model com-
pound is not available in the data base of Aspen HYSYS, the monomer of cellulose,
glucose CsOsH12, was chosen instead. A Gibbs reactor was used to model the SCWG
of glucose (dextrose), which minimizes the Gibb’s free energy of the reaction system
[185]. The property package that was applied was the PRSV with the Peng-Robinson
equation of state.

To compare the equilibrium data with the experiment, the elemental composition of the
dry matter of the feed slurry was first determined. 5 to 12 wt.% of the feed slurry con-
stitute of salt building elements and metals (depending on the addition of homogene-
ous catalysts), about 1 wt.% and 0.1 to 0.3 wt.% are constituted by N and S, respec-
tively. The C and H contents were analyzed and the O content is calculated by differ-
ence. The C/O-ratio in the dry feed mass is 0.91 + 0.05 (based on mass) and the C/H-
ratio is 7.04 £ 0.16 (based on mass). This equals an average molar C/O/H-ratio of
1.00/0.82/1.70, or a theoretical chemical formula of C1.0000.82H1.70. The latter form is
similar to cellulose (CsOsH10)n (= C1.0000.83H1.67)n. Thus, cellulose use as a model sub-
stance for equilibrium calculation is justified, with approximately the same C, H and O
content (for details see Supporting Information A1.3). As glucose is gained from cel-
lulose via hydrolyzation [186] and water is present in a great surplus, this should not
affect the equilibrium gas composition in a significant way. The concentration of glu-
cose was chosen in such a way that the carbon content in the mixture is equal to the
carbon content during the experiments (Supporting Information A1.3). The influence
of pressure, temperature, and biomass concentration can be simulated using ASPEN
HYSYS. In section 6.5, the gas composition and the gas production of the experiments

and of the thermodynamic equilibrium are compared and discussed.
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6.3 Experimental results

6.3.1 Proof of concept

The capabilities of the newly developed system were tested by gasifying the grass
Reed Canary Grass (RCG). The conditions were chosen so that 100 g h™! cold feed
slurry with 8.8 wt.% dry matter content were mixed with 600 g h** supercritical water.
In this way, the dry matter content in the system (after the mixing point) was 1.3 wt.%.

The resulting composition of the feed and the reaction mixture is shown in Table 6.2.

Table 6.2: Elemental composition of feed slurry during proof of concept, in wt.%.

C K Ca Mg Na P Si
Dry feed slurry 39.88 5.45 0.31 0.06 0.05 0.17 2.18
Wet feed slurry

3.51 0.48 0.03 0.005 0.004 0.015 0.19
(8.8 wt.% dry matter)

Reaction mixture
0.501 0.0685 0.0039 0.0008 0.0006 0.0021 0.027
(1.3 wt.% dry matter)

The water stream was preheated to a temperature of 750 °C (measured on the out-
side), while the biomass slurry was cooled by water cooler set to a temperature of 20
°C. The outer wall temperature after mixing was 420 °C. By reaching this temperature,
the supercritical state of the biomass slurry was immediately reached. Thus, the heat-
ing of the salt separator is only used to prevent heat loss of the reaction medium to the
environment. The temperature of the salt separator was maintained at 450 °C. Thus,
the tube wall is not a local hotspot where the solubility of the salt building elements is
the lowest (unlike in the previous configurations [187]). Thus, the precipitation salts
should not accumulate on the pipes but should rather be transported to the salt con-

centrate. The reaction temperature in the gasification reactor was set to 650 °C.

The aim was to achieve the longest possible operation without plugging. More than
100 hours of operation without plugging were achieved with this setup under the cho-
sen conditions. During steady-state operation, the carbon gasification efficiency was
82.0%, while the TOC conversion was 85.3%.

The TOC conversion quantifies the amount of organic carbon that is transferred from

the feed to other species, such as gas, inorganics or solids. As CE, which quantifies
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the amount of organic carbon transferred from the feed to the gas phase, is approxi-
mately the same as the TOC conversion, this indicates that no organic carbon deposi-
tion has occurred. This is confirmed by the total carbon balance which is 97.2% and

can thus be considered closed within the errors of measurement.
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Figure 6.2: Gas composition of product gas during proof of concept (T = 650 °C, p =
280 bar, DMmixture = 1.3 Wt.%, . = 700 g h?).

Due to the small amount of biomass present in the system, the gas composition varied
greatly between measurements (see Figure 6.2). Within the first few hours steady state
is reached. However, on average the gas composition is stable over the entire period
of operation. 46.6 vol.% Hz, 12.4 vol.% CHa, 38.5 vol.% CO:2 and 2.7 vol.% C2+ are
obtained. CO is present with less than 1 vol.% and thus is not included in Figure 6.2

(this is also the case for the following parameter variation).

After 112.5 h the experiment was stopped and the lab-plant was checked for solid
deposits but none were found. This confirms the insight gained from the key figures

CE, TOC conversion and carbon balance that no carbon containing deposits formed.

The main factor hindering long-term operation in the past was solid deposits consisting
of salts, coke and corrosion products. Regarding the salt balance, poor results were
obtained when looking at the liquid effluents (see Figure 6.3). None of the Ca, Mg and

P fed to the system can be found in the effluents. This may be due to the high dilution
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of the feed slurry resulting in levels of less than 40 ppm in the reaction mixture (see
Table 6.2). Although the Na content is in the same range, 58% of the added Na is
found in the effluent. Over the course of the experiment, 0.42 g Na was added to the
system, resulting in a mass deficit of 0.18 g. The predominant salt-forming elements in
the feed slurry are K (added as a homogeneous catalyst) and Si. In both cases, only
28% and 4%, respectively, can be detected in the liquid effluents and only 4% and 3%,
respectively, in the reactor effluent. Thus, only small amounts of salt building elements

pass through the system.
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Figure 6.3: Salt balance in liquid effluents (100% = feed content) (T = 650 °C, p = 280
bar, DMmixture = 1.3 wt.%, m = 700 g hl)

In total, 46.7 g of K and 18.6 g of Si were fed to the system, resulting in a mass deficit
of 33.8 g of K and 17.9 g of Si. As described above, no deposits could be found in the
lab-plant when physically checking after the experiment. Thus, also no solid salts de-
posited in the lab-plant. However, some solids were found in the salt concentrate.
These solids were not analyzed quantitatively and thus not balanced. In Supporting
Information Al.1, the EDS-analysis (energy dispersive spectroscopy) of the solid con-
tent of a salt concentrate sample is displayed. Some carbon and oxygen are present
in the sample, but there are also salt-forming elements, especially Si (10.03 atom%),
K (2.99 atom%) and Ca (2.92 atom%), are present, indicating that the salts are also

separated in solid form. It can be concluded that the newly developed system can be
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successfully operated for long periods of time with high gasification efficiencies. Even
though the salt balance in the liquid effluents is not closed, no salt deposition occurred
in the system leading to the conclusion that all salt building elements are contained in
the salt concentrate (some in the form of solids that were not quantitatively analyzed).
Based on the initial successful operation, it can only be assumed that higher dry matter
contents are also processable, as high conversion rates were observed and no depos-
its were detected. However, a further investigation is needed. Additionally, a downside
of this first proof of concept is that the low biomass content in the reaction mixture
negatively affects the economics of the process. Thus, a further parameter optimization
is required.

6.3.2 Parameterization of the newly developed system

The newly developed system was improved in terms of heat losses after a first proof
of concept (section 6.3.1). Thus, a maximum water preheating temperature of 650 °C
was sufficient to achieve mixing temperatures of more than 420 °C. After this improve-
ment, the parameters that are known to significantly influence the SCWG process,
namely the biomass type, temperature, pressure, concentration of biomass, residence

time and addition of a homogeneous catalyst, were investigated.

6.3.2.1 Influence of biomass type

In previous studies by the authors different types of dry biomass were gasified. It was
observed that there is no significant difference in the gasification of different biomasses
with similar composition [188]. This was also observed by D’Jesus et al. who gasified

corn starch and glover grass and obtained similar results [86].

In the present work, four different dry biomasses were gasified: Napier Grass, Reed
Canary Grass, Energy Cane and Capiacu Grass under the same conditions (T = 650
°C, p = 260-280 bar, m = 700 g ht, 3750 ppm K* added to the mixture, dry matter
content in mixture 6.6 wt.%). The elemental analysis of these biomasses is given in
Table 6.3. The CHN contents are quite similar, with Reed Canary Grass showing a
slightly higher carbon content than the other biomasses. A significant difference is
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visible in the potassium content. Reed Canary Grass contains almost no potassium

while Napier Grass and Capiacu Grass contain about 4 wt.% potassium.

Table 6.3: Elemental analysis of gasified biomasses, based on dry matter in wt.%.

C H N K Ca Mg P Si

Napier Grass 43.2 6.00 1.00 4.05 0.75 0.69 0.23 171
Reed Canary

489 7.46 <03 0.29 0.17 0.05 0.10 2.30
Grass

Energy Cane 424 6.10 0.70 259 0.38 0.25 0.14 0.90
Capiacu Grass 41.2 580 1.15 3.79 040 0.24 0.11 0.87

The product obtained from the gasification of the four biomasses is very similar. There
are only small differences. 35.8 + 1.4 vol.% (standard deviation) of Hz, 45.6 = 1.5 vol.%

of COz2, 13.5 £ 0.6 vol.% of CH4 and 4.9 = 0.6 vol.% of Cz+ are produced (see Figure
6.4 A).
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Figure 6.4: Influence of biomass type on A) the product gas composition and on B)
CE, TOC conversion and C balance (T = 650 °C, p = 260-280 bar, DMmixture = 6.6 Wt.%,
m =700 g h?).

This confirms the knowledge gained from previous results, that similar biomasses pro-
duce similar product gases [188]. Thus, the downstream processing of the product gas
does not require major adjustments when processing other types of biomasses with
similar elemental composition. The flexibility of the feedstock source is an advantage

for future commercial application.
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The gasification rate was also not affected by the biomass type, as can be seen in
Figure 6.4 B (CE =84.3 + 1.5% and TOC conversion 88.8 £ 1.2%).

The only difference can be seen in a reduced carbon balance of the experiment with
Reed Canary Grass (steady-state carbon balance = 89%). During this experiment a
blockage of the flow after the salt separation T-fitting occurred. After the experiment,
the solids causing the blockage were removed. Analysis of the solids showed that they
consisted almost entirely of SiO2z (see Table 6.4 and Figure 6.5). Due to the blockage
not all of the carbon could be recovered from the system, explaining the reduced car-

bon balance.

Figure 6.5: SEM picture of solids from experiment with Reed Canary Grass.

Table 6.4: EDS analysis of solids from experiment with Reed Canary Grass.

wt.%  atom.%
C 3.57 6.05
O 46.60 59.28
Si 45.07 32.66
K 1.83 0.95
Cr 0.91 0.35
Ni 2.02 0.70

Based on the work of Dolejs and Manning, who developed a model to determine the
solubility of SiOz in supercritical water up to 1100 °C and 20.000 bar [189], the solubility
of SiO2 was estimated for the conditions at the salt separation T-fitting in the present

case (see Figure 6.6).
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Figure 6.6: Solubility of SiO2 in hot compressed water at different temperatures and p
= 280 bar. Data taken from Dolejs and Manning [189].

With increasing temperature, the solubility of SiOz2 initially increases, but around the
critical point of water, the solubility of SiO2 decreases drastically. The SiO2 that was
solubilized with increasing temperature up to the critical point of water, then precipi-

tates again with increasing temperature and can cause plugging. For T = 400 °C and

g5io,
kg H20

500 °C at 280 bar, itwas calculated to be 0.21 li:lé and 0.07

2

, respectively. This

indicates that for all four biomasses most of the Si precipitates in the salt separator,

because the Si content in the reaction mixture is higher (see Table 6.5).

Table 6.5: Si content of feed slurry and reaction mixture for different biomasses.

Biomass Si-Content (wt.%)

Reaction Mix-
Dry Feed Feed Slurry (wet)

ture*
Napier Grass 1.0 0.13 0.066
Reed Canary Grass 2.3 0.29 0.144
Energy Cane 0.7 0.09 0.045
Capiacu Grass 0.9 0.12 0.058

*the wet feed slurry is diluted 1:1 with supercritical water at the mixing point.

As there was no problem with the processing of Energy Cane, Napier Grass or Capiacu
Grass there seems to be a crucial silicon content, above which it is not sufficiently

removed from the reaction mixture and thus clogs the piping after the salt separator.
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As shown in Table 6.5, the Si content of the reaction mixture with Reed Canary Grass
is the highest (0.144 wt.%) while all the other feed slurries contain less than 0.1 wt.%
of Si. This leads to the conclusion that the salt separation under the current conditions

cannot separate precipitating silicon sufficiently, if the content is too high.

It can be concluded that all four biomasses behave similarly with respect to gasifica-
tion. However, there are differences during salt separation. In the current setup, the
silicon content of the biomasses should be monitored to avoid deposition. One way to
avoid this is to further dilute the biomass to a silicon content below 0.1 wt.% in the
reaction mixture (e.g., in section 6.3.1 where a higher dilution of Reed Canary Grass

was present, no deposition was detectable for more than 100 h).

Since the type of biomass (except Reed Canary Grass) does not significantly affect
the process, the following experiments were conducted in this study with Napier Grass,

Energy Cane and Capiacu Grass.

6.3.2.2 Influence of dry matter content

The dry matter content in the system is a crucial process parameter of SCWG regard-
ing gasification efficiency and also process economics. With increasing dry matter con-
tent, the carbon gasification efficiency decreases due to a decreasing water surplus
and thus worse splitting of the biomass molecules [89,99,100]. For example, D Jesus
et al. [89] found a reduction of CE from about 82 to 75% when increasing the dry matter
content from 2.5 to 10 wt.%. Also, the product gas composition is influenced by the dry
matter content in the system. The increasing biomass content influences the water-
gas-shift and methanation reactions [99,100]. A decrease in water content favors
methanation and reverse water gas shift, thus decreasing the Hz and CO: yield while

increasing the CHa yield.

Processing high dry matter contents is for one limited by decreasing gasification effi-
ciencies as described above, but also by the pumpability of the feed slurry which de-
pends on the geometry of the SCWG plant and also the biomass [83].

In the present work, the dry matter content in the reaction mixture (after mixing the
slurry with supercritical water) was varied from 1.3 to 8.2 wt.%. The dry matter consists
of biomass, xanthan and KHCO3s as homogeneous catalyst. To avoid a simultaneous
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change of catalyst concentration, the KHCO3 addition was chosen in such a way that
the potassium-to-dry matter ratio stayed constant at 560 ppm K*/wt.% dry matter in the
reaction mixture, e.g. at 1.3 wt.% dry matter content 730 ppm K* were added to the

mixture. The dry matter variation was conducted at T = 650 °C and p = 280 bar.
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As depicted in Figure 6.7 A, the TOC-conversion is almost constant at about 90.7% for
all dry matter contents investigated. This means, that 90.7% of the organic carbon in
the reaction mixture are converted into other species like gases or inorganic carbon
and 9% of the organic carbon of the reaction mixture are still contained in the effluents.
This means that with increasing dry matter content in the reaction mixture the TOC
content of the effluent also increases (orange line in Figure 6.7 A) from 400 mg I'* at
1.3 wt.% dry matter to 2860 mg I at 6.6 wt.% dry matter in the mixture. This is also
visible when looking at the main organic species in the reactor effluent, namely phenol,
resorcinol and formic acid (see Figure 6.7 B), where also an increase is visible with
increasing dry matter content. Formic acid is known as a degradation product of cellu-
lose [83] while phenol and resorcinol are known as decomposition products of lignin
[20,117]. Phenols are generally hard to gasify [83], thus a longer residence time or a
higher gasification temperature would be beneficial to further decompose these prod-
ucts. As the waste water can be recycled, which has been demonstrated in previous
work [113], the TOC in the effluent is not lost to the process.

At dry matter contents of 3.0 wt.% or above, CE, which quantifies how much of the
organic carbon was transferred to the gas phase, was approximately 4.8 to 9.2% lower
than TOC conversion, which quantifies how much organic carbon was transformed into
other species (e.g., gas, solids, TIC) and thus is not present in the effluent in form of
TOC. This means that most of the carbon that was transferred from the mixture to other
species was transferred to the gas phase. However, a small fraction of TOC was con-
verted into another form. Since no solid deposits were removed from the system (me-
chanical revision of the lab-plant after the experiments), the missing TOC may have
left the system in form of tars or may be present in the reactor sumps as solid particles.
The carbon balance is thus also greater than 90% in these cases. Only a slight de-
crease of CE is occurring with increasing dry matter content. In the interval of 3 to 6.6
wt.% dry matter concentration, even less decrease is detectable. This is not typical for
the SCWG process as other authors have described. Nanda et al. found a decrease
of CE from 88 to 80% when increasing fructose concentration from 4to 8 wt.% at T =
700 °C [135]. Guo et al. found a decrease in CE from over 90% to 72% when the feed
concentration (sawdust and carboxymethylcellulose) was increased from 4 to 6 wt.%
at T = 650 °C [100]. A possible reason for the improved performance of the newly

developed system could be the rapid heating of the biomass to supercritical
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temperatures. Unfavorable temperature zones that favor the hydrothermal carboniza-
tion (typically T = 180 — 350 °C [190]) or the tar formation, which is also favored at
lower temperatures than the gasification [119,120], are avoided. Intermediates and by-
products such as coke, phenols or other aromatic compounds, which are difficult to
gasify and tend to polymerize into solids, are produced in smaller quantities and thus
a higher gasification efficiency can be achieved.

This is very promising regarding the economics of the process. Higher dry matter con-
tents thus might also be processable in a similar manner. However, this was not pos-
sible in the present work as higher dry matter contents (8.2 wt.% in the reaction mixture
was equivalent to 16.4 wt.% dry matter in the feed slurry) caused plugging in the feed
tubing (1/4” piping, with 1.5 mm inner diameter). In a commercial plant with larger di-

ameters, this may not be an issue.
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Figure 6.8: Influence of dry matter content on the gas composition (T = 650 °C, p =
280 bar, m = 700 g h1).

The product gas composition is notably influenced by the variation of dry matter con-
tent. As the dry matter content increases, the H2 and CO:2 contents are expected to
decrease, while the CHa4 content is expected to increase [99,100]. A decrease in H2
content can be observed (see Figure 6.8), however the CHa4 content did not increase
significantly, but the C2+ content (mainly C2Hs) increased. On the other hand, the CO2
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content increased. This unexpected trend in CO2 can be explained by the increased
formation of C2Hs. Further progressing of the steam reforming of C2Hs (Eq. 6.1) would
lead to a relative decrease of CO: in the product gas due to the increased amount of

H2, thus achieving the trends expected from the literature.
C,Hg + 4 H,0 - 2 C0, + 7 H, (6.1)

6.3.2.3

It is well known in the literature that increasing the temperature is beneficial for the

Influence of temperature

supercritical water gasification of biomass [66,86], as the decomposition of the organ-
ics is enhanced. This leads to an increase of the amount of gas produced and reduces
the TOC content of the effluent [191]. Thus, with increasing temperature the gasifica-
tion efficiency and the TOC conversion are expected to rise. In the present work the
temperature was varied between 550 and 700 °C. The maximum temperature of 700
°C was chosen as the limit of the mechanical strength of the reactor material is reached
and thus a further increase is not possible, even though it could possibly be beneficial
for the gasification.
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In Figure 6.9, CE and the TOC conversion are displayed alongside with the TOC con-
tent of the effluent. The trends known from literature can be confirmed in the newly
developed lab-plant. It is clear that the TOC conversion increases with increasing tem-
perature (80 to 96%). CE also increases significantly from 58 to 91%. The improved
gasification with increasing temperature is also evident in the TOC content, which de-
creases from 5750 to 1100 mg L with an increase in temperature from 550 °C to
700 °C.

For T 2650 °C, CE is only slightly smaller than the TOC conversion. This means, that
most organic carbon that is transferred from the feed to other species is gasified and
thus contained in the product gas. The remaining organic carbon is mostly contained
in the effluent, leading to an almost closed steady state carbon balance (C-bal-
ancCesteady-state = 93%). For T < 550 °C, CE is much lower than the TOC conversion.
Thus, not all of the carbon that is transferred from the feed to other species is found in
the gas phase. During these experiments, extensive tar formation could be seen in the
effluent. The formation of solid residues in the laboratory plant cannot be excluded.
Since tars and solids are not quantified in the laboratory plant, the carbon balance for
these experiments is reduced (C-balancesteady-state < 84%). It can be concluded that a
reaction temperature of T = 650 °C is required to operate the process stably without

solid formation.

In literature it is described that an increasing temperature increases the CO: yield due
to the enhancement of the water gas shift reaction [88]. This is not visible under the
investigated conditions (see Figure 6.10 A), as the CO concentration is very low (< 1%)
under all conditions due to the catalyst employed which catalyzes the WGS reaction
[137,192]. The H2 content of the product gas decreases while the CHsand C2+ contents
increase with increasing temperature. This is emphasized in Figure 6.10 B. The H2/CHa
ratio is decreasing with increasing temperature, while the opposite would be expected
based on literature due to the endothermic nature of steam reforming reactions (Eq.
6.2 and 6.3) [87]. This is most likely due to the kinetic limitations of the steam reforming
reactions. Usually steam reforming reactions are promoted by nickel catalysts
[193,194]. For example, Sepini et al. were able to approach the thermodynamic equi-
librium when using a nickel catalyst when processing PET as a model compound for
plastic wastes in a batch reactor [195].
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In the present case, the residence time in the reactor without a steam reforming cata-

lyst does not appear to be sufficient to remove the increased number of hydrocarbons

in the product gas. A prolonged residence time or the use of heterogeneous catalysts

would presumably lead to a decrease of hydrocarbons in the product gas and to an

increase of Hz2 and CO2. These measures could be applied depending on the desired

product gas composition.
CH, + 2H,0 - 4H, + CO,

CyHy + 2xH,0 - (2x + g)H2 + xCO,

(6.2)

(6.3)
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6.3.2.4 Influence of pressure

Various studies have been conducted in the past on the influence of pressure on the
SCWG process in the range of 250 to 450 bar [89-91]. According to the literature, the
gasification efficiency is not significantly affected by the system pressure [92,93]. In
the present work, the pressure was varied between 240 and 300 bar. Lower pressures
than 240 bar were not realized as the supercritical state of water (p > 221 bar) should
always be present in the investigations. Higher pressures than 300 bar were not pos-
sible to investigate due to the limitations of the lab-plant.
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As displayed in Figure 6.11 A, CE varies minorly from 85.5% at p = 240 bar to 87.9%
at p = 300 bar. This variation lies within the error of measurement. Thus, pressure only
has a negligible effect on the TOC conversion and the CE. The steady state carbon
balance was greater than 94% in all cases and is thus considered closed. The findings
in literature can be confirmed by the present investigation. In order to reduce costs for
pumps in a commercial application the lowest possible pressure should be chosen, i.e.
p = 240 bar.

An increase in pressure suppresses methane conversion [94,95]. This would result in
a decreased hydrogen yield while the methane yield should increase. Gadhe and
Gupta observed this when gasifying methanol in supercritical water [79]. However,
other authors didn’t see a significant influence of pressure on the gas composition
[93,96]. In the present work, only a minor influence of the pressure on the gas compo-
sition could be observed. The gas composition barely changed with changes in pres-

sure (see Figure 6.11 B). Possibly, as the residence time is low (t = 31 s), methanation

can’t occur to a greater extent as is a kinetically limited reaction. Therefore, in order to
save energy and also the cost of pressurizing the system, it is recommended to choose

the lowest possible pressure (in this case p = 240 bar).

6.3.2.5 Influence of residence time
The residence time at reaction temperature t is an important process parameter of the

process of SCWG. In general, increasing the residence time is beneficial in terms of
carbon gasification efficiency (CE), however at a certain residence time a maximum
value of CE seems to be reached depending on the gasification conditions and bio-
masses processed. Guo et al. [97] found an increase of CE from 8% at 5.2 s to 42%
at 9.0 s when they gasified 10 wt.% glycerol at 487 °C. At the same time the hydrogen
yield increased significantly. However, the slope of the CE increase decreased with
increasing residence time, indicating that a limit might be reached. At an elevated tem-
perature of 567 °C they only observed a small increase from 84 to 94% at 4.2 and 7.3
s, respectively. Lu et al. [66] also observed an increase in CE when they increased the
residence time during gasification of wood saw dust. The TOC content of the effluent
decreased correspondingly. Susanti et al. [67] gasified 15.25 wt.% isooctane at 632
°C. CE increased from 26.6 to 52.5% at residence times of 6.0 and 18.4 s, respectively.
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However, further increases in residence time up to 33.3 s had no significant beneficial
effect. With increasing residence time, they found a decrease of C2+ compounds while
the Hz content of the product gas was at maximum at the longest tested residence
time. D"Jesus et al. [92] found a linear increase of CE between 0.6 and 1.6 min, when
gasifying 5 wt.% corn silage at 700 °C. A further prolonged residence time did not
increase CE. This effect is also visible at other temperatures investigated. Chakinala
et al. [98] observed similar when gasifying microalgae at 580 °C. CE increased with
increasing residence times up to 5 min. Thereafter, a plateau was reached. They as-
sumed that either part of the biomass is not resistant to the chosen SCWG conditions
or coke/tar formation is occurring, limiting the increase of CE. With increasing resi-
dence time, the C2+ and CO content of the product gas decrease while H2 and CHa4
contents increase due to enhanced hydrocarbon reforming and water-gas-shift reac-

tion.

In the present work the residence time was varied from 0 to 45 s at 650 °C by varying
the flow rate and the inner diameter of the gasification reactor. To reduce the residence
time to 6 and 8 s, a liner, made of SS316 with an inner diameter of 4.0 mm, was in-
stalled in the gasification reactor. A residence time of O s at reaction temperature was
achieved by by-passing the gasification reactor and thus leaving the system directly
after the salt separator, where a temperature of 450 °C is set. During this experiment,
the residence time in the salt separator was 24 s. Thus, the total residence time in the
system is not zero, however the residence time at T = 650 °C is.

As the residence time increased, CE increased. A strong increase was observed up to
a residence time of 8 s. Further increase of the residence time resulted in only a small
increase of the CE, almost as if reaching a plateau. This is also evident when describ-
ing the results with a non-linear fit (see Figure 6.12 A). The results are best described
by an exponential decay, which approaches a CE of 80.47% with increasing residence
time. This behavior is known from literature, as described above. This might be due to
organic species (decomposition products of the biomass macromolecules) which are
hard to gasify under the chosen conditions, e.g. phenols [83] or tars that formed [115],
and that would require higher temperatures to be decomposed (see section 6.3.2.3).
However, the residence time to reach this plateau is very low compared to the results
reported in literature, e.g. in the work of D Jesus et al. [92] a residence time greater
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than 2 min was required to reach this plateau when gasifying 5 wt.% corn silage at 650
°C. In general, CE is high compared to the work of other authors at such low residence
times at similar temperatures, emphasizing the superior performance of the novel sys-
tem. For comparison, D"Jesus et al. [92] achieved CE of about 60% when gasifying 5
wt.% corn silage at 650 °C at about 45 s. Susanti et al. [67] achieved CE of 52.5%
when gasifying 15.25 wt.% isooctane at 632 °C at 33.3 s.
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As the required residence time in the gasification reactor is so low, it is interesting to
investigate the influence of the salt separator. Thus, the reaction mixture was retracted

from the system by by-passing the reactor (experiment with T = 0 S). In this experiment,

CE was only 26.9%. As the temperature in the salt separator is only 450 °C, a low
gasification efficiency is expected. Guo et al. [97] achieved a CE of only 4.3% during
gasification of glycerol at T = 445 °C. When gasifying 5 wt.% corn silage, D Jesus et
al. [92] achieved a CE of about 15% and about 35% at T = 400 and T = 500 °C, re-
spectively, indicating similar results as in the present work. During this experiment, the
TOC content of the effluent (TOC = 10930 mg I'*) was much higher than for the exper-
iments where the gasification reactor was installed (TOC = 2822 + 653 mg I* (standard
deviation)). Additionally, an oily substance accumulated in the filter upstream of the
back-pressure regulator (see Figure 6.13), which by far exceeds the amount of tar
formation when the gasification reactor is installed. As this oily substance is not bal-
anced in the C-balance shown in Figure 6.12, this explains the poor carbon balance

fort=0s.

Figure 6.13: Oily substance obtained from the filter before the back-pressure regulator

during after the experimentatt=0s.

The oily substance obtained from the experiment at t = 0 s was analyzed via SEC. The

UV signal is plotted versus the retention volume in Figure 6.14. The column was cali-
brated from 84 to 9740 g mol?. Most of the recorded volumes are between 84 and
6430 g mol* (dashed line in Figure 6.14). The maximum peak is at 178 g mol (dotted
line in Figure 6.14).

The average molar mass, based on mass, M,, is 261 g mol. The average molar mass,
based on numbers, is M,, is 165 g molt. The macromolecules (cellulose, lignin, hemi-

cellulose) in the fresh biomass are much larger than the molecules in the oily
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substance. This indicates that decomposition of the macromolecules has occurred to
great extent and only few large molecules are present after the salt separator. As T =
450 °C is close to the typical temperature range of hydrothermal liquefaction (T = 250
— 400 °C) [196], a comparison to HTL oil is useful. During catalytic HTL of lignin, Feng
et al. obtained a bio-oil with a M,, of 455 to 765 g mol%, depending on the catalyst used
[197]. Haarlemmer and Roubaud [198] obtained a bio-oil with a peak of 431 g mol*
during HTL of biogenic wastes at 300 °C under continuous operation. The low peak in
the current work might be due to the elevated temperatures (T = 450 °C) present in the
salt separator, which promotes further decomposition of the molecules. The similarity
of the oily substance to the HTL oils indicates that in the present configuration the salt
separator acts as efficient hydrothermal pretreatment, which could explain the short

residence time required in the gasification reactor.
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Figure 6.14: SEC analysis the oily substance produced in the experiment with at t =

0s.

The gas composition did not change after reaching the previously described plateau
at T > 6 s (see Figure 6.12). This behavior was also reported by D"Jesus et al. [92].
Chakinala et al. [98] and Susanti et al. [67] observed a decrease of C2+ compounds,
however they observed a much higher Cz+ content at low residence times than in the

present work. Therefore, this effect may not be visible. At T = 0 s, the product gas
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contained much more COz2 (76.2 vol.%), while almost no CHa4 or C2+ were present (1.6
and 0.7 vol.%, respectively). D" Jesus et al. [92] observed similar results when gasifying
5 wt.% corn silage at temperatures of 400 and 500 °C. This suggests a different mech-
anism of decomposition, as the temperature was only 450 °C, compared to the usual
650 °C in the gasification reactor. Such a high CO2 content in the product gas is also
known from hydrothermal liquefaction [30,199], where decarboxylation reactions are
leading to a COz2 rich gas [172,200]. This again supports the hypothesis that the salt

separator acts as a hydrothermal pretreatment step.

6.3.2.6 Influence of potassium as homogeneous catalyst

The use of homogeneous catalysts in the process of SCWG has been studied by many
authors [89,166,201]. For homogeneous catalysis alkali metals are typically used as
hydroxides and carbonates. Sinag et al. found a significant increase in Hz yield when
using K2COs compared to operation without catalyst, due to the catalyzed water-gas-
shift reaction [137]. On the other hand, these homogeneous catalysts can contribute
to solid formation in the system as their solubility is limited in supercritical water
[68,202]. The catalysts are costly and can only be partially recovered from the system,
which can negatively affect the economics of the process. Therefore, their use should

be carefully considered.

In the present work, the addition of potassium in form of KHCO3s was investigated. The
potassium addition to the feed slurry was varied from 0 to 7500 mg K*/kg slurry. As the
feed slurry, was diluted by supercritical water in a ratio of 1:1, the potassium addition
to the reaction mixture ranged from 0 to 3750 mg K*/kg reaction mixture.

As displayed in Figure 6.15 A, CE increases slightly with increasing potassium addition
from 75.3 to 79.1%, at 0 and 3750 ppm respectively. This marginal increase indicates
no significant effect of potassium addition on the gasification process.
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Figure 6.15: Influence of potassium addition to the reaction mixture on A) CE, TOC
conversion and C balance (steady state) and B) on organic species in the effluent (T
=650 °C, p = 280 bar, . = 700 g h'1).

The TOC conversion averages 90.5% with small variations, showing that in all cases
about 90% of the organic carbon is converted and about 10% of the organic carbon
remains in the effluent. This is also confirmed by the measurement of the main organic
species in the effluent (phenol, resorcinol, formic acid), which appear in the same order
of magnitude for all experiments (see Figure 6.15 B). The TOC conversion is about
15% higher than CE, indicating that not all organic carbon is transferred into gaseous
form. About 15% of the organic carbon are neither contained in the gas nor in the

effluent. A possible explanation is the formation of side products such as tars which
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are not quantified. Also, some carbon is contained in the sumps of the lab-plants which
is not balanced in steady state operation. As no solid carbon deposits were removed
from the reactors, this indicates little to no coke formation in all cases. The steady state
carbon balance lies between 85.8 and 87.5% for all experiments. However, as stated
above the reactor sumps and the carbon contained in the rinse water (the lab-plant is
flushed with water after the experiments) is not balanced in steady state evaluation.
When also considering these samples the carbon balance improves. The gasification
results are very similar for all potassium concentrations and thus no major influence

can be attributed to the addition.
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Figure 6.16: Influence of potassium addition to the reaction mixture on gas composi-
tion (T = 650 °C, p = 280 bar, rh = 700 g h™1).

This is also clear when analyzing the gas compositions produced during these experi-
ments. Only little variation in the gas composition can be seen (see Figure 6.16). On
average the gas composition is 36.1 vol.% Hz, 45.2 vol.% COz, 13.8 vol.% CH4 and
4.6 vol.% Co+. In all cases, less than 0.3 vol.% CO were present, indicating a catalyzed
water-gas-shift reaction. This could be attributed to the added potassium [137], how-
ever the reactor material (nickel-base alloy Inconel 625) after corroding can also cata-
lyze this reaction as shown by Boukis et al. [91]. As a reactor that shows corrosion is

used in the present experiments this could also explain the negligible effect of
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potassium addition on the gas composition (corrosion is visible on the inner surface
when the reactor is replaced or checked for deposits; the corrosion rate is not meas-

ured).

One possible explanation for the small influence of the potassium addition on the gas-
ification process could be the high level of potassium originating from the biomass itself
(see Table 6.6). D'Jesus et al. found that 500 ppm K* were sufficient to increase the
gasification significantly when processing corn starch [165]. A further increase in K*
addition had no significant beneficial effect. In all cases, 2400 ppm K* or more are
present in the reaction mixture in the conducted experiments, this could explain the
neglectable effect of the addition of extra K*. D’Jesus found similar when adding 100
ppm K* to fresh biomass which itself contained about 1 wt.% K* (based on dry matter)
[89].

Table 6.6: Potassium concentration in the reaction mixture.

Addition to re- K* content of K* content in reaction
_ . Biomass used _

action mixture dry feed mixture

ppm wt.% wt.% ppm
0 Napier Grass 3.85 0.24 2400
500 Napier Grass 4.77 0.30 3000
1500 Napier Grass 6.26 0.40 4000
3750 Napier Grass 9.22 0.61 6100

6.4 Empirical model derived from the experimental data

As described in the previous sections, pressure, potassium addition and biomass type
did not influence the product gas or gasification efficiency in a significant way. There-
fore, the most influential process parameters were identified to be temperature, dry
matter content and residence time. With increasing temperature, the gasification effi-
ciency CE strongly increases while with increasing dry matter content CE decreases.

When the residence time at reaction temperature is increased CE also increases.

As shown in Figure 6.7 to Figure 6.8 and Figure 6.9 to Figure 6.10, for temperature
and dry matter content the gasification efficiency and the gas composition follow almost

linear trends with changes in temperature (T) and dry matter content (DM). As shown
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in Figure 6.12, CE displays a different type of dependencies. Below 8 s, CE strongly
increases with increasing residence time (t) while a further increase than 8 s leads to

a flattening of the increase. The further increase can also be approximated by a linear
function with great accordance. The region below 8 s shows low gasification rates and
is therefore not practically relevant. To keep the model simple and avoid the use of
exponential terms, this region is excluded. Thus, as all dependencies display almost
linear behavior, a multi-linear regression, using Microsoft Excel, was applied to deter-
mine the combined effect of these parameters. Therefore, the parameters a, b, ¢ and
d in Eq. 6.4 were fitted to best represent the experimental data. y represents the pa-

rameter that is described, e.g. CE or Hz content in the product gas.
y= a*T +bxDM +c*t+d (6.4)

As a residence time of 8 s or above is required to reach a sufficiently high gasification
efficiency, only the residence time interval of 8 to 42 s is considered for the model
creation. 15 data points, originating from the variation of T, DM and t during the exper-

imental work, were used. By a multi-linear parameter fit, the following correlations were
found for the gasification efficiency CE, gas production GP and the gaseous compo-
nents Hz, CH4, CO2and Cz+ (Eq. 6.5 to 6.10).

CE= 0.240+T — 3.083 * DM + 0.329 * T — 65.632 [%)] (6.5)

GP= 0.109*T+ 7.101+DM + 0.167 * T — 69.773 [Nl h~'kggkougnputl (6.6)

H, = —0.041 * T — 1.957 * DM — 0.023 * T + 75.892 [vol.%] (6.7)
CH,= 0.047*xT+ 0.299 *DM + 0.036 * T — 19.569 [vol.%] (6.8)
Cyp = 0.021 T+ 0.445+ DM + 0.008 T — 12.053 [vol.%] (6.9)
CO, = —0.026 * T + 1.192 * DM — 0.001 =t + 55.012 [vol.%] (6.10)

CO s not included as the amount in the product gas is smaller than 1 vol.% in all cases.
A measure of certainty R?2 = 0.876 was reached for all correlations. The gas production
GP is related to the throughput, as the throughput changes during the variation of res-
idence time. A changed throughput automatically affects the amount of gas produced.
However, if gas production is normalized to the throughput, this unwanted influence is

eliminated.
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Statistical analysis of the empirical model reveals p-values lower than 0.05 for the pa-
rameters T and DM in all cases, indicating the significance of the parameters (see
Supporting Information Al.2). The influence of the residence time is in case of the Hz,
C2+ and CO:2 content not significant as the p-value lies between 0.63 and 0.81. For the
influence of the residence time on CE and GP, the p-value however is below 0.05 and
thus in these cases the residence time is a significant parameter. As the residence
time is significant in some cases it was kept in the model for all the parameters. The
regression equations describe the experimental results adequately, as also shown by
the parity plots in Supporting Information A1.2. The results all lie within a £ 10% devi-
ation interval (or better), except for the C2+ content in the product gas. Here however,
the absolute values are low and thus small absolute deviations cause a larger relative
error which still remains within a + 20% deviation interval. Thus, an empirical model

(multi-linear fit) with sufficient accuracy was obtained.

During the experiments only one parameter was varied at a time, e.g. the temperature
was varied from 550 to 700 °C while the other parameters were unchanged. To verify
the general applicability of the empirical model, two new parameter sets were randomly
chosen and investigated where several parameters were varied simultaneously com-
pared to the default values (T = 650 °C, DM = 6.6 wt.%, t = 31 s): Experiment 1) T =
600 °C, DM = 5.1 wt.%, Tt = 34 s; Experiment 2) T = 625 °C, DM = 4.2 wt.%, t = 27 s.
The values predicted by the empirical model and the experimental value are displayed
in Table 6.7. As shown by the comparison in Table 6.7, the results from the multi-linear
regression can be applied also to new parameter combinations with minor errors. The
relative deviation is smaller than 10% for all values but C2+ and in one instance CHa.
In case of CHa4, the relative error is only slightly above the set 10% threshold and the
absolute deviation is only 1.4 vol.% and thus still reasonable accurate. In case of Ca+
however, the model displays a larger uncertainty to begin with, as the values are very
small and close to each other (see Supporting Information Al1.2). Thus, the empirical
model describes the present SCWG process very well. For the presently investigated
biomasses therefore no new experiments need to be conducted to determine the ex-
perimental outcome for parameter sets (temperature, dry matter content, potassium

addition, residence time, pressure), as long as the SCWG plant is operated at a
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residence time above 8 s. At lower values, the residence time will have a significantly

different influence, as shown in section 6.3.2.5.

Table 6.7: Comparison of prediction by empirical model and experimental results for a

new experiment.

Experiment 1 Experiment 2
T =600 °C, DM = 5.1 wt.%, T =625 °C, DM = 4.2 wt.%,
t=34s T=28s
- Ex- Relative - Ex- Relative
Empiri- ) ) Empiri- . .
perim- devia- perim-  devia-
cal . cal _
ental re- tion ental tion
model _ model _
sults in % results in %
CE % 74.10 71.98 2.95 80.91 85.33 -5.18
GP  Nlh'kggl, 37.37 38.60 -3.19 3290 36.32 -9.42
H2 vol.% 40.67 37.67 7.96 41.51 39.09 6.19
CHa4 vol.% 11.14 11.67 -4.54 11.86 13.27 -10.63
Co+ vol.% 3.10 3.59 -13.65 3.19 3.82 -16.49
COz2 vol.% 44.84 46.83 -4.25 43.17 43.56 -0.90

6.5 Comparison of experimental data and equilibrium calculation

As described in section 6.2.3, equilibrium calculations conducted using ASPEN HY-
SYS offer a powerful and versatile tool for evaluating and optimizing process perfor-
mance. It becomes possible to simulate the impact of key variables such as pressure,
temperature, and biomass concentration on the overall process. These simulations
provide insights into the dynamic behavior of the process under varying conditions,
enabling a comprehensive understanding of its operational parameters. In the subse-
guent analysis, the gas composition and production observed during experiments are
systematically compared with the predictions derived from thermodynamic equilibrium
calculations. This comparison serves as a foundation for a detailed discussion on the
alignment and discrepancies between experimental results and theoretical expecta-
tions, shedding light on the underlying mechanisms and potential areas for process

improvement.
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6.5.1 Pressure

In Figure 6.17, the influence of pressure on the gas composition is displayed. Accord-
ing to the thermodynamic equilibrium, there is a minor promotion of the methanation
reaction (Eq. 6.11) with increasing pressure in the investigated pressure range of 240
to 300 bar according to LeChatelier’s principle, i.e., the volumetric percentage of H2
changes from 58.6 to 56.5 vol.%, when the pressure increases from 240 to 300 bar.

Likewise, the percentage of CH4 increases from 5.8 to 7.4 vol.%.
4H, + CO, -» CH, + 2H,0 (6.11)

The experimental results also show a small dependency of the gas composition on
pressure. The main difference between experiments and equilibrium is that the CHa
content is higher than it should be in the case of equilibrium and the Hz content is lower,
e. g., under 280 bar, the equilibrium content of CH4 and H2 is 6.8 and 57.2 vol.%,
whereas the actual percentages were 13.7 and 36.7 vol.%, respectively. Additionally,
the equilibrium calculations don’t display any higher hydrocarbons, that make up about
5 vol.% during experiments (not displayed in Figure 6.17). These observations indicate
that steam reforming (SR) doesn’t proceed to a large enough extent to reach equilib-
rium concentration (Eq. 6.12). To confirm if limited SR is the cause of this deviation,
the hydrocarbon content in the experimental gas was adjusted mathematically accord-
ing to Eq. 6.12 to match the equilibrium CHa (5.5 — 7.6 vol.%) and C2+ contents (no
Ca+).

CxHy + 2x H,0 - x CO, + (g + 2x)H, (6.12)

The calculated gas composition, is also displayed in Figure 6.17 (“Adjustment”). With
this adjustment, the H2 and CO:2 content are almost in equilibrium concentration with a
maximum deviation of 2.2 and 3.0 vol.%, respectively. Thus, the main cause of this
deviation of experiment and equilibrium is the unpromoted SR reactions. It can be con-
cluded that the kinetically limited steam reforming reactions hinder reaching equilibrium
composition and thus maximum Hz yield. The implementation of a catalyst suitable to

promote the steam reforming would most likely enable reaching the equilibrium [194].

Besides the gas composition, experiment and equilibrium are also compared in terms
of gas production. The gas production is displayed relative to the carbon content in the

feed (NI gcin Feedt). When comparing the gas production in Figure 6.17 d, a significant
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deviation between equilibrium and experiment is visible. When adjusting the experi-
mental gas production according to steam reforming reaction, the deviation becomes
much smaller, but still remains on average at 0.78 NI gcin Feed’. As a last correction

factor, the carbon gasification efficiency can be implemented (Eqg. 6.13).

GP
GPsg ana ce = C;R (6-13)

GPsp - Gas production, corrected by SR (NI gcin Feed™)
GPsg ana ce:  Gas production, corrected by SR and CE (NI gc in Feed ™)

This correction accounts for incomplete gasification during the experiment. Under ther-
modynamic equilibrium, all carbon in the feed is gasified and thus a larger quantity of
gas is produced. To compensate this, the gas production from the experiments is line-
arly extrapolated to complete gasification. With this correction, the gas production is
close to the predicted amount of gas with a mean relative error of 4%.

Possible origins of the small deviations between the equilibrium data and the adjusted
experimental data that remain are that the product gas was only adjusted according to
SR reactions but not according to water-gas-shift (Cco,experimenta = 0.1 — 0.3 vol.%,
Cco,equilibirum = 0.0 — 2.0 vol.% depending on the conditions). Also, incomplete gasifica-
tion occurs, indicating that some carbon remains in the effluent. The correction of the
gas production by assuming complete gasification (CE equals 100%) is only an ap-
proximation, since the remaining carbon is not present in the form of glucose, but in
different species, which also contain different contents of O and H (as shown in section
6.3.2.2). Lastly, glucose is chosen as a model compound and represents the C, H and
O content of the biomass well but does not consider contaminants or a small amount
of inorganic carbon in the feed, e.g., originating from carbonates. Thus, in a more com-

plex approach, a real biomass should be chosen for the equilibrium calculations.
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gas production in NI gcin Feea™® at experimental conditions of T = 650 °C, DM content =
6.6 wt.%, m = 700 g h?.

6.5.2 Concentration

As a second parameter, the influence of carbon concentration in the feed (and thus
biomass concentration) was assessed. Equilibrium shows that with increasing carbon
content, the percentage of Hz in the product gas drops while that of CHa increases
(Figure 6.18). This is due to a decrease in water surplus which favors methanation (see
section 6.3.2.2). This trend is confirmed by the experimentally measured product gas,
however to smaller extent. Again, as described in section 6.5.1, the CH4 content in the
product gas is much higher during experiment than expected from equilibrium. Some
C2+ compounds (2.1 — 5.1 vol.%) formed during the experiments that were not present

in equilibrium. When correcting the gas composition as described in section 6.5.1, the
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product gas matches the equilibrium concentrations adequately with a mean deviation
in Hz2 content of 0.67 vol.% and CO: content of 1.01 vol.%.
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Figure 6.18: Influence of Carbon Content on a) Hz, b) COz2, ¢) CHa4 content in vol.%

and d) gas production in NI gcin Feed at experimental conditions of T = 650 °C, p = 280
bar, m = 700 g h't.

The experimental gas production is much lower than expected from equilibrium. This
is caused by the insufficient steam reforming and incomplete gasification for carbon
contents greater than 1 wt.%. When correcting the gas production by both factors, the

deviation becomes much smaller, with a mean relative deviation of 5%.

6.5.3 Temperature

The effect of temperature was also assessed. As described in section 6.3.2.3 (and
displayed in Figure 6.19) regarding the experimental results, with increasing tempera-
ture the Hz content decreased and the CH4 content increased. The opposite is ex-

pected from the literature [80,87], and from the present equilibrium calculations, since
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a temperature increase should promote hydrocarbons' steam reforming. As steam re-
forming is kinetically limited in the present case due to the lack of a suitable catalyst
(see section 6.5.1), the hydrocarbons are not sufficiently reformed. Due an increase in
gasification efficiency from 56 to 93% with an increase in temperature from 550 to 700

°C more carbon is transferred into the gas phase in form of CH4 and Cz+, increasing
the share of hydrocarbons in the gas phase.
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Figure 6.19: Influence of Temperature on a) Hz, b) CO2, ¢) CHa4 content in vol.% and

d) gas production in NI gcin Feed at experimental conditions of p = 280 bar, DM content
= 6.6 wt.%, m = 700 g ht.

When adjusting the experimental gas composition according to Eqg. 6.12, the Hz and
CO:2 concentrations at T = 650 °C agree well with the equilibrium gas composition well
with a maximum deviation of 2.2 and 3.0 vol.%, respectively. However, for lower tem-
peratures the deviation increases. At T = 550 °C, the deviation is 11.0 vol.% in H2

content and 11.1 vol.% in CO2 content. For T = 550 — 600 °C the correction of the
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produced gas by steam reforming reactions is thus not sufficient to reach equilibrium,
indicating the influence of other reactions as well. As described in section 6.3.2.3, in
these cases the gasification efficiency was low and by-products such as tar and pos-
sibly coke were produced. With corrections of the gas production by SR and CE the
gas production reaches closer to equilibrium. The mean relative deviation for T = 650
°Cis 4.4%, whereas for T < 650 °C it is 12.4%, again emphasizing that at temperatures

below 650 °C unwanted reactions take place that hinder gas formation.

6.5.4 Summary of gained knowledge from equilibrium calculations

Even though the equilibrium calculations were only carried out with glucose as model
compound and not the real biomass composition, valuable insights could be gained.
The comparison of experimental data with equilibrium calculations displayed that ther-
modynamic equilibrium was not reached during the experiments. It was possible to
explain the deviations in gas composition by insufficient steam reforming for T = 650
°C. A suitable catalyst could enable the system to reach equilibrium gas compositions
and thus maximum H: yields. For T < 650 °C the deviations could not be explained by
steam reforming, indicating the influence of other reactions that inhibit the reach of
equilibrium. This is confirmed by the experimental observations of tar and coke for-

mation during these experiments.

When choosing reaction conditions that produce little or no unwanted by-products (tar,
coke), the equilibrium calculations can be used as a tool to estimate the product gas
composition in advance. It can also be used as an indicator of whether further
measures need to be taken to achieve maximum hydrogen yield, such as the introduc-
tion of a catalyst. In addition, it can be used as a control tool to assess if and to what
extent undesirable byproducts may have formed, e.g. T = 550 °C or T = 600 °C as
described in section 6.5.3, when deviations in the product gas cannot be explained by
gas phase reactions such as steam reforming or water-gas shift. The calculations also
provided the amount of gas produced. This can be utilized as an estimate for the
amount of product gas for complete gasification and can be adjusted to the gasification

efficiency achieved during the experiment.
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With the parameters ranges that were experimentally determined to be suitable for
sufficient gasification combined with thermodynamic equilibrium calculations, a first
prediction of the product gas amount and composition could be made for novel bio-

masses that have not been gasified before.

6.6 Conclusion

A novel reactor concept for the supercritical water gasification process (SCWG) was
developed and a detailed parameter study was performed. The parameter variation
included temperature, pressure, biomass type and concentration, potassium addition

and residence time.

The novelty of the present SCWG system is the heating concept that uses supercritical
water to preheat the biomass instead of electrical heating from the outside of the pre-
heater as was done in the past. In previous setups, low gasification efficiencies and
solid deposition hindered long time operation. With this novel reactor concept, more
than 100 hours of operation have been achieved without any visible solid formation or
plugging. This seems to be due to the rapid heating of the biomass by mixing it with

supercritical water.

Pressure had a negligible effect on the process, in terms of gasification efficiency and
gas composition. This is most likely due to the fact that the pressure is in all cases very
high (p = 240 bar) and due to technical limitations only pressures up to 300 bar were
possible to investigate. Potassium was added as a homogeneous catalyst in form of
KHCOs. There was no influence on the gas composition visible and also the gasifica-
tion efficiency was only minorly affected. This might be due to the fact that the biomass
itself contains potassium and thus a further addition does not offer any benefits. A
variation of reaction temperature significantly influenced the process. With increasing
temperature, the gasification efficiency increased from 58% at T = 550 °Cto 91% at T
= 700 °C due to an improved splitting of the biomass molecules. At the same time the
organic carbon in the effluent decreased. At T < 650 °C increased tar formation and
incomplete carbon balance was observed. Thus, for the biomasses tested at least T =
650 °C is required for sufficient gasification without extensive by-product formation.

The biomass type did not influence the gasification efficiency or the gas composition.
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This is most likely due to the similar macroscopic appearance and elemental compo-
sition of the tested biomasses. However, SiO2 deposition was observed prior to the
gasification reactor when the Si content in the reaction mixture was above 0.1 wt.%.
This indicates inadequate salt separation at elevated salt levels and underscores the
need to further improve the concept being developed. An increase in dry matter content
led to a decrease in the gasification efficiency. However, almost no decrease was oc-
curring when the dry matter content was increased from 3.8 to 6.6 wt.%, indicating that
also higher dry matter contents should be processible in the future. This was not pos-
sible in the present investigation due to plugging of the feed tubing due to its small
inner diameter. In larger plants this should not occur. The residence time had a large
influence on the gasification efficiency when being increased up to 8 s. A further in-
crease displayed only a minor influence, almost as if a plateau was reached. This be-
havior is known from other authors. However, 8 s are very low for reaching this plateau,
compared to results reported by other authors. This emphasizes the superior behavior
of the present reactor concept.

From the parametric study conducted, an optimal set of parameters can be derived in

terms of maximizing gas production while reducing processing effort:

Pressure should be chosen as low as possible to reduce effort for pressur-
izing the system (p = 240 bar).

- No potassium should be added as catalyst as there was only a minor effect
and KHCOs is expensive to purchase (cx+ = 0 ppm).

- Temperature should be chosen as high as possible, as long as the reactor

material can sustain it (T = 700 °C), to reduce by-product formation and to
obtain a clean effluent.
Dry matter content should be chosen as high as possible, in the present case
it was limited due to the feed tubing (DM = 6.6 wt.%). The biomass type does
not influence the gasification offering flexibility in terms of feedstock type to
the process. However, the salt content needs to be monitored.

- The residence time should a chosen to be at 8 s. An increase above 8 s
increases the gasification efficiency only minorly, which might not offset the

increased invest costs when building a larger reactor.
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Based on the experimental results, an empirical model was derived to describe the
influence of the different process parameters. As only temperature, dry matter content
and residence time displayed a large influence these three parameters were included.
They all displayed almost linear influence on the gas composition and gasification ef-
ficiency, thus the empirical model is based on multilinear regression. The model was
verified for two new parameter sets. The model can thus serve as a valuable tool to
reduce the experimental effort. Experimental outcomes can be predicted and thus the
parameters can be adjusted in such a way, that e.g. a desire gas composition is ob-

tained.

Besides the experimental work, equilibrium calculations were carried out to determine
further optimization potential in terms of maximizing hydrogen yield. From these calcu-
lations it was deduced that steam reforming reactions are kinetically limited, preventing
the system from reaching equilibrium gas compositions. The utilization of a nickel cat-
alyst, for example, could enhance hydrogen production. It should be noted that equi-
librium calculations only provide information about the distribution of gas-phase com-
ponents in equilibrium. However, since SCWG involves multiphase systems and kinet-
ically controlled reactions, equilibrium calculations cannot reliably predict the actual
gasification conversion. Nevertheless, the comparison between experimental results
and equilibrium calculations revealed that undesirable side reactions occur at temper-
atures below 650 °C. Therefore, equilibrium calculations can still serve as a useful tool
to evaluate trends in product gas composition and to further guide the optimization of
the SCWG process.
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Summary of chapter 7

Supercritical water gasification (SCWG) is a process in which biomass reacts with su-
percritical water to produce Hz and CHa-rich gas. The water-to-biomass ratio is a cru-
cial variable in SCWG that affects the energy efficiency of the process. Despite the
clear concept, systematic studies on water consumption during the formation of gase-
ous products are lacking. As water is a scarce resource and its consumption will gain
more attention in the future, a precise understanding is important. This work aims to
determine the water consumption in SCWG of organic feedstock. Ethanol was used as
an organic model compound since mass balances of complex biomasses like lignocel-
luloses are often incomplete due to the formation of solid deposits. The ethanol con-
centration ranged from 1.2 to 72 wt.%, and complete gasification was achieved in all
cases. Water consumption decreased with an increase in ethanol concentration due to
enhanced methanation reactions with increasing organics. Stoichiometric calculations
and ASPEN HYSYS simulations confirmed the experimental results, showing equilib-

rium gas compositions in the reaction system.
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7.1Introduction

The process of supercritical water gasification revolves around the use of water in its
supercritical state as a solvent and reactant [3]. Organic molecules are first hydrolyzed
(Eq. 7.1 - 7.2) and then further decomposed into gases, followed by the water gas shift
reaction (Eg. 7.3) and methanation reactions (Eq. 7.4 - 7.5) [203—-205]. As displayed in
Eq. 7.1 to 7.5 water plays an important role as a reactant in the SCWG.

CyH, 0, + (2x — 2)H,0 - xC0, + (2x — z + 0.5y)H, (7.1)
CxH,0, + (x —z)H,0 - xCO + (x — z + 0.5y)H, (7.2)
CO + H,0 & COy + H, (7.3)
CO + 3H, & CH, + H,0 (7.4)
CO, + 4H, & CH, + 2H,0 (7.5)

Until now the amount of water that reacts to form gaseous products within the process
has received little interest and has not been systematically studied. The water-to-bio-
mass ratio in the feed influences the process in terms of gasification efficiency
[89,134,135] and is an important factor on the SCWG energy efficiency and economics
[206,207]. Fiori et al. simulated the SCWG process of different biomasses and calcu-
lated the water consumption of 10 wt.% glycerol solution to be 22.5 kg h** when pro-
cessing 1000 kg ht solution (T = 700 °C, p = 300 bar) [208]. Wang et al. simulated the
catalytical SCWG of lignin on molecular scale and calculated the water consumption
as a function of total water molecules present in the system [209]. In the following work,
the influence of the biomass concentration, conducted with the model component eth-
anol, on the water consumption of the SCWG is experimentally investigated and theo-
retically described. Additionally, the experimental data is compared to an ASPEN HY-
SYS simulation of the thermodynamic equilibrium. The results of these experiments
provide valuable insights into the process of supercritical water gasification of ethanol
and can be transferred to the conversion of real biomass. The water consumption is
an important process factor because if a larger amount of the water is consumed in the
reaction, less water remains available for recycling. As a result, additional fresh water
must be supplied and heated to supercritical conditions, leading to a decrease in the
overall energy efficiency of the process.
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7.2 Materials and method
7.2.1 Preparation of educts
Pure ethanol is mixed with distilled water at concentrations of 1.2 to 72 wt.% to create

the feed solution. The ethanol is supplied by VWR Chemicals. KHCOs3 is added as a

catalyst.

7.2.2 Apparatus
The description of the configuration of the continuous lab-plant that was used for this

investigation can be seen in section 5.2.2.2 (“Configuration 2”). The only differences
compared to section 5.2.2.2 is that in the preheater no liner was installed, thus the
inner diameter of the preheater was 8 mm. Additionally, no salt separation was per-

formed as only the model biomass substance ethanol was processed.
For simplicity, a schematic diagram of the lab-plant is shown in Figure 7.1.
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Figure 7.1: Schematic diagram of the lab-plant in Chapter 6.

7.2.3 Data interpretation
Additional to the key figures described in section 3.4, the following key figures are cal-

culated.
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For the data interpretation the ethanol mass fraction wg.oy (EQ. 7.6) and the ratio of

carbon to water in the feed x; (Eq. 7.7) are used.

_ MEtoH
Weton = MEcoH+MH20 (7.6)
m; Mass flow of species “i” (g/h)
x+ _ _Nc_ _ 2NEtoH
e = NH20 NH20 (7.7)
n; Molar flow of species “i” (mol/h)

The water consumption of the process describes how much water is converted into
gaseous products when reacting with the organic compounds. In previous studies it
was shown that the reactor effluent of the SCWG process can be recycled [89,113].
The water consumption is thus important for the estimation of how much fresh water
needs to be used to make up the difference of water in feed and reactor effluent by
distilled water and thus is important for cost estimation of the SCWG process. In order
to calculate the generation of Hz2 and CH4 from water, the amount of C, H and O in the
gas phase is compared with the amount of C, H and O that originate from the gasified

ethanol nigrop gasified-

NEtoH, gasified = CE * Ngton Feea (7.8)

n; Molar flow of species “i” (mol/h)

Any additional H and O (AH, A0 (Eqg. 7.10 and 7.11)) in the product gas have its origin
in water that has reacted with the ethanol since those are the only two components
that are fed into the system (except for KHCOs which is present in neglectable amounts
and is assumed to leave the system also in form of KHCO3s and thus does not contrib-
ute to gas formation).

AC = ncy, + Nco + Nco, + 20y, + 20,0y + 3Mcyng + 3Mc,ny — 2MEron,gasifiea (7-9)
A0 = N¢o + 20¢o, — Ngron,gasified (7.10)
AH = 4figy, + 21y, + gy, + 61ig . + 67, + Bricun, — 6Tigeom gasifiea  (7-11)

Aj Molar difference of element ’j” (mol/h)
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AC is zero since all carbon in the gaseous phase originates from gasified ethanol. Since
the differences in H and O in real experiments show little deviations to the elemental
composition of water the mean value of these differences AO and AH is used to calcu-
late the water consumption WC relative to the processed amount of ethanol according

to the following equation.

WC = 0,5AH+AO " 1 mol H,0 (7.12)

2 NEtoH,gasified Mol C2HsOH

7.3 Results and discussion

7.3.1 Investigation of water consumption

Eight experiments were conducted to investigate the water consumption during the
SCWG of different ethanol solutions (100 ppm of K* were added) (see Table 7.1). The
reaction temperature was 650 °C, and the pressure was 280 bar. The set mass flow
was 250 g h™. In all experiments conducted the TOC conversion was greater than
99%. The carbon efficiency was greater than 95.5% in all cases except for x; = 0.01
(see Table 7.1) and thus the gasification can be considered complete for all concen-
trations. Since TOC-conversion is complete and no solid carbon was found for x; =
0.01 the relatively low CE is most likely due to uncertainties of the measurement (es-

pecially the gas meter) which have greater impact if the gas flow is low.

Table 7.1: Key figures of gasification of different ethanol solutions.

Exp. WEtOH X, CE TOC con- Mass Carbon Amount
T version balance balance of gas
wt.%  mol/mol % % % % lgely
7.1 1.2 0.01 93.6 99.42 99.2 93.6 2.84
7.2 6.0 0.05 97.6 99.94 98.4 96.7 2.26
7.3 11.5 0.10 95.9 99.98 101.8 94.5 1.7
7.4 20.0 0.20 95.6 99.99 98.5 95.6 1.38
7.5 30.0 0.34 98.2 100.00 99.2 98.2 1.24
7.6 39.0 0.50 96.6 100.00 96.9 96.6 1.16
7.7 56.0 1.00 96.2 100.00 96.4 96.3 1.06

7.8 72.0 2.00 96.5 99.95 98.0 96.6 1.01
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This is surprising since CE is generally known to decrease with increasing concentra-
tion of organics [89,135]. In the present reactor configuration ethanol could be gasified
effectively even at high concentrations. The temperatures (T = 650 °C) and residence

times (calculation based on the density of water) at T > 600 °C (t = 3 min) are high for

the conversion of ethanol. For high feed concentrations of ethanol, the density of the
mixture decreases and thus the residence time will decrease. Since complete gasifi-
cation is reached in all cases the change in residence time has no impact on the pro-
cess under the chosen conditions. Byrd et al. 2017 studied the SCWG of ethanol over
a Ru(5wt.%)/Al203 catalyst and demonstrated the significant effect of residence time
and of temperature on the yield of products and gasification [96]. More specifically, at
600 °C and low residence time (5 s), they detected high amounts of organic carbon in
the liquid effluents and increased ethylene yield. When they increased residence time
to 10 s, these products were minimized, while the yields of H2, CH4 and CO:2 increased
significantly. Voll et al. calculated the thermodynamic equilibrium of ethanol SCWG
and compared their results with Byrd et al. [96,210].They argued that a minimum resi-
dence time of 4 s results in satisfactory results when it comes to ethanol SCWG. The
ethanol decomposition in supercritical water is known to already take place at 500 °C
[211]. Since these two factors positively influence the gasification efficiency
[66,67,143,149,212—-214] the high temperature and residence time could explain why

complete gasification could be reached for ethanol concentrations up to 72 wt.%.
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Figure 7.2: Influence of xc* in the feed solution on the composition of the product gas

based on experimental results.
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From literature it is well known that the concentration of the organic components sig-
nificantly influences the composition of the product gas of the SCWG process. With
rising organic content the water surplus decreases which reduces the amount of Hz
produced [134,135,153]. The CHswas found to increase with rising organic concentra-
tion [87,153]. In the case of ethanol the methane could origin from methanation or
acetaldehyde decarbonylation. Both of described effects (H2 decrease and CHa in-

crease) could be already seen in the present study (see Figure 7.2).

The H:z content of the product gas decreased from 70.1 to 8.5 vol.% when increasing
the ethanol concentration from 1.2 to 72 wt.% (x; 0.01 to 2 mol/mol). The CO concen-
tration remained below 2 vol.% with little increase. An increase with rising organic con-
centration is expected due to the reverse water-gas shift reaction [135,215]. When in-
creasing the feed concentration, the CH4 content of the product gas rose from 7.1 to
65.2 vol.%. The increased methane content correlates with the decrease in the amount
of produced gas per gram ethanol gasified (from 2.84 to 1.01 L geton™®) since according
to reactions 6.4 and 6.5, four or five gas molecules react to form one molecule of me-
thane and water. Since the gasification of ethanol solutions with 1.2 to 72 wt.% was
possible and in all cases complete (CE > 93.6%) it can be assumed that the same
reaction mechanism can be applied for all concentrations. Since almost no higher hy-
drocarbons can be detected the major reaction pathway can be described by dehydro-

genation of ethanol, as proposed by Arita et al. [211].

C,HsOH — H, + CH;CHO (7.13)
CH5CHO - CH, + CO (7.14)
CO + H,0 - CO, + H, (7.15)

Subsequently either steam methane reforming or methanation reactions (Eq. 7.4 and
7.5) take place which depend on the amount of water in the system and thus on the
ethanol concentration. In case of x; = 0.01 and x; = 0.05 the amount of methane in the
product gas is significantly lower than the amount that forms according to Eq. 7.13 and
7.14. In this case steam methane reforming seems to be taking place. For higher x;
than 0.05 the amount of methane contained in the product gas can not only be ex-
plained by Eq. 7.13 and 7.14 since the amount of methane in the product gas is greater

than the amount of ethanol processed on molar base (see Table 7.2).
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Table 7.2: Ratio of methane in the product gas to ethanol in feed for different x.

X*
‘ 001 005 0.1 02 034 05 1 2
mol/mol
NcHa / NEtOH
0.44 0.72 1.02 1.17 1.27 1.30 1.34 1.36
mol/mol

The methanation reaction and steam methane reforming thus directly influence the
water consumption of the SCWG process since the formed water during methanation
reduces the amount of water consumed. This effect can be seen in Figure 7.3 and
Table 7.3. The water consumption decreases from 2.38 to 0.06 mol H20 consumed

per mol ethanol when increasing x; from 0.01 to 2.

Table 7.3: Calculation of water consumption from experimental data (according to Eq.
7.9-7.12).

X, AH AO Water consumption
Based on Based on
AH AO Mean
mol/mol  mol H/mol EtOH mol O/mol EtOH mol H20/mol EtOH

0.01 5.64 1.94 2.82 1.94 2.38
0.05 2.74 1.42 1.37 1.42 1.40
0.1 1.91 0.75 0.96 0.75 0.86
0.2 0.95 0.47 0.48 0.47 0.47
0.34 0.61 0.28 0.31 0.28 0.29
0.5 0.55 0.16 0.28 0.16 0.22
1 0.30 0.09 0.15 0.09 0.12

2 0.14 0.05 0.07 0.05 0.06
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Figure 7.3: Water Consumption of the SCWG process with variation in x; in the feed

solution.

At low x} the deviation of the measured water consumption to the water consumption
given in equation 7.1 for ethanol (3 mol H20 per mol ethanol) is the smallest. This
deviation can be well explained by the formed methane. When further reducing the
feed concentration the water consumption of 3 mol H20 per mol ethanol would then be
the limit. It becomes clear that the higher the methane content of the product gas the
lower the water consumption of the process is. To verify the proposed mechanism (Eq.
7.13 to 7.15 and Eq. 7.4 and 7.5) the following theoretical consideration was con-
ducted. The proposed mechanism by Arita et al. [211] can be reduced to Eq. 7.16.

C,HsOH + H,0 - CO, + 2H, + CH, (7.16)
€O, + 4H, - CH, + 2H,0 (7.5%)

When also taking the methanation into account (Eq. 7.5, for simplicity again displayed
as Eqg. 7.5%), the resulting gas composition (CO and higher hydrocarbons are neglected
due to the small amount in the product gas) can thus be described by adding these
equations. For this, Eq. 7.5* is multiplied by the factor x and Eq. 7.16 with the factor y.

yC,Hs0H +(y — 2x)H,0 - (y —x)CO, + (2y — 4x)H, + (y + x)CH, (7.17)

The water consumption WC can thus be described by the reduced formula (y =

nEtOH,gasified) .
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n ified—2X LH,0
WC = lEtoHgasified mol Hy (7.18)

NEtoH,gasified Mol EtOH

The produced amount of gas can be described as displayed in Eqg. 7.19 to 7.21.

Ncpa =Y + X = Ngron gasified T X (7.19)
Ncoz =Y — X = Ngron,gasified — Y (7.20)
Ny = 2y — 4X = 2Ngon gasifiea — 4% (7.21)

The variable ‘X’ can thus be described in various ways.

_ __ 2NEtoHgasified NH2 __
X = Ncya — NEtoH,gasified = 2 = NgtoH,gasified — Nco2 (7.22)

With this formula the water consumption can be described as

WC=3—2—DlcHs 1 M _ o Meoa g IMoUKO (g 54

NEtOH,gasified 2NEtOH, gasified NEtOH,gasified mol EtOH

To verify this theoretical consideration the experimental data are displayed graphically
and approximated with a linear regression (see Figure 7.4). As displayed, the received
linear regressions fit the calculations of the theoretical water consumption well with a

deviation smaller than 20%. The proposed reaction mechanism is thus justified.
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Figure 7.4. Water Consumption as a function of the produced gases.
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7.3.2 Comparison of experimental results with thermodynamic equilibrium

The experimental results were additionally compared with the thermodynamic equilib-
rium calculated with Aspen HYSYS V14. The simulation was carried out with a Gibbs
reactor which minimizes the free Gibbs energy of the system. The selected property
package was the PR-Twu implementing the Equation of State (EOS) for enthalpy cal-
culations. As stated by Twu et al., their temperature-dependent function for a cubic
EOS correctly extrapolates the vapor pressures of pure components to the supercritical
region. In addition, they proposed a new mixing rule for predicting the properties of
mixtures [216]. Combined with their proposed mixing rule, their cubic EOS can accu-
rately describe the phase equilibria of polar/non-polar systems. The pressure was set
to 280 bar and the temperature to 650 °C (as set in the experiments). The feed has a
temperature of 20 °C. x; was varied from 0.001 to 8.0 mol/mol (see Figure 7.5). The
simulation verified the results from Voll et al., who calculated the thermodynamic equi-
librium of the SCWG of ethanol at 800 °C and 221 bar [210]. It was found that the

simulation reproduced accurately their results (see Supporting Information A2).

The results indicate that in the present reaction system under the chosen reaction con-
ditions thermodynamic equilibrium is reached for x; greater than 0.05 (see Figure 7.5).
According to Aspen HYSYS at x: = 0.08, the gas composition is (almost) exactly the
composition described by Eq. 7.16 (24.2 vol.% COz2, 50.1 vol.% H2, 24.6 vol.% CHa4),
and the water consumption is close to 1 (0.96). At this point, the gas composition can
be explained by the ethanol decomposition. For lower x; than 0.08, less methane
should be in the product gas than the amount formed according to Eq. 7.16. This
means that steam methane reforming needs to take place in order to reach equilibrium.
Experimental results show that even though it is true that less methane is in the product
gas than the amount that forms according to Eq. 7.16 (see Table 7.2), methane is not
completely reformed to reach equilibrium. In the case of x; = 0.05, equilibrium is
reached, but for x;= 0.01, the experimental results indicate a higher methane content
(7.1 vol.%) than predicted by Aspen HYSYS (0.8 vol.%). More catalytically active sites
are needed to reach equilibrium. Steam methane reforming is often promoted on
nickel-based catalysts with a high surface area [193]. Thus, the methane content is
higher than predicted by the equilibrium. For x; higher than 0.08, the amount of me-

thane in the product gas can be explained by considering methanation. Since
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equilibrium is reached in these cases, methanation can be considered to take place
completely.
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Figure 7.5: Comparison of experimentally measured (exp.) and simulated gas compo-
sition (eq.) for different x; in the feed solution.
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Figure 7.6: Comparison of experimentally measured and simulated water consump-
tion for different x.

Besides the gas compositions (see Figure 7.5), the water consumption determined by
Aspen HYSYS also fits the experimental data well (see Figure 7.6). The deviation is

smaller than 0.04 mol/mol for x; greater than 0.05. The deviation is more prominent in
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the case of x; = 0.01, but the general trend is still visible. This deviation is due to the
deviation in gas compositions as described above. To emphasize the overall accuracy
of the simulation with the experiments, the parity plot of the water consumption calcu-
lated by Aspen HYSYS and from experimental data is shown (see Figure 7.7).
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Figure 7.7: Parity plot of water consumption experimentally determined and simulated
by ASPEN.

The coefficient of determination R? is 0.985 which is very close to 1 (= ideal concord-
ance). This confirms the chosen calculation method for the water consumption based

on the experimentally acquired gas compositions.

The simulation of thermodynamic equilibrium with Aspen HYSYS is helpful for deter-
mining further reaction parameters that could be investigated. A further extension of
residence time would in this case probably not change the outcome of the experiments

since under the chosen residence time equilibrium gas composition was reached.

7.4Conclusion

The water consumption of the supercritical water gasification of ethanol was system-
atically investigated and described since higher water consumption that results in
higher hydrogen generation is an important factor for SCWG. It was demonstrated that
the water consumption of the supercritical water gasification of ethanol can be reliably

calculated using the composition of the produced gas. The calculation was supported
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by thermodynamic equilibrium simulations of the investigated process. The gas com-
position and the water consumption strongly depend on the ethanol concentration in
the feed. With rising ethanol concentration, the water consumption of the process de-
creases in a logarithmic manner. This is due to increased methanation which produces
water as a side product. Simple equations were derived which enable the calculation
of the water consumption of the process. In the future, the water consumption should
be measured for complex biomasses like lignocellulosic biomasses to extend the
knowledge. The influence of other process parameters like reaction temperature or

system pressure on this key figure should also be investigated.
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Chapter 8. Concluding insights and fu-

ture perspectives

8.1Concluding insights
The present work aimed to optimize the SCWG process in such a way that processing
dry biomasses (contaminated with heavy metals) becomes possible with high gasifica-

tion efficiencies in long-term operation.

The initial reaction system, that was based on previous work and experience gained
over the last years in our working group, mainly consisted of a preheater, a salt sepa-
ration and a gasification reactor. Preheater and reactor were electrically heated from
the outside (allothermal operation). During these initial experiments technical difficul-
ties arose hindering long-term operation, indicating the need for further investigation
and development. However, these initial experiments provided valuable insights that
were needed for successful design of the final lab-plant configuration. The most im-

portant insights in the initial setup were the following:

Feedstock flexibility

SCWG is supposed to be able to process a wide range of biomasses. In the current
work, many different biomasses (grassy and woody) with similar elemental composi-
tion were gasified. It was found that neither the carbon gasification efficiency (CE =
60.3 + 5.1%) nor the gas composition (33.5 + 3.2 vol.% of Hz and 44.0 = 3.9 vol.% of
CO2) was significantly influenced by the variation of biomass. This indicates that bio-
masses with similar elemental composition behave similarly in SCWG and produce
similar product gases. This is especially advantageous as a change in feedstock does

not affect the process of SCWG and also not subsequent gas treating/upgrading steps.

Heavy metal and salt separation

The ability of SCWG to separate heavy metals from biomass into the salt concentrate
during the process is a significant advantage, as demonstrated by the heavy metal-
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free reactor effluent under all tested conditions. This outcome is crucial for processing
contaminated biomasses, as a heavy metal-free process water can be reused.

However, a main challenge that arose was insufficient separation of salt building ele-
ments into the salt separation device. Insufficient salt separation led to solid deposition
in the reaction system, hindering long-term operation. Experiments revealed that salt
separation is strongly dependent on the preheating temperatures. An interesting in-
sight was that the location of the deposits changed with changes in the temperature

profile.

This insight led to further investigation of the influence of the temperature profile by
conducting complex inner-temperature measurements. These measurements re-
vealed that the solid deposits occurred in sections of the lab-plant where temperatures
of 400 to 440 °C are first reached inside the medium while an outside temperature was
set to 500 °C. From this observation it was concluded that the precipitating salts tend
to stick to the wall of the preheater/reactor because the wall is the local hotspot in the
section where the salts precipitate and thus the solubility of the salts is the lowest at
the wall. Thus, a need for a different heating concept (where the wall is not the local

hotspot) was derived.

Water recycling and consumption

SCWG heavily relies on the use of water to create a pumpable feed slurry and to act
as a solvent and reactant in the process. As fresh water is a scarce resource it is im-
portant to reduce the usage as much as possible. It was successfully demonstrated
that the fresh water usage can be reduced by about 89% when the reactor effluent is

reused to create new feed slurry.

To quantify how much water reacts in the process and also how much of the produced
H2 stems from the water and not the biomass itself ethanol solutions were gasified with
varying ethanol content. It was demonstrated that the water consumption of the super-
critical water gasification of ethanol can be reliably calculated using the composition of
the produced gas. The calculation was supported by thermodynamic equilibrium sim-
ulations of the investigated process. The gas composition and the water consumption
strongly depend on the ethanol concentration in the feed. With rising ethanol concen-

tration, the water consumption of the process decreases. This is due to increased
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methanation which produces water as a side product. Simple equations were derived
which enable the calculation of the water consumption of the process.

Based on the knowledge gained during the first experiments, most importantly the in-
vestigation of the salt precipitation, a novel reactor concept was developed. The most
important insights from this development and the subsequent testing of the setup are

outlined in the following paragraphs.

Process development

During the initial investigation it was found that solid deposition (coke and salts) hinders
long-term operation. The salt deposition in the system seems to be caused by the
heating concept that was utilized. To avoid salt accumulation on the walls a different
heating concept was adapted (“two-stream concept”). Heating of the biomass was
achieved by mixing the cold biomass feed with hot supercritical water, allowing rapid
heating to supercritical temperatures without the need to directly electrically heat the
biomass slurry. This approach helps to reduce salt deposition on the reactor walls and
minimize coke formation, as the temperature zone favoring hydrothermal carbonization
is avoided. To reach sufficiently high temperatures (up to 700 °C) for efficient gasifica-
tion, an additional external heating step of the reactor was implemented after salt sep-
aration. The novel reactor concept was initially tested by mixing 100 g h'! of biomass
slurry (8.8 wt.% DM) with 600 g h'* of supercritical water, resulting in 1.3 wt.% DM in
the mixture. More than 100 h of operation was possible with a carbon gasification effi-
ciency of 82.0% at a reaction temperature of 650 °C. An almost closed carbon balance
was reached (97.2% could be detected in the products) and no deposits were detected
in the lab-plant afterwards. This first promising result encouraged to conduct a further
detailed parameter analysis and optimization to maximize the gas production as much

as possible.

Process parameters and optimization

After development of the final lab-plant, the parametric study of the reaction system
provided valuable insights into how various operational parameters influence the
SCWG process. These findings are essential for optimizing process efficiency, reduc-
ing by-product formation, and managing costs.
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Temperature: Reaction temperature plays the most influential role. Gasification effi-
ciency increased significantly with higher temperatures, peaking at 91% at 700 °C,
compared to 58% at 550 °C. At temperatures below 650 °C, tar formation and a poor
carbon balance were observed, emphasizing the need for high operating temperatures
to ensure stable operation. Even higher temperatures than 700 °C would be desirable
to further decompose remaining organics in the effluent. However, temperature levels
are limited by the reactor material. Thus, the highest possible reaction temperature

should be chosen.

Dry matter content: An increasing dry matter content has the opposite effect on gas-
ification efficiency as temperature. With increasing dry matter content, the gasification
efficiency decreased. However, unlike studies by other authors, the system showed
minimal decrease of gasification efficiency with increasing dry matter, most likely due
to the rapid heating of biomass, avoiding temperature zones that favor hydrothermal
carbonization or tar formation, leading to improved gasification efficiency. The effluent
TOC content increased with higher dry matter, from 400 mg It at 1.3 wt.% dry matter
in the reaction mixture to 2860 mg It at 6.6 wt.% dry matter, with key organic species
(phenol, resorcinol, and formic acid) also increasing. Testing more than 6.6 wt.% in the
reaction mixture was not possible because an increased dry matter content led to plug-
ging of the feed tubing. As this plugging should not occur in larger plants and the de-
crease in gasification efficiency with increasing dry matter content was moderate, an
even higher dry matter content should be chosen for operation at large scale to max-

imize the gas production.

Pressure: Variations in pressure (240 to 300 bar) had negligible effects on gasification
efficiency and gas composition. This suggests that operating at the lowest pressure,
e.g. 240 bar (p > 221 bar, to ensure operation in the supercritical state of water), can

minimize pumping efforts and thus costs without compromising performance.

Residence time: With increasing residence time, gasification efficiency improvements
were notable up to 8 s of residence time (at 650 °C, 6.6 wt.% dry matter and Tt =8 s,
CE = 72%), after which gains were marginal (at 650 °C, 6.6 wt.% dry matter and T =31

s, CE = 79%). This finding highlights the great performance of the developed reaction
system. Thus, there is potential for compact reactor designs with short residence times.
As the residence time required for sufficiently high gasification efficiency was very low,
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the effect of the mixing in the salt separator was investigated by bypassing the gasifi-
cation reactor after salt separation (which equals an experiment at a residence time of
0 s at reaction temperature). Even though only the salt separator was operated (T =
450 °C) no solid biomass particles were present in the product. A product gas mainly
consisting of CO2 was produced. The effluent's total organic carbon content was much
higher (10930 mg I'Y) compared to experiments using the gasification reactor (2822 +
653 mg I'1). Additionally, a large quantity of an oily substance (exceeding typical
amount of tars), accumulated in the filter upstream of the back-pressure regulator.
Analysis of the oily substance displayed an average molar mass of 261 g mol?, indi-
cating that the macromolecules of the biomass (cellulose, hemicellulose and lignin) are
already greatly decomposed after the salt separator. From these observations, it can
be concluded that the salt separator acts as a hydrothermal pretreatment step, similar

to hydrothermal liquefaction.

Biomass type: The SCWG process showed consistent performance across different
biomass types, with no significant variation in gasification efficiency or gas composi-
tion. This confirms the results obtained during the initial testing of the biomasses in the
first lab-plant configurations. However, monitoring the salt content, particularly silica,
remains crucial, as elevated levels (e.g., >0.1 wt.% SiO2) led to deposition issues in

the lab-plant due to imperfect salt separation.

KHCOs addition as homogeneous catalyst: Adding potassium as a catalyst showed
minimal benefit, most likely due to the inherent potassium content in the biomass.

Given the cost of potassium compounds like KHCOs, their use is not recommended.

Empirical model and predictive tools

Based on the parametric investigation of the novel reactor system, an empirical model
was derived. The empirical model, which is based on a multi-linear regression, is ca-
pable of accurately predicting the outcomes of SCWG experiments for the investigated
biomasses in the present reaction system. This model, supported by statistical analy-
sis, shows a high degree of accuracy within +10% deviation for most parameters. While
slightly higher deviations were noted for C2+ due to their low absolute values, the model
remains robust and reliable for practical application. Additionally, its successful
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application to new parameter sets reinforces its generalizability and reduces the need

for extensive experimental efforts.

Equilibrium calculations using ASPEN HYSYS further complement the experimental
work by providing theoretical insights into the SCWG process. In the present work,
large deviations from equilibrium were visible. However, when operation at T = 650 °C,
these differences could be explained by insufficient steam reforming. Thus, the equi-
librium calculations can serve as a valuable tool to derive further measures to optimize
the process (e.g., to maximize the H2 yield). For T < 650 °C, the deviations between
experimental data and equilibrium calculations could not be explained by gas phase
reactions, indicating unwanted side reactions. This corresponded well to the experi-
mental observations, especially increased tar formation. Thus, equilibrium calculations

can additionally serve as a control tool to check for undesirable side reactions.

This integrated approach of empirical modeling and equilibrium calculations lays a
strong base for optimizing SCWG processes. It enables the estimation of gasification
outcomes for untested parameters, reducing experimental effort. Future work can fo-
cus on extending the empirical model to other feedstocks, incorporating real biomass
compositions into equilibrium calculations, and exploring catalytic solutions to bridge
the gap between experimental results and theoretical predictions considering maxi-

mum Hz production.

8.2Future perspectives

Although the general suitability of SCWG was demonstrated for processing the inves-
tigated biomasses, several challenges remain for industrial implementation of the pro-
cess. Key hurdles include the selection of suitable reactor materials, plugging issues
in feed piping, particularly with fibrous biomasses or when high dry matter contents are
processed, incomplete salt separation that can limit operation, and further develop-
ment of the reactor concept, e.g. a multi-stage gasification reactor to increase the dry
matter content in the reaction mixture to improve process efficiency. Addressing these

challenges will be essential to fully exploit the potential of the technology.

Additionally further biomasses (e.g. sewage sludge, animal manure) should be tested

as the investigated biomasses represent only a small part of the biomasses that are
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processable by SCWG. By treating different biomasses, it will become clear if the novel
reactor concept can generally be used or if adaptations need to be made. By this ex-
tension to new biomasses, the developed multi-linear model could possibly be refined
and generalized to be applicable to many or all biomass inputs, which could have great
impact on the future development and application of the process. If a higher salt con-
tent limits operation when processing different biomasses, the focus should be on im-
provement of salt separation. Different concepts have been proposed in literature
[69,70,217], which could possibly be adapted in the current setup, e.g., separating the

salt concentrate by a cyclone [129].

As long-term operation is now possible in a continuous SCWG plant due to the devel-
opment in the present work, process integration is becoming possible. For example, in
the CERESIS project [62], which accompanied the initial work of the present thesis, a
coupling of the SCWG process with gas cleaning units, in particular membrane gas
absorption [218], was not meaningful because sufficiently long operation of the SCWG
process was not yet possible. Alternatively, the novel reactor concept could be coupled
with a steam reforming step to maximize the Hz yield, as proposed by Vadarlis et al.
[219]. They were also limited to processing ethanol as a model compound because no
stable operation was possible when operating with complex biomasses. Such process
integrations can now be realized to experimentally determine possible obstacles and
synergies for operation with complex biomasses that were not visible during theoretical

integration.

A future focus should lie on the scale-up on the process. The current plant operates at
throughputs of about 1 kg h. This scale would not be economically feasible. Thus, for
possible implications of the technology it is important to demonstrate the operability of
the novel reactor concept at large scale [106]. As limitations in the maximum processa-
ble biomass content arose due to the small scale of the feed system, a scale up should
also enable processing higher biomass contents, further improving the economics of
the process. After scale-up a thorough economic assessment of the system should be

conducted and possible use cases should be developed.
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Al.1 EDS analysis of salt concentrate solid sample.
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Figure A 1. EDS analysis of salt concentrate solid sample
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Table A 1: EDS analysis of salt concentrate solid sample.

Element wt.% atom%
C 26.09 38.94
@) 36.09 40.45
Na 0.19 0.15
Mg 1.71 1.26
Al 0.10 0.07
Si 15.71 10.03
P 2.61 1.51
S 0.73 0.41
Cl 0.18 0.09
K 6.51 2.99
Ca 6.53 2.92
Cr 2.25 0.77
Fe 0.67 0.21
Ni 0.64 0.20
Total 100.00 100.00
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Al.2 Statistical analysis of the empirical model
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Figure A 2: Parity plots for the developed multi-linear regression.
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Table A 2: Statistical information on the determined coefficients in the empirical model.

CE GP H, CH, Cos CO,
Overall R? 0.914 0.989 0.944 0.921 0.883 0.876
Overall
Standard 3.836 1.826 1.204 0.485 0.453 1.256
Error
Parameter
Tempera- Determined co-
. 0.240 0.109 -0.041 0.047 0.021 -0.026
ture efficient
Interval for 95% | Upper limit 0.316 0.145 -0.017 0.056 0.030 -0.002
confidence Lower limit 0.164 0.072 -0.065 0.037 0.012 -0.051
p-value 2.37x10° 3.69x10° | 3.12x10* | 3.74x107 | 3.08x10* 0.039
Dry matter Determined co-
o -3.083 7.101 -1.957 0.299 0.445 1.192
efficient
Interval for 95% | Upper limit -2.057 7.589 -1.635 0.428 0.566 1.528
confidence Lower limit -4.108 6.612 -2.278 0.169 0.324 0.857
p-value 3.77x10° 3.28x10%? | 3.77x10% | 3.58x10* | 5.81x10° | 8.13x10°®
Residence Determined co-
) o 0.329 0.167 0.023 0.036 0.008 -0.001
time efficient
Interval for 95% | Upper limit 0.656 0.322 0.079 0.078 0.046 0.095
confidence Lower limit 0.003 0.012 -0.125 -0.005 -0.031 -0.119
p-value 0.048 0.038 0.631 0.079 0.673 0.811
Intercept Determined co-
o -65.632 -69.773 75.892 -19.569 -12.053 55.012
efficient
Interval for 95% | Upper limit -11.262 -43.888 92.960 -12.699 -5.638 72.81
confidence Lower limit -120.002 -95.658 58.823 -26.438 -18.468 37.21
p-value 0.022 9.83x10° | 9.17x107 | 6.09x10° 0.002 | 2.94x10°
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Al1.3 Additional calculations for equilibrium calculations

Explanation of Calculation for Glucose Concentration

In the real dry biomass slurry, the CHO-content was on average 87.40 + 0.44 wt.% (=
salt free dry feed). The remaining 12.6 wt.% consisted of salt building elements, heavy

metals and N.

The carbon content in the salt free dry feed was 44.7 wt.%. Cellulose has a carbon
content of 44.4 wt.% and thus could be directly utilized with only little deviation. As it is
not available in ASPEN HYSYS the monomer glucose was used. As glucose has a
different carbon content due to the addition of a water molecule during the splitting of
cellulose, the chosen feed concentration needs to be adjusted to keep the carbon con-
tent constant. As this hydrolyzation takes place in the real process as well, the adjust-

ment should not affect the outcome of the equilibrium calculation.

Example of calculation for: Dry matter in Slurry = 6.56 wt. %

First the salt free dry matter in the slurry (SFDM) is calculated:
SFDM = 6.56 wt.% * 87.4% = 5.74 wt. %

As cellulose shows the same carbon content as the real salt free dry matter, the cellu-

lose concentration for calculation would equal 5.74 wt.%.
Ccellulose — SFDM = 5.74 Wt%

However, when Cellulose is hydrolyzed to form glucose according to the following
equation (CeH1905), + nH,0 — n C4H, 504

the carbon content of the organic molecule changes (carbon content of glucose is 40
wt.%). Thus, in order to keep the carbon content accurate for the calculations the glu-
cose concentration needs to be adjusted:

C — Content euiose

CGlucose = Ccellulose *
C — Contentgiycose
44.4 wt.%
= 5.74 wt. % * ° = 6.37 wt. %
40.0 wt.%

To compare the results with an experiment that used a dry matter content of 6.56 wt.%,

a glucose concentration of 6.37 wt.% needs to be chosen.
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A2 Supporting Information of Chapter 6

The used Aspen HYSYS V14 model was compared with the data produced by Voll et
al. [210] for ethanol SCWG at 221 bar and 800 °C, in order to depict their close agree-

ment.

Gas Yield (mol gas/mol ethanol)

0 : . : : :
5 10 15 20

Ethanol concentration [wt.%)]

Figure A 3: Gas yields of product gases at thermodynamic equilibrium from SCWG of
ethanol at T =800 °C, p = 221 bar as a function of the ethanol concentration. The data
were calculated with Aspen HYSYS V14,
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Nomenclature

List of Symbols — Latin

C — balance
CE

d

DM

GP

GPSR and CE

[

m

mEtOH

mFeed

mHZO

m;
mR,effluent
mS,effluent
mwater in feed
M,

n

fic

Ngton
7;"EtOH,gasified

N0

Carbon balance

Carbon gasification efficiency
Inner diameter of the reactor
Dry matter

Gas production

Gas production corrected by steam reforming
Gas production corrected by steam reforming
and carbon gasification efficiency

Length of section with constant temperature
Mass flow

Mass flow of ethanol

Feed mass flow

Mass flow of water

Mass flow of species ‘I’

Mass flow of reactor effluent

Mass flow of salt concentrate

Mass flow of water in feed

Molar mass of carbon

Number of values considered

Molar flow of carbon

Molar flow of ethanol

Molar flow of gasified ethanol

Molar flow of water

Molar flow of species ‘I’

Pressure

Universal constant of gases

Coefficient of determination

Reynolds number

%

%

m

wt.%

NI/Qc in Feed OF
NI/(h*kgthroughput)
NI/gc in Feed
NI/gc in Feed

m
g/h

g/h

g/h

g/h

g/h

g/h

g/h

g/h

g/mol
mol/h
mol/h
mol/h
mol/h
mol/h

Pa or bar
J/(mol*K)
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T Temperature Kor°C
Threneater max Maximum preheating temperature °C
Tr_Fitting Temperature at salt separation T-fitting °C
Tret Reaction temperature °C
TOCcony TOC conversion %
TOCg TOC content of reactor effluent mg/g
TOCs TOC content of salt concentrate mg/g
Vias Gas flow under ambient conditions I’h
Water savings Amount of water that can be saved by recycling %
the effluent stream
wc Water consumption Molx20/molethanol
WgtoH Mass fraction of ethanol -
X; Concentration of component ‘i’ in the gas prod- vol.%
uct
Vi Value of sample ¥’ %
List of Symbols — Greek
a Organic carbon concentration in the feed wt.%
Bi Number of carbon atoms of component ‘i’ in the -
gas product
AC Molar difference of carbon mol/h
AH Molar difference of hydrogen mol/h
Aj Molar difference of element ’j’ mol/h
AO Molar difference of oxygen mol/h
u Mean value %
PH,0 Density of water at given temperature and pres- kg/m3
sure
o Standard deviation %

T Residence time S
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XX

Subscription
C
EtOH
EtOH, gasified
i
Preheater, max
R
S
SR
SR and CE

Abbreviations
AD
BPR
CE
CERESIS

EC
EDS
EOS
EtOH
EU
DM
GP
GV
H2020
HPLC
HTC
HTG
HTL
ICP
KIT

Carbon

Ethanol

Ethanol that was gasified
Species or sample T’
Maximum value in preheater
Reactor effluent

Salt concentrate

Steam reforming

Steam reforming and carbon gasification efficiency

Arundo donax

Back pressure regulator

Carbon gasification efficiency
ContaminatEd land Remediation through Energy crops for Soil im-
provement to liquid fuel Strategies
Energy cane

Energy Dispersive X-ray Spectroscopy
Equation of state

Ethanol

European union

Dry matter

Gas production

Grapevine

Horizon 2020

High performance liquid chromatography
Hydrothermal carbonization
Hydrothermal gasification

Hydrothermal liquefaction

Inductively Coupled Plasma

Karlsruhe Institute of Technology
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MC
OES
PRSV
PV
RCG
SC
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