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Zusammenfassung

In Anbetracht des derzeitigen Klimawandels sind Anstrengungen zur Verringerung der Emission von Treibhaus-
gasen in die Atmosphare erforderlich. Die nachhaltige Nutzung von Biomasse als Kohlenstoff- und Energietrager
eroffnet die Moglichkeit von kohlenstoffneutralen oder sogar kohlenstoffnegativen Technologien. Eine Techno-
logie, bei der Biomasse zur Erzeugung eines stickstofffreien, hochkalorischen Synthesegases genutzt werden
kann, fiir das keine energieintensive Luftzerlegunsanlage erforderlich ist, ist die Chemical Looping Vergasung
(CLG), die in letzter Zeit verstdrktes Forschungsinteresse erfahren hat. Es wurde nachgewiesen, dass CLG
in extern beheizten Reaktoren im Labormalistab kontinuierlich funktioniert. Fiir eine kommerzielle, wirt-
schaftlich rentable Anwendung des Verfahrens ist jedoch ein autothermer Betrieb erforderlich, der noch nicht
nachgewiesen wurde. Dartiiber hinaus gibt es kein Prozesssteuerungskonzept, das sich auf grof3technische
Reaktoren anwenden lésst.

In dieser Arbeit wird die CLG-Technologie auf den 1 MW y,-Mal3stab hochskaliert und unter autothermen
Bedingungen untersucht. Mit Hilfe von Gleichgewichtsprozesssimulationen wird ein geeignetes Prozesssteue-
rungskonzept fiir den autothermen Betrieb auf der Grundlage eines substéchiometrischen Betriebs entwickelt.
Auf der Grundlage von Warme- und Massenbilanzen fiir eine bestehende Pilotanlage wurden Modifikationen
entworfen und umgesetzt, um die Pilotanlage fiir CLG umzuriisten.

In dieser Arbeit werden Experimente beschrieben, die mit Industrieholzpellets, Kiefernforstriickstinden
und Weizenstroh-Pellets als Biomasse-Einsatzstoff und Ilmenit als Sauerstofftrager durchgefiihrt wurden.
In der nicht optimierten Pilotanlage wurde ein Kaltgaswirkungsgrad von etwa 50 % erreicht, was darauf
hinweist, dass in einer kommerziellen Anlage hohere Werte erreicht werden kénnen, wenn die Warmeverluste
minimiert werden. Die Kohlenstoffumwandlung lag bei iiber 90 %, und es wird erwartet, dass dieser Wert
auf fast 100 % ansteigt, wenn die Temperatur, die Verweilzeit und die Zykloneffizienz in einer kommerziellen
Anlage erhoht werden. Das Synthesegas hat eine sehr hohe Qualitdt mit geringen Methankonzentrationen im
Bereich von 7 vol.-% bis 10 vol.-% und einem gravimetrischen Teergehalt unter 1 g/Nm?®, gemessen mittels
Teerprotokoll. Eine neue Methode zur Bestimmung der Feststoffzirkulation in einem dualen Wirbelschicht-
system unter Verwendung von Feststoffproben aus Kopplungselementen zur Berechnung des Feststoffflusses
wurde entwickelt und wihrend der Experimente getestet. Die Feststoffzirkulation wurde mit 1.2kgs~! MW~}
bis 4.3 kgs~! MW ! mit einer Messunsicherheit von weniger als 20 % bestimmt.







Abstract

In light of the current climate change efforts to reduce the emission of greenhous gases (GHGs) to the
atmosphere are required. The sustainable utilization of biomass as carbon carrier and energy carrier opens up
the possibility of carbon neutral or even carbon negative technologies. One technology where biomass can be
utilized for the generation of a nitrogen free, high calorific syngas where no energy intensive air separation
unit (ASU) is required is the chemical looping gasification (CLG) which has lately seen increased research
interest. CLG has been demonstrated to work continuously within externally heated lab-scale reactors. In
order to be economically viable commercial application of the process requires autothermal operation, which
has not yet been demonstrated. Moreover, no process control concept applicable to large-scale reactors exists.

In this work, the CLG technology is upscaled to the 1 MWy, range and investigated under autothermal
conditions. Equilibrium process simulations are used to develop a suitable process control concept for
autothermal operation based on sub-stoichiometric air reactor (AR) operation. Based on heat and mass
balance for an existing pilot plant modifications were designed and implemented retrofitting the pilot plant
for CLG.

Experiments carried out with industrial wood pellets (IWP), pine forest residue (PFR), and wheat straw
pellets (WSP) as biomass feedstocks and ilmenite as oxygen carrier (OC) bed material are described in this
work. A cold gas efficiency of around 50 % was achieved in the non-optimized pilot plant, indicating that
higher values can be reached in a commercial unit when minimizing heat losses. The carbon conversion was
above 90 %, and this value is expected to increase to almost 100 % when raising the temperature, residence
time, and cyclone efficiency in a commercial unit. The syngas has a very high quality with low methane
concentrations in the range of 7 vol.-% to 10vol.-% and gravimetric tar content below 1 g/Nm?® measured via
tar protocol. A new method for the determination of the solid circulation in a dual fluidized bed system
utilizing solid samples from coupling elements to calculate the solids flux has been devised and was tested
during the experiments showing a solid circulation of 1.2kgs™' MW ! to 4.3 kg s~! MW ! with measurement
uncertainty smaller than 20 %.
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1 Introduction

In view of human activity being the main contributor to the current climate change, most governments signed
the Paris Agreement [1], which emphasizes the need for a drastic reduction of fossil carbon emissions to
the atmosphere. It articulates the immediate requirement to radically reduce the amount of emissions of
greenhous gases (GHGs) to the atmosphere which have increased dramatically with human industrial activity
since 1750 [2]. Although the necessity to reduce the amount of GHGs released to the atmosphere has been
internationally recognized with the Kyoto Protocol [3] since 1997, emissions are still increasing [2, 4, 5].
However, the rate of increase has slowed in the last decade [2, 5]. The main contributing factors of this
slowdown are the reduction of emissions in industrialized nations and the slowdown of economic growth
in China [2]. Nonetheless, the Intergovernmental Panel on Climate Change (IPCC) assessed the current
reduction rate and policy to be insufficient to limit global warming to 1.5°C [5, pp.571, indicating the need of
increasing GHG emission reduction efforts.

Reduction of GHG emissions can be done through decreasing the amount of energy consumed or the
deployment of technologies which reduce the amount of GHG emissions per unit of energy produced. Although
the path of reducing consumption has been advocated since shortly after the Second World War (e.g. [6]),
humanity has increased its activities and average living standards ever since [7, 8]. Therefore, it is very
unlikely that consumption will fall in a world with a growing population and increasing wealth. Since reducing
energy consumption means significantly reducing production, it is clear that technological solutions must be
part of any transition to a sustainable future. In fact, currently modelled pathways to a sustainable 1.5°C
future all involve reducing atmospheric GHG concentrations [5] by either technological or forestry means.

There is a technological aspect to reducing energy consumption in the form of increased efficiency at all
stages from energy production to final consumption. However, reduction only by increasing efficiency will
likely not reach the goal and might even free up capital for further industrial activity and corresponding
higher GHG emissions, leading to a rebound effect!. In many cases the option of increased efficiency is also
economically interesting as increased efficiency, usually at the cost of higher capital expenditures (CAPEX),
reduces the operational expenditures (OPEX). Other pathways offering the possibility of a reduction of GHG
emissions are the deployment of carbon capture and utilization/storage (CCUS) technologies and the switch to
non fossil energy resources. A combination of high efficiency coupled with the deployment of CCUS technology

and the switch to renewable energy sources is a possible route to limit GHG emissions and thus the global

nterestingly enough the rebound effect, also called Jevons paradox, was first observed and described by William Stanley Jevons on
an energy related topic: He observed the increase of coal usage in England after James Watt introduced his more efficient steam
engine [9]. While this may not be true for industrialized societies, it is still relevant for developing countries.




temperature increase. For the production of heat and electricity the deployment of carbon capture and storage
(CCS) technologies is an option to continue the exploitation and combustion of fossil carbon reservoirs. This
route reduces emission at centralized sites of carbon emissions and all end use cases can thus profit from
reduced climate impact, becoming carbon neutral without any adaption. Fixing the carbon into value added
products via carbon capture and utilization (CCU) offers the same short term advantages as CCS. Nonetheless,
most products end up being used for a limited amount of time or are consumed during usage and can therefore
not be considered as permanently fixing sinks for the embedded carbon. Instead, the carbon used in the

products is later released into the atmosphere through various pathways.

For all applications where electrification is possible, the switch to renewable energy sources can be made
utilizing electrical energy from wind turbines or photovoltaic (PV), instantly reducing the related GHG
emissions. However, there are hard-to-electrify applications, such as maritime transport and aviation where
different options have to be considered. Moreover, GHG emissions in the transport sector increased in the last
years even for regions where overall emissions dropped, e.g. in the European Union [10]. Furthermore, the
chemical industry still needs a constant and reliable source of carbon for the production of base chemicals
and subsequent products. Here, the switch to non-fossil sources is only possible by using biogenic or recycled
carbon instead of fossil carbon. The utilization of CO, [11] and energy or the utilization of waste streams
(e.g. refuse derived fuel (RDF), solid recovered fuel (SRF), municipal solid waste (MSW) with some biogenic
fraction) [12-14] are often described as the pathways to close the carbon cycle. Nonetheless, these material
streams need to be supplemented with an additional, renewable carbon source to account for inevitable losses,
of which biomass is the only form containing a major fraction of carbon [15] in non-oxidized form. Hence,

biomass is the only remaining make-up source of carbon for the chemical industry.

Nonetheless, it is stated in the Paris Agreement [1] that no measure to reduce GHG emissions should impact
the food supply. As such, only biogenic residues coming from agriculture (e.g. straw) or foresting are an option
for the provision of carbon and for the bunkering of solid feedstocks for energy demands. Technologies or
process chains utilizing these biomasses as energy or carbon source are inherently carbon neutral, releasing
the same amount of carbon to the atmosphere that has been fixed by photosynthesis during plant growth.
If these biomass technologies are combined with CCS, the overall process or technology becomes carbon
negative removing carbon from the atmosphere as required for all sustainable scenarios described by the
IPCC [5]. In theory, direct air capture is an alternative for removing CO, from the atmosphere, but practical
application requires energy input, whereas biomass processes provide energy. Moreover, the IPCC assesses that
carbon dioxide recovery from biomass processes will be necessary to compensate for residual carbon emissions
in a net negative future to limit global warming below 1.5°C [16, p. 85]. Nonetheless, critical voices say that
biomass based CCS technologies will not necessarily perform as adequately as required [17]. Therefore, a
key parameter in limiting global warming is the development of biomass-based processes with inherent CO,
capture at pilot and demonstration scale. Gasification is a promising option for converting biomass into easily

storable energy and carbon carriers that can be integrated with carbon capture. A very efficient gasification




process is chemical looping gasification (CLG), which provides a nitrogen-free syngas for further processing
into liquid fuels or base chemicals. Here, autothermal operation, i.e. without external reactor heating, is
required to develop the process for commercial application.

The technical development of CLG towards pilot scale is described in this cumulative dissertation which
is structured as follows. At first, in Section 1.1 biomass energy potential is assessed and how much of it is
available for usage in biomass processes. This is compared to the current and projected utilization. Afterwards,
an overview of possible processes for the valorization of the available bioenergy is provided in Section 1.2 with
an emphasis on thermo-chemical conversion and gasification technologies in particular. Section 1.3 discusses
the state of development of the CLG technology from which the research questions in Section 1.4 are derived.
Chapter 2 contains the synthesis of the research papers included in this cumulative dissertation highlighting
the progress towards autothermal CLG process operation. Section 2.4 and Section 2.5 contain a conclusion of
the main results from the CLG experiments and and an outlook on further investigations respectively. The

research papers are included in Chapter 3.

1.1 Biomass Energy Potential and Utilization

Biomass is a natural storage of energy and comes in the form of plant based biomass (primary biomass) and
animals and their excrements (secondary biomass). For energetic purposes primary biomass is of higher
interest as it makes up the majority of biomass. Nonetheless, manure, and other secondary biomasses, can be

utilized through various technologies.

1.1.1 Global Biomass Potential

The global potential of biomass as an energy resource is vast. A very rough estimate of the theoretically
available biomass energy can be calculated from the annual carbon fixation by photosynthesis, called net
primary production (NPP). The NPP is estimated to be in the range? of 40PgCyr—! to 66 PgCyr! for
terrestrial surfaces by various models including water availability with a mean of 54.9 Pg Cyr~! [18]. More
current reviews and simulation come to a conclusion of (56.4 + 9.0) PgCyr—! [19] and 54.57 Pg Cyr—! [20]
respectively. As approx. half of the biomass is carbon [21], and with an average lower heating value (LHV")

of 18 MJ kg~! the estimate results in:
Eiep = NPP-2.LHV =56.4PgCyr'-2.-18 MJkg ™! = 2030.4EJyr!

Additionally, biomass is produced in the ocean with an NPP estimated to be 48.5 Pg Cyr—! [22] giving a total
yearly energy of E = 3776 EJ yr~! fixed by biomass which is a bit lower than the 4500 EJ yr—! stated by Sims
[23].

2The unit Pg Cyr~' (Peta gram carbon per year) is commonly used to asses biomass production.




Table 1.1: Listing of literature estimating energy potential from biomass sources

Potential 2050 in EJyr~! Remarks sources Year
126 to 216 considers water constraints [26] 2011
367 to 1548 optimistic assumptions on available biomass and technology  [27] 2007

optimistic assumptions on technology availability, irrigation
and agricultural yield in developing countries

160 to 270 conservative assumptions on agricultural yield [28] 2010

approx. 250 conservative assumptions on agricultural yield [29] 2013

200 to 600 herbaceous energy crops competing with food crops [30] 2014

149 to 245 considers impact of environmental policy and socio economic [31] 2019
transformation

200 to 500 considers water, food demand and biodiversity protection [32] 2010

58 to 180 data based on remote sensing of vegetation, considers acces-  [25] 2012
sibility

300 critical review of assumptions in current estimates [33] 2014

64 to 312 considers impact of dietary habits and yield improvements [34] 2023

However, human focus is on terrestrial biomass, more specifically the above ground NPP, and there is
disagreement on how much energy can be supplied by biogenic sources sustainably. In their 2009 literature
review Ladanai & Vinterback [24] come to the conclusion that the biomass potential in 2050 is larger than
the projected world primary energy consumption (approx. 1000 EJ) so long as political support is sufficient
and infrastructure investment is ramped up. However, they mention that much difference in assumptions
about yield increase in agriculture and population increase and the corresponding availability of arable land
for energy production can be found in the reviewed literature. An overview of different studies is given in
Table 1.1 and shows the range estimated for future biomass energy supplies. It should be noted that the high
estimates assume average yields which are comparable to today’s top values. Moreover, even the lower range
studies assume the conversion of land areas the size of Europe or larger [25] to supply the estimated energy.

Given the estimate that approx. 23 % to 25 % of terrestrial NPP is already appropriated by humans in various
forms [35, 36], increases in biomass energy usage will have a noticeable impact on ecosystems. The actual
harvested biomass accounts for approx. 300 EJ yr~! from which about 100 EJ yr—! are directly lost as unused
residues or roots left under ground [35]. The addition of another 250 EJ yr—! in bioenergy harvest, which is
in the range of most bioenergy potential studies, would increase the utilization of NPP by humans to 44 %
[36]. The lowest impact would be achieved by the utilization of the available residues which are in the range

of 58 EJyr~! to 100 EJ yr~! [25, 35] and are accessible and produced anyway.

1.1.2 Biomass Utilization

The actual utilization of biomass for energy purposes including projections for demand in 2050 can be seen in

Figure 1.1. Considering the 100 EJ yr~! projected by the International Energy Agency (IEA) [37] are lower
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Figure 1.1: Primary energy from biomasses [40] and projections from IEA (net zero) [37] and IPCC review [38]
of 1.5°C scenarios with high and low overshoot.

than most of the results from studies listed in Table 1.1 enough biomass seems to be available to satisfy
demands in the future. However, the IPCC notes that a lot of studies on future energy demand/supply limit
biomass to a maximum of 100 EJ yr—! [16, p. 309]. In fact, an analysis of over 80 scenario pathways modelled
to lead to a 1.5 °C temperature increase showed up to 312 EJ yr—! (median approx. 160 EJ yr—!) of bioenergy
demand in 2050 [38]. This is at the upper limit of most availability studies making more conservative
assumptions and might not be available sustainably. As Reid et al. [39] note, bioenergy plantations compete
with food production for land and might therefore not be socio-economically feasible and biomass might also
not benefit from learning curves as much as PV or wind which have much lower land requirements. Hence,

bioenergy from residues might be the only option for sustainable bioenergy.

Consolidating the information on projected available bioenergy and energy demand leads to the conclusion
that technology efficiency is key to maximize the valorization of this scarce resource. Therefore, the future
role for biomass is likely to provide make-up carbon to chemical industries for the production of base chemicals
and to account for losses in the carbon cycle instead of being burned for heat and power generation. As
such, traditional biomass usage (heating and cooking with open fire or simple stoves) plays no role in future
energy scenarios (eg. [37]). Instead, modern biomass usage (biofuels, biorefineries, biogas through anaerobic
digestion, efficient wood pellet heating, etc.) feature in those scenarios. Nonetheless, the likelihood of total

abandonment of traditional bioenergy usage until 2030 as in the net zero roadmap by the IEA [37] seems




very slim as about 2 x 10Y people use traditional biomass for cooking today [37] and would have to switch to

other means in only 7 years.

For efficient valorization, conversion processes have to be optimized for the combination of feedstock and
application, which creates a research need for conversion processes — like gasification — for the utilization
of biogenic carbon for synthesis of base chemicals or liquid energy carriers. Moreover, many technologies
are at a low technology readiness level (TRL) and require advancement to be able to deploy the developed,

market-ready processes to commercial operation.

1.2 Biomass Utilization Technologies

In order to optimize the utilization of the available biomass, the biogenic source material, the conversion
process, and the intended end-use has to be selected in such a way that losses are minimized. Therefore, only
modern bioenergy applications are described in the following. Additionally, the distribution of source material
towards application has to be considered. For some applications, only certain biogenic sources are viable and
even compete with high carbon footprint materials (e.g. wood competing with concrete for construction),
other applications have multiple possible sources (e.g. wood, municipal waste, and sewage sludge for thermal
energy). Therefore, only leftover residue woods which are not required or usable for construction should
be considered for thermal conversion [39]. However, it is likely that market prices will play a role in the

distribution and selection of biogenic sources for processes and end-use [39].

The processes for the conversion of biogenic sources into thermal energy or different valuable products (e.g.

syngas, ethanol, bio-diesel) can be classified into three main categories based on their properties.

* Physico-chemical conversion utilizes mechanical force or pressure to extract part of the plant biomass as

an high calorific oil.

* Bio-chemical conversion utilizes micro-organisms to convert part of the feedstock to high calorific gaseous

or liquid form.

* Thermo-chemical conversion utilizes elevated temperatures to convert part of the feedstock to high or

medium calorific liquids, gases, and solids.

Figure 1.2 shows the categories and the included processes with the applicable biomass feedstocks and the
resulting converted products. Some biomasses can be efficiently used as solid fuels without prior processing
which is also indicated in Figure 1.2. The remaining categories are the agricultural and industrial/domestic
waste and residue and the residues from foresting which can be utilized without impacting other areas.

Nonetheless, some energy crops might be used when switching from traditional bioenergy to modern bioenergy.
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Figure 1.2: Schematic of biomasses and utilization routes adapted from [41]. OSR: oil seed rape, SRC: short
rotation crop, MSW: municipal solid waste.

1.2.1 Physico-Chemical Conversion

Physico-chemical conversion for the production of bio-fuels or as a biogenic source of carbon for the chemical
industries consists mainly of mechanical extraction of plant seed oil often paired with an esterification step to
produce bio-diesel (fatty acid methyl ester) [42]. The residue of the seed, the oil meal cake, contains about
5wt.-% of oil [43] and is often used as animal feed [41, 43]. In Europe the main biogenic source utilized
with this route is oil seed rape (OSR) [44].

While the extracted product contains the major part of the plant energy, there is still some amount of plant
energy contained in the meal, the straw and glycerine as byproduct from esterification [45]. However, the
energy contained in the straw and meal can be utilized with a different conversion technology and glycerine

is already a valuable reactant in the chemical industry. As OSR and other oil plants are specifically grown for




energy production, they compete with food production for land use and might therefore be in conflict with

the demand of the Paris Agreement to not impact food supply [1].

1.2.2 Bio-Chemical Conversion

The two commercially successful processes utilizing micro organisms are anerobic digestion and fermentation.
While the valuable product of anerobic digestion is gaseous, fermentation yields a liquid product. As both
are already at a commercial level, the TRL has to be considered at level 9. Both processes can be used with
biogenic wastes with up to 90 wt.-% moisture [46] and are therefore a good option to treat wet residues.
However, they cannot completely convert materials with high content of lignin [41] and are therefore not a

good option for the conversion of woody biomass.

Anaerobic Digestion

Anaerobic digestion utilizes bacteria to convert lignin free biomass in an oxgen free atmosphere into a gas
consisting mainly of CH4 and CO5 with small amounts of CO and H»S [46]. However only 20 % to 40 % of the
energy content is available in the gas phase [46] with the rest remaining in the slurry which can be either

used as fertilizer [41] or be utilized through thermochemical conversion routes.

Fermentation

Fermentation is the conversion of sugars to liquid ethanol utilizing yeast. Sugars can come from various
biogenic sources (sugar cane, sugar beet) including starch (potato, wheat, maize) which can be converted
to sugar. It is possible to produce sugars from cellulose by hydrolysis [21] and reports on special yeast for
fermentation of celluloses exist (e.g. [47, 48]), however, this is not yet commercialized. The resulting ethanol
water mixture requires an energy intensive distillation step to separate the ethanol from the water. The solid

residues can be used as cattle feed or through various thermochemical routes [41].

1.2.3 Thermo-Chemical Conversion

Thermo-chemical conversion processes produce a mixture of gaseous, liquid and solid products. The distribution
of the biomass mass into these fractions is influenced by the process parameters temperature, pressure,
residence time and oxygen input.

Thermo-chemical conversion processes can be classified by the oxygen to fuel equivalence ratio A under
which they are operated. Figure 1.3 shows the approximate operation regions of the thermochemical conversion
processes in terms of \ and temperature. Combustion processes feature A > 1 with heat being the single
product intended as all feedstock is fully converted in ideal operation. Gasification processes operate usually at
the lower side of the range of 0 < A < 1 and aim to maximize either the conversion of feedstock material into

the gas phase or the feedstock energy inside the gas phase as the product gas is used in subsequent application.
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Figure 1.3: Map of thermal conversion technologies in terms of temperature and oxygen to fuel ratio.

Pyrolysis, torrefaction and hydrothermal liquefaction operate at A = 0 with the goal of converting the feedstock
into liquid products (pyrolysis, liquefaction) and/or (densified) solid fuels (pyrolysis and torrefaction). For
pyrolysis, hydrothermal liquefaction and torrefaction, the required process heat has to be supplied externally
while for gasification and combustion it is provided through the (partial) oxidation of the feedstock. As all
thermochemical processes work at elevated temperatures well above the boiling point of water, the feedstock
must contain relatively low amounts of moisture for economic process operation. The exception here is

hydrothermal liquefaction which operates with high moisture content and under pressure.

Torrefaction

Torrefaction is the externally heated thermal treatment of solid biomass under oxygen free conditions (A = 0)
at temperatures between approx. 200 °C to 300 °C [49] braking down biomass structure. Residence times
are 15 min to 90 min at atmospheric pressure with the aim of enhancing the feedstock quality for combustion
as well as storage and transportation capability. During the process approx. 10 % of energy and 30 % of the
feedstock mass are lost as gases [50] (mainly acetic acid, methanol, CO, CO5 [49, p. 96]) giving a dry, solid

fuel with increased energy density.

Hydrothermal Liquefaction

Hydrothermal liquefaction is the depolymerization of wet biomass under elevated pressure (5 MPa to 20 MPa)

and temperature (250 °C to 550 °C) [41]. The product is a liquid bio-crude with a higher heating value of




30MJ kg ™! to 37 MJ kg ™! [49, p. 332] which can be distilled and used like mineral oil. Side products are a
CO,, rich gas phase, an aqueous phase containing some organics, and, depending on the process, char [49, p.
332]. As feedstocks can be wet and are processed in the form of slurries, hydrothermal liquefaction has the

advantage of not requiring a complete drying of the feedstock.

Pyrolysis

Pyrolysis is a thermal process for the decomposition of biomass (or waste) into a solid and a liquid fraction. It
is operated in the absence of oxygen (A = 0) and in the temperature range of 300 °C to 600 °C with externally
supplied heat. The distribution of products to the three phases solid, liquid, and gas can be influenced with
temperature, heating rate, pressure and residence time [41, 51] to optimize the yield of the intended product.
While higher temperatures [52] and higher heating rates with low residence times [41] favour the production

of liquids, lower heating rates and low temperature lead to increased char and gas production [41].

Gasification

Gasification is the conversion of solid feedstock into gaseous products with the oxidation of a small part of the
feedstock to supply the required energy. It is normally operated at temperatures above 650 °C with atmospheric
or elevated pressure and either with an air or steam-oxygen atmosphere with 0 < A\ < 1. The product is a
combustible gas consisting of mainly Hy, CO, CH4, CO5, H20, and in the case of air-blown gasification also Ny.
The produced gas is subsequently used for combustion or chemical synthesis. Depending on the gasification
process and the operation temperature, up to 95 % of the feedstock energy are transferred to the gas phase.

There exist three main gasifier types:

* Fixed bed gasifiers show low heating rates and long feedstock residence times. The feedstock is
introduced at the top of the reactor and slowly moves downwards by gravity as feedstock in the lower
part of the reactor is converted into the syngas. Initial drying happens at the top of the reactor followed
by pyrolysis and gasification and the ash being removed from the bottom of the reactor. The reactor
temperature can exceed the ash softening temperature of the feedstock in case equipment to remove
larger agglomerates is present [15]. The gas flow can be either in the opposite direction as the solid
stream (counter-flow) or in the same direction (co-flow). While the counter-flow configuration is easy to
implement, it produces more heavy hydrocarbons and tars as the pyrolysis products do not pass the
higher temperature zones [15]. Feedstock particle size for the fixed bed gasifier is between 6 mm to
50mm [15]. Herbaceous biomasses like miscanthus or straw require densification to bricketts to be able

to gasify them in a fixed bed reactor [15].

Fixed bed gasifiers have been commercially operated for many years converting coal to syngas for the
production of Fischer-Tropsh (FT)-products and base chemicals [15]. Especially the Sasol-Lurgi dry

bottom process, a steam-oxygen process where the ash is removed in a dry state at the bottom, is very
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successfully deployed with over 80 units world wide [15]. Part of the success comes from the fact that
it was the first pressurized gasifier available [15]. The British-Gas-Lurgi process is an extension of the
Lurgi-Process where the ash is removed as molten slag with the aim of creating higher amounts of CO
and H; with less steam input and accepting different (e.g. MSW) and finer feedstocks [15]. The Lurgi

process has been developed and tested to pressures of up to 90 bar [15].

Fluidized bed gasifiers exhibit good mixing of solids and gas, high heating and mass transfer rates
and medium feedstock residence time. The feedstock is either introduced on the top or inside the dense
region of the fluidized bed with drying and pyrolysis happening very fast inside the fluidized bed. The
gasification agent is introduced at the bottom of the reactor and also acts as the fluidization medium.
Feedstock ash is removed from the bottom and contains a fraction of unconverted carbon due to the
well mixed properties of the bed [15]. To avoid agglomeration and the following defluidization of the
bed, fluidized bed gasifiers have operating temperatures below the ash softening point. Bed materials
include feedstock ash [53], sand, and natural minerals like olivine and ilmenite [54-56]. The feedstock
particles size is 1 mm to 10 mm [15] to avoid them falling to the bottom of the fluidized bed or being
entrained before conversion. Highly reactive feedstocks like biomass [15] are considered optimal for

fluidized bed gasifiers.
The fluidized bed gasifier developed by Fritz Winkler was the first fluidized bed process and can accept

a very wide range of feedstocks and more than 70 reactors have been build and operated world wide
[15]. Several enhancements like High Temperature Winkler (HTW™) gasification have been developed
where pressure has been raised to 30 bar and a cyclone has been added for higher char conversion [15]
and are still the focus of ongoing research [53]. More recent developments change the operation regime
of the fluidized bed from the bubbling bed used in the Winkler process to a circulating fluidized bed
(CFB) like the Lurgi CFB gasifier or the transport gasifier by Kellogg Brown & Root (KBR) [15]. Most of
these developments also aim to change either a part of the feedstock or the full feedstock from coal to

biomass or waste [15].

The last twenty years have seen the emergence of gasification processes utilizing two interconnected
CFBs called dual fluidized bed gasification (DFBG) [56-58] and chemical looping gasification (CLG)
[59, 60]. DFBG operates with two fluidized bed reactors. In the gasification reactor the feedstock is
gasified in the absence of molecular oxygen, using steam as the gasification agent. The necessary heat
for gasification is then supplied by a bed material (e.g. sand) which circulates between the reactors and
is heated in the combustion reactor. Unconverted residual feedstock char is carried with the bed material
from the gasification reactor to the combustion reactor. There, it is incinerated, providing the energy to
heat the bed material. The CLG process operates similarly, using a metal oxide called oxygen carrier
(OQ) to transfer heat to the gasification reactor (called fuel reactor (FR)) where the oxygen carrier
(OC) is reduced, supplying lattice oxygen to the gasification reactor. The bed material is subsequently

reheated via the exothermic re-oxidation of OC inside the air reactor (AR) providing the required energy.
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However, this type of gasifier has not been deployed to a scale larger than 20 MW [58] and is not yet
commercially successful on the same level as other technologies, as it primarily supplies heat and power
[57].

* Entrained flow gasifiers have the highest heating rates and short feedstock residence time. Feedstock
and gasification medium are introduced at the same reactor end and the gasification agent transports
the feedstock particles pneumatically through the reactor. Operation temperature is in the range of
1250°C to 1600 °C and always above the ash melting point and the ash is therefore removed as slag.
Almost all carbon is converted into the gas because of the full conversion of feedstock to either liquid
slag or syngas species. Because of the pneumatic transport and the short residence time, feedstock
particles must be small (<100 pm [15]) which requires milling. The required milling, which is not yet
economically feasible for biomass [15, 49], and the aggressive nature of molten biomass ash [15, 49]

make biomass a very difficult feedstock for this gasifier type.

Commercially successful entrained flow gasifiers have been build by Shell, Siemens, GE Energy and
others [15]. They typically operate at elevated pressure with coal as feedstock [15]. A recent design is
the OMB process from the Institute of Clean Coal Technology (ICCT) at the East China University of
Science and Technology [15]. The endeavour to commercialise an entrained flow gasifier for biomass
feedstocks, undertaken by Choren, proved to be unsuccessful in the end and resulted in the company

going bankrupt [61].

Combustion

Combustion takes place under oxygen surplus atmosphere (\ > 1) to ensure the full release of the feedstock
energy as thermal energy. Combustion temperature is between 650 °C to 1600 °C with heat being the intended
product. Nonetheless, ash and flue gas are side products and need to be considered, as flue gas is commonly
released to the atmosphere and ash has to be deposited or utilized somewhere. Due to energy loss, it is not
optimal to convert biomass energy to electricity via combustion and then use the electricity for process heat.
Therefore, biomass is better utilized directly for the generation of process heat and valuable chemical products.
Nevertheless, combustion can be a valuable backup for power-generation when PV and wind cannot supply
the required power. Biomasses with a moisture content below 50 wt.-% dry base (d.b.) can be combusted
directly while higher moisture content needs pre-drying [46]. Modern combustion for residential heating
also utilizes part of the enthalpy of vaporization of the steam content inside the flue gas by cooling flue gases
below the dewpoint temperature.

The combustion process can be integrated with a CO5-separation step by supplying oxygen instead of air as
the oxidizing agent to the process. This is called oxy-combustion when the molecular oxygen is provided by
an air separation unit (ASU). Alternatively, the oxygen can be supplied via the chemical looping process in the

form of lattice oxygen of a metal oxide (called oxygen carrier (OC)) which is regenerated in a separate reactor
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by oxidation with air. This chemical looping combustion (CLC) process has the advantage of supplying the
oxygen with a much lower energy penalty compared to the ASU. The resulting flue gas consists mainly of

steam and CO», which can be utilised or sequestered.

1.2.4 Comparison

Comparing the different conversion technologies shows that thermo-chemical processes exhibit relatively high
feedstock conversion and are suited for a wide range of feedstocks. Physico- and bio-chemical processes have
lower feedstock conversion and have a smaller selection of possible feedstocks. Thermo-chemical processes
are faster and can destroy and convert all biopolymers including lignin when compared to bio-chemical
processes [41]. Currently, successful processes for producing liquid energy carriers utilize either bio-chemical
or physico-chemical methods, converting feedstocks of sugar and starch to alcohol or extracting oils and fats
respectively [62]. A downside to this is that transport fuels must be produced using lignocellulosic or waste
biomasses as feedstock in compliance with the regulations of the European Union [63]. Thermo-chemical
processes are better suited for this type of feedstock. However, to sustain high temperatures at an economical
level, the plant size must be larger to obtain low relative heat losses. As biomass might not be available in the
required quantity near the site of a thermo-chemical conversion facility higher transportation costs might

offset the higher efficiency of the thermochemical process.

Of the thermo-chemical processes, gasification shows the most advantages for the provisioning of make-up
carbon to the chemical industry as the product can be readily integrated into existing synthesis routes and/or
be converted to methanol or FT products, a common base chemical and possible refinery inputs respectively.
Moreover, it facilitates the conversion of waste materials into liquid energy carriers which can be handled
more conveniently. Here, major interests are the gasification with steam or with steam/oxygen as gasification
agents, as they lead to a N free syngas. The oxygen used in gasification must be extremely pure to avoid
mixing with inerts and diluting the syngas. Gaseous oxygen with a concentration of 99.9 vol.-%, produced by
a highly efficient cryogenic ASU, requires at least 1.2 MJ kg ™! of electric energy [64]. Considering an oxygen
equivalence ratio of A\ = 0.25, this energy demand is equivalent to a minimum of 2 % of the thermal input,
which may have a significant impact on the economic feasibility. The absence of the inert N, allows for much

smaller equipment bringing down CAPEX.

Particularly fluidized bed gasification processes are studied because of their suitability for biomass and the
easy feedstock preparation. Especially the two-reactor setup of DFBG has seen increased research interest
and endeavours to valorize the produced syngas in other ways than heat and power [54, 58] lately. DFBG
separates the oxidation/combustion and the gasification reactions into two distinct reactors, eliminating the
need for an energy-intensive ASU. The DFBG process can be enhanced by the replacement of the bed material
with an OC, providing oxygen to the gasification via the chemical looping process without an ASU. CLG has

seen high research activity in the past few years with multiple reviews discussing topics like OC development
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Figure 1.4: Schematic of the CLG process showing the cyclic reduction and oxidation of an OC material which
is oxidized in the air reactor (AR) and reduced in the fuel reactor (FR).

[65-67], biomass in CLG [68-74], agglomeration in chemical looping [75], pollution removal [76], scale-up

of biomass chemical looping [77], and pressurized chemical looping [78].

1.3 Chemical Looping Gasification

Chemical looping gasification (CLG) is a gasification process that utilizes a metal-oxide to supply lattice oxygen
to the gasification process (see Figure 1.4). Inside the fuel reactor (FR) the gasification of the feedstock occurs
with steam being the gasification agent and fluidization medium. During that process the metal-oxide also
called oxygen carrier (OC) is reduced and thus supplies oxygen for partial feedstock oxidation inside the FR.
The OC is then transported towards the air reactor (AR) where it is regenerated with air. This exothermic
oxidation process generates the heat which is transported with the solid OC material from the AR into the FR
and supplies the required heat for the endothermic gasification of feedstock carbon. Therefore, CLG can be
considered to be an enhancement of the DFBG process which supplies only heat via an inert bed material. For
DFBG this heat is generated by the combustion of residual feedstock carbon inside the AR, which is transported
with the OC bed material. For the DFBG process there is operation experience in semi-commercial scale
of SMW to 32 MW [56, 58, 79] laying a good foundation for the CLG process to build upon. The specific

enhancements of CLG are:

* Concentration of carbon inside the gasifier (FR) off gas stream.
* Reduction of tar production inside the gasifier (FR).
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* Elevation of gasification reactor (FR) temperature.

The concentration of the carbon into the output stream of one reactor is beneficial in case carbon credits can
be sold [80] and wide-scale deployment of biomass CCS is required to limit global warming [5]. However,
the reduction of tars—known to be high in biomass gasification [81]—is of utmost importance to practical
application as they have an impact on the direct utilization or the required syngas cleaning. The elevation of
gasifier temperature is caused by exothermic oxidation reactions inside the FR, facilitated by the OC which
partially offset the endothermic gasification reactions. The temperature increase helps with tar reduction
[82], higher feedstock carbon conversion inside the FR, and reduction of CH4 content [15] but might not be
possible for all feedstocks as the temperature must remain below the feedstock ash softening point in fluidized
bed reactors.

So far CLG has been demonstrated to work in continuous lab scale units from 1.5 kW, to 50 kW, utilizing
various biogenic residues as feedstock with natural minerals e.g. ilmenite [83, 84] and waste materials like
steel converter slag [85, 86] as OC material. However, autothermal operation of the process has not been
achieved and is a crucial step in upscaling the CLG process. Moreover, basic phenomena important for CLG

are still being investigated and can also give valuable insight for the scale-up to autothermal operation.

1.3.1 Research in Chemical Looping Gasification

The research topics relevant for CLG span a wide range of topics but can be roughly sorted into the following

categories:

* Feedstock

* Reaction kinetics

* Reactor design

* Gas quality

* Oxygen carrier (OC)
* Process control

with most of the published work dealing with more than one of these topics.

Feedstock Fluidized bed processes are operated well below the ash softening point to avoid agglomeration
and thus defluidization. However, in practice exact ash softening points of seasonally varying biomass
sourced from multiple locations vary depending on the composition [75]. Moreover, the temperature where
defluidization occurs depends on the specific atmosphere and is much lower in steam or Hy than in air or CO5
[87, 88]. Especially herbaceous biomasses have very low ash deformation temperatures as measured by hot
stage microscopy with values as low as 840 °C for triticale straw [89]. Bed defluidization has been reported
for even lower temperatures of 740 °C for wheat straw in an olivine bed [90]. For woody biomass ash melting

[89] and defluidization [90, 91] occur generally at higher temperatures, even above 1000 °C. However, higher
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fluidization velocities increase the temperature—and correspondingly the melt-fraction of feedstock ash—at
which defluidization occurs [75, 87, 92]. This is likely the reason why almost no defluidization is reported for
continuous CLG operation. To mitigate defluidization at low temperatures, routes like feedstock blending [89]
and pre-treatment options like leaching, additives [91, 93] and torrefaction [91] have been tested resulting
in higher defluidization temperatures. Miao et al. [75] report in their recent review on agglomeration in
biomass chemical looping, that feedstock related additives can only reduce agglomeration but not avoid it and
mention emission related side effects of additives. Nonetheless, pre-treatment including washing/leaching
and additivation of biomass feedstock can reduce agglomeration tendency in biomass ash-OC interaction and
can therefore be considered for commercial application. Monitoring of pressure and temperature variance of
the bed can be used to investigate the agglomeration behaviour of biomass-OC pairings in lab scale setups [91,
94-97] screening for good pairing candidates but also to provide early warnings of agglomeration during

operation caused by changing feedstock ash properties [75].

Reaction Kinetics For the screening of OC materials and the determination of their reaction rates thermo-
gravimetric analysis (TGA) offers a cheap setup to investigate the mass changes at various temperatures
under controlled atmospheres. Additionally, feedstock reactions and even combined OC feedstock reactions
under controlled atmosphere can be investigated. Wang et al. [98] discuss the limitations of TGA experiments
compared to the fluidized bed experiments such as the slower heating rate, limited gas-solid contact, and heat
and mass transfer limitations. Nonetheless, reaction kinetics can also be obtained from small scale fluidized
bed reactors (e.g. [99]) and form an important basis for process modelling and computational fluid dynamics
(CFD) simulations required for process optimization, equipment sizing, and reactor design. However, as the

focus of this dissertation is experimental scale-up, further discussion of reaction kinetics is omitted.

Reactor Design The most widely adapted reactor configuration is the dual fluidized bed reactor as it features
a uniform bed temperature, fast feedstock heating, and facilitates an easy transfer of the solid OC material
between the reactors. Here, knowledge of actual solid circulation flows is important for equipment sizing.
Another possible configuration is the combination of a fluidized bed as AR with a moving bed as FR [100, 101].
Nonetheless, different reactor designs have been proposed like packed bed reactors and rotating reactors,
which cannot be used for solid feedstocks. However, in this dissertation only results from (dual) fluidized bed

configurations are considered, as they can convert solid biomass feedstocks.

Gas Quality The composition of the produced gas is a topic of major interest as it determines potential
applications and the required gas treatment, such as de-dusting, tar removal, water gas shift, and sour gas
removal. Moreover, the total amount of combustible gases is directly proportional to the cold gas efficiency
(CGE) (see Equation 1.2). Hence, gas compositions are usually reported by all authors focusing on CLG
development and specific studies on volatile conversion for OC are conducted [102, 103]. Goel et al. [74]

compare the yields of syngas species produced from different OC-feedstock pairings reported in literature
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between batch reactor and continuous process. They show, that high yields in batch processes do not necessarily
transfer to high yields in a continuous unit.

FR temperature has the most important influence on gas quality, where a higher temperature leads to lower
tar production [82] and higher syngas production. However, the temperature must stay below the limits
where agglomeration occurs inside the bed in order to keep the process stable. Additionally, the steam to
biomass feedstock ratio, the amount of oxygen supply, the feedstock residence time, and the OC bed material
circulation have an influence on the composition of permanent gases, tars, and the overall amount of the
syngas. Generally, the tar content reported for continuous CLG operation is higher (e.g. [83, 85, 104-106])
than the maximal allowable contamination for most processes according to Milne et al. [81]. Produced CH4
might be unwanted depending on the application. For synthetic natural gas (SNG) it is the intended product,
while for methanol or FT-products it behaves like an inert and must be converted to syngas before entering
the synthesis reactor (e.g. in a steam methane reformer?).

The important parameters for this dissertation regarding gas quality are the composition of gas species
(volume fractions x;), the syngas fraction X g (Equation 1.1), describing the fraction of the intended product
in the permanent gases, the CGE n¢c¢ (Equation 1.2), the Hy/CO ratio, defining the composition of the

intended product, and the tar load m;,, showing the amount of problematic compounds.

TCo + TH, (1.1)

Xsa =
TCHy + TCO + THy + TCO, + TN,

nrR,out(®ch, - LHVen, + zco - LHVco + xn, - LHVa,)
mrps - LHVpg

With z; being the mole fraction of species i, LHV the lower heating value, and nrpg ., and mrg being the

(1.2)

Ulele

product gas output and the feedstock input, respectively.

Oxygen Carrier The preparation, manufacturing, and selection of OC materials is an ongoing research
topic also for chemical looping combustion (CLC) (e.g. [107, 108]). However, results for important OC
properties like OC life time obtained under CLC conditions might not be valid for CLG [83]. Additionally,
aspects important for CLC like high oxygen carrying capacity or reactivity are not so important in CLG where
only limited feedstock oxidation is wanted. Goel et al. [109] studied properties like reactivity, Hy-production
performance, sintering temperature, and mechanical strength of 9 low-cost OC derived from waste streams or
natural minerals. Currently, synthetic OC are only utilized in lab-scale analysis [65, 110] and are therefore
produced only in small quantities. Only one report of continuous CLC with an overall amount of more than
1000 kg of synthetic Ca-Mn-based OC exists [111]. Di Giuliano et al. [70] argue for further research in synthetic
OC production and performance to enhance the CLG/CLC process, but acknowledge that with scale-up of

synthetic OC production, other factors like cost, safety, material availability, and environmental impact become

3Although autothermal reforming is possible, it requires an ASU to provide pure oxygen which would negate the whole purpose of
CLG.
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important. Considering the current situation, scale-up of CLG has to happen first with readily available natural
minerals like ilmenite or waste materials like steel converter slag, creating the market for better performing
synthetic OC.

There is also research to screen for OCs producing a very low amount of tars. Hildor et al. [104] report on
specific tar generation from a continuous CLG process utilizing steel converter slag and ilmenite to convert
biomass in a 10 kW, lab scale unit, while Larsson et al. [112] use ilmenite as an additive to a sand bed to
reduce tar production in the 2-4 MW, Chalmers gasifier. An enhanced natural olivine which was impregnated
with additional iron also showed reduced tar production in continuous biomass gasification [113]. Other
studies focus on the conversion of model components like toluene [114] or benzene [104, 115] to compare
different OC in terms of tar conversion performance.

For chemical looping processes in fluidized beds several characteristics must be considered with regards to

the OC for successful deployment. According to Adanez et al. [116] these are:

* Oxygen carrying capacity: The amount of oxygen an OC can transport. This determines the minimum
solid circulation rate of the OC material between the two reactors in order to supply a certain amount of
oxygen to the process. The actually usable part of the theoretically possible transport capacity depends
on the gas composition of the FR.

* Thermodynamic properties: Depending on the equilibrium state of the metal oxide, full oxidation,
partial oxidation, or no oxidation of the feedstock is possible. For initial assessment an Ellingham
diagram can be used [117].

* Reactivity: The higher the reactivity, the faster the conversion of the OC inside the reactor and the less
residence time is required for full conversion. The reactivity can change during operation.

* Stability: The OC material experiences mechanical stress and is subject to erosion inside the reactor
system. Therefore a certain fraction is lost as fines through cyclones and must be replaced by a make-up
stream. The mechanical stability determines the amount of the make up stream required for steady
state operation

e Carbon Deposition: OC material can be the location for carbon deposition from the gas phase. As this
carbon is transported towards the AR it contributes to unwanted carbon slip and should therefore be
avoided.

* Fluidization properties: The formation of larger agglomerates poses risks to fluidized bed operation
and must therefore be avoided. Formed agglomerates must be removed from the bottom of the reactor
and be replaced with fresh OC. Depending on the feedstock-ash-OC interaction, the bed temperature,
and the fluidization regime, the tendency of agglomerates forming inside the bed changes.

* Cost: OC cost should be low as they impact the OPEX. Currently synthetic OC are not competitive with
natural minerals or waste materials.

* Toxicity: Especially copper or nickel based OCs pose a risk to humans and the environment making

handling and disposal of spent OC costly.
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According to Mayer et al. [118] OC materials can be grouped into three categories based on their reactivity

and thermodynamic properties:

1. Materials with high reactivity in AR and FR.
2. Materials with low reactivity inside the FR which can be fully oxidized inside the AR.

3. Materials which can release molecular oxygen depending on O, partial pressure. The so called chemical
looping with oxygen uncoupling (CLOU) effect requires surplus oxygen on the AR outlet in order to

oxidize the OC sufficiently but has the advantage of close to full feedstock conversion inside the FR.

The important OC parameters for this dissertation are the oxygen transport capacity Roc of the OC material,
measuring how much oxygen can be transported per OC mass, and the oxidation degree X g, measuring the

actual oxidation of the OC in the process, as defined by [112]:

MocC,ox — MOC,red

moc,ox
moc — MocC,red
Xg = e (1.4
Roc - moc,ox

(1.3)

Roc =

In this definition, Roc is the oxygen transport capacity of the OC material, X is the oxidation degree of the
OC, moc rea and moc,o, are the mass of the fully reduced and oxidized state respectively, while the mass of

the OC leaving the reactor is moc.

Process Control For process control in externally heated lab scale reactor setups, the adjustment of the
thermal load, i.e. the feedstock feed rate, is often used to control the oxygen to fuel equivalence ratio A
and thus the gasification process while keeping the solid circulation constant (e.g. [119, 120]). A similar
approach is to reduce the solids circulation and thus the oxygen transport as demonstrated by Pissot et al.
[121]. However, the heat transfer is also effected by the circulation resulting in lower FR temperature which
is primarily controlled by the solid circulation between the reactors. Larsson et al. [112] are the first to state
the requirement to uncouple the oxygen transport from the solid flow to circumvent the resulting changes in
power, solid circulation, and reactor inventory. The dilution of the OC with silica sand has been tested multiple
times showing its feasibility for setups where energy can be supplied in another way than the feedstock input
in the FR [121, 122]. Nonetheless, for good process control in autothermal CLG a more flexible approach
is required, as the adjustment of OC-sand ratio requires the partial replacement of hot bed material in the
system. The subsequently required splitting into the two solid fractions is difficult and expensive and makes
this method unsuitable for commercial application. Although, it is theoretically possible to find an OC with the
optimal oxygen carrying capacity, utilizing this as process control method would limit the degrees of freedom
during operation as oxygen transport would still be coupled to solid circulation. Moreover, solid circulation is

the major control factor of the FR temperature.
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The important parameters for investigations of process control are the air to fuel equivalence ratio A,

showing the amount of oxygen supplied to the process in relation to the oxygen required for full feedstock

conversion: .
N\ = M (1.5)
mps - Rrs
and the oxygen carrier to fuel equivalence ratio ¢ defined by [112]:
Roc - moc - X
b — 0C - MoC AR (1.6)

mps - Rps
quantifying how much oxygen is actually available inside the OC circulation stream in relation to the required
oxygen for full feedstock conversion with the mass streams 7 g and the oxygen requirements for full oxidation
Rps.
The key performance indicators (KPIs) which are optimized using process control are the cold gas efficiency
(CGE) ncq, measuring the fraction of feedstock energy contained as chemical energy in FR of-gas (Equation 1.2)

and the carbon conversion X, being the fraction of feedstock carbon converted into gaseous species inside

the reactors:

. . M,
Ngas,FR ° («TCH4 +xco + 'rCOQ) ’ MC — MCO,, fluidization * MCZ2
Xc,FR = . 1.7)
mps - WC,FS
with the AR carbon conversion being calculated from CO only:
Tigas, AR * TCOy * Me — Te0y, fluidization * T
) 2 25
XcAR = 02 (1.8)

mgs - WCe,Fs

M denotes the molar mass of the species ¢ and w¢ s the carbon fraction inside the feedstock.

1.3.2 Limitations of Current Research

So far, all continuous CLG experiments performed have been conducted with external electrical reactor heating,
with the exception of the experiments in the Chalmers 2-4 MWy, gasifier [112, 121, 123]. However, operation
with external reactor heating is not feasible for commercial applications. Here, only autothermal process
operation is economically feasible and all heat supplied to the gasification reactor must be supplied by the
circulating OC material. Furthermore, the Chalmers gasifier suffers from a severe over dimension of the AR
which is used to supply heat for commercial purpose and is therefore also fed with the feedstock. Moreover,
the produced syngas is also routed into the AR for safe conversion and venting, returning the chemical energy
of the syngas to the reactor system instead of removing it for utilization. Hence, results from these experiments
give no holistic picture of the process. Nonetheless, the experiments still yield useful insights into the FR side

of the process, but not into the stand-alone process and interaction of AR and FR.
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Under autothermal process conditions, the free selection of process parameters is restricted by the require-
ment that both reactors must be in heat balance. Therefore, hydrodynamic constraints have an impact on
obtainable reactor temperature and thus reaction chemistry, which in turn affects the syngas quality and
overall process performance. Here, the interplay of these operation variables is crucial, as insufficient transport
of OC and the corresponding transport of sensible heat between the reactors cannot be offset by increased
reactor heating and will affect the maximal attainable FR temperature and therefore the gasifier performance.
Moreover, interpretation of data obtained from small-scale experiments might lead to wrong conclusions (e.g.
finding that iron based OC should not be considered for CLG because of lower reactivity [114]) because only

part of the process is reproduced during the experiments.

1.4 Research Question

Just merging the information of partially contradicting insights from various research categories will likely not
produce very good process and plant designs. For this reason, experimental studies are needed on a scale at
which all the relevant effects can be studied together and their interdependence and relative importance can
be assessed. This requires autothermal experiments at an industrial relevant scale to gain a holistic insight

into the process to answer the following overarching research question:

Is it possible to operate the chemical looping gasification process under autothermal conditions,

what are the efficiencies that can be achieved and what are the key parameters of the process?

To gather data to answer this research question under the limited operation range of the CLG process with
autothermal conditions, experiments are required in the range of approx. 1 MWy, where autothermal
operation becomes feasible. They have been conducted in the 1 MW, modular pilot plant at the Institute of
Energy System and Technology at the Technical University of Darmstadt previously used for Carbonate Looping
[124, 125], CLC [111, 126-130], and High Temperature Winkler (HTW™) Gasification [53, 131-133]. The
experiments were done under the restriction of utilizing the existing reactors and infrastructure and a readily
available OC material to be able to obtain the required quantity, i.e. a natural mineral or a waste material. For
biomass feedstocks the selection is wider because wood, straw, leaves, husks and other biomass streams are
available in large quantities and commercial technologies like pelleting or chipping and milling for preparation
exist.

The rather general research question has been broken into multiple aspects of which four are part of this

cumulative dissertation:
1. Which process control and operation range is applicable to achieve high cold gas efficiency during
autothermal CLG?

In order to prepare the existing pilot plant for the experiments this question needs to be answered

as several design choices are influenced by the process control concept. It has been shown that the
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decoupling of the oxygen transport from the solid circulation is required [112] and possible [121, 122]
in order to be able to control the oxygen to fuel equivalence ratio. The suggestion of sub-stoichiometric
operation of the AR has not been investigated but was proposed as well [112]. Simulation of the existing
control concepts of circulation adjustment, sand dilution, and the novel sub-stoichiometric AR operation
in the boundary conditions obtainable in the existing pilot plant were performed to find the most viable
method for the pilot plant and are described in the Research Paper I of this dissertation. Research Paper

IV validates the concept in actual implementation.

. What is an appropriate design for an autothermal chemical looping gasifier in the 1 MWy, scale?

The existing experimental facility had to be adapted in order to be able to run the process safely.
The design choices open up a certain range of operation, which are discussed with the corresponding
limitations. The design, limitations resulting from these design choices, corresponding operational

strategies, and improvements for greenfield plants are discussed in Research Paper II.

. What is the actual OC material circulation rate during gasification and how can it be measured?

For future plant design the sizing of the equipment largely depends on the required solid circulation.
Multiple methods exist to estimate the solid circulation like stopping loop seal fluidization [134] or
adding feedstock batch wise [135] and calculating solid circulation from the system responses of reactor
inventory decline and oxygen consumption inside the AR respectively. However, these methods impact
the hydrodynamic and therefore only give an approximate representation of real steady-state process
conditions. Other methods use moving equipment inside the solid stream [136] or use particle properties,
fluidization and pressure drop [137] to estimate solid circulation. Estimation of solid circulation based
on an oxygen balance around the FR in an natural gas fired CLC unit was first described by Ohlemidiller
et al. [111]. However, application to systems using solid feedstock and thus exhibiting carbon slip and
containing other reacting material inside the OC stream was not conducted. Therefore, this approach was
generalized for dual fluidized bed processes and expanded to include additional analysing equipment in

Research Paper III and used to determine solid circulation during the experiments.

. What efficiency and syngas quality regarding composition and tar content are obtainable?

Assessing the viability of the process not only requires demonstrating technical possibility, but should
also consider the obtainable efficiency and product quality. The most important trends concerning
CGE, carbon conversion, syngas quality, and tar production are investigated in detail. The limitations
of the data caused by the high relative heat loss are discussed. The individual KPIs obtained during
the experimental operation of the autothermal CLG pilot plant are analysed in Research Paper V and

compared with literature data to show the benefits of the process.
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2 Synthesis

This chapter summarizes the findings of the research papers presented in this dissertation in Chapter 3. It
roughly follows the research process from initial simulation in Section 2.1 to gather first insights of the process
on the projected scale followed by the design of the experimental facility in Section 2.2. The largest part is

dedicated to the experiments and the resulting insights into the CLG process (Section 2.3).

2.1 Mass and Energy Balance of the Chemical Looping Gasification Process

In any gasification technology where oxygen is supplied to the gasifier, accurate control of the oxygen to fuel
equivalence ratio is critical to balance the exothermic oxidation reactions with the endothermic gasification
reactions to produce a high calorific syngas. For gasification technologies using steam/oxygen or air as
gasification agents this is straightforward through the control of the oxygen containing gas stream. However,
in CLG the oxygen is transported with the solid bed material, which is also used to supply the required heat
to sustain the process temperature.

In Research Paper I an existing process model for CLC in Aspen Plus [138, 139] is extended to include
biomass pyrolysis and used for the calculation of heat and mass balances to investigate possible approaches
to control oxygen input. It utilizes equilibrium calculation and therefore neglects detailed reaction kinetics.
However, it is still useful for the comparison and investigation of basic process control strategies.

For the process control of CLG, the concept of reducing solid circulation, and thus oxygen input, is investi-
gated as a reference. It has a very low FR temperature (Trr < 750 °C), which has a strong negative impact on
gas quality, and is therefore discarded, confirming the need to decouple oxygen transport from solid transport
[112]. The dilution of OC material with sand (while keeping solid circulation constant), which has already
been shown experimentally to be able to control the oxygen to fuel equivalence ratio [121, 122], is simulated
and shows a much higher FR temperature (Trr > 980 °C) for the same CGE and \. Therefore, this approach
should be preferred during experiments, as it is expected to give much better gas quality with higher syngas
fraction and lower tar load.

As a novel approach which was not published before, neither as experimental nor theoretical investigation,
the limitation of the air feed to the AR was investigated. With this approach not enough oxygen is present to
fully oxidize all the OC particles inside the AR. Hence, the OC particles cannot fully contribute to the oxygen
transport, but behave partially like an inert (e.g. sand) as they cycle through the system. Proll et al. [140]
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report on OC particles cycling through the system in a reduced form when restricting AR air flow. However,
Proll et al. [140] also reduce solid circulation and therefore heat transport between the reactors which is the
dominating effect in oxygen limitation [140]. Solid circulation is kept constant during calculation and gives
a resulting Trr > 920 °C for even higher cold gas efficiency at the same A than for sand dilution and solid
circulation reduction approaches. The main difference between dilution with sand and sub-stoichiometric
AR operation is in the operational flexibility gained from the reduced OC bed material which can be used to
transport oxygen when required for process control. Moreover, solid handling reduces in complexity, as only
one solid material requires feeding equipment and no tailoring of particle size distribution (PSD), particle
density, and attrition behaviour is necessary. Although carbon slip can be expected in the case of solid feedstock
[141, 142], this is not a problem as equilibrium calculations show no formation of CO inside the AR and
reaction of oxygen with carbon is generally preferred to OC oxidation [143-145]. Therefore, the approach
with sub-stoichiometric AR operation is used for initial investigation of optimization strategies as presented in
Research Paper I.

The investigation of possible optimization shows the general trade-off which has to be considered in
autothermal gasification. Gas quality is better (i.e. higher syngas content, lower tar yield) if FR temperature is
high. The CGE decreases with increasing temperature because the required energy to reach a higher FR is
provided by syngas oxidation. The influence of steam to biomass feedstock ratio, OC circulation, temperature
of fluidization media, and AR temperature on CGE and FR temperature are analysed in Research Paper 1.
The insights from the equilibrium simulation neglecting heat losses and reactor hydrodynamic can give an
initial qualitative idea of optimization avenues, however, reaction kinetics, hydrodynamic constraints, and

heat losses will affect the quantitative values obtainable in experiments.

2.2 Design of the Chemical Looping Pilot Plant

Based on the model already utilized for the investigations in Research Paper I with the addition of detailed
ilmenite reaction kinetics [146] as in the CLC model from Ohlemiiller et al. [139], mass and energy balances
were calculated for the existing 1 MWy, modular pilot plant. Heat losses for the reactors were assumed to be
Qloss’ Ar = D0kW and Qloss’ rr = 60kW falling in the range previously estimated for the reactor system [127,
129]. Moreover, reactor hydrodynamics were considered with calculations of solid entrainment according to
Kunii & Levenspiel [147] implemented in the process model as described by Ohlemidiller et al. [138, 139].
Variation of reactor temperature, temperature difference between the reactors, amount of AR fluidization
medium and feedstock input were used to asses the likely operation range of the reactor system and peripheral
systems during experiments. The hydrodynamic regime of both reactors was found to be in the transition
between turbulent and circulating as visualized in the grace diagram in Figure 2.1, indicating that stable
operation as CFB reactors is possible. During the design phase the natural ore ilmenite was selected as a

suitable OC which belongs to category 2 according to Mayer et al. [118]. Although, thermo-gravimetric analysis
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Figure 2.1: Grace diagram indicating the operation regimes of the FR —e— and AR —=—

show lower reactivity of ilmenite compared to other OC (e.g. nickel based [114, 148]) it is still considered a
primary option [149] for chemical looping. The main influence on this decision were the operation experience
with ilmenite [126-129], the availability in the required quantity and PSD, its non-toxicity, and the initial

screening results from OC feedstock ash interaction [94-96].

With the stream results from the process simulation of the core reactor system the reactor periphery was
designed. Already existing equipment was evaluated and in case it was found inadequate, modifications were
designed, implemented, and commissioned. A schematic of the resulting pilot plant configuration is given in
Figure 2.2, with sections of major subsystems or rework highlighted. The modifications include a flue gas
recirculation for the AR to be able to control the oxygen input towards the AR without impacting the reactor
hydrodynamic. The implemented control loops are described in Research Paper IV. In addition, a new syngas
handling line with dedusting, induced draught fan, thermal oxidiser and a new steam fluidisation line for
the FR was designed to prepare the existing pilot plant for the autothermal CLG experiments. A hazard and
operability study (HAZOP) study was performed including all systems in operation during CLG to ensure safe

operation.
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Figure 2.2: Schematic of the CLG pilot plant showing the main subsystems. CS: cooling system, OC: oxygen
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A dedicated section in Research Paper II discusses topics of interest for autothermal CLG operation like
tar production, KPIs, and OC lifetime. Especially the life time of the OC material cannot be easily inferred
from smaller laboratory reactors due to the fact that the circulation time, i.e. the redox-cycle-time, increases
with reactor size. It is unknown whether chemical, mechanical, or thermal stress are the major contributor
to attrition and thus limiting lifetime. However, it is clear that the mechanical and thermal stresses for the
autothermal CLG pilot plant are greater than for the externally heated lab-scale units due to the difference
in size and the greater temperature difference between the reactors. The influence of important operation
variables (thermal load P;;,, oxygen carrier to fuel ratio ¢, solid circulation rhoc, bed pressure drop Ap, and
second stage fluidization) which can be varied inside the described experimental facility are discussed as well,

giving an operation strategy for the maximization of the KPIs.

* The variation of P, is straight forward through the control of feedstock conveying equipment. The
heat losses of the pilot plant depend on the surface area (which is not varied) and on the operating
temperature. Therefore higher thermal input leads to lower relative heat losses if the temperature is
kept constant, and thus higher CGEs can be obtained. Reactor hydrodynamics are influenced by the
corresponding volatiles and the steam to biomass ratio and ¢ changes with the variation of the feedstock

input.

* The OC to fuel equivalence ratio ¢ is controlled via the oxygen availability inside the AR which can be
adjusted by varying the amounts of air and recirculated AR flue gas used as fluidization medium. A
higher value of ¢ (while keeping everything else constant) results in a higher temperature inside AR

and FR. The production of CH4 and tars is reduced with higher ¢, however, so is the CGE.

* The global solids circulation 7o can be adjusted via the variable J-Valve fluidization. Increasing moc
reduces the AT between the reactors and thus increases the FR temperature while decreasing the AR
temperature. However, it has a direct impact on reactor hydrodynamics in the form of solid inventory
measured via bed pressure drop Ap. To keep Ap constant, fluidization must be adjusted. Therefore

control of o is more difficult.

* The bed pressure drop Ap is influenced by the reactor hydrodynamics and the total solid inventory. The
total inventory is controlled via OC make up and bed material removal. Increasing solid inventory allows
for the reduction of fluidization while keeping the solid circulation constant. Higher Ap is beneficial for

the conversion of the feedstock and leads to better gas quality.

* Second stage fluidization can be used to increase the residence time of feedstock particles in the lower
region in the bed enhancing conversion and gas quality. It can be controlled via the variable routing of
the fluidization medium of the FR to a second inlet at one fifth of the reactor height. This is considered

a backup option if conversion is not sufficient and was not required during experiments.
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2.3 Autothermal Chemical Looping Experiments

2.3.1 Materials

Oxygen Carrier As OC material the natural mineral Norwegian ilmenite was used. During experiments, two
different PSDs, as depicted in Figure 2.3, were used. The finer material has approx. 20 % of particles smaller
50 pm which was shown to lead to significant solid losses in previous experiments [128, 129] leading to
increased make-up rates cooling down the reactor system. The coarse material exhibits only 20 % of particles
smaller 200 pm, which will lead to lower entrainment from the reactors and thus lower solid circulation. A
perfectly matched PSD is not commercially available and sieving proofed to be economically infeasibly for the

pilot tests. The oxygen carrying capacity for the ilmenite was determined to be Rpoc = 3.7 %.
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Figure 2.3: Particle size distribution of the ilmenite used as oxygen carrier material during experiments.

Feedstock The experiments were carried out with three different biogenic feedstocks as given in Table 2.1 in
three dedicated test campaigns. The industrial wood pellets (IWP) were purchased from Eckhard GmbH and
confirm to the norm ENplus Al and are used as easily available reference feedstock. The pine forest residue
(PFR) was sourced from foresting operations in Sweden and pelleted by AB Torkapparater. The wheat straw
was obtained from farms in Sweden and also processed by AB Torkapparater including dosing of additives

and pelleting.

2.3.2 Process Control

The autothermal CLG experiments were performed with the sub-stoichiometric AR as process control scheme
and the performance is evaluated in Research Paper IV. After attaining sufficient reactor temperature and stable
hydrodynamics and biomass feed during the experiments, the oxygen input towards the AR was restricted
to achieve higher CGE. During the three periods where the switch to the sub-stoichiometric AR operation

was initiated, a characteristic system response with a duration of 2h to 4 h could be observed. These periods
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Table 2.1: Proximate and ultimate analysis of feedstock used during experiments. L HV: lower heating value,
PA: proximate analysis, UA: ultimate analysis, d.b.: dry base, IWP: industrial wood pellets, PFR:
pine forest residue.
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