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The hope of a secure and livable world lies with disciplined nonconformists, who are 

dedicated to justice, peace, and brotherhood. The trailblazers in human, academic, 
scientific, and religious freedom have always been nonconformists. In any cause that 

concerns the progress of mankind, put your faith in the nonconformist! 

Martin Luther King Jr.  
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Abstract 

Chemical looping gasification (CLG) is a novel thermochemical process allowing for the efficient 

conversion of different feedstocks (e.g. biomass, municipal waste) into a high-calorific synthesis 

gas (=H2 & CO), which can subsequently be used for the synthesis of different marketable 

products, such as fuels or chemicals. While the CLG technology was successfully validated in lab 

scale using different reactor setups, feedstocks, and active materials, its demonstration in an 

industrially relevant environment remains a challenge. Overcoming this major technical hurdle 

on the pathway towards advancing the CLG technology to market maturity, thereby facilitating 

an efficient valorization of different waste streams in the future, signifies the main goal of this 

dissertation. To accomplish this, the existing 1 MWth pilot plant at the Institute for Energy 

Systems and Technology (EST) was adapted and optimized in order to allow for long-term 

autothermal (i.e. without external energy input) chemical looping gasification. Here, the general 

steps of a standardized chemical engineering project, ranging from process definition and basic 

engineering to plant commissioning, operation, and optimization, were carried out between 

March 2019 and September 2023. 

In the course of this venture, the general viability of autothermal chemical looping gasification 

in an industrially relevant environment was proven by ultimately achieving over 400 hours of 

CLG operation in the 1 MWth pilot plant, utilizing three different biogenic materials as feedstock. 

This was facilitated by devising a novel process control concept as well as a holistic set of 

operational rules and principles, allowing for efficient autothermal CLG operation, with cold gas 

efficiencies up to 50 % being reached in 1 MWth scale. On top of that, crucial findings for 

establishing a suitable process layout of an industrial-scale chemical looping gasifier were derived 

in the course of the adaption and commissioning of the 1 MWth pilot plant as well as the 

subsequent in-depth evaluation of the datasets gathered during autothermal CLG operation. 

Moreover, this evaluation allowed for a holistic investigation of relevant aspects for process up-

scaling, covering the most auspicious routes for process optimization as well as potential technical 

bottlenecks one could encounter in industrial scale. Process simulations, using models validated 

with data gathered during autothermal CLG operation, show that when overcoming the technical 

hurdles faced in 1 MWth scale, such as limited oxygen carrier (OC) lifetime and restricted OC 

circulation, cold gas efficiencies >80 % and carbon conversions close to 90 % can be obtained in 

industrial scale. Hence, the technical competitiveness of the chemical looping gasification process 

was demonstrated within the scope of this work, thus encouraging future up-scaling activities, 

which could promote the CLG technology into a crucial building block for the aspired circular 

economy. 
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Kurzfassung 

Die Chemical Looping Vergasung (engl. chemical looping gasification, CLG) ist ein neuartiges 

thermochemisches Verfahren, das die effiziente Umwandlung verschiedener Einsatzstoffe (z. B. 

Biomasse, Abfälle) in ein hochkalorisches Synthesegas (=H2 & CO) ermöglicht, welches für die 

Synthese verschiedener marktgängiger Produkte wie z. B. Kraftstoffe oder Chemikalien verwendet 

werden kann. Während die CLG-Technologie im Labormaßstab, unter Verwendung verschiedener 

Reaktorkonfigurationen, Ausgangsstoffe und aktiver Materialien, erfolgreich validiert wurde, bleibt 

ihre Demonstration in einem industriell relevanten Umfeld eine Herausforderung. Die Überwindung 

dieser großen technischen Hürde auf dem Weg zur Marktreife der CLG-Technologie und die damit 

einhergehende Ermöglichung einer zukünftig effizienten Verwertung verschiedener Abfallströme ist 

das Hauptziel der vorliegenden Dissertation. Um dies zu erreichen wurde die bestehende 1 MWth 

Pilotanlage am Institut für Energiesysteme und Technologie (EST) angepasst und optimiert, um die 

kontinuierliche autotherme (d.h. ohne externen Energieeintrag) Chemical Looping Vergasung zu 

demonstrieren. Dabei wurden von März 2019 bis September 2023 die standartisierten Schritte eines 

Chemieprojekts, beginnnend mit der Prozessdefinition und dem Basic Engineering bis hin zur 

Inbetriebnahme, dem Betrieb und der Optimierung der Anlage, durchgeführt. 

Im Verlauf dieses Projekts wurde die generelle Machbarkeit der autothermen Chemical Looping 

Vergasung in einer industriell relevanten Umgebung nachgewiesen, indem in der 1 MWth Pilotanlage 

über 400 Stunden CLG-Betrieb mit drei verschiedenen biogenen Materialien als Einsatzstoff erreicht 

wurden. Ermöglicht wurde dies durch die Entwicklung eines neuartigen Prozesssteuerungskonzepts 

sowie die Erstellung von übergeordneten Betriebsregeln und -prinzipien, die einen effizienten 

autothermen CLG-Betrieb ermöglichen, sodass im 1 MWth-Maßstab Kaltgaswirkungsgrade bis zu 

50 % erzielt wurden. Darüber hinaus wurden sowohl bei der Anpassung und Inbetriebnahme der 

1 MWth Pilotanlage als auch bei der detaillierten Auswertung der während des autothermen CLG-

Betriebs gesammelten Datensätze entscheidende Erkenntnisse für die geeignete Prozessauslegung 

eines industriellen Chemical Looping Vergasers gewonnen. Zudem ermöglichte diese Auswertung eine 

ganzheitliche Untersuchung relevanter Aspekte für eine Hochskalierung des Prozesses, welche neben 

den vorteilhaftesten Wegen für die Prozessoptimierung auch potenzielle technische Engpässe, die im 

industriellen Maßstab auftreten könnten, abdeckt. Simulationen mit validierten Prozessmodellen 

zeigen, dass bei Überwindung der im 1 MWth-Maßstab ermittelten technischen Hürden, wie z. B. der 

begrenzten Lebensdauer des Sauerstoffträgers (engl. oxygen carrier, OC) und der eingeschränkten 

OC-Zirkulation, im industriellen Maßstab Kaltgaswirkungsgrade von mehr als 80 % und Kohlenstoff-

umsätze von nahezu 90 % erreicht werden können. Somit wurde im Rahmen dieser Arbeit die 

technische Wettbewerbsfähigkeit des Chemical Looping Vergasungspozesses demonstriert, was zu 

zukünftigen Up-Scaling-Aktivitäten anregt, welche die CLG Technologie zu einem wichtigen Baustein 

der angestrebten Kreislaufwirtschaft avancieren lassen könnten.  
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Preface 

This cumulative thesis is organized into two main parts. In the first part (Part 1), being the 

Synopsis of this dissertation, an introduction to the research topic (Introduction) and a summary 

of the work (Synthesis) are presented. The Synopsis is followed by the second part (Part 2) of 

this dissertation, consisting of the five appended research papers (Research Paper I-V). 
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Nomenclature 

The nomenclature below refers to the symbols and abbreviations used in the Synopsis (Part 1) of 

this dissertation. While uniformity was pursued during drafting of the five research papers, some 

discrepancies and ambiguities in nomenclature could not prevented. Therefore, please refer to 

the nomenclature of each individual research paper when referring to Part 2 of this dissertation.  

Latin Symbols 
𝑑 ,  Mean particle diameter  𝑢 Velocity 

�̇� Mass flow �̇� Volume flow 
𝑃 Power �̇� Heat flow 
𝑝 Pressure 𝑥  Volume fraction of species i 

𝑅𝑅  AR flue gas recirculation ratio 𝑋  Oxidation degree of OC 
𝑇 Temperature   

    

Greek Symbols 
∆𝐻  Reaction enthalpy 𝜂  Cold gas efficiency 
∆𝑝 Riser pressure drop  𝜙 Oxygen carrier-to-fuel ratio 
∆𝑋  Change in OC oxidation degree 𝜏 Residence time 

𝜆 Air-to-fuel equivalence ratio   
    

Acronyms/Abbreviations 
AR Air Reactor ILMf Ilmenite fine 
BM Biomass K1/2/3 Campaign 1/2/3 
CAD Computer-aided Design LS Loop Seal 
CCS Carbon Capture & Storage 

NASA 
National Aeronautics and Space 
Administration CFB Circulating Fluidized Bed  

CLC Chemical Looping Combustion OCAC Oxygen-Carrier-Aided Combustion 
CLG Chemical Looping Gasification OC Oxygen Carrier 
CS Cooling System PCS Process Control System 

DFBG Dual Fluidized Bed Gasification PFD Process Flow Diagram 
FG Flue Gas PFR Pine Forest residue 
FR Fuel Reactor PnID Process & Instrumentation Diagram 
EU European Union RP Research Paper 
GA Gas Analysis WSP Wheat Straw Pellets 

HAZOP Hazard and Operability Study TU Technical University 
HV Heating Value SFB Stationary Fluidized Bed 
IR Internal (solid) Recirculation TRL Technological Readiness Level 

IWP Industrial Wood Pellets TSL To Safe Location 
ILMc Ilmenite coarse   

    

Indices 

0 Reference state  in Inlet 

AR Air Reactor int. Internal 
circ. Circulating OC Oxygen Carrier 

calc. Calculated out Outlet 
eff. Effective  RL Refractory Lining 

ent. Entrainment s Solid 

FR Fuel Reactor th Thermal 
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1. Introduction 

1.1. Research Background 

With the average global surface temperature being on an unhalted rising trajectory [1] due to 

the constantly increasing anthropogenic greenhouse gas concentrations inside the earth’s 

atmosphere [2], drastic changes in human activities, especially in the industrialized world, are 

crucial to avoid ‘vast human misery’ [3]. One industry sector for which CO2 abatement has been 

negligible in the last decades, despite rapid technological progress and the introduction of a vast 

palette of political measures, is the transport sector. Even in the European Union (EU), being one 

of the most ambitious and influential communities of states worldwide when it comes to 

environmental policy, greenhouse gas emission from the transport sector have increased by more 

than 20 % (approx. 150 Mt CO2,equivalent) between 1990 and 2020 [4]. To counter this trend, the 

European Commission has set a target of achieving a share of 14 % renewable energy in the 

transport sector by 2030, while at the same time alleviating negative impacts on food availability 

and prices [5]. Here, biofuels are seen as a potential replacement for conventional fuels in the 

heavy freight transport and aviation industry, where electrification is currently not viable.  

For the production of so-called 2nd generation biofuels, relying solely on non-food precursor 

materials, the thermochemical gasification pathway via a synthesis gas is an auspicious route. 

Generally, oxygen-blown gasifiers, which allow for the efficient production of a N2-free syngas 

and thus facilitate its direct deployment in various syntheses (e.g. methanol, Fischer-Tropsch), 

have been widely researched, going back to the start of the last century [6]. Recently, research 

interest in this field has gained renewed attention, due to current developments in terms of 

climate change and waste management, favoring the chemical valorization of residue materials 

(e.g. biomass, municipal waste, etc.) [7, 8]. Aside from their technical maturity, the benefits of 

oxygen-blown gasifiers arise from the direct utilization of molecular O2 in the gasification 

chamber, facilitating high reaction temperatures and close to complete feedstock conversion. 

Therefore, cold gas efficiencies above 75 % can be obtained, depending on the gasifier type and 

the utilized feedstock [9]. An alternative approach to oxygen-blown gasifiers is the so-called dual 

fluidized bed gasification (DFBG) technology [10–12]. Here, feedstock gasification is achieved in 

two separate reactors between which a hot (inert) bed material is transferred. In the first reactor, 

the feedstock is gasified using steam as the gasification medium, resulting in the production of a 

hydrogen-rich synthesis gas. The heat required to drive the governing endothermic chemical 

reactions in this reactor is provided by a hot bed material coming from an exothermically 

operated second reactor, in which excess char is combusted with inlet air, resulting in a heating 

up of the bed material and the production of a CO2-containing flue gas. The DFBG technology 

has been successfully demonstrated in industrial applications with units exceeding a thermal load 
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of 100 MWth, thus making it another mature gasification technology [13]. A novel gasification 

technology closely related to the DFBG process is the chemical looping gasification (CLG) process 

illustrated in Figure.1. Its major advantage is that the oxygen necessary for efficient feedstock 

conversion is provided through the cyclic reduction and oxidation of an active oxygen carrier 

(OC) material, circulating between two reactors – the air reactor (AR), where the OC is being 

oxidized and the fuel reactor (FR), where the OC provides oxygen for (partial) feedstock 

oxidation. Consequently, CLG does not rely on a costly air separation unit, generally required for 

oxygen-driven gasification processes, yet allows for the efficient conversion of the utilized 

feedstock into a high-calorific syngas. Moreover, despite air being used as the oxygen source in 

the gasification process, CLG facilitates an efficient capturing of the CO2 formed during the 

autothermal gasification step from the N2-free FR product gas in the downstream syngas 

purification unit. Thereby, a process exhibiting net negative CO2 emissions can be attained, in 

case sustainably sourced biogenic feedstocks are used and the CO2 captured from the raw product 

gas is stored (CCS) [14–16]. However, in comparison to oxygen-blown gasifiers, the CLG 

technology exhibits a relatively low technical maturity, so far mainly having been investigated in 

lab scale [17–20]. First studies carried out in small gasification pilots, reaching a thermal input 

up to 25 kWth, demonstrated that efficient continuous CLG operation is feasible [21–24]. 

However, when striving for industrial application in scales of several hundred megawatts [25, 

26], investigations in larger pilots in the single-megawatt scale (1-5 MWth), where industry-like 

conditions prevail, are crucial in order to assess the impact of plant scale on crucial process 

characteristics such as reactor hydrodynamics, operability, and efficiency [27].  

 

Figure.1. Schematic illustration of CLG process. 
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To quantify technological maturity, the European Union utilizes a technology readiness level 

(TRL) scale [28] (see Figure.2a), adapted from the one successfully deployed for space missions 

by the National Aeronautics and Space Administration (NASA) [29]. On the EU’s TRL scale, the 

CLG technology was ranked at TRL 4 before 2019, with chemical looping gasification having 

been validated in lab scale, using different oxygen carriers [23, 30–32], reactor setups [31, 33–

35], feedstocks [36–38], and operating conditions. A summary of these endeavors is presented 

in the extensive reviews by Nguyen et al. [14] and Goel et al. [39]. Overcoming the next crucial 

hurdle, i.e. promoting the TRL from 4 to 5-6 by validating and demonstrating the technology in 

a relevant environment, is a crucial step both from a technical as well as an economic perspective, 

especially for high temperature processes, where a certain scale is required to attain industrially 

relevant conditions.  

 

Figure.2. a.) European Union TRL scale [28], with indication of targeted TRL increase within the CLARA project.  

b.) Main efforts regarding the technical promotion of the CLG technology in different scales, defined for the CLARA 

project. 

In an attempt to do so, the EU funded research project CLARA was initiated, aiming to 

demonstrate CLG in the MW-scale, making use of the existing 1 MWth facility at the Technical 

University (TU) of Darmstadt, previously used for carbonate looping [40, 41], chemical looping 

combustion (CLC) [42, 43], and High Temperature Winkler gasification [7, 8], amongst other 
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processes. In order to do so, the CLG technology was to be firstly refined in lab scale, making use 

of previous knowledge and focusing on topics crucial for technology up-scaling (e.g. investigation 

of OCs available in sufficient quantities). Based on these insights, the CLG technology was 

subsequently to be investigated in small pilot-scale units with thermal inputs ranging from 20 to 

200 kWth. Ultimately, these efforts were to lead up to the investigation of the CLG technology in 

1 MWth scale, thus promoting it to TRL 5-6 and allowing for important inferences for operation 

of a full-scale (200 MWth) plant, which was to be designed and modelled within the project. 

These foreseen steps of the CLARA project are illustrated in Figure.2b. 
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1.2. Over-Arching Research Goal and Primary Research Questions 

With this overarching aim in sight, the primary research goal of this dissertation can be 

formulated, namely advancing the CLG technology from lab and small pilot-scale to the 1 MWth 

scale, thereby demonstrating its technical competitiveness and allowing for future up-scaling 

endeavors. From this main research goal, the four primary scientific questions of this dissertation 

are derived: 

(i) Is autothermal CLG operation in industry-like conditions generally viable?  

(ii) Which process control measures and operational practices are necessary to allow for efficient 

autothermal chemical looping gasification? 

(iii) What is a suitable process design of an industrial chemical looping gasifier, allowing for 

efficient conversion of biomass residues into a high-quality syngas? 

(iv) Which bottlenecks and optimization avenues should be considered when striving for the 

industrial application of CLG? 
 

To get to the core of these underlying questions, it was key to firstly define a route through which 

the sought-after answers can be obtained. With the 1 MWth pilot testing being at the core of the 

defined research questions, a methodology allowing for a successful investigation of the CLG 

technology in 1 MWth scale was identified at the outset.  

Generally, the demonstration of CLG in 1 MWth scale can be defined as a chemical engineering 

project, requiring the successful completion of certain well-defined milestones. Here, Towler and 

Sinnot [44] provide an overview of a universal strategy which is being used to tackle projects of 

this sort (see Figure.A-1 in Section A.1 in the Appendix), with the general steps being: 

x Project specification, 
x Process definition & evaluation,  
x Basic process design (=basic engineering), 
x Detailed process design (=detail engineering), 
x Procurement & construction, 
x Start-up & operation. 

 

The main steps of this methodology, which aims at the successful commercialization of a product 

through the erection of a greenfield chemical plant, can also be used for the given endeavor. 

However, certain adaptations in the approach are necessary, to account for the project 

peculiarities. On the one hand, the goal of the project has to be shifted from the 

commercialization of a specific product to the technical advancement of the investigated process. 

Secondly, the approach has to be changed from a greenfield approach, where all infrastructure 



  

  

__6                                                                                                                                                           Introduction  

and equipment is newly designed and procured for the specific task at hand, to a brownfield 

approach, as the CLG technology was to be demonstrated using the existing 1 MWth pilot plant.  

To account for the former, the structure by Towler and Sinnot [44] was adapted as illustrated in 

Figure.3 (see blue box). Here, plant operation does not aim at the production of a marketable 

product, but serves the purpose of demonstrating the technical feasibility of the CLG technology 

in 1 MWth scale (=proof of concept), deriving refined operational rules and concepts, generating 

data for up-scaling purposes (e.g. process model building), as well as optimizing the technology. 

These goals thus require an in-depth evaluation of the process, ideally under varying operating 

conditions, as well as the acquisition of operational experience, preferably under stable and 

optimized operating conditions. Moreover, the goal of process optimization converts the overall 

structure into an iterative approach, where process design, boundary and operating conditions, 

or operational principles are adapted based on operational experience and insights gained during 

process operation and evaluation. 

The adjustments in the procedure necessary for a brownfield endeavor are also highlighted in 

Figure.3 (see orange box). Firstly, the existing equipment has to be considered during the initial 

process evaluation. For example, the existing reactors of the 1 MWth pilot unit narrowed down 

the attainable boundary conditions (e.g. system heat losses) and operating conditions (e.g. 

thermal load, reactor gas velocities, etc.) during CLG. Secondly, it is clear that detail engineering 

is not required for the existing equipment (see grey boxes in Figure.3). However, specifications 

of existing equipment have to be closely considered during basic and detail engineering of all 

plant adaptions and extensions, to safeguard conformity and compatibility between new and 

existing plant components. Moreover, space constraints of the existing facilities have to be taken 

into account when designing new equipment and plant adaptions. 

All activities leading up to the successful operation of the 1 MWth CLG system and ultimately to 

the preparation of this cumulative thesis fall along the structure visualized in Figure.3. In the 

subsequent Section 1.3, these activities will be elucidated in detail to provide an overview over 

the work upon which this dissertation is founded. Moreover, the five research papers, being the 

core of this cumulative thesis, are categorized along the progression of this structure (see cyan 

boxes in Figure.3), in order to highlight their relation to the primary research questions, connect 

them to the overarching goal of this cumulative thesis, and emphasize the specific aspects 

covered within each of them. 
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Figure.3. Structure of a chemical engineering project according to Towler and Sinnot [44]. Adapted for brownfield 

project (1 MWth pilot, see orange box) with research and development focus (see blue box). Grey shaded boxes 

indicate steps where only pilot plant adaptions and extensions had to be considered. The pink box indicates steps 

carried out during drafting of the project proposal (not scope of this dissertation). Cyan boxes indicate scope of the 

five research papers of this cumulative thesis.  
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1.3. Classification of the Scope of the Individual Research Papers  

For the process definition, being the first step of the endeavor at hand, the project description 

and initial process evaluation were aligned with the status quo of the 1 MWth pilot plant, in order 

to establish the general boundary conditions of the project.1 Using basic insights gained during 

detailed inspection and evaluation of the existing equipment of the 1 MWth pilot plant as well as 

simulation results obtained by deploying and adapting process models previously validated for 

CLC operation in 1 MWth scale [45], necessary plant adaptions and extensions were defined and 

an initial cost estimation of capital and operational expenditure was carried out. Subsequently, 

a first process flow diagram (PFD) was drafted, which is given in Figure.4. As indicated in this 

PFD in orange color, the following main adaptions and extensions were defined: 

x Extension of the 1 MWth pilot plant with a syngas removal unit consisting of a hot gas 
filter, an induced draft fan, and a thermal oxidizer to allow for full conversion 
(=oxidation) and safe venting of the CLG product gas; 

x Stream-lining of the reactor configuration of the 1 MWth unit to minimize heat losses 
during operation, thus enhancing overall process efficiency; 

x Procurement of a new steam generator to safeguard sufficient steam supply during CLG 
operation and extension of the upstream water softening unit; 

x Adaption of the piping around the air reactor to allow for its fluidization with recirculated 
flue gas to enable control of the oxygen input into the CLG system; 

x Adjustment & extension of analytic equipment to allow for meaningful process evaluation 
(e.g. tar measurement); 

x Procurement of a new ash sluicing screw to allow for reliable material extraction from the 
AR during operation. 

 

Apart from laying the foundation for the finalization of all basic engineering documents, drafting 

of the first layout of the 1 MWth CLG unit and calculation of the associated heat and mass balances 

provided meaningful insights into mechanics and fundamentals of an autothermal CLG process. 

While plant specific insights with regard to pilot plant adaptions and extensions were crucial for 

the advancement of the specific project, strategies allowing for autothermal CLG operation are 

of a universally applicable nature. Here, one important finding made during process simulation 

of the 1 MWth CLG system was that despite its closeness to the related chemical looping 

combustion process (CLC), alternative process control concepts are necessary for efficient CLG 

operation. This aspect, largely ignored in literature up to this point, was therefore established in 

a dedicated article, being the first research paper of this cumulative thesis. Here, it was shown 

 
1 As indicated in Figure.3 (pink box), the project specification and initial process evaluation were carried during the project application of 

the CLARA project and thus did not fall within the scope of this dissertation. 
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that in order to allow for efficient syngas production inside the CLG unit, heat and oxygen 

transport by the OC, circulating between AR and FR, have to be de-coupled. Building on this 

insight, different process control approaches to attain this de-coupling were introduced, thus 

paving the way for initial lab investigations under boundary and operating conditions meaningful 

for large-scale CLG systems (more details see Section 2.1-I). In order to do so, the first research 

paper of this cumulative thesis thus built on the information gathered during basic engineering 

of the process, i.e. the process definition, the calculation of the heat and mass balances, as well 

as the initial layout of the 1 MWth CLG system (see cyan box for RP-I in Figure.3) and formalized 

the most crucial findings to facilitate their consideration in all future studies.  

 

Figure.4. Plant configuration of the 1 MWth pilot plant for CLG operation. Pilot plant adaptions and extensions are 

marked in orange color. Abbreviations: CS=Cooling System, TSL=To Safe Location, OC/MexOy=Oxygen Carrier. For 

explanation of the utilized symbols, please refer to Figure.A-2 in Section A.1 in the Appendix. 
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On the basis of the previously derived basic engineering documents, the detail engineering of the 

1 MWth CLG pilot plant was carried out. In a first step, all equipment was defined, allowing for 

the drafting of detailed PFDs for the entire pilot. Subsequently, a process manual was drafted, 

consisting of the following documents: 

x Process description, 
x Plant description, 
x Description of pilot plant control (including safety measures), 
x Layout and installation plan (including safety equipment). 

 

Within these documents, the overall scheme of CLG operation in 1 MWth scale was defined, 

including information on start-up and shut-down sequences, process control, safety measures, 

and the general layout of the chemical looping gasifier. An example for this is provided in 

Figure.A-4 in Section A.2 in the Appendix, showing a simplified schematic of the suggested 

operational procedure of the 1 MWth CLG unit. Apart from the illustrated process manual 

documents, process and instrumentation diagrams (PnID) for all relevant plant sections were 

drafted (see, e.g. Figure.A-5 in Section A.2 in the Appendix), to define the final state of all vessels, 

piping, heat exchangers, process instrumentation, and actuators.  

Based on these documents, an in-depth hazard and operability study (HAZOP) according to the 

international standard IEC 61882 was performed in cooperation with the company Aichernig 

Engineering GmbH, to analyze deviations in technical systems that can result in operationally 

inhibiting or hazardous effects. For this purpose, the plant was divided into process-related sub-

systems and the effect of variations in all relevant process parameters (e.g. temperature too high, 

flow too low, etc.), also known as HAZOP ‘guidewords’, was analyzed. Based on the resulting 

failure scenarios, the existing measures for detecting, preventing, and controlling the ensuing 

effects were compared. Thereafter, additional measures were defined and documented in an 

action list, if the existing or documented measures were deemed insufficient to identify the cause 

of the deviation and/or to prevent the expected effects or to limit them to a tolerable level. In 

addition, any deficiencies in the documentation (PnID, operating manuals, etc.) were recorded 

in the action list so that they could be corrected later. The described review process during a 

HAZOP analysis is visualized in Figure.A-3 in Section A.1 in the Appendix. 

By incorporation of all items from the action list of the HAZOP analysis into the engineering 

documentation followed by the specification of all remaining plant characteristics (e.g. pipe 

isometries), the detail engineering of the 1 MWth CLG unit was finalized. The most relevant 

information on the design of the system was subsequently summarized in the second research 

paper of this dissertation, thereby not only showcasing the final plant layout, illustrated in 

http://www.repotec.at/index.php/homepage.html
http://www.repotec.at/index.php/homepage.html
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Figure.5, and the designated operational principle of the pilot, but also highlighting the 

operational range of the system in which process-wise investigations are facilitated. Through 

modelling the impacts of variations of different operating variables within this range, further 

insights into their postulated effect on process efficiency are highlighted in this work, thereby 

also illuminating crucial differences in system behavior in comparison to externally heated (lab-

scale) CLG units. Moreover, potential bottlenecks of the implementation of the CLG process in 

1 MWth scale were derived, providing room for optimization via adaptions of the underlying 

operating principles or the plant layout (more details see Section 2.1-II). Ultimately, the second 

research paper thus not only provides an overview over the plant layout, but also underlines the 

necessity for the investigation of the CLG technology in autothermal conditions in order to obtain 

a holistic understanding of the behavior of an industrial-scale chemical looping gasifier. 

 
Figure.5. Simplified flow diagram of the 1 MWth CLG pilot plant. For explanation of the utilized symbols, please 

refer to Figure.A-2 in Section A.1 in the Appendix. 

Following the finalization of the detail engineering, procurement and construction of the pilot 

plant adaptions and extensions was pending. While the steps related to procurement and 

construction are not of a higher academic relevance, they constitute an integral part of any 

chemical engineering project (see Figure.3). Consequently, they can be considered to be a means 

to an end (i.e. 1 MWth CLG operation) and ultimately constitute an essential bridge between the 

primary research questions (i)-(iii), related to process definition and plant engineering, and 
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research question (iv), covering pilot plant operation and optimization, of this dissertation. 

Therefore, the general procedure pursued during procurement and construction is briefly 

exemplified for the syngas removal unit, being the most extensive implemented pilot plant 

adaption, hereinafter.  

Using the technical requirements specified during detail engineering, orders for the individual 

components (e.g. hot gas filter, induced draft fan, thermal oxidizer) were placed, after techno-

economic evaluation of the different available options. Once the final technical documentation 

from all suppliers was obtained, it was realized that erection of the syngas removal unit outside 

of the 1 MWth facility was necessary due to space constraints. Hence, a first layout for the given 

pilot plant adaption was created for the designated construction site (see Figure.6a) and a 

building permit was drafted at the responsible building authority. After receiving the positive 

notification from the authority, all sub-tasks related to construction (e.g. construction of the base 

plate, delivery and assembly of all main components, and manufacturing and fitting of all pipes) 

were outlined and scheduled. In parallel, the final layout of the syngas removal unit was defined 

(see Figure.6b), to be able to specify and plan all pending tasks. After successful construction of 

the bottom plate (see Figure.6c.1), the main components were delivered and assembled (see 

Figure.6c.2), before all connecting and auxiliary piping was installed. Finally, the measurement 

and control equipment was installed (see Figure.6c.3), signifying the completion of the dedicated 

construction project and the beginning of the subsequent commissioning phase. 

 

Figure.6. a.) Initial sketch of installation plan of syngas removal unit b.) CAD model of final installation plan of 

syngas removal unit. c.) Photographs of construction progress during erection of thermal oxidizer. 1.) Construction 

of bottom plate, 2.) Delivery and on-site assembly of equipment, 3.) Final syngas removal unit including all piping 

and measurement equipment. 
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Asides from new plant parts, existing equipment was also modified and/or adjusted according to 

the action list from the HAZOP analysis. Here, one crucial step was the reprogramming of the 

entire process control system (PCS) of the 1 MWth pilot plant, in order to allow for safe CLG 

operation. Apart from transferring the entire relevant measurement and automation equipment 

into a software environment with a sufficient safety integrity level, this meant implementing the 

refined safety logic matrix into the PCS. This safety matrix encompasses the associated safety 

shut-downs (see Figure.7a) and the automatic switch-overs between the available FR product gas 

routes (see Figure.7b), which transfer the pilot plant into a safe state in case of issues with 

different plant parts. This implementation was carried out using logic plans created by Aichernig 

Engineering GmbH on the basis of the results of the HAZOP analysis (see, e.g. Figure.A-6 in 

Section A.2 in the Appendix). 

 
Figure.7. Overview of effect of dedicated shut-down sequences (Z-/S-/I-XXXX) on: a) Fluidizing modes (I–IV) in 

1 MWth chemical looping gasifier and b) gas path of FR product gas (i & ii). For explanation of the utilized symbols, 

please refer to Figure.A-2 in Section A.1 in the Appendix. 

With the detail engineering of the 1 MWth CLG unit as well as the operational principles having 

been defined, the relevant operating manuals, consisting of the following documents, were 

drafted prior to system start-up: 

x Training material for plant operators of the 1 MWth chemical looping gasifier, 

x Experimental plan detailing the over-arching goal of pilot plant operation, 

x Check-lists for start-up, operation, and shut-down of all relevant pilot plant sub-systems, 

x Quick operational guide for the 1 MWth chemical looping gasifier for plant operators. 

http://www.repotec.at/index.php/homepage.html
http://www.repotec.at/index.php/homepage.html
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With the aid of these documents, the 1 MWth pilot plant was successfully operated in CLG mode 

within a two-week test campaign between March and April 2022. Here, approx. 110 h of CLG 

operation with industrial wood pellets (IWP) were achieved, thereby providing proof of concept 

for the feasibility of autothermal chemical looping gasification for the first time ever. Moreover, 

numerous crucial findings with regard to process and plant optimization, plant operability, 

process mechanics, and potential bottlenecks for process up-scaling were derived through 

subsequent process evaluation. One of these findings is related to the utilization of the novel 

process control concept, which was previously derived based on process simulations (more details 

see Section 2.1-I) and validated in lab [17, 35] and small pilot-scale [21, 46], in the 1 MWth scale. 

As illustrated in Figure.8, this process control concept allows for a de-coupling of heat and oxygen 

transfer between FR and AR and thus facilitates efficient CLG operation (i.e. high cold gas 

efficiency, 𝜂 ) by targeted exploitation of the dual-purpose of the OC (more details see 

Section 2.1-III).  

 

Figure.8. Graphical abstract of RP-III, illustrating the most important topic of the article, i.e. developing and 

demonstrating a process control concept for autothermal CLG in 1 MWth scale. 

The first-ever utilization of this control concept in an autothermal setup did not only provide 

unique insights into its general viability, but also allowed for in-depth discernments regarding 

the governing mechanisms of an autothermal chemical looping gasifier, considering both internal 

process-wise interactions (e.g. effect of reactor temperature on reaction kinetics) as well as the 

interaction between the gasifier and its surroundings (e.g. heat losses). These findings are 

elaborated in detail in the third research paper of this dissertation. Discovery of these 



 

 

Introduction                                                                                                                                                           15__ 

interactions consequently significantly enhanced process understanding, on the one hand 

simplifying future up-scaling of the process, as novel full-scale plants can be designed to make 

use of these interactions most effectively, while minimizing negative feedback loops. On the other 

hand, the gained insights also provided novel avenues for optimizing process efficiency in 1 MWth 

scale, most substantially through fine-tuning of the operational principles used during pilot 

operation. Consequently, the scope of the third research paper stretches from the (re-)drafting of 

the operational manuals and system start-up to the final process evaluation, which is illustrated 

in Figure.3 (see cyan box for RP-III). 

Using the insights gathered during the first 1 MWth test campaign (K1), minor optimizations and 

adaptions of the 1 MWth pilot were carried out. In combination with the enhanced operational 

principles, this led to the accomplishment of attaining more than 210 hours of chemical looping 

gasification operation with pine forest residue (PFR) pellets in June 2022. Apart from the 

enhanced stability and predictability of the process, process efficiency was also vastly improved, 

allowing for the production of a higher-quality syngas, with cold gas efficiencies up to 50 % being 

obtained [47]. Subsequent to this second test campaign (K2), further optimizing and refining of 

the 1 MWth plant ensued prior to the operation of the chemical looping gasifier with wheat straw 

pellets (WSP) during the third test campaign (K3) in August 2022. Here, the effect of the low-

melting feedstock ash on CLG process efficiency was evaluated and the mechanism responsible 

for the observed agglomeration was defined based on an in-depth investigation of the governing 

process conditions and analysis of the formed agglomerates retrieved from the CLG system during 

operation. A summary of all three accomplished 1 MWth CLG test campaigns is given in Table.1.  

After successful completion of the third and final CLG test campaign, yielding a total of more 

than 400 hours of chemical looping operation, the focus was shifted to the in-depth investigation 

of the generated data-set, consisting of recorded process live-data (e.g. pressure and temperature 

signals) as well as data from offline sampling (e.g. solid and tar samples). During process 

evaluation, the following focus points were set: 

x Final optimization of the layout and operating principles of the 1 MWth chemical looping 
gasifier for future CLG pilot testing; 

x Determination of the most crucial findings in terms of process efficiency, plant operability, 
and optimization avenues, universally applicable in any CLG setup, with special focus on 
autothermally operated large-scale (>50 MWth) CLG units; 

x Establishing of a meaningful dataset from all three test campaigns, allowing for modelling 
of all crucial plant parts, to derive an auspicious full-scale reactor layout and optimized 
operating conditions; 

x Determination of potential bottlenecks for process up-scaling and development of viable 
mitigation or overcoming strategies. 
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Table.1: Overview over main boundary conditions and findings from the three 1 MWth CLG test campaigns (KX). 

Euro coin in feedstock photographs for scale. Oxygen carriers: ilmenite fine (ILMf), ilmenite coarse (ILMc). 

# 
Feedstock 

Photograph 
Feedstock 
Conversion 

Oxygen 
Carrier 

1 MWth Plant 
Operation  Main Findings 

K1  
 - IWP 

 

40 t  
 

 (CLG: 20 t) 
ILMf 
(dp,m:  111 µm) 

20.03.22  
 - 16.04.22 
 

 (CLG: ∼110 h) 

x Demonstration of     
autothermal CLG 

x Successful utilization of 
novel CLG control concept 

 

K2  
 - PFR 

 

50 t  
 
 

 (CLG: 40 t) 

ILMf 
(dp,m:  111 µm) 
 

ILMc 
(dp,m:  199 µm) 

15.06.22  
 - 30.06.22 
 

 (CLG: >210 h) 

x Stable multi-day CLG 
operation 

x Investigation of effect of 
CLG operating conditions 

x Optimization of CLG 
process efficiency 

K3  
 - WSP 

 

30 t 
 

 (CLG: 10 t) 
ILMf 
(dp,m:  111 µm) 

24.08.22  
 - 01.09.22 
 

 (CLG: ∼80 h) 

x Assessment of effect of 
low-melting feedstock 
ashes on CLG efficiency 

x Investigation of OC-ash 
agglomeration phenomena 
in CLG systems 

 

During evaluation of all three test campaigns, it was found that controlling system hydrodynamics 

and especially solid entrainment from the two reactors is key when striving for efficient CLG 

operation. Therefore, these aspects were analyzed in detail making use of the dataset gathered 

during 1 MWth pilot testing, as well as data from preceding tests in a down-scaled cold flow 

model. Originally, the latter was used to define the underlying hydrodynamic operational 

principles of the reactor system during basic engineering (see top cyan box for RP-IV in Figure.3). 

These rules, specifying the hydrodynamic operational window of the dual-circulating fluidized 

bed system and allowing for tailored adjustment of hydrodynamic process conditions during CLG 

operation, were later found to be largely applicable in 1 MWth scale. Using the insights gathered 

during autothermal CLG operation in the 1 MWth pilot, they were further refined (see Figure.9), 

allowing for a targeted operation of the reactor system inside the entire defined operating 

window. The resulting formalized hydrodynamic operational rules are presented in the fourth 

research paper of this cumulative dissertation.  

Additionally, it was found that accurate determination and prediction of the solid circulation 

between fuel and air reactor are necessary for meaningful process evaluations. Consequently, a 
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novel method for determining this process variable, relying on the collection of solid samples 

from both loop seals of the reactor system (see Figure.5), was developed [48]. Building on the 

dataset generated by this method and using the live-data obtained during 1 MWth pilot testing 

and operation of the down-scaled cold flow model, a novel easily-applicable approach for 

estimation of solid entrainment from any circulating fluidized bed (CFB) system, solely relying 

on readily-available live data, was developed. The derivation and application of this approach is 

also detailed in the fourth research paper (more details see Section 2.1-IV), allowing for its 

application in any CFB system, regardless of the underlying application purpose. Consequently, 

the fourth research paper encompasses all relevant findings in terms of system hydrodynamics, 

established during engineering and operation of the 1 MWth CLG unit, and thus signifies a crucial 

building block for the up-scaling of the technology to commercial scale. 

 
Figure.9. Graphical abstract of RP-IV, illustrating the most important topics of the article, i.e. investigating and 

optimizing system hydrodynamics of the 1 MWth CLG unit, using data from a down-scaled cold flow model and from 

autothermal 1 MWth CLG operation. 

Another crucial aspect for process optimization and up-scaling is the performance and lifetime of 

the oxygen carrier, transporting heat and oxygen between the AR and FR during chemical looping 

gasification. With initial studies showing that the lifetime of the OC is lower for CLG in 

comparison to chemical looping combustion operation [17], OC consumption might become a 

hindrance in full-scale CLG units. To cast a light onto this aspect, the fate of ilmenite, used as 

oxygen carrier during all three 1 MWth CLG test campaigns (see Table.1), was investigated, using 

a variety of methods ranging from well-established laboratory analyses for OC characterization 
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(e.g. thermogravimetric analysis, scanning electron microscopy) [49, 50] to general observations 

and online data gathered during pilot testing. A representative selection of the more than 350 

solid samples collected during 1 MWth CLG operation was analyzed using these methods, yielding 

a holistic picture of the fate of the oxygen carrier in industrially relevant process conditions. These 

results, which provide unique insights into the morphological, physical, and chemical changes 

the oxygen carrier undergoes during CLG operation in the 1 MWth scale are summarized in the 

fifth research paper of this cumulative dissertation. As illustrated in Figure.10, the effects of 

mechanical and chemical strain as well as the impact of feedstock interactions the OC is exposed 

to inside the CLG unit were investigated in order to determine the most important drivers of OC 

wastage. After identification of these drivers, approaches to decrease OC losses were established 

(more details see Section 2.1-V). Hence, important facets with regard to process optimization 

and up-scaling of the CLG technology were derived through these evaluations (see cyan box for 

RP-V in Figure.3). In summary, the fifth research paper thus not only provides insights into the 

fate of the OC during CLG operation in industry-like conditions, but also provides auspicious 

measures to improve OC lifetime and durability inside an industrial chemical looping system. 

 
Figure.10. Graphical abstract of RP-V, illustrating the most important topics of the article, i.e. analyzing the fate of 

the OC during long-term pilot testing in 1 MWth scale. 
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1.4. Summary of Research Scope  

All in all, the five research papers forming the core of this cumulative dissertation fall along the 

general structure of the underlying engineering project, illustrated in Figure.3, aiming to advance 

the CLG technology from small pilot to the 1 MWth scale. To achieve this over-arching goal 

connecting the five research papers, all tasks associated to this structure were successfully 

executed between April 2019 and September 2023. The basic steps of this structure are visualized 

in Figure.11 together with a temporal classification of the progress achieved within the project. 

As illustrated, the five research papers extend over the entire duration of this progress, 

incorporating the most crucial scientific findings, and thus cover all major aspects of the 

engineering project.2  

 

Figure.11. Basic steps of a chemical engineering project, with the timeline (grey arrow) followed for the validation 

of CLG in 1 MWth scale. The pink box indicates steps carried out during drafting of the project proposal (not scope of 

this dissertation). Cyan boxes indicate scope of the five research papers (RP) of this cumulative thesis. 

 
2 Aspects not covered within the research papers of this cumulative dissertation are the project specification, which was part of the project 

proposal drafted before the commencement of this dissertation (see pink box in Figure.11), as well as the procurement & construction 

step, not yielding any scientifically significant insights.  
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Through completing the relevant steps defined for this research project, all process fundamentals 

relevant for the implementation of the CLG technology in 1 MWth scale were defined, yielding a 

novel process control concept, which allows for efficient CLG operation (RP-I). Building on the 

resulting heat and mass balances and using the layout of the existing 1 MWth pilot plant, an 

optimized and dedicated CLG plant layout was devised during basic and detail engineering 

(RP-II). After successful commissioning of all plant components and subsequent system start-up, 

autothermal CLG operation was demonstrated, providing the first ever proof of concept of its 

technical viability in an industrially relevant scale and illustrating its governing process 

mechanics (RP-III). Finally, the datasets generated during three CLG test campaigns were utilized 

to analyze crucial aspects for optimization and process scale-up in detail, thus paving the way for 

further investigation of the CLG technology in large-scale (RP-IV & RP-V). 

In the subsequent Synthesis of this dissertation (Chapter 2), the most important results from the 

five research papers of this dissertation, covering the above-stated topics, will be detailed, thus 

providing answers for the four primary research questions (i)-(iv), which were defined within 

this chapter. 
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2. Synthesis 

2.1. Main Research Findings 

After establishing the goal and primary research questions of this cumulative dissertation in the 

Introduction (Chapter 1), this chapter will conclusively illustrate how the main research findings 

from the five research papers answer those questions, hereinafter.  

Research Paper I 
The first research paper aimed at casting light onto the first (i) research question, related to the 

viability of CLG in industrial scale, by calculating the heat and mass balances of the CLG process 

in 1 MWth scale, using a simplified chemical equilibrium simulation approach. Here, the effect of 

different operating conditions (e.g. reactor temperatures, OC circulation, steam-to-biomass ratio) 

on process efficiency was evaluated. Within the scope of these endeavors, it was established that 

for OCs generally used for chemical looping purposes (e.g. ilmenite), a de-coupling of heat and 

oxygen transfer between the AR and FR is necessary to attain efficient CLG operation. This is the 

case as large heat fluxes between the two reactors are necessary to sustain the endothermic 

chemical reactions occurring in the FR, while excessive oxygen release in the FR has to be 

prevented to avoid full feedstock oxidation. Different process control measures allowing for this 

were evaluated, with results indicating that restricting the air supply in the AR, thereby 

decreasing the overall air-to-fuel equivalence ratio (𝜆) of the process, is the most beneficial 

approach. Here, the underlying idea is that by decreasing 𝜆, the circulating OC (�̇� ) is not fully 

oxidized inside the AR, which means that its full heat transport capacity is exploited, while only 

a fraction of its oxygen transport capacity is utilized. These results are illustrated in Figure.12, 

showing simulation results for a 1 MWth CLG unit operated using this process control strategy. 

Figure.12a shows that the oxygen-carrier to fuel ratio (𝜙), relating the oxygen transported by the 

OC to the FR to the oxygen required for full feedstock conversion, is controlled by the air-to-fuel 

equivalence ratio for 𝜆-values smaller than unity. This means that once the air input to the AR is 

reduced to attain 𝜆<1, the oxygen release in the FR is restricted and the feedstock is only partially 

oxidized. Due to the incurring decrease in exothermic full-oxidation reactions, FR temperatures 

decrease, yet they are maintained at elevated levels above 900 °C, due to the sustained OC 

circulation between AR and FR (see Figure.12b). Similar to FR temperatures, the net heat release 

of the process (�̇� ) decreases with decreasing 𝜆, as more endothermic gasification reactions 

occur inside the FR, which is illustrated in Figure.12c. To attain an autothermal process (i.e. 

�̇� =0), air-to-fuel equivalence ratios in the range of 0.35-0.4 are necessary, giving a first 

indication on suitable boundary and operating conditions for full-scale operation. Within this 𝜆-

range, cold gas efficiencies (𝜂 ) between 60 and 65 % are attainable, which is illustrated in 

Figure.12d. Overall, the findings thus illustrate that autothermal CLG operation is viable in theory 
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by using the novel process control strategy developed within this work. Thereby, first advances 

towards answering the first (i) and second (ii) research question of this dissertation are presented 

in the first research paper, by demonstrating the general viability of CLG in industrial scale and 

presenting a suitable process control concept. 

 

Figure.12. Simulation results for CLG operation through reducing 𝜆. OC-to-fuel ratio as a function of the air-to-fuel 

equivalence ratio (a). Fuel reactor temperature (b), relative net process heat (c), and cold gas efficiency (d) for 

different values of 𝜆 (�̇� = const.). Adopted from RP-I. 

Subsequently, the effects of variations in the most important operating conditions on process 

efficiency were simulated, to cast further light onto the process parameters and operational 

principles which should be pursued when using the novel process control concept during CLG in 

1 MWth scale. The results of these endeavors are illustrated in Figure.13, showing that when 

assuming chemical equilibrium, cold gas efficiencies can be maximized by minimizing the steam-

to-biomass ratio (see Figure.13a, b), minimizing the OC circulation rate3 (see Figure.13c, d), 

 
3 This finding only is true if the OC circulation is sufficiently high to guarantee a stabilization of FR temperatures and the OC reactivity in 

the FR is high enough to allow for sufficient oxygen release driving the gasification reactions. The increase in process efficiency with 

decreasing OC circulation rate is mainly attributed to the utilized assumption that OC make-up rates increase with increasing OC 

circulation. Generally, large OC rates should be targeted in industrial CLG systems to boost process efficiency (see Section 2.2). 
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maximizing inlet temperatures of the fluidization gases (see Figure.13e, f), and limiting AR 

temperatures (see Figure.13g, h). When employing these approaches, process efficiency can be 

enhanced, as energy requirements for bringing inlet streams to reactor temperatures are reduced, 

yielding cold gas efficiencies exceeding 75 %. This means that by using the simplified simulation 

approach, first potential avenues for process optimization were also illuminated in RP-I, thus 

providing first insights towards answering research question (iv). 

 

Figure.13. Net heat release and cold gas efficiency for CLC/CLG process as a function of the air to fuel equivalence 

ratio for different steam to biomass ratios (a,b), OC circulation rates (c,d), gas inlet temperatures (e,f), and air reactor 

temperatures (g,h). Circles mark the cold gas efficiency for autothermal CLG operation (�̇� = const., so 𝜙 = 𝜆 for  

𝜆 < 1 and 𝜙 = const. > 1 for 𝜆 > 1). Adopted from RP-I. 
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Research Paper II 
Making use of the calculated heat and mass balances, suitable adaptions of the existing 1 MWth 

pilot plant were formulated and implemented in order to allow for autothermal CLG operation 

(more details see Section 1.3), yielding the final layout of the 1 MWth chemical looping gasifier. 

This layout is presented in detail in the second research paper, marking a crucial milestone 

towards answering the third (iii) research question of this cumulative dissertation, i.e. the 

development of a suitable process design for industrial CLG operation. Apart from the general 

reactor configuration, shown in Figure.14, and the overall plant setup including auxiliaries (see 

Figure.5), all measurement equipment crucial for process supervision, control, and evaluation is 

also detailed in this article, facilitating future CLG up-scaling endeavors.   

 

Figure.14. 1 MWth CLG reactor configuration including main coupling elements. Adopted from RP-II. 

On the basis of the finalized plant layout as well as further refined process simulations, 

considering all its capabilities and limitations, the main adjustable operating variables in the 

1 MWth unit were established, to cast further light onto the second (ii) research question, related 

to suitable process control concepts. Here, the following parameters, allowing for an optimization 

of process efficiency, were defined: 

x Thermal load of the CLG system, adjusted via feedstock supply to the FR, 
x Oxygen transport to the FR, controlled via air supply and flue gas recirculation in the AR, 
x OC circulation, adjusted via the hydrodynamic operating conditions (esp. fluidization 

velocities, more details see RP-IV), 
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x AR and FR reactor inventories, adjusted via OC make-up rates as well as the distribution 
of solids within the system (controlled by system hydrodynamics), 

x Staging of fluidization medium for the FR, directly controlled via dedicated control 
systems. 

 

In doing so, the overall scope of the operating manual, clearly specifying the process control 

measures and operational practices used during subsequent CLG operation inside the 1 MWth 

pilot, was defined, paving the way for the first ever demonstration of autothermal CLG operation. 

Research Paper III 
Application of these during the first CLG test campaign (K1), allowed for stable operation of the 

1 MWth chemical looping gasifier with industrial wood pellets (IWP, see Table.1), confirming the 

theoretical findings made before and thereby validating that autothermal CLG operation in 

industrially relevant conditions is possible. Thus a conclusive answer for the first (i) research 

question, related to the viability of CLG in industrial conditions, was found. These findings are 

summarized in the third research paper of this dissertation, where, apart from delivering proof 

of concept for autothermal CLG operation, initial findings regarding the attainable key 

performance indicators of the CLG process, such as cold gas efficiency and carbon conversion as 

well as their inherent trade-offs, are provided. For example, it was shown that cold gas 

efficiencies up to 35 % can be attained in the 1 MWth CLG unit by restricting the air supply to the 

AR accordingly. Yet, it was demonstrated that in doing so carbon conversions in the FR decrease 

to values as low as 80 %, due to the ensuing more reducing atmosphere and lower temperatures 

inside the FR, inhibiting char gasification kinetics.4 Based on these observations, first 

experimentally founded avenues shedding light onto optimization of CLG process efficiencies are 

presented, thereby illuminating one aspect raised by the fourth (iv) research question. Most 

importantly, the application of the novel CLG process control concept in the 1 MWth pilot, allowed 

for deeper insights into the governing phenomena of the CLG process. Due to the presence of 

industry-like conditions inside the 1 MWth CLG unit, the inherent acting mechanism of the novel 

process control concept, shown in Figure.15, could be derived, using live as well as offline data 

collected during operation. Thereby, a quantum leap towards answering the second (ii) research 

question of this thesis was attained.  

 
4 The key performance indicators given here fall below the values obtainable in a full-scale industrial system due to the peculiarities of the 

1 MWth pilot plant (e.g. relatively high heat losses) and the utilization of non-optimized operating conditions (e.g. thermal load) 

during K1. Vast improvements in process efficiency, with cold gas efficiencies reaching values up to 50 %, were already attained by 

initial process optimizations during the second 1 MWth test campaign (K2) [47]. For a full-scale CLG system, cold gas efficiencies 

>80 % and FR carbon conversions up to 90 % have been predicted [51]. 
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As shown in Figure.15, it was found that air input into the AR could be decreased by initiating 

flue gas recirculation (𝑅𝑅 n), which subsequently results in a decrease in the oxygen content in 

the AR product gas (𝑥 , , p) without disturbing system hydrodynamics. Due to this decrease 

in oxygen availability in the AR, the oxygen carrier leaves the AR in a less oxidized state (𝑋 , p), 

entailing a decrease in oxygen release in the FR (𝜆 p, Δ𝑋 p). As postulated by the preceding 

process simulations, this decrease in oxygen release inside the FR leads to a net decrease in 

reaction enthalpy inside the FR (Δ𝐻 p), entailing a drop-off in system temperatures (𝑇 p, 𝑇 p). 

In the absence of external heating, the interaction with the system surroundings is also affected 

by this measure, with refractory lining temperatures (𝑇 ), being crucial for overall heat losses, 

interacting with reactor temperatures. 

 

Figure.15. Schematic illustration of the suggested mechanism of action of the novel CLG process control concept – 

Effect of an increase in the AR recycling ratio (𝑅𝑅 n) on important process variables. Adopted from RP-III. 

Due to the similarity of the 1 MWth pilot plant with a full-scale setup, the described 

interconnectivity of the different process variables leading to the observed behavior will also 

prevail in an industrial chemical looping gasifier. Therefore, the novel process control concept 

and its observed effect on process behavior and efficiency as well as the general operational 

principles of the 1 MWth CLG unit are expected to also be applicable for a full-scale system.  

Research Paper IV 
Through achieving over 400 h of continuous chemical looping operation in 1 MWth scale by using 

the novel concept and operational principles, crucial CLG operational experience was gathered. 

One central finding of the 1 MWth CLG experiments being that system hydrodynamics and OC 

circulation between AR and FR are a vital and at the same time sensitive factor in large-scale 
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chemical looping systems. Consequently, system hydrodynamics, forming the back-bone of the 

CLG technology, were further investigated by also incorporating data from a down-scaled cold 

flow model. Combination of these two related data sets illuminated the fundamentals of the 

system’s hydrodynamic behavior, with the most important results being presented in the fourth 

research paper. Here, it was found that within certain boundaries (e.g. operating range of a 

fluidized bed), the hydrodynamics of the dual-circulating fluidized bed (CFB) system, illustrated 

in Figure.16, constitute a self-regulating system. This means that although a change in one 

variable (e.g. riser gas velocity) affects multiple other variables (e.g. riser mass inventory, solid 

entrainment rate), a new stable operating point is found. Consequently, a free variation of each 

process variable is possible within a given range. However, when doing so, certain process risks 

related to changes in selected operating variables have to be considered.  

 

Figure.16. Layout of reactor system of the 1 MWth CLG pilot plant with an indication of different solid streams cycling 

through the system. Orange=global solid circulation, green=solid entrainment from FR and J-valve, purple=solid 

entrainment from AR, blue=AR internal solid circulation. Adopted from RP-IV. 

One example for such a characteristic hydrodynamic variable variation is a decrease in the AR 

gas velocity (𝑢 , p), which entails a redistribution of the reactor inventory between AR and FR, 

with the inventory in the latter decreasing (Δ𝑝 n, Δ𝑝 p).5 Furthermore, the acting pressure of 

the J-valve also decreases slightly (Δ𝑝 p), entailing a decrease in the material transport 

 
5 In a fluidized bed system, the CFB riser pressure drop is directly proportional to the mass inventory in the riser.  
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through it (�̇� , p). Due to the decrease in FR reactor inventory, solid entrainment from the 

FR also decreases slightly (�̇� , p), yielding a new steady state for the FR (�̇� , =�̇� , ). On the 

other hand, the solid entrainment from the AR strongly decreases (�̇� , pp) despite the increase 

in reactor inventory, due to the reduction in AR gas velocity. In summary, one thus obtains a new 

operating point for which the solid circulation between AR and FR is reduced, while the internal 

solid circulation for the AR, stabilizing the hydrodynamic system, is also diminished (�̇� , , .p). 

This means that a certain process risk is associated to this variation, as the AR loop seal (LS1, see 

Figure.16) is emptied once the internal solid circulation ceases and more material is extracted 

from it than enters it via entrainment from the AR riser. Hence, the AR gas velocity has to be 

adapted gently to avoid major disturbances in system hydrodynamics. Moreover, significant 

reductions in this parameter can also entail a de-fluidization of the bed material inside the AR. 

However, as both reactors are operated beyond the entrainment velocity of the bed material, the 

risk of 𝑢 ,  falling below the minimum fluidization velocity of the OC particles is low. Equivalent 

cause-and-effect scenarios were derived for all major hydrodynamic process variables, yielding a 

ground set of operational rules, crucial for stable hydrodynamic behavior of the 1 MWth pilot 

plant, which is provided in Table.2. Adherence to this set of hydrodynamic operating principles 

ensures efficient control and operation of the chemical looping gasifier, thus further illuminating 

the second (ii) research question of this dissertation. 

Table.2: Overview over ground-set of rules to adapt hydrodynamic conditions in the dual-circulating fluidized bed 

CLG reactor system. Adopted from RP-IV. 
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With solid entrainment (�̇� , .) being the driving force for OC circulation between the AR and 

the FR, the latter having been identified as a crucial operating parameter during process 

simulation and autothermal 1 MWth pilot operation, the effect of different hydrodynamic 

operating conditions on solid entrainment from both reactors was also evaluated in detail in 

RP-IV. Here, it was found that CFB riser gas velocities (𝑢 ) as well as pressure drops (∆𝑝) 

positively influence solid entrainment (see also Table.2). Using the data generated during the 

operation of a down-scaled cold flow model, a novel method to predict solid entrainment by 

solely using live-data was developed to allow for fast and universal evaluation of this process 

parameter. This method was subsequently validated for the 1 MWth scale by using solid 

circulation rates determined via the approach previously developed by Marx et al. [48]. 

Application of this novel method to the data from all three 1 MWth test campaigns showed that 

it can be successfully applied to any CFB system, with the calculated data for both reactors of the 

1 MWth CLG system given in Figure.17. 

 

Figure.17. Calculated entrainment rates for the AR as a function of calculated entrainment rates for the FR for 1 MWth 

pilot plant for operating periods for which solid samples were collected. K1 (circles), K2 (coarse ilmenite-triangles, 

fine ilmenite-pentagrams), and K3 (squares). Adopted from RP-IV. 

Analysis of this data provided further insights into the system’s hydrodynamics during CLG 

operation. For example, it was found that throughout the majority of operating periods 

investigated within the three test campaigns, the AR was operated with significantly higher solid 

entrainment rates than the FR, which is illustrated in Figure.17.6 This finding thus suggests that 

 
6 For the given reactor setup, material entrained from the AR but not transported to the FR is channeled directly back to the AR, thus 

constituting an excess solid stream not participating in heat and oxygen transport between AR and FR (see blue line in Figure.16). 
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the AR could have been operated with lower gas velocities, which would have led to higher 

overall process efficiencies, as the heating demand for the AR inlet gas stream would have been 

reduced (more details see RP-I). Moreover, it was shown that utilization of a coarser ilmenite 

granulation (ILMc) as OC in the 1 MWth CLG unit restricted the maximum attainable solid 

circulation to values <3 kg/s for the majority of operating points (see triangles in Figure.17), 

providing a sound explanation for the observed impaired process efficiency, since both heat and 

oxygen transport to the FR were restricted by OC circulation. As illustrated with these examples, 

the novel determination method for solid entrainment from the two CFB reactors simplifies future 

optimization approaches with regard to reactor hydrodynamics for any reactor configuration. 

In summary, the fourth research paper therefore does not only present how stable hydrodynamics 

can be attained during CLG operation, but also allows for optimization of the hydrodynamic 

operating conditions (e.g. solid circulation) of the (full-scale) CLG reactor layout through 

application of the novel method for determining solid entrainment. Consequently, the following 

important insights towards the answering of research questions (ii), (iii), and (iv) were attained: 

x (ii): Development of operating principles to attain stable hydrodynamics in a CLG system; 

x (iii): Demonstration of the suitability of the layout of the 1 MWth system for efficient CLG 

operation from a hydrodynamic perspective, while providing suitable adaptions in reactor 

geometry and layout promising an enhancement of hydrodynamic system behavior; 

x (iv): Verification that solid circulation between AR and FR can become a bottleneck in 

CLG applications and elaboration of process-wise optimization avenues allowing for the 

overcoming of this obstacle (e.g. optimized J-valve or FR riser outlet geometry, tailored 

OC granulation).  
 

Research Paper V 
Another finding made during 1 MWth CLG pilot testing is that the fate of the OC, being central 

for heat and oxygen transfer between the two reactors of the CLG system, is crucial for the 

conversion of the feedstock fed into the gasifier and thus for the overall process efficiency. By 

investigating three different biomass feedstocks and two ilmenite types with different 

granulations (ILMf & ILMc) as OC under varying operating conditions in an industry-like 

environment (see Table.1), unique insights into the evolvement of morphological, physical and, 

chemical changes occurring in the OC during 1 MWth CLG operation were gathered. Based on 

these findings, bottlenecks related to OC lifetime and agglomeration were detected. To prevent 

these bottlenecks from becoming ‘show-stoppers’ in future large-scale CLG systems, solution and 

alleviation strategies, mitigating negative effects on the OC during CLG operation, were derived 

within the fifth research paper of this cumulative dissertation.  
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By investigating ilmenite OC samples originating from different plant locations, using a wide 

variety of lab techniques (e.g. thermogravimetric analysis, pycnometry, scanning electron 

microscopy, etc.), it was found that in the absence of agglomeration, the combination of abrasion 

and fine losses primarily determines the lifetime of the OC inside the 1 MWth CLG unit. For the 

optimized CLG operating conditions, an average OC lifetime inside the chemical looping gasifier 

of approx. 70 hours was determined, which is significantly lower than the ones determined in 

small pilots [17]. Hence, possible explanations for this decrease in OC lifetime with increasing 

scale as well as measures to enhance OC lifetime were established. On the other hand, the 

chemical properties of the spent OC materials were analyzed. Here it was found that chemical 

deactivation and chemical poisoning of the OC do not occur to detrimental extents, with utilized 

samples exhibiting redox reaction rates exceeding those of the fresh OC material. This means 

that in an industrial-size CLG unit, OC make-up rates will be primarily driven by fine losses from 

the reactor system and not by OC deactivation. Yet, these fine losses can be drastically reduced 

in comparison to the 1 MWth setup, e.g. by utilizing cyclones with higher separation efficiencies 

or by adapting the plant in such a way that recovered fines can be reintroduced into the system, 

meaning that substantially longer OC lifetimes should be attainable. 

Another potential technical bottleneck was observed during gasification of wheat straw pellets 

(WSP), containing ashes tending towards melting at elevated temperatures [52, 53], inside the 

1 MWth chemical looping gasifier. Here, bed agglomeration was observed inside the AR of the 

1 MWth reactor system, with agglomerates measuring up to 20 cm being recovered from the pilot 

plant after shut-down (see photograph in Figure.18). Through the combination of observations 

made during CLG operation, inspection of the 1 MWth pilot after operation, and in-depth analyses 

of collected agglomerate samples, a mechanism for the observed behavior was derived, which is 

given in Figure.18. Due to the ash composition of the utilized wheat straw, rich in silicates and 

alkali salts, low-melting eutectic phases liquefy inside the AR (𝑇 >900 °C) [53–55], which is 

illustrated in Figure.18b. These molten ash particles then facilitate the formation of OC 

agglomerates inside the reactor system according to the melt-induced agglomeration mechanism 

[52], as OC particles are bound together by the molten ash, which eventually re-solidifies (see 

Figure.18c). In zones of low turbulence (e.g. reactor outlet, stand-pipes), the growth of these 

agglomerates is not hindered through the abrasive forces prevailing inside the riser of the CFB, 

leading to a continuous growth in agglomerate size, as shown in Figure.18d.  

To avoid the occurrence of agglomeration-related issues in a full-scale CLG unit, preventive 

measures were formulated. While these are primarily related to tailored feedstock pre-treatment 

methods, such as additivation or washing to modify ash chemistry and thereby reduce the ash 

melt fraction at process temperatures [56], dedicated operational measures to limit agglomerate 
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formation and minimize the negative impact of it on process efficiency were also derived. Here, 

on example is the safeguarding of high solid circulation rates between AR and FR, reducing the 

temperature gradient between the two reactors and thus leading to comparably low AR and high 

FR temperatures. While the former alleviates the risk of temperature-induced melt formation 

occurring inside the AR, the latter allows for a more complete feedstock conversion inside the FR 

and thus reduces char and ash carryover to the AR [47], thereby diminishing negative effects of 

potential ash melting.  

 

Figure.18. Postulated mechanism for formation of large agglomerate slabs inside AR: a.) Empty AR with indication 

of gas flow, b.) AR with ilmenite (=OC) and ash particles, c.) formation of first agglomerates and sticky ash layer on 

AR refractory lining in zones of low turbulence, d.) adherence of ilmenite particles on ash layer leading to growth of 

ash/OC layer on refractory lining and ultimately to fully formed agglomerate slabs (photograph of agglomerate slab 

see inset). Adopted from RP-V. 

Overall, the fifth research paper thus showcases two crucial bottlenecks of the CLG technology 

having to be considered during up-scaling endeavors (OC consumption and bed agglomeration) 

and presents alleviating measures suitable for large-scale systems. Thereby, important findings 

related to the fourth (iv) research question were derived, thus promoting the technical maturity 

of the CLG technology. 
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2.2. Conclusion 

Within the process of achieving the over-arching research goal of this dissertation, i.e. the 

demonstration and optimization of CLG in 1 MWth scale, the following progress in answering the 

four primary research questions was made: 

(i) Is autothermal CLG operation in industry-like conditions generally viable? 

Using different process modelling approaches, it was firstly demonstrated that 

autothermal CLG operation is viable in theory, before validating the CLG technology 

during more than 400 h of operation under industrially relevant conditions in 1 MWth 

scale, thus providing an unambiguous positive answer for the first research question. 

(ii) Which process control measures and operational practices are necessary to allow for efficient 

autothermal chemical looping gasification? 

On the basis of the calculated heat and mass balances and the existing 1 MWth pilot plant, 

a novel plant layout allowing for CLG operation was derived. Subsequently, a process 

control concept (incl. safety measures) and all relevant operating procedures were 

developed. This process control concept, relying on AR flue gas recirculation to control 

the oxygen transport from the AR to the FR, was successfully deployed for 240 h in 1 MWth 

scale, yielding cold gas efficiencies up to 50 %. To allow for further efficiency 

enhancements, the underlying operating procedures were updated and optimized based 

on operational experience gained during the three different 1 MWth CLG test campaigns, 

resulting in an elaborate knowledge base containing all relevant process (control) 

parameters and operational procedures relevant for efficient autothermal CLG operation. 

(iii) What is a suitable process design of an industrial chemical looping gasifier, allowing for 

efficient conversion of biomass residues into a high-quality syngas? 

CLG operation in the specifically adapted 1 MWth pilot plant showed that the derived 

process design fulfills its designated purpose. Hence, it can be summarized that a similar 

setup would also be suitable for an industrial CLG system. Important insights gained 

during 1 MWth operation allowed for the development of possible optimization avenues 

in terms of reactor geometry and configuration, available for future up-scaling endeavors, 

such as an adaption of the FR riser or J-valve geometry to boost solid circulation between 

the two reactors. Using the layout of the novel 1 MWth chemical looping gasifier as a basis, 

a design of a full-scale (200 MWth) CLG system was derived in the CLARA project. This 

design was further investigated through different process models validated using data 

from the CLG experiments conducted in 1 MWth scale, yielding an optimized reactor 

layout and operational window. In doing so, the technical competitiveness of the CLG 
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technology in comparison to other gasification technologies (e.g. DFBG) was 

underpinned, with cold gas efficiencies >80 % and carbon conversions close to 90 % 

having been determined via process simulations [51]. Therefore, the layout of the 1 MWth 

CLG system as well as the operational experience gained during its operation are deemed 

crucial in answering how a suitable layout of a full-scale CLG system would look like and 

which process efficiencies can be attained in industrial scale. 

(iv) Which bottlenecks and optimization avenues should be considered when striving for the 

industrial application of CLG? 

A holistic consideration of all relevant aspects in terms of optimization of the autothermal 

CLG process was provided using both simulation approaches as well as data from 

continuous CLG operation in the MW-scale. Here, unique insights related to process 

optimization and the alleviation of bottlenecks, which were derived based on operational 

experience gained during operation of the 1 MWth pilot plant, are most noteworthy. These 

include specific aspects in terms of OC utilization and system hydrodynamics, which were 

found to be crucial during 1 MWth CLG operation, allowing for important inferences for a 

full-scale CLG system. For one, it was established that adaptions and/or optimizations in 

the employed OC material, the underlying process conditions, or the process layout are 

required to enhance the OC lifetime inside the CLG system, which was determined to be 

as low as 70 h in 1 MWth scale, thus posing a potential techno-economic obstacle for 

process up-scaling. Furthermore, OC circulation between the AR and FR was found to be 

a limiting factor in the 1 MWth system, especially when employing coarser OC material, 

suggesting that full-scale systems should enable OC circulation rates >3 kg/s MW through 

a suitable reactor layout (see (iii)) and adequate OC selection to optimize process 

efficiency. It is expected that consideration of these findings during future erection and 

operation of an industrial-scale CLG system will proof to be invaluable. 

Consequently, this dissertation demonstrated the technical competitiveness of the CLG 

technology through the erection and operation of an autothermal 1 MWth chemical looping 

gasifier, with the main findings from the underlying endeavors facilitating and encouraging 

future up-scaling activities. Therefore, the CLG process is deemed to be an auspicious technology 

for the future valorization of various biogenic waste streams, thus allowing for their chemical 

recycling during production of carbon-neutral or carbon-negative end-products.7  

 
7 End products produced via CLG-driven process chains can exhibit a negative carbon footprint in case CCS is deployed and a sustainably 

sourced biogenic feedstock is utilized. 
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2.3. Outlook 

With the groundwork for future utilization of the CLG technology in waste-to-value process 

chains having been laid within this dissertation, the following aspects should be covered in future 

research on this topic: 

x Although the general viability of the adapted 1 MWth pilot plant for CLG operation was 

validated, subsequent process evaluation showed that certain adaptions in plant design, 

such as a redesign of the J-valve, transporting material between AR and FR, or a 

modification of the FR riser exit geometry, could significantly enhance the overall process 

efficiency. The pursuit of these endeavors during future CLG operation will elucidate their 

promise in optimizing CLG efficiency in industrial scale.  

x While feedstock selection was restricted to three different biomasses in this dissertation, 

CLG operation with other waste-based feedstocks (e.g. sewage sludge or municipal/ 

industrial waste) will elucidate whether the CLG technology is a viable option for waste-

to-value chains aiming at the valorization of waste streams going beyond biomasses. In 

case of successful validation, chemical looping gasification can develop into a crucial 

building block in future circular economies, converting a wide array of waste streams into 

useful end-products.  

x Along those lines, the suitability of alternative OC materials to ilmenite, being a material 

oftentimes used in chemical looping applications [57, 58], should be investigated. Here, 

special focus should be placed on waste materials to improve overall process economics 

and reduce the environmental footprint of the CLG technology. One such material having 

shown great promise in initial small-scale CLG tests is steel converter slag [30, 35]. 

x After providing proof-of-concept that continuous multi-week CLG operation is possible, 

its demonstration over longer durations (>2 weeks), using a single set of optimized 

operating conditions, will cast further light onto the general plant efficiency and 

operability. Long-term investigations of this sort will bring further aspects relevant for 

technology up-scaling to light (e.g. effect of feedstock variability on process efficiency or 

potential OC de-activation with increasing operating time), thereby further increasing the 

technological maturity of the CLG technology. 

x With the primary goal of any waste-to-value process chain being the production of a 

marketable end-product, subsequent endeavors should lay their focus on the successful 

demonstration of the production of these products (e.g. methanol, Fischer-Tropsch 

products) from the synthesis gas produced via CLG in sizeable amounts. Although first 

operational experience in the 1 MWth full-chain configuration, encompassing gasification, 

gas cleaning, and fuel synthesis, was gained in the CLARA project, further advances are 
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required. By building on the key findings presented in this dissertation, continuous long-

term CLG operation at optimized conditions can be attained (see point above), thus 

facilitating in-depth investigations of the entire process-chain, including the analysis, 

quality control, and utilization of the final product. 

x The endeavors elucidated above should finally lead towards the demonstration of the CLG 

technology in a system prototype (5-10 MWth) running in an operational environment 

(=TRL 7), thus paving the way for full system qualification and operation (TRL 8/9). 
 

Pursuit of these research avenues will ultimately allow for a conclusive assessment regarding the 

technical suitability of the CLG technology for waste-to-value process chains in industrial-scale 

circular economy setups. 
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Appendix 

A.1 Additional Information 

 

Figure.A-1. Structure of a chemical engineering project, adopted from Towler and Sinnot [44]. 
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Figure.A-2. Explanation of symbols utilized in process flow diagrams. 

 

 

Figure.A-3. Flow process of a HAZOP analysis for each guideword according to Nolan [59] (grey box), embedded 

into the overall HAZOP flow chart according to Guo et al. [60]. 
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A.2 Exemplary Engineering Documents 

 

Figure.A-4. Schematic illustration of the suggested operational sequence for CLG with indications of the sub-processes 

(pink), main operating conditions (blue), and different operational states (green), adopted from the process manual 

of the 1 MWth chemical looping gasifier. 
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Figure.A-5. Example of a PnID used and annotated during HAZOP analysis of 1 MWth CLG unit. 
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Figure.A-6. Example of logic plan used to program the safety matrix of the PLS of the 1 MWth CLG pilot plant. 
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