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Abstract 

Circular use of plastic materials is crucial for reducing dependence on fossil resources and 
mitigating the environmental pollution from plastic waste. Thermochemical recycling offers a 
way to produce new plastics from plastic waste. This approach faces numerous challenges that 
impede its development to an industrial scale. The main challenges include reactor robustness, 
feedstock sensitivity, and the selective production of monomers. This thesis presents steam 
cracking in a dual fluidized bed (DFB) reactor as a solution to the challenges in thermochemical 
recycling. An ideal operating window for the selective production of light olefins and 
monoaromatics is determined, and these operational parameters are applied to various plastic 
waste streams. The bed materials tested include silica sand, olivine, bauxite, and feldspar. The 
development of catalytic activity in the bed materials within DFB steam crackers is also 
experimentally demonstrated. 

The results show that the cracking severity achieved in a DFB steam cracker at temperatures 
between 700 and 825°C is suitable for the selective production of light olefins and 

monoaromatics. Within this operating window, pure polyolefin feedstocks yield up to 50% C2�

C4 olefins and 20% BTXS. The yield of light olefins remains proportional to the polyolefin 
content of unsorted plastic wastes, regardless of the presence of other polymers. The non-
polyolefin materials in plastic waste, such as PET and cellulose, are selectively converted into 
aromatics and syngas. Although PET and cellulose contents also lead to significant coke 
formation, an uninterrupted steam cracking operation without intermittent decoking procedures 
is demonstrated. Silica sand, olivine, feldspar, and bauxite exhibit no significant catalytic 
activity in their natural state. In certain situations, olivine and bauxite develop catalytic activity. 
The accumulation of biomass ash in olivine enhances syngas production through the steam 
reforming of aromatic precursors. The accumulation of transition metal oxides within the bed 
material negatively impacts light olefin production. Using bauxite in a reduced oxidation state 
promotes hydrogenation reaction, thereby enhancing the production of light olefins. 

The outcomes of this thesis demonstrate that a DFB steam cracker enables direct production of 
light olefins from plastic waste without the need for presorting procedures or catalysts. Most of 
the data presented in this work are obtained from experiments conducted at a scale relevant to 
the petrochemical industry, showcasing the scalability and technology readiness of the DFB 
steam cracking process. 

Keywords: Plastic waste, Thermochemical recycling, Steam cracking, Dual fluidized bed, 
Polyolefins, Olefins
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CHAPTER 1 

 

1 � Introduction 

 

1.1 Motivation 

Plastics are advanced materials crucial in providing society with indispensable goods and 
services. Their low cost of production has facilitated their wide-ranging utilization in sectors 
such as healthcare, food packaging, transportation, and various other industries. The extensive 
adoption of plastics has resulted in a continuous rise in their production over recent decades, 
reaching a global output of 400 million metric tonnes (MMT) in 2022.1 

Plastics are produced from molecular building blocks, or monomers, through various 
polymerization methods. These molecular building blocks, such as ethylene, propylene, 
butadiene, benzene, and xylenes, are mainly produced through steam cracking of petroleum-
derived feedstocks like naphtha, ethane, or liquefied petroleum gas (LPG). These processes 
account for 4%�6% of global fossil resource consumption.2 

Additionally, due to the cost-effectiveness of plastic production, plastics quickly become waste 
materials. Management of commonly generated plastic waste poses significant challenges due 
to its resistance to degradation. In 2019, an estimated 353 MMT of plastic waste had been 
generated. Of this, approximately 72% was disposed of in landfills or the natural environment, 
19% was incinerated, and only 9% was recycled.3 If current trends in plastic production and 
waste management persist, it is projected that around 12 billion tonnes of plastic waste will 
accumulate in the natural environment or landfills by 2050.4 Consequently, fossil-based plastic 
production and the management of resulting plastic waste present serious sustainability 
concerns. 

The waste hierarchy prioritizes prevention as the most crucial action for reducing and managing 
waste.5 However, envisioning a world without plastics appears implausible. That is due to the 
significant amount of alternative materials, such as paper and metals, that are needed to 
substitute for plastics. Despite efforts, reusing most plastics, especially those in the medical and 
food industries, poses significant challenges. Moreover, even the most efficient reutilization 
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methods can only satisfy a fraction of the plastic demand. In response to these challenges, 
recycling and energy recovery are two viable options for managing the copious amounts of 
plastic waste. Although energy recovery offers a practical solution, it falls short of the need for 
sustainable plastic production. Thus, recycling plastic waste into new plastics becomes the only 
suitable option for fostering a sustainable economy using plastics. 

As of today, plastic recycling primarily relies on mechanical methods, which pose challenges 
when dealing with heterogeneous waste streams containing paper, cardboard, and metals.2,4,6 
Despite advancements, mechanical recycling remains limited in producing high-quality 
recycled materials for specific applications.7 Moreover, the process is complex, requiring 
numerous steps, up to 17 for well-sorted PET bottles.8 Additionally, the inherent properties of 
plastics impose constraints on the number of times they can be mechanically recycled.2,9 
Consequently, while mechanical recycling has made strides, it still struggles to fully address 
the diverse challenges posed by plastic waste management.2,9,10 

In the progression towards a sustainable plastic-using economy, the imperative lies in adopting 
circular practices where plastic materials are used in a closed loop.6,9 Achieving this goal 
necessitates recycling methods capable of producing new plastics of equivalent quality to the 
original, irrespective of the type of plastic waste � whether sorted or unsorted.2,9 
Thermochemical recycling, which focuses on producing the monomers of plastics from plastic 
waste, emerges as a preferable solution.10�12 

By converting plastic waste into its monomers, thermochemical recycling offers the potential 
for unlimited recycling of any plastic material.10�12 This method circumvents the need for 
advanced sorting systems, as it applies to all types of plastic waste. Additionally, 
thermochemical recycling provides flexibility in feedstock selection and product distribution, 
making the recycling system adaptable to changes in consumption and production patterns.9 
Hence, thermochemical recycling will be a crucial bridge between waste management and 
plastic production. 

Anthropogenic waste streams, the new feedstock for the plastic industry, are more intricate than 
the fossil-based feedstocks conventionally utilized. These waste streams contain biogenic and 
inorganic materials, including paper, cardboard, and metals.9 Moreover, the contaminants in the 
waste pose challenges during thermochemical conversion, potentially leading to the formation 
of pollutants and corrosive substances.10,11,13 Given these complexities, there is a need for a 
thermochemical reactor capable of overcoming these hurdles and effectively transforming 
heterogeneous waste streams into valuable products. 

In this context, a dual fluidized bed (DFB) has characteristics that make it suitable for the 
thermochemical recycling of plastic waste. A DFB reactor is well-suited for thermochemical 
conversion due to its efficient heat transfer properties and capability to handle heterogeneous 
feedstocks.14,15 Furthermore, by using steam as the exclusive fluidization medium, a DFB 
reactor can operate as a steam cracker, producing a nitrogen-free product gas like that obtained 
from the steam cracking of fossil feedstocks.2 To illustrate this concept further, Figure 1 
provides schematics comparing a conventional steam cracker with a DFB steam cracker, 
offering a visual representation of their respective operational principles. 
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Figure 1. Schematics of a tube from a conventional steam cracker (a) and a DFB steam cracker (b). 

In a DFB steam cracker, hot bed material circulates between two interconnected fluidized beds: 

a steam cracker and a regenerator, as shown in Figure 1. The steam cracker reactor operates in 

a bubbling regime, while the regenerator operates in a circulating fluidized bed (CFB) 

configuration. The heat required for steam cracking is transferred from the regenerator to the 

cracker through the bed material. This mechanism is similar to that observed in a conventional 
steam cracker, where heat is supplied externally through a burner. Moreover, as carbon deposits 

form on the surface of the bed material during steam cracking, they are continuously removed 

through oxidation within the regenerator. This type of configuration, if sealed thoroughly, 

allows the production of two separate gas streams: flue gas from the regenerator and nitrogen-

free product gas from the steam cracker, referred to as the cracker effluent. 

Despite its promising characteristics, commercial-scale implementation of DFB steam cracking 

for plastic waste has not yet been achieved. One reason is the necessity for a steam cracker to 

integrate with existing petrochemical clusters.2 This makes steam cracking in DFB a centralized 

solution for plastic recycling. As a centralized solution, commercial DFB steam crackers must 

possess a feedstock processing capacity comparable to existing steam crackers, allowing them 

to benefit from economies of scale. However, research experience regarding DFB steam 

crackers at such a scale remains limited.2,14 Therefore, there is a need for investigations into 

large-scale DFB steam crackers and their operation. Additionally, it is imperative to evaluate 

the availability of suitable plastic waste streams capable of fulfilling the current production 

capacity of new plastics. This evaluation is crucial for ensuring the viability and sustainability 

of DFB steam cracking as a recycling solution. 

The cost-effectiveness of a steam cracker relates to its conversion efficiencies and the yields of 

economically valuable products, such as ethylene and propylene.16 Research over the last 

decade on biomass gasification in DFB systems has revealed that the DFB configuration offers 

flexibility in carbon conversion and product distribution.17,18 In a DFB, the product distribution 

can be tailored by the properties of the bed material, reactor temperature, fluidization regimes, 
and residence time. Steam cracking proceeds through a free radical-type reaction mechanism 
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in which the final product distribution is governed by the C − C and C − H bond breaking 
reactions.19,20 The influences of operational conditions observed in a DFB configuration on 
these cracking reactions remain largely unknown. Therefore, there is a need to explore how the 
typical operational conditions in a DFB system affect the steam cracking reactions. 

 

1.2 Aim and scope of this thesis 

This work summarizes the results of investigations performed on a semi-industrial DFB steam 
cracker and a laboratory-scale DFB steam cracker. The investigations aim to strengthen the 
position of the DFB steam cracking technology among different thermochemical recycling 
methods. The primary goal of this thesis is to establish a comprehensive database comprising 
operating conditions and product distributions intended to serve as a foundation for developing 
large-scale DFB steam crackers. Furthermore, the thesis evaluates the suitability of existing 
plastic waste streams in society for the DFB steam cracking process. A specific focus of this 
research is also to shed light on the impacts of operational conditions typical to the DFB system 
on the reactions occurring during the steam cracking of plastics. 

At the inception of this work, two seminal publications emerged as foundational works on the 
thermochemical conversion of plastic waste in DFB systems. Wilk and Hofbauer's pioneering 
study marked the first successful demonstration of thermochemical conversion of mixed 
plastics in a DFB unit.14 Similarly, Thunman et al. conducted a groundbreaking analysis 
focusing on steam cracking in DFB systems, emphasizing its potential for circular utilization 
of plastics.2 The research conducted in this thesis is influenced by these foundational works and 
aims to build upon them by pursuing the following research goals: 

1. Develop a sampling and analysis strategy suitable for determining product distribution 
derived from the steam cracking of plastic waste. 

2. Create a comprehensive database detailing the operating conditions of a large-scale 
DFB steam cracker and the resulting product distributions. 

3. Identify the challenges associated with thermochemical recycling of plastic waste and 
address them with DFB steam crackers. 

4. Evaluate the suitability of the currently available plastic waste streams for steam 
cracking in DFB. 

5. Explore how the typical operating conditions observed in a DFB system affect the 
catalytic properties of the bed material and the reactions governing the steam cracking 
of plastics. 

6. Establish appropriate operational procedures concerning the catalytic properties of the 
bed material to maintain or improve the quality of steam cracking products. 
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1.3 Contribution to this thesis 

Paper I of this thesis reveals the influence of the accumulation of transition metal oxide in the 
bed material on its catalytic activity. This paper presents experimental results showing the 
exclusive impact of transition metal oxide-induced oxygen transfer on the reaction mechanism 
governing the steam cracking of polyolefins. Paper II highlights the significance of the 
oxidation state of bed materials in the context of steam cracking in DFB systems. This paper 
shows the possibility of hydrogenating unsaturated intermediate species by water molecules in 
a fluidized bed. Paper III describes the importance of biogenic resources in the context of the 
circular utilization of plastics. This paper provides experimental data that shows waste cooking 
oil is suitable for producing ethylene and propylene through steam cracking in DFB. Paper IV 
highlights the importance of natural ore bed materials in DFB steam crackers. This paper also 
explores the potential catalytic activity of natural ores in a hydrocarbon-steam environment. 
Paper V focuses on the sampling and analytical procedures for large-scale DFB steam crackers. 
This paper presents the first dataset derived from steam cracking of polyethylene in a semi-
industrial DFB steam cracker. Paper VI shows the evolution of catalytic properties in olivine 
when subjected to biomass combustion in the regenerator of a DFB steam cracker. Paper VII 
presents the steam cracking of single-use medical materials in a laboratory-scale DFB steam 
cracker. Paper VIII focuses on an operational window for large-scale DFB steam crackers, 
illustrating product distributions across a spectrum of operating conditions and feedstocks. 
Additionally, this paper addresses the common challenges faced in thermochemical recycling. 

 

1.4 Outline of this thesis 

This thesis is based on the eight appended papers (Papers I�VIII) and this introductory essay. 
Chapter 2 of the thesis introduces the principles of thermochemical recycling and provides the 
theoretical framework for the DFB steam cracking process. Chapter 3 outlines the experimental 
setups, the materials used, and the evaluation of the experimental data presented in Papers I�

VIII. Chapters 4 to 8 summarize and discuss a set of experimental findings. Chapter 9 presents 
the concluding remarks alongside recommendations for further research on steam cracking in 
DFB systems.
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CHAPTER 2 

 

2 � The Landscape 

 

2.1 Thermochemical recycling of plastic waste 

Thermochemical recycling encompasses a set of processes aimed at producing the molecular 
building blocks of the feedstock.2,10 These processes theoretically enable unlimited recycling 
of any plastic material. Thermochemical recycling of plastic waste involves the production of 
molecular building blocks, such as ethylene and propylene, as shown in Figure 2.2 

 

Figure 2. The thermochemical recycling principle applied to plastic waste for the production of 

different molecular building blocks. 

In the thermochemical recycling scheme described in Figure 2, three distinct routes outline the 

production of molecular building blocks from plastic waste. Route A involves the direct 

production of these molecules. On the other hand, Routes B and C represent indirect pathways, 

where the molecular building blocks are produced through intermediate products. 

Route B entails converting plastic waste to syngas through partial oxidation or steam 

gasification. Similarly, Route C involves producing pure CO2 through the combustion of plastic 

waste. These intermediate products can be utilized in various synthesis processes such as 

Methanol-to-Olefins (MTO) or Fischer�Tropsch processes for producing a wide range of 

molecular building blocks.21�24 From a thermodynamic perspective, Routes B and C are less 
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favorable than Route A because the synthesis processes require additional hydrogen to generate 
the molecular building blocks.23 

Table 1 outlines common thermochemical processes in plastics recycling, which yield products 
such as olefins, liquid hydrocarbons, and syngas, depending on the process type and conditions.  

Table 1. Different processes for thermochemical recycling of plastic waste. 

Thermochemical 
process 

Products Temperature 
range (°C) 

Suitable feedstocks 

Pyrolysis Mixture of hydrocarbons in 
the range of C1 � C30 

400 � 1000  Polyolefin 25�34 

Catalytic cracking Mixture of specific paraffin 
or olefin hydrocarbons  

300 � 750 Polyolefin 26,35�45 

Gasification CO, CO2, H2 800 - 1500 Suitable for all 
plastics 46�52 

Pyrolysis has gained significant attention in thermochemical recycling due to its simplicity and 
potential for generating a wide range of products. This process primarily produces liquid 
hydrocarbons from plastic waste through various means such as different heating rates, 
environments (hydrogen, steam, oxidative, and inert), and reactor systems like fluidized beds, 
fixed beds, and rotary kilns, among others.11,28,33 

The liquid hydrocarbons obtained from the pyrolysis of plastic waste, commonly known as 
pyrolysis oils, serve as valuable feedstocks in the petrochemical industry. The pyrolysis oils are 
further processed into the molecular building blocks. Common methods include steam cracking 
of pyrolysis oils in conventional steam crackers.11,13,33,34 

This two-step approach presents a significant advantage: it allows the pyrolysis process to 
function independently of petrochemical clusters. Essentially, this means that the recycling 
process can be decentralized and developed at different scales based on the availability of 
plastic waste. In this model, pyrolysis plants can operate autonomously, processing locally 
sourced plastic waste into pyrolysis oils. These oils can then be collectively transported to 
petrochemical clusters for further processing into new plastic materials. 

Despite the potential of pyrolysis for thermochemical recycling of plastic waste, several 
challenges hinder its industrial-scale development. The pyrolysis oils obtained from plastic 
waste are rich in olefins, which pose difficulties for conventional steam crackers. Another 
challenge in the utilization of pyrolysis oils from plastic waste arises from the presence of 
heteroatoms such as oxygen (O), nitrogen (N), sulfur (S), and chlorine (Cl), which conventional 
steam crackers cannot handle.10,13,33,34,53 The olefins and heteroatoms in pyrolysis oils 
exacerbate coking issues within the steam cracker tubes, necessitating more frequent decoking, 
ultimately reducing production capacity.13 Pyrolysis oils from plastic waste must undergo 
hydrotreating to convert the olefins into paraffins.13,28,34 Additionally, the non-polyolefin 
content of the plastic waste needs to be removed to obtain a pyrolysis oil with low heteroatom 
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content.28,33,34 However, the high cost associated with presorting and hydrotreating increases 
the overall cost of the pyrolysis process. 

From the standpoint of achieving circular utilization of plastics, the pyrolysis process presents 
additional limitations in delivering complete recyclability of plastic waste. As pyrolysis plants 
are typically decentralized, they often lack advanced gas separation units. Consequently, plant 
operators may burn off-gases generated during pyrolysis, such as methane.19,28,32 This practice, 
however, reduces the recovery rate of carbon atoms present in the plastic waste. Furthermore, 
the feedstock sensitivity of the pyrolysis process results in the rejection of unsuitable fractions 
of plastic waste streams. These rejected fractions would need to be incinerated if not recycled 
using alternative methods, further complicating the goal of complete recyclability. 

Achieving complete recyclability of plastic waste can be realized through the selective 
production of the molecular building blocks from plastic waste.10,26,54 A recycling process 
focused on generating paraffinic liquid hydrocarbons from plastic waste could also be an 
attractive solution for closed-loop thermochemical recycling. These recycling processes 
typically involve catalytic cracking methods, such as fluid catalytic cracking (FCC) or 
hydrocracking processes.37,44,55,56 

FCC is a well-established process for cracking heavy hydrocarbons into lighter products using 
solid acid catalysts.56,57 Numerous studies have explored the potential of FCC processes for the 
thermochemical recycling of plastic waste. By employing zeolite-based catalysts, the selectivity 
of the FCC process can be finely tuned towards light olefins (C2 � C4) within the temperature 
range of 550 � 750 °C. Using a catalyst offers several benefits. Firstly, it enables a decrease in 
the reaction temperature compared to the pyrolysis process. Additionally, the presence of a 
catalyst allows for better control over product selectivity, resulting in a more precise and narrow 
distribution of products.35,36,44,45,56 

The hydrocracking process, primarily utilized for diesel and jet fuel production from heavy 
crude feeds, operates catalytically at temperatures typically between 300 � 450°C and under 

high hydrogen pressures of 20 � 150 bar. Due to its ability to handle heavy hydrocarbon 
feedstocks, hydrocracking has gained significant attention in research efforts aimed at the 
thermochemical recycling of plastic waste. The hydrocracking of plastic waste yields a naphtha-
like product with high paraffin content, making it suitable for further processing in conventional 
steam crackers. One of the advantages of hydrocracking lies in its robustness, facilitated by 
hydrogen, which effectively removes heteroatoms such as nitrogen, sulfur, oxygen, and 
halogens.37,55,58 

The primary drawback of catalytic processes for thermochemical recycling of plastic waste is 
the deactivation of catalysts. This deactivation occurs due to the numerous impurities in the 
plastic waste, including nitrogen, sulfur, and alkali metals, which poison the catalysts.36,58�60 
Consequently, ensuring thorough pretreatment and purification of the plastic waste becomes 
essential to prolong the catalyst�s lifetime. In the case of FCC, catalyst deactivation is inevitable 
due to the coking or poisoning of acidic aluminosilicates.59 Continuous or frequent catalyst 
regeneration becomes crucial for maintaining conversion efficiency. Furthermore, 
hydrocracking necessitates the use of a significant amount of expensive hydrogen and yields 
less valuable products compared to the light olefins obtained in FCC.55 
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Thermochemical recycling through gasification involves partial oxidation of plastic waste for 
syngas production. Typically conducted at relatively high temperatures ranging from 700 to 
1000°C, this process decomposes the molecular structure of polymers into CO, CO2, H2, and 
CH4. Gasification of plastic waste is commonly a non-catalytic process performed in the 
presence of pure oxygen, steam, or air.48,50,51 The high temperatures in this thermochemical 
process can essentially convert all plastic wastes without presorting or pretreatment.9 

Gasification shows the potential to achieve complete recyclability of plastic waste. However, 
despite its promise, several factors make it economically unattractive. One primary concern is 
the energy required to convert plastic waste into syngas. This energy requirement increases 
operational costs, thus negatively impacting the economic viability of the recycling process. 
Another concern is the need for additional hydrogen in downstream synthesis processes to 
convert the CO2 produced during gasification into the molecular building blocks.23 

The challenges associated with the thermochemical recycling of plastic waste encompass 
several aspects, impeding the development of such recycling processes at an industrial scale. 
These challenges also hinder the complete recyclability of the plastic waste prevailing in 
society. Primarily, these challenges center around the selective production of monomers, the 
robustness of reactor configurations and catalysts, and the availability of suitable plastic wastes. 
This work focuses on utilizing a DFB steam cracker to address the challenges faced in the 
thermochemical recycling of plastic waste. By leveraging the DFB reactor design, the aim is to 
overcome the limitations posed by conventional reactor systems and catalysts while also 
achieving the selective production of desired molecular building blocks from plastic waste. 

 

2.2 Steam cracking of plastic waste in DFB reactor configuration 

Steam cracking is a fundamental process within the petrochemical industry, essential for 
producing molecular building blocks from fossil-based feedstocks like naphtha, LPG, or 
ethane.41,57 In this method, the feedstock undergoes dilution with steam and rapid heating within 
a tubular reactor, as depicted in Figure 1 (a), in the absence of oxygen, at temperatures ranging 
from 750 to 900°C. This process yields a product stream, commonly known as cracker effluent, 
and primarily consists of gaseous hydrocarbons such as ethylene and propylene. A steam 
cracker typically has an intensive gas separation unit to separate individual components from 
the cracker effluent.57 

The conditions inherent in a steam cracking process make it well-suited for the thermochemical 
recycling of plastic waste. Notably, these conditions encompass the process's capacity to 
convert feedstock without a catalyst, all within a moderate temperature range of 750 to 900°C. 

Furthermore, the steam environment and short residence times facilitate the selective 
production of ethylene and propylene by minimizing secondary reactions like aromatization. 

The conditions typically found in a tubular steam cracker, such as fast heating rates, short 
residence time, and a steam-rich environment, can be replicated within the DFB reactor 
configuration. As outlined in Chapter 1, the fluidized bed design enables mixing of the 
feedstock, rapid heating rates, and short residence times within the reaction zone. Furthermore, 
by utilizing steam as the sole fluidization agent, a steam environment similar to a conventional 
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steam cracker results in a cracker effluent devoid of nitrogen. This approach ensures efficient 
conversion of heterogeneous plastic waste into a gaseous product stream, overcoming the 
limitations of conventional steam crackers. 

Given that the cracker effluent from the steam cracking of plastic waste consists of numerous 
species, it becomes imperative to equip the recycling process with an intensive gas separation 
unit capable of isolating individual components. Consequently, such a thermochemical 
recycling plant must integrate with petrochemical clusters equipped with dedicated gas 
separation units. This integration effectively transforms DFB steam cracking into a centralized 
recycling process. Furthermore, these DFB steam crackers should be large-scale to adequately 
meet the demands of petrochemical clusters and capitalize on the economy of scale. 

With DFB steam crackers operating as large-scale units within a centralized recycling solution, 
ensuring feedstock security becomes paramount to providing reliability to the petrochemical 
cluster. It is imperative to identify plastic waste streams suitable for such a recycling process 
and ensure that the quantity of plastic waste is adequate to sustain the operations of a given 
petrochemical cluster. Additionally, the waste streams should not necessitate additional 
pretreatment or presorting. Such preprocessing steps could diminish the economic viability and 
the recycling rate. 

 

2.3 Feedstocks for a DFB steam cracking process 

The similarities in molecular structures between petroleum naphtha and polyolefins lead to 
comparable product distribution obtained from steam cracking of both materials.2,14 
Consequently, waste streams abundant in polyolefins emerge as the most suitable feedstock for 
DFB steam crackers. Moreover, polyolefins, including low-density polyethylene (LDPE), high-
density polyethylene (HDPE), linear low-density polyethylene (LLDPE), and polypropylene 
(PP), collectively represent a substantial portion, accounting for 60% of the plastic waste 
generated worldwide.4 Utilizing these waste streams abundant in polyolefins addresses the need 
for the substantial volume of plastic waste for a thermochemical recycling process employing 
DFB steam crackers. 

It is challenging to find a waste stream composed entirely of polyolefins despite the prevalence 
of polyolefins among plastic materials. Plastic waste streams in society, while rich in 
polyolefins, also contain other constituents such as polyethylene terephthalate (PET), polyvinyl 
chloride (PVC), cellulose, and several other polymers.9 These additional constituents originate 
from various sources, including the production process, utilization of the plastic material, or the 
collection and handling of the waste stream. The composition of non-polyolefin constituents in 
the waste stream varies due to these factors. 

The nature of the available plastic waste in society restricts the viability of mechanical 
recycling.9 Furthermore, thermochemical recycling processes like pyrolysis necessitate the 
removal of non-polyolefin content from the waste stream to obtain a suitable quality of pyrolysis 
oil.28,33 Consequently, these recycling methods best apply to a limited amount of plastic waste 
that is inherently composed entirely of polyolefins, such as pre-consumer plastic waste 
originating at the production level. This work demonstrates how the available plastic wastes 
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can be effectively recycled using a DFB steam cracker despite containing a significant fraction 
of non-polyolefin constituents. 

In this work, plastic waste streams are selected considering their current availability in society, 
including existing waste collection systems. This consideration also factors in the available 
quantity of the waste stream, ensuring that it meets the requirements of a centralized recycling 
process. These considerations result in feedstocks with a diverse range of polyolefin content, 
thereby strengthening the suitability of a DFB steam cracking process for recycling a blend of 
polymers without the necessity of presorting. 

This work also investigates the potential of products derived from other recycling processes, 
which may require further processing or may not meet quality standards, for recycling through 
DFB steam cracking. These feedstocks encompass products derived from mechanical recycling 
and pyrolysis of polyolefins. Additionally, a blend of polyolefin and cellulose, obtained as a 
reject fraction from cardboard recycling, is included as one of the feedstocks under 
investigation. 

In a scenario where all plastic materials are derived from plastic waste and the use of fossil 
resources is phased out, biogenic feedstocks are needed to meet the growing demand for plastic 
materials. Additional feedstock may also be required to compensate for unrecoverable losses of 
plastic materials from the recycling system, such as losses to the environment due to 
mishandling of plastic waste. This work proposes waste cooking oil (WCO) as a suitable 
biogenic feedstock for the DFB steam cracking process. 

WCOs have naphtha-like aliphatic chains in the form of fatty acids within their molecular 
structure, making them suitable for producing molecular building blocks through the steam 
cracking process.61,62 Beyond their suitability for steam cracking, WCOs constitute a substantial 
portion of the available biogenic carbon resources. As of 2020, global vegetable oil production 
reached 210 MMT,63 with approximately 17 MMT ending up as waste in the form of WCO.64,65 
This global production level of WCO presents a valuable feedstock for the DFB steam cracking 
process, particularly in light of the projected annual increase in demand for plastic materials, 
estimated at 11.2 MMT per year.1 

In addition to the diverse feedstock sources previously discussed, this study incorporates clean 
materials such as a pre-consumer polyolefin stream and petroleum naphtha. These materials 
serve in developing a reference for product distributions obtained from large-scale DFB 
crackers. This reference database will help contribute significantly to understanding the 
outcomes of the steam cracking process across a wide range of parameters. 
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2.4 Reactions governing the steam cracking of polyolefins 

The products obtained from the steam cracking of polyolefins can be categorized into three 
different groups according to their physical state under normal conditions: 

1. Gas: H2, CO, CO2, C1 � C4 hydrocarbons. 

2. Liquid: C5 � C18 hydrocarbons. 

3. Solid: Waxes (C18+ hydrocarbons), polycyclic aromatic hydrocarbons (PAHs), solid 
carbon. 

The distribution of products among these groups depends on the reaction conditions, known as 
the "cracking severity." Cracking severity reflects the degree to which C − C bonds break down 
during the process. Lower severity cracking yields hydrocarbons in the C5 � C30 range, while 
higher severity produces gaseous olefins in the C2 � C4 range, mono-aromatic (BTXS), and 
methane. As severity increases, steam reforming of the hydrocarbon species also occurs.14 In 
industrial cracking processes, severity is correlated with reaction temperature: higher 
temperatures result in higher severity cracking.57 Figure 3 illustrates the evolution of steam 
cracking products from polyolefins with respect to the cracking severity. 
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As shown in Figure 3, polyolefin molecules undergo primary cracking reactions to yield short-

chain aliphatic hydrocarbons. These primary reactions predominantly involve random C − C 

bond scission, resulting in a wide range of aliphatic species spanning from C5 to C30.19,20,66 

Despite the diverse range of carbon-number species formed during primary cracking, the 

intermediate products are mainly paraffins, 1-olefins, and α  � ω  diolefins. Furthermore, 

branched polyolefins like PP produce iso-paraffins and iso-olefins as intermediate species.20 

The products of primary cracking reactions undergo secondary reactions as the cracking 

severity increases. These secondary reactions primarily involve further C − C bond scission 

reactions, such as chain-end and β -scission. As a result of these reactions, the formation of the 

lightest hydrocarbon species, methane, occurs alongside the production of light olefins like 

ethylene, propylene, and butenes.19,67,68 Consequently, as the cracking severity increases to a 

certain level, the product distribution becomes enriched with hydrocarbons within the range of 

C1 to C4. Additionally, cyclization and aromatization reactions occur, leading to the generation 

of cyclic olefins and aromatic hydrocarbons.19,20,66 The steam environment facilitates steam 

reforming reactions, converting unstable hydrocarbons into syngas. Coke formation and steam 

gasification reactions become relevant at higher cracking severities. 

In addition to the C − C bond scission reaction, the product distribution is also influenced by the 

C − H bond scission reaction, which aids in stabilizing radical species generated from C − C bond 

breaking reactions. This reaction involves the transfer of hydrogen atoms among different 

radical species, known as intermolecular hydrogen transfer.19,20,66 The transfer of hydrogen 

atoms also occurs within free radicals, known as intramolecular hydrogen transfer. New free 

radicals and hydrocarbons with different H/C ratios emerge as the C − C and C − H bond scissions 

propagate. The mechanisms of intermolecular and intramolecular hydrogen transfer reactions, 

elucidating the C − H bond scission reaction, are shown in Figure 4. 

 

Figure 4. (a) Intramolecular hydrogen transfer;  (b) Intermolecular hydrogen transfer. 

The products obtained from the steam cracking of polyolefins can be further divided into three 
groups based on their hydrogen-to-carbon (H/C) ratios: 

1. H/C < 2: di-olefins, tri-olefins, aromatics, carbon oxides, solid carbon. 
2. H/C = 2: mono-olefins. 
3. H/C > 2: paraffins. 
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Irrespective of the cracking severity, the products of steam cracking will always fall into the 
abovementioned three groups. The C�H bond scission reaction governs the distribution of 
products among these groups. The extent to which C − H bond scission propagates is the 

hydrogen transfer severity, which describes the deviation of the H/C ratio of the steam cracking 
products from the H/C ratio of the feedstock. Figure 5 illustrates the evolution of steam cracking 
products with respect to hydrogen transfer severity. 

 

Figure 5. Evolution of the steam cracking products of polyethylene as a function of hydrogen transfer 

severity for a certain cracking severity. 

In the absence of C − H bond scission, cracking a hydrocarbon molecule would give products 
with the same H/C ratio as the original molecule. For example, cracking of polymethyl 
methacrylate (PMMA) and PS yields 97 wt.% and 72 wt.% of their monomers, methyl 
methacrylate and styrene, respectively.25,69 The steric hindrance caused by the bulky functional 
groups, such as -COOCH3 and -C6H5, along the polymeric chains of PMMA and PS, 
respectively, hinders the intermolecular and intramolecular hydrogen transfer reactions. The 
cracking of PMMA is described by Equation 1. 
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Unlike PS and PMMA, polyolefins such as PE and PP do not contain bulky functional groups 
along their polymer chains. The lack of steric hindrance along the polymeric chains of 
polyolefins promotes the hydrogen transfer reactions among the free radicals during steam 
cracking. Therefore, the C − C and C − H bond breaking reactions govern the product distribution 
obtained from the steam cracking of polyolefins. 

In a steam cracker, the C − C and C − H bond scission persists as long as the necessary energy 
for these bond-breaking reactions is available in the system. The ultimate product distribution 
unfolds once all radical species are quenched or recombined. No additional energy is 
introduced at this stage to sustain further bond-breaking reactions. 

In a DFB steam cracker, parameters like bed material temperature, fluidization regime, bed 
material circulation, and residence time determine the cracking and hydrogen transfer 
severities, influencing the final product distribution. The interdependence of these parameters 
makes it challenging to isolate a single factor defining cracking and hydrogen transfer severity. 
Since methane is the lightest hydrocarbon and has the highest H/C ratio, it can serve as an 
indicator for both cracking and hydrogen transfer severities. Van Geem et al. were the first to 
demonstrate the robustness of methane yield as a cracking severity index for the conventional 
steam cracking process.84 

 

2.5 Role of bed material in DFB steam cracking 

As outlined in Chapter 1, the bed material within a DFB steam cracker facilitates the mixing 
of heterogeneous plastic waste. It is also an efficient medium for transferring the heat required 
for the steam cracking reactions. Additionally, the bed material aids in the continuous removal 
of solid carbon deposits formed during steam cracking. This process involves combusting the 
carbon deposits in the regenerator of the DFB unit. 

The bed material within a DFB steam cracker may also possess catalytic properties crucial for 
driving the cracking reactions toward a desired product distribution. FCC is the most prevalent 
industrial cracking process employing the DFB reactor configuration with a catalytically active 
bed material. Catalysts used as bed materials in the FCC process enhance cracking severity by 
lowering the activation energy required for C − C bond breakage.44,56 However, the 
susceptibility of FCC catalysts to feedstock impurities renders them unsuitable for a DFB steam 
cracker dedicated to the thermochemical recycling of plastic waste. 

Alternatively, a DFB reactor dedicated to the steam cracking of plastic waste can utilize natural 
ores as bed materials, which are resistant to feedstock impurities. Thunman et al., in the 2�4 
MWth DFB system at Chalmers University of Technology, showed that the products derived 
from steam cracking of PE are comparable to those from a conventional naphtha cracker.2 
Similarly, Wilk and Hofbauer investigated the production of olefins and aromatic hydrocarbons 
through thermochemical conversion of various polyolefins in a 100-kW DFB system.14 
Thunman et al. and Wilk et al. employed natural ores silica sand and olivine as bed materials 
in their respective DFB processes. 
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The cracking mechanisms outlined earlier do not consider a bed material near the cracking 
reactions. The suitability of a bed material for the DFB steam cracking process depends on its 
impact on the C − C and C − H bond breaking reactions. Consequently, in addition to the bed 
material's resistance to feedstock impurities, its influence on the steam cracking reactions 
becomes a pivotal factor in selecting the bed material for a DFB steam cracker. 

Silica sand is the most extensively studied bed material for the thermochemical conversion of 
plastic materials in fluidized beds due to its composition primarily comprising SiO2 (> 90 
wt.%), which makes it catalytically inactive toward cracking reactions.25,41,70 In contrast, 
certain natural ores like bauxite, olivine, and feldspar exhibit catalytic properties in a 
hydrocarbon steam environment.14,70�73 For instance, olivine, when activated with biomass ash, 
has shown the ability to catalyze steam reforming reactions, thereby enhancing syngas 
production.70,72 Similarly, feldspar has demonstrated catalytic activity in steam reforming 
reactions of hydrocarbons in fluidized beds.71 Additionally, hydrotreated bauxite has proven 
effective as a hydrocracking catalyst.73 However, their specific influences on the C − H and C − C 
bond breaking reactions during steam cracking of polyolefins remain unclear. Paper IV 
compares the effects of these natural ores on steam cracking reactions, providing insights into 
their suitability as bed materials in an industrial DFB steam cracking process. 

Bed material used in a DFB system undergoes continuous transformations in both its physical 
properties and chemical composition.17,18,70 The alterations in physical properties primarily 
result from the harsh thermal and mechanical stresses experienced in the fluidized bed 
environment. While these changes typically do not directly impact the cracking reactions, they 
can result in operational challenges such as agglomeration and loss of fluidization.17 The 
changes in chemical composition arise from the presence of external species in the system, 
often in the form of inorganic compounds. These species may originate from the plastic waste 
feedstock or the fuel utilized in the regenerator section. Consequently, they accumulate within 
the bed material, contributing to variations in its chemical composition over time.17 

In DFB units operated with biomass as a fuel, the bed material gradually accumulates an ash 
layer over time due to exposure to biomass ash. This phenomenon is particularly notable in bed 
materials with a limited SiO2 content, such as olivine, bauxite, and feldspar. Interestingly, these 
biomass ash-exposed bed materials have exhibited catalytic properties within DFB systems, 
attributed to their ability to promote steam reforming reactions during the steam gasification of 
biomass.70,71 Consequently, in DFB steam crackers utilizing biomass as fuel in the regenerator 
section, the bed material becomes exposed to biomass ash. While studies have shown that ash-
exposed olivine can inhibit the formation of aromatics from biomass gasification, its impact on 
the steam cracking of polyolefins remains uncertain. It prompts further investigation into the 
influence of ash-exposed bed materials on the steam cracking reactions, a topic that was 
examined in detail in Paper VI. 

The accumulation of transition metal oxides in the bed material represents another relevant 
change in bed material composition with notable implications. These transition metal oxides 
may originate from various sources, including the plastic waste or the fuel used in the 
regenerator section. Pissot et al. conducted a study demonstrating the accumulation of 
transition metal oxides in the bed material of the Chalmers DFB gasifier, originating primarily 
from metal-rich automotive shredder residue.74 This accumulation triggers a phenomenon 
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known as oxygen transport within the DFB reactor, creating an oxidizing environment that 
partially or completely oxidizes the feedstock.75 Given that an oxidizing environment is 
detrimental to steam cracking, it is crucial to examine the impact of bed materials containing 
transition metal oxides on the steam cracking reactions. Paper I highlights the influence of an 
oxidizing environment induced by the bed material on the steam cracking reactions of 
polyolefins. 

The inherent chemical composition of the bed material also influences the oxygen transport 
phenomenon.70 Natural ores typically contain some transition metal oxides alongside other 
species.25,70 As these bed materials circulate between the regenerator and the steam cracker 
units, they change their oxidation state. It has been observed that the redox potential of 
transition metal oxides increases the H/C ratio of the products compared to the feedstock 
through the hydrogenation reaction in a hydrocarbon steam environment.76�79 Paper II 
investigates the influence of the oxidation state of bed materials on the steam cracking 
reactions. Furthermore, Paper II is the first study to explore the possibility of hydrogenation 
by water molecules in a fluidized bed reactor. 
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CHAPTER 3 

 

3 � The Dual Fluidized Bed reactor configuration 

 

This chapter provides a comprehensive overview of the Chalmers DFB steam cracker and its 
associated gas sampling and measurement system. Additionally, it outlines the methods 
employed for establishing the carbon balance within the system. The laboratory-scale DFB 
steam cracker, which utilizes a gas sampling and measurement system similar to the Chalmers 
steam cracker, is also detailed in this chapter. The experimental results presented in Chapters 
4 through 8 originate from the conducted experiments in both facilities. The chapter also details 
the composition of bed materials and feedstocks utilized in various experiments constituting 
this thesis. 

 

3.1 Description of the Chalmers DFB steam cracker 

The Chalmers DFB steam cracker is a 12 MWth CFB boiler retrofitted with a bubbling fluidized 
bed (BFB) steam cracker. The steam cracker has a capacity of up to 4 MWth of feedstock, 
equivalent to 350 kg/h of pure PE. The boiler is fueled by wood chips and pellets and supplies 
heat to the Chalmers University campus from November to April each year. The surplus heat 
from the boiler redirects to the steam cracking reactor. 

It is crucial to emphasize that the Chalmers DFB steam cracker operates on a semi-industrial 
scale and relies on the availability of sufficient personnel for operation. The CFB boiler 
operates continuously but is manned for two six-hour shifts daily by three operators who 
oversee operations from the control room. Additionally, three research engineers are 
responsible for engineering oversight, maintenance, and technical support during experiments. 
During each experimental campaign, a team of three researchers is present to conduct 
experiments, collaborating closely with operators and collecting samples from the steam 
cracker. Each operational point achieved with the Chalmers DFB steam cracker represents 
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approximately 30 man-hours of effort, excluding time allocated for sample analysis and data 
processing. 

Figure 6 provides a simplified illustration of the system. A detailed description of the DFB 
system can be found in the work conducted by Larsson et al.80 

 

Figure 6. Schematic of the DFB steam cracker at Chalmers University of Technology. The DFB 

system consists of a circulating fluidized bed boiler (1) and a bubbling fluidized bed steam cracker 

(6). Adapted from the work performed by Larsson et al.80  

In this system, the CFB boiler comprises a furnace (refer to (#1) in Figure 6), also referred to 

as �the regenerator�, and the primary cyclone (#2). When the unit operates solely in CFB mode, 

the primary cyclone (#2) recirculates the bed to the regenerator via the particle distributor (#5). 

However, in DFB mode, the bed material follows a distinct path circulating from the particle 

distributor (#5) to the steam cracker (#6) through the first loop seal (#7). Subsequently, the bed 

material returns to the regenerator via a second loop seal (#8), linked to the return leg of the 

regenerator, visually depicted by the two red symbols in Figure 6. The loop seals and the steam 

cracker undergo fluidization with steam, effectively preventing gas exchange between the 

regenerator and the steam cracker. The steam cracker and loop seals receive steam supplies of 

150 kg/h and 35 kg/h, respectively, meeting the minimum requirements to avoid defluidization. 

The steam cracker is fluidized with flue gases from the boiler during periods without feedstock 

input. The regenerator is fluidized with either air or a combination of air and flue gases. 

The feedstock is introduced near loop seal 1, as depicted in Figure 6. There are three distinct 

methods for delivering the feedstock into the steam cracker. The first approach involves 

introducing a molten feedstock stream through an extruder. This method, utilized in Papers V 

and VIII, offers the advantage of isolating the steam cracker from atmospheric air, thereby 

maintaining a controlled environment. The extruder also facilitates precise control over the 

feeding rate, ensuring accurate and consistent feedstock delivery onto the top of the bubbling 

fluidized bed. The experiments described in Paper VI employ another system involving the 
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feeding of pelletized feedstock through a rotary valve. Meanwhile, Paper VIII also uses a 

liquid feeding system, utilizing a centrifugal pump for injecting liquid hydrocarbon feedstock 

into the steam cracker. Regardless of the chosen feeding system, the feedstock is introduced 

onto the top of the fluidized bed.  

The cracker effluent is directed to the regenerator through the product gas line, as illustrated in 
Figure 6. As this facility primarily serves as a research site, the cracker effluent undergoes 
combustion on the regenerator side. In contrast, in a commercial unit, additional steps involving 
gas cleaning processes would precede the redirection of cracker effluent toward their final 
application. The solid carbon deposits, commonly known as coke, formed on the surface of the 
bed material within the steam cracker are combusted in the regenerator. This process facilitates 
the reintroduction of coke-free bed material back into the steam cracker. 

A crucial point to underscore is that when the regenerator operates with biomass, a portion of 
the ashes generated during biomass combustion accumulates on the surface and within the 
particles of the bed material. A daily bed material regeneration of 500 kg is implemented to 
manage the amount of biomass ash accumulation. It is particularly significant in the context of 
catalytic activity development in the bed material enriched with biomass ash. Paper VI 

investigates this phenomenon, and Chapter 8 of this thesis outlines the key findings. 

 

3.2 Description of the laboratory-scale DFB steam cracker 

The laboratory-scale steam cracker is a standalone tubular reactor that operates as a BFB. The 
BFB reactor can replicate the operational dynamics of the Chalmers DFB steam cracker 
through a defined set of operational procedures. It is accomplished by operating the reactor in 
batch mode and systematically alternating the fluidization gases between steam and air. The 
operational concept is visually represented in Figure 7, illustrating the transition between the 
steam cracking and regeneration mode to mimic the behavior of the larger-scale Chalmers DFB 
steam cracker. 

 

Figure 7. Diagram illustrating a laboratory-scale BFB reactor, operated in batch mode to emulate the 

dynamics of a large-scale DFB steam cracker. 
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In the laboratory setup, the fluidized bed functions as a steam cracker when fluidized with 
steam. During this operation, a batch of feedstock is introduced from the top of the reactor, 
which is open to the atmosphere. The resulting cracker effluent exits the reactor from the top, 
along with the fluidization steam. Fluidization gas can then be switched to air, transforming the 
reactor into a regenerator. This phase facilitates the combustion of carbon deposits formed 
during the steam cracking stage. This step ensures the introduction of carbon deposit-free bed 
material into the steam cracking stage, aligning with the observed practice in the Chalmers 
DFB steam cracker. Additionally, the bed material to feedstock ratio (on a mass basis) can be 
matched with the Chalmers DFB steam cracker, maintaining equivalence to the large-scale 
process. 

The laboratory setup is a tubular reactor of stainless steel with an internal diameter of 88.9 mm 
and a height of 1305 mm. The reactor is placed inside an electrically heated oven. Three 
thermocouples within the reactor monitor the temperature during the experiments. One of these 
thermocouples is submerged in the fluidized bed, while the other two are in the freeboard area. 
The temperature in the freeboard region is regulated to match that of the bed material. The bed 
materials are loaded from the top of the reactor before heating the reactor. After each 
experiment, the reactor is cooled down and cleaned with a vacuum cleaner before loading a 
different batch of bed material. 

The fluidization gases are introduced from the bottom of the reactor and can change between 
nitrogen, air, helium, steam, or a combination of these. The fluidization gases are mixed 
homogeneously in a mixer before entering the reactor. An evaporator with a liquid flow 
controller (LFC) produces the fluidization steam. Mass flow controllers (MFC) provide the 
required air and nitrogen. The nitrogen flow (2 ln/min) maintains a stable steam flow and 
prevents the back-mixing of atmospheric air from the top of the reactor. 

 

3.3 Sampling and analysis of the cracker effluent 

Sampling the cracker effluent from the Chalmers DFB and the laboratory reactor involves 
extracting a slipstream at the reactor outlet. The following sections provide an overview of the 
sampling and analytical strategies for the two reactor systems. 

 

3.3.1 The method applied to the Chalmers DFB steam cracker 

Two parallel slipstreams of the cracker effluent, approximately 10 ln/min each, are continuously 
extracted for sampling from the product gas line (see 11, Figure 6). Figure 8 illustrates the gas 
sampling system encompassing the two slipstreams and the corresponding analytical methods 
applied at each slipstream. 
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Figure 8. Schematic of the gas sampling system installed at the Chalmers DFB steam cracker, 

including the two parallel slipstreams. The hot filter is positioned at �point 11� (see Figure 6). Red 

lines are the heat-traced lines at 350°C. The remainder of the piping corresponds to the unheated side 

of the slipstreams. The dotted line represents offline characterization of the individual samples, while 

the continuous line represents online GC measurements. 

Slipstream 1 is dedicated to the sampling and analysis of individual species within the cracker 

effluent. Four distinct techniques are employed at Slipstream 1: (1) SPA (Solid phase 

adsorption), (2) hot gas sampling, (3) gas bag sampling, and (4) permanent gas analysis. 

Subsequently, the collected samples undergo analysis using GC-FID, GC-VUV, or GC-TCD. 
This comprehensive approach, developed as part of the investigation outlined in Paper V, 
enables the detection and quantification of species ranging from C1 to C18. 

The second slipstream is directed towards a high-temperature reactor (HTR) to quantify the 

total amounts of carbon (C), hydrogen (H), and oxygen (O) in the cracker effluent. Within the 

HTR, the cracker effluent reacts at a temperature of 1700 °C, leading to the decomposition of 

all hydrocarbons into CO2, CO, and H2. Online monitoring of these decomposition products is 

conducted with a micro-GC system to calculate the elemental flows of C, H, and O exiting the 

steam cracker. Simultaneous sampling from both slipstreams serves to validate the carbon 

balance closure achieved during a stable operation. This HTR method, developed for the 

verification of carbon balance over the Chalmers DFB system by Israelsson et al., is a robust 

approach for assessing and confirming the carbon balance.81 

The GC analyses conducted at the two slipstreams provide the share of individual species in 

the cracker effluent. A tracer gas is used to determine the absolute yields relative to the 

feedstock and establish the carbon balance over the system. Helium (He) gas is introduced into 

the steam cracker with steam at a known volumetric flow. Regulated by a Bronkhorst® model 

F-202AV MFC, the volumetric flow of He serves as the tracer across the system. The He 

balance converts the concentrations obtained from the GC analyses into yields, expressing their 

quantities in moles or mass of the product species per unit mass of the feedstock. 
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3.3.2 The method applied to the laboratory steam cracker 

In the laboratory setup, the sampling system includes extracting two parallel slipstreams of 

cracker effluent through a sampling probe inserted into the reactor. The sampling probe is 

inserted into the freeboard approximately 10 cm above the fluidized bed. The probe is 

maintained at 350°C with an electrical heating band to prevent condensation of steam and 

hydrocarbons. Figure 9 illustrates the two slipstreams, S1 and S2, and the corresponding 

sampling methods applied. 

 

Figure 9. Schematic of the laboratory-scale fluidized bed steam cracker and the installed sampling 

and analysis system. 

Slipstream S1 is used to sample SPA columns and gas bags, which are subsequently subjected 

to analysis using GC-FID and GC-TCD, respectively. The GC-TCD analysis of gas bags 

quantifies C1 to C4 species, and the GC-FID analysis of SPA samples quantifies specific 

aromatic species within the C6 to C18 range. The SPA method applied in both the Chalmers 

DFB steam cracker and the laboratory reactor is based on the approach developed by Israelsson 

et al.82 The laboratory setup also incorporates the use of helium (He) as a tracer gas, facilitating 

the determination of absolute yield of cracker effluent and establishing a carbon balance over 
the system. 

Slipstream 2 is used for the continuous monitoring of permanent gases H2, O2, CO, CO2, and 

CH4 in the cracker effluent. The continuous monitoring is performed using a SICK GMS 820 

permanent gas analyzer (manufactured by SICK AG). The cracker effluent is dried and cooled 

by scrubbing with isopropanol in a gas conditioning system (see Figure 9) before it is acquired 

by the gas analyzer. The cracker effluent is continuously measured to determine the total 

reaction time and ensure no leakage of atmospheric oxygen into the reactor system during the 

experiments. The sampling and analysis method associated with the laboratory setup is applied 

through Papers I-IV and Paper VII. 
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For both reactor setups, the quantification of individual species in the cracker effluent revolves 
around GC measurement. Table 2 enlists the different GC equipment, the corresponding 
sample, and the species analyzed using each equipment. 

Table 2. Analytical equipment applied in this work, the corresponding type of samples, and the 
quantified species. 

Equipment Type Reactor system Sample type Species quantified 

µGC1 Micro-GC Varian 
CP4900, with 
Poraplot Q and 
MS5A columns 

Chalmers DFB 
steam cracker 

Cracker effluent 
scrubbed with 
isopropanol at -
17°C 

H2, O2, N2, CO, 
CO2, CH4, C2H2, 
C2H4, C2H6, C3H6, 
C3H8, H2S 

µGC2 Micro-GC Varian 
CP4900. MS5A and 
Poraplot U columns 

Chalmers DFB 
steam cracker 
(HTR) 

Outlet of HTR: 
cracker effluent 
reacted at 1700°C 

H2, O2, N2, CO, 
CO2, CH4, C2H2, 
C2H4, C2H6, C3Hx 

µGC3 Agilent 490 micro-
GC with Poraplot 
U, CP-COX and 
CP-Sil5 columns 

Laboratory 
steam cracker 

Gas bags H2, Air, CO, CO2, 
CH4, C2H2, C2H4, 
C2H6, C3Hx, C4Hx 

GC-FID Bruker GC-430 
with midpolar BR-
17 ms columns 

Chalmers DFB 
steam cracker, 
laboratory 
steam cracker 

SPA  Benzene, Toluene, 
Xylenes, Styrene, 
Naphthalene, etc. 

GC-VUV Thermo Scientific 
TRACE 1310 with 
ZB1-HT and CP-
Sil5 CB columns 

Chalmers DFB 
steam cracker 

Gas bags, hot gas, 
SPA 

All hydrocarbons 
in the range of C3 
to C18 

 

3.4 Data evaluation 

The experimental results presented in Chapter 4 through Chapter 8 are derived from the same 
analysis and evaluation methods described in this section. As a result, the systematic errors for 
all the data points are similar, rendering the observed trends statistically significant. 

The molar yields of the species measured with the micro-GCs are calculated based on the He-
tracing method. Equation 2 converts the concentration of individual species into their 
corresponding molar yield. 

  =      .            . 1   

Equation 2 

In Equation 2, ni denotes the molar yield (mol/kg), and ci is the concentration (%vol.) of species 
i. The terms VHe and cHe represent the volumetric flow rate (l/h) and concentration (%vol.) of 
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the tracer helium gas, respectively. mf is the mass flow of the feedstock (kg/h), and Vm is the 
volume of one mole of an ideal gas at 0°C and 1 atm (22.4 l/mol). The molar yield of each 

species is transformed into the corresponding carbon and hydrogen yields based on the total 
carbon and hydrogen content of the feedstock.  

The mass concentrations of the species measured by GC-VUV in the gas samples are converted 
into their corresponding molar yield using Equation 3. This equation considers the mass 
concentration of species i (%mi) and C3H6 (%mC3H6) in the gas sample, which is obtained by 
processing the GC-VUV chromatograph using the VUV Analyze software (developed by VUV 
Analytics, Inc.).83 The variable MWi represents the molecular weight of species i. The term 
nC3H6 denotes the molar yield of C3H6 and is obtained using Equation 2. In Equation 3, C3H6 
serves as the reference species because it is a common component that can be measured using 
µGC1 and GC-VUV techniques. 

      =  %   %          ×            ×       

Equation 3 

The quantification of species sampled through the SPA method follows the procedure 
established by Israelsson et al.82 This method takes into consideration the total molar flow of 
species not captured in the SPA column and incorporates a known concentration of an internal 
standard, added to the sample before GC analysis. This procedure remains consistent, 
regardless of GC-FID or GC-VUV analysis. It is noteworthy that the entire analytical 
measurement can be efficiently carried out using only one GC-TCD and one GC-VUV 
equipment, as successfully demonstrated in Paper V. 

The results of the measurements using µGC1 and µGC2 analysis are average values obtained 

from multiple measurements during a stable operation lasting at least 60 minutes for the 
Chalmers DFB steam cracker. Stability in this context indicates consistent flows of feedstock 
and steam, with temperature fluctuations maintained within ±3°C. The yield of species, as 

measured by the two equipment, reflects the average of 10�20 chromatographs. Typically, these 
chromatographs exhibit a relative standard deviation of less than 2%. 

The stability of the Chalmers DFB steam cracker, maintained for over 60 minutes, also ensures 
a fair comparison of the extracted SPA and gas samples, even though they are collected at 
different times. During a stable operation, four samples of gas bags, hot gas, and SPA are 
collected for subsequent GC analysis. Specifically, each SPA sample undergoes analysis three 
times with either GC-FID or GC-VUV, and the results presented reflect the average of 12 
chromatographs (4 samples x 3 GC repetitions). The results of gas samples analyzed with GC-
VUV are the average of the four samples taken during the stable operation. 

The laboratory steam cracker, functioning as a batch reactor, relies on the repetition conducted 
under the same operating conditions to ensure the repeatability of the experiments. Results 
obtained from the laboratory setup are an average of four data points, corresponding to the four 
repetitions of the same experiment. During each experiment, gas bags and SPA samples are 
collected and analyzed three times using µGC3 and GC-FID, respectively. Notably, each data 
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point represents an average of 12 chromatographs (4 batch experiments x 3 GC repetitions). 
An experiment repetition is invalid if the relative standard deviation for the yield of the majority 
of the species exceeds 10%. This criterion allows for excluding any data points with substantial 
variability that could compromise the validity of observed trends. 

 

3.5 Materials 

 

3.5.1 Bed Materials 

Table 3 outlines various bed materials incorporated in this thesis and their chemical 
compositions. A graduation change in the bed material's properties occurs upon exposure to a 
DFB steam cracker. This change involves structural modifications resulting from the reductive-
oxidative cycles, exposure to high temperatures, and alterations induced by thermal and 
mechanical stresses. Additionally, the bed materials undergo transformation through interaction 
with ash components originating from both the steam cracker feedstock and biomass fed into 
the regenerator. The interactions with biomass ash are absent in the laboratory reactor since no 
biomass is introduced during the combustion stage. Given the impracticality of detailing the 
composition of bed materials at every stage of evolution, the composition presented in Table 3 
reflects the chemical composition measured or calculated before the introduction of bed 
material into the steam cracker. 

Table 3. Chemical composition (%wt.) of the tested bed materials. 

 Silica 
sand 

Olivine Bauxite Feldspar Al2O3 1Fe/Al2O3
 2Fe/Al2O3 5Fe/Al2O3 

SiO2 90 41.7a 6.5 67.5 - - - - 
Al2O3 5.5 0.17 88.5 78.8 99.5 97.2b 94.5b 86.9b 
Fe2O3 0.6 7.4a 1.1 0.11 <0.05 2.8b 5.5b 13.1b 
TiO2 - - 3.0 0.01 - - - - 
MgO - 49.6a - 0.04 - - - - 
Na2O 1.2 - - 4.3 - - - - 
K2O 1.8 - - 8.4 - - - - 
aAssumed to be present as silicates of iron and magnesium. 
bSynthetic material, chemical composition calculated based on the synthesis procedure. 

Among the bed materials utilized in this study, silica sand, olivine, bauxite, and feldspar are 
natural ores used without any chemical modifications. The material Al2O3 is synthetic neutral 
alumina with a purity of 99.5%, sourced from Fischer Scientific. The materials 1Fe/Al2O3, 
2Fe/Al2O3, and 5Fe/Al2O3 were prepared through incipient wetness impregnation of Al2O3 with 
iron nitrate nonahydrate solution (Fe(NO3)3.9H2O). The nomenclatures 1Fe, 2Fe, and 5Fe 
denote the %weight (atom basis) of Fe in the material, calculated based on the synthesis 
procedure. 

Leveraging the inert characteristic of silica sand, it serves as a reference material in this thesis. 
Its use aims to establish an ideal operating window for DFB steam crackers, representing steam 
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cracking scenarios of a pure polyolefin with an inert bed material. The results falling within 
this ideal operating window are detailed in Chapter 5, based on the investigations conducted 
in Papers V and VIII. 

Paper IV examines the impact of olivine, bauxite, and feldspar in their natural state on the 
steam cracking reactions, with the findings featured in Chapter 7. Olivine was also used in the 
Chalmers DFB steam cracker to assess its catalytic activity when exposed to biomass ash. This 
investigation, documented in Paper VI, is highlighted in Chapter 8. Bauxite and olivine were 
used in the laboratory reactor to explore the hydrocracking potential of fluidized bed reactors. 
The outcomes of this study are significant and highlighted in Chapter 8. 

The synthetic bed materials based on Al2O3 were used to assess the exclusive impact of 
transition metal oxides on the steam cracking reactions, constituting a crucial aspect of the 
investigation outlined in Paper I. The synthesis procedure involved the impregnation of Al2O3 
with a Fe(NO3)3.9H2O solution, followed by drying at 105°C and calcination at 700°C in the 

laboratory reactor. To characterize the synthesized bed materials, scanning electron microscopy 
(FEI ESEM Quanta 200) was employed, and energy-dispersive x-ray spectroscopy (SEM-
EDS) was conducted to evaluate the elemental composition. The outcomes of this study, 
integral to understanding the influence of transition metal oxides on steam cracking reactions, 
are thoroughly discussed in Chapter 8. 

 

3.5.2 Feedstocks 

A diverse range of feedstocks was introduced into the steam crackers, operating at both the 
scales of the reactor system. These feedstocks ensure variability in the polymer composition 
while considering their availability in real-life scenarios. The variability within the polymer 
composition revolves around the polyolefin content of the feedstock. Simultaneously, 
considering the feedstock availability ensures that these waste streams are present in society, 
eliminating the need for pre-treatment or separation before being fed into a DFB steam cracker. 
Products derived from alternative polyolefin recycling processes were also tested in this study. 
In total, 11 distinct feedstocks were tested, and Table 4 offers an overview of these feedstocks, 
describing their polymer composition and relevant chemical characteristics.  



31 
 

Table 4. Feedstocks used in this work with their respective polymer composition and general 
characteristics. 

Feedstock Polymer 
types 

Chemical characteristics  Description 

Polyethylene (PE) HDPE - high polyolefin content 
- low oxygen content 
- low ash content 

Virgin polymer pellets 

Naphtha - - high paraffin content 
- low olefin content 
- low aromatic content 
- low oxygen content 
- low ash content 

Light straight run 
petroleum naphtha 

Rapeseed oil - - high aliphatic content 
- high oxygen content 
- high olefin content 
- low ash content 

Unused edible cooking 
oil 

Pyrolysis oil - - high aliphatic content 
- high olefin content 
- low oxygen content 
- low ash content 

Polyolefin pyrolysis oil 
(untreated) 

Mechanically 
recycled 
polyolefins 
(MRP) 

PE, PP - high polyolefin content 
- low oxygen content 
- low ash content 

Mechanically recycled 
post-consumer 
polyolefin mixture 
(pelletized) 

Cardboard 
recycling reject 
(CRR) 

PE, PP, 
PET, PVC, 
Cellulose 

- medium polyolefin content 
- high oxygen content 
- high ash content 

Post-consumer shredded 
stream of multilayer 
cardboard/plastic for 
food packaging 
(pelletized) 

Mixed plastic 
waste (MPW)  

PE, PP, 
PET, PVC, 
PU, PA, PS, 
Cellulose 

- medium polyolefin content 
- high oxygen content 
- high ash content 

Post-consumer unsorted 
mix plastic waste 
(shredded) 

Medical materials  PP, PE, 
PET, PAN, 
PC, PS 

- high polyolefin content 
- high oxygen content 
- high nitrogen content 
- high ash content 

Unused medical 
materials: face masks, 
syringes, non-woven 
gloves, nitrile gloves 
(shredded) 

PE stands out among the feedstocks listed in Table 4 as the only virgin plastic devoid of 
contaminants that may accumulate in plastic materials throughout their usage lifespan. 
Supplied by Borealis AB (Stenungsund, Sweden), the virgin PE pellets exhibit a bulk density 
of 945 kg/m3 and an average pellet size of 2.5 mm. PE was used in the Chalmers DFB steam 
cracker for the investigations performed in Papers V, VI, and VIII. PE was also used in the 
laboratory reactor to explore the influence of bed material on steam cracking reactions, as 
shown in Papers I, II, and IV. Chapters 7 and 8 discuss the outcomes of these investigations. 
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The thesis also encompasses three liquid feedstocks: Naphtha, Rapeseed oil, and Pyrolysis oil. 
Notably, these liquid feedstocks stand out as the non-polymeric alternatives used in the work. 
Based on Paper VIII, results obtained from the steam cracking of naphtha are used to establish 
reference operational curves for DFB steam crackers. Chapter 5 shows these reference 
operational curves. Rapeseed oil, the focus of Paper III, is examined for its potential as a 
biogenic feedstock in the DFB steam cracking process. Chapter 6 details the outcomes of this 
investigation. Pyrolysis oil, derived from the thermal pyrolysis of waste polyolefins, represents 
another liquid feedstock explored in Paper VIII. While specific details regarding the origin 
remain confidential, the paper establishes polyolefin pyrolysis oils as suitable feedstock for 
steam cracking in DFB systems. Notably, steam cracking of pyrolysis oil is demonstrated 
without additional upgrading steps like hydrogenation. 

This thesis incorporates the utilization of solid plastic wastes, namely Mechanically recycled 
polyolefins (MRP), Cardboard recycling reject (CRR), and Mixed plastic waste (MPW), all 
subjected to testing in the Chalmers DFB steam cracker through the extruder feeding system. 
In addition, medical materials such as single-use face masks and syringes were tested in the 
laboratory reactor. 

MRP is a post-consumer polyolefin mixture primarily composed of PE and PP. The details 
regarding the origin of MRP are confidential. CRR is a byproduct from recycling cardboard 
packaging like milk cartons, and it is a mix of cellulose and polyolefins that resist further 
separation through the conventional pulping method. Notably, CRR also contains a certain 
amount of PET and PVC. Meanwhile, MPW, sourced from domestic waste streams, 
encompasses various polymers, with polyolefins being the predominant component. These 
three waste streams are the focus of investigation in Paper VIII, and the outcomes are 
elucidated in Chapter 6, shedding light on the capability of DFB steam crackers in handling 
heterogeneous waste streams. 

Analyzing the feedstocks to determine their exact polymer composition is challenging due to 
their heterogeneous nature. Nevertheless, the proximate and ultimate analysis provides the 
elemental composition of these feedstocks. Table 5 provides the C, H, O, N, S, and Cl 
composition of all the feedstocks used in this study. Additionally, the table includes details on 
moisture and ash contents for each feedstock. It is crucial to note that the elemental composition 
presented in Table 5 is a dry basis composition. The same dry basis approach applies to the 
results reported in the subsequent chapters. 
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CHAPTER 4 

 

4 � Developing a sampling and analytical strategy for steam cracking of plastic 
waste 

 

Sampling the cracker effluent from steam cracking of plastic waste presents several challenges 
due to the large number of species in the mixture, which span a wide range of boiling points. 
Additionally, characterization using GC analysis requires extended analysis times because of 
the numerous species, reducing the overall analytical throughput. The presence of steam further 
complicates the analytical process, as the water content within the sample can adversely affect 
the quality of GC analysis. 

Based on insights from Papers V and VIII, this chapter presents a sampling and analysis 
strategy that overcomes these challenges in quantifying and characterizing species within the 
cracker effluent resulting from steam cracking of plastic waste. Three distinct sampling 
methods are introduced to sample species ranging from C1 to C18. These sampling methods 
are integrated with GC-VUV analysis and other established analytical techniques, forming a 
comprehensive approach to quantify the sampled species. Emphasis is on the GC-VUV 
analysis due to its effectiveness in identifying and quantifying individual hydrocarbon species. 
Furthermore, the method developed in this study is validated against established sampling and 
analysis methodologies. 

 

4.1 A 3-step sampling and analysis approach  

The proposed sampling and analysis approach involves a structured sampling process 
conducted in three distinct steps, targeting specific groups of carbon species. By integrating 
these steps with GC-TCD and GC-VUV analysis, the strategy offers a qualitative and 
quantitative analysis of the cracker effluent. For a more detailed insight into this methodology, 
refer to Figure 10, which describes the specific sampling steps and the corresponding carbon 
groups they cover. 
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Figure 10. The sampling and analysis approach outlined in this chapter, implemented on the effluent 
stream of the Chalmers DFB  steam cracker. 

The three distinct sampling steps described in Figure 10 aim at rapid quantification of the 
important species obtained from the steam cracking of plastic materials. Specifically, these 
steps target the online identification and quantification of C1 to C8 species, which collectively 
constitute up to 90% of the product distribution resulting from the steam cracking of 
polyolefins. The C9 and higher hydrocarbon species are sampled separately and analyzed 
offline. This offline analysis strategy prevents interference between the analysis of the C1 � C8 
species and that of the C9+ species, thereby increasing the throughput of the method. 

The analytical strategy revolves around a recently developed technique called GC-VUV 
analysis. This method is applied to two separate sets of samples: C3 � C8 and C9 � C18, as 
shown in Figure 10. The utilization of GC-VUV addresses the challenge of analyzing a large 
number of species in the C4 to C18 range within a brief analysis timeframe. That is because 
the VUV detector can deconvolute up to four species that coelute from the GC column. Figure 
11 visualizes this deconvolution technique that substantially reduces the analysis time while 
also facilitating the detection of all hydrocarbon isomers in the sample. 
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Figure 11. GC-VUV chromatograph (average 130 � 240 nm) of a cracker effluent sample. The sample 

was collected at the outlet of the Chalmers DFB steam cracker and quenched to 60°C before being 

introduced into the GC. The effectiveness of the VUV detector's deconvolution capability is 

demonstrated by the peak observed for butenes. 

Figure 11 displays a GC-VUV chromatograph of a gas sample extracted from the Chalmers 

steam cracker. Before injection into the GC, the gas sample was quenched to 60°C to eliminate 

C9+ components. The chromatograph reveals numerous peaks corresponding to hydrocarbons 

ranging from C4 to C8. Some peaks overlap due to the different isomers in the gas sample that 

coelute from the GC column. However, the VUV detector's deconvolution capability 

effectively addresses this coelution issue, enabling quicker analysis of each sample. Moreover, 

the VUV detector quantifies each species in the chromatograph using its unique relative 

response factor (RRF).83 This eliminates the necessity of calibrating the equipment with a large 

number of species, streamlining the analytical process. Table 6 summarizes the sampling and 

analysis strategy applied at the hot sampling point of the Chalmers unit (see Figure 8, Chapter 

3).  

Table 6. The sampling and analytical techniques employed at the outlet of the Chalmers steam cracker 

for the analysis of C1 � C18 species within the cracker effluent. 

Species Sampling method Analytical instrument 

C1 � C3 Cracker effluent scrubbed with 
isopropanol at -17°C 

µGC1 

C3 � C8  Cracker effluent quenched to 
60°C, sample collected in a gas-
tight sampling vessel. 

GC-VUV 

C9 � C18 SPA GC-VUV  

The C1 to C3 species are sampled by subjecting the cracker effluent to scrubbing with 
isopropanol at -17°C. The resultant gas is continuously analyzed for its volumetric composition 
(%vol.) using µGC1. To sample the C3 � C8 species, the cracker effluent is quenched to 60°C 

and collected in a sampling vessel. The collected sample is analyzed for its volumetric 
composition (%vol.) using GC-VUV. It's important to mention that the sample collected for 



38 
 

C3 � C8 analysis also encompasses C1 and C2 species. However, the analysis is exclusively 
conducted to quantify C3 to C8 species. The species in the range of C9 � C18 are sampled 
using the SPA method and analyzed using GC-VUV. Paper V provides detailed information 

about the analytical methods employed on the GC-VUV for the SPA and gas samples. 

The quantification of each sampled species relies on the helium tracing method. As described 
in Chapter 3, a known flow of helium is introduced into the fluidization steam as a tracer gas. 
The known flow of helium is used to calculate the molar flows of C1 � C3 species based on 
the volumetric composition determined by µGC1 (according to Equation 2). For the 

quantification of C3 to C8 species using GC-VUV, the calculated molar flow of C3H6, based 

on GC-TCD analysis, serves as an internal standard. Similarly, when quantifying C9 to C18 

species in the SPA method, the total molar flow of C1 to C8 species is utilized for reference. 

Figure 12 provides a better understanding of this process. 

 

Figure 12. The quantification method developed in this work. The dotted lines represent the known 

amount of internal standards used for the quantification of the yield of other species. 

The results are presented as carbon balances, highlighting significant insights derived from 

Papers V and VIII. These results are obtained from experiments conducted with the Chalmers 

DFB steam cracker using PE and MRP as feedstocks. Validation of the obtained results is 

carried out by comparing them with established methodologies developed by Israelsson et 

al.81,82 

 

4.2 Carbon balance over the Chalmers DFB steam cracker 

The GC-TCD analysis, with a runtime of 3 minutes, quantifies C1� C3 species in the cracker 
effluent. Figure 13 depicts the yields of these species, derived from the GC-TCD analysis of 
the cracker effluent scrubbed with isopropanol at -17°C. The combined yield of C1 � C3 
species ranges from 60% to 70% for PE and from 50% to 60% for MRP. The wide range of 
yields results from distinct operating conditions used in the experiments, as described in 
Papers V and VIII. 
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Figure 13. Yields (%carbon, by weight) of C1 to C3 species, calculated based on GC-TCD analysis of 

the samples obtained through scrubbing of cracker effluent with isopropanol at -17°C. 

Figure 14 provides the results of GC-VUV analysis for the cracker effluent quenched to a 

temperature of 60°C. This figure illustrates the yields of C4 to C8 species for the three 

experiments. The combined yield of  C4 to C8 species is in the range of 20 � 25% for PE. The 

total analysis time for this group is 4 minutes, as previously described in Figure 11. 

 

Figure 14. Yields (%carbon, by weight) of C4 to C8 species, calculated based on GC-VUV analysis 

of cracker effluent quenched at 60°C. 

Upon a more detailed review of the GC-VUV results, insights can be drawn regarding the yield 
of specific C4 to C8 species. Such analysis can offer data on the average molecular weight of 
each carbon group and the proportion of aromatics or aliphatic species within each group. The 
distribution of individual species within the C4 � C8 group, as identified through GC-VUV 
analysis, is illustrated in Figure 15. 
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Figure 15. The share of individual species among the groups of (a) C4, (b) C5, (c) C6, and (d) C8 

hydrocarbons, as determined by GC-VUV analysis of the cracker effluent quenched at 60°C. The 

results belonging to the secondary axis are plotted with dashed ( - - - - ) lines.    

The C4 � C8 composition, as depicted in Figure 15, offers a clear visualization of their 
distribution. Within the C4 species, 1,3-butadiene emerges as the dominant species, 
representing 80% of the share for PE and 50% for MRP. Isobutylene appears prominently in 
the cracker effluent when MRP is used as the feedstock, comprising up to 28% of the C4 
species. However, the share of isobutylene among the C4s is limited to less than 5% for PE. A 
similar trend emerges for 1-butene. The remaining C4 species, such as 2-butenes and 
vinylacetylene, collectively contribute less than 10% of the C4s. The contribution of butane 
and 1,2-butadiene is minimal, each accounting for less than 1% and therefore omitted from 
Figure 15. 

The C5 hydrocarbon group includes three main species: cyclopentadiene, 2-methyl-1,3-
butadiene, and 1-pentene. Cyclopentadiene constitutes up to 75% of C5s for PE and 65% for 
MRP. The share of 2-methyl-1,3-butadiene among the C5s comprises 20% for PE and nearly 
40% for MRP. 1-pentene is exclusively present when PE is the feedstock. Other C5 species, 
not depicted in Figure 15, collectively represent less than 1% of the C5s. 
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The C6, C7, and C8 groups are predominantly BTXS, with traces of cyclohexadiene within the 
C6 group. Notably, cyclohexadiene stands out as the only non-aromatic species identified in 
the C6 � C8 range. The C7 group is exclusively composed of toluene, therefore not depicted in 
Figure 15. The C8 group consists of xylenes and styrene. Xylenes appear in only one data point, 
constituting approximately 20% of the C8s. 

Transitioning to the last group, the C9 � C18 hydrocarbons, Figure 16 shows the yields 
(%carbon, by weight) of the species belonging to this group, as calculated based on the GC-
VUV analysis of the SPA samples. The total time of analysis for this group of species is 22 
minutes. 

 

Figure 16. Yields (%carbon, by weight) of C9 to C18 species, calculated based on GC-VUV analysis 

of the cracker effluent sampled using the SPA method. The species are categorized as 2-ring, 3-ring, 
and 4-ring aromatic hydrocarbons. 

Figure 16 illustrates that the C9 � C18 group is predominantly polyaromatics. The GC-VUV 
analysis did not detect aliphatic or naphthenic species within this range. The polyaromatic 
compounds account for around 4.5% (%carbon) for the data points PE1 and PE4. Analyzing 
the breakdown of these polyaromatics, 2-ring compounds, including naphthalene and its 
derivatives, hold the predominant portion. Meanwhile, the yields of 3-ring and 4-ring 
compounds are notably minor, constituting less than 1% of the carbon balance. 

 

4.3 Method validation and analysis time 

The carbon balance obtained with the proposed 3-step method is validated against established 
methods in the literature. This validation process involves taking redundant samples 
simultaneously and comparing the yields of important species. Figure 17 compares the yields 
of BTXS, derived from analyses conducted using GC-VUV and GC-FID. The GC-FID analysis 
is conducted on SPA samples to quantify specific aromatic species ranging from C6 to C18. 
This approach, developed by Israelsson et al., provides an assessment of certain aromatic 
compounds within the C6 to C18 range.82 
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Figure 17. Comparison of the yields (%carbon) of BTXS species measured by GC-VUV and GC-

FID. GC-VUV analysis was performed on cracker effluent quenched to 60°C. GC-FID analysis was 

performed on SPA samples. 

The GC-VUV analysis of the gas samples demonstrates comparability with the corresponding 
GC-FID results. However, subtle differences are noticeable in the yields of xylenes and styrene, 
as depicted in Figure 17. Specifically, the VUV analysis shows lower quantities of xylenes and 
styrene than the GC-FID results. These variations relate to the relatively low concentrations of 
styrene and xylenes within the product mixture, as well as the influence of water vapor in the 
hot gas sample, which contributes to the dilution of these species. The underestimation of 
styrene and xylenes collectively accounts for less than 1% of the carbon balance. 

Similarly, the yield of C9 � C18 species is validated by comparing the results obtained from 
GC-VUV and GC-FID analysis of the corresponding SPA samples. Figure 18 shows this 
comparison. 

 

Figure 18. Comparison of the yields of C9 � C18 species measured by GC-VUV and GC-FID. Both 

measurements were performed on SPA samples. 
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The comparison of polyaromatic yields obtained from GC-VUV and GC-FID measurements 
of the SPA samples reveals significant similarity. Minor deviations are evident in Figure 18, 
where GC-VUV indicates marginally lower yields than those recorded by GC-FID. This 
discrepancy arises from GC-VUV underestimating 3-ring and 4-ring species compared to GC-
FID. Just as with xylenes and styrene, which experience slight underestimation through VUV 
analysis, the underestimation of 3-ring and 4-ring polyaromatics contributes less than 1% to 
the carbon balance. 

The validation of the overall carbon balance derived from the method introduced in this chapter 
is performed using the HTR method. This method, as outlined in Chapter 3, is used to estimate 
the total elemental carbon at the outlet of the Chalmers steam cracker. Essentially, it estimates 
the total carbon yield over the steam cracker relative to the carbon content in the feedstock. 
Figure 19 shows a comparison of the carbon balance closure obtained through the method 
developed in this chapter alongside the carbon balance derived with HTR. Additionally, the 
figure includes the carbon balance obtained through the reference method, where GC-FID 
analysis is utilized. 

 

Figure 19. Carbon balance closure (for PE 4) achieved with the sampling and analysis method 

described in this chapter. The reference corresponds to the carbon balance obtained using the 

reference method with GC-FID analysis. Unspecified is the difference between the carbon balance 

obtained with HTR and each of the two methods. The time windows represent the time required for 

respective GC analysis. 

Figure 19 shows that the carbon balance derived from GC-VUV analysis aligns with the carbon 

balance obtained through HTR. Specifically, the method developed in this work yields a carbon 

balance of 94.8%, approximately 3.5% lower than the total carbon estimated at the cracker 

outlet by HTR. In contrast, the reference method employing GC-FID analysis underestimates 

the carbon balance by approximately 10%. That is because the reference method fails to sample 

and analyze aliphatic and naphthenic species within the range of C4 � C18. 

The method outlined in this chapter requires only 26 minutes for the entire analysis process. 

The characterization of C9 � C18 species becomes the time-determining step, accounting for a 

22-minute analysis time window. In contrast, GC-FID analysis is time-consuming, requiring a 

substantial 180 minutes. Despite its rapid quantification capabilities, GC-VUV analysis does 

come with a trade-off of underestimating the yields of low-concentration species such as 

xylenes and polyaromatics. Nonetheless, the overall time savings and efficiency provided by 
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GC-VUV and its capability to detect and quantify a wide range of hydrocarbons make it a 
favorable choice for analyzing cracker effluent compared to the conventional GC-FID method. 

The sampling strategies utilized for GC-VUV analysis predominantly rely on offline 
techniques, such as gas vessels and SPA samples. It's crucial to acknowledge that the manual 
nature of these sampling procedures introduces the potential for overall measurement errors. 
An online system must be implemented to address the limitations associated with offline 
sampling. This system would involve dehydration and quenching the cracker effluent to the 
dew point of C8 hydrocarbons before injecting them into the GC-VUV system. By integrating 
such an online system, real-time quantification of species up to C8 can be performed in just 4 
minutes. Such a sampling system could also mitigate the challenges of quantifying trace species 
within the C7 and C8 hydrocarbon range. 

Considering the time-intensive nature of characterizing C9+ hydrocarbons, it is advisable to 
perform this analysis offline. This approach guarantees that the C9+ hydrocarbons do not 
hinder the analysis of the lighter and more significant species. Implementing an offline 
sampling strategy for C9+ species also removes the limitation on the number of samples that 
can be taken during a stable operation. 

The findings presented in this chapter hold significant implications for industrial processes, 
particularly in the context of a steam cracking process dedicated to plastic waste. Variations in 
the quality of collected plastic waste can result in fluctuations in the composition of the cracker 
effluent. This variation is evident in the composition of C4 and C5 species, as depicted in Figure 
15. The increased concentrations of branched isomers, such as isobutylene and 2-methyl-1,3-
butadiene, in the cracker effluent when MRP is the feedstock indicate a significant presence of 
branched polymer (PP) in the feedstock. The analytical strategy proposed in this chapter offers 
a practical solution by enabling swift detection of changes in product composition. Moreover, 
the utilization of VUV absorption spectra adds another layer of practicality. These spectra not 
only facilitate the detection of changes in hydrocarbon composition but also enable the 
identification of hydrocarbons containing heteroatoms. This aspect is particularly relevant as 
certain plastic materials may produce hydrocarbons with heteroatoms during steam cracking. 
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CHAPTER 5 

 

5 � Establishing an ideal operating window for DFB steam crackers 

 

Cracking severity is one of the primary factors influencing product distribution in a steam 
cracker. In a conventional steam cracker, control over the cracking severity mainly involves 
regulating the temperature and residence time. However, operating a DFB steam cracker 
presents additional complexities. 

In a DFB steam cracker, numerous factors, including the temperature of the bed material, the 
circulation rate of the bed material, the feedstock-to-steam ratio, the fluidization regime, and 
the temperature in the freeboard, among others, influence the cracking severity. Due to the 
operational challenges inherent in managing a large-scale reactor system, investigating the 
influence of each parameter becomes a daunting task. 

In light of these challenges, defining an operational window emerges as a pragmatic approach. 
This window can be characterized by various operating conditions, encompassing a spectrum 
of cracking severity. Such an approach provides a practical framework for optimizing the 
operation of a DFB steam cracker and achieving desired product distributions. 

This chapter focuses on developing a reference database for large-scale DFB steam crackers, 
with insights drawn from Papers V and VIII. The primary goal is to identify and define an 
operating window for large-scale DFB steam crackers dedicated to ethylene, propylene, and 
BTXS production. Product distributions obtained across various cracking severities are 
evaluated to gain a comprehensive understanding of the product yields. The aim of this chapter 
is not to propose a specific optimal operating condition but rather to present an operational 
window favorable for the production of light olefins and monoaromatics. A clean feedstock 
and inert bed material, silica sand, are used to ensure minimal interference from external factors 
on the reactor system and steam cracking reactions. 
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5.1 Operational parameters 

A comprehensive dataset detailing product distributions obtained from 32 unique operational 
points of the Chalmers DFB steam cracker is presented. These operational points encompass 
variations in operating conditions, including the bed material temperature, feeding rate to the 
steam cracker, and the bed material circulation rate. Moreover, the operational variations 
include two feedstocks: PE pellets and naphtha. Throughout the experimental campaign, all 
other parameters relevant to the steam cracking reactor of the DFB system were held constant. 
Table 7 provides a summary of the operational parameters. 

Table 7. The range of operational parameters corresponding to the operational window encompassing 
32 unique points. 

Feedstock Feeding 
rate (kg/h) 

Bed material 
temperature (°C) 

Bed material 
circulation (ton/h) 

Number of 
operational points 

PE  60 � 120  700 � 825  8 � 30  25 

Naphtha 40 750 � 810  10 � 12  7 

The operational points outlined in Table 7 correspond to an extensive experimental campaign 
spanning five years. Each data point presented in this chapter represents a stable operation of 
the steam cracker, lasting at least 60 minutes. Throughout the entire experimental campaign, 
the quality of the bed material, silica sand, was maintained by replacing 500 kg of old silica 
sand with fresh silica sand daily. 

The results outlined in this chapter are operational curves derived by plotting the yield of 
various important species against cracking severity. This approach enables the evaluation of 
results without dependence on specific operating conditions, providing a broader 
understanding of the system's behavior. Additionally, these operational curves offer a clear 
visualization of how the product distribution evolves in response to changes in cracking 
severity. 

This chapter additionally includes a comparison of the performance of the Chalmers DFB 
steam cracker when operated with PE and naphtha as feedstock. This comparison involves 
superimposing the data points related to naphtha onto the operational curves obtained with PE 
as the feedstock. This comparison aims to offer a fundamental understanding of how the 
cracking process of a polymeric feedstock relates to that of a conventional feedstock like 
petroleum naphtha. Moreover, such a comparison provides insight into the behavior of the 
reactor system operated with different feedstocks. 
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5.2 Obtained product distributions and cracking severity 

As outlined in Chapter 2, methane yield serves as a crucial indicator for assessing cracking 

severity. The methane yield increases with rising cracking temperature due to the chain-end 

bond scission reaction. Figure 20 illustrates this correlation between methane yield and bed 

material temperature. Here, the bed material temperature represents the cracking temperature, 

a widely used parameter for characterizing cracking severity in the petrochemical industry. 

  

Figure 20. Relation between yield (%carbon) of methane and the cracking severity. The bed material 

temperature (°C) describes the cracking severity. 

It is crucial to note that while Figure 20 utilizes bed material temperature to describe cracking 

severity, other variations in operating conditions also influence cracking severity. The points 

depicted in Figure 20 encompass variations in bed material circulation rate and feed flow to 

the steam cracker, each of which can independently impact cracking severity. However, the bed 

material temperature serves to simplify the visualization of the correlation between methane 

yield and cracking severity. 

A clear trend indicating an increase in methane yield with increasing bed material temperature 

is evident in Figure 20. This trend aligns with the understanding that elevated temperatures or 

higher cracking severity favors methane formation through the chain-end scission reaction.19,84 

In the temperature range of 700 to 825°C, methane yield ranges from 8% to 15% (%carbon). 

The correlation between methane yield and cracking temperature suggests that methane yield 

can serve as a basis for describing cracking severity. The cracking severity of different cracking 

operations can be compared simply by evaluating methane yield. Figure 21 illustrates the 

correlations between the yields of different hydrocarbon species and the yield of methane. 
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Figure 21. Relation between the yield (%carbon) of ethylene (a), C3Hx + C4Hx (b), BTXS (c), and 

naphthalene (d) and the cracking severity. Methane yield (%carbon) describes the cracking severity. 

Figure 21 illustrates the yields of (%carbon) of ethylene, C3Hx, C4Hx, BTXS, and naphthalene 

as a function of methane yield. Across all tested operating conditions in the Chalmers steam 

cracker, trends of higher yields of ethylene, BTXS, and naphthalene with higher methane yield 

can be observed. Specifically, the yield of ethylene increases with the rise in methane yield, 

reaching a maximum yield of 35% at a methane yield of 14%. In the obtained range of methane 

yield, the BTXS yield falls between 9% to 18%. Notably, naphthalene exhibits the steepest 

increase in its yield with the increase in methane yield, with an overall range of 0.5% to 2.8%. 

The total yield of C3Hx and C4Hx exhibits a decreasing trend with the increase in methane yield 

across the entire range of operating conditions. Initially, when methane yield is at its lowest, 

the total yield of C3 and C4 hydrocarbons is 30%. As methane yield increases, the combined 

yield of C3 and C4 gradually decreases, reaching its lowest point of 10% for the highest 

methane yield. 

A part of the feedstock also converts to carbon oxides (CO and CO2) during steam cracking, 

attributable to the presence of steam in the system. Figure 22 illustrates the variation in the 

yield (%carbon) and the composition (O/C molar ratio) of the carbon oxides with respect to the 

change in methane yield across all operating conditions. 
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Figure 22. Correlation between (a) the combined yield of CO and CO2 (%carbon) and the yield of 

methane (%carbon), (b) O/C ratio (mol/mol) of the syngas and the yield of methane. 

There is a general increasing trend in the yield of COx with the rise in methane yield. 

Additionally, a consistent CO/CO2 ratio is maintained across all operating conditions, as 

indicated by the stability in the O/C ratio. The yield of COx ranges from 1% to 8% (% carbon), 

while the O/C ratio of the COx mixture falls within a narrow range of 1.6 to 1.9. 

The correlations shown in Figures 20 to 22 outline the operational window for steam cracking 

of PE in the Chalmers DFB steam cracker. These correlations serve as a reference for 

comparing the operation of different steam crackers or different operations of the same unit. 

They also provide a means to compare steam cracking operations with different bed materials 

or feedstocks to the steam cracking of PE in the presence of silica sand. The yields obtained 

with naphtha can be plotted onto the operational curves presented in Figures 20 to 22 to 

illustrate the operation of the Chalmers unit with naphtha as the feedstock. Figure 23 

demonstrates the superimposition of the seven operational points with naphtha as the feedstock 

on the reference operational curves. 

 

Figure 23. Operational points for steam cracking of naphtha in the Chalmers DFB steam cracker. The 

shaded regions in the plots show the operational curves obtained with PE as the feedstock and provide 

a reference for comparison. 
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Figure 23 compares the steam cracking of naphtha and PE within the Chalmers unit. Despite 
variations in operating conditions for naphtha and PE, notable similarities emerge in the 
methane-temperature correlation and the correlation between ethylene and methane. There is 
an upward trend in methane and ethylene yields with increasing cracking severity similar to 
that observed with PE. In addition, it is crucial to compare individual data points with the 
overall operational window for PE. For example, in the methane vs temperature plot, naphtha 
yields higher methane than PE at similar cracking temperatures. Similarly, naphtha shows a 
slightly lower ethylene yield than PE at equivalent cracking severities in the ethylene vs 
methane plot. 

The deviations observed from the reference operational curve originate from the change in 
feedstock type within the steam cracker, with no other significant alterations made to the reactor 
system. Despite sharing aliphatic molecular structures, naphtha and PE differ significantly in 
their physical state and atomic composition. Naphtha is primarily C5 to C9 hydrocarbons and 
is a liquid at room temperature, whereas PE is a solid. Moreover, naphtha's smaller aliphatic 
chain lengths result in a lower molecular weight and a higher H/C ratio than PE (see Table 5 in 
Chapter 3). 

The liquid state and lower molecular weight of naphtha make it easier to crack than PE. As a 
result, naphtha achieves higher cracking severity levels at given process conditions compared 
to PE. Consequently, slightly higher methane yields are obtained from naphtha compared to 
PE. Moreover, the higher H/C ratio of naphtha also plays a significant role in increasing the 
production of methane. Additionally, it is worth noting that all the correlations illustrated in 
Figures 21 and 22 also apply to naphtha, although not extensively detailed in this chapter. These 
correlations also indicate that the product distributions obtained from the steam cracking of 
naphtha in a DFB closely resemble those from a conventional steam cracker.16,85 

This chapter establishes methane as a key factor in describing cracking severity and provides 
correlations for DFB steam crackers. These correlations offer a clear understanding of how 
product distribution evolves with changes in cracking severity. Additionally, they can serve as 
indicators for detecting shifts in feedstock type or potential developments in catalytic activity 
within the system, which may alter reaction pathways and product distribution. These 
correlations also provide experimental validation of the cracking mechanisms reported in the 
literature19,20,66,68,84, demonstrating their applicability in the context of large-scale DFB steam 
crackers. They indicate that the cracking severity achieved in a DFB steam cracker operated 
within the range of 700�825°C is suitable for the selective production of light olefins and 
monoaromatics, which can constitute up to 65% of the cracker effluent. 
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CHAPTER 6 

 

6 � Steam cracking of waste streams in DFB 

 

The findings outlined in Chapter 5 highlight the potential of steam cracking of polyolefins 
within a DFB system, demonstrating the ability to achieve selective production of light olefins 
and mono-aromatics, up to 50% and 20% (% carbon), respectively, within the identified ideal 
operating window. However, the ideal operating window considers pure PE as the feedstock. 
The broader application of this process for recycling plastic waste necessitates a thorough 
investigation into the product distribution derived from real-world waste streams. 

This chapter explores the conversion of different waste streams within the DFB steam cracking 
process. The selection of waste streams, as discussed in Chapter 2, is a meticulous process that 
considers several factors, including their polyolefin composition, prevalence, and accessibility 
within society. Each selected waste stream did not undergo pretreatment or presorting before 
being introduced into the steam cracker. This approach ensures that the DFB steam cracking 
process is well-suited for recycling these wastes as they are within society. 

This chapter also provides insights into integrating alternative recycling methods with DFB 
steam cracking to enhance overall recycling rates. Among the waste streams examined in this 
chapter, three originate from alternative recycling methods already established at an industrial 
level: cardboard recycling, mechanical recycling of polyolefins, and polyolefin pyrolysis. 

The fraction rejected as waste from the cardboard recycling process (cardboard recycling reject 
or CRR) necessitates separating cellulose to obtain a pure polyolefin product, which becomes 
increasingly intensive as the cellulose content diminishes. Similarly, pyrolysis oil typically 
undergoes hydrotreatment to eliminate olefin and heteroatom content before integration into a 
tubular steam cracker.13 These supplementary steps contribute to lower recycling rates and 
incur additional costs within the recycling system. Moreover, the products derived from 
mechanical recycling typically exhibit inferior quality compared to virgin materials, making 
them unsuitable for their original applications.9 This chapter illustrates how these three 
products can be efficiently utilized, without pretreatment, within the DFB steam cracking 
process for selectively producing light olefins and mono-aromatics. 
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Drawing insights from Papers III, VII, and VIII, a comprehensive dataset of the product 
distributions obtained from these diverse waste streams is presented. The operating conditions 
within the steam cracker are selected based on the ideal operational window established in 
Chapter 5. 

 

6.1 Investigated waste streams and their properties 

The steam cracking experiments were conducted at semi-industrial and laboratory-scale DFB 
reactors, with a selection of operating conditions that align with the ideal operating window 
previously established in Chapter 5. The experimental framework, crucial to the analysis 
presented in this chapter, is outlined in Table 8. 

Table 8. Experiment matrix for steam cracking of waste streams in the Chalmers DFB steam cracker 
and the laboratory steam cracker. 

Feedstock Temperature (°C) Feeding rate (kg/h) Reactor system 

MRP1 750 � 790 50 � 100  Chalmers DFB  

CRR2 750 � 800  50  Chalmers DFB 

MPW3 720 � 810  50 Chalmers DFB 

Pyrolysis oil 720 � 760  28 Chalmers DFB 

Rapeseed oil 650 � 750  Batch feed (2 g) Laboratory reactor 

Face masks 700 � 800  Batch feed (2 g) Laboratory reactor 

Syringes 700 � 800 Batch feed (2 g) Laboratory reactor 

Nitrile gloves 700 � 800 Batch feed (2 g) Laboratory reactor 

Non-woven gloves 700 � 800 Batch feed (2 g) Laboratory reactor 
1MRP: mechanically recycled polyolefins;  2CRR: cardboard recycling reject ;  3MPW: mix plastic waste 

The results are presented in the form of the yields (%carbon or mol/kg) of species in the cracker 
effluent. The data points are compared with the reference operation, allowing for an assessment 
of the influence of the non-polyolefin content of the feedstock on the product distribution. 
Furthermore, the impact of the feedstock's olefinicity on the formation of solid carbon deposits 
is also investigated. Table 9 provides relevant characteristics of the feedstocks, serving as the 
foundation for the findings presented in this chapter. 
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Table 9. Properties of the feedstocks used in this work. 

Feedstock Polyolefin 

content (%wt.) 

Oxygen content 

(mol O/kg) 

Olefinicity          

(%, C = C/C � C) 

MRP 100 0.00 0 

CRR 47.5 13.12 0 

MPW 45.8 8.92 0 

Pyrolysis oil 95a 0.00 2.5a 

Rapeseed oil 85b 5.61 10b 

Face masks 85 2.92 0 

Syringes 100 0.00 0 

Nitrile gloves 70 5.88 14c 

Non-woven gloves 100 0.00 0 
aCalculated based on the PIONA composition of pyrolysis oil. 
bCalculated based on the molecular structure of rapeseed oil. 
cCalculated based on the molecular structure of nitrile butadiene rubber repeating units. 

The polyolefin content of the feedstock, as outlined in Table 9, quantifies the amount of PE and 
PP in the feedstock. This determination of polyolefin content follows the methodology 
established by Forero Franco et al., which utilizes the feedstock's elemental composition and 
lower heating value to estimate its polymeric composition.86 Despite rapeseed oil not being a 
polymer, it has been given 85% polyolefin content, calculated based on the aliphatic molecules 
within its molecular structure. Similarly, pyrolysis oil, composed of 95% aliphatics, is assigned 
a polyolefin content of 95% accordingly. The polyolefin content of nitrile gloves represents the 
share of nitrile butadiene rubber (NBR). 

The oxygen content (mol O/kg) of the feedstock is calculated based on its elemental 
composition. This oxygen content primarily arises from the presence of oxygen-containing 
polymers like PET or cellulose within the feedstock. Although the PET and cellulose content 
of each feedstock can be estimated using Forero Franco et al.'s method, these details are not 
provided here. In the case of rapeseed oil, its oxygen content relates to the presence of oxygen 
atoms within its molecular structure. 

The olefinicity of a given feedstock, as outlined in Table 9, is determined by the presence of 
carbon-to-carbon double bonds (C = C) within its molecular structure. The term "olefinicity" 
here should not be confused with its usage in the petrochemical industry, where it typically 
denotes the quantity of olefins within a hydrocarbon mixture. Olefinicity is defined as the ratio 
of the number of C = C bonds to the number of C � C bonds within the molecular structure of 
a given feedstock. For instance, in the case of NBR, each repeating unit contains one C = C 
bond for every five C � C bonds (as illustrated in Figure 25), resulting in an olefinicity of 20%. 
Consequently, if nitrile gloves are 70% NBR, their olefinicity would be 14%. 
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Figure 23. Molecular structure of nitrile butadiene rubber (NBR). 

Materials such as MRP, CRR, MPW, face masks, syringes, and non-woven gloves are assumed 

to have an olefinicity of 0%. This assumption considers the absence of C = C bonds in the 

molecular structures of PE, PP, PET, and cellulose. 

 

6.2 Product distributions in relation to the feedstock composition 

In the steam cracking process, ethylene receives primary attention. The cracking severity plot 

depicted in Figure 24 provides the ethylene yield obtained from steam cracking of the different 
waste streams in the Chalmers DFB unit. 

 

Figure 24. Operational points for steam cracking of waste streams in the Chalmers DFB steam 

cracker, depicted on the cracking severity plot. Cracking severity is described as the yield of methane. 
The reference operational curve obtained with PE as the feedstock is shown within the shaded region 

on the plot. 

Figure 24 also illustrates the reference curve derived using PE as the feedstock, displayed 

within the shaded region on the plot. A consistent trend emerges across all feedstocks, showing 

an increase in ethylene yield with higher cracking severity, aligning closely with the observed 

trend in the reference curve. However, notable deviations become apparent when comparing 

individual ethylene yields with the reference operation. 

The ethylene yield obtained with pyrolysis oil closely aligns with the reference operation, 

reaching a maximum of 28%. The ethylene yield for MRP, CRR, and MPW feedstocks deviates 

significantly from the reference. Specifically, MRP yields ethylene between 22% and 24%, 
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slightly below the reference curve. On the other hand, both CRR and MPW yield similar 

amounts of ethylene, ranging from 15% to 20%. 

The yield of ethylene from steam cracking in the laboratory reactor can be depicted similarly 

on the cracking severity plot, as shown in Figure 25. This figure also facilitates a comparison 

of the ethylene yield obtained with the various feedstocks against the reference operation. 

 

Figure 25. Operational points for steam cracking of waste streams in the laboratory reactor. The 

reference operational curve (PE) is shown within the shaded region. 

Interestingly, a similar trend emerges, showing increasing ethylene yield with increasing 

cracking severity across most data points obtained from the laboratory reactor. Notably, the 

ethylene yield obtained from rapeseed oil closely aligns with the reference operational curve, 

hovering around 25%. Face masks and syringes yield ethylene comparable to the reference 

operation, although slightly lower, between 15% and 26%. The yield of ethylene from nitrile 

gloves and non-woven gloves is notably lower than the reference, at approximately 8% and 

17%, respectively. 

The deviations observed from the reference curve in both Figures 24 and 25 are because of the 

diverse compositions and molecular structures of the feedstocks. Among all the feedstocks, 

rapeseed oil, pyrolysis oil, and MRP exhibit the most similarity to PE. Pyrolysis oil and 

rapeseed oil are mostly aliphatic and share a molecular structure comparable to PE. Similarly, 

MRP, originating from the mechanical recycling of well-sorted polyolefins, predominantly 

consists of PE and PP. As a result, MRP, rapeseed oil, and pyrolysis oil yield ethylene within a 

range closely resembling the reference operation. 

The lower ethylene yield observed in other feedstocks is primarily due to their lower polyolefin 

content. This lower polyolefin content is related to additional materials such as cellulose and 

PET in the feedstock. Furthermore, the presence of PP also contributes to deviations from the 

reference curve, as evidenced in the cases of MRP and MPW in Figure 24. Due to a substantial 

share of PP in MRP and MPW, there is an increased propylene yield and, consequently, a lower 

ethylene yield than the reference operation. The increased propylene production relative to 

ethylene is also observed for syringes, which similarly contain a significant amount of PP. 
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The influence of the polyolefin content of the feedstock on ethylene yield remains unclear from 

the data presented in Figures 24 and 25. For a fair comparison with PE,  it is beneficial to plot 

the yields of ethylene and propylene against the polyolefin content of the feedstock. This 

correlation shows how polyolefins within the feedstock convert within a DFB steam cracker. 
Figure 26 illustrates this correlation by depicting the combined yield of ethylene and propylene 

in relation to the polyolefin content of the feedstock. 

 

Figure 26. Correlation between the combined yield of ethylene and propylene and the polyolefin 

content of the feedstock. The average ethylene + propylene yield obtained with PE (100% polyolefin) 

is visualized with the dashed line. 

Figure 26 illustrates the total yield of ethylene and propylene for feedstocks with polyolefin 

content lower than 100%. These feedstocks comprise CRR, MPW, RO, face masks, and nitrile 

gloves, with polyolefin content ranging from 42% to 85%. A dashed line is included as a 

reference, representing the average ethylene + propylene yield obtained with PE across the 

dataset presented in Chapter 5. 

The combined yield of ethylene and propylene obtained with CRR, MPW, RO, and Face masks 

closely align with the reference line, suggesting that the polyolefins in these feedstocks convert 

to C2 � C3 olefins in a similar proportion as PE. Furthermore, data points above the reference 

line indicate slightly higher ethylene and propylene production than PE, potentially originating 

from other materials such as PET and cellulose in these feedstocks.  

The yield of ethylene and propylene from Nitrile gloves notably diverges below the reference 

line. With a polyolefin content of 70%, the combined yield of ethylene and propylene ranges 

from 10 to 15%. This deviation relates to the distinctive molecular structure of NBR. Despite 

falling under the category of polyolefins, the presence of C = C and C ≡  N bonds within NBR 

hinders the generation of low molecular weight olefins during the steam cracking process. 

The polymer composition and molecular structures also influence the aromatics yield in the 

cracker effluent. The presence of PET and PS in the feedstock results in an increase in the yield 

of aromatics.52,86 Additionally, the C = C bonds within molecular structures enhance the 
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formation of the aromatic.87 Figure 27 provides the yield of aromatics obtained from the 

different feedstocks. 

 

Figure 27. Correlation between the yield of aromatics and the yield of methane. The yield of methane 

serves as the indicator of the cracking severity. The reference curve obtained with PE is visualized 

with the shaded region in the plot. 

Figure 27 shows the yield of aromatics from MRP, CRR, Pyrolysis oil, MPW, Rapeseed oil, 

and Nitrile gloves plotted against cracking severity, with methane yield as the cracking severity 

indicator. CRR and MPW are feedstocks with PET and PS, while Pyrolysis oil, rapeseed oil, 

and Nitrile gloves represent those with C = C bonds. Furthermore, the aromatic yield from 

MRP, devoid of PET, PS, and C = C bonds, is also shown. The shaded region on the plot shows 

the reference. 

The aromatic yield obtained from MRP (15 � 25%) and CRR (16 � 18%) falls within the shaded 

region in Figure 27, indicating a similar yield to that of PE. This similarity for MRP shows its 

exclusive composition of PE and PP. For CRR, the resemblance to PE in aromatic yield relates 

to its non-polyolefin content, primarily composed of cellulose with minimal PET and PS 

content. In contrast, MPW, with a higher proportion of PET and PS than CRR, yields more 

aromatics, surpassing both CRR and the reference operation. Similarly, rapeseed oil and nitrile 

gloves produce higher aromatic yields because of C = C bonds. Interestingly, pyrolysis oil is 

the only feedstock with a significantly lower aromatic yield than PE. 

The C = C bonds within the molecular structure of feedstocks also influence the formation of 

carbon deposits during the steam cracking process. Although the accumulation of carbon 

deposits on the bed material may not notably affect the operation of the DFB steam cracker, it 

remains an important parameter to consider. Because the carbon deposits will undergo 

combustion in the regenerator of the DFB unit, converting to CO2. Figure 28 illustrates the 

yield of carbon deposits obtained from feedstocks containing C = C bonds, shown as a function 

of the olefinicity of the feedstock. 
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Figure 28. Correlation between the yield of solid carbon deposits and the olefinicity of the feedstock. 

Figure 28 illustrates the yield of carbon deposits obtained from pyrolysis oil, rapeseed oil, and 

nitrile gloves�three feedstocks characterized by the C = C bonds in their molecular structures. 

Pyrolysis oil exhibits the lowest carbon deposit yield at 0.5%. As the olefinicity of the feedstock 

increases, there is a corresponding rise in the yield of carbon deposits. The yield of carbon 

deposits for rapeseed oil is between 1.6 and 2.2%. Nitrile gloves, which have the highest 

olefinicity among the three, yield carbon deposits of up to 3%.  

Transitioning to the final characteristic of feedstocks, the oxygen content of the feedstock. It is 

imperative to address its implications on the product distribution obtained from a steam cracker. 

The presence of oxygen poses challenges as it can partially or fully oxidize the feedstock, 

resulting in the formation of carbon oxides. Despite this undesirability, it's inevitable to 

encounter waste streams with oxygen content due to the inherent presence of PET and 

cellulose. Figure 29 illustrates the correlation between the yield of oxygen atoms in the cracker 

effluent and the oxygen content of the feedstock. 
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Figure 29. Correlation between the yield of oxygen in the cracker effluent and the oxygen content of 

the feedstock. The dashed line on the plot corresponds to an equal amount of oxygen in the cracker 

effluent and the feedstock. 

Figure 29 provides the oxygen yield in the cracker effluent for CRR, MPW, rapeseed oil, face 

masks, and nitrile gloves. A dashed line on the plot indicates an equal amount of oxygen in the 

cracker effluent and the feedstock. It's important to note that the oxygen yield in the cracker 

effluent corresponds exclusively to carbon oxides. The oxygen yield in the form of 

hydrocarbons is negligible and disregarded in this plot. 

The oxygen yield obtained for nearly all data points exceeds the reference line in Figure 29, 

suggesting a higher oxygen presence in the cracker effluent than in the feedstock. This excess 

oxygen in the effluent could stem from various sources, including the steam reforming of 

hydrocarbons or the water gas shift reaction. While it is plausible that oxygen could also 

originate from the oxidation of the feedstock by the bed material, this contribution is marginal 

due to the low oxidation potential of silica sand at the temperatures employed in this study. 

The yield of oxygen in the cracker effluent, obtained primarily in the form of syngas, 

underscores the potential for converting the syngas into molecular building blocks to enhance 

the recycling rate of the overall process. As outlined in Chapter 2, the production of molecular 

building blocks from syngas (Route B in Figure 2) can be achieved through various synthesis 

processes such as MTO and FT. Optimal conversion of syngas in these synthesis processes 

typically requires an R ratio of 2.23 Figure 30 provides a visualization of the R ratio of the 

produced syngas alongside the oxygen content of the feedstock. 
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Figure 30. The R ratio of the syngas and the amount of additional H2 required to obtain the optimal R 

ratio of 2 for the oxygen-containing feedstocks. MRP and Pyrolysis oil (PO), both devoid of oxygen, 

are used as references. The R ratio is defined as R = (H2 � CO2)/(CO + CO2). 

Figure 30 illustrates a clear trend: as the oxygen content of the feedstock increases, the R ratio 

of the syngas obtained from the steam cracking process decreases. Pyrolysis and MRP, which 

have no oxygen content, exhibit an R ratio of syngas around 2.5. Conversely, the oxygen-

containing feedstocks show R ratios of syngas significantly lower than 2, indicating an 

increased need for additional H2 in downstream synthesis processes. This trend highlights the 

increasing requirement for additional hydrogen as the oxygen content of the feedstock 

increases. Furthermore, Figure 30 also highlights the amount of hydrogen needed to achieve 

the optimal R ratio of 2. The syngas obtained from pyrolysis oil and MRP, with R ratios 

exceeding 2, do not necessitate additional hydrogen for downstream synthesis processes. 

 

6.3 On the ability of DFB steam crackers to process unsorted plastic waste  

The findings outlined in this chapter underscore the potential of leveraging a DFB steam 

cracking process to recycle the heterogeneous plastic waste generated in society. Despite 

variations in polymer composition, the DFB steam cracker effectively converts the waste 

streams. The conversion of the polyolefin content of the feedstock into ethylene and propylene 

occurs in a proportion similar to that of PE, which is approximately 42.5%. Importantly, this 

proportion remains consistent regardless of the other materials in the feedstock, such as PET 

and cellulose. This finding underscores the DFB steam cracker's ability to effectively 

differentiate between polyolefin and non-polyolefin contents during conversion, providing an 

in-situ sorting mechanism. 

The chapter highlights the influence of non-polyolefin materials, including PET, PS, and 

cellulose, on the resultant product distribution. As the non-polyolefin content in the feedstock 

rises, the cracker effluent sees an enrichment of syngas and aromatics. This increase in non-

polyolefin content within plastic waste raises the overall energy demands of the recycling 
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process, primarily due to the need for additional hydrogen necessary for synthesizing molecular 
building blocks from the produced syngas. 

The chapter also sheds light on the ability of a DFB steam cracker to process feedstocks with 
a high degree of unsaturation. It is noteworthy because of the tendency for increased 
unsaturation to lead to the formation of solid carbon deposits on the bed material surface. 
However, thanks to the resilient design of the DFB configuration, these carbon deposits are 
efficiently removed on the regenerator side without necessitating interruptions to the steam 
cracker operation. 

Given the DFB steam cracker's ability to selectively produce molecular building blocks from 
feedstocks with diverse compositions, including varying polyolefin content, PET, cellulose, 
and levels of unsaturation, it presents a promising solution to common challenges encountered 
in thermochemical recycling processes. Moreover, the versatility of the DFB steam cracker 
extends to products obtained from alternative recycling methods, such as mechanical recycling 
and pyrolysis. This chapter proves that pyrolysis oils can undergo steam cracking in a DFB 
steam cracker without additional energy-intensive processes such as hydrotreatment. 

This chapter also establishes WCO as a suitable biogenic feedstock for DFB steam cracking. 
Moreover, waste medical materials such as face masks, gloves, and syringes, which have their 
own dedicated and established waste management system, can be effectively recycled using 
the DFB steam cracking process. Overall, these findings provide valuable insights towards 
developing a comprehensive thermochemical recycling system centered around the DFB steam 
cracking process.
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CHAPTER 7 

 

7 � Selection of bed materials 

 

The results presented in Chapters 4, 5, and 6 are from investigations conducted in the Chalmers 
DFB cracker, with silica sand as the bed material. This choice aligns with a longstanding trend 
among researchers who have favored silica sand for fluidized bed processes involving the 
thermochemical conversion of plastic materials. The primary reasons for this preference are its 
cost-effectiveness and resilience under harsh process conditions. Additionally, the high SiO2 
content (>90%) makes it chemically inert in the context of hydrocarbon cracking reactions. In 
contrast, some natural ores have shown catalytic activity in a hydrocarbon-steam environment 
within fluidized beds. 

This chapter is based on Paper IV and undertakes a comparative analysis of four different 
natural ores. The objective is to assess the impact of natural ores on the steam cracking of 
polyethylene under the operating conditions observed in a DFB steam cracker. The evaluation 
centers on the performance of the steam cracking process by comparing parameters such as 
cracking severity, conversion rates, and the distribution of products among different 
hydrocarbon groups. The selected operating conditions ensure comparability and minimize 
external influences, emphasizing that the chapter does not aim to recommend specific bed 
materials or operating conditions for optimizing product yields. Instead, its focus is to highlight 
the interaction between bed materials and cracking reactions, providing valuable insights to 
guide the selection of bed materials for specific applications. 
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7.1 Natural ores: Silica sand, Olivine, Bauxite and Feldspar 

Table 10 provides the characteristics of the bed materials discussed in this chapter, including 
their potential catalytic activities as reported in the literature. The primary goal of this chapter 
is to clarify the impact of these bed materials, in their natural state, on the steam cracking 
reactions. 

Table 10. Characteristics of the bed materials investigated in this chapter and their potential catalytic 
activity in a hydrocarbon-steam environment. 

Bed material Properties Catalytic potential  

Silica sand - 90% SiO2 
- 316 mm avg. particle size 
- 2650 kg/m3 particle density 

Assumed inert 

Olivine - 41.7% SiO2 
- 288 mm avg. particle size 
- 3300 kg/m3 particle density 

Potential steam reforming 
catalyst when activated 
with biomass ash70,75,88  

Bauxite - 6.5% SiO2 
- 288 mm avg. particle size 
- 3300 kg/m3 particle density 

Potential hydrocracking 
catalyst because of high 
Al2O3 content (>80%)73 

Feldspar - 67.5% SiO2 
- 288 mm avg. particle size 
- 3300 kg/m3 particle density 

Potential steam reforming 
catalyst when activated 
with biomass ash71,75 

The selection of the bed material affects the performance of the cracking process, mainly due 
to interactions between two cracking reactions: C − C and C − H bond breaking reactions. 
Interactions with C − C bond breaking impact the cracking severity, determining how 
extensively the hydrocarbon feedstock breaks down into smaller molecules. Interactions with 
C − H bond breaking can influence product distribution or secondary reaction pathways. This 
chapter highlights the interactions of silica sand, bauxite, olivine, and feldspar with the two 
primary reactions. 

The C − C bond breaking interactions of the bed materials are compared based on two key 
parameters: the conversion rate and cracking severity. The conversion rate is the percentage of 
the feedstock successfully cracked into smaller molecules through cracking reactions. 
Specifically, the conversion rate is the total yield (%carbon, by weight) of C1 � C4 species, 
aromatic compounds, PAHs, and carbon deposits. Notably, aliphatic and naphthenic 
hydrocarbons with chain lengths of C5 and higher are not in the conversion rate calculation. 
These species are typically considered unconverted in a steam cracking process, often 
necessitating a secondary cracking step downstream, such as FCC or hydrocracking. The 
calculation of the conversion rate is provided by Equation 4.                 (%)=  %     + %     + %      + %      + %       + %           + %      + %                  

Equation 4 
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The assessment of cracking severity involves a comparison of methane yield. A correlation 

between ethylene and methane yields is used for this assessment. The evaluation of C − H bond 

breaking interactions of the bed materials involves examining the distribution of hydrogen 

atoms among various species in the cracker effluent and the average H/C ratio of the cracker 

effluent. These assessments of the reactive interactions of the bed materials rely on the carbon 

and hydrogen balances derived over the steam cracker. 

The results originate from the experiments conducted in the laboratory setup at a temperature 

of 750°C. This specific temperature of the bed material favors the production of light olefins, 

as seen in Chapter 5. A batch of 2g of PE pellets and a bed material-to-feedstock ratio of 250 

were used in each experiment. The experiments involved fully oxidized bed materials to 

emulate the dynamics of a DFB steam cracker, where the bed material enters the steam cracking 

reactor after being fully oxidized in the regenerator. 

 

7.2 Observed effect on C − C bond breaking 

The study of bed material interaction with C − C bond breaking reactions involves assessing the 

extent to which the feedstock cracks into smaller molecules for a specific bed material. An 

alternative approach is to analyze the yield of cracker effluent resulting from the effective 

cracking of the feedstock. In this context, the comparison of conversion rates of the feedstock 

and the severity of cracking serves as a valuable metric. Figure 31 presents the conversion rate 

obtained from the experiments, calculated according to Equation 4, considering the overall 

yields of C1 � C4 species, BTXS, and PAHs.  

 

Figure 31. Conversion rates for steam cracking of PE with silica sand, olivine, bauxite, and feldspar 

as bed materials. 

The results show that all four bed materials effectively convert PE, with conversion rates 

ranging from 93% to 95%. Silica sand demonstrates the highest conversion rate of 95%, while 

bauxite has the lowest conversion of 93%. Olivine and feldspar yield 95% and 94% conversion, 

respectively. The differences in conversion rates between the four bed materials are small, with 

a maximum difference of only 2%. 
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To further illustrate the interaction of the bed materials with the C − C bond breaking reaction, 

Figure 32 shows the variation in the cracking severity using the cracking severity plot. 

 

Figure 32. The yield of ethylene (%carbon, by weight) obtained with silica sand, olivine, bauxite, and 

feldspar as bed materials, shown on the cracking severity plot. The yield of methane serves as the 

indicator of the cracking severity. The reference curve obtained with the Chalmers DFB unit is 

visualized with the shaded region in the plot. 

Figure 32 illustrates the correlation between the yield of ethylene and cracking severity, with 

methane yield as the indicator for cracking severity. Additionally, the figure presents the 

reference cracking severity curve obtained from the Chalmers DFB steam cracker. This 

inclusion allows for comparison, providing insights into how the studied bed materials perform 

relative to the reference operation. 

Notable observation emerges upon comparing the operations of the lab reactor with the 

Chalmers DFB steam cracker. All four data points obtained from the lab reactor cluster closely 

within the shaded region shown in Figure 32. The cracking severities obtained with the four 

bed materials and the corresponding ethylene yield closely resemble the reference operation. 
Subtle differences become noticeable upon closer examination of the individual data points. 

Olivine and feldspar yield marginally lower cracking severity compared to bauxite and silica. 

Additionally, feldspar and olivine yield slightly higher ethylene than the other two bed 

materials. Nevertheless, the difference in ethylene yield among the bed materials is less than 

2%. 

 

7.3 Observed effect on C − H bond breaking 

Analyzing the interaction between bed materials and the C − H bond breaking reaction requires 

evaluating the degree to which C − H bonds undergo cleavage in the presence of a particular bed 

material. As detailed in Chapter 2, C − H bond breaking leads to an alteration in the H/C ratio 

of the product species, deviating from the original H/C ratio of the feedstock. The C − H bond 

scission reaction results in three distinct product groups categorized based on their H/C ratio: 
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H/C > 2, H/C = 2, and H/C < 2. Figure 33 illustrates the distribution of the carbon atoms of the 

feedstock among these three product groups. Furthermore, Figure 33 shows the average H/C 

ratio of the entire cracker effluent, calculated by determining the weighted average of the H/C 

ratios of the individual species within the cracker effluent. 

 

Figure 33. Distribution of the carbon atoms of the feedstock among the three product groups: H/C < 

2, H/C = 2, and H/C > 2. The secondary axis corresponds to the average H/C ratio of the entire 

cracker effluent. 

The product distribution among the three H/C groups appears consistent across all bed 

materials, with subtle observable differences. These subtle distinctions lead to a minor variation 

in the average H/C for the cracker effluent among the bed materials. Examining the right axis 

of the chart in Figure 33 reveals that bauxite exhibits the lowest average H/C of the products 

at 1.8, while olivine has the highest at 1.9. 

The data in Figure 33 illustrates the hydrogen associated with the hydrocarbons within the 

cracker effluent. Incorporating these findings with the molecular hydrogen generated during 

steam cracking provides a comprehensive understanding of the total hydrogen content in the 

cracker effluent. This perspective also allows for examining how hydrogen atoms are 

distributed between the hydrocarbons and H2, as visualized in Figure 34. 
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Figure 34. Total amount of hydrogen in the cracker effluent, present as hydrocarbons and molecular 

hydrogen. Balance represents the difference between the amount of hydrogen in the feedstock and the 

amount measured in the cracker effluent. 

The deficit in hydrogen (�Balance� in Figure 34) observed in the cracker effluent suggests that 

hydrogen atoms from the feedstock undergo oxidation to form H2O. Notably, silica-sand and 

bauxite demonstrate higher missing hydrogen than olivine and feldspar. It indicates a higher 

oxidizing nature for silica-sand and bauxite in contrast to olivine and feldspar. The increased 

oxidizing capability of silica-sand and bauxite is because of their higher Fe2O3 content, as 

detailed in Table 3. Despite olivine having a Fe2O3 content 70 times higher than feldspar, its 

missing hydrogen amount is lower and comparable to that of feldspar. This discrepancy relates 

to the accessibility of iron in olivine. Olivine, an iron-magnesium silicate, is known for having 

low surface availability of iron oxide.88 

Furthermore, a correlation exists between the yield of products with H/C < 2 and the quantity 

of hydrogen oxidized by the bed material, as depicted in Figure 35. This correlation 

demonstrates the influence of bed materials, specifically silica sand and bauxite, on the 

increased production of products with H/C < 2. The increased production of these species 

observed with silica sand and bauxite can be associated with a higher level of C − H bond 

breaking interactions of the bed materials during steam cracking, wherein the hydrogen atoms 

undergo oxidation. 
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Figure 35. Yield of products with H/C < 2 (%carbon, by weight) and the amount of hydrogen 

oxidized by bed material. The oxidized hydrogen is the difference between the total hydrogen in the 

feedstock and the amount of hydrogen measured in the product mixture. 

The preceding discussion highlights that, in their natural form, the bed materials bauxite, 

olivine, and feldspar exhibit limited catalytic activity, producing product distributions 

comparable to that of silica sand. Silica sand and bauxite contribute to a marginally higher 
cracking severity and a more oxidizing environment in the steam cracker, resulting in elevated 

yields of products with H/C < 2 compared to olivine and feldspar. 

 

7.4 Selection criteria 

The discussion on C − C and C − H bond breaking interactions underscores a significant finding: 

the catalytic behavior reported in fluidized bed conversion literature for activated olivine, 

bauxite, and feldspar does not manifest in their natural state. Instead, the free iron oxide content 

of the bed material emerges as the sole characteristic influencing the cracking reactions, leading 

to a shift in the H/C ratio of the cracker effluent through the oxidation of H atoms. However, 

despite this difference, a product distribution similar to silica sand is observed with these bed 

materials in their natural form. This observation suggests that these materials can be used 

interchangeably in fluidized bed steam crackers without compromising the quality of the 

cracker effluent as long as their natural state is maintained. 

However, the transition to industrial-scale DFB steam crackers introduces external factors that 

change the bed material's natural state. Physical factors like attrition and agglomeration can 

alter the bed material's physical properties, while the accumulation of external species within 

the bed material changes its chemical composition. To address these challenges, continuous 

regeneration of the bed material becomes essential. 

In the context of the Chalmers DFB steam cracker, a practical solution involves the daily 

addition of 500 kg of new silica sand to maintain the average particle size and chemical 

composition. For reactor systems where the accumulation of external chemical species is not a 
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concern, olivine and feldspar emerge as suitable alternatives to silica sand due to their superior 
abrasion-resistant properties. Conversely, in reactor systems where regeneration is inevitable 
due to the accumulation of chemical species, silica sand is a preferred choice due to its lower 
cost compared to olivine and feldspar. Bauxite emerges as a less favorable option because of 
its high amounts of free iron oxides and susceptibility to abrasive attrition. 

In essence, bed material selection for a DFB steam cracker involves considering catalytic 
behavior, physical and chemical stability, abrasion resistance, and regeneration requirements, 
ensuring an optimal balance between performance and practicality. 
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CHAPTER 8 

 

8 � Development of catalytic properties in bed materials in DFB steam cracker 

 

The findings presented in Chapter 7 highlight the absence of catalytic activity in the selected 
bed materials when utilized in their natural state. However, when considering the transition to 
a large-scale DFB steam cracker for plastic waste, maintaining the bed material's natural state 
becomes challenging. In this context, chemical species accumulation within the bed material 
poses a significant concern. 

Existing research on gasification in DFB systems has highlighted the accumulation of ash 
species in the bed material and its potential impact on product distribution.17,89 Additionally, 
certain studies have demonstrated the development of oxygen transport capacity in the bed 
material due to the accumulation of transition metal oxides.74,75 In DFB steam crackers 
dedicated to converting plastic waste, these ash species may originate from both the regenerator 
fuel and the plastic waste itself. 

This chapter explores the development of catalytic properties in bed materials within the 
context of a DFB steam cracker, drawing insights from Papers I, II, and VI. The primary 
objective is to assess the catalytic potential of bed materials under the conditions encountered 
in a large-scale DFB steam cracker. The evaluation uses synthetic and natural ores as bed 
materials to understand their impact on reactions integral to the steam cracking process, 
specifically the C − H bond breaking reaction. This chapter does not focus on developing 
catalytically active bed materials to enhance the yield of valuable species. Instead, the emphasis 
lies on exploring the catalytic properties inherently developed in bed materials exposed to 
biomass ash and transition metal oxides in a DFB steam cracker. The findings presented herein 
are obtained from experiments conducted at both the laboratory-scale and the semi-industrial 
DFB steam crackers. 
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8.1 Chemical modifications of the bed material observed in a DFB 

Table 12 provides an overview of the bed materials discussed in this chapter, outlining various 
chemical modifications observed within a typical DFB reactor configuration. The main aim of 
this chapter is to investigate how these different states of bed materials influence the C − H bond 

breaking reaction and, consequently, the product distribution. 

Table 12. The bed materials explored in this chapter and the corresponding types of chemical 
modifications investigated. 

Bed material Chemical modification Investigation  Reactor system 

Olivine Natural Reference Both 

Exposed to biomass ash Influence of biomass ash 
accumulation 

Chalmers DFB 
steam cracker 

Reduced oxidation state Reversing the influence 
of transition metal oxide 

Laboratory steam 
cracker 

Bauxite  Natural Reference Laboratory steam 
cracker 

Reduced oxidation state Reversing the influence 
of transition metal oxide 

Al2O3 99.5% neutral Al2O3 Influence of transition 
metal oxide accumulation  

Laboratory steam 
cracker 

Doped with 1% Fe 

Doped with 2% Fe 

Doped with 5% Fe 

Table 12 summarizes the investigations presented in Papers I, II, and VI. Paper VI explores 
the impact of biomass ash-exposed olivine on steam cracking reactions. This investigation was 
performed on the Chalmers DFB steam cracker, where natural olivine underwent a continuous 
three-day exposure to biomass combustion. Shifting attention to another vital chemical 
modification pertinent to DFB systems, Paper I focuses on the accumulation of transition 
metal oxides. This examination unfolded in the laboratory reactor, with synthetic Al2O3 bed 
materials doped with controlled amounts of iron oxide. Lastly, the investigation detailed in 
Paper II revolves around counteracting the effects of transition metal oxides on steam cracking 
reactions by reducing the bed material before exposure to the steam cracker. Reduced bauxite 
and olivine were used as bed materials in the laboratory reactor in this investigation. 
Collectively, these investigations contribute to a nuanced understanding of the effects of 
chemical modifications that may occur in bed materials within a DFB steam cracker. 

In the investigation detailed in Paper VI, experiments unfolded over a 3-day campaign 
involving continuous exposure of olivine to biomass ash within the regenerator of the DFB 
steam cracker. Each day of operation (Days 1, 2, and 3) featured a distinct steam cracking test, 
with each test lasting several hours. Cracker effluent measurements were conducted during 
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selected stable periods within each test. Notably, the olivine circulated continuously throughout 
the three days, with no replacement or addition of new olivine�maintaining constant contact 
with biomass ash in the regenerator. Similar operating conditions across the three days of 
experiments were used to ensure a fair assessment of the impact of ash-exposed olivine on the 
cracking reactions. Minor deviations in operating conditions can be observed because of the 
challenges and limitations in fine adjustments of a large-scale plant. Table 13 outlines the key 
operational parameters of this investigation. 

Table 13. Operational conditions used during the 3-day experimental campaign carried out in the 
Chalmers DFB steam cracker with olivine as the bed material. 

Operational 
point 

Steam cracker 
temperature (°C) 

Feedstock flow to 
steam cracker (kg/h) 

Average temperature 
in the regenerator (°C) 

Day 1 788 132 840 
Day 2 786 135 850 
Day 3 782 120 858 

The investigations described in Papers I and II were conducted within the laboratory reactor, 
focusing on the impact of transition metal oxides on steam cracking reactions. This chapter 
organizes these investigations into three parts, categorized by the oxidation state of the 
transition metal oxides in the utilized bed material. Table 14 provides crucial parameters 
concerning the operational conditions of these experiments. 

Table 14. Operational conditions and the oxidation state of the bed materials used for the 
investigation on the influence of transition metal oxides on steam cracking reactions. 

State of bed material Bed material Reactor temperature (°C) 

Neutral Al2O3 700 
Oxidized Fe/Al2O3, bauxite, olivine 700, 7501 
Reduced r-bauxite2, r-olivine2 750 
1Reactor temperature of 750°C was used with bauxite and olivine as bed materials in Paper II. 
2r-bauxite and r-olivine are the bed materials olivine and bauxite in a reduced oxidation state. 

The results outlined in this chapter originate from the carbon and hydrogen balances performed 
over the two reactor configurations. PE was used as the feedstock in both reactor systems. 

 

8.2 Catalytic properties of bed material exposed to biomass ash 

Figure 36 displays the yield (%carbon, by weight) of various groups of species over the three 
days of operation. A noticeable evolution of the cracker effluent is evident from Figure 36 from 
Days 1 to 3. The yield of CO and CO2 increases by 50% from Day 1 to Day 2 and by 250% 
from Day 1 to Day 3. Additionally, the yield of H2 exhibits a significant increase from Day 1 
to Day 3, although Figure 36 does not depict this trend. 
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Figure 36. Evolution of the cracker effluent over the three days of the experimental campaign 

showing the influence of biomass ash-exposed olivine on the product distribution. Yields are in the 

form of %carbon (by weight). 

Among the C1 � C3 hydrocarbons, CH4 and C2H4 are the predominant species, with their 
composition showing a consistent trend of slight decrease from Day 1 to 3. Conversely, there 
is an increasing trend in the case of C3H6 as the exposure of olivine to biomass ash progresses. 
The increase in the yield of C3H6 can be manifested from the increasing trend of the C1 � C3 
group shown in Figure 36.  

Aromatic species, including BTXS and PAHs, exhibit a decreasing trend from Day 1 to Day 3. 
The total aromatic yield on Day 2 was recorded at 18% (%carbon), indicating a decrease of 
approximately 9% compared to Day 1. This reduction in aromatic yield increases to 41% when 
comparing the initial day (Day 1) with the day of maximum olivine exposure to biomass ash 
(Day 3). Individual analysis of aromatic species reveals a reduction in yields for almost all 
compounds from Day 1 to Day 3. 

The C4+ group, comprising aliphatic and naphthenic species with four or more carbon atoms, 
demonstrates a declining trend from Day 1 to Day 3. This category also includes carbon 
deposits formed on the bed material surface during steam cracking. However, these carbon 
deposits contribute less than 1% to the carbon balance. The yield of C4+ species decreases 
from 27% to 22% (%carbon) over the first two days of ash exposure, further dropping to 16% 
by the end of the experimental campaign. 

The changes in the yield of COx and C1 � C3  species, with the reduction in aromatic species, 
highlight the impact of biomass ash-exposed olivine on steam cracking reactions. Results 
indicate that olivine exposed to biomass ash yields higher H2, CO, and CO2 at the expense of 
the aromatic and C4+ hydrocarbons. The C4+ fragments, formed as intermediate products 
during steam cracking (see Figure 3, Chapter 2), undergo a reaction pathway leading to syngas 
formation rather than aromatics. Furthermore, the large share of H2 in the cracker effluent 
suggests that C4+ fragments preferentially undergo steam reforming, converting into carbon 
oxides and H2 as the ash exposure progresses. The simultaneous reduction in aromatic yield 
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also relates to steam reforming, which inhibits the subsequent aromatization of initial cracking 
products. 

 

8.3 Catalytic properties in bed materials containing transition metal oxides 

The influence of the transition metal oxide content of the bed material and its oxidation state 
on steam cracking reactions is analyzed using the average H/C ratio of the cracker effluent. 
Higher catalytic activity of the bed material towards the C − H bond breaking reaction results in 
a deviation of the H/C ratios of the cracker effluent from the H/C ratio of the feedstock. Figure 
37 illustrates the average H/C ratios of the cracker effluent obtained from experiments covering 
the three oxidation states of the bed materials. 

 

Figure 37. The average H/C ratio of the cracker effluent obtained with different bed materials used 

under different oxidation states. The dotted line represents the H/C ratio of the PE feedstock. 

The average H/C ratios obtained with the bed materials bauxite, 1Fe/Al2O3, 2Fe/Al2O3, and 
5Fe/Al2O3 are notably lower than 2. With an increase in the iron oxide content of the bed 
material, the average H/C ratios of the cracker effluent decrease. In the absence of iron oxide 
in the bed material, such as Al2O3, the average H/C ratios of the products closely resemble that 
of the initial PE molecule. Products derived using 5Fe/Al2O3, the bed material with the highest 
iron oxide content, exhibit the lowest H/C ratio of 1.13. This decrease in the H/C ratio primarily 
occurs because of the increased formation of aromatics, carbon oxides, and carbon deposits in 
the presence of bed materials containing iron oxide. 

Lower H/C ratios of the cracker effluent, in the presence of oxidizing bed material, indicate 
dehydrogenation of PE, followed by oxidation of the hydrogen atoms of the feedstock to H2O. 
When an oxidizing bed material is present, the initial PE molecule undergoes dehydrogenation 
before cracking down into smaller molecules. The product distribution resulting from the 
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cracking of a dehydrogenated PE molecule is well explained with the reaction mechanism 
depicted in Figure 38. 

 

Figure 38. Reaction mechanism governing the formation of aromatics and solid carbon deposits from 

a dehydrogenated polyethylene molecule. 

The formation of aromatic species occurs via the random cleavage of the dehydrogenated PE 
molecule, followed by aromatization. The formation of solid carbon deposits follows two 
distinct routes: (1) random chain cleavage of the dehydrogenated PE molecule with subsequent 
recombination into a mesh-like structure (reaction pathway (3) in Figure 38) and (2) 
polymerization of the produced aromatic rings (reaction pathway (4b) in Figure 38). 
Additionally, random cleavage within the structure of the carbon deposits also contributes to 
the formation of aromatic rings (reaction pathway (4a) in Figure 38). 

The proposed reaction mechanism primarily influences product distribution through the 
interaction of bed material with the C − H bond breaking reaction. The iron oxide in the material 
accelerates the breaking of C − H bonds, primarily in the form of dehydrogenation. The 
observation that the formation of aromatics and carbon deposits because of the presence of iron 
oxide on the bed material surface suggests that the proposed dehydrogenation step occurs 
predominantly on the surface of the bed material. In a DFB steam cracking process, 
dehydrogenation of polyolefins will occur when the bed material accumulates transition metal 
oxides on its surface. 

The cracker effluent obtained with Al2O3, olivine, and r-olivine has an average H/C ratio 
similar to a PE molecule, suggesting minimal interaction with the C − H bond-breaking reaction. 
In contrast, with r-bauxite, the product distribution shows a higher H/C ratio than PE due to the 
increased production of molecules with an H/C ratio of 2 or greater. The rise in the average 
H/C ratio of the cracker effluent when using r-bauxite as the bed material confirms the 
hydrogenation of intermediate unsaturated species, facilitated by hydrogen produced from the 
water dissociation reaction. Figure 39 illustrates this phenomenon. 
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Figure 39. Hydrogenation of unsaturated species (CmHn) produced from steam cracking of PE in the 

presence of a bed material containing a transition metal oxide in a reduced oxidation state (e.g., FeO). 

Both r-bauxite and r-olivine catalyze the water dissociation reaction alongside steam cracking. 
However, using r-olivine results in a similar H/C ratio of the cracker effluent as obtained with 
olivine. This discrepancy can be explained by comparing the two bed materials in terms of two 
parameters affecting the hydrogenation of unsaturated species during steam cracking: (1) the 
ability of the environment to donate hydrogen and (2) the bed material�s capability to transfer 

the donated hydrogen to the hydrocarbon species.  

The hydrogen-donation capacity of water is associated with the quantity of hydrogen produced 
through the water dissociation reaction. The comparable yields of molecular hydrogen (Paper 
II) confirm that the hydrogen-donation capability of water remains consistent regardless of the 
presence of r-bauxite or r-olivine. 

The ability of the bed material to transfer the generated hydrogen to hydrocarbon species relies 
on its physical and chemical properties. Conventional hydrogenation or hydrocracking 
catalysts typically consist of amorphous silica-alumina, zeolite, or a blend of both, known for 
their porous nature, providing ample surface area for hydrogenation reactions.58 In this 
instance, properties of bauxite, such as porosity and Al2O3 content, resemble those of a 
conventional hydrogenation or hydrocracking catalyst.73 On the other hand, olivine has no 
properties corresponding to those of a hydrocracking or hydrogenation catalyst. Olivine, being 
a magnesium silicate, is known to contain negligible concentrations of free Al2O3 and SiO2.88,89 

The findings highlight the potential to reverse the impact of transition metal oxides on the 
steam cracking reaction by reducing the bed material before its introduction into the steam 
cracker. Figure 40 proposes a modified DFB steam cracker featuring an additional fluidized 
bed that enables the reduction of the bed material after the regenerator. This process allows the 
introduction of transition metal oxides in a reduced oxidation state into the steam cracker. 
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Figure 40. Schematic of a DFB steam cracker that enables continuous reduction of the bed material 

before entry into the steam cracker. 

Introducing the reduction step before the steam cracker allows the effect of transition metals to 
be counteracted and leveraged to enhance the yield of product species with H/C ratios ≥  2 

through the hydrogenation of unsaturated intermediate species. However, it is essential to 
acknowledge that factors such as the chemical composition, porosity, and surface density of 
active sites of the bed material significantly influence its hydrogenation potential. While this 
study did not examine these bed material properties, understanding them remains crucial for 
further application. 

The catalytic properties of bed materials that inherently develop in a DFB steam cracker can 
be advantageous or detrimental, depending on the circumstances. The increase in syngas 
production with a bed material exposed to biomass ash can be beneficial if the steam cracker 
has downstream synthesis processes capable of converting the syngas into more valuable 
hydrocarbons. However, this increase in syngas production comes at the expense of 
monoaromatics and ethylene. Therefore, the accumulation of biomass ash within the bed 
material inventory may not be advantageous if the steam cracker lacks such downstream 
synthesis processes. 

The catalytic property of the bed material, which develops due to the accumulation of transition 
metal oxides, is expected to be detrimental to the process under any circumstances. This is 
because transition metal oxides lead to increased production of solid carbon deposits and PAHs 
through the dehydrogenation reaction. Therefore, large-scale DFB steam crackers prone to the 
accumulation of transition metal oxides in the bed material should routinely replace the bed 
material with fresh material. This practice will help maintain a low level of transition metal 
oxides and keep the intensity of the dehydrogenation reaction low. 

Alternatively, the detrimental effect of transition metal oxides can be mitigated by reducing the 
bed material before it enters the steam cracker. Furthermore, when using bauxite as the bed 
material, the effect of reduced transition metal oxides can be leveraged to drive the 
hydrogenation reaction in the steam cracker. 
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CHAPTER 9 

 

9 � Summary and Conclusions 

 

Steam cracking in a DFB reactor configuration is an alternative to the conventional steam 
cracking process. This work aims to demonstrate the effectiveness of the DFB steam cracking 
process in the thermochemical recycling of plastic waste. The experimental work, forming the 
foundation of this thesis, spans from laboratory to semi-industrial reactors, aiming to establish 
a robust understanding of DFB steam cracking operations and product distributions. 

The thesis extends its investigation by using actual waste streams from society in the DFB 
steam cracking process for the selective production of light olefins and monoaromatics. This 
investigation is complemented by a proposed integration strategy, aiming to elevate overall 
recycling rates by combining alternative processes like polyolefin pyrolysis with DFB steam 
cracking. 

In addition, the thesis explores the role of bed material within a DFB steam cracker, examining 
its influence on steam cracking reactions and its implications on the cracker operation. Notably, 
the impact of the bed material on the C�C and C�H bond breaking reactions, crucial to steam 
cracking, is investigated. Furthermore, the study sheds light on the development of catalytic 
properties in the bed materials within a DFB steam cracker and its effect on steam cracking 
reactions. 

The outcomes of this thesis, which lay the groundwork for future advancements in plastic 
recycling through steam cracking in DFB systems, are summarized below: 

  The cracking mechanisms for polyolefins established in the literature, which indicate 
that at a certain cracking severity, the product distribution becomes enriched with light 
olefins and monoaromatics, are also applicable to large-scale DFB steam crackers. 
 

  A DFB steam cracker within the cracking temperature range of 700 � 825°C achieves a 
cracking severity that results in up to 50% C2 � C4 olefins and 20% BTXS from a pure 
polyolefin feedstock. 
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  The DFB steam cracking process eliminates the need to separate polyolefins from waste 
streams by selectively producing ethylene and propylene in proportion to the polyolefin 
content of the waste stream, approximately 45%. 

 
  A DFB steam cracker can process waste streams with varying amounts of non-

polyolefins, such as PET, PS, and cellulose, by selectively converting them into 
aromatics and syngas. The downstream separation of the cracker effluent provides in-
situ sorting of the products derived from both the polyolefin and non-polyolefin 
contents. 
 

  The inherent capability of a DFB steam cracker to remove carbon deposits also 
eliminates the necessity for additional preprocessing steps, such as hydrotreatment, 
typically required for steam cracking of feedstocks prone to coke formation, such as 
pyrolysis oils and waste cooking oils. 
 

  Natural ores like silica sand, olivine, feldspar, and bauxite do not show significant 
differences in interacting with the C − C and C − H bond-breaking reactions. These natural 
ores can be used interchangeably in a DFB steam cracker. However, the choice of bed 
material should consider factors like abrasion resistance and the potential accumulation 
of chemical species in the reactor. 

 
  In a DFB steam cracker fueled with biomass, biomass ash accumulates in the bed 

material. Olivine, exposed to biomass ash within a DFB steam cracker, develops 
catalytic properties. This catalytic transformation shifts reaction pathways towards 
favoring the formation of syngas over aromatics, driven by the steam reforming of 
unsaturated intermediate species. 
 

  The accumulation of transition metal oxides in the bed material creates an oxidizing 
environment in the steam cracker. The oxidizing bed material causes dehydrogenation 
of the feedstock, resulting in increased production of species with H/C < 2, such as 
carbon oxides, aromatics, and solid carbon deposits. 

 
  Reducing the bed material before it enters the steam cracker can decrease the extent of 

the dehydrogenation reaction. Using bauxite as the bed material in this setup promotes 
hydrogenation of the feedstock, thereby increasing the overall H/C ratio of the cracker 
effluent. 
 

  If the accumulation of biomass ash or transition metal oxides proves detrimental to the 
process, it can be mitigated by continuously replacing the bed material inventory with 
fresh bed material. 
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Recommendations for future work 

The findings outlined in this thesis highlight the potential of the DFB steam cracking process 
for the thermochemical recycling of plastic waste. The results also pinpoint several critical 
areas that require further exploration to ensure the applicability and economic viability of the 
process. 

One notable aspect highlighted is the product distribution obtained from the steam cracking of 
pure polyolefins, where the yield of light olefins plateaus at approximately 50%. Enhancing 
the yield of light olefins through improved heat transfer mechanisms would enhance the 
economic viability of the process. The influence of heat transfer rates on the kinetics and 
residence times also requires thorough investigation.  

An oversight in the investigation pertains to the fate of heteroatoms (N, S, and Cl) present in 
plastic waste that could poison polymerization processes downstream of the steam cracker. 
Investigating the formation of catalyst poisons from heteroatom-containing polymers in the 
DFB steam cracking process is necessary. Developing sampling and analysis techniques for 
rapidly quantifying these species in the cracker effluent is also desirable.  

Further research avenues involve investigating the development of oxygen transport in large-
scale DFB steam crackers. This endeavor would necessitate an experimental campaign 
involving feedstocks that contribute to the oxygen transport capability of the bed material. 

The results revealed the dependence of the hydrogenation of unsaturated intermediate species 
on the hydrogen transfer capacity of the bed material. The influence of bed material properties, 
such as chemical composition, porosity, and surface density of active sites, on its hydrogen 
transfer capability needs further research. 

Pyrolysis stands out as a highly versatile thermochemical recycling process. The pyrolysis oil 
used in this work was obtained from the pyrolysis of well-sorted polyolefins. Future research 
should investigate the DFB steam cracking of pyrolysis oils obtained from unsorted plastic 
wastes. Additionally, efforts to minimize the production of off-gases during the pyrolysis 
process will be beneficial. These initiatives are crucial for improving the circularity and 
sustainability of the pyrolysis process.
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Nomenclature 

 

BFB Bubbling fluidized bed cHe Concentration of helium [%vol] 

BTXS Benzene toluene xylenes styrene ci Concentration of species i [%vol] 

CFB Circulating fluidized bed Ci Yield of species i [%carbon] 

CRR Cardboard recycling reject  mf Mass flow rate of the feedstock [kg/h] 

DFB Dual fluidized bed mi Mass fraction of species i [%mass] 

FCC Fluid catalytic cracking MWi Molecular weight of species i [mol/kg] 

FID Flame ionization detector ni Molar yield of species i [mol/kg] 

GC Gas chromatograph  VHe Volumetric flow rate of helium [l/h] 

HDPE High density polyethylene Vm Molar volume of ideal gas at 0°C and 1 atm [l/mol] 

HTR High temperature reactor   

LDPE Low density polyethylene   

LFC Liquid flow controller   

LLDPE Linear low density polyethylene   

LPG Liquified petroleum gas   

MFC Mass flow controller   

MMT Million metric tonnes   

MPW Mixed plastic waste   

MRP Mechanically recycled polyolefins   

MTO Methanol to Olefins   

NBR Nitrile butadiene rubber   

PE Polyethylene   

PET Polyethylene terephthalate   

PMMA Poly methyl methacrylate   

PO Pyrolysis oil   

PP Polypropylene   

PS Polystyrene   

PVC Polyvinyl chloride   

RRF Relative response factor   

TCD Thermal conductivity detector   

VUV Vacuum ultraviolet   

WCO Waste cooking oil   
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