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Steam cracking is an integral process in the plastic manufacturing industry. Conventional steam crackers are
tubular reactors and use fossil-based feedstocks like naphtha and LPG. This work presents steam cracking in a
dual fluidized bed (DFB) reactor as an alternative for the direct steam cracking of plastic waste. Experiments
were performed on a semi-industrial DFB system using naphtha, clean polyolefins, real-life plastic wastes, and a
polyolefin-derived pyrolysis oil. The results show that steam cracking in a DFB is fundamentally equivalent to
steam cracking in tubular reactors. Selective production of light olefins and monoaromatics was achieved within
a temperature range of 700-825 °C. Naphtha yielded up to 56 % light olefins and 7 % BTXS, with ethylene and
BTXS production positively correlating with cracking severity, while C3 and C4 olefins show a negative corre-
lation. These results confirm that the established steam cracking mechanisms also apply to large-scale DFB steam
crackers. The yield of light olefins is consistently obtained at approximately 52 % relative to the polyolefin
content of the feedstock, regardless of the non-polyolefin content. This highlights the DFB steam cracker’s ability
to produce light olefins directly from plastic waste without presorting. However, steam cracking in DFB results in
significantly higher CO and CO; yields than conventional steam cracking, especially with feedstocks containing
non-polyolefins like PET and cellulose. Additionally, steam cracking of an olefin-rich pyrolysis oil yields up to 50
% light olefins with minimal coke formation, highlighting the potential in processing plastic waste pyrolysis oils
without pretreatment steps such as distillation and hydrotreatment.

1. Introduction

Steam cracking is central to the plastic manufacturing industry and is
crucial for producing most plastic materials [1,2]. In this process, fossil
hydrocarbons such as naphtha, liquefied petroleum gas (LPG), or ethane
are rapidly heated in tubular reactors and broken down into smaller
molecules. The primary products of the steam cracking process include
ethylene, propylene, butenes, benzene, toluene, and xylene, which are
molecular building blocks or monomers of a wide range of plastic ma-
terials [3,4]. A steam cracker has a downstream gas separation unit that
separates the product stream into individual monomers for subsequent
polymerization into various plastics [5].

Increasing environmental concerns and the finite nature of fossil

resources have driven the need for innovative waste management and
recycling strategies to achieve a circular economy [6]. This shift is
critical for the plastic industry, which relies heavily on fossil resources,
accounting for up to 6 % of global fossil consumption [7,8]. The linear
usage of plastic materials, characterized by a take-make-dispose model,
adds to the complexity of this sustainability problem [8]. In light of these
concerns, there is a pressing need for recycling technologies that bridge
the gap between waste management and sustainable production of
plastic materials [9].

Among different recycling methods for plastic materials, thermo-
chemical recycling has attracted significant attention due to its focus on
recovering the monomers of plastics, which can be used to manufacture
new plastics of virgin quality [6]. This characteristic gives
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fluidized bed; FCC, fluid catalytic cracker; FT, Fischer-Tropsch; HTR, high temperature reactor; LPG, liquified petroleum gas; MPW, mixed packaging waste; MRP,
mechanically recycled polyolefins; MTO, methanol-to-olefins; PA, polyamide; PE, polyethylene; PET, polyethylene terephthalate; PP, polypropylene; PS, polystyrene;
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thermochemical recycling an edge over mechanical recycling, which has
a limited ability to produce high-quality recycled materials. The
inherent properties of plastics also constrain the number of times they
can be mechanically recycled. Consequently, while mechanical recy-
cling may apply to some well-sorted plastic wastes, thermochemical
recycling methods will be crucial in achieving a circular economy for
plastic materials [10].

Thermochemical recycling processes have been extensively
researched for polyolefins because they are among the most important
and widely used plastics [11,12]. The extensive use of polyolefins in the
packaging industry has made them the predominant single-use mate-
rials. Consequently, polyolefins account for up to 60 % of the plastic
waste worldwide [10]. Thermochemical recycling of polyolefins aims to
break down the molecular structure of polyolefins to produce their
constituent monomers. Specifically, thermochemical recycling of poly-
olefins aims to selectively produce light olefins (C2-C4) such as
ethylene, propylene, and butadiene, along with monoaromatics such as
benzene, toluene, xylenes, and styrene (BTXS) [9,11]. These monomers
can polymerize again to produce a range of polyolefins like polyethylene
(PE) and polypropylene (PP) or other polymers such as polyvinyl chlo-
ride (PVC) and polyethylene terephthalate (PET).

Conventional steam crackers, currently used for producing light
olefins and monoaromatics, cannot be directly employed for the ther-
mochemical conversion of solid feedstocks like polyolefins or other
polymers [7]. This limitation arises from the inherent design of tubular
steam crackers, which are suitable only for converting liquid or gaseous
hydrocarbon feedstocks like naphtha and LPG [13]. Additionally, the
heterogeneous nature of plastic waste imposes heat transfer limitations
on a tubular steam cracker. To address these challenges, researchers
have proposed various solutions over the years. One such approach in-
volves converting plastic waste into a naphtha-like drop-in feedstock for
steam cracking, thereby replacing fossil feedstocks with recycled re-
sources [11]. Additionally, significant research has focused on replacing
conventional steam crackers with alternative cracking processes capable
of handling solid plastic waste [10].

In producing recycled feedstocks for the steam cracking process,
polyolefin pyrolysis has gained the most interest recently. This process
focuses on producing liquid hydrocarbons from polyolefins, achievable
through various methods such as employing different heating rates,
using diverse environments (hydrogen, steam, oxidative, and inert), and
utilizing different reactor systems like fluidized beds, fixed beds, and
rotary kilns [14-17]. The liquid hydrocarbon products of pyrolysis,
commonly known as pyrolysis oils, are envisioned as feedstock for the
steam cracking process to produce light olefins and monoaromatics
[18]. In this scheme, pyrolysis oils will replace fossil-based naphtha,
providing a more sustainable solution.

Despite the potential of pyrolysis for the thermochemical recycling of
polyolefins, its industrial-scale development faces several challenges.
Pyrolysis oils derived from polyolefins contain significantly longer hy-
drocarbon chains and higher olefin content than naphtha [19,20].
Moreover, pyrolysis oils contain a wide range of hydrocarbon chain
lengths (C5 to C30) and often include heteroatoms such as oxygen, ni-
trogen, sulfur, and chlorine, which are problematic for conventional
steam crackers. These components can exacerbate coking issues in steam
crackers, necessitating frequent decoking and reducing production ef-
ficiency. In mitigating these challenges, pyrolysis oils often require
distillation and hydrotreatment to obtain a naphtha-like product with
shorter hydrocarbon chains and reduced olefin content. Removing non-
polyolefin content from plastic waste is also essential to lower the het-
eroatom content in pyrolysis oil [20-22]. However, the costs associated
with presorting and hydrotreatment make it difficult for pyrolysis oils to
compete with fossil naphtha despite the technical feasibility of the py-
rolysis process.

Additionally, from the standpoint of achieving circular utilization of
plastics, the pyrolysis process has limitations in delivering complete
recyclability of plastic waste streams. The requirement to produce
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naphtha-like pyrolysis oil will result in some plastic waste fractions
getting rejected. These rejected fractions will likely get incinerated if not
recycled by other methods, complicating the goal of complete
recyclability.

In recent years, researchers have also explored the selective pro-
duction of light olefins and BTXS directly from plastic waste through
various catalytic cracking processes [23-25]. These processes can also
convert untreated pyrolysis oils into light olefins, eliminating the need
for an additional hydrotreatment step after the pyrolysis process
[26,27]. A catalytic cracking process for producing paraffinic liquid
hydrocarbons from plastic waste could also be an attractive solution.
The obtained paraffinic hydrocarbons can be further processed into light
olefins and BTXS in conventional steam crackers. This thermochemical
route involves hydrocracking or hydropyrolysis of plastic waste.

The primary drawback of catalytic cracking processes is catalyst
deactivation. This deactivation occurs because plastic waste contains
numerous impurities, such as nitrogen, sulfur, and alkali metals, which
poison the catalysts [28-30]. Therefore, ensuring thorough pretreat-
ment and purification of the plastic waste feed is essential to extend the
catalyst’s lifetime. Continuous or frequent catalyst regeneration is
crucial to maintain conversion efficiency [28]. The cost of catalysts
poses a significant barrier to the economic feasibility of the catalytic
cracking processes.

Gasification is another widely studied thermochemical recycling
process that partially oxidizes plastic waste to produce syngas [31,32].
This process operates at high temperatures, typically from 700 to
1000 °C, effectively breaking down the molecular structure of polymers
into syngas (CO, CO2, Hy, and CHy4) [31,32]. Syngas produced in this
manner can be selectively converted into light olefins through synthesis
processes like Fischer-Tropsch (FT) and Methanol-to-Olefins (MTO)
[33,34]. Gasification is typically non-catalytic and uses pure oxygen,
steam, or air as the gasifying agent. The elevated temperatures used in
gasification allow for the conversion of various types of plastic waste
without extensive presorting or pretreatment [35].

Gasification stands out as a versatile recycling process with the po-
tential to achieve complete recyclability of plastic waste. Despite its
promise, several factors make it economically unattractive. One primary
concern is the substantial energy demand required to produce syngas
from plastic waste. This high energy requirement increases operational
costs, thereby diminishing the economic viability of the recycling pro-
cess [7,22]. Another crucial issue is the necessity for additional
hydrogen in downstream synthesis processes. This hydrogen is essential
for converting the CO2 generated from oxygen-containing polymers
during gasification into the required monomers [7].

Pyrolysis, catalytic cracking, and gasification show potential for
recycling plastic waste. However, their industrial-scale development
faces numerous challenges that hinder the complete recyclability of
plastics. A significant barrier is the inadequacy of conventional steam
crackers, which struggle with direct steam cracking of solid plastic waste
for selectively producing light olefins and monoaromatics. Addressing
these challenges necessitates a transformation in steam cracking tech-
nology, requiring a more robust reactor configuration capable of pro-
cessing a variety of feedstocks, including unsorted plastic wastes and
untreated pyrolysis oils.

The dual fluidized bed (DFB) reactor has recently emerged as a
promising option for the thermochemical recycling of plastic waste to
overcome the limitations of conventional steam crackers and catalytic
cracking while selectively producing desired monomers from plastic
waste [36]. Wilk et al. first tested thermochemical recycling in a DFB,
demonstrating the selective production of light olefins and mono-
aromatics from polyolefin-rich feedstocks [37]. Thunman et al. vali-
dated this approach in a semi-industrial DFB system, showcasing its
scalability [7]. Fig. 1 summarizes the three thermochemical recycling
routes discussed so far, along with the proposed route in this work,
which involves direct steam cracking of unsorted plastic waste in a DFB
reactor.
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Fig. 1. The most commonly explored and envisioned thermochemical routes
for the recycling of plastic waste. The thermochemical processes include py-
rolysis, gasification, and catalytic cracking. The process flow indicated by the
dashed line represents direct steam cracking of unsorted plastic waste, the
thermochemical route proposed in this work.

This work aims to establish that steam cracking in a DFB is equiva-
lent to steam cracking in tubular reactors by processing naphtha in a
semi-industrial DFB steam cracker and showing that the conversion and
product distribution closely resemble those in conventional steam
crackers. This work also demonstrates the effectiveness of the DFB steam
cracking process in converting unsorted plastic waste streams such as
mixed packaging waste. Herein, we show that the process eliminates the
need to separate the polyolefin content of waste streams by selectively
producing light olefins in proportion to the polyolefin content. We also
show how the non-polyolefin content of the waste stream gets converted
in the DFB steam cracking process. Furthermore, we present a superior
capability of DFB reactors over tubular reactors in continuously
removing solid carbon during steam cracking, eliminating the need for
intermittent decoking. This capability allows processing feedstocks
prone to coke formation, such as pyrolysis oils, without distillation and
hydrotreatment. The results also highlight the DFB steam cracker’s
effectiveness in handling high-ash plastic waste, making it suitable for
processing waste streams like automotive shredder residue and cable
plastics. The experimental campaign spanned over five years, with the
reactor system operating continuously from November to April each
year. During this period, over 200 h were dedicated to the steam
cracking of six different feedstock. These results highlight the scalability
and continuous operation capabilities of the process.

2. Materials and method
2.1. The Chalmers DFB reactor

The semi-industrial DFB system at Chalmers University of Technol-
ogy consists of a circulating fluidized bed (CFB) reactor interconnected
with a bubbling fluidized bed (BFB) reactor. The CFB is a biomass boiler
that provides indoor heating for the university campus. It has a cross-
sectional area of 2.25 m?, a height of 13.6 m, and a capacity of 12
MW, The BFB has a cross-sectional area of 1.44 m?, a height of 1.6 m,
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and a feedstock processing capacity of 4 MWy,, equivalent to 350 kg/h of
naphtha or PE. The typical operating conditions include temperatures of
700-825 °C in the BFB and 780-850 °C in the bottom bed of the CFB,
maintained at a sub-atmospheric pressure of 1-2 kPaG. Fig. 2 provides a
simplified illustration of the DFB system.

In this setup, the CFB (labeled as #1 in Fig. 2) functions as a furnace
for the boiler. The bed material circulates through a cyclone separator
(#4) and a particle distributor (#5). For standard boiler operation, all
the bed material is redirected back to the CFB. The CFB and the particle
distributor are fluidized with either air or a combination of air and flue
gases.

In DFB mode, part of the bed material is transferred to the BFB (#6)
through a loop seal (#7) with a cross-sectional area of 0.05 m?. The bed
material returns to the CFB through a second loop seal (#8), as shown by
the red symbols in Fig. 2. The loop seals and the BFB are fluidized with
steam. The loop seals use a minimum of 35 kg/h of steam to prevent
defluidization and gas leakage from the CFB side, while the BFB operates
with a steam flow of 100-200 kg/h, with a fluidization number (u/up¢)
of 3 to 10. For further details on the fluidization regimes and the hy-
drodynamics of the Chalmers DFB system, refer to the works of Larsson
et al. [38,39]. The DFB system functions simultaneously as an energy
converter and a thermochemical reactor. Combustion occurs in the CFB
using air, while thermochemical conversion occurs in the BFB in a steam
environment. The exothermic reaction in the CFB supplies the heat
needed for the endothermic thermochemical conversion in the BFB.

The CFB is fueled with wood chips or pellets through a fuel chute
(#2), while the BFB can process solid and liquid feedstocks, such as
plastic waste and naphtha. The feedstock for the BFB is introduced near
loop seal 1, as shown in Fig. 2 (#9). The feeding process for solid
feedstocks involves introducing them in molten form through an
extruder. The extruder isolates the BFB from atmospheric air and
maintains a controlled environment in the reactor. The extruder has a

"13
1. CFB Reactor 8. Loop Seal 2
2. Feeding (CFB) 9. Feeding (BFB)
3. Wind Box 10. Product Gas Line
4. Cyclone Separator 11. Sampling Point
5. Particle Distributor 12. Flue Gas
6. BFB Reactor 13. Bottom Ash Removal
7. Loop Seal 1 14. Boiler

Fig. 2. Schematics of the semi-industrial DFB system at Chalmers University of
Technology. The DFB system consists of a circulating fluidized bed (1) and a
bubbling fluidized bed reactor (6). Adapted from the work performed by
Larsson et al. [40].
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maximum screw speed of 150 rpm and provides 135 kg/h throughput of
PE. It has eight heating zones and provides a melt temperature of up to
350 °C. The extruder outlet is approximately 0.5 m above the bed ma-
terial surface and feeds directly onto the top of the fluidized bed. Liquid
feedstocks are introduced through a liquid injection port, located about
0.3 m above the fluidized bed, using a centrifugal pump. Fig. 3 shows a
top view of the BFB, illustrating the two feeding points and the bed
material flow.

The configuration of the fluidization nozzles in Fig. 3 is an approx-
imate representation. The extrusion and liquid injection points are
marked by a red and green dot, respectively. Three thermocouples are
immersed in the fluidized bed. Thermocouple T1 measures the tem-
perature of the bed material before it enters the BFB reactor. T2 mea-
sures the temperature after the bed material contacts the feedstock, and
T3 measures the temperature just before the bed material exits the
reactor. The bed material circulation through the BFB reactor can be
adjusted within the range of 6 to 25 t/h, corresponding to a mass flux of
35 to 140 kg/m?s through loop seal 1.

The product gas obtained from the BFB is directed to the furnace
through the product gas line, as illustrated by #10 in Fig. 2. Since this
facility primarily serves as a research site, there are no gas processing
units associated with it, and therefore, the product gas undergoes
combustion in the CFB. Any unconverted feedstock leaves the BFB with
the bed material and gets combusted in the CFB.

2.2. Comparative features of the Chalmers DFB reactor and conventional
steam crackers

The DFB configuration ensures the physical separation of the com-
bustion and thermochemical reactions, preventing the mixing of product
gas with air or flue gases. A similar physical separation is employed in
conventional steam crackers, where reactor tubes are placed inside a
furnace. In this setup, fossil feedstocks are cracked inside the tubes while
combustion outside provides the required heat. The heat from com-
bustion is transferred to the reactor tubes via radiation and conduction
to the tube walls [40]. Due to these similarities, the conditions observed
in a conventional steam cracker can be replicated in a DFB. The BFB
creates a reaction environment like inside a steam cracker tube, while

(3)
(5)
1 2 (4)
(1) @ /
/ 1
l —

/
b & x i ax|

O—x x oo

X X X X

(11)
\ X
(12) 1

<+«—I X 10 X

(10)
1. Cyclone separator 7. Feeding point (Liquid injection)
2. Thermocouple (T1)
3. Particle distributor

4. Bed material from the particle
aadistributor

8. Thermocouple (T2)
9. Fluidization nozzle
10. Thermocouple (T3)

11. Loop seal 2
5. Loopseal 1

6. Feeding point (Extruder)

12. Bed material to the boiler

Fig. 3. Top view schematic of the BFB reactor of the Chalmers DFB system.
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the CFB supplies the necessary heat for the cracking reactions. Fig. 4
illustrates simplified schematics of a conventional steam cracker and a
DFB steam cracker.

An analogy in the cracking temperature can be drawn between the
Chalmers DFB and a conventional steam cracker based on the positions
of the feedstock inlet and the three thermocouples (see Fig. 3). Tem-
peratures T1 and T2 are equivalent to coil inlet and outlet temperatures
of a conventional steam cracker, respectively. The coil outlet tempera-
ture (COT) is a critical process parameter in conventional steam crackers
[2]. In this work, the temperature measured by thermocouple T2 is used
to evaluate the cracking temperature. T2 reflects the temperature of the
bed material after it has come into contact with the feedstock.

The short residence times achieved in conventional steam crackers
can also be achieved in a DFB steam cracker. The on-bed feeding is ex-
pected to limit the contact time between the feedstock and the bed
material. Additionally, the bubbling regime of the BFB limits heat
transfer between the bed material and the product gas above the fluid-
ized bed, restricting secondary cracking reactions [41].

An advantage of the DFB configuration over tubular reactors is its
ability to continuously remove carbon deposits, commonly known as
coke, formed during steam cracking. The bed material can also remove
solid inorganic contaminants present in plastic waste. In the Chalmers
DFB steam cracker, the carbon deposits are removed along with the bed
material and combusted in the CFB (see Fig. 4). This process eliminates
the need for intermittent decoking procedures, enabling uninterrupted
operation.

The Chalmers DFB operates with bed materials derived from natural
ores. A significant challenge with using natural ores in a DFB is the
presence of species that undergo oxidation and reduction between the
two reactors. The species include transition metal oxides and alkali
metals. Additionally, in the Chalmers DFB, these species accumulate in
the bed material due to biomass combustion in the CFB [42]. This pro-
cess induces a higher oxidizing environment than a conventional steam
cracker, promoting the formation of carbon oxides.

While the accumulation of these species is avoidable using tailored
bed materials and clean feedstocks, this is difficult when using waste
streams with unknown ash content. To minimize the oxidizing envi-
ronment, Pissot et al. proposed a pre-reduction of the bed material [43].
The pre-reduction of bed material can be performed in the particle
distributor (#5, Fig. 2) of the Chalmers DFB; however, it has never been
tested before. Therefore, the product distribution obtained in this work
is expected to contain higher amounts of carbon oxides than a conven-
tional steam cracker.

2.3. Sampling and analytics

Two parallel slipstreams of the product gas, each approximately 10
lp/min, are continuously extracted for sampling from the product gas
line (see 11, Fig. 2). A hot filter, maintained at 350 °C, is positioned at
the sampling point to ensure no solid particles get collected in the
samples. One slipstream is for measuring individual species within the
product gas mixture. The other slipstream is directed towards a high-
temperature reactor (HTR) operating at 1700 °C, which decomposes
the product gas into CO, CO», and Hy. These decomposition products are
monitored online to calculate the elemental flows of C, H, and O exiting
the steam cracker, according to the method developed by Israelsson
et al. [44]. Sampling from both slipstreams simultaneously validates the
carbon balance closure during stable operation. Table 1 summarizes the
different sampling and measurement techniques applied to the two
slipstreams.

The GC analyses performed on the samples collected from the two
slipstreams provide the volumetric concentrations of the species listed in
Table 1 in the product gas. A tracer approach is employed to determine
the absolute yield of the individual species in the product mixture. In
this method, a small flow (~35 In/min) of high-purity helium (He) is
introduced into the steam cracker along with the steam. The He flow is



C. Mandviwala et al.

Fuel
Air

j Cracker effluent
Flue gas 4T
— o
Furnace
S
(&}
1 S
<
=]
o]
=]
|,—
LT -
Feedstock:lj
Steam
(a)

Chemical Engineering Journal 500 (2024) 156892

Flue gas Cracker effluent
Steam
Regenerator Heat
cracker
/\
Bed material
Circulating S Bubbling
Fludized Carbon Fluidized
2 deposits Bed
Tt T
Fuel Air Feedstock  Steam

(Plastic waste)

(b)

Fig. 4. Schematics of a tube from a conventional steam cracker and a DFB steam cracker.

Table 1
Sampling and analysis techniques applied to each slipstream of the product gas
mixture.
Sampling Species measured Analytical
technique instrument
Slipstream Product gas He, N5, O,, H,, CO, GC-TCD: Varian
1 scrubbed with CO,, CHy4, CoH,, CP4900 micro-GC
isopropanol at CyHy4, CoHg, C3Hg, equipped with
—-17°C and C3Hg Poraplot Q and
MS5A columns.
Isothermal program:
65 °C (PPQ) and
80 °C (MS5 A).
Product gas C3H,, C3Hg, C3Hg, GC-VUV: Thermo
collected in a C4H,4, C4Hg, C4Hg, Scientific TRACE
Tedlar® gas bag CsHe, CsHg, CsHjo, 1310 equipped with
CsHjs, Ce¢Hg, CeHio, CP-Sil5 CB column
CeH12, and CgHy4 (all and VUV Analytics
isomers measured VGA-100 detector.
individually) Temperature
program: 35 °C (1
min) - 102.5 °C,
30 °C/min.
Product gas Benzene, toluene, GC-FID: BRUKER
sampled through a xylenes, styrene, GC-430 equipped
series of 2 solid- naphthalene, and with BR-17-ms
phase adsorption other PAHs column.
(SPA) columns. Temperature
program: 50 °C (5
min) - 350 °C, 8 °C/
min, final hold 7.5
min.
Slipstream Product gas He, H,, CO, and CO, GC-TCD: Varian
2 reacted at 1700 °C CP4900 micro-GC

in HTR.

equipped with
Poraplot U and
MS5A columns.
Isothermal program:
65 °C (PPU) and

80 °C (MS5 A).

regulated by a Bronkhorst® model F-202AV mass flow controller. The
concentrations obtained from the GC analyses are converted into
product yields using the helium balance and expressed in terms of moles
or mass of the product species per unit mass of the feedstock. For a
detailed description of the sampling and analytical techniques used in
this work, readers may refer to the work performed by Mandviwala
et al., which establishes a complete carbon balance over the Chalmers
DFB steam cracker [45].

2.4. Bed material

The steam cracker is operated with silica sand as the fluidizing bed
material. Table 2 provides the physical properties and chemical
composition of the silica sand.

Table 2 presents the properties of the bed material before its intro-
duction into the DFB unit. The physical properties and chemical
composition of silica sand undergo gradual changes once introduced
into the DFB steam cracker. These transformations include structural
modifications due to reductive-oxidative cycles, exposure to high tem-
peratures, and thermal and mechanical stresses. The silica sand also
experiences an accumulation of chemical species originating from the
ash content of the steam cracker feedstock and the biomass fed into the
regenerator. Nevertheless, the properties of the bed material are main-
tained by replacing approximately 5 % of the bed material in the DFB
system with fresh bed material every day.

2.5. Feedstocks

Table 3 provides an overview of the feedstocks, describing their
polymer composition and relevant chemical characteristics.

The feedstocks outlined in Table 3 originate from multiple sources.
Naphtha and PE stand out as clean feedstocks directly supplied by their
producers. Naphtha, provided by Preem AB in Gothenburg, Sweden, is
light straight run naphtha primarily composed of aliphatic hydrocarbons
from C4 to C8. The PIONA composition of the naphtha, analyzed using
the GC-VUV method developed by Dunkle et al. [46], is detailed in
Table S1 (supplementary information). The PE pellets were provided by
Borealis AB in Stenungsund, Sweden. The chemical composition of the
PE pellets, determined by proximate and ultimate analysis, is provided
in Table S2 (supplementary information).

Table 2
Physical properties and chemical composition of the
fluidizing bed material silica sand.

Physical properties

Particle density (kg/m®) 2650
Mean diameter, d;, (um) 200
Chemical composition (%wt.)

Si0, 90
Al,Os 5.5
Fe,03 0.6
Nay,O 1.2
K20 1.8
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Table 3
A brief description of the materials used as feedstocks in the Chalmers DFB steam cracker.
Feedstock Polymer types Chemical characteristics Description
Naphtha high paraffin content, Light straight run petroleum naphtha

Polyethylene (PE)

Mixed packaging waste (MPW)

Cardboard recycling reject (CRR)

Mechanical recycled polyolefins
(MRP)

Pyrolysis oil

PE

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

PE, PP, PET, PVC, Cellulose

PE, PP

low aromatic content,
low olefin content

high polyolefin content,
low ash content,

low oxygen content
medium polyolefin
content,

high PET & PS content,
high ash content
medium polyolefin
content,

high cellulose content,
high ash content

high polyolefin content,
low oxygen content,
low ash content

high aliphatic content,
high olefin content,

low oxygen content,

Virgin polymer pellets

Post-consumer unsorted packaging plastic waste

Reject fraction from cardboard recycling. Multilayer films of cellulose
and plastics.

Mechanically recycled post-consumer polyolefin mixture

Post-consumer polyolefin pyrolysis oil (non-hydrotreated)

low ash content

Table 3 also lists different plastic wastes utilized in this study: Mixed
packaging Waste (MPW), Cardboard Recycling Reject (CRR), and Me-
chanically Recycled Polyolefins (MRP). MPW, sourced from domestic
packaging waste streams, consists of different polymers, predominantly
polyolefins. CRR, obtained as a waste fraction from the cardboard
recycling process, is a multi-layered mix of cellulose and polyolefins that
resist separation via traditional pulping methods. Additionally, CRR
contains some PET and PVC. MRP is composed of mechanically recycled
post-consumer PE and PP. Table 4 provides the polymer composition of
these waste streams, calculated using a model developed by Forero
Franco et al. [47]. This model utilizes the elemental composition and
lower heating value to estimate the polymeric composition of the
feedstocks. The detailed elemental compositions of these wastes can be
found in Table S2 (supplementary information).

The selection of plastic wastes for this work ensures variability in
polymer composition while considering the practical availability of
these waste streams in real-life scenarios. The variability in the polymer
composition centers around the polyolefin content of the feedstock.
Additionally, using the waste streams without pretreatment and pre-
sorting ensures that the selected waste streams are readily available and
suitable for processing in a DFB steam cracker.

Pyrolysis oil was derived from the thermal pyrolysis of post-
consumer polyolefins. The producer of the pyrolysis oil is not dis-
closed due to confidentiality reasons. This pyrolysis oil is characterized
by its high olefin content and is used without undergoing pretreatment
steps such as hydrotreatment and distillation. The PIONA composition of
the pyrolysis oil, determined using the GC-VUV method developed by
Dunkle et al. [46], is provided in Table S1 (supplementary information).

2.6. Operational parameters

The operational parameters were varied to explore the performance

Table 4
Polymeric composition of the mixed plastic wastes used in this. Calculated based
on the model developed by Forero Franco et al. [47].

Feedstock PE + PP Cellulose PS PET PVC PA
%weight. of dry feedstock

MPW 45.80 20.90 9.32 10.12 1.30 4.20
CRR 47.50 38.90 <0.01 8.75 0.40 4.44

MRP 100 <0.01 <0.01 <0.01 <0.01 <0.01

and flexibility of the reactor system. These parameters include the
feeding rate, temperature in the particle distributor (T1), temperature in
the steam cracker (T2), and the bed material circulation rate. The six
different feedstocks were subjected to these variations, resulting in a
comprehensive experimental matrix consisting of 33 unique operational
points, as shown in Table 5. The specific operational parameters corre-
sponding to each unique point are detailed in Tables S3 and S4
(supplementary information).

The feeding rates demonstrate the scalability of the DFB steam
cracking process. Although the steam cracker has a feedstock processing
capacity of 350 kg/h PE, the experimental matrix was restricted to a
maximum feeding rate of 120 kg/h PE. This limitation is due to the
extruder, which has a maximum feeding rate of 135 kg/h. Additionally,
the research facility’s location at the center of a university campus
imposed restrictions on storing plastic waste and highly flammable
liquids. Consequently, feeding rates for plastic wastes and liquid feed-
stocks were kept below 50 kg/h to comply with safety and storage
regulations.

As previously mentioned, temperature T2 is equivalent to the COT of
a conventional steam cracker and is a critical parameter for evaluating
the cracking temperature. Conventional steam cracking operates at a
COT of 800-850 °C to promote the formation of light olefins. Therefore,
the T2 temperature range was selected with a maximum of 825 °C,
aiming to enhance light olefin production. The lower end of the T2 range
corresponds to the minimum achievable temperature in the Chalmers
DFB steam cracker. This wide temperature range was chosen to
demonstrate the flexibility of the process.

The range of bed material circulation rate selected in this study
covers the entire achievable range in the Chalmers DFB unit. It’s
important to note that among the four parameters listed in Table 5, only
the feeding rate is independent. The other three parameters, tempera-
ture in the particle distributor (T1), temperature in the steam cracker
(T2), and bed material circulation rate, are interdependent. This inter-
dependency is governed by the heat balance over the DFB.

Each operational point requires approximately three hours, which
includes the time needed to reach the desired set points and achieve
stable operation. Within this timeframe, each operational point includes
at least one hour of stable operation. This duration allows sufficient time
for collecting relevant samples from the steam cracker, ensuring
comprehensive data collection during steady-state conditions. The re-
sults presented in the following section are the average values obtained



C. Mandviwala et al.

Table 5

Chemical Engineering Journal 500 (2024) 156892

Operational parameters of the Chalmers DFB steam cracker investigated in this work.

Feedstock Feeding rate (kg/h)” Temperature, T1 (°C) Temperature, T2 (°C) Bed material circulation (kg/m?s) Number of operational points
Naphtha 40 795-840 750-810 N/A" 7

PE 60-120 780-850 700-825 40-90 15

MPW 50 760-850 720-810 60-85 3

CRR 50 785-845 750-800 45-65 2

MRP 50-100 780-815 750-790 55-135 4

Pyrolysis oil 28 760-800 720-760 55 2

? Feeding rate (kg/h) calculated on dry basis
b Measurement not available

during the stable operation periods.
3. Results

The results are presented as the contribution of individual product
species to the carbon balance (% carbon by weight), representing the
yield of each species in the product gas relative to the carbon in the
feedstock on a dry basis. This method provides a clear understanding of
the conversion of carbon atoms from the feedstock into different species
in the steam cracker.

It is common practice to report yields as %weight of the feedstock in
the field of steam cracking. The results reported as %carbon can be
converted to %weight using the carbon content of the feedstock
(Table S2, supplementary information) and the molecular weight of the
individual species for a fair comparison.

Trends demonstrating the conversion rates and production distri-
butions from all operational points are presented. These trends show the
yields of industrially relevant species, including methane, ethylene,
propylene, C4 olefins, BTXS, and COx. The overall carbon balance in-
volves more than 60 species, with individual yields detailed in Tables S5
to S8 (supplementary information). Fig. 5 summarizes the yields (%
carbon) of the industrially relevant species obtained from all operating
points with naphtha as the feedstock. This figure highlights the corre-
lation between the yields of different species and cracking temperature.

The results presented in Fig. 5 show notable trends in product yields
as the cracking temperature increases from 750 °C to 810 °C. Methane
and ethylene yields increase consistently with temperature, reaching
nearly their highest values at 800 °C, with methane at 15 % and ethylene
at 34 %. Beyond 800 °C, there is no significant increase in the yields of
methane and ethylene. Conversely, propylene yield decreases from 17 %

at 750 °C to 11 % at 810 °C, and C4 olefins show a similar trend. These
trends suggest that higher cracking temperatures promote the further
breakdown of propylene and C4 olefins into smaller molecules such as
methane and ethylene.

The yields of BTXS and COy also increase with rising cracking tem-
peratures. BTXS yield increases from 5 % at 760 °C to 7 % at 780 °C.
Similarly, COy yield increases from 5 % to 13 % over the entire tem-
perature range. These trends indicate that higher temperatures favor
aromatization reactions and oxidation of the feedstock. The oxidation
occurs due to the oxygen transfer phenomenon. As explained earlier, this
oxygen transfer phenomenon occurs because of certain oxygen-
containing species in the bed material. Some COyx may also form due
to the steam reforming reaction on the surface of the bed material.

A notable similarity exists between the trends observed here and
those in conventional steam cracking of naphtha. Researchers have
extensively explored the impact of COT on steam cracker yields,
focusing on optimizing ethylene and propylene production [48]. In
conventional naphtha cracking, methane and ethylene yields typically
increase with COT, while the yields of propylene and butenes decrease.
According to Gholami et al., ethylene yield peaks at 25 % (by weight)
within a COT range of 750-830 °C, with methane reaching approxi-
mately 15 % in the same range [2]. Several other studies have demon-
strated a maximum ethylene yield of approximately 30 % within a COT
range of 800-850 °C. The yields of propylene and butenes in conven-
tional steam cracking generally range from 15 % to 20 % and 8 % to 10
%, respectively. The carbon oxides typically yield around 0.1 % from
conventional steam cracking, which is significantly lower than the yields
obtained in this work [49-52]. Fig. 6 presents the yields (% weight)
obtained in this study and those reported in the literature for conven-
tional steam cracking.
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Fig. 5. Yields of (a) methane, (b) ethylene, (c) propylene, (d) C4 olefins, (e) BTXS, and (f) COy obtained from steam cracking of naphtha in the Chalmers DFB steam

cracker. Temperature T2 (°C) represents the cracking temperature.
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C4 olefins between the Chalmers DFB steam cracker and conventional steam
cracking results reported by Hajekova et al., Kusenberg et al., Pyl et al., and
Barazandeh et al. [51-54].

Fig. 6 shows that the yields of methane, ethylene, propylene, and C4
olefins are generally similar to those reported for conventional steam
crackers by Hajekova et al., Kusenberg et al., Pyl et al., and Barazandeh
et al. [49-52]. Minor differences in the yields are because of the varia-
tions in the naphtha quality across different studies. However, a sig-
nificant difference can be observed in the cracking temperature,
attributable to the differences in heat transfer properties between flu-
idized bed and tubular reactors.

It is crucial to note that while Fig. 5 utilizes temperature T2 to
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Fig. 7. Yields of (a) ethylene, (b) propylene, and (c) BTXS obtained from the
Chalmers DFB steam cracker with PE as the feedstock. The yields obtained with
naphtha are shown on the same plots for comparing the trends. The yield of
methane serves as an indicator of cracking severity.
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illustrate the shift in product distribution, other variations in operating
conditions also influence the product yields. The data points in Fig. 5
also encompass variations in bed material circulation rate and feed flow
to the steam cracker. Each parameter independently influences the de-
gree to which naphtha is broken down into smaller molecules, generally
known as cracking severity.

An alternative to using individual operating parameters is to use
methane yield as an indicator of cracking severity, as proposed by Van
Geem et al. for conventional steam crackers [48]. The cracking severity
and resulting product yields from two or more steam cracking opera-
tions can be compared independently of the operating conditions by
analyzing the methane yield. Fig. 7 compares the yields of ethylene,
propylene, and BTXS obtained with PE and naphtha. Methane yield
serves as an indicator of cracking severity in this comparison.

The results presented in Fig. 7 indicate a clear correlation between
the yield of methane and the yields of other products, illustrating how
the product distribution evolves as the cracking severity increases. The
yield of ethylene obtained with PE shows an increasing trend with
cracking severity, reaching a maximum of 34 %. Conversely, propylene
yield decreases as cracking severity increases, dropping from a
maximum of 16 % to a minimum of 7 %. The yield of BTXS also shows a
distinct increasing trend with cracking severity, increasing from 9 % to
17 %.

The yields of ethylene, propylene, and BTXS obtained with PE as the
feedstock are comparable to those reported in the literature for the
thermochemical conversion of PE in fluidized beds. Wilk et al. achieved
an ethylene yield of 23 % (by weight) from steam cracking of PE at
850 °C in a DFB [37]. Kaminsky’s work reported maximum yields of
ethylene at 25 %, propylene at 9 %, and BTXS at 17 % from fluidized bed
pyrolysis of PE [53]. Similarly, Jung et al., in a fluidized bed pyrolysis
process, obtained maximum yields of ethylene at 22 %, propylene at 10
%, and BTXS at 14 % at a temperature of 730 °C [54].

Fig. 7 also provides a comparative analysis of steam cracking of PE
and naphtha. Both feedstocks show notable similarities in the overall
trends, particularly in ethylene and propylene yields, which align closely
across different cracking severities. However, deviations are evident in
methane and BTXS yields. PE shows significantly higher BTXS yields
than naphtha, suggesting a stronger tendency for aromatization re-
actions. In contrast, naphtha yields slightly more methane than PE.

The correlations shown in Fig. 7 suggest that methane yield, the
cracking severity index proposed by Van Geem et al. [48], can
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Fig. 8. The ethylene — methane correlation for the yields obtained from the
Chalmers DFB steam cracker (this work) and the yields obtained from con-
ventional steam crackers as reported by Van Geem et al. [50], Barazandeh et al.
[51], and Pyl et al. [52].
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effectively characterize product distributions from a DFB steam cracker.
Therefore, this index can describe product distribution independently of
the reactor configuration and the feedstock type. To illustrate this, Fig. 8
presents the ethylene-methane correlation for the yields (%weight) ob-
tained in this work and those reported in the conventional steam
cracking literature.

Fig. 8 demonstrates that methane yield is a robust cracking severity
index, suitable for evaluating steam cracker yields across different
reactor configurations. Additionally, this index provides a means to
assess product distributions from feedstocks with varying compositions,
helping to visualize, for instance, how product yields change with the
feedstocks’ polymeric compositions. Fig. 9 further illustrates the corre-
lations of light olefins and BTXS with the cracking severity for the other
feedstocks used in this work, including MPW, CRR, MRP, and pyrolysis
oil.

Fig. 9 also provides the yields obtained with PE as the feedstock,
allowing for a comparison with the yields from other feedstocks. Similar
trends emerge for all feedstocks across the four correlations shown in
Fig. 9. Lower cracking severity favors the production of propylene and
C4 olefins while increasing cracking severity results in higher ethylene
yields. The total yield of C2 — C4 olefins remains consistent irrespective
of the cracking severity for a given feedstock. The yield of BTXS also
increases with the increase in cracking severity for most of the data
points. Notable deviations become apparent when comparing individual
yields with those obtained from PE.

The ethylene yields obtained with pyrolysis oil closely align with
those obtained from PE, reaching a maximum of 28 %. In contrast, the
ethylene yields for MPW, CRR, and MRP deviate significantly, with all
three feedstocks producing less ethylene than PE. Specifically, the
ethylene yield for MRP ranges from 22 % to 24 %, while CRR and MPW
give ethylene yields ranging from 15 % to 20 %.

Interestingly, pyrolysis oil also yields similar amounts of propylene
and C4 olefins compared to PE. Fig. 9 (b) and (c) clearly show that the
data points for pyrolysis oil overlap with those for PE. The yields of
propylene and C4 olefins for pyrolysis oil range from 12 % to 15 % and 8
% to 12 %, respectively. In contrast, the yields from the other feedstocks,
MPW, CRR, and MRP, deviate notably from those of PE. MRP produces
slightly higher yields, while CRR and MPW yield significantly lower

Chemical Engineering Journal 500 (2024) 156892

amounts of propylene and C4 olefins than PE.

The yields of BTXS obtained with CRR and MRP closely align with
those obtained with PE across all the data points. Pyrolysis oil yields the
lowest amount of BTXS among the feedstocks, between 7 to 9 %. MPW
stands as the only feedstock that shows increased BTXS formation
compared to PE, producing yields in the range of 15-20 %.

The deviations observed in Fig. 9 arise from variations in the
composition and molecular structures of the feedstocks. Notably, py-
rolysis oil and MRP exhibit the closest resemblance to the molecular
structure of PE. The pyrolysis oil utilized in this study was derived from
the pyrolysis of polyolefins and is, therefore, primarily composed of
aliphatic hydrocarbons. Similarly, MRP, which results from the me-
chanical recycling of well-sorted polyolefins, consists predominantly of
PE and PP. As a consequence of their similar chemical compositions to
PE, both pyrolysis oil and MRP yield a comparable product distribution
to that obtained from PE in terms of light olefin and BTXS production.

In contrast, MPW and CRR contain significantly lower polyolefins
than PE and MRP, comprising less than 50 % polyolefins alongside
materials like PET, PS, and cellulose. This lower polyolefin content re-
duces the yield of light olefins, as observed in Fig. 9 for MPW and CRR.
To gain a better insight into how polyolefin content affects light olefin
production, Fig. 10 illustrates this relationship by plotting the combined
yield of ethylene, propylene, and C4 olefins against the polyolefin con-
tent of the feedstock.

Fig. 10 also includes the average light olefin yield obtained across all
operational points with PE as the feedstock, indicated by a dashed line at
52 %. Points on this dashed line signify that the light olefin yield cor-
responds to 52 % of the polyolefin content, consistent with PE. For MPW
and CRR, the data points closely align with this dashed line, indicating
that these feedstocks convert into light olefins in a proportion similar to
PE. Moreover, these points lie slightly above the dashed line, suggesting
a slightly higher light olefin yield than PE, possibly due to ethylene
formation from other polymers like PET and cellulose in these feed-
stocks. Similarly, data points for MRP also cluster around the dashed
line, indicating a selective light olefin production of approximately 52
%.

The non-polyolefin components in MPW and CRR, such as PET, PS,
and cellulose, are characterized by their molecular structures containing
aromatic rings and oxygen atoms. During steam cracking, these feed-
stocks are expected to favor the production of aromatic hydrocarbons
and carbon oxides due to these structural features. Fig. 9(d) illustrates
the increased formation of BTXS for MPW, attributable to the significant

60
50 A

40

30 1

QOO

20 A

Light olefin yield (%carbon)

10 A

0 T T T T
0 20 40 60 80 100

Polyolefin content (%wt.)

<& MPW CRR A MRP

Average light olefin yield
obtained with PE (52%)

Fig. 10. Correlation between the light olefin (C2 — C4) yield and the polyolefin
content of the feedstock. The dashed line signifies the average light olefin yield
obtained with PE (100 % polyolefin).



C. Mandviwala et al.

25

o
3
= Lo
£ 20 -
g

— Lo
8 o 15
a =<
<O o
c O
o £ 10
2
(o]
© 5 -
kel
Q@
>_

0 . T : v
0 5 10 15 20 25

Oxygen content of the feedstock (mol O/kg)

< MPW CRR

— Average oxygen yield obtained with
PE (4.5 mol O/kg)

Fig. 11. Correlation between the yield of oxygen obtained from the Chalmers
DFB steam cracker and the oxygen content of the feedstock. The horizontal
dashed line on the plot shows the average oxygen yield obtained with PE and
provides a reference. The diagonal dashed line on the plot corresponds to an
equal amount of oxygen in the product gas and the feedstock.

presence of PET and PS in this feedstock. Conversely, CRR resembles PE
in BTXS yield due to CRR’s non-polyolefin content, which is predomi-
nantly cellulose, a non-aromatic polymer.

The presence of oxygen atoms in the molecular structures of PET and
cellulose is reflected in the oxygen content of the feedstocks (see
Table S2, supplementary information). It is implied that the oxygen
content of the feedstock will result in oxygen in the product mixture.
Fig. 11 illustrates this correlation between the yield of oxygen atoms in
the product mixture and the oxygen content of the feedstock.

Fig. 11 shows the yield of oxygen (mol/kg of dry feedstock) in the
product mixture for MPW and CRR. It is important to note that the ox-
ygen yield corresponds exclusively to carbon oxides. The oxygen yield in
the form of hydrocarbons is negligible and disregarded in this plot. The
red dashed line in the figure represents the average oxygen yield ob-
tained with PE as the feedstock, which is 4.5 mol/kg. Another dashed
line passing through the origin indicates an equivalent amount of oxy-
gen in the feedstock and the product mixture. Notably, all data points for
MPW and CRR fall above this dashed line, showing higher oxygen
amounts in the product mixture than in the feedstock. As discussed
earlier, the excess oxygen in the product mixture likely arises due to the
oxygen transport phenomenon that induces an oxidizing environment in
the steam cracker. The steam reforming of hydrocarbons or the water
gas shift reaction may also contribute to the formation of carbon oxides.

Fig. 11 clearly shows that the yield of carbon oxides is significant for
feedstocks containing cellulose and PET. The data points obtained with
PE and naphtha also indicate notable carbon oxide formation compared
to a conventional steam cracker. The increased production of carbon
oxides underscores the need for effective conversion of these carbon
oxides into molecular building blocks to achieve complete recyclability
of the feedstock.

The carbon oxides, methane, and hydrogen derived from a DFB
steam cracker offer the potential for conversion into molecular building
blocks through synthesis processes like MTO and FT. These processes
typically require an R ratio of 2 for optimal conversion [55]. Fig. 12
presents the average R ratio of the CH4, COy, and Hy mixture obtained
from all the feedstocks presented in this work.

Fig. 12 shows a clear distinction in R ratios between oxygen-
containing feedstocks and those without oxygen content. Feedstocks
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Fig. 12. The R ratio of the CO, CO,, CHy4, and H, mixture obtained from the
Chalmers DFB steam cracker. The R ratios presented here are average values
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Fig. 13. The yield of solid carbon obtained from the Chalmers DFB steam
cracker. The values represent the average yield obtained with each investigated
feedstock. The error bars represent the approximate amount of solid carbon
overestimated due to coke formation in the HTR.

such as naphtha, PE, MRP, and pyrolysis oil, which do not contain ox-
ygen (see Table S2, supplementary material), consistently yield R ratios
above 2. In contrast, MPW and CRR, which contain oxygenated poly-
mers, have significantly lower R ratios. The lower R ratios obtained with
oxygen-containing feedstocks indicate an additional requirement for
hydrogen in downstream synthesis processes to achieve complete con-
version of syngas into molecular building blocks.

The formation of solid carbon during steam cracking is also assessed.
As discussed earlier, the amount of solid carbon is estimated using the
HTR method developed by Israelsson et al. [44]. Fig. 13 presents the
average yield of solid carbon obtained from PE, MPW, CRR, MRP, and
pyrolysis oil across all the operational points. The amount of solid car-
bon formed in HTR is approximately 1 % (% carbon), which causes an
overestimation of the solid carbon formed in the steam cracker. This
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overestimation is indicated by the error bars in Fig. 13.

Fig. 13 illustrates significant variations in carbon deposition
depending on the feedstock used. Pyrolysis oil exhibits the lowest yield
of solid carbon at 0.5 %. Pure polyolefin feedstocks like PE and MRP
show solid carbon yields of 2 % and 2.5 %, respectively. MPW demon-
strates a slightly higher yield of solid carbon than the pure polyolefin
feedstocks, averaging 3.5 %. CRR stands out with the highest solid
carbon yield among the feedstocks examined, reaching 6.5 %. The
variations in the yield of solid carbon are attributable to differences in
the polymeric composition of the feedstocks. Pyrolysis oil, PE, and MRP,
which are predominantly aliphatic, exhibit lower susceptibility to
carbonization reactions. In contrast, CRR and MPW contain significant
amounts of cellulose and PET, leading to char formation during steam
cracking.

The formation of solid carbon is analogous to coke formation in
conventional steam crackers. A conventional naphtha cracker yields
approximately 0.01 % coke (% weight). However, when conventional
steam crackers incorporate polyolefin pyrolysis oils, the coke yield es-
calates significantly, often by two to tenfold [52]. The increased pro-
duction of coke substantially impacts the economic viability of a
conventional steam cracker due to the necessity for frequent decoking
procedures.

The yield of carbon deposits from the Chalmers DFB steam cracker
underscores its capability to operate continuously without intermittent
decoking procedures. Even in cases such as CRR, which shows signifi-
cantly higher solid carbon formation than conventional steam crackers,
no operational difficulties were observed throughout the experimental
campaign. That is attributable to the continuous removal of carbon
deposits with the bed material.

The results in Figs. 5 through 13 highlight the trends and yields (%
carbon) of key product species obtained in this study. These trends
provide a comprehensive understanding of how the product distribution
from a DFB steam cracker evolves under various operating conditions
and with different feedstocks, including pure polyolefins and unsorted
plastic waste fractions. To further enhance this understanding, Table 6
shows the absolute yields (kg/kg of dry feedstock) of the product species
obtained under one specific operating condition for each of the six
different feedstocks used in the study. The yields reported in Table 6 are
derived by converting the % carbon yields presented in Tables S5 to S8
(Supplementary information).

Table 6 compares the absolute yields obtained with the six feedstocks

Table 6
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under similar operating conditions. Additionally, the absolute yield
values can be directly compared to yields reported in the literature on
thermochemical recycling of plastics and those obtained from industrial
steam cracking processes. Although Table 6 excludes products with
yields below 0.01 kg/kg, such as cis/trans-2-butene, propadiene, xy-
lenes, and a few others, the yields of these species are in the Supple-
mentary Information.

4. Discussion

The results support the hypothesis that steam cracking in a DFB
reactor configuration is fundamentally equivalent to the conventional
steam cracking process. The yield of methane, proposed as a cracking
severity index for conventional steam crackers, effectively characterizes
the product distributions from the Chalmers DFB steam cracker. The
correlations between product yields and the cracking severity index
offer experimental validation of the steam cracking mechanism reported
in the literature [48], demonstrating their applicability to large-scale
DFB steam crackers. As the cracking severity increases, the product
distribution becomes enriched with light hydrocarbons and mono-
aromatics. Notably, the correlation between methane yield and tem-
perature illustrates the applicability of the chain-end scission reaction.
Furthermore, higher cracking temperatures lead to increased yields of
ethylene and monoaromatics because of enhanced secondary reactions,
such as beta-scission and cyclization. These correlations indicate that
the cracking severity achieved in a DFB steam cracker within the tem-
perature range of 700-825 °C is suitable for the selective production of
light olefins and monoaromatics, which can constitute up to 65 % (%
carbon) of the product mixture.

The results also demonstrate the capability of a DFB steam cracker to
break down hydrocarbons with longer aliphatic chains than naphtha, a
capability that conventional steam crackers do not possess. The DFB
steam cracker shows selective production of light olefins and BTXS,
achieving a combined 52 % yield of ethylene, propylene, and C4 olefins,
along with a 15 % yield of BTXS from a pure polyolefin feedstock. These
findings provide experimental proof that one-step selective production
of light olefins and monoaromatics from polyolefins is achievable in a
DFB steam cracker without the use of any catalyst.

The findings outlined in this work also underscore the potential of
leveraging a DFB steam cracking process to process unsorted plastic
wastes. Despite variations in polymer composition, the DFB steam

Absolute yields (kg/kg of dry feedstock) of products for each of the six feedstocks under a selected operating condition of the Chalmers DFB steam cracker. Products

with yields below 0.01 kg/kg are excluded.

Naphtha PE MPW CRR MRP Pyrolysis oil

Temperature, T2 (°C) 782 783 768 742 789 755
Feeding rate (kg/h) 40 90 50 50 100 28
Yield (kg/Kgdry-feedstock)

Hydrogen 0.0160 0.0110 0.0110 0.0120 0.0100 0.0100
Carbon monoxide 0.0450 0.0170 0.0640 0.1070 0.0210 0.0300
Carbon dioxide 0.1760 0.0800 0.3100 0.3060 0.0660 0.0850
Methane 0.1490 0.1220 0.0790 0.0750 0.1370 0.1240
Ethylene 0.3050 0.3040 0.1340 0.1310 0.2420 0.2880
Ethane 0.0200 0.0370 0.0180 0.0200 0.0600 0.0270
Propylene 0.1410 0.1120 0.0610 0.0760 0.1260 0.1230
Propane 0.0080 0.0080 0.0040 0.0130 0.0080 0.0080
1,3-butadiene 0.0460 0.0640 0.0250 0.0360 0.0470 0.0530
1-butene 0.0106 0.0132 0.0011 0.0000 0.0065 0.0184
Isobutylene 0.0191 0.0005 0.0078 0.0104 0.0198 0.0107
C5 olefins 0.0230 0.0157 0.0050 0.0060 0.0200 0.0130
Benzene 0.0490 0.1040 0.0680 0.0550 0.1150 0.0390
Toluene 0.0070 0.0320 0.0210 0.0170 0.0440 0.0160
Styrene 0.0040 0.0160 0.0250 0.0120 0.0210 0.0080
PAHs 0.0070 0.0340 0.0270 0.0180 0.0420 0.0160
Solid carbon <0.005 0.0236 0.0231° 0.0394 0.0262 <0.005

? Yield corresponds to the operational point with T2 = 721 °C.
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cracker selectively produces light olefins from unsorted plastic waste
streams. The conversion of the polyolefin content of the waste stream
into light olefins occurs in a proportion similar to that of PE, approxi-
mately 52 %. Importantly, this proportion remains consistent regardless
of the presence of other polymers in the waste.

The non-polyolefin content of plastic waste streams in society is
predominantly PET, PS, and cellulose. While these non-polyolefin ma-
terials are also effectively converted in the DFB steam cracker, they yield
less valuable products than light olefins. The presence of non-polyolefin
content in the feedstock is reflected in the increased yield of aromatics
and carbon oxides in the product mixture. That is because aromatic and
oxygenated polymer structures of non-polyolefins effectively break
down into aromatics and carbon oxides within the DFB steam cracker. It
highlights the DFB steam cracker’s ability to differentiate between
polyolefin and non-polyolefin contents of plastic waste during conver-
sion. Separating the cracking products in the downstream gas separation
units provides in-situ sorting capabilities to the overall process. How-
ever, since the downstream gas separation is energy-intensive, one must
make a trade-off between presorting the feedstock and separating the
cracking products.

Steam cracking in a DFB offers another significant advantage over
tubular reactors by handling feedstocks prone to coke formation, such as
pyrolysis oils. The results indicate that feedstocks containing PET and
cellulose are also susceptible to coke formation. However, the robust
design of the DFB reactor configuration enables the continuous removal
of solid carbon deposits, facilitating uninterrupted steam cracking op-
erations. This capability of the DFB steam cracking process makes it
well-suited for processing non-hydrotreated pyrolysis oils derived from
mixed plastic wastes. These findings present an opportunity for the
existing petrochemical clusters to transform into thermochemical recy-
cling plants by replacing conventional steam crackers with DFB steam
crackers. However, it is crucial to note that DFB steam crackers cannot
replace conventional ethane crackers since ethane crackers are
specialized units and have limited product gas separation capabilities.

The gas separation units downstream of conventional naphtha
crackers do not require replacement, as the product distributions from
both steam crackers are similar. However, additional gas treatment steps
may be necessary downstream of DFB steam crackers before introducing
the product gas into the existing gas separation units. The current gas
separation units cannot handle high concentrations of carbon oxides
because conventional steam cracking units yield only marginal amounts
of carbon oxides, typically less than 0.1 %. In contrast, DFB steam
crackers will likely produce significant amounts of carbon oxides due to
the oxygen content of mixed plastic wastes and the inherent reactions
occurring within the steam cracker. A DFB steam cracker must have a
downstream water gas shift reactor and an acid gas removal unit to
manage the carbon oxides.

Guard beds and adsorbents downstream of a DFB steam cracker may
also be necessary to remove species that could poison downstream
catalytic processes, such as polymerization or hydrogenation. Some of
the known poisons to Ziegler-Natta polymerization catalysts include
methyl mercaptan (CH4S), carbon disulfide (CS;), and methyl cyanide
(CH3CN) [56]. While this work does not investigate the formation of
these species during the steam cracking of plastic waste, this remains an
open topic for further research.

As an introductory exploration of steam cracking in DFB, this work
opens opportunities for further research towards the applicability and
economic viability of the process. Future research should focus on
several key areas to strengthen the applicability of such a steam cracking
process. Since steam cracking reactions are kinetically driven, the in-
fluence of heat transfer rates on the kinetics and residence time requires
thorough investigation. Understanding how heat transfer affects these
factors is crucial for optimizing the light olefin yield from a DFB steam
cracking process. Additionally, the fluidization regimes and the
behavior of solid plastic particles in DFB steam crackers need dedicated
investigations. Insights into these areas will help improve the overall
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heat transfer rates achieved in a DFB steam cracker.

Conventional naphtha crackers are energy-independent and use an
integrated heat exchanger network to recover heat from the cracker
effluent [3]. This recovered heat preheats the feedstock and generates
steam, minimizing external energy input. The steam cracking of PE is
estimated to have an endothermic reaction heat of 2.0-2.5 MJ/kg based
on the results obtained in this work. The overall energy requirement will
be slightly higher, considering the additional energy needed to heat the
feedstock and steam to reaction temperatures. While this study does not
focus on the energy balance over a DFB steam cracker, further research
is essential. In particular, developing integrated heat recovery systems
for solid feedstocks could significantly enhance the energy efficiency of
the process.

The pyrolysis oil used in this study was derived from the pyrolysis of
well-sorted polyolefins. Future research should investigate the steam
cracking of pyrolysis oils obtained from unsorted plastic wastes. That
would necessitate directing pyrolysis research toward producing oils
from mixed plastic wastes. Additionally, efforts towards minimizing the
production of off-gases during the pyrolysis process will be beneficial.
These initiatives are crucial for improving the circularity and sustain-
ability of the pyrolysis process.

Pyrolysis stands out as a highly versatile thermochemical recycling
process. However, the efforts in the hydrotreatment of pyrolysis oil
significantly influence its economic viability. In addition, pre-sorting the
plastic waste to obtain naphtha-like pyrolysis oil further impacts the
economics of the process. Introducing a DFB steam cracker could revo-
lutionize this landscape by eliminating the need for pre-sorting and
hydrotreatment. Pyrolysis oils from mixed plastic wastes could serve as
drop-in feedstocks for the DFB steam cracking process, potentially
enhancing the economic feasibility of pyrolysis as a sustainable ther-
mochemical recycling solution.

5. Conclusions

This work demonstrates that steam cracking in a DFB reactor is
equivalent to steam cracking in tubular reactors. The cracking mecha-
nisms and severity indices applicable to conventional steam crackers
also apply to DFB steam crackers. The cracking severity achieved within
the temperature range of 700-825 °C in a DFB steam cracker is suitable
for the selective production of light olefins and monoaromatics.

Steam cracking of pure polyolefin feedstocks in DFB results in an
average yield (%carbon) of 52 % light olefins and 15 % BTXS. When
processing plastic wastes, the conversion of the polyolefin content into
light olefins remains consistent at approximately 52 %, regardless of the
presence of other polymers. Common non-polyolefin materials in plastic
waste, such as PET, PS, and cellulose, are selectively converted into
aromatics and syngas. This selective conversion of polyolefin and non-
polyolefin contents in a DFB steam cracker provides an in-situ sorting
mechanism, eliminating the need for pre-sorting plastic waste.

Coke formation in a DFB steam cracker remains as significant as in
conventional steam crackers, particularly for feedstocks with PET and
cellulose. However, the DFB steam cracker’s ability to continuously
remove carbon deposits eliminates the need for intermittent decoking
procedures. This capability also facilitates the steam cracking of olefin-
rich pyrolysis oils, which are prone to coke formation. When steam
cracking a polyolefin pyrolysis oil in DFB, the yield of light olefins is
similar to that obtained with pure polyolefin feedstocks despite the high
olefin content. These findings demonstrate that a DFB steam cracker
eliminates pretreatment steps like distillation and hydrotreatment,
essential for processing pyrolysis oils in conventional steam crackers.
These results also encourage plastic pyrolysis researchers to widen the
scope of feedstocks to unsorted plastic wastes for their pyrolysis
processes.

Overall, this work highlights the potential of DFB steam crackers in
the thermochemical recycling of plastic waste. Future research should
investigate the formation of species that may poison downstream
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polymerization processes. Investigations into additional gas separation
units required to remove such undesirable species from the product gas
are also essential. These efforts will ensure a seamless transition from
conventional steam crackers to DFB steam crackers.
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