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Abstract
Chemical recycling can improve the plastic recycling rates and reduce the level of CO2 from fossil plastics
production. Thus, it is seen as an attractive technology in the action towards meeting the emission, circular
economy and recycling targets. In the Swedish context, it could help reach the carbon neutrality goal by
2045. This thesis aims to investigate the potential of chemical recycling in the Swedish plastic recycling
system with Brista waste-to-energy plant in Stockholm as a case study. The thesis describes different stages
of current Swedish plastic recycling system and quantifies material losses at every stage. The recycling rate
of plastic packaging in the household waste stream in Stockholm was found to be lower than 7%.
Remaining 93% is sent for energy recovery through incineration. The feasibility of implementing different
chemical recycling technologies is analysed together with the Technology Readiness Level (TRL). The
results showed that there are three technologies with the highest TRL of 9: thermal cracking (pyrolysis),
catalytic cracking and conventional gasification. The important parameters when implementing chemical
recycling in an existing facility are discussed and used for the feasibility analysis of implementing these
three technologies in Brista facility. It is not obvious which technology is the best one for this application.
Gasification is proven for the production of intermediates (oil or syngas) which can be used for new
plastic production, however, the scale of Brista facility is not large enough for a gasification plant to be
feasible. Pyrolysis and catalytic cracking could be used at a smaller scale, but they have not contributed to
the production of new plastics so far, thus, both technologies would require further research and tests on
a pilot scale before moving to commercial operation. The findings from this study have to be followed by
an in-depth analysis of real data, from pilot or commercial projects, which is currently unavailable.
The major challenges to implement chemical recycling of waste plastics in Sweden are of economic and
political nature. The key point in successful deployment of chemical recycling is the development of
a business model which would ensure that all actors along the plastic recycling chain benefit economically
from the solution. For the Brista 2 plant case, the challenges include Stockholm Exergi’s insufficient
expertise to perform chemical recycling independently, uncertain feedstock purity requirements and
challenging market situation.
Keywords: recycling, chemical recycling, plastic waste, plastic packaging, recycling rates, circular economy, Sweden, Stockholm,
Stockholm Exergi.
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Abstrakt
Kemisk återvinning har potentialen att öka återvinningsgraden av plastförpackningar och minska därmed
minska klimatpåverkan från fossila plastprodukter. Således ses den som en möjlig teknik för att möta
utsläpps- och återvinningsmål samt införandet av en cirkulär ekonomi. I ett svenskt sammanhang kan det
bidra till att nå målet om netto noll utsläpp 2045. Denna uppsats syftar till att undersöka potentialen för
kemisk återvinning i det svenska återvinningssystemet för plast, med det avfallseldade Bristaverket som
fallstudie. Avhandlingen beskriver ingående led i den nuvarande svenska plaståtervinningssystem och
kvantifierar materialförluster i alla steg. Återvinningsgraden för plastförpackningar i hushållsavfallet
i Stockholm visar sig vara lägre än 7%. Återstående 93% skickas för energiåtervinning genom förbränning.
Analysen av olika teknologier för kemisk återvinnings genomförs med hjälp av Technology Readiness
Level (TRL). Resultatet visar att det fanns tre teknologier med högsta TRL på 9: termisk krackning
(pyrolys), katalytisk krackning och konventionell förgasning. Viktiga parametrar för kemisk återvinning
kopplat till en befintlig anläggning diskuteras och används för genomförbarhetsanalys av de tre valda
teknologierna genom en fallstudie vid Bristaanläggningen. Det är inte uppenbart vilken teknik som är den
bästa för denna applikation. Förgasning är bevisat framgångsrik för produktion av intermediära produkter
(olja eller syngas) som kan användas för ny plastproduktion, men Bristaanläggningens storlek är för liten
för att en förgasningsanläggning ska varamotiverad. Pyrolys och katalytisk krackning kan användas
i mindre applikationer, men de har hittills inte lyckats bidra till framställning av ny plast. Därför skulle
båda teknikerna kräva ytterligare forskning och test på pilotskala innan de skalas upp till kommersiell drift.
Resultaten från denna studie måste följas av en djupgående analys av verklig data, från pilotprojekt eller
kommersiella projekt, som för närvarande inte är tillgänglig.
De stora utmaningarna för att genomföra kemisk återvinning av plastavfall i Sverige är av ekonomisk och
politisk karaktär. Nyckeln till framgångsrik spridning av kemisk återvinning är utvecklingen av en
affärsmodell som säkerställer att alla aktörer längs plaståtervinningskedjan kan dra ekonomiskt fördel av
lösningen. För en anläggning i Brista finns utmaningar i form av Stockholm Exergis otillräckliga expertis
inom området kemisk återvinning, osäkra råvarukrav och en utmanande marknadssituation.
Nyckelord: återvinning, kemisk återvinning, plastavfall, plastförpackning, återvinningsgrad, cirkulär ekonomi, Sverige,
Stockholm, Stockholm Exergi.
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1 Why chemical recycling of waste plastics?
In 2015 the European Commission adopted an EU Plan for circular economy which highlights the
importance of preparing national strategies to address challenges posed by plastics throughout the value
chain and taking into account their entire lifespan. The circular economy concept assumes a material
production and consumption system in which waste material is recycled, recovered and reused, meaning
converted into a new product and fed back into the economy (Van Eygen et al., 2018). The main goals
across the Europe is to reduce the amount of plastic waste in circulation by enhancing its reuse and design
for recyclability as well as recycling with improved quality and economics (Ellen MacArthur Foundation,
2017) Plastic packaging is a priority as it accounts for approximately 60% of post-consumer plastic waste
(European Commission, 2018).

Figure 1 EU waste management hierarchy (European Commission, 2016).
Plastics are increasingly used across the economy, being a key material in packaging, construction,
transportation, healthcare and electronics sectors (Hopewell et al., 2009; Worrell, & Reuter, 2014). Over
the last half-century, the global production of plastics increased 20 times and is expected to double again
over the next 20 years. New plastic consumes approximately 5% of all oil production and if the trends do
not change, by 2050 it will reach 20%, resulting in a 15% raise of the global CO2 emissions, see Appendix
1 for more details. Plastic pollution is a global emerging concern which is exacerbated by a steady increase
of annual plastic waste generation which is a result of its favourable characteristics - low cost, versatility,
durability and high strength-to-weight ratio. The largest plastic’s application, 26% of its total volume, is
used in packaging sector (European Commission, 2018; Ellen MacArthur Foundation, 2016).
In Sweden approximately 900 thousand tonnes of plastic are used on an annual basis which corresponds
to 90 kilograms per person (Material Economics, 2018). There are five solid waste management strategies
which are ranked in the waste management hierarchy to illustrate the preferable ways to treat waste with
least possible environmental impact, see the Figure 1, with prevention being the most favourable and
disposal – least favourable option. According to (FTI, 2017), in 2016 in Sweden there were 196 908 tonnes
of plastic packaging produced out of which 42,2% was sent for mechanical recycling and the rest - for
energy recovery.
The Swedish recycling system assumes that the plastic packaging is sorted by the consumers, thus, it relies
on people’s good will. In theory, the plastics are expected to be sorted in the recycled bins but in reality,
a significant share of plastic waste ends up in residual waste bags. In the current recycling system, the
plastic waste from the recycling points is sorted mechanically and the entire volume of plastic from the
residual waste bags is sent for the energy recovery.
The sorted plastic stream is recycled mechanically which leads to production of downgraded recycled
material that is often more expensive than virgin plastics. Mechanical recycling cannot treat contaminated
plastics or mixed plastic streams. Therefore, detailed and labour intensive sorting is required. A significant
-1-

amount of waste is rejected, thus reducing the total efficiency of the process. The inefficiency of the
method is confirmed by (Merrild et al., 2012), according to whom, mechanical recycling results in
approximately 10% plastic material loss and 10% quality loss. During mechanical recycling the material is
degraded by reprocessing and subsequently degrades over its lifetime (Ragaert et al., 2017). This limits
reuse of the recycled material. According to (FTI, 2018a), with the current system, plastic packaging can
be recycled up to seven times before the polymers degrade and cannot be used anymore.
Energy recovery is the second least favoured waste management technology after landfilling, see the
Figure 1, as it shortens product’s lifespan and generates economic loss. The estimates show that
approximately 10 billion SEK is lost every year due to poor recycling of plastics, as shown in the Figure 2
(Material Economics, 2018).

Figure 2 Annual economic losses due to poor material recycling in Sweden (Material Economics, 2018).
Chemical recycling could be an alternative technology to mechanical recycling that could help meet the
circular economy targets and provide plastic manufacturers with higher quality recycled material. It has
a higher tolerance of mixed or contaminated plastic waste stream than mechanical recycling and makes it
possible to break down polymers into single monomers and produce a high quality product.
In 2016, Stockholm City adopted a strategy towards a fossil fuel free Stockholm by 2040. Currently,
energy from fossil fuels accounts for roughly 30% of all energy used in Stockholm. By 2040, fossil fuels
are expected to be found in transportation sector and in waste streams in the form of fossil-based plastics.
Consequently, Stockholm Exergi’s carbon footprint in 2040 will be limited to incineration of fossil
plastics. Therefore, the Stockholm Exergi’s ambition is to reduce emissions from the process and increase
the recycling rates as much as possible. The company has already started the process and is planning to
construct a sorting facility connected to one of the waste-to-energy plants to reduce the volume of plastics
sent for incineration.
The Stockholm City’s strategy assumes compensating the emissions from waste plastics incineration by
creating carbon sinks within the municipal boundaries (Stockholm Stad, 2016). Therefore, the initial aim
of this thesis was to carry out a feasibility assessment of a slow pyrolysis based system implementation in
one of Combined Heat and Power (CHP) facilities fueled with waste incineration in Stockholm. The
assumption was that the major product from the process, just like in case of biomass, would be char, thus,
the emissions could be captured to reduce the overall carbon footprint of the plastic treatment process.
The solid residue was planned to be used as an input to construction materials. However, it was found out
that the char yield from the plastic pyrolysis does not exceed 4% which is not enough to make significant
change neither in the process efficiency nor in the amount of CO2 emissions captured (Sharuddin et al.,
2016).
In this context, Stockholm Exergi seeks to identify technologies that could complement planned sorting
facilities and help enhance the reuse of recycled plastic. Chemical recycling could be a potential solution.
Investing in it requires deep understanding of the alternatives and their suitability to a given case. Today’s
literature summarizes chemical recycling development status by outlining different experiments and their
-2-

outcomes but lacks a comprehensive technical feasibility analysis of its implementation in existing
facilities.
This report will use the energy utility Stockholm Exergi and Brista 2 plant fuelled with waste incineration
as a case study. The analysis will cover possible alternatives to improve plastic waste recycling system in
Stockholm, the effect that chemical recycling could have on it and add to the knowledge about
implementing chemical recycling in an existing facility.

1.1 Aims and objectives
The overarching objective of this study is to answer the question: How could chemical recycling improve
recycling of plastic waste? The set sub-objectives are the following:
1. Describe and analyze the imperfections of the current plastic recycling system in Sweden and in
Stockholm.
2. Characterize and analyse chemical recycling technologies for waste plastics. Determine their
current status and potential for future development.
3. Determine critical factors for chemical recycling system implementation in Brista 2 plant case and
use them for evaluation of the most promising technology.
4. Identify potential challenges of implementing chemical recycling in Sweden in general and in
Brista 2 plant case in particular.

1.2 Methodology
The state-of-the-art review of chemical recycling is based on a review of peer-reviewed articles, relevant
websites, for example Waste Management World, report by Plastic Waste Management Institute and
European Comission as well as an interview with Marianne Gyllenhammar, Project Manager at Stena Recycling
International AB.
The current plastic recycling system in Sweden is described based on the official reports issued by entities
such as Förpacknings- och tidningsinsamlingen (FTI), Stockholm Vatten och Avfall, the Ministry of the
Environment and Energy and Naturvårdsverket. The information found there is complemented with
interviews with representatives of different actors in the process chain:
•
•
•
•

Einar Ahlström, Materials Specialist at FTI AB;
Henrik Nilsson, Planning Manager at FTI AB;
Leif Karlsson, CEO of Swerec AB;
Mechthild Ahaus, Commercial Manager at Hubert Eing Kunststoffverwertung GmbH.

Based on the interviews, the recycling rates and losses at different stages of plastics recycling process are
estimated. The waste stream fed into Brista 2 plant and current plant’s performance is described based on
an interview with John Cook, Head of Waste Procurements at Stockholm Exergi AB. The process of mechanical
recycling of plastic waste from household stream is explained based on an interview with one of the
German companies that receives Swedish plastic waste - Hubert Eing Kunststoffverwertung GmbH. The
author could not reach the other company, Umweltdienste Kedenburg GmbH, for an interview.
The plastic waste recycling rates in Sweden and in Stockholm are estimated based on the official waste
collection statistics by FTI and the data from Stockholm Vatten och Avfall. The action taken towards
improving the plastic recycling rate at Brista 2 plant is explained based on the Stockholm Exergi’s internal
reports and interviews with John Cook, Head of Waste Procurements at Stockholm Exergi AB as well as the
Brista One Stop Solution (BOSS) project team members:
•
•

Johan Ekström, BOSS Project Manager at Stockholm Exergi AB;
Magnus Jakobsson, BOSS Process Equipment Project Manager at Stockholm Exergi AB.
-3-

In this study different chemical recycling technologies, presented in the Figure 20, are considered. The
screening of different chemical recycling technologies and their status is carried out based on a review of
peer-reviewed scientific papers as well as websites of respective developers. The Technology Readiness
Level (TRL) assessment is carried out based on the framework presented in the Table 1, formulated based
on the scale from the Table 2.
Table 1 Technology Readiness Level (TRL) assessment framework for the analysis.
Technology developer
Large sized company

Comment
In development/in commercial operation

TRL
8-9

Small/medium sized company

Successfully sold/in commercial operation
In development

8-9
4-7
1-5

R&D centre/university

The TRL assessment is made based on the technology developer. The low range TRLs are assigned to the
technologies developed only on the academic or research level. Medium to high range – to the small and
medium sized companies with prototype or ready technology successfully sold to the industry. Highest
TRLs are assigned to the large sized companies which are most likely to be successful on the market. Since
they have resources to put the technology in commercial operation, they could potentially outcompete
smaller companies developing the same technology.
Table 2 Technology Readiness Level (TRL) scale. Adapted from (Rybicka et al., 2016).
TRL
9
8
7
6
5
4
3
2
1

Description
System in commercial operation
System completed and tested
System prototype demonstration in real environment
System prototype demonstration in laboratory environment
Technology validation in real environment
Technology validation in laboratory environment
Analytical and experimental critical function and/or characteristic proof-of-concept
Technology concept and/or application formulated
Basic principles observed/reported

The TRL assessment is done independently by the author of this study and complemented with interviews
with:
•
•

Tobias Richards, Professor in Resource Recovery and Building Technology at the University of Borås;
Daniel Pettersson, Product Development Manager at Cassandra Oil AB.

After the TRL assessment, only technologies with the TRL of 9 are included in the further analysis. They
are compared to assess which one of these technologies is the most feasible in Brista 2 plant and could
contribute towards improvement of the plastic recycling rates. The comparison is made through a MultiCriteria Decision Analysis (MCDA). MCDA may be used when there is more than one criterion which
need to be taken into account when a new solution is implemented. It is often very difficult to find the
best alternative when a range of competing factors need to be incorporated in a decision-making process.
MCDA allows to find the best compromise of all criteria and facilitates making the decision (Cavallaro &
Ciraolo, 2005). According to (Sharma et al., 2015), the MCDA typically consists of eight stages:
a.
b.
c.
d.
e.

defining the objectives of the analysis;
splitting the objectives into factors/criteria;
assigning indicators (quantitative or qualitative) to respective criteria;
assigning weights to each criterion;
define the alternatives;
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f. assign scores to each alternative;
g. obtaining results for different alternatives by multiplying weights with respective scores;
h. carrying out a sensitivity analysis.

Objectives
Criteria/Factors
Weights
Alternatives/Options
Scores
Results
Figure 3 Stages of MCDA in this study. Adapted from (Sharma et al., 2015).
The factors are defined by the author based on:
•
•
•
•

literature review;
interviews with experts;
knowledge about process at BOSS and Brista 2 plant gathered in the internal Stockholm Exergi’s
materials;
objective of contribution to improving plastic recycling rates.

Each factor is defined and described for each technology and assigned weights from 1 to 3, where 3 is the
highest level of importance. Due to paucity of data, the analysis is fully qualitative, the indicator step as
well as the last, optional, step of the MCDA (sensitivity analysis) are skipped in this study, see Figure 3.
Factors are formulated as YES/NO questions in such a way that YES indicates positive effect on the case
study and NO – negative.
The basis for the evaluation and scores is collected from the review of peer-reviewed scientific articles and
interviews with:
•
•
•

Marianne Gyllenhammar, Project Manager at Stena Recycling International AB;
Henrik Thunman, Professor at Department of Energy and Environment at Chalmers University of Technology;
Tobias Richards, Professor in Resource Recovery and Building Technology at the University of Borås.

Finally, the challenges of implementing chemical recycling are identified based on peer-reviewed articles,
official reports issued by Naturvårdsverket, Avfall Sverige, Nordiskt samarbete and European
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Commission. The obstacles to the successful implementation of plastic waste chemical recycling in
Sweden were discussed with:

•
•

Oliver Lambertz, Business Development Manager at TOMRA Sorting GmbH;
Henrik Thunman, Professor at Department of Energy and Environment at Chalmers University of Technology.

In an attempt to make a rough assessment if the cost could be an obstacle towards chemical recycling
implementation, the techno-economic analyses of pyrolysis, catalytic cracking and gasification plants have
been reviewed, see Appendices 4, 5 and 6 respectively.
Case study: plastic waste recycling in Brista 2 plant
There are two CHP plants fuelled waste incineration in Stockholm region – Brista 2 plant, part of
Bristverket, in the northern suburbs and Högdalenverket in Stockholm itself. The heat from the process is
sent to the Stockholm district heating network and partially covers its baseload, see Figure 4.

Figure 4 Stockholm Exergi's district heating network (Open District Heating, 2018).
•

•

Bristaverket consists of two separate plants. The Brista 2 waste-to-energy plant was built in 2013
next to the existing Brista 1 plant fuelled with woodchips. Brista 2 plant is equipped with
a Bubbling Fluidized Bed (BFB) boiler and converts 220 000 tonnes of waste to 490 GWh heat
and 120 GWh electricity annually.
Högdalenverket consists of four grate furnace boilers fueled with municipal solid waste and one
Circulating Fluidized Bed (CFB) boiler fueled with industrial waste. In a year Högdalenverket can
handle 700 000 tonnes of waste and produce 2 174 GWh heat and 197 GWh electricity (Linde,
2016; Fortum, 2018).

The waste recycling process in Stockholm is uniform and the waste content treated in both plants is
similar. The analysis will cover Brista 2 plant and plastic in the household waste stream only. If needed, the
results can be transferred to larger volume of waste treated in Högdalenverket.
Both Bristaverket and Högdalenverket are owned by Stockholm Exergi AB, a subsidiary co-owned by
Fortum Group and the Stockholm municipality. Fortum Group is an international energy company
operating in the Nordic and Baltic countries, Russia and India. Apart from waste disposal and heat supply,
Stockholm Exergi creates value by providing electricity, district cooling and other energy services
(Stockholm Exergi, 2018a).
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1.3 Organization of study
Chapter 1 puts the topic of this study in the context, introduces its objectives, scope and methodology
used.
Chapter 2 describes chemical recycling development and current efforts towards its implementation all
over the world.
Chapter 3 presents current plastic recycling system in Sweden and in Stockholm. Plastic waste streams
rejected at each stage are quantified. Moreover, it discusses the plastic recycling rates in Sweden and in
Stockholm, improvement needs and chemical recycling’s potential to meet these needs.
Chapter 4 presents chemical recycling technologies, their advantages, disadvantages and maturity. The
Technology Readiness Level (TRL) assessment is carried out.
Chapter 5 transfers findings from Chapter 5 to the case study. The important parameters when
implementing chemical recycling in an existing facility are discussed. The parameters are used to find
which technology is the most feasible to be applied in Brista 2 plant. The analysis and results are presented
and discussed.
Chapter 6 outlines potential challenges of implementing chemical recycling in Sweden in general and in
Brista 2 plant in particular.
Chapter 7 summarizes the findings from the thesis and gives recommendations to Stockholm Exergi for
future research and steps towards implementation of chemical recycling in the company’s facilities.

2 Chemical recycling of plastic waste: a state-of-the-art
review
This chapter briefly introduces chemical recycling development and current efforts towards its
implementation. The information gathered here will be complemented with more detailed analysis of
current status for each technology and TRL assessment in Chapter 4.
Historically, the two primary waste disposal methods are waste incineration and landfill, the least favorable
waste treatment option. Landfill cost varies between different countries and depends on the local geology
and land use. For instance, landfilling is expensive in the Netherlands due to permeability from the sea and
in Japan - where hard volcanic bedrocks require expensive excavation (Hopewell et al., 2009). If high,
landfill cost can be an economic incentive towards energy recovery or recycling and Japan is a good
example of it.
Japan seems to be the centre of chemical recycling development with 13 feedstock recycling facilities in
2015, see the Figure 5. In Japan recycling laws are in place, see Appendix 7 for more details, and local
waste market has favourable conditions for large investments for technology development
(Gyllenhammar, 2018). The development of plastic waste liquefaction technology in Japan started in 1970s
and today the technology is fully established. Due to high energy demand of the process and some
technical difficulties and risks, many large scale facilities did not achieve profitability and withdrew from
business in 2000s. Since then the development of this technology has had some achievements but due to
lack of economic feasibility, the technology is not yet available on a large scale. First plastic gasification
plant was introduced there as a result of a cooperation between EUP, Ebara Corporation and Ube
Industries in Ube city in 2001. Due to technical difficulties related to procuring raw plastic waste, EUP
had to withdraw from the business in 2010. In 2003 another plastic gasification plant was opened by
Showa Denko in Kawasaki. In 2000 Japan Recycling Corporation introduced a process of converting
waste plastic into clean fuel gas. The same process was later adopted by Mizushima Eco-works in 2005
and by ORIX Environmental Resources Management in 2006 (PWMI, 2016). Japan is also one of the first
countries to have commercial catalytic cracking and plasma gasification projects with waste feedstocks,
which are described in detail in Catalytic cracking and Plasma gasification sections in Chapter 5.

Figure 5 Overview of large chemical recycling facilities in Japan in 2015 (PWMI, 2016).
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The first world’s full-scale chemical recycling plant that aims to produce intermediate products for new
plastic production is located in Edmonton, Canada. It is based on gasification technology and is described
in more detail in the section Conventional gasification. The technology is planned to be transferred to
Europe. A partnership between AkzoNobel, Van Gansewinkel, Air Liquide, AVR and Enerkem is
currently working on financial arrangements to build a similar waste-to-chemicals plant in Rotterdam, the
Netherlands. It will use the same technology as the plant in Canada which will allow converting waste into
methanol and then to chemicals, see Figure 6 (Ragaert et al., 2017). The plant will be twice the size of the
facility in Edmonton, converting annually 350 000 tonnes of waste into 270 million litres of methanol
(Chemistry World, 2018).

Figure 6 Outline of the planned waste-to-methanol plant in Rotterdam (Chemistry World, 2018).
So far there has been no waste chemical recycling plant in Europe that would use the products as an
intermediate for producing new plastics. In Lahti, Finland, there is one of the world’s largest gasification
plants which uses gasification for the pre-treatment of solid recovered fuel rather than the main process.
(Lahti Energia, 2018) Furthermore, gasification unit seems to be in operation in Malagrotta waste-toenergy (WTE) plant in Italy, where just like in the case of Lahti, syngas is used for combustion and energy
generation, see section Conventional gasification for further details (Colari, 2018). There are several
studies simulating the waste-to-methanol unit in Malagrotta plant, technical details available in the
Appendix 6 (Iaquaniello et al. 2017; Salladini et al., 2018). However, it seems that the Waste-to-methanol
(WtM) technology has not been implemented into the process yet.
There has been a number of chemical recycling projects based on different technologies and most of them
have been closed due to financial issues. For instance, Stena Metall Group joined forces with several
partners to explore the potential of microwave pyrolysis as an alternative method for recycling the glass
fibre reinforced composites. The project started in 2003 and ended in 2005 as the results showed that the
technology requires more development and large production volumes to be feasible. In 2016, the Air
Products withdrew from the construction of two, 50 MW each, plasma gasification plants in Teesside,
England, see Plasma gasification section for more details (Waste Management World, 2016).
In Sweden there are no full-scale chemical recycling projects yet. Currently, there are some finished and
on-going pilot scale pyrolysis and gasification projects performed in both academic and industrial setting.
A Swedish company Cassandra Oil AB, for example, performs fast pyrolysis of hydrocarbon waste
materials, i.a. waste plastics on a pilot scale. Plastic is converted to oil which possibly could be used for
new plastic and fuel production, see section Thermal cracking for more details.
In 2005 the Gothenburg Biomass Gasification, GoBiGas, project started as part of the vision of
establishing local annual production of approximately 86000 TOE biofuels by 2020. As support to the
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project, in 2007 Chalmers University of Technology established a research program with a 2-4 MW Dual
Fluidized Bed (DFB) gasifier. The goal of both projects was to demonstrate feasibility of commercial scale
conversion of biomass with high moisture content to methane with conversion efficiency larger than 75%.
The GoBiGas plant operated successfully, the plant was scaled-up to commercial scale and the project
goal was achieved (Thunman et al., 2018). Currently, the feasibility of using Chalmers gasifier for plastic
waste gasification is being researched. The experiments are performed in cooperation with companies,
such as Stena and Borealis, a chemical company in Stenungsund chemical cluster, see the Figure 7. The
goal is to establish a plastic refinery in Stenungsund which would be similar to the ones in Edmonton and
Rotterdam. If financial support is in place and experimental results are positive, the pilot plant may be
constructed in the coming years (Orring, 2017).

Figure 7 The chemical cluster in Stenungsund and associated energy and material flows (Hackl, 2014).
The debate about circular economy and importance of more efficient use of different materials is
increasing both in Europe and in Sweden. In January 2018 the European Commission adopted the
Circular Economy Package which includes an action plan which is expected to help enhance recycling and
re-using of different materials. The revised legislative proposals on waste include long-term goals for all
member countries, i.a. (European Commission, 2018):
•
•
•
•

recycling of 65% of municipal waste by 2030;
recycling of 75% of packaging waste by 2030;
providing economic incentives for producers of recycled materials;
supporting the recovery and recycling schemes.

As a result of increasing debate, circular economy targets and technology transfer to Rotterdam, new
efforts, research programs and industrial projects are expected to be established in Europe in the coming
years. Chemical recycling will play an important role in improving the current plastic recycling system in
Europe and in Sweden.
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3 Sweden: plastic waste recycling system and recycling
rates
In order to propose a technically feasible chemical recycling technology to be implemented in Stockholm
region, it is necessary to fully understand processes in the current Swedish plastics recycling system and its
imperfections. This chapter introduces the current plastic recycling system in Sweden in general and
Stockholm in particular.
Moreover, current plastic recycling performances in Sweden and in Stockholm are described and
quantified to provide an understanding of the improvement needs and ambitions. The chapter outlines the
measures that have already been taken towards improvement of the plastic recycling rates in Brista 2 plant
and also proposes a setting for incorporating the chemical recycling step in the existing process.

3.1 How is waste plastics currently recycled in Sweden?
The plastic waste recycling process and legislations are uniform across Sweden. According to the Swedish
Environmental Code, every producer of plastic packaging on the Swedish market is obliged to ensure that
the waste is collected, recycled, recovered or disposed in an acceptable manner from the environmental
and health perspectives (Ministry of the Environment and Energy, 2000). As a consequence, the
responsibility for collection and disposal of plastic waste rests with producers which have to ensure that
there are suitable collection systems in place and that a certain quantity of plastic waste undergoes
recycling. It also aims to encourage producers to develop recyclable products free from hazardous
substances.
The current waste plastics recycling system in Stockholm region is presented in the Figure 8. The streams
marked in red are the ones that lower plastic recycling rates. The very first step of the plastic waste
recycling process occurs at the household level where consumers sort the recyclable and non-recyclable
materials by either recycling or disposing them. The two main plastic waste flows in Swedish household
waste today are plastic sent for material recycling and plastic sent for energy recovery.

Figure 8 Process flowchart for waste plastics recycling system in Stockholm region, referred to as current system. The streams
marked in red are negatively influencing the plastic recycling rate.
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The collection of plastic packaging
The collection of packaging waste from the recycling stations is currently handled by two competing
companies servicing 5 800 unmanned collecting stations, återvinningsstation (ÅVS), across Sweden –
TMR and Förpacknings- och tidningsinsamlingen, FTI, an entity owned by five material companies:
MetallKretsen, Plastkretsen, Pressretur, Returkartong and Svensk Glasåtervinning. FTI dominates the
market and services the great majority of the collecting stations. The recyclable waste, such as plastic
packaging, glass packaging, paper, newspapers and metal, is delivered to the ÅVS by the consumers
themselves. In addition to the ÅVS, there are property-close collection stations, fastighetsnära insamling
(FNI) and packaging collection by the municipalities’ recycling centers, återvinningscentral (ÅVC)
(Ahlström, 2018).
The collection and recycling of packaging waste is financed through packaging fees paid by plastic
packaging producers who have decided to cooperate with FTI. Producers can decide not to have this
cooperation and take the responsibility for the collection and recycling themselves, however, there is no
such case reported in Sweden (Naturvårdsverket, 2012; Ahlström, 2018). In 2015 the government
discussed the possibility to transfer the responsibility for collecting and sorting packaging waste to
municipalities. It was proposed that the ownership of the material and responsibility for recovery remains
with the producers. At last, no changes were made due to the uncertainty about the consequences to the
change (Stockholm Vatten och Avfall, 2016).
FTI has a material quality requirement of 80% which means that 80% is the minimum acceptable plastic
packaging content. In the remaining volume 8 percentage units are the non-packaging plastic material and
12 percentage units are the non-plastic material, see Figure 9. All the non-plastic packaging volume is
removed from the stream and sent for energy recovery (Nilsson, 2018). Collected packaging waste from
ÅVS, FNI and ÅVC is sent to baling stations where the packaging is being compressed and baled after
bulky, non-packaging has been removed by hand from the stream. Then the plastic packaging waste sent
for sorting and recycling (Ahlström, 2018). According to the recovery statistics (FTI, 2017), the share of
waste sent for recycling in 2016 was 42.2%.

Figure 9 Rejected streams from the plastic waste collected from recycling stations. The streams marked in red are negatively
influencing the plastic recycling rate.
The sorting of plastic packaging
Currently in Sweden the capacity of how much waste can be sorted is limited, there is only one sorting
facility in Bredaryd, owned by Swerec AB. The majority of the plastic bales from FTI is sent to this facility
and the rest – to German contractors. The volumes sent to each facility are specified by contracts
(Ahlström, 2018).
Plastkretsen, one of the FTI owners, is planning to build a new sorting facility for plastic packaging
recycling in Motala by the end of 2018 and start its operation at the beginning of 2019. (FTI, 2018a) The
annual capacity of the new plant, 130 000 tonnes, is expected to solve the problem of limited sorting
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capacity in Sweden and accommodate any future needs for growth related to increased volume of plastic
packaging waste sent for sorting and recycling (Plastkretsen, 2018).
The sorting of Swedish plastic packaging on the Swedish side is performed by only one facility owned by
Swerec AB which handles approximately 50 000 tonnes of plastic waste from Swedish households per
year. When plastic bales reach the facility, the material is released and subjected to automatic sorting. The
process starts with the separation of soft and hard plastics via drum separation and wind sifting. Soft
plastic from the drum is sent to a separate conveyor belt lane, whereas, hard plastic fractions are separated
via Near Infrared (NIR) sorting technology, presented in the Figure 11, in which mixed plastic waste
passes through a light and sensor zone and different types of plastics are classified and separated by air
nozzles. The compressed air blows away different fractions to different conveyor belt lanes. (Worrell, &
Reuter, 2014)

Figure 10 Rejected streams at Swerec's facility before sorting. The streams marked in red are negatively influencing the plastic
recycling rate.
As a result, there are six fractions sorted at Swerec’s facility: Low Density Polyethylene (LDPE) film, high
density polyethylene (HDPE), polyethylene terephthalate (PET), PP, mixed plastic – packaging made of 23 different fractions of plastics – and waste. The volumes rejected from the incoming plastic waste stream,
illustrated in
Figure 10, are the following:
•

•

•

Approximately 30-45% of the content of bales delivered to Swerec’s facility is unrecoverable
waste that is not plastic packaging and should not be disposed in plastic recycling bins, for
instance waste rubber, waste metal and waste wood.
10-15% of plastic packaging stream is too small (<25-30 mm) to be detected by NIR technology.
This is mostly a result of baling process when the plastic waste is compressed and packaging
breaks into small pieces. This portion of plastic packaging is removed from the stream in a drum
sifter at the very first stage of the sorting process and then rejected.
The moisture and dirt content is approximately 15% of the remaining plastic stream and this
volume is also rejected.

To sum up, what is rejected from recycling is the mix of non-recyclable plastic packaging, non-plastic
packaging and other waste. Out of 50 000 tonnes, only 40-50% of plastic packaging waste is sent for
recycling. Around 17-18 000 tonnes of this volume is sold to cement industry, mainly Heidelberg Cement,
where waste is used for heat production instead of coal. The rest of the rejected waste is sold to small
scale waste-to-energy plants located 50 km radius from Swerec’s facility (Karlsson, 2018).
HDPE fraction passes through a washing and grinding line and leaves the facility in the form of 5-10 mm
thick flakes and the rest of fractions leaves the process in unchanged form. All the fractions are sorted
into separate containers, baled and sold to end users across Europe. The major part of the sorted material
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is sold to Germany and also to Sweden, Poland, Belgium, the Netherlands and Italy. Swerec is uncertain
about the details of what happens to the waste plastics after it is sold for recycling (Karlsson, 2018).
According to (Karlsson, 2018), the companies which buy sorted material from Swerec do the mechanical
recycling step and the sell it further to the commodity market. Soft plastics fractions are grinded and
melted to granules. They can be used for new soft plastic products, such as carrier bags, bin bags, cable
protection. Hard plastic fractions are washed, dried and melted into granules. In this form they are sold to
manufacturers from industries such as automotive, construction, furniture and turned into, for example
flower pots, floor plates, terrace composite boards, new plastic packaging. Recycled plastics cannot be,
however, used for food packaging due to its contamination.

Figure 11 Working principle of Near Infrared Sorting technology (Van Dyk recycling solutions, 2018).
Mechanical recycling of Swedish plastic waste
Due to limited sorting capacity of Swerec’s facility, large part of Swedish plastic waste is sent for sorting to
Germany. Last year there were two companies which received plastic waste from Sweden and one of them
is Hubert Eing Kunststoffverwertung GmbH.
Hubert Eing Kunststoffverwertung GmbH converts Swedish mixed waste plastics into agglomerate
without sorting. The bales content is firstly cut into pieces and heavy particles, such as stones, glass, metal,
are removed from the stream. Subsequently, waste plastics is dry cleaned to remove paper fraction from
the stream and from this stage, the process can be divided into two separate sub-processes, one resulting
in production of PO85 agglomerate (with 85% share of polyolefins (PO)) and the other one in
PO95/PO99 (with 95%/99.5% share of polyolefins).
The first sub-process involves putting dry-cleaned stream directly to the agglomerator where the plastics is
processed at a low temperature without melting. The resulting PO85 contains at least 85% polyethylene
(PE) and polypropylene (PP) and the remaining 15% is PET and polystyrene (PS). PO85 is used for
production of plates which can be used, for instance, in the parking space or terrace. Also, PO85 is used
for production of lower quality garden furniture.
The second sub-process involves washing the dry-cleaned stream and removing all non-polyolefin plastics
from it and put in the PO85. PO95 contains at least 95% PP and PE (PO99 contains 99.5% of PP and
PE) and can be used for production of higher quality garden furniture or crates used by automotive
companies for transporting, for example, car parts between factories. Such a crate can be used several
times before its lifespan finishes (Ahaus, 2018).
According to (Ahaus, 2018), roughly 60% of the incoming waste plastics is reused for the production of
new plastic products. Remaining 40% consists of, see the Figure 12:
•

humidity (up to 20%) rejected in the drying process;
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•
•
•

dirt (4.5%) removed in the washing process and rejected with the washing water;
metal (0.5%);
paper and etiquettes (15%), both dry and wet, removed from the plastic packaging after dry
cleaning or washing respectively.

None of the plastic fractions is sent for incineration since PET and PS removed from the stream in the
PO99 production process are added to the PO85 agglomerate. Paper rejected from the bales content is
a significant loss.

Figure 12 Rejected streams at Eing Kunststoffverwertung GmbH before producing plastic agglomerate. The streams marked
in red are negatively influencing the plastic recycling rate.
This year Hubert Eing Kunststoffverwertung GmbH processes half of the plastic packaging volume in
comparison to 2017 and the company will not treat any of the Swedish waste plastics from 2019 (Ahaus,
2018). This is related to the plans of constructing the Plastkretsen’s Motala plant which is expected to treat
all waste plastics produced in Sweden.
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3.2 What are the plastic recycling rates in Sweden and in
Stockholm?
According to (Stockholm Stad, 2017), out of plastic waste in circulation in Sweden in 2015, 58% is sent
for energy recovery, 26% - for material recycling, 14% - to cement industry to be used as a fuel and the
remaining 2% is landfilled, see the Figure 13. The same source reports that the total recycling rate for
plastic packaging in Sweden is 45%, whereas, for plastic packaging in the household waste stream – 23%.
fuel in the cement
industry
14%

material
recycling
26%

landfill
2%

energy
recovery
58%

Figure 13 End-use of plastic waste in Sweden in 2015: energy recovery, fuel in cement industry, material recycling and
landfilling. Adapted from (Stockholm Stad, 2017).
The weight of collected plastic packaging in Sweden in 2016 (68 610 tonnes) reported by (Avfall Sverige,
2017b) corresponds to the value calculated for 2017 by multiplying average national statistics (6.49 kg per
person) reported by (FTI, 2018b) with population of Sweden (10 128 320) (Statistiska centralbyrån, 2018).
The result of the calculation is approximately 65 733 tonnes.

Figure 14 Mass balance of Swedish plastic waste in 2017.
The information about the plastic mass balance entering and leaving companies in Germany is unknown,
just like the type and efficiency of the actual recycling process which Swedish waste plastic packaging is
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subjected to, see the Figure 14. Therefore, the known data is insufficient to quantify waste plastic
conversion rates in Sweden and compare it with reported values.
In 2016 in Stockholm municipality the share of plastic in the residual waste stream reached approximately
36 000 tonnes of which approximately 25 000 tonnes were plastic packaging, the exact figures are
presented in the Table 3 (Personne, 2018). Only around 14% of plastic packaging was sorted out for
recycling that year, the value was calculated based on the data from the Table 3 and the calculation
procedure is presented in the Equation 1. The sorting degree was calculated as a share of collected plastic
packing in the total stream of plastic packaging in the residual waste stream and plastic packaging collected
in the recycling stations.
Table 3 Waste analysis in the municipality of Stockholm in 2016. Waste collected from villas and multi-family houses
(households with separate food waste collection) (Personne, 2018).
Stream
Total residual waste
Plastic in residual waste
Plastic packaging
Plastic articles
Plastic waste bags (waste carriers)
Total collected plastic packaging

share
100%
15.8%
11%
1.6%
3.1%
-

tonnes
228 457
36 096
25 130
3 655
7 082
3 939

Equation 1 Calculation of the plastic packaging sorting degree based on the data from the Table 3 (Personne, 2018).
3939
3939 + 25130

∙ 100% = 13.55% ≈ 14%

Due to lack to information, independent plastic packaging recycling rate could not be quantified for the
Stockholm municipality. However, taking as a base that roughly 14% of plastic packaging is sorted out for
further processing (Personne, 2018) and the material loss during detailed sorting, given by (Karlsson,
2018), amounts to 50%, it can be estimated that the amount of plastic packaging which is sent for
recycling is approximately 7% but this number does not include the losses in the recycling process itself.
Therefore, it can be stated that the plastic packaging recycling rate is lower than 7%. This number means
that less than 7% of the plastic packaging fed into the market is reused and this number is in line with
estimations made by (Stockholm Exergi, 2018b). Remaining 93% is rejected from the recycling process
and incinerated for energy recovery, see the Figure 15.
recycling, 7%

energy
recovery,
93%

Figure 15 Plastic recycling rate in Stockholm region. The data is applicable to plastic packaging from households.
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3.3 Waste incineration in Brista 2 plant
The flow of plastic packaging waste in the residual waste bags is sent for energy recovery, as shown in the
Figure 8, and transported to waste-to-energy facilities where waste is incinerated for heat generation.
There are two facilities in Stockholm region which treat the majority of the municipal waste. One of them
is Brista 2 plant.
The municipality or the property owner hires a contractor (in case of municipality it is done through
a public tender) who picks up the residual waste bags and delivers them to waste incineration plants. The
household waste is delivered to the plant by trucks and responsibility for it lies with the contracted
municipalities. Before unloading the waste, the trucks pass through a weight station where the origin,
weight and type of waste is registered in the system when a deliverer swipes a card and enters a unique
code. This helps collect the data about incoming waste stream. The waste is unloaded in a designated area
and subjected to manual inspection to ensure stream free from hazardous waste. Subsequently, the waste
is tipped in to a bunker where is it mixed. A claw picks up portions of waste from there and feeds them to
the boiler (BFB) stocker. The waste is not pre-treated before it is incinerated (Cook, 2018). The process
temperature varies due to the fouling effect but usually stays within the range of 850 – 900°C. On average,
the fuel fed into the boiler has a heating value of 12 000 kJ/kg and relatively constant heating value of the
fuel is ensured by mixing different types of waste in the bunker. The products from the process are:
•
•
•
•

heat sent to the district heating network, dividing the amount of heat produced per volume of
waste incinerated gives a result of approximately 2.23 MWh heat per 1 tone of waste;
electricity, dividing the amount of electricity produced per volume of waste incinerated gives
a result of approximately 0.55 MWh electricity per 1 tone of waste;
20-25% of bottom ash which is picked up by external companies, such as Ragnsells and Suez, and
recycled;
2.5-3% of fly ash which is subjected to cleaning treatment and then landfilled.

The process efficiency is 88% and the annual heat and electricity production 490 GWh and 120 GWh
respectively. The process consumes roughly 4-5 MWh of electricity per year and part of the heat from the
process is reused for pre-heating of the combustion air and feed water to reduce the heat loss. (Stockholm
Exergi, 2018b)
In 2017 Brista 2 emitted approximately 81 140 tonnes of CO2, of which 1 275 tonnes came from
incineration of the fuel oil used for the start-up of the plant. Thus, the emissions from waste incineration
that year accounted for 79 865 tonnes of CO2. The estimated carbon footprint per unit of waste was 0.4
ton CO2 per ton of waste. The emissions levels were determined using BIOMA software developed by
Ramböll (Erselius, 2018; Ramböll, 2018).
Currently, Stockholm Exergi is looking into opportunities to implement chemical recycling and contribute
to improvement of the recycling rates and action towards reaching circular economy targets.

3.4 Towards enhancing the plastic recycling rates in Brista 2
plant
This section introduces the planned BOSS sorting facility which is planned to be incorporated into the
Brista 2 plant. The BOSS’s contribution to increase of recycling rates is explained together with lessons
from a similar facility in operation in Norway. In the end, the chemical recycling step is placed in the
Brista 2 plant’s process chain with BOSS system included to propose a potential method for enhancing
plastic recycling rates even further.
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Brista One Stop Solution (BOSS)
There has been a growing interest in applying NIR sorting technology to the plastic waste stream coming
from the residual waste bags before it is sent for the energy recovery in order to decrease the amount of
plastic waste sent for incineration and improve the recycling rate.
In 2015 Stockholm Exergi started a Brista One Stop Solution, BOSS, project which aims to construct
a fully automatic sorting facility and biogas facility connected to Brista 2 plant, see the Figure 16.
According to the design, before incineration the waste stream will pass NIR sorting system which will sort
out different waste fractions, see Figure 18 for more details, and, depending on the fraction, send it for
biogas production or recycling or incineration.

Figure 16 Plastic waste recycling process flowchart with incorporated BOSS sorting facility, referred to as current system with
BOSS. The streams marked in red are negatively influencing the plastic recycling rate.
Lessons learned from ROAF
A similar, fully automatic, sorting facility was built in 2014 outside of Lillestrøm, Norway. Romerike
Avfallsforedling IKS (ROAF) facility is one of the Europe’s most modern Materials Recovery Facility
(MRF) and is owned by an inter municipal waste disposal company and it sorts out metal, paper and five
plastic fractions through NIR technology: PET, PP, HDPE, LDPE film and mixed plastics. In order to
test if MRF sorting could be a feasible alternative in Sweden, 40 tonnes of household waste collected from
blocks of flates in the City of Göteborg and the City of Örebro were sent to ROAF for sorting in 2017.
The results of the picking analysis performed after sorting showed that the material had a degree of purity
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between 84 and 99%, meaning 1-16% was contamination. It was concluded that these were reasonable
levels to be applied to the Swedish waste (Avfall Sverige, 2017a).
ROAF has been in operation for four years now and the lessons learned from that period could be used in
the BOSS project. Currently, 13.7 kg of waste plastics per capita is recycled in ROAF and the recycling
rate is 45.4%, meaning 45.4% of plastic waste delivered to the plant is sorted out and sent for recycling. In
the future this value will increase but will not exceed 18 kg, meaning approximately 60 - 70% recycling
rate. The share or plastics desired to be recycled is limited due to some types of plastic products which are
not aimed for recycling or are problematic to sell, such as used diapers, PET trays or packaging made of
mixed plastics. In 2016 the share of used diapers in the household waste stream fed into ROAF was 8%
and the entire stream was sent for energy recovery. Due to their high contamination level and no suitable
application, used diapers should not be recycled. In 2016 70% of incoming PET were trays and the rest bottles. PET trays do not have customers on the commodity market yet, however, due to its suitability for
meat packaging applications, it may change in the close future. Finally, the packaging made of different
plastics fractions is unrecyclable through mechanical recycling (Skovly, 2018).
These limitations lower the maximum feasible level of plastic recycling rate that can be expected in BOSS
sorting facility but still leave a lot of room for improvement.
Effect of BOSS on the recycling rates
Brista 2 plant has a technical capacity of 240 000 tonnes of waste per year, however, the waste supply
contracts determine that the amount of waste incinerated there is, currently, 220 000 tonnes of waste
instead. At present, 30% of this volume is household waste and the remaining 70% is commercial waste.
These shares are expected to change to 50/50% in 2019 as a result of a new waste supply contract. The
waste supply is contracted through public tenders with the gate fee specified in the bid. 90% of the waste
incinerated in Brista is collected locally in Stockholm region and remaining 10% is imported from Finland,
see the Appendix 2 for more details (Cook, 2018).
hazardous waste, 0.04%

WEEE, 0.29% non-burnable waste, 4.00%

newspapers &
packaging waste,
37.00%

other burnable
waste, 27.00%
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28.00%

garden waste,
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Figure 17 Results of picking analysis (plockanalys) of household waste stream from nine Sörab municipalities in 2016
(Envir, 2016).
The input waste stream characteristics is presented on the example of household waste stream from
Sörab, one of the waste suppliers to Brista 2 plant, see Figure 17. Annually, the household waste volume
fed into Brista 2 plant amounts to approximately 66 000 tonnes and after introducing BOSS sorting
facility, it is expected to increase to 130 000 tonnes. The waste plastics volume is expected to be roughly
19 000 tonnes, which is 14.6% of the input household waste volume (Jakobsson, 2018).
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The final concept of the BOSS system has not been decided yet. The basic concept includes sorting out
the plastic fraction and metal fraction. There are two optional variants of sorting out paper fraction and
organic waste in green bags and the decision whether these options will be incorporated in the system will
be made at a later stage of the project. The basic concept together with both options is summarized below
and presented in the Figure 18 (Jakobsson, 2018):
•
•
•
•
•

organic waste for biogas production;
paper fraction including mixed paper and cardboard;
different plastics fractions mixed together including PET, PP, HDPE, LDPE film and mixed
plastics;
metal fraction including ferrous metals and non-ferrous metals;
waste.

The purity requirement of the sorted plastics is 95%. All plastic fractions will be sorted in one stream and
sent to FTI to be included in the plastic packaging stream subjected to recycling process. The estimate
used for designing the BOSS system was that plastic packaging has a share of 9-11% in the total waste
stream. However, the actual percentage of plastic waste sorted will be lower due to losses at every process
step in BOSS system, see Figure 18.
After introducing BOSS system, the capacity of Brista 2 plant is expected to increase due to sorting out
different fractions and removing them from the stream sent for energy recovery which poses a need for
larger waste supply. Plastic waste has a high heating value, thus, if the heating value of the fuel in the
boiler is to be kept constant, it will need to be replaced with larger volumes of burnable waste. This is very
positive from the economic point of view since larger waste supply will generate higher income from the
gate fees (Cook, 2018).
waste for energy
recovery, 68.0%
LDPE film, 3.9%

mixed plastic,
1.0%

plastic fraction

organic waste,
HDPE, 0.8%
12.9%
metal fraction,
1.5%

paper fraction,
7.8%

PET, 1.2%
PP, 1.0%

Figure 18 Characteristics of the output sorted fractions from BOSS system (Stockholm Exergi, 2018b).
The BOSS project is currently in the planning phase and the plastics recycling rate will be 75%. Thus,
according to the design, in a year 14 250 tonnes of plastics will be sorted out from the household waste
stream. The remaining 25% are the unrecyclable plastics which do not meet the purity requirement or are
too contaminated to be recycled and reused or are too small to be detected by NIR (Jakobsson, 2018).
Chosen plastics recycling rate variant will determine the new recycling rates and electricity consumption of
BOSS sorting facility which is assumed not to exceed 4 GWh per year. Such a high value results from high
energy needs of the air compressors essential for NIR technology. The excess heat from the air
compressors is planned to be reused for heating the BOSS building in the winter and sent to heat pumps
in the summer for district heat water production purposes. The project is expected to enter the execution
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phase in November 2018 and the commissioning is scheduled for the second quarter of 2020 (Ekström,
2018).
Due to the advanced stage of the project, the new plastics recycling system with incorporated BOSS
sorting facility will be used as a basis for analysis instead of the current process at Brista 2 plant.
Potential of chemical recycling
Chemical recycling has been proposed as a method which could overcome challenges of mechanical
recycling. It could be used in combination with mechanical recycling which is currently considered to be
the best solution. Mechanical recycling is less energy demanding, therefore, could remain the base of the
Stockholm’s plastics recycling system. Chemical recycling, on the other hand, provides quality recovery of
the recycled material and could be used for recycling of more problematic plastic fractions in the waste
plastic packaging in the household stream:
•
•
•
•

mixed plastics – packaging made of different plastic types mixed together, each product made of
single type of plastics;
multilayered plastics – single plastic packaging made of several different plastic types;
part of sorted waste plastics from collection stations which is rejected from mechanical recycling;
waste plastics sorted out from the residual waste stream.

Chemical recycling could be applied after the BOSS sorting step as a method to obtain higher quality
products suitable for wider range of applications, see the Figure 19. The gaseous or liquid product from
the process could be used for production of new plastic products and, thus, chemical recycling step could
contribute to improving the recycling rates and reaching circular economy targets.
All the plastics that would be rejected during the BOSS sorting step, could be sent for incineration. The
products from the process would vary depending on the selected chemical recycling technology, however,
if there was any solid residue, it could be used, for example, as an input to construction materials or sent
for incineration.
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Figure 19 Plastic waste recycling process flowchart with chemical recycling step incorporated to the system, referred to as
current system with BOSS and chemical recycling. The streams marked in red are the ones that lower plastic recycling rates.
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4 What technologies can be used for chemical recycling?
This chapter describes and analyzes chemical recycling technologies which could potentially be
incorporated in the Brista 2 plant. The analysis starts with an overview of different technologies together
with an assessment of their Technological Readiness Level (TRL). The description of each technology
includes typical process parameters, energy requirement and products.
There are four general categories of plastics recycling, see Figure 20 (Singh et al., 2017):
•
•
•
•

Primary approach, so-called closed loop recycling - mechanical reprocessing of single
uncontaminated plastic resulting in an equivalent quality product;
Secondary approach - mechanical recycling with downgrading of recycled material;
Tertiary approach - chemical recycling or feedstock recycling, breaking down polymers to
monomers with quality recovery of recycled material;
Quaternary approach - waste incineration for energy recovery.

Primary approach is unsuitable for municipal solid waste because it cannot process contaminated volumes
of mixed plastics. Secondary approach requires sorting which generates high material losses and
quaternary method shortens the material’s lifespan. Tertiary approach offers recovery of the recycled
material quality, leads to raw material production, supports the reuse of plastics and therefore, it goes very
well in line with the current interests and ambitions. Plastic waste has a high potential as a source for
chemicals and fuels production (Achilias et al., 2007; Singh et al., 2017).
As shown in the Figure 20, tertiary approach can be divided into chemical and thermolysis. In chemical
approach solvents, for example water, are used for degradation of waste plastic. Thermolysis is carried out
exclusively by means of heat and in the absence of air, oxygen or vacuum (Sahin & Kirim, 2018). For this
analysis only chemical approach is considered.

Figure 20 Different approaches for recycling of plastic solid waste (Singh et al., 2017).
As seen in the Figure 20, the three main technologies for chemical tertiary recycling of waste plastics are:
•
•
•

Cracking – process of breaking polymers into monomers by means of heat;
Gasification – also known as partial oxidation, process of breaking polymers into monomers by
means of heat and with a limited amount of oxygen;
Chemolysis – process of depolymerisation by means of chemical agents.
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Cracking
Cracking converts low energy density material into high density products through breaking carbon-carbon
bonds in polymers into simpler monomers. Cracking can be performed both in thermal (pyrolysis),
catalytic (fluid or steam catalytic cracking) and hydrocracking setting (Murzin, 2015). Thermal cracking
(pyrolysis) is a suitable technology for waste plastics which is difficult to depolymerize and that are
currently incinerated, such as, for example multilayered plastic packaging. The process takes place at
moderate to high temperatures and in absence of oxygen. Its key difficulties are the complexity of
reactions and high energy consumption (Sharuddin et al., 2016). Catalytic cracking offers conversion at
lower temperatures which lowers the heat demand and economy of the process. The temperature required
for pyrolysis is around 450°C and it can be lowered to 300-350°C if the catalyst is added to the process.
The main difficulty is that the chloride and nitrogen components present in the raw waste stream tend to
deactivate catalyst, whereas the inorganic materials tend to block its pores. Therefore, pre-treatment of
waste is often required as a preventive action (Ragaert et al., 2017). Hydrocracking involves adding
hydrogen to the process and the advantages include higher product quality and suitability for mixed
plastics. However, this is related to the high cost of hydrogen, high operating pressures and investment
and operational costs related to it (Ragaert et al., 2017).
Gasification
Gasification of waste plastics results in production of a mixture of hydrocarbons and synthesis gas
(syngas) and it aims for maximal yield of the latter one. Gasification of plastic waste can be used for the
production of energy; energy carries such as hydrogen as well as chemicals from syngas. An advantage of
gasification over pyrolysis is greater flexibility to recycle mixed plastic waste or mixed plastic and other
feedstocks. Gasifying agent determines the composition of produced syngas and its applications and the
two main gasifying agents considered are air, steam and plasma. The main challenge related to the waste
plastics gasification is significantly higher tar content in gas product than in the gases coming from
biomass or coal gasification and reduced overall process efficiency. Syngas can be used for energy
production purposes in engines and turbines when the tar content does not exceed 10 mgNm-3, however
this level is too high for the synthesis applications (Devi et al., 2003; Lopez et al., 2018). The technical
challenge is, thus, improved quality of syngas which will be suitable for different applications. (Arena,
2010)
Chemolysis
Chemolysis is a method for synthesizing polymers which have similar properties to the virgin plastics. The
products of depolymerisation often require purification in order to completely remove any contaminants
from the plastic waste. Currently, chemolysis is operational only for PET (Ragaert et al., 2017).
Chemolysis of PET has gained more interest due to the fact that chemically recycled PET is well suited
for food-contact applications and has a potential to be used for other commercial and industrial
applications. Recycled PET is, however, more expensive than virgin PET, what is caused by the raw
material cost, capital investment and scale of operation. It has been calculated that a PET chemolysis
facility requires the throughput of at least 15 000 ton of PET per year to be economically feasible (George
& Kurian, 2014).
Due to the fact that chemolysis can be only used for recycling homogeneous waste plastics, see the Figure
20, and in considered case waste plastic stream is heterogeneous, chemolysis is not considered
a technically feasible option in the Brista 2 plant case. It will, therefore, be excluded from further analysis.
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4.1 Analysis of the chemical recycling technologies
The Table 4 shows the overview of the chemical recycling technologies chosen for deeper analysis in this
study. The technologies will be further explained in the following paragraphs.
Table 4 Overview of different chemical recycling technologies within cracking and gasification.
Cracking
•

•
•

Thermal cracking (pyrolysis):
Plasma pyrolysis
Microwave-assisted pyrolysis
Catalytic cracking (catalytic pyrolysis)
Hydrocracking

Gasification
•
•
•

Conventional gasification
Plasma gasification
Pyrolysis with in-line reforming

Thermal cracking (pyrolysis)
Thermal cracking, also known as pyrolysis, is a very flexible thermochemical conversion process in the
absence of oxygen. In recent years two technologies have been gaining more attention, see sections A and
B for more details:
•
•

plasma pyrolysis;
microwave-assisted pyrolysis.

Pyrolysis process may be challenging when plastic is mixed with contaminants (Ludlow-Palafox & Chase,
2001). Also, the process has a low tolerance to the PVC present in the mixed plastic stream. If PVC is
present in the feedstock, chlorinate compounds can be formed in the pyrolysis oil which makes its further
use difficult (López et al., 2011).
Pyrolysis is a simple technology which offers an opportunity to manipulate process parameters to
optimize the product yield accordingly to the preferences and needs. Parameters that affect the process
products are reaction parameters, such as temperature, pressure, residence time, introduction of catalysts
and heating rate (Gabbar et al., 2017). The products from waste plastics pyrolysis are gas, char and liquid
oil. In many cases pyrolytic oil is the most desired product from the process due to its relatively higher
calorific value and many potential applications, for example in petroleum blends. Pyrolytic oil often
requires upgrading before further use (Das & Tiwari, 2018).
When the liquid product is preferred, the process temperature is suggested to range between 300 and
500°C. If gaseous or char product is needed, the process temperature should be higher than 500°C. The
process temperature of plastic pyrolysis usually does not exceed 700°C (Sharuddin et al., 2016; Das &
Tiwari, 2018).
The distribution of products from the pyrolysis is also influenced by the residence time and pressure.
When the operating temperature increases, the residence time decreases due to higher rate of thermal
cracking (Gabbar et al., 2017). Longer residence time promotes production of thermally stable products,
such as light molecular weight hydrocarbons and non-condensable gas (Sharuddin et al., 2016). According
to the findings of (Murata et al., 2004), for the gaseous product, as pressure increases, the rate of thermal
degradation decreases. In terms of the liquid product, pressure change affects its molecular weight
distribution. With higher pressure, it shifts to the lower side and with higher process temperature – to the
higher side.
Type of selected reactor has a significant impact on the process parameters, such as residence time, mixing
of plastics with catalysts as well as heat transfer and process efficiency. Plastic pyrolysis has been
performed in many different types of reactors: batch, semi-batch, fluidized and fixed bed as well as conical
spouted bed reactors An exemplary design of a BFB pyrolysis reactor is shown in the Figure 21.
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Figure 21 A BFB reactor for waste plastics pyrolysis (Ragaert et al., 2017).
The oil yield from pyrolysis of a mix of different types of plastics is usually lower than the oil yield from
the pyrolysis of individual plastics (80 wt%). Different experiments show that oil yield from mixed plastics
can amount to 21 wt% in a horizontal tube reactor (Miskolczi et al., 2004) or 38 wt% in a fluidized bed
reactor (Kaminsky et al., 1995). The product yield and quality from mixed plastics pyrolysis are dependent
on process conditions as well as ratio and types of plastic components, see the Appendix 3 for an
explanation (Pinto et al., 1998; Williams & Williams, 1997; Miandad et al., 2017).
The list of industrial facilities working with plastic thermal cracking (pyrolysis) is presented in the Table 5
and Table 6.
Table 5 Industrial facilities for plastic thermal degradation. Adapted from (Samperio & Andoni, 2016), (Butler et al.,
2011) and (Regaert et al., 2017).
Process
PYROPLEQ
Akzo Nobel
PKA-Kiener
Siemens - KWU
DBA process
Kobe Steel
Ebara
Mogami-Kiko
Hitacho-Zosen

Temperature,
ºC
450-500
700-900
450-500
450-500
450-500
450-500
unknown
unknown
unknown

Feedstock, %

Yield

Royco Beijing

unknown

PW, MSW
PVC rich PW
PW, MSW
PE, PP, PS
PW
PW
PW
PP (67), PE (33)
PE (55), PP (28), PS
(17)
PE, PP, PS, waste oils

energy
HCl, CO, H2, CH4
Gas, energy
65% gas, 35% solid residue
energy
oil and gas
energy
79% oil, 12% gas
84% oil, 10% gas, 6% solid
residue
87% oil, 10% gas, 3% solid
residue
50% oil, 16% gas, 34% solid
residue

Chiyoda process

unknown

PW

Table 6 Capacities of some of the commercial or pilot plants working with plastic pyrolysis processes (Ragaert et al., 2017).
Process
Mogami-Kiko
Royco Beijing
Sapporo/Toshiba
ALTIS
Gossler Evitec

Location
Japan
China
Japan
Japan
Germany

Capacity
3 t/d
6 kt/d
14.8 kt/y
unknown
1 kt/y
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Status
Operational
Unknown
Operational
Commercially applied
Unknown

Changing World Technologies

USA

31470 toe/y

Demo

Cassandra Oil, a company which works with the technology in Sweden, performs fast pyrolysis of
hydrocarbon waste materials, such as waste plastics, waste tires as well as heavy oil and sludge. The plastic
waste is cracked into oil which potentially could be used for new plastic and fuel production (Cassandra
Oil, 2018). The company owns a pilot plant in Jerez, Spain. The plant’s capacity for mixed household
plastic waste is approximately 1500 kg/h, however, PVC needs to be removed before pyrolysis to avoid
creation of dioxins. PE and LDPE are the most suitable plastic types to treat with this process, it is also
possible for several other plastics. However, it will generate less pyrolytic oil. Currently, the process is
non-catalytic. After tests it was found that increasing temperature in the reactor gives the same result as
using catalyst in the process (Pettersson, 2018).

A. Plasma pyrolysis
Plasma pyrolysis integrates conventional pyrolysis process with thermochemical properties of plasma to
transform plastic waste into syngas. The process temperatures are very high, ranging between 1727 and
9727 ºC, and the waste plastics is decomposed into monomers. The process is extremely fast, lasting
between 0.01 and 0.5 sec, depending on process temperature and type of waste (Pragnesh & Joshi, 2010).
The resulting syngas is composed mainly of CO, H2 and small amount of higher hydrocarbons. The
process has a number of advantages over conventional pyrolysis, for example high temperature which
allows detailed polymer breakdown. The produced gas has a low tar content and high heating value which
makes it suitable for electricity generation in turbines or hydrogen production. Plasma pyrolysis is an
appropriate method for mixed waste plastic feedstock and is a promising technology for gaseous fuel or
chemical production purposes. The development of plasma pyrolysis technology is very attractive. It
solves the problem of toxic compounds in syngas as the temperature is high enough to decompose them
and it limits the formation of free chlorine from HCl which is a common problem is other chemical
recycling technologies. Furthermore, the technology is beneficial from the environmental perspective and
offers significantly reduced emissions levels (Punčochář et al., 2012).
Thermal plasma technology is a well-established technology in metallurgy processing or material synthesis
(Pragnesh & Joshi, 2010). For now, due to the economic and legal aspects, the most important application
of the technology is the destruction of the hazardous waste rather than recycling (Moustakas et al., 2005).
Plasma pyrolysis of waste plastics has been investigated only in laboratory scale (Guddeti et al., 2000;
Gabbar et al., 2017; Tang et al., 2013) and there is still a number of technical challenges that need to be
addressed before the technology can become commercially available and meet strict waste management
requirements and targets.
The challenges differ depending on a specific plasma technology. Different plasma technologies, their
status and technical challenges are described by (Tang et al., 2013). (Tang et al., 2013) outline that there
has been a search for a suitable plasma technology for waste treatment application and concludes that
spout-fluid bed reactor technology may be an interesting solution. Different plasma researches are
summarized in the Table 7.
Table 7 Different plasma pyrolysis/gasification reactor systems for waste treatment application. Adapted from (Tang et al.,
2013).
Reactor
Plasma moving bed reactors
Plasma fixed bed reactors
Plasma fixed bed reactors

Plasma source
DC
DC, air, 200 kW
DC – RF, argon/oxygen, 34 kW
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Input/Output
MSW/hydrocarbons
SW/hydrocarbons
Charcoal deformed after
treatment

B. Microwave-assisted pyrolysis
Microwave is an electromagnetic form of energy found in the wavelengths between 0.001 and
1m operating at a frequency between 0.3 and 300 GHz (Arshad et al., 2017). Microwave-assisted pyrolysis
of waste plastics involves mixing plastics with a highly microwave-absorbent dielectric material. A study
performed by (Aishwarya & Sindhu, 2016) showed utilization of carbon black as an absorbent for the
microwave-assisted process. When absorbent is exposed to microwaves it reaches a temperature up to
1000°C within a couple of minutes. The heat absorbed from the microwaves is transferred to plastics by
conduction. The sources of microwave radiation allow very high temperatures and heating rates and reach
high conversion efficiencies of electrical energy into heat and heat transfer to load (Ludlow-Palafox &
Chase, 2001). The technology offers volumetric, non-contact heating, see the Figure 22. Conventional
pyrolysis usually uses a furnace for initial heating before conductive heat transfer from absorbent to
plastics takes place. In the microwave-assisted process, the heat transfer occurs through an absorbent and
without any physical contact with the heated material (Arshad et al., 2017).

Figure 22 Coventional and microwave heating patterns (Arshad et al., 2017).
The process has a number of advantages over a conventional process. It offers even heat distribution,
higher heating rates, more control over the process, increased production speed than the conventional
pyrolysis. The technology is also characterised by selective material heating. Magnitude of heating depends
on dielectric strength of material. In general plastics have poor dielectric strength and when mixed with
dielectric absorbent, the heating efficiency may vary for different materials. This could be a challenge
when there are large fluctuations in the plastic waste composition. Due to the fact that heating efficiency
varies for different absorbents, it may be challenging to use dielectric absorbents efficiently on an
industrial scale. Another challenge is insufficient information to quantify the properties of dielectric
materials which determine the heating efficiency in the process (Arshad et al., 2017).
(Ludlow-Palafox & Chase, 2001) tested the potential of microwave-assisted pyrolysis for recycling of
packaging with aluminium and polymer laminates often present in municipal solid waste (MSW). The
results showed that the technology is suitable to treat these materials and thus possibly would be suitable
to treat real waste.
The process has not been studied in industrial scale. This is due to, i.a. lack of sufficient data to quantify
the dielectric properties of treated waste stream which is needed for the estimation of microwave heating
efficiency (Sharuddin et al., 2016). So far, the microwave-assisted pyrolysis has been studied in a laboratory
(Aishwarya & Sindhu, 2016) and pilot scale (Akesson et al., 2013). Between 2003 and 2005 Stena Metall
Group, together with several other partners, established a project to explore the potential of microwave
pyrolysis as an alternative method for recycling the glass fibre reinforced composites. Both laboratory
scale equipment and pilot plant were developed and the results showed that the technology requires more
development and large production volumes to be feasible (Stena Metall, 2012).
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Catalytic cracking (catalytic pyrolysis)
Catalytic cracking offers lower operating temperature and higher oil yield than the conventional cracking
process for most plastics if the right catalyst is selected. Catalysts speed up the reaction and remain
unchanged by the process (Aguado et al., 2007). Conversion as high as 100% is achievable for plastic
waste cracking and the oil yield ranges between 86 and 92% (Sahu et al., 2014).
Catalysts are used to optimize product distribution and product selectivity, especially in the context of
automotive fuels and chemicals used in the petrochemical industry (Miandad et al., 2016). Catalytic
decomposition of polymers follows the same reaction steps as hydrocarbon catalytic cracking used in
petroleum refineries and the catalysts used are also alike.
There are two main types of catalysts – homogeneous and heterogeneous, the latter type is usually
preferred due to its lower cost and higher availability. In the plastic pyrolysis application, the three widely
used types of heterogeneous catalysts are zeolites, fluid catalytic cracking catalysts and silica-alumina
catalysts. Plastics mixture degradation products depending on catalyst type have been summarized by
(Miskolczi et al. 2009; Datta and Kopczyńska, 2016).
Adding catalyst to the pyrolysis process may help save energy and reduce the production costs since
catalysts reduce the optimum required process temperature. Introducing a catalyst can increase the yield of
products with a higher added value and promote obtaining liquid products with a lower boiling point
range (Almeida & de Fátima Marques, 2016). Furthermore, catalysts have been used for product
upgrading and obtaining oil which would have similar properties to fossil fuels (Sharuddin et al., 2016).
Most of the work on plastic catalytic cracking has been performed with pure polymers since the process
may be affected by possible contaminants present in the mixed waste plastic stream (Achilias et al. 2007;
Almeida & de Fátima Marques, 2016).
Cracking is applied either for transformation of heavy fractions or for production of light fractions, for
example ethylene, and other feedstocks for petrochemical industry. There are different types of catalytic
cracking technologies, the two main ones are (Murzin, 2015; Buekens & Huang, 1998):

•
•

liquid phase process, so called Fluid Catalytic Cracking (FCC);
vapour (steam) phase process, so called steam cracking (SC).

In the liquid cracking the catalyst comes in a direct contact with molten polymer phase, whereas, in the
vapour cracking the vapours formed during cracking are in contact with the catalyst.
FCC is a major secondary conversion process in oil refinery industry and provides the majority of the
world’s gasoline. The graphical representation of the process can be seen in the Figure 23. In the process,
catalyst is circulating between two reactors and transports heat from regenerator to reactor. Spent catalyst,
which is partially covered with oil, is sent to a steam-stripping unit to remove the adsorbed oil before
entering the regenerator. Stripped oil vapours are sent to fractionation tower for separation into streams
of desired parameters. Catalytic cracking is usually conducted at the temperature range of 450 - 550ºC,
while the temperature in the regenerator is 540 - 680ºC and is controlled as too high temperature can
deactivate a catalyst (Murzin, 2015).
The main challenge with this technology is that the catalyst, being exposed to harsh reaction conditions,
deactivates. It is estimated that a lifetime of a FCC catalyst particle is roughly one month and since, for
now, there is no selective technology for removing only deactivated particles, all catalyst particles are
removed at fixed time intervals (Vogt & Weckhuysen, 2015).
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Figure 23 Schematic depiction of the fluid catalytic cracking (FCC) process (Vogt & Weckhuysen, 2015).
Steam cracking converts saturated hydrocarbons, such as for example ethane, propane into alkenes, such
as ethylene and propylene. The cracking occurs in the absence of oxygen and presence of steam in a set of
pyrolysis furnaces, see the Figure 24. The outcome of the process depends on the feedstock, steam
hydrocarbon ratio, process temperature and residence time. Approximately 50% of ethylene produced in
the process is used for polyethylene production. The products of the steam cracking include olefins,
aromatics, hydrogen as well as CO2 and NOX emissions (Murzin, 2015).

Figure 24 A schematic of a typical steam cracking furnace (Sadrameli, 2016).
One of world’s largest catalytic cracking projects was Sapporo Plastics Recycling which, together with
Toshiba, co-owned the world’s largest waste plastic liquefaction facility located in Japan. The facility
converted 15000 tonnes of mixed waste plastic to light oil used as a feedstock for new plastic products,
medium fuel oil equivalent to diesel and heavy oil used for electricity generation. Furthermore, the facility
included a de-chlorination process which solved the issue of problematic gas produced during the thermal
treatment of PVC, converting the gas into HCl, see the Figure 25. From the description, it can be
concluded that initially the used technology was thermal cracking, but due to corrosion and clogging
problems caused by PET in the waste stream, catalyst was added to the process to deal with undesired
benzoic acid produced during the thermal treatment of PET. Sapporo Plastic Recycling withdrew from
the business in 2010 due to financial problems (Klean Industries, 2015; Fukushima et al., 2009; PWMI,
2016).
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Figure 25 Functional outline of the Sapporo Plastics Recycling plastic liquefaction process (Fukushima et al., 2009).
There are several commercial catalytic cracking processes available in an industrial scale, their overview
can be seen in the Table 8, and multiple small, medium and large size companies all over the world work
with the technology (Environmental Expert, 2018; Samperio & Andoni, 2016). According to (Butler et al.,
2011), stirred tack reactors (STRs) are most frequently applied ones for the catalytic pyrolysis. They are
used in many projects from the Table 8, such as Thermofuel/Cynar, Smuda, Nanofuel, Royco and
Reentech.
Table 8 Industrial facilities for plastic catalytic cracking. Adapted from (Butler et al., 2011), (Klean Industries, 2015),
(Fukushima et al., 2009), (Ragaert et al., 2017) and (Samperio & Andoni, 2016).
Process

Catalyst

Feedstock

Yield

Zadgaonkar

Temperature,
ºC
350

unknown

Smuda

350

75% oil, 20% gas, 5%
coke
95% oil

T-technology
Fuji
Amoco
Mazda

390-420
390
490-580
200-450

Nikko

200-250

Reentech

350-400

Ni-silicate,
Fe-silicate
unknown
HZSM5
unknown
Al2O3,
ZrCl4
Metal
catalyst
Al-silicate

PE, PP, PS, PVC,
PET
PE, PP, PS, PVC,
PET
PE, PP, PS
PE, PP, PS
PE, PP, PS
ASR, PE, PP, PS,
PU, ABS
PW
PE, PP, PS, PVC

NanoFuel
Thermofuel/Cynar

270-370
350-425

75% oil, 15% gas,
10% solid residue
94% oil
oil, gas, coke

Fuji process

400

HY
Metal
catalyst
HZSM5

-32-

PP, PE, biomass
PE, PP, PS

78% oil
75% oil
oil, gas
60% oil
80% oil

PE, PP, PS, PET, 85% oil
PC

Hydrocracking
Hydrocracking involves adding hydrogen to the cracking process which results in higher quality of the
product. The process occurs at elevated hydrogen pressures, approximately 70 atm, and the temperatures
ranging from 375 to 500°C (Ragaert et al, 2017). The waste plastic is subjected to low temperature
pyrolysis before the main process to get the plastic liquefied and free from non-distillable matter. The
liquid is then sent over catalyst bed. A catalyst plays an important role in the hydrocracking process since
it decreases the reaction temperature and increases the oil yield and quality. However, (Munir et al., 2017)
found that the presence and type of catalyst does not have significant influence on the process at elevated
temperatures. The biggest obstacle in implementing this technology is the cost of hydrogen, for instance,
electrically produced hydrogen can cost roughly € 2500 per tonne (Ragaert et al, 2017).
Hydrocracking technology is present in other industries, for example petroleum industry (Ding et al.,
1997) and is proven for waste plastics feedstock, see the Table 9. In that case the technology is only
available on a pilot scale since a number of challenges have to be addressed before it is commercially
available, for instance, uncertainty about a poisoning effect after hydrocracking of PVC (Richards, 2018).
There is also an issue of the high investment and operating costs which would have to be optimized.
Table 9 Industrial facilities for plastic hydrocracking. Adapted from (Samperio & Andoni, 2016).
Process
Hiedrierwerke
Freiberg
Böhlen
ITC

Temperature, ºC
400
400-435
450-470
435

Feedstock
PW
PW
PW
PW

Yield
oil and gas
oil, gas and solid residue
80% oil
oil and gas

Conventional gasification
Gasification is a process of incomplete oxidation of organic compounds in the feedstock in the presence
of limited amount of oxygen, lower than the required for the stoichiometric combustion. The process can
be simplified to the following stages: drying, pyrolysis, cracking and reforming and char gasification, see
Figure 26. After the feedstock is heated and dried, pyrolysis vaporizes its volatile component and the
resulting vapors are hydrogen, carbon dioxide, carbon monoxide, methane, hydrocarbon gases, tar and
water vapour (Rajasekhar et al., 2015).
In the pyrolysis step two undesirable by-products (tar and char) are produced. Their amount depends on
the gasified plastic waste characteristics. Since most commonly used polymers like PS, PVC or PET have
a high volatile content and can be almost entirely converted into volatiles under fast pyrolysis conditions,
the char yield from the process is very low (Sharuddin, A. et al., 2016). Higher amounts of char
production occur only when plastic waste contains other materials like biomass and fibers (Lopez et al.,
2018). On the other hand, high volatile content of plastics results in higher tar formation (Mastellone et
al., 2010; Pinto et al., 2009).
In the gasification step the pyrolysis products are further broken down by the means of heat. Part of the
tars and hydrocarbon gases is thermally cracked into smaller molecules.

Figure 26 Main steps occurring in gasification (Lopez et al., 2018).
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The oxygen in the gasifying agent reacts with carbon which results in production of combustible gas,
syngas. The organic content in the waste plastics is converted to carbon monoxide, hydrogen and low
amounts of methane. The syngas also contains undesired components, such as particulate matter, tar,
chloride, sulphide. A method for tar removal from product gas from gasification of mixed plastic waste
was studied in a two-stage gasifier by (Kim et al., 2011). They showed that additives, such as activated
carbon or dolomite, could remove tar from syngas and result in hydrogen production from the process.
Gasification has a major advantage which is a possibility of combining process parameters and
characteristics of a given type of reactor to obtain gas which can be used as a feedstock in different
applications:
•
•
•

Fischer-Tropsch process for liquid fuel production (Khodakov et al., 2007);
Gas turbine or fuel cell for electricity production (Galeno et al., 2011);
Chemical products, such as hydrogen, ammonia and methanol (Fabry et al., 2013).

Different synthesis routes from syngas are presented in the Figure 27.

Figure 27 Overview of synthesis routes from syngas (Morandin & Heyne, 2016).
The process parameters that play a key role in the waste gasification process, regardless of the reactor
technology, are: air-fuel ratio (so-called equivalence ratio (ER), temperature, residence time, waste
composition and type of gasifying agent. The most important parameter is ER as it influences gas yield
and process efficiency, increase of ER favours formation of syngas and decreases formation of char and
tar but also causes a decrease in the heating value of syngas (Xiao et al., 2007).
The three main gasification reactor configurations are (Fabry et al., 2013):
•

•

•

updraft gasifier, shown in the Figure 28 - the plastic waste fed on the top and the gasifying agent
fed at the bottom of the reactor, reaction temperature between roughly 1027 and 1427ºC, the tar
level in product gas 10-20% which makes it difficult to clean for electricity applications;
downdraft gasifier, shown in the Figure 28 – both plastic waste and gasifying agent fed at the
bottom of the reactor, very low tar levels in syngas – around 0.1% as majority of the tars is
burned to meet the heat requirement of gasification and pyrolysis steps, results in clean gas
production which requires low post-treatment if used for electricity production, low process
efficiency, requires long residence time of approximately 1-3 hours, most attractive option for
small units of 80-500 kW;
fluidized bed gasifier, shown in the Figure 29 – mix of the two phenomena from two previous
configurations, tar rate at an intermediate level 1-5%, optimized temperature and high reaction
rate for short residence time (<30 min), high level of particulate matter in the exhaust gas which
requires post-treatment.
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Figure 28 Downdfraft (a) and updraft (b) gasifiers for plastic waste treatment (Lopez et al., 2018).

Figure 29 Fluidized bed reactors for plastic waste gasification: BFB (a), CFB (b), DFB (c) (Lopez et al., 2018).
The solid waste gasification usually occurs at the temperature higher than 600°C, the exact temperature
depends on the reactor type and waste characteristics. Different waste gasification variants are classified
depending on the gasifying agent, such as (Arena, 2012):
•
•
•
•

air gasification;
oxygen-enriched air gasification;
pure oxygen gasification;
steam gasification.

In recent years a relatively new technology has been gaining more attention, see the following sections for
details:
•
•

plasma gasification;
pyrolysis with in-line reforming.

The air gasification usually occurs at a temperature range between 700 and 900ºC (Lopez et al., 2018). It
results in syngas diluted by atmospheric nitrogen, up to 60%, with a calorific value of roughly 4-7 MJ/m3,
which is considered to be too low for the gas turbine application, however, the new generation turbines
are able to efficiently combust low heating value syngas if it is cleaned and partially cooled. The oxygenenriched air gasification, with oxygen content larger than 21% and up to 50%, aims to obtain syngas with
higher heating value which could serve as a feedstock for processes at higher temperatures. The pure
oxygen gasification generates syngas almost free from atmospheric nitrogen and, therefore, with a higher
calorific value of 10-15 MJ/m3. This type of gasification process requires oxygen separation from air
carried out in an air separation unit which is very cost intensive and viable only for large scale units above
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100 000 tonnes of feedstock per year. (Arena, 2012) The steam gasification results in nitrogen-free syngas
of heating value of approximately 15-20 MJ/m3, with a high hydrogen concentration. It can be used for
synthesis applications, thus, production of new plastic products. From the summary of different studies
presented by (Lopez et al., 2018), it can be concluded that it occurs in the temperature range between 800
and 1200ºC.
Using steam or oxygen as gasification agents is more favourable than using air. Steam gasification offers
higher quality product with more possible applications than air gasification. This is due to higher energy
conversion, higher heating value of syngas and wider range of its possible applications. Steam gasification
occurs at higher temperatures than air gasification which favours hydrogen and carbon monoxide
production (Rajasekhar et al., 2015). The biggest disadvantage of using pure oxygen is the high price of its
production, therefore, the use of air enriched with oxygen could also be an alternative as the process
performance is still better than air and the cost is lower than using pure oxygen (Pinto et al., 2016). Steam
in the gasification process increases H2 content in syngas.
The industrial facilities based on plastic gasification process are outlined in the Table 10.
Table 10 Industrial facilities for plastic gasification process. Adapted from (Samperio & Andoni, 2016).
Process

Temperature, ºC

Feedstock, %

Yield

Ebara, TwinRec
Texaco
Lurgi (SVZ)

500-600
1200-1500
1600-1800

PW, ARS
PW (10)
PW, ARS, waste oil,
lignite, WEEE

Energy and metals
gas
gas, CH3OH, energy

The world’s first gasification plant that utilizes solid recovered fuel (SRF) is located in Lahti, Finland. The
plant’s annual capacity is 25000 tonnes and 160 MWel produced, which makes it the largest plant of this
type in the world. The waste is gasified, syngas is cleaned and combusted in a boiler. Gasification is used
there as a pre-treatment to increase the efficiency of the waste combustion rather than the main process
(Lahti Energia, 2018).
Gasification unit seems to be also in operation in Malagrotta WTE plant in Italy, where just like in the
previous case, syngas is used for combustion and energy generation (Colari, 2018). The gasification plant
is designed for the capacity of 182500 tonnes of refuse derived fuel (RDF) per year. The process is based
on a combination of pyrolysis of waste with high temperature (2000ºC) gasification. First pyrolysis is
carried out and pyrolytic gas and coke are produced. The coke (solid residue) is subsequently gasified
which leads to syngas production. The raw gas is then purified and cleaned to be used in a gas turbine for
electricity generation (Martino Associati, 2018). There are several studies simulating the waste-to-methanol
unit in Malagrotta plant, technical details available in the Appendix 6 (Iaquaniello et al. 2017; Salladini et
al., 2018). However, it seems that the WtM technology has not been implemented into the process yet.
The first world’s operational full-scale WTE plant based on gasification technology in which products are
used for production of new plastics is owned by Enerkem and located in Edmonton, Canada. It processes
100 000 tonnes of dried and post-sorted waste annually to convert it into 38 million litres of biofuels:
methanol, then to ethanol and ethylene. (Chemicals-technology, 2018) From the description, it can be
concluded that the plant takes advantage of steam gasification technology in a fluidized bed reactor. The
household waste is sorted manually and mechanically into three streams – organic materials are sent to the
composting facility, metals and cardboard – to recycling and non-recyclable and non-compostable
materials – to the RDF plant where the waste is prepared (shredded) for being fed to the waste-to-biofuels
plant. The shredded waste is stored in a container connected to the bubbling fluidized bed gasifier. The
conversion process lasts less than ten seconds and afterwards syngas is sent to for cleaning and
conditioning (Chemicals-technology, 2018). Enerkem’s technology assumes breaking down all the plastics
down to hydrogen and carbon monoxide and produce biofuels from it. Such a high level of separation
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requires very high energy expenses due to high process losses and energy required (Richards, 2018; Van
Nistelrooij, 2017).

Plasma gasification
Plasma gasification is a process in which heat for the process is provided by one or more plasma arc
torches creating electric arc and produce very high temperature, up to 15000°C, plasma gas which allows
control of the temperature independently from fluctuations in feedstock properties and quality as well as
gasifying agent supply. Plasma gasifiers offer high tolerance to low quality feedstock (Arena, 2012; Gomez
et al., 2009).
Plasma gasification enhances conventional gasification process and results in higher purity of product gas
with reduced level of tars. Plasma, an electrically conducting medium, is generated through plasma torches
by heating up a gas (usually air) to extremely high temperatures, up to 7000°F, meaning approximately
3871°C (Rapid Tables, 2018). As a result, the gas ionizes and creates plasma (Pourali, 2010). Untreated
waste comes in contact with electrically generated plasma in the reactor and the process conditions are
usually atmospheric pressure and temperature usually ranging between 1500 and 5000ºC, but can amount
to 15000 ºC. The residence time is usually very short and amounts up to several minutes. Organic matter
in the feedstock is converted into syngas, whereas, inorganic matter – into inert slag. Plasma gasifiers have
a very high electricity requirement to operate. For a plasma gasification plant with around 1200 – 2500
MJ/ton of waste, the electricity requirement would be 5-10% of the energy in the waste and 15-20% of
gross power output of the plant (Lombardi, 2012; Arena, 2012). Increased electricity requirement and
improved product gas quality come at greater cost, both investment and operating.
Plasma technologies have been used for more than 30 years in different applications, such as chemical,
metal and space industries. The main application of plasma technology is to decompose hazardous waste
and its introduction to waste-to-energy industry is relatively new (360 Recycling, 2018).
One of the first commercial applications of plasma gasification are two waste-to-energy plants in Japan.
First one, owned by Westinghouse Plasma Corporation and Hitachi Metals, is located in EcoValley in
Japan. The facility has a daily capacity of processing either 220 tonnes of MSW or 165 tonnes of
a 50/50% mix of automotive shredder residue (ASR) and MSW. The facility was in operation since 2003
and experienced several operation issues which made operating at the designed capacity impossible. The
plant was running at half capacity, generating an economic loss, until the decision was made to cease its
operation in 2010. Another WTE plant operational since 2002, owned by Hitachi Metals, is located
between cities of Mihama and Mikata and processes 17.2 tonnes of MSW and 4.8 tonnes of sewage sludge
on a daily basis. The process involves converting syngas to heat to dry sewage sludge before gasification
takes place. This facility did not face the problems from EcoValley and continues to operate without
operation modifications (Willis et al., 2010). Other operating plasma gasification plants are located in
China and India (Westinghouse Plasma Corporation, 2014; Alter NRG, 2018).
The next generation plasma gasifiers have an improved design which takes into account lessons learned
from previous projects, for example EcoValley. Alter NRG company, which bought Westinghouse
Plasma Corporation, developed and produces two standard reactors (Willis et al., 2010). An example is
shown in the Figure 30.
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Figure 30 An example of a plasma gasification reactor (360 Recycling, 2018).
Today, plasma gasification is not in operation in Europe. There were two plasma gasification plants
planned to be built in Tees Valley in the UK. The plants were designed to process 2000 tonnes of RDF
per day. In 2016 Air Products, the project developer, made the decision of shutting down the
development of the plant. This was due to technical difficulties in ensuring correct operation of the plants.
The investment cost increased significantly and made the project economically unfeasible (Waste
Management World, 2016).

Pyrolysis with in-line reforming
The increased interest in pyrolysis reforming process lies in high hydrogen production from the process,
which usually exceeds 30% and gas product free of tars. The process temperature varies between 500 and
900°C depending on the feedstock, reactor configuration and bed material (Lopez et al., 2018). The
process is carried out in two connected in-line reactors for pyrolysis and reforming steps and there are
different possible reactor configurations, see the Figure 31. The impurities in the plastic waste remain in
the reactor and they do not have any contact with reforming catalyst what prevents the catalyst from
deactivating. The process temperature is lower than in gasification which is related to lower production
costs. Furthermore, the tars from the gas product can be fully eliminated. The hydrogen production is
significantly higher than from the steam gasification process and shows a great potential, however, the
studies of the technology are currently limited to the laboratory scale (Lopez et al., 2018; Erkiaga et al.,
2015; Barbarias et al. 2016). An experiment carried out by (Wu & Williams, 2010) showed that lower gas
yield was obtained from the non-catalytic process and adding catalyst to the process enhanced the
hydrogen production.
(Ouadi et al., 2017) developed a pilot plant for the pyrolysis and in-line reforming of waste plastics. Before
the technology can be implemented on industrial scale, several challenges need to be addressed. For
instance, detailed investigation of the catalyst deactivation (Lopez et al., 2018).
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Figure 31 Reactor configurations used in the pyrolysis and in-line reforming process: fluidized bed and fixed bed (a), both
fixed beds (b), spouted bed and fixed bed (c), spouted bed and fluidized bed (d) (Lopez et al., 2018).

-39-

4.2 Summary of findings
The Table 11 summarizes findings from the screening of different chemical recycling technologies
considered in this study. It outlines advantages and disadvantages of each technology in the plastic
recycling application.
Table 11 Advantages and disadvantages of cracking and gasification technologies analysed in the study.
Technology
Pyrolysis

Advantages
•
•

Simple technology
Flexible process

Disadvantages
•
•

•

Plasma pyrolysis

•

•
Microwave assisted
pyrolysis

•
•
•

High enough temperature to
decompose the toxic compounds in
product gas – suitable for mixed
plastic waste
Product gas with low tar content and
high heating value
Even heat distribution
Suitable to treat MSW
In comparison to conventional
pyrolysis:

•
•

•
•

higher heating rates

Low tolerance to PVC
Sensitive to
contamination of the
feedstock
Products often need
upgrading before
further use
A number of technical
challenges to be solved
High electricity
requirement

Requires more
development
Requires large
feedstock volumes to
be feasible

more control over the process
increased production speed
Catalytic cracking

•

In comparison to conventional
cracking:
lower operating temperature
higher oil yield

•

•

Sensitive to
contamination of the
feedstock
Deactivation of catalyst

shorter reaction time
possible reduced production cost
possible reduced energy consumption
•
Hydrocracking

•

Product with similar properties to
fossil fuels
High quality product

•
•
•

Conventional

•

Possible very detailed polymer
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•

High cost of hydrogen
Poisoning effect after
hydrocracking of PVC
High investment and
operating costs
Requires high

gasification
•
•
•

breakdown: to hydrogen and methane
Multiple applications of the product
gas
Suitable for mixed plastic waste
Well-established technology

feedstock volumes to
be feasible
Tars and char in
product gas
Product often needs
cleaning
Cost and energy
intensive

•
•
•

Plasma gasification

•

In comparison to conventional
gasification:

•

higher purity of product gas

•

High investment and
operating costs
Very high electricity
requirement

reduced level of tars
•
•

Pyrolysis with in-line
reforming

•
•
•

High tolerance to low quality
feedstock
Temperature control independently
from fluctuations in feedstock
properties and quality and gasifying
agent supply
Hydrogen production from the
process
Product gas free of tars
In comparison to conventional
gasification:
lower process temperature
lower production cost

Requires further
research

•

Furthermore, process temperatures for different chemical recycling technologies are shown in the Table
12. It is one of the critical factors that influence the process outcome, thus, is considered to be a good
base for comparison. Higher temperature indicates higher purity and type of process products and choice
of appropriate temperature is particularly important when treating mixed waste plastic, see the Appendix 3
for more details.
Table 12 Summary of processing temperatures for different cracking and gasification technologies.
Technology

Pyrolysis
Plasma pyrolysis
Microwave assisted pyrolysis
Catalytic cracking
Hydrocracking
Air gasification
Steam gasification
Plasma gasification
Pyrolysis with in-line reforming

Temperature
(°C)
300-700
1800-10000
up to 1000
450-550
375-500
700-900
800-1200
1200-15000
500-900

300

500

700

900

1100

1200

…

10000

15000

The TRL of cracking and gasification technologies are summarized in the Table 13. The commercially
available technologies, with a TRL of 9, are pyrolysis, catalytic cracking and conventional gasification.
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The current plasma gasification projects use the technology for post-treatment - treating solid residue
from the gasification process, rather than for the main process itself. Therefore, plasma gasification is
assessed to have the TRL of 8 and the technology has a potential to be fully commercial in close future
(Richards, 2018).
Table 13 Summary of the TRLs of cracking and gasification technologies for waste plastic applications.
TRL
Pyrolysis
Plasma pyrolysis
Microwave assisted pyrolysis
Catalytic cracking
Hydrocracking
Conventional gasification
Plasma gasification
Pyrolysis with in-line reforming

1

2

3

4

5

6

7

8

9

9
4
4
9
7
9
8
4

The further feasibility analysis will cover only the technologies with the TRL of 9, meaning pyrolysis,
catalytic cracking and conventional gasification.
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5 Which chemical recycling
applied in Brista 2 plant?

technologies

could

be

In this chapter three technologies with the TRL level of 9: pyrolysis, catalytic cracking and gasification are
compared. The objective of the analysis is to find the most feasible technology which would contribute to
improving the plastic recycling rates and be suitable to Brista 2 plant case. Before the actual analysis, the
factors and assigned weights are described. The indicators and scores of different technologies are
summarized at the end of the chapter followed by discussion.

5.1 Factors in the MCDA and their weights
The factors and their weights are summarized in the Table 14 and Figure 32 respectively. The choice of
each factor and assigned weights are explained in the following paragraphs.
Table 14 The outline of factors used for the analysis.
No. Factor
A

Can the technology be efficient without precise sorting?

B

Does the technology offer a detailed polymer breakdown?

C

Has the technology already contributed to recycled plastics production?

D

Is the technology suitable to the plant’s feedstock volume?

E

Can the technology be incorporated to a stand-alone plant?

F

Could the reactors suitable to the technology be used in Brista?

G

Is its energy requirement low compared to other technologies?

weight

3
2
1
0
A

B

C

D
factor

E

F

G

Figure 32 Factors weighting.

A. Can the technology be efficient without precise sorting?
Recycling mixed plastics requires either high process temperature to ensure detailed breakdown or precise
sorting before feeding waste to the reactor. BOSS system is designed to sort out all plastic types in one
stream of mixed waste plastics. The chosen technology should be a complementary step to the BOSS
facility and should be suitable to recycle mixed plastic waste with the level of purity provided by BOSS
sorting. The question is if implementing the technology requires more precise sorting than BOSS.
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The factor was assigned the weight of 2 because even if the technology requires more detailed sorting than
BOSS, it could still be implemented in the plant after adding some cleaning and sorting steps. Thus, it is
not a deal breaker for incorporating the technology in Brista.

B. Does the technology offer a detailed polymer breakdown?
The more detailed the breakdown, the smaller molecules are obtained and the lower the need for
upgrading before using the process product for production of new plastics.
The factor was assigned the weight of 3 since it is one of the crucial factors for the objective of the
analysis.

C. Has the technology already contributed to recycled plastics production?
Stockholm Exergi’s ambitions are to improve plastic recycling rates and phase out as much fossil plastics
from Stockholm market as possible. According to (Stockholm Stad, 2016), after execution of the strategy
for fossil-free Stockholm, in 2040 the company’s remaining carbon footprint will be fossil based plastics
incinerated in CHP plants. Therefore, chosen technology should help eliminate that impact.
The factor was assigned the weight of 3 since it is one of the crucial factors for the objective of the
analysis.

D. Is the technology suitable to the plant’s feedstock volume?
Brista 2 plant treats 19 000 tonnes of waste plastic annually, out of which 75% could be sorted out and
sent for chemical recycling step. If chemical recycling was to be added to the process, it would have to be
viable for such a scale.
The factor was assigned the weight of 3, because in case the technology is unsuitable to the Brista’s
feedstock volume, it is considered unfeasible.

E. Can the technology be incorporated to a stand-alone plant?
When chemical recycling process is aimed at producing intermediates for new plastic production,
depending on the scale, the technologies can be incorporated either in a stand-alone plant or connected
directly to a plastic manufacturing plant. For the Brista 2 plant case, it should be possible to introduce the
chosen technology to the WTE plant, without the need to integrate it to the plastic manufacturing plant
directly.
The factor was assigned the weight of 3, because in case the technology cannot be incorporated to the
WTE plant, it is unfeasible for Brista 2 case.

F. Could the reactors suitable to the technology be used in Brista?
The potential chemical recycling unit would not be integrated into the Brista plant’s boiler, thus, there is
no limitation in terms of what type of reactor could be used for the chemical recycling step.
Since this factor does not have any significant influence on the choice of the technology, it was assigned
the lowest weight of 1.

G. Is its energy requirement low compared to other technologies?
The energy requirement of the technologies is an important factor which influences competitiveness of
a technology.
The factor was assigned the weight of 2 because energy requirement influences the economic feasibility of
the investment, however, high energy requirement is not considered a deal breaker for incorporating the
technology in Brista.
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5.2 Analysis in the MCDA
A. Can the technology be efficient without precise sorting?
Pyrolysis & Catalytic cracking
Due to relatively low process temperatures, pyrolysis and catalytic cracking require high purity of the
feedstock and waste should be sorted before the process. It is highly probable that there would be a need
for an additional cleaning step apart from BOSS, if any of these technologies were to be implemented in
Brista. This would be, however, related to additional costs.
Gasification
Gasification, on the other hand, is more tolerant to the feedstock of lower purity than previous two
technologies. Its high process temperature ensures detailed breakdown of polymers and detailed sorting is
not as important in this case (Thunman, 2018).

B. Does the technology offer a detailed polymer breakdown?
Pyrolysis & Catalytic cracking
Pyrolysis offers moderate molecules breakdown which results in partial quality recovery of the recycled
material in comparison to mechanical recycling (Singh et al., 2017). Moderate breakdown results in
relatively low quality of the process product which would need to be upgraded before being used.
Catalytic cracking offers better process design and temperature control towards obtaining the desired end
product. Just like in the case of pure pyrolysis, the process product would need upgrading which would
increase the process cost (Richards, 2018).
Gasification
Gasification operates at highest temperature and offers more detailed breakdown than pyrolysis and
catalytic cracking. It can, when driven to its extreme, convert all organics in the plastics into hydrogen and
carbon monoxide (Thunman, 2018). It provides highest level of quality recovery of processed waste
plastics of all considered technologies (Morandin & Heyne, 2016).

C. Has the technology already contributed to recycled plastics production?
The main raw materials for the production of plastic materials are light olefins, for example ethylene
(Sadrameli, 2016). Technically, ethylene or intermediate products used for its production can be obtained
from conversion of the process products from both cracking and gasification technologies, see the Figure
33 and Figure 34.
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Figure 33 Simplified process flow diagram for the production of ethylene by liquid cracking with a front-end deethanizer
(Murzin, 2015).

Figure 34 Different gasification integration strategies for different end-products (Thunman et al., 2018).
Pyrolysis & Catalytic cracking
Pyrolytic oil is unstable and it contains significant amount of impurities which would need to be removed
before using it further. To overcome these issues pyrolysis would have to be either catalytic (catalytic
cracking) or followed by reforming. The oil would also have to be refined to ensure its stability. All
depending on what the oil should be used for (Gyllenhammar, 2018). According to (Thunman, 2018), due
to chemical properties of different components in the pyrolytic oil, only its small portion can be used for
new plastic production, indicating that the conversion rate is low. So far, there is no evidence of either
pyrolysis or catalytic cracking commercially used for production of new plastics, they are rather used with
the aim to replace the fuel oil and paraffin.
Gasification
Gasification process can support the reuse of plastic material and has already been used for this purpose.
The only commercially available pathway for syngas treatment and conversion is used in Enerkem’s fullscale gasification facility. Syngas is cleaned from impurities in a water scrubbing system before it is sent to
the catalytic reactor for conversion into methanol, then to ethanol. (Chemicals-technology, 2018) The
overall process efficiency of a waste-to-methanol plant amounts to approximately 40% and is limited due
to the fact that the co-generated heat cannot be exploited (Iaquaniello et al., 2017). Due to high losses in
the process, a large feedstock volume needs to be ensured to obtain desired volume of the product.

D. Is the technology suitable to the plant’s feedstock volume?
Pyrolysis & Catalytic cracking
Thermal and catalytic cracking could be used for plastic waste on smaller scale and seem possible for the
Brista case, provided that the issue of product upgrading would be addressed. Stockholm Exergi would
have to cooperate with an external company to ensure a solution for pyrolytic oil upgrading
(Gyllenhammar, 2018).
Gasification
Plastic gasification process is technically challenging, thus, it is economically viable only if a large volume
of feedstock is processed in the gasifier. For example, if the Inovyn’s plastic production plant in
Stenungsund, with an annual production capacity of 215 000 tonnes, wanted to replace all fossil feedstock
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with the feedstock coming from plastic gasification, the plastic volume fed to the gasification unit would
need to be roughly 2 000 000 tonnes per year (Thunman, 2018). Such a high weight is necessary to
provide enough material to overcome the problem of low efficiency of the process and ensure obtaining
desired volume of the product. Due to the fact that the amount of plastic treated at Brista plant is
significantly lower than that, gasification is considered not a viable solution for the given case.

E. Can the technology be incorporated to a stand-alone plant?
Pyrolysis & Catalytic cracking
Both pyrolysis and catalytic cracking could operate as a stand-alone small scale installation at a WTE plant,
what makes them suitable to the Brista 2 plant case.
Gasification
Gasification, on the other hand, could be integrated into a WTE plant as a stand-alone plant if its capacity
would be at least approximately 150 000 tonnes per year. Due to the complexity of the chemical reactions
in the process and its low efficiency, smaller installations would have to be connected directly to the
plastic manufacturing facility to ensure processing high volumes of feedstock in order to make the
solution economically viable (Thunman, 2018). The volume of plastic recycled in Brista is expected to be
lower than the required one, thus, gasification is considered unviable for this case.

F. Could the reactors suitable to the technology be used in Brista?
Each of the considered chemical recycling technologies has been tested and studied in different reactor
types and configurations. Each type of reactor and configuration has its own advantages and
disadvantages and for the Brista case there are many possibilities for all three technologies.
Pyrolysis & Catalytic cracking
Cracking of waste plastics have been carried out in a batch, semi-batch, fluidized and fixed bed, conical
spouted bed reactors (Sharuddin et al., 2016; Al-Salem et al., 2017; Miandad et al., 2017; Onwudili et al.,
2009; Sahu et al., 2014). According to (Sahu et al., 2014; Kunwar et al., 2016), a good solution for catalytic
or non-catalytic waste plastic pyrolysis is a fluidized bed reactor. It can treat different types of waste
plastic, offers high process flexibility, temperature control as well as moderate equipment costs and low
maintenance costs.
Gasification
The type of a gasifier is a critical factor which determines the temperature and process conditions and
heavily influences the recycling process. The two main gasification reactor configurations are fluidized bed
and fixed bed reactors. There is a number of studies which test plastic gasification in other types of
reactors, such as spouted bed, plasma and moving grate. The results from different studies are
summarized in the (Lopez et al., 2018; Fabry et al., 2013; Lee et al. 2013; Yang et al., 2018; Martínez-Lera
et al., 2013). The reactor type used in the Enerkem’s waste-to-biofuels facility is a bubbling fluidized bed
reactor. (Chemicals-technology, 2018)
There is a high interest in DFB reactor as it is designed to separate gasification and combustion processes
and thanks to that syngas is not diluted in atmospheric nitrogen. High temperature in the reactor obtained
without combustion process allows obtaining syngas with high purity and calorific value. However, syngas
produced in DFB reactor has a significant tar content of approximately 10 gNm-3 (Fabry et al., 2013).

G. Is its energy requirement low compared to other technologies?
The basic energy requirement of the chemical recycling technology is used for breakdown of the plastic’s
molecular chain. The more detailed the breakdown and smaller molecules obtained from the process, the
larger installed energy chemically stored in the molecules. When new plastic products are manufactured
through synthesis of these molecules, the energy stored in them is lost since it is not released through
energy recovery. Therefore, the more detailed the breakdown, the higher energy loss.
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According to (Thunman, 2018), roughly 20-25% of the energy corresponding to the energy of the process
product needs to be fed into the process in order to convert waste plastics into carbon monoxide and
hydrogen, the most detailed breakdown possible. Apart from that the process requires heat to obtain and
maintain the desired process temperature.
Gasification
Based on that, the highest energy requirement and lowest performance is assigned to gasification.
Pyrolysis & Catalytic cracking
Pyrolysis and catalytic cracking perform on a similar level since pyrolysis occurs at a higher temperature
and higher heat requirement than catalytic cracking while catalytic cracking requires energy for catalyst
regeneration. The technologies received “maybe true” indicator since the processes are energy intensive
and their energy requirement is uncertain.
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5.3 Scores and results
The Table 15 summarizes the results of the MCDA of implementing three considered chemical recycling
technologies in Brista 2 plant based on the analysis of different factors from the previous section.
Table 15 Results of the MCDA for implementation of different chemical recycling technologies in Brista 2 plant. Green –
yes, orange – maybe true, red – no.
Factor

Pyrolysis

Catalytic
cracking

Gasification

A Can the technology be efficient without precise sorting?
B Does the technology offer a detailed polymer breakdown?
C Has the technology already contributed to recycled plastics
production?
D Is the technology suitable to the plant’s feedstock volume?
E Can the technology be incorporated to a stand-alone plant?
F Could the reactors suitable to the technology be used in
Brista 2 plant?
G Is its energy requirement low compared to other
technologies?
For better understanding of the results, weights have been incorporated to the results outline, see the
Figure 35.
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Figure 35 Results of the MCDA for implementation of different chemical recycling technologies in Brista 2 plant. P pyrolysis, C - catalytic cracking, G - gasification.
It is not obvious which technology is the best one for the given Brista 2 plant case. The Table 16 presents
advantages and disadvantages of each technology for potential implementation in Brista 2 plant, which are
further discussed in the following paragraphs.
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Table 16 Advantages and disadvantages of analyzed technologies with regards to their potential implementation in Brista 2
plant.
Technology
Pyrolysis

Advantages
•
•
•
•

Disadvantages

Suitable to the feedstock
volume in Brista 2 plant
More energy efficient
than gasification
Simple technology
Could be incorporated in
a small scale stand-alone
plant

•
•

•
•

•
•

Catalytic cracking

•
•

•
•

Suitable to the feedstock
volume in Brista 2 plant
More flexible process
design and temperature
control than pyrolysis
More energy efficient
than gasification
Could be incorporated in
a small scale stand-alone
plant

•
•

•

•
•

Conventional gasification

•

•
•

The only proven
technology used for
production of
intermediate products for
recycled plastics
Does not require detailed
sorting
Suitable for mixed plastic
waste

•

•

•

•

-50-

Requires more detailed
sorting than gasification
Offers less detailed
polymer breakdown than
gasification
Unstable oil product,
needs upgrading
Technology unproven for
production of recycled
material
Low oil – ethylene
conversion rate
Requires further research
and tests: pilot plant
before commercial
operation
Requires more detailed
sorting than gasification
Offers less detailed
polymer breakdown than
gasification
Technology unproven for
production of recycled
material
Product oil needs
upgrading
Low oil – ethylene
conversion rate
Requires larger feedstock
volume to be feasible
than volume in Brista
Product gas requires
cleaning before further
use
Cannot be used in a small
scale stand-alone plant
(Brista scale)
The most energy intense
technology

Gasification
Gasification seems to perform best in terms of offered detail of polymer breakdown and suitability to
recycled mixed waste plastics. Also, this is the only commercially available chemical recycling technology
used for production of new plastic products. However, the volume of plastic waste expected to be sorted
out by BOSS facility is not large enough to ensure economic feasibility of the investment. Furthermore,
small feedstock volume makes it technically challenging to construct a gasification facility without
connection to a plastic manufacturing facility in Brista. These two factors make gasification stand-alone
plant connected to Brista 2 plant an unviable solution.
An estimate by (Thunman, 2018) indicate that a stand-alone gasification plant requires a volume larger
than the capacity of planned Motala plant, which, in turn, is expected to have large enough capacity to sort
the entire plastic waste volume of Sweden. Therefore, the feedstock volume requirement of a plastic
gasification plant may be larger than the entire plastic waste flow in Sweden. A stand-alone gasification
plant could be, however, feasible if the feedstock volume was as large as plastic waste from all Nordic
countries combined. Thus, Stockholm Exergi could investigate possibilities of cooperation with
companies in other Nordic countries to achieve the economies of scale.
Catalytic cracking
Catalytic cracking can be implemented on a smaller scale and as a stand-alone installation connected to
a WTE plant. It is more energy efficient than gasification, however, it requires detailed sorting which
would have to be addressed and BOSS would have to be adjusted to its needs. An important issue is that
the technology offers significantly less detailed polymer breakdown than gasification and so far, it has not
yet been used for the production of recycled plastic material. It has been used mainly for a fuel
production.
Pyrolysis
Pyrolysis could also be a potential solution for chemical recycling in Brista 2 plant. It is suitable to the
plastic waste volume sorted out by BOSS and can be feasible as a small scale stand-alone plant. On the
other hand, polymer breakdown in this process is the least detailed of all three technologies considered.
Just as in case of catalytic cracking, the products from the process have not yet been used for production
of new plastic material, thus, its feasibility for this purpose is unproven. Pyrolysis is less flexible to the
fluctuations in the plastic waste stream than gasification and catalytic cracking.
If Stockholm Exergi wanted to invest in either catalytic cracking or pyrolysis, the company would have to
construct a pilot plant and carry out tests before moving to a commercial scale.

5.4 How robust is the analysis?
Chemical recycling of plastic waste is a fairly new research field and there are very few fully commercial
projects. In Sweden chemical recycling is not available on a commercial scale. Due to paucity of technical
data, the comparison between different technologies is qualitative and the uncertainty of the input
information can be regarded as high.
The results from the study can be used as a starting point for potential investors or institutions which
work with the plastic waste problem. When evaluating the feasibility of chemical recycling in a specific
context, it is important to analyze each case individually, taking into account different technical, economic
and legal factors. For instance, plastic waste volumes to be recycled, specifications and requirements in the
particular case, local legislations and local market for recycled material.
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6 What are
recycling?

the

challenges

to

implement

chemical

This chapter outlines the main barriers for commercial operation of chemical recycling in Sweden in
general and in Brista 2 plant in particular.

6.1 Challenges to implement chemical recycling of waste
plastic in Sweden
Small scale of the Swedish market
According to the report by (Fråne et al., 2015), some of the major problems with enhancing recycling and
recovery of waste plastics in Sweden are:
•
•

small scale of Swedish market for recycled material;
high level of plastic imports.

Swedish population is low while territory is relatively large, resulting in higher infrastructure and transport
costs related to waste management when compared to other European countries. The country’s volume of
plastic waste is relatively low what makes achieving economic feasibility of commercial chemical recycling
plant challenging (Hennlock et al., 2015).
Furthermore, accepting plastic from abroad is often related to difficulties with market cooperation and
influencing the producers and designers of plastic products. Currently, the design of plastic products is not
adjusted to the circular economy ambitions and makes recyclability difficult. Impact on product design
could be achieved through cooperation across the market value chain together with authorities and across
the borders. Nordic countries could cooperate either thorough joining the efforts towards supplying the
recycling facilities with large enough waste volume to achieve economic feasibility or through knowledge
exchange and sharing information. Another possible solution would be to create a networking platform
where all stakeholders in the value chain, see the Figure 36, could communicate with each other and create
conditions for cooperation. The details of the ideas are described by (Fråne et al., 2015).

Figure 36 The plastic waste recycling value chain (Milios et al., 2018).

Low supply and demand for recycled plastics
The value chain market analysis of the plastics recycling in the Nordics by (Milios et al., 2018) identified
that the important barriers towards deployment of chemical recycling are low supply and demand of
recycled plastic. This is mainly caused by financial considerations as well as insufficient transparency and
traceability in the value chain transactions.
The interest in recycled material and awareness of importance of circular economy among customers in
Sweden is high but the acceptance of higher material prices is rather low. If a plastic manufacturing
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company was to achieve circular economy targets without compromising the price of the final product, it
would have to realize the effect of the economies of scale to compete with producers of fossil plastics.
Furthermore, the conventional plastic production process is more efficient than producing recycled
plastic, thus, fossil based plastics manufacturers are able to provide higher volumes at lower prices. As
a consequence, suppliers of recycled plastic face a risk of being outcompeted (Thunman, 2018).
If the chemical recycling was to be deployed, there is a strong need to change the current system and
boost the recycled plastic supply and demand in Sweden. This could lower recycling costs, increase the
revenue from recycled materials and create good conditions for recycling development. (European
Commission, 2018) The key point in chemical recycling deployment is to create a business model which
all actors along the value chain, see the Figure 36, can benefit from.

Need for clear regulatory framework
Sweden has taken several initiatives to move the national waste treatment system towards higher levels of
the the waste management hierarchy, see the Figure 1. In 1973 the Swedish packaging tax on drink
containers was introduced. In 1991 PET bottles were added to the mandatory national deposit-refund
scheme (European Commission, 2001). In the same year, the Swedish Government introduced the carbon
tax at a rate of approximately 250 SEK per tonne of fossil CO2 emitted which has gradually increased to
1150 SEK in 2018 (Government Offices of Sweden, 2018). In 1994 the producer responsibility for
packaging and newspapers was introduced and packaging tax was abolished (European Commission,
2001). The Extended Producer Responsibility (EPR) scheme for waste packaging assumes that all
producers and importers of packaging are legally responsible for collection and recycling of the plastic
waste entering the market (Milios et al., 2018). In 2000 the landfill tax was introduced at a rate of 250 SEK
per tonne of waste (Naturvårdsverket, 2005) and increased up to 435 SEK/t (Hennlock et al., 2015). In
2002 landfilling of any combustible waste was banned and in the same year the requirement for sorting of
burnable waste was introduced. In 2005 landfilling of organic waste in Sweden was banned too
(Naturvårdsverket, 2005).
All these initiatives, landfill bans and tax especially, caused significant increase in the quantity of waste sent
for energy recovery. Between 1994 and 2004 this quantity doubled, existing plants increased their
capacities, approximately 10 new ones started their operation and more were planned. The tendency
remained until now with the amount of waste sent for energy recovery gradually increasing, see the Figure
37 (Naturvårdsverket, 2005; Avfall Sverige, 2017b).

Figure 37 Waste-to-energy recovery in Sweden, 1985-2016 (Avfall Sverige, 2017b).
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In 2006 the government applied an incineration tax to the municipal waste with an aim to improve the
recycling rates. The action did not bring expected results and in 2010 the tax was abandoned. Recently the
incineration tax has come back to the political agenda (Van der List, 2017).
If plastic recycling rates were to be improved, Sweden needs to take a step up in the waste management
hierarchy, see the Figure 1. The national Swedish objectives include 70% of recovery from plastic
packaging, out of which 30% recycling (Ordinance 2006: 1273 on Producer Responsibility for packaging).
The waste management plan for Stockholm 2017-2020, however, mentions only briefly the issue of plastic
packaging recycling (Stockholm Vatten och Avfall, 2016). The specific goals for improving the plastic
recycling rates in the upcoming years are unclear. There is a strong need for clear national or regional
policy framework which would support circular economy targets, address the plastic issue in particular and
create favourable conditions for the recycled plastics on the market.

Need for increased sorting capacity and higher quality sorting
In general, chemical recycling technologies require sorting as a pre-treatment of the feedstock. The level
of detail of sorting and energy, cost and labour efforts depend on the specific technology. Thermal and
catalytic cracking require detailed sorting and removal of substances other than plastic packaging from the
stream, while gasification does not require detailed sorting due to high process temperature.
If chemical recycling was to be deployed in Sweden, there is a need for increased sorting capacity and
better sorting solutions (Hennlock et al., 2015). There are several on-going projects that are expected to
address these issues. Already mentioned planned sorting plant in Motala is designed for large enough
sorting capacity to treat the entire volume of plastic waste in Sweden (Plastkretsen, 2018). The quality of
sorting is planned to be improved by introducing NIR technology, for instance, in Högdalen (Stockholm
Vatten och Avfall, 2017a & 2017b) and Brista (BOSS facility) WTE plants in Stockholm region.
Before introducing chemical recycling, it may be necessary to investigate if NIR sorting could provide
feedstock of sufficient purity. According to (Lambertz, 2018), considering the currently available sorting
technologies, it is technically possible to provide secondary plastic material with same or similar properties
as virgin plastics. The only condition for this is making necessary investments. From the technical
perspective, an investor can sort out as many different plastic fractions as needed, having in mind that
sorting every additional plastic type requires significant capital costs related to new sorting equipment and
increased energy demand of the installation.
Potential investors should also plan the sorting strategy, meaning how many and which fractions should
be sorted out. The plastic types that are currently the most beneficial to sort out are: hard plastics (HDPE,
PP and PET) and soft plastics – LDPE film. The recycled materials from these fractions have high
enough demand and a positive market value to make it profitable to invest in the sorting equipment. In
some facilities, PS is also sorted out, however, the market for recycled PS is not that big and the interest in
recovering this fraction is today limited due to rather low amount of PS in the household and packaging
waste. Similar situation applies to PVC; the interest in recycled material is rather low. PVC is often sorted
out in waste sorting plants with focus on producing secondary fuel (SRF), but instead of being sent for
recycling or energy recovery, it is removed from the stream as a contaminant in order to reduce the
chlorine level of the fuel. It is considered hazardous due to toxic products from its incineration (Lambertz,
2018).

Uncertain economic feasibility
Currently, due to paucity of data and low number of full scale projects in operation, assessing the
economic feasibility of different chemical recycling technologies in a specific country is challenging. The
feasibility analyses for pyrolysis (Fivga & Dimitriou, 2018), catalytic cracking (Sahu et al., 2014) and
gasification (Iaquaniello et al., 2017) are summarized in the Appendices 4, 5 and 6 respectively. Due to
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significant differences in assumptions and locations, it is unviable to make a comparison between them.
The variables for economic feasibility assessment are determined locally, therefore, it also seems unviable
to transfer any of the findings from studies abroad to the Swedish case.
In general, it can be stated that the necessary investment cost increases when the scale of the plant
increases. Gasification plants require higher investment costs than pyrolysis or catalytic cracking plants,
however, it does not indicate that the overall cost is higher. Pyrolysis and catalytic cracking, which have
lower investment requirement, have not yet contributed to production of new plastic material to as high
extent as gasification and they potentially would not generate as high profit from selling the product for
plastic manufacturing (Thunman, 2018).
According to (Hopewell et al., 2009), the key factors that influence the economic feasibility of plastics
recycling are:
•
•
•

the difference between prices of recycled material and virgin material;
the difference between costs of recycling and alternative methods;
variations in the quantity and quality of the recycled material supply in comparison to the supply
of virgin material.

The price of virgin plastics is influenced on the price of oil, the main feedstock for virgin plastics
production. When the oil price increases, the cost of collection and reprocessing of plastic also increases
to some extent which makes recycling relatively more financially attractive. Due to the fact that quality of
recycled plastics is lower in comparison to the quality of virgin plastics, the price of virgin material sets the
ceiling for the price of recycled material. Moving from linear towards circular approach in plastics
recycling can reduce the price gap between the recycled and virgin materials (Hopewell et al., 2009).
(Gradus et al., 2017) made a cost-effectiveness analysis and comparison between incineration and
recycling of household plastic waste in the Netherlands. The results showed that the net costs of plastic
waste recycling are significantly higher than energy recovery and the difference is 206 €/t. Furthermore, in
the sensitivity analysis, the same authors investigated the effect of higher prices of recycled plastics.
Improving the market situation or improving the quality of the recycling process products may increase
the yield of recycled plastics and increase its cost effectiveness. The assumed increase in price was 10%
and the cost effectiveness was found to be improved even though the cost of CO2 reduction remained
high. Even if the results are based on the data from the Netherlands, the results are likely to be applicable
to other European countries due to increasing debate about waste plastics in the European Commission
(Gradus et al., 2017).

Figure 38 Recycling costs (on the left) and revenue per tonne of treated plastics (on the right) in 2017 and 2040 (in kSEK)
(Material Economics, 2018).
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According to (Thunman, 2018), the current demand for recycled plastics in Sweden is often limited to
niche applications. The plastic manufacturers fear that recycled material would not meet their
requirements in terms of quality, reliability and large enough supply. With a low market demand the
profitability of plastics recycling is uncertain, thus, the incentive to invest is low too, see Figure 38.

6.2 Challenges to implement chemical recycling in Brista 2
plant
Company’s insufficient expertise
Regardless of which technology Stockholm Exergi decides to invest in, each option requires cooperation
with external partners who could deliver expertise out of Stockholm Exergi’s scope.
In the case of pyrolysis/catalytic cracking, Stockholm Exergi would have to ensure a cooperation with
a chemical company which could provide technology for product oil upgrading and adjusting its
properties to the commodity market’s needs. Since neither pyrolysis nor catalytic cracking have been
previously used for production of recycled plastics, Stockholm Exergi would possibly have to also
cooperate with a plastic manufacturer to test if the upgraded product oil meets the requirements of the
plastic producers. The challenge here could be to provide large enough volume of pyrolytic oil to make
the partner companies interested in cooperation.
Regarding gasification, the scale of Brista 2 plant is too small to make it possible Stockholm Exergi to
apply gasification there. If the company wanted to invest in plastic gasification with the aim to produce
intermediate products used for new plastic material, the company would have to cooperate with other
actors to enlarge the scale of the plant and reduce the production cost. There are at least two potential
pathways for Stockholm Exergi:
1. Co-financing the construction of a stand-alone gasification plant designed for the capacity larger
than 150 000 tonnes per year and co-supply the plastic waste;
2. Cooperation with a plastic manufacturer on construction of a gasification plant incorporated into
the plastic manufacturing plant and co-supply of the feedstock.

Uncertain feedstock purity requirements
The detailed sorting required by catalytic cracking or pyrolysis could be provided in a single step,
depending on the specification and quality requirements for the process. According to (Lambertz, 2018),
all different wanted plastic types could be sorted out from the household waste stream into one mixed
plastic stream without the need to sort all different types separately before putting them together, unless
the catalytic cracking/pyrolysis process should require a very specific recipe or material composition.
From the technical perspective, if a cleaning step was included in the BOSS system, the sorted plastics
could reach as low contamination levels of typically less than 5% unwanted fractions, which is in line with
typical qualities for mechanical recycling. To achieve the quality of virgin plastic, further cleaning process
such as hot washing, flake sorting and decontamination steps would have to be added to the process.
These processes are usually not performed at a sorting facility, but at a recycling facility. The following
question should be answered:
•

What are the quality requirements for the input materials, for example maximum allowed
contamination?

Uncertain economic feasibility of the investment
Before chemical recycling could be incorporated to the Brista 2 plant, the following questions should be
answered and addressed (Lambertz, 2018):
•

Chemical recycling needs to compete with mechanical recycling, for example fractions like PP or
HDPE have a market value of 150-250 €/t when sold to mechanical recyclers. Is chemical
recycling feasible when paying similar values for the input material?
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•
•
•
•

How many commodities with a positive market value could be obtained?
What is the minimum amount of feedstock for the catalytic cracking/pyrolysis process for it to be
economically feasible?
What is an estimated economic and environmental profit of chemical recycling in Brista 2 plant?
What is the difference between gate fees, price of recycled material and investments required for
the implementation of a chemical recycling step in Brista plant? Is there any potential for making
a profit? What is the business model?

Challenging market situation
Even if technical feasibility of any of the chemical recycling technologies is confirmed for Brista case, the
Swedish market situation needs to be improved before Stockholm Exergi can start commercial operation
of the new plant. Stockholm Exergi could take active participation in the dialogue with local authorities
and other companies to ensure support to the investment from the market and policy makers. Stockholm
Exergi could be one of the first ones to start a dialogue and take the lead in Swedish transformation
towards circular economy.
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7 Conclusions and recommendations
In this thesis, the potential of chemical recycling to the recycling of plastic waste was studied. The case
study is Stockholm Exergi’s Brista 2 waste-to-energy plant in the northern suburbs of Stockholm.
Chemical recycling could be used in combination with currently used mechanical recycling as a method to
recycle plastic fractions in the household waste stream that are problematic for mechanical recycling.
Chemical recycling has been proposed to be applied after the BOSS sorting step at Brista 2 plant to obtain
higher quality products suitable for wider range of applications.
Increasing debate about plastic waste, circular economy targets and technology transfer to Rotterdam will
most probably result in new efforts, research programs and industrial projects are expected to be
established in Europe in the coming years. Chemical recycling will play an important role in the transition
to circular economy. It can help meet the targets and improve current plastic recycling system in Sweden.
The current plastic recycling system in Sweden consists of a number of stages with many different actors
involved in the process both in Sweden and abroad. At each stage some part of the plastic in the
household waste stream is rejected from recycling process. The recycling rate of plastic packaging from
the household waste stream in Stockholm was found to be lower than 7%. This means that less than 7%
of plastic in the household waste stream is re-used for production of new plastic products. Remaining
93% is sent for energy recovery through incineration. Therefore, there is a lot of room for improvement.
A major challenge identified during the data collection process is the lack of transparency in the Swedish
waste management and recycling sectors.
Different chemical recycling technologies were described and their maturity was analysed. The results
showed that there are three technologies with the highest Technology Readiness Level of 9: thermal
cracking (pyrolysis), catalytic cracking and conventional gasification.
It is not obvious which of these technologies is the best one to be implemented in Brista 2 plant.
Gasification is suitable for treating mixed plastic waste and proven technology for the production of
intermediates which can be used for new plastic production. On the other hand, the scale of Brista facility
is not large enough for a gasification plant to be feasible. The study considered only plastic packaging
volume in the household waste stream, however, if commercial and industrial waste were added to the
scope, the plastic volume would have been larger and the results could have been different. Therefore,
including plastic waste from the commercial and industrial waste streams may be of an interest for the
future analyses.
Pyrolysis and catalytic cracking could be used at a smaller scale, but they have not contributed to the
production of new plastics so far, thus, both technologies would require further research and tests on
a pilot scale before moving to commercial operation.
If Stockholm Exergi wanted to invest in plastic waste gasification, the company could co-finance the
construction of a stand-alone plant with a larger capacity or contribute to the construction of a small scale
gasification plant incorporated into the plastic manufacturing plant.
The major challenges to implement chemical recycling of waste plastics in Sweden are of economic and
political nature. They include small scale of the Swedish market, low supply and demand for recycled
plastics, need for clear regulatory framework and uncertain economic feasibility. The key point in
successful deployment of chemical recycling is the development of a business model which would ensure
that all actors along the plastic recycling chain benefit economically from the solution. For the Brista 2
plant case, the challenges include Stockholm Exergi’s insufficient expertise to perform chemical recycling
independently, uncertain feedstock purity requirements and challenging market situation.
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Based on the findings from this study and identified challenges, the following recommendations for
Stockholm Exergi are proposed:
•

•

•

•

•

•

Investigate real data from pilot and/or commercial projects
The findings from this report have to be followed by an in-depth analysis of real data, from pilot
or commercial projects, which is currently unavailable. The potential of implementing pyrolysis or
catalytic cracking in Brista 2 plant has to be studied further. Meanwhile, the opportunities and
challenges related to investing in a gasification plant as a cooperation with other actors have to be
investigated.
Investigate the possibility of cooperation with chemical companies and plastic
manufacturers
This report shows that any investment in chemical recycling requires cooperation with external
companies with expertise related to chemical engineering and plastic manufacturing.
Investigate the feedstock purity requirements and if they could be met by BOSS
The quality requirements for input materials to the chemical recycling process have to be studied.
The maximum allowed contamination level has to be specified and compared with level offered
by BOSS. If necessary, additional measures to provide higher quality of feedstock have to be
studied.
Involve other actors and policy makers in a dialogue towards improving Swedish market
for recycled plastics
Deployment of chemical recycling in Sweden depends on the market conditions for recycled
plastics. Therefore, a dialogue between the industry and policymakers has to start to allow
knowledge exchange and ensure support to the potential investments.
Investigate incentives for reaching circular economy and recycling targets
This report shows that reaching circular economy and recycling targets requires incentives or
increased price of plastic material. When, from whom and what kind of incentives can be
expected has to be investigated.
Examine the market for selling intermediates (oil or syngas) to plastic producers for new
plastics production
Chemical recycling is more expensive when compared to waste incineration or mechanical
recycling. The potential for making profit has to be investigated in relation to future development
of waste prices and policy measures which could promote production of plastics from recycled
material.
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Appendix
Appendix 1: Plastics types, origin and production
Plastics can be divided into two types (Plastics Europe, 2018):
•
•

Thermoplastics - soften when heated up and harden when cooled down, can be reused for
manufacturing of a new plastic product;
Thermosets - can be melted and formed just once and after being formed they cannot be remelted and reshaped, difficult to recycle.

Examples of both types are presented in the Table 17.
Table 17 Examples of thermoplastics and thermosets (Plastics Europe, 2018).
Thermoplastics
PE, PET, PVC, PP, PS

Thermosets
PF, PUR, PTFE

Plastics are produced from fossil fuels through polymerisation of naphtha, obtained through distillation of
heavy crude oil. (Plastics Europe, 2018) Therefore, some plastic types have a high carbon content, see the
Table 19, and the calorific value of oil produced from pyrolysis of each individual plastic type is close to
the calorific value of fossil oils and high enough to be used for energy utilization (Al-Salem et al., 2017).
The monomeric chemicals are added to the material to give it different properties, depending on the type
of plastic.
Currently, 6% of global oil production is used for plastic production and a significant level of greenhouse
gas emissions is associated with it, in 2012 it was roughly 390 million tonnes of CO2. If nothing changes
and the predictions of steady increase of plastic consumption in coming years, the global carbon footprint
of plastics sector will increase from 1% to 15% by 2050. Moreover, some of the used chemical substances
raise concerns about its negative effect on human health and environment (Ellen MacArthur Foundation,
2016).
The product yields of thermochemical treatment of plastics can be estimated based on the chemical
composition of a given plastic type. The proximate and ultimate analyses of different plastic types are
presented in Table 18 and Table 19 respectively.
Table 18 Proximate analysis of different plastic types. Values in the table given in wt% (Sharuddin et al., 2017).
Type of plastics
PET
HDPE
PVC
LDPE
PP
PS

Moisture
0.22
0.01
0
0.03
0
0

Fixed carbon
6.2
0
5.12
0
0
0

Volatiles
86.75
99.77
85.77
99.85
99.64
99.78

Ash
6.83
0.22
9.11
0.12
0.36
0.22

Table 19 Ultimate analysis of different plastic types. Values in the table given in wt% (Sharuddin et al., 2017).
Type of plastics
PET
HDPE
PVC
LDPE
PP
PS

C
63.94
86.99
37.24
85.6
86.88
91.57

H
4.52
12.12
4.99
13.4
12.5
7.8

N
0.01
0.27
0.08
0.26
0.28
0.15
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S
0.04
0.07
0.08
0
0.03
0.04

O
31.49
0.56
0
0.74
0.32
0.45

Cl
0
0
57.61
0
0
0

According to (Morandin & Heyne, 2016), the most common plastic types (from the most to the least
demanded) are: PP, LDPE, HDPE, PVC, PS and PET. Their codes and applications in plastic packaging
are presented in the Figure 39.

Figure 39 Main plastic resin types and their applications in packaging (Ellen MacArthur Foundation, 2016).
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Appendix 2: Waste input to Brista 2 plant
Table 20 Annual waste supply to Brista 2 plant (Cook, 2018).
Municipality
Sigtuna
Vafab/Enköping
Upplands-Bro
Gävle
Sörab
Turku, Finland

Waste supply, tonnes/year
10 000
12 000
12 000
7 000
45 000
25 000
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Appendix 3: Mixed plastic waste treatment
Chemical recycling of a single plastic type allows selecting the most suitable process temperature which
could treat the given polymer in the most efficient way. However, when treating a mix of different types,
the choice of process temperature is more difficult.
Different polymers have different melting temperatures and will need slightly different conditions to break
down into monomers, see Figure 40. The process temperature is usually suggested to be at the processing
temperature of the highest melting component which can lead to overheating and degradation of lower
melting components (Ragaert et al., 2017).

Figure 40 Range of processing temperatures for common plastics (Ragaert et al., 2017).
For example, the Thermogravimetric Analysis (TGA) of different types of plastics at a heating rate of
20°C/min is used for defining the starting degradation temperature for different samples of mixed plastic
waste, see Figure 41. It can be observed that all plastic types started to degrade at a temperature of 300°C
and all plastics except for PVC completed degradation at 500°C.

Figure 41 TGA thermographs of different plastics types (Sharuddin et al., 2017).
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Appendix 4: Results from techno-economic feasibility analysis for plastic pyrolysis plant
(Fivga & Dimitriou, 2018).
A study by (Fivga & Dimitriou, 2018) investigated a techno-economic feasibility of pyrolysis plant which
would convert a mix of different waste plastics: PE, PP and PS into heavy fuel oil accordingly to the
process shown in the Figure 42 and 43.

Figure 42 An overview of the pyrolysis system for the production of fuel (Fivga & Dimitriou, 2018).

Figure 43 Mass and energy balances in the system (Fivga & Dimitriou, 2018).
The results, see the Table 21, showed that a plant with a capacity of 100 kg/h could produce 85.8 kg/h of
fuel (mass yield 85.8%). The thermal energy demand of the reactor (41.16 kW) could be covered by heat
from combusting pyrolysis by-products, such as char and non-condensable gases, thus, there would be no
need for external heating sources. Also, if needed, steam generation is possible through utilizing flue gases
from the combustion process. The total plant’s electricity requirement was estimated to amount to 36 kWe
which would have to be provided from external electricity inputs to meet the electricity requirement of the
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equipment, i.a. air blowers and water pumps. 115.6 kWth could be generated from steam through utilising
flue gases from the combustion of the pyrolysis by-products, see the Figure 43.
Table 21 Technical details of performance of a base case plastic pyrolysis plant for the production of heavy oil substitute.
Adapted from (Fivga & Dimitriou, 2018).
Feedstock
Feed rate, kg/h
Reactor type
Temperature in the reactor, °C
Mass yield, %
Thermal energy demand of the reactor, kW
Total plant’s electricity requirement, kW

waste PE, PP and PS
100
Fluidized Bed (FB)
450-650
85.8
41.16
36

The fuel production cost was calculated to amount to 0.87£/kg, which is almost 60% higher than the
pyrolysis product sale price, see the Table 22. Studying the effect of the economies of scale showed that
for the base case the Net Present Value (NPV) is negative throughout 20 years of the plant’s lifetime,
whereas, if the capacity was increased to 1 000 kg/h, the pay-out period is four years, 10 000 kg/h – one
year and 100 000 kg/h produces revenue and NPV is positive in the first year, see the Table 23 and the
Figure 44 for more details. The increase of operating and capital costs when increasing the scale of the
plant are presented in the Figure 45 and Figure 46 respectively. The sensitivity analysis showed that the
most sensitive parameter for the fuel production cost is fuel production rate, see the Figure 47.
Table 22 Results of the economic results for the base case plant. Adapted from (Fivga & Dimitriou, 2018).
Feed rate, kg/h
Plant’s lifetime, years
Annual operating hours, h
Total capital investment, £
Total operating cost, £/year
Total utilities cost, £/year
Total product sales, £/year
Fuel production costs, £/GJ
Fuel production costs, £/kg

Base case
100
20
7012
999 492
416 325
14 685
330 896
19.30
0.87

Table 23 Capital, operating and fuel production costs of pyrolysis scaled-up plants in comparison with the base case. Adapted
from (Fivga & Dimitriou, 2018).
Plant capacity, kg/h
Annual capital cost, £/kg
Operating cost, £/kg
Pyrolysis fuel product production cost, £/kg
Pay-out period, years

100 (base)
0.17
0.69
0.87
>20
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1 000
0.05
0.20
0.26
4

10 000
0.02
0.04
0.05
1

100 000
0.01
0.02
0.03
<1

Figure 44 Revenue, NPV and pay-out period estimated for the pyrolysis scaled-up plants in comparison to the base case
(Fivga & dimitriou, 2018).

Figure 45 Total annual operating costs for the scaled-up plants (Fivga & Dimitriou, 2018).
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Figure 46 Total capital costs for scaled-up plants (Fivga & Dimitriou, 2018).

Figure 47 Sensitivity analysis of fuel production costs (Fivga & Dimitriou, 2018).
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Appendix 5: Results from techno-economic feasibility analysis for plastic catalytic
cracking large scale plant (Sahu et al., 2014).
A techno-economic feasibility assessment carried out by (Sahu et al., 2014) for the large scale catalytic
cracking plant showed that the conversion rate of waste plastics to light oil can amount to 94.6%. The
analysed feedstock was a mix of PP, PE and PS in the proportion 40/40/20%, see the Table 24. The
feedstock rate was 120 000 tonnes per year shows, the catalyst used was alumina silica and the reactor type
- fluidized bed. The total annual production cost was estimated to amount to USD $52 019 998, the total
annual profit was estimated to be roughly USD $72 933 156 and the payback period – 3 years, see the
Table 25. The electricity input required for the unit operation has been defined for the small scale version
of the plant with a 10 000 tonnes/year feed rate and it is approximately 1.18 MW.
Table 24 Technical details and performance of a large scale catalytic cracking plant (Sahu et al., 2014).
Feedstock
Feed rate, t/year
Catalyst
Reactor type
Pressure in the reactor, atm
Temperature in the reactor, °C
Reaction time, min
Conversion rate, %
Oil yield, l/year

40% PP, 40% PE and 20% PS
120 000
Silica alumina
FB
1
500
30
94.62
20 000 000

Table 25 Profit, Return on Revenue (ROR) and payback period for small, medium and large scale plant (Sahu et al.,
2014).
Feed rate, tonnes/year
Fixed capital cost, USD $
Total production cost, USD $/year
Total annual profit, USD $
Net profit (per year), USD $
Payback period, years
ROR, %

Small scale
10 000
14 873 607
5 457 798
6 077 763
619 965
24
4.17
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Medium scale
60 000
39 285 162
27 132 632
36 466 578
9 333 946
4.5
23.76

Large scale
120 000
58 591 260
52 019 998
72 933 156
20 913 158
3
35.69

Figure 48 Breakeven analysis for a small (a), medium (b) and large (c) scale catalytic cracking plants (Sahu et al., 2014).
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Figure 49 Sensitivity analysis of the annual net profit to the $0.06 of gasoline price (a) increment and (b) decrement to year 5
(Sahu et al., 2014).
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Appendix 6: Results from techno-economic feasibility analysis for waste-to-methanol
(WtM) large scale plant (Iaquaniello et al., 2017).

Figure 50 (a) High temperature (HT) converter for WtM plant with indications of different reaction zones and of the
temperature profile. (b) Unit of HT gasification and related purification section (Iaquaniello et al., 2017).
Feedstock
Feed rate, t/day
Reactor type
Temperature in the gasifier, ºC
Syngas yield, Nm3/kg RDF
Methanol yield, kgMeOH/kg RDF
Methanol yield, t/day
Total power demand, MWh
Methanol capacity, t/y

RDF
716
BFB
800-1600
1500
0.40-0.42
300
16
105 000

Figure 51 Material balance for a 300 t/d WtM plant (Iaquaniello et al., 2017).
Key assumptions
RDF price, €/t (Italy)
Electricity price, €/MWh
Slag disposal cost, €/t
Results
CAPEX, M€
Labour, M€/y
Maintenance cost, M€

Comment
70
50
20
189
3
4
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1% of CAPEX for syngas-methanol section,
3% of CAPEX for conversion/purification
section

Production cost of bio-methanol, €/t
Calculated cost of excess CO2 capture, €/t
Interest rate, %
Lifetime, years
Payback period, years
ROI, %

110
15
6
20
4
29

Figure 52 Breakdown of the estimated costs of production of methanol for a single unit (105 000 t/y) in a 300 t/d new
WtM plant (Iaquaniello et al., 2017).
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Appendix 7: Recycling law in Japan (PWMI, 2016).

Figure 53 Basic law and recycling laws in Japan (PWMI, 2016).
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