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 I 

 
Abstract 
 
Finding pathways to make a shift into a more sustainable economy in order to combat climate 
change has been one of the world’s most urgent challenges. In order to meet the world’s growing 
energy and economic demand, a shift towards renewables and sustainable means of production 
is imperative for various industries and sectors.  
The purpose of this work is to determine pathways that can be taken by the chemical industry in 
Sweden to sustain its production while curbing greenhouse gas emissions. The chemical industry 
is characterized by its heterogeneity, meaning it encompasses different processes with varying 
feedstock and fuel requirements, thereby necessitating studying individual companies and their 
processes in a case basis.  
 
Four companies, namely Borealis, Inovyn, Perstorp, and Yara, the first three located in 
Stenungsund and the last in Köping were studied in detail, their processes, products, and 
emissions to then find ways that serve reduce emissions. The emission values were ensured 
representative by comparing combined emission values of the companies with the total emissions 
from the chemical sector in Sweden and emissions from the chemical cluster in Stenungsund. 
Company websites, the Swedish Pollutant Release and Transfer Register, County board reports, 
direct industry contact, and literature were resorted to in order to gather information about 
processes and emission values. After identifying the processes responsible mostly for emissions, 
literature was used to find abatement strategies which aim at emission reduction. The literature 
search was then followed by the categorisation of abatement strategies to process specific 
improvement, fuel switch, and feedstock switch. Either one strategy or a combination of strategies 
was proposed to the companies included.  
 
The results of this work showed that process improvements were best suited for Yara, fuel switch 
was best suited for Inovyn, and feedstock switch was best for Perstorp along with Borealis.  Other 
measures proposed to Borealis were process improvements which aim to reduce energy 
consumption, which in turn reduces the fossil fuel requirements, curbing emissions in the long 
term. Preliminary cost estimates for strategies were then gathered from papers and previous 
theses. 
 
The work concludes that there is not one single mean to be applied throughout the chemical 
industry due to the many underlying processes. However, feedstock switching is an option worth 
considering and studying further as it serves reduce emissions throughout the lifetime of products. 
In addition, policy instruments also play an integral factor in facilitating the implementation of 
abatement strategies. 
 
Keywords: Chemical industry,CO2, feedstock switch, fuel switch, process improvements, 
biorefinery, greenhouse gas 
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Sammanfattning  
 
Att hitta vägar för att gå över till en mer hållbar ekonomi för att bekämpa klimatförändringarna har 
varit en av världens mest angelägna utmaningar. För att möta världens växande efterfrågan på 
energi och ekonomisk utveckling är en övergång till förnybara energikällor och hållbara 
produktionsmedel avgörande för olika branscher och sektorer. 
 
Syftet med detta arbete är att finna åtgärder som kan vidtas av den kemiska industrin i Sverige 
för att upprätthålla sin produktion samtidigt som utsläppen av växthusgaser begränsas. Den 
kemiska industrin kännetecknas av dess heterogenitet, vilket innebär att den omfattar olika 
processer med olika råmaterialkrav och bränslebehov, vilket gör det nödvändigt att studera 
enskilda företag och deras processer i fallstudier. 
 
Fyra företag, nämligen Borealis, Inovyn, Perstorp och Yara, de tre första i Stenungsund och den 
sista i Köping, studerades i detalj, deras processer, produkter och utsläpp och sedan hitta sätt att 
minska utsläppen. Utsläppsvärdena bedömdes som representativa genom att jämföra företagens 
sammanlagda utsläppsvärden med de totala utsläppen från den kemiska sektorn i Sverige och 
utsläpp från kemikalieklyftan i Stenungsund. Företagswebbplatser, svenskt förorenings- och 
överföringsregister, länsstyrelsens rapporter, direkt industrikontakt och litteratur användes för att 
samla information om processer och utsläppsvärden. Efter att ha identifierat de processer som 
bidrog mest till utsläppen användes litteratur för att hitta åtgärder som syftar till att minska 
utsläppen. Litteratursökningen följdes därefter av kategoriseringen av åtgärder för att 
åstadkomma en specifik förbättring, ett bränslebyte eller ett byte av materialråvara. Endera en 
strategi eller en kombination av strategier föreslogs till de inkluderade företagen. 
 
Resultaten av detta arbete visade att processförbättringar passade bäst för Yara, bränslebyte 
passade bäst för Inovyn, och byte av råvara var bäst för Perstorp tillsammans med Borealis. 
Andra åtgärder som föreslogs till Borealis var processförbättringar som syftar till att minska 
energiförbrukningen, vilket i sin tur minskar kraven på fossila bränslen och minskar utsläppen på 
lång sikt. Preliminära kostnadsberäkningar för strategier samlades sedan från papper och tidigare 
avhandlingar. 
 
Arbetet drar slutsatsen att det inte finns ett enda medel som kan appliceras i hela den kemiska 
industrin på grund av de många underliggande processerna. Emellertid är råvarubyte ett alternativ 
som är värt att överväga och studera ytterligare, eftersom det minskar utsläppen under 
produktens hela livstid. Dessutom spelar politiska instrument en viktig roll för att underlätta 
genomförandet av strategier för minskning. 
 
Nyckelord: Kemisk industri,CO2, råvara, bränsle, processförbättringar, bioraffinaderi, 
växthusgas 
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1.0 Introduction  
 
One of the main contemporary challenges the world is facing is finding pathways to make a shift 
into a more sustainable economy in order to combat climate change. There is a global consensus 
that energy consumption and raw materials stemming from fossil resources are some of the main 
drivers of climate change (IPCC, 2014). During the coming years, the energy and the industry 
sectors will encounter a multitude of challenges and opportunities pertinent to sustainability, 
thereby requiring urgent action. While the world’s economy and energy demand will continue to 
grow, a shift to renewable sources of energy and raw material are necessary to address emissions 
(Ibid). Therefore, technical innovations need to be studied in detail to determine their economic 
viability and possibility of implementation in order to achieve climate objectives. The purpose of 
this report is to consider the chemical industry in Sweden in detail in order to determine cost 
effective and resource efficient pathways to help the industry reduce greenhouse gas emissions.  
 
1.1 Background  
 
In this section, definitions will be provided to give the reader an overview of some of the terms 
used later in the work, as well as an overview of the chemical industry in Sweden. 
 
1.1.1 Definitions 
 

• Biorefinery: A biorefinery is “the sustainable processing of biomass into a spectrum of 
marketable products and energy”, meaning that biorefineries can be a sole facility, a plant 
or even a cluster (De Jong et al., 2015). Biorefineries are capable of using various types 
of biomass such as biomass from forestry, agriculture as well as residues from industry 
and households (Ibid). Biorefineries have been a focus of attention as several economic 
and environmental drivers such as global warming, energy saving, and security of supply 
directed industries to further improve their operations in a biorefinery manner (Ibid) 
 

• Cluster: A cluster is defined as “a geographic concentration of interconnected companies 
and institutions in a particular field”. Clusters usually benefit from opportunities in heat 
exchange and exchange of raw material due to their proximity and therefore ease of 
transport (Grappes Montreal, 2018). The cluster to be studied in this work is shown in 
Figure 1 below. A map locating the companies in the cluster is included in Appendix I. 
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Figure 1 Chemical Cluster in Sweden (Hackl et al., 2010) 

• Conversion: Conversion means how much of the reactants are consumed or converted into  
products, and yield means the amount of a specific product produced during a reaction 
(Research Gate, 2015) 

 
• Selectivity:  Selectivity is defined as the ratio of desired product formed to the undesired 

product formed (University of Pittsuburgh , 2008) 
 

1.1.2 Overview of the Chemical Industry in Sweden 
 
The chemical and petrochemical industry represent the largest contributor to industrial energy 
demand worldwide as they account for about 10% of the global total final energy consumption 
and 7% of greenhouse gas (GHG) emissions associated with industry (Griffin, et al., 2017). The 
industry makes products which are central to modern global economy, stretching from agriculture 
to medicine, through fuels, plastics and synthetic textiles (Ibid). Chemical products are, for 
example, essential for the development of new and improved products and services in the food 
industry, the car industry and the pulp and paper industry. New ways to produce energy, diversify 
the raw material base, have clean water, better food and progress in health care are all examples 
of challenges that could be addressed by the chemical industry as well as by research and 
development in the field of chemistry (Mossberg, 2013). 
 
In Sweden, the chemical industry consists of 440 companies, with around 33,000 full-time 
employees. The top ten large companies employ more than half of the employees in the industry, 
with AstraZeneca and Akzo Nobel being the two largest employers. In addition to the large 
companies, there is a limited number of medium sized companies, and then, a vast number of 
small companies (Cefic, 2018) 
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It is noteworthy that the chemical industry in Sweden may seem small in comparison to countries 
like Germany or the Netherlands. However, the chemical industry produced 17% of total Swedish 
exports in 2015, worth approximately €12 billion, surpassing the share of exports of both 
automotive as well as pulp and paper industries, which were at 11% and 8% respectively (Ibid).  
The industry is spread across different parts of the country, with each region specialising in certain 
industry segments. To better divide the companies, Sweden is divided into five regions, indicated 
below: 

• Region North: Norrbotten, Västerbotten, Jämtland, Västernorrland, Gävleborg and 
Dalarna.  

• Region Central: Uppsala, Stockholm, Södermanland, Västmanland and Örebro.  
• Region West: Västra Götaland, Värmland and Halland.  
• Region East: Östergötland, Jönköping, Kalmar and Gotland.  
• Region South: Kronoberg, Blekinge and Skåne (Mossberg, 2013). 

 
Firstly, companies located in Northern Sweden are mainly biorefineries and utilise biogenic 
feedstock. Secondly, the center of Sweden is mostly involved with pharmaceuticals, and the south 
with basic chemicals. Basic chemicals represent building blocks for chemical products; in other 
words, the basic chemicals can be utilised by companies specialising in chemical products to 
make intermediates or final products (Mossberg, 2013), Basic chemicals consist of plastics in 
their primary form, organic and inorganic base chemicals. Moreover, companies on the west are 
mostly involved in manufacturing of basic chemicals and refining. Cluster initiatives also appear 
in the west and large chemical companies in Stenungsund are working together on sustainable 
chemistry in collaboration with other local players in the regional Chemical Industry Cluster 
initiative (Ibid).  
 
Eastern Sweden has the least chemical industry activity and the companies found in the east are 
most likely to be Swedish owned than international (Cefic , 2018). Finally, the southern region has 
an even balance between companies producing basic chemicals, chemical products, and 
pharmaceuticals. The industry is spread around the country, but is mostly concentrated near 
metropolitan areas, namely Stockholm/Uppsala, Gothenburg, and Malmö/Lund (Ibid). Appendix I 
shows a graphical representation of the chemical industry and its various locations across 
Sweden. 
Considering the vitality of the chemical industry and the diversity of products, it is deduced that 
the industry contains many segments and is sometimes involved with other industries as well. 
The main segments were found to be chemicals and chemical products, oil refining, 
pharmaceuticals, plastics and rubber products, paints and coatings, hygiene products, 
detergents, and agrochemicals (Ibid). 
Figure 2 shows the main industry segments as well as the percentage of employees employed 
per segment.  
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Figure 2 Major segments in the chemical industry and labour employed (Cefic,2018) 

From the figure above, it is evident that the pharmaceutical industry represents the largest 
segment within the chemical industry, followed by companies producing paint and adhesives. 
While there are around 440 companies in the chemical industry in Sweden, the top ten companies 
employ more than half of the labour in industry. Figure 3 below shows the ten largest companies 
and their share of total employment in the Chemical Industry in 2010.  

 
Figure 3 Largest chemical companies and employment share (Mossberg,2013) 
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The chart further emphasizes that the pharmaceutical sector takes up a fair share of employees, 
as AstraZeneca (a pharmaceutical company highlighted in yellow) is represented by a larger 
share than its counterparts in the chart. Table 1 below lists different industry segments and some 
companies under each segment. 

Table 1 Companies under different industry segments (Mossberg,2013) 

Industry Segment Company 
Plastics • Borealis 

• Inovyn 
• Chemiplastica 
• Habia Teknofluor 
• BIM Kemi  

Organic and Inorganic Base Chemicals • Eka Nobel 
• Marenordic 
• Kemira  
• Akzo Nobel Functional 

Chemicals 
• Perstorp Specialty Chemicals  

Other (e.g. industrial gases and dry gas) • AGA gases 
• Air Liquide Gas 
• Isblästring SE 

Chemical products • Akzo Nobel decorative 
coating 

• Casco adhesives 
Agrochemical • Yara  

 

1.2 Thesis Outline 
 
The aim, objectives and scope are described in Chapter 2. Chapter 3 provides an overview of the 
methodology used in this work to obtain information. The categories of abatement techniques are 
presented in Chapter 4 which provide an overview of technologies to reduce emissions. In 
Chapter 5, emission trends and an emissions comparison of the chemical industry versus other 
industries is provided. In Chapter 6, the processes used by the companies included are described 
along with these contributing most to emissions. Chapter 7 discusses the main findings of this 
work and the primary conclusions. Chapter 8 provides with an overall discussion of findings, along 
with a discussion of challenges and uncertainties. Chapter 9 provides the final conclusion and the 
future work to be conducted which could be of use.  
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2.0 Aim, Objectives and Scope 
 
2.1 Aim and Objectives 
 
The overall aim of this work is to Identify cost efficient industrial pathways for the chemical industry 
in Sweden to reduce Greenhouse Gas emissions. Moreover, the underlying research question is 
the following:  

• What are the best techniques and measures for GHG abatement in the Chemical Industry 
in Sweden? 
 

The objectives are listed below: 
• Understanding the Swedish Chemical industry and different processes used  
• Mapping the industry CO2 for the chemical industry 
• Gathering emissions data 
• Researching and categorising relevant technologies  
• Determining economic viability and abatement efficiency of technologies 
• Determining the best technology or combination of technologies which aim at reducing 

emissions 
 

2.2 Scope of study 
 
The study is concerned with finding means to help significantly reduce emissions for the chemical 
industry, and the geographical boundary has been set to Sweden. While the pharmaceutical 
production is represented as the largest segment within the chemical industry, it has been 
excluded from the scope as there may be existing stringent regulations imposed solely in the 
pharmaceutical industry to achieve a certain product quality, so process changes to reduce 
emissions may not be possible as they may adversely impact product quality (personal 
communication, Roman Hackl, 2017). Additionally, the high share of employment in the 
pharmaceutical industry can be attributed to the fact that the sector is very labour intensive as 
batch production is more common, whereas other sectors are more automated and therefore 
don’t require as much labour (personal communication, Erik Furusjö, 2018). Other sectors also 
are dominant in terms of production volume, however, the pharmaceutical industry is 
characterised by high value products but low volume production (personal communication, Erik 
Furusjö, 2018).  

Biorefineries are excluded as they utilise biogenic feedstock and do not rely on fuel or feedstock 
which is fossil-derived. Additionally, oil refining is excluded, as it will be studied in separate 
research. Furthermore, any companies that are intersecting with the chemical industry but don’t 
have activities that are mainly in the industry are also excluded (e.g. contractors, transport 
companies used to deliver chemicals). Technologies implemented in other industries or countries 
will be included should they be deemed fit for the chemical industry in Sweden. The main focus 
has been decided on the Chemical Cluster in Stenungsund due to the high emission figures 
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associated, making it fairly representative of the chemical industry. Creating cross-company 
pathways to achieve emission reduction is also possible due to the proximity of different 
production plants. The choice to exclude Akzo Nobel in Stenungsund was due to the unavailability 
of CO2 values reported. Additionally, AGA gas was also excluded as it produces industrial gas, 
whereas focus will be shed mostly on basic chemicals, plastics, and agrochemicals. The inclusion 
of Yara despite its operation in Köping was primarily because of its N2O emissions and also range 
of carbon-free products produced (i.e. inorganic products) which helps gain a more thorough view 
of the industry and its different products.  A major limitation in this work has been the time needed 
to collect vast amounts of data to perform a more thorough analysis. Therefore, the scope has 
been limited to Borealis, Inovyn, Yara, and Perstorp. The scope will be confirmed as 
representative under Chapter 5.  
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3.0 Methodology 
 
The purpose of this chapter is to outline the several approaches which were followed to obtain 
information used in the construction of this report. 
 
3.1 Interviews  
 
An interview with Bo Olsson, the Senior Advisor in Research, Safety and Life Science in IKEM - 
Innovation and Chemical Industries in Sweden was carried out. The aim of the interview was to 
understand the sector’s constraints, challenges, and opportunities with respect to climate change 
and learn more about what strategies are available to deal with climate issues and emissions.  
Moreover, the interview gave an understanding on which techniques can actually be implemented 
in reality to make proposed solutions in this thesis plausible.Notes were taken during the 
interview. A summary of the interview is provided in Appendix III. 
 
3.2 Industry Contact 
 
This was done by contacting persons in companies through emails as visiting the facilities was 
not feasible. The contact with Göteborg Energi was particularly useful as it significantly helped 
with fuel switch costing. 
 
3.3 Literature Review 
 
The major part of this thesis consists of an extensive literature review in order to gain an 
understanding of the chemical industry, gather emissions data and data pertinent to relevant 
abatement methods in terms of technology description, abatement efficiency, and cost. There is 
no explicit chapter dedicated to literature review as various literature and academic work are 
reviewed in order to obtain information of relevance.  
 
3.4 Emissions Data from Industries 
 
Emissions Data were necessary to determine the scope and companies to be included, and to 
determine the source of emissions, be it process emissions or emissions due to fuel consumption 
for example. Determining the emissions and their source helps developing appropriate abatement 
strategies.  
Depending on the location of the companies, the emissions data have been obtained from contact 
with respective county boards (Länsstyrelsen). Emissions data for Yara were obtained from the 
County Board of Västmanland. The county board provided with environmental reports containing 
process descriptions and emissions. Emissions in this report are for the year 2016.Trends for 
emissions from 2014-2016 were obtained from Statistics Sweden and the comparison from 
emissions from the chemical industry with other industries was from the Swedish Environmental 
Protection Agency.  
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3.5 Economic Evaluation 
 
Data pertinent to costs were collected from literature. The accuracy and level of detail were 
dependent on availability of literature. Any calculations pertinent to costing are found in 
Appendix IV. 

4.0 Abatement Strategies Categorisation 
 
This chapter provides with information on current abatement strategies along with their 
categorisation.  
 
(DECHEMA, 2013) divides abatement strategies to five scenarios, outlined and explained below. 
To begin with, Business-as-usual (BAU) assumes that the current technology level and 
consumption patterns persist and no further improvements take place. Secondly, incremental 
improvement is a scenario anticipating relatively small and expected technological advances in 
existing production facilities. Examples of incremental improvements include more durable 
catalysts, optimised reactor performance, and better heat integration and as well as improved 
process conditions.  
 
Additionally, Best practice technology (BPT) refers to widespread deployment of best practice/ 
established technologies in existing plants or new facilities. BPT implementation requires larger 
investments than incremental improvements and is more likely to be part of new facilities rather 
than those already existing. Moreover, Emerging technologies are characterised by step-change 
advances via new technology that is currently in later R&D stages, in demonstration or could 
realistically be commercialised.  Examples of emerging technologies includes the methanol-to 
olefin (MTO) process (Ibid). 

 
The final scenario is referred to as game changers, which aims to radically reduce emissions. For 
example, they might include finding direct production routes that omit intermediate processes, 
using alternative feedstock, changing basic mechanisms, etc. Game changer process options are 
typically far from commercialisation, as well as face high economic and technical hurdles, and are 
thereby high in risk by nature. Should they become viable, they would be applied in new facilities 
(Ibid) 
 
In this report, more focus will be shed on emerging technologies as well as game changers as 
they exhibit the greatest potential to reduce emissions. Those in turn are further divided to fuel 
switching, feedstock switching, and process specific improvements according to Griffin et al., 
(2017). Examples of each is given below:  
 

• Fuel Switching: Fuel switching entails the use of fuel produced from biogenic and 
agricultural waste or biomass rather than fossil fuels in order to supply required energy to 
run processes. Examples include the use of biomethane, biomethanol or bioethanol rather 
than conventional fossil fuels (Griffin, et al., 2017) 
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• Feedstock switching: Feedstock switching involves the use of bio-based feedstock 
instead of fossil-based in process routes. Research has been conducted to investigate the 
potential of producing bio-based olefins and polymers from biomass. An essential process 
in feedstock switching is the gasification process, where biogenic feedstock is converted 
to syngas (carbon monoxide, carbon dioxide, and hydrogen), and that in turn is converted 
to other intermediates or final products (Arvidsson, et al., 2014). Some sub-categories of 
feedstock switching are the following: 
 

v Bioethanol routes: Here, the primary aim is to convert biomass into ethanol which 
is in turn dehydrated to form ethylene.  

 
v Naphtha routes: The production of naphtha through use of biomass in Fischer 

Tropsch (FT) instead of methane process but efficiency is influenced by the 
moisture content. Also, coal and lignocellulosic biomass can be processed 
together for added flexibility. In the present date, only the methane route has been 
fully commercialised. Nevertheless, the biomass and biomass/coal blend options 
via FT has exhibited the greatest reduction in GHG emissions (Griffin et al., 2017a) 

 
v Methanol to Olefin (MTO) route: Involves the use of methanol and converting it to 

olefins rather than the use of coal or methane. The route involves the production 
of methanol, methanol conversion to olefins, and product recovery. Methanol is 
produced from methane, coal and biomass through gasification at high 
temperatures to yield syngas, which is then converted to methanol via synthesis. 
The synthesis process is highly exothermic, and heat released may be utilised to 
convert some of the methanol into dimethyl-ether (DME) and water, where the 
former is used in the synthesis of olefins using a fluidised or fixed-bed reactor. 
Currently, two MTO pilot plants operate in Norway (Ibid).  

 
• Process specific improvements: process specific improvements can involve the use of 

newer equipment, the improvement of process efficiency to utilise less fossil fuel or 
changing conditions such as temperature and pressure (Ibid). 
 

In later parts of this report, feedstock switch and in particular bioethanol routes, fuel switching, 
and process specific improvements will be studied in more detail. 
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5.0 Emission Figures  
 
In this chapter, greenhouse gas figures for each of the companies in the scope will be listed. 
Moreover, a comparison between emission figures at different years in addition to emissions from 
different sectors will be provided in order to better contextualise the chemical industry. 
 
Emissions to air can have different effects on the environment. For example: CO2 is a major 
greenhouse gas contributing to climate change, while N2O is also a potent greenhouse gas. 
Moreover, VOC emissions contribute to the generation of ground-level ozone (Borealis, 2016). 
To better understand the impact of greenhouse gases, the Global Warming Potential (GWP) is 
used to compare global warming impacts of different gases and is a measure of the amount of 
energy one tonne of gas emission will absorb over a given time period in comparison to one tonne 
of carbon dioxide (US EPA, 2017). A large GWP indicates that a given gas warms the earth more 
than carbon dioxide over a pre-determined period of time, usually given by 100 years.  
 
The use of GWPs allows the addition of different GHG and representing them as a carbon dioxide 
equivalent (CO2e). With respect to the gases in this report, N2O has a GWP 310 times that of CO2 
and CH4 has a GWP 28 times that of CO2 over a 100-year period (Ibid). For the purpose of 
developing abatement measures, focus will be on CO2 and N2O as they’re present to a larger 
extent than CH4 as will be seen. 
 
Emissions data were gathered from respective county boards (Länsstyrelsen) depending on 
companies’ locations in Sweden. For companies located in Stenungsund, emissions were from 
environmental reports issued by the county board of Västra Götaland. Emissions data for Yara 
was from Västmanland county. A base year of 2016 has been selected for emission figures unless 
stated otherwise. 
 
The 2016 emission figures of respective companies are included in table 2 below and are given 
in units of tonnes/year. In later parts of this work, gases such as N2O will be accounted for as their 
CO2 equivalent. 
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Table 2 Emission figures in Tonnes/year (Länsstyrelsen,2016).  
 
Greenhouse Gas  
 
 
 
Company 
 
 

CO2 N2O  

Borealis  664,228 NA 

Inovyn 59,543 NA 

Akzo Nobel NA NA 

Perstorp 141,770 NA 

Yara NA 173  

 
 
Taking into account other companies located in Stenungsund but not included in the scope, the 
total CO2 emissions from the chemical complex in Stenungsund amounted to 900 kt CO2, with the 
Borealis steam cracker being responsible for around 70% of the total emissions from the complex 
(Arvidsson, 2016). The second largest emitter in the complex is Perstorp, responsible for around 
10-15% of total emissions, as seen in Table 2 above. From the figure obtained for emissions and 
the contribution of the companies towards the total emissions in the cluster in Stenungsund, it has 
been then deduced that the scope and selected companies are representative. 
 
5.1 Emission Trends  
 
Table 3 shows the emission trends for CO2, N2O, and CH4 for 2014-2016. Values are inclusive 
of the petroleum, chemicals, and basic pharmaceuticals industries. 
 
Table 3 Emission trends 2014-2016 (SCB,2018) 
 
 2014 2015 2016 
Refined petroleum, 
chemicals, and basic 
pharmaceuticals 

   

CO2, thousand tonnes 1302 1275 1295 
CH4, tonnes 73 72 72 
N2O, tonnes 220 149 207 
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Most figures found were inclusive for both the chemical as well as pharmaceutical industry, even 
in the table above. However, a trend can be observed by a decrease in emissions from 2014 to 
2015 and an increase from 2015 to 2016. The higher emission figures in 2016 are attributed to 
an increase in production volumes in 2016 leading to an increase in fossil fuel and feedstock 
requirements (personal communication, Bo Olsson, 2018). Using information in Table 3 above, 
the figure below has been constructed to have a visual overview of the emissions share of some 
of the companies in Stenungsund in relation to the remaining chemical, petroleum, and 
pharmaceutical companies in Sweden. 
 

 
Figure 4 CO2 Contribution from different companies in the refined petroleum, chemicals and basic pharmaceuticals 
industry towards CO2 emissions, 2016  

From the figure above, it can be further confirmed that the scope decided upon is representative, 
as the emissions of Borealis, Inovyn, and Perstorp make up around 67% of the total emissions in 
2016. Furthermore, Yara alone produced 173 tonnes of N2O in 2016 out of a total of 207 tonnes, 
giving it a share of 80% of total N2O emissions from the chemical industry in Sweden. 
 
5.2 Emissions from other manufacturing industries  
 
Emissions from other sectors are presented to better contextualise the chemical industry and 
understand its contribution in comparison to other sectors. Graphs were found for 2015 from the 
Swedish Environmental Protection Agency and the year is used for comparison purposes. Figure 
5 below shows the contribution of different manufacturing industries, including chemicals.   
 
 

Contribution of companies towards CO2

emissions

Borealis Perstorp Inovyn Other
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Figure 5: Emissions from manufacturing industries (Swedish EPA,2016) 
 
As seen in the figure above, the chemical industry contributes the least to emissions. It is 
noteworthy that most emissions across manufacturing industries stem from energy use rather 
than the processes employed (Naturvårdsverket, 2017). To gain an even more thorough 
comparison, the chemical industry will be compared to the transport sector in Figure 6.  

 
Figure 6 Emissions from transport (Ibid) 

The comparison with the transport sector puts further proves that the industry does not contribute 
as significantly as other industries or different sectors (i.e. transport). Products used in the 
transport industry are obtained from refining, which is considered a separate industry for the 
purposes of this report and therefore the chemical industry is not considered to be involved in 
fossil fuel manufacture. 
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6.0 Studied Companies  
 
In this chapter, the company profiles and process descriptions were gathered from respective 
company websites and previous theses. Information unavailable was either acquired by contact 
with relevant personnel or based on literature which describes similar processes taking place. 
While process descriptions are provided for the purpose of thoroughness, most detail will be paid 
to processes which contribute the most to emissions and the work will continue to focus solely on 
these. 
 
6.1 Borealis  
 
Borealis is an international group producing a wide range of base chemicals such as melamine, 
phenol, acetone, ethylene and propylene for use in numerous and diverse industries (Borealis, 
2016). In Sweden, Borealis specialises in the manufacture of polyolefins (i.e. plastics deriving 
from polymerisation) (Borealis, 2016). The company is the sole manufacturer of Polyethylene 
(PE) in Sweden, with three PE facilities and a steam cracker plant in Stenungsund. The steam 
cracker is located at the center of the chemical cluster and uses fossil-based raw materials 
(namely ethane, propane, and butane) as feedstock to produce ethylene and propylene, which 
are in turn used as raw materials to make high-density polyethylene (HDPE), low density 
polyethylene (LDPE) and products for cable and pipe markets. The capacity of the polyethylene 
plant is reported to be 750,000 tonnes per year (Ibid). The process description of the cracking 
plant was from previous thesis work by Sherif, (2010). Figure 7 is a process flow diagram of the 
cracking plant in Borealis. 
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Figure 7 Process flow diagram for the cracking plant in Borealis (Sherif,2010) 

The cracker plant consists of nine cracking furnaces, fractioning units and separation units. Here, 
the feedstock enters the cracking furnaces where it is heated using hot flue gas from the 
combustion of fuel gas. The feedstock is then mixed with steam and is heated further, just below 
the cracking temperature. Afterwards, the feedstock is cracked into smaller molecules in the 
radiation section of the furnaces. The hot gases now are at 850°C (Sherif, 2010). In order to 
prevent cracking and coke formation, the stream is quenched, meaning that liquid oil is injected 
to cool gases when evaporated (Ibid). The cracked hydrocarbons have to be cooled before the 
fractioning unit. To enable separation between the lighter and heavier fractions produced after 
the cracker furnaces, it is necessary to cool the gases. By injecting quench oil, the gases are 
cooled to 200 °C, before entering the primary fractioning section (Ibid). 

6.1.1 Specific Emission Information for Borealis  
 
From an emissions standpoint, energy consumption is responsible for most GHG emissions in 
Borealis, namely 53% of Borealis’ greenhouse gas emissions (Borealis, 2016). Carbon dioxide 
emissions in the cracker alone amounted to 664 kton, making it imperative to propose measures 
to reduce emissions in the cracker (Borealis, 2016). Table 4 below shows the emissions and fuel 
gas requirement at the cracker. 
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Table 4: Emission figures and fuel requirements(Borealis,2016) 

Combustion in Cracker Emissions 
Fuel gas 
requirement 
(ton) 

Make-up 
(ton) 

Fuel Gas 
Energy 
Density 
(MJ/Kg) 

NOX 

(ton) 
CO2 

(ton) 

266,010 6,736 58 430 664,228 
 
An attempt to determine the fuel gas composition was made through taking its energy density 
(i.e.58 MJ/kg) and researching the energy density of methane, which was found to have a range 
of 50-55 MJ/Kg (Wan, 2004), meaning that the fuel gas used is a mixture of methane and other 
gases.  
 
6.2 Inovyn  
 
Inovyn is a producer of a range of products and its production site is located in Stenungsund 
(Inovyn, 2009).The site produces Hydrogen, Chlorine, Vinyl Chloride (VCM) and PolyVinyl 
Chloride (PVC) (Ibid).  

6.2.1 Chlorine Production 

Chlorine is produced by electrolysis of Sodium Chloride, and Hydrogen gas is produced from 
electrolysis and is used for steam generation by the company, but a part of the hydrogen produced 
is sold to the petrochemical industry in Stenungsund, presumably to Borealis (Inovyn, 2009) 

6.2.2 Vinyl Chloride (VCM) production 
 
In addition to Chlorine, Inovyn produces Vinyl Chloride (VCM), which uses ethylene from Borealis 
as the raw material. The main steps in the production of VCM are a direct chlorination, 
oxychlorination, cracking and dichloroethane purification. Figure 8 shows the production of VCM.  
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Figure 8 VCM manufacture schematic(Inovyn,2009) 

Dichloroethane (EDC) is cracked using heat to VCM and HCL, and the latter is sent back to the 
oxyclorination unit. The cracking takes place during a short time frame and is immediately stopped 
after set time frame to prevent further degradation of VCM (Ibid). Cracking reactions are 
homogeneous and take place in the vapor-phase. Commercial EDC crackers operate typically at 
gauge pressures of 1.4-3.0 MPa and at temperatures of 475-525°C (Karlsen, 2011). Currently, 
the fuel used in the EDC cracker located in Stenungsund consists entirely of methane, with 
propane as a back-up (personal communication, Ingela Eliasson, March 2018).  
 
6.2.3 Specific Emission Information for Inovyn 

Emission values for different unit operations in Inovyn are shown in Table 5 below. 

Table 5 Emission values for unit operations at Inovyn (Inovyn,2016) 

Unit Operation CO2 (ton) CO (ton) 

Boiler 1 3093 - 
Boiler 2 7154 - 
Thermal Cracker 21,977 0.4 

Incinerator 10,893 0.2 
PVC dryers 16,426 83 

Total 59,543 84 
 
From emission figures in Table 5 above, it has been decided that the cracker contributes the most 
to emissions and therefore will be the point of focus on later parts of the report. 
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6.3 Yara  

Yara is a producer of fertilizers, nitrates, and other chemical intermediates necessary for industry, 
however the main focus is the production of nitrates (Yara, n.d.). Yara has two locations in 
Sweden, namely Helsingborg and Köping, where the bulk of production takes place in the latter 
(Ibid). The production site in Köping has two nitric acid plants and two ammonium nitrate plants. 
Information for Yara has been mostly from literature. 

The raw material (i.e. Ammonia) required for production is imported by ship and the production 
volume of nitrates has been estimated at 360,000 tonnes per year (Ibid). The process of nitrate 
production is standard and begins with the production of nitric acid followed by the neutralisation 
with ammonia. The production of nitric acid occurs in two steps, firstly by the oxidation of ammonia 
producing nitric oxide, water and nitrous oxide (N2O), followed by the oxidation of nitric oxide 
(nitrogen monoxide) and absorption in water (EPA, 1998). A block flow diagram of the production 
of nitric acid and nitrates is provided below in Figure 9. 

 

Figure 9 The nitrate production process (Adopted from Yara,n.d.) 

A process description of the main steps in nitric acid and nitrates production is provided below: 

6.3.1 Ammonia Oxidation 
 
First, a 1:9 ammonia/air mixture is oxidized at a temperature of 750 to 800°C as it passes through 
a catalytic convertor, according to the following reaction: 
 
4𝑁𝐻$ + 5𝑂( → 4𝑁𝑂 + 6𝐻(𝑂   (R1) 
 



 

 20 

The oxidation of ammonia to nitrogen monoxide (NO) is exothermic, meaning that heat is released 
and the yield of nitrogen monoxide ranges from 93 to 98 percent yield. Oxidation temperatures 
can vary from 750-900ºC. An increase in catalyst temperature favours the formation of NO (EPA, 
1998) 
 
6.3.2 Nitrogen monoxide oxidation 
 
The nitrogen monoxide needs to be oxidised with residual oxygen to give off Nitrogen dioxide. 
The process takes place non-catalytically to give nitrogen dioxide and its liquid dimer, nitrogen 
tetraoxide in the following reaction: 
 
2𝑁𝑂 + 𝑂( → 2𝑁𝑂( ⇌ 𝑁(𝑂-   (R2) 
 
The reaction is slow, homogenous as well as temperature and pressure dependent; operating at 
low temperatures and high favours the production of NO2 (Ibid). 
 
6.3.3 Absorption 
 
The final step introduces the nitrogen dioxide mixture into the absorber tower. The mixture is 
pumped into the bottom of the absorption tower, while liquid dinitrogen tetroxide is added at a 
higher point. Deionized process water enters the top of the column. Oxidation takes place in the 
free space between the trays, while absorption occurs on the trays. The exothermic reaction 
occurs as follows: 
 
3𝑁𝑂( + 𝐻(𝑂 → 2𝐻𝑁𝑂$ + 6𝐻(𝑂  (R3) 
 
Absorption typically yields an aqueous solution of 55 to 65 percent nitric acid. The acid 
concentration produced is dependent on process conditions, such as temperature and pressure, 
in addition to the concentration of the nitrogen oxide feed to the absorber (Ibid). 
 
6.3.4 Nitrates Production 

In order to produce ammonium nitrate, part of the nitric acid is reacted with ammonia in a 
neutralisation reaction. The process yields aqueous ammonium sulphate, of which part is stored 
in its aqueous form and another part is further processed and dried, giving ammonium nitrate 
pellets (Yara, n.d.) 

6.3.5 Specific emission information for Yara 
 
Information on Yara has been mainly gathered from literature relevant to the nitrate industry. It 
has therefore been deduced that N2O emissions are mainly from the Ammonia oxidation step 
(Yara, 2012) 
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6.4 Perstorp   

Perstorp is a producer of specialty chemicals ranging from adhesives, plastic materials, synthetic 
lubricants, coatings, bioproducts to resins (Perstorp, n.d.). The company has two production sites 
in Sweden, located namely in Stenungsund and Nol. The Stenungsund plant has units for making 
synthesis gas, aldehydes, hydrated products, carboxylic acids and esters. Perstorp also produces 
oxo chemicals. The term “oxo” is a generic name for the chemicals manufactured through “oxo 
synthesis”. The oxo process is the main pathway to aldehyde production, which are in turn 
converted to alcohols, acids, or other derivatives (Dave, 2016) 

There were difficulties obtaining the manufacturing processes through contacting Perstorp due to 
confidentiality reasons, however, upon further literature research, it has been deduced that 
manufacturing processes for different products in Perstorp are rather standard and are therefore 
widely used in industry, so manufacturing processes were obtained from literature and these have 
been assumed to be carried out by the company. The processes for each of the products in 
Perstorp have been gathered from literature and are described below, the level of detail was 
dependent on information availability in literature. 
 
6.4.1 Syngas Production 
 
The manufacture of synthesis gas is carried out by partial oxidation of natural gas (i.e. methane) 
under high temperatures and pressures (Länsstyrelsen, 2016). The reaction by which this takes 
place is as follows: 
 
𝐶𝐻- +

0
(
𝑂( → 𝐶𝑂 + 2𝐻(  (R4) 

 
6.4.2 Aldehyde Production 
 
Butanal, Propanal, and Pentanal are all produced in a similar manner, only with different starting 
material. The first is made with propylene as the starting material, the second is made with 
ethylene, and the last with butylene. The process to make products is referred to as oxo synthesis, 
where reaction of synthesis gas, usually fed at a 1:1 ratio of Carbon monoxide and Hydrogen, 
takes place with an olefin (e.g. ethylene, propylene, butylene) (Raff, 2013). The processes use 
temperatures and pressures of 70–150°C and 1.5–5.0 MPa respectively and the presence of a 
rhodium catalyst (Ibid). 
 
Another product of Perstorp is 2-ethylhexanal, which is made by hydrogenation of 2-ethylhex-2-
enal in liquid phase over a solid palladium catalyst. The production of 2-ethylhexanal is done in 
conjunction with the 2-ethylhexanol production. Separation of 2-ethylhexanol, 2-ethylhexanal and 
formed by-products is carried out by distillation (Länsstyrelsen, 2016). The production of 2-
ethylhexanal has a conversion rate of 99.1%, and a selectivity of 2-ethylhexanal at 97.8% 
(Bueschkem & Hummel, 1998). The products leaving are exhaust gas and unreacted ethyl-2-
hexanol(Ibid). 
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6.4.3 Alcohol Production 
 
The manufacture of 2-ethylhexanol (octanol) uses butanal as the starting material, where it is first 
converted to 2-ethylhexenal by aldolisation in the presence of Sodium Hydroxide (NaOH) (UCLA, 
n.d.). The aldolisation reaction is promoted by either an acid or a base (Ibid), in this case with 
sodium hydroxide. In the next step, hydrogenation to octanol takes place over a solid copper 
catalyst. The production process is shown below in Figure 10. 
 

 
Figure 10 Production process of 2-ethylhexanol (Ullmann's encyclopedia,2013) 
 
Aldolisation takes place at a temperature range between 80-150°C and pressures up to 0.5 MPa. 
The aldehyde (i.e. butanal) and sodium hydroxide are fed at a ratio of 1:10 or 1:20. Under all 
aforementioned conditions, conversion rates as high as 99% are obtained (Bahrmann, et al., 
2013). 

After aldolisation has taken place, the mixture is separated in a phase separator (b), where one 
of the fractions is an aqueous phase containing the aldolisation solution, which is later 
hydrogenated over a copper catalyst. A conversion of 100% and a selectivity of > 99% are usually 
expected in hydrogenation, meaning the stream leaving the hydrogenation column is almost 
entirely 2-Ethylhexanol, however further purification is required and is done in the subsequent 
fractional distillation. The distillation process takes place in three stages: In the first stage, the 
light ends are separated at the head and can be used for the manufacture of 1-butanol. The 
bottoms of the first distillation are then further refined in another stage to give pure 2-ethylhexanol, 
which is collected in the overheads (the top product). In the third stage, the recyclable intermediate 
fractions are separated from the heavy oil. The by-products may be used for heating purposes 
(Ibid). 
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6.4.4 Carboxylic acid production  
 
Caroboxylic acids produced on site consist mostly of 2-ethylhexanoic acid, propionic acid, 
butanoic and valeric acid and are produced by oxidation of the corresponding aldehyde with air, 
oxygen-enriched air or pure oxygen in a running reactor at high temperatures and pressures. 
Following the oxidation, the acids are then purified (Länsstyrelsen, 2016). The yield of the acids 
is around 98% (Chemgapedia, n.d.). 
 
6.4.5 Rapeseed methyl ester production 
 
Rapeseed Methyl Ester (RME) is manufactured in a continuous process by rapeseed oil reacting 
with methanol over a catalyst at elevated pressure and temperature. In the reaction, glycerol is 
formed as by-product (Länsstyrelsen, 2016). 
The production processes in Perstorp can be summarised in Figure 11.  

 
Figure 11: Production processes summary at Perstorp (Adopted from Arvidsson et al., 2014) 

6.4.6 Energy needs 
 

For steam generation, the plant in Stenungsund has three boilers, each of which is designed for 
a thermal output of 30 MW for gas and liquid fuels (DGE, 2017). Essentially, fuel gas is purchased 
from Borealis along with internal residual gas. In addition, parts of liquid residues, tail gas, heavy 
ends (HE) and light ends (LE) are also heated (Länsstyrelsen, 2016). 
 
6.5.5 Specific emission information for Perstorp 
 
No data was provided through Perstorp’s environmental reports regarding sources of emissions 
and the processes employed by the company were studied in the literature. It has been deduced 
that the processes have high conversion, meaning they yield virtually no emissions. It was then 
assumed that emissions stem from fuel consumption and the manufacture of syngas from natural 
gas. 
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7.0 Results 
 
In this chapter, abatement strategies will be proposed. The strategies are divided to process 
improvements, fuel switch, and feedstock switch. Under each strategy, companies for which the 
strategy is appropriate for are listed. The processes employed by the companies were taken into 
consideration as different companies make different products through a variety of processes, 
creating a need for more tailored solutions and along with the need to determine the sources of 
emissions (e.g. process emissions or emissions from fuel consumption) to propose strategies that 
serve reduce emissions and ensure process reliability. 
Abatement strategies will be proposed for the steam cracker in the case of Borealis, the thermal 
cracker in the case of Inovyn, the Ammonia Oxidation step in the case of Yara, and finally the 
syngas production step for Perstorp. 
 
7.1 Process Improvements 
 
As mentioned in Chapter 4, process improvements can involve the use of equipment, the 
improvement of energy efficiency to utilise less fossil fuel and use excess heat (Hackl, 2014) or 
changing conditions such as temperature and pressure. By looking at the processes contributing 
the most to emissions, it has been deduced that Yara and Borealis are suited for process 
improvements. 
 
7.1.1 Process improvements for Yara 
 
 While a feedstock switch could have been proposed for the Ammonia imported, neither the 
quantity nor the producer of the former were known so a feedstock switch wasn’t viable due to 
the lack of information. Moreover, the fuel used by processes was unknown, therefore it has been 
concluded that process improvements may be best to propose to further reduce emissions.  

Currently, Yara incorporates integration measures; excess heat is exported from the plant and 
takes the form of hot water for use as non-polluting energy for the municipality of Köping since 
1982. Moreover, the energy from Yara contributes to around 60 percent of the municipality’s total 
delivery of water-borne district heating (bblat, 2016)  

In addition, Yara uses a Nitrous Oxide (N2O) catalyst technology that aims at reducing nitrous 
oxide N2O from nitric acid plants by up to 90% (Yara, n.d.). However, according to Yara’s 
environmental report for 2016, the Köping facility releases 173 tonnes of N2O after the utilisation 
of the catalyst in the ammonia burner (Yara n.d.). Considering N2O has a Global Warming 
Potential 310 times of that of CO2, this yields a value corresponding to 53,630 tonnes CO2e and 
thereby necessitating the need for further abatement measures.  

N2O emissions from Yara stem from the manufacture of nitric acid and are a by-product of the 
process stream, therefore, these are characterised industrial process emissions. The ammonia 
oxidation step represents the main source of N2O emissions in the production of nitric acid (US 
EPA, 2006). 
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N2O reduction controls are categorised differently in literature. US EPA, (2010) grouped measures 
as the following:  

• Primary controls: aim to reduce the amount of N2O formed in the ammonia oxidation step through 
changing the operating conditions (i.e. Temperature and pressure) used in the step (Ibid) 
 
• Secondary controls: aim to reduce N2O immediately after it is formed in the ammonia oxidation 
step. For this control, a catalyst is located immediately downstream of the ammonia oxidation 
step. Using this catalyst, N2O is decomposed to N2 and O2 (Ibid) 
 
• Tertiary controls: aim to reduce N2O by installing a catalytic 
reactor following ammonia oxidation (Ibid) 
 
Secondary and Tertiary controls are most widely used as they achieve the highest emission 
reduction, at least by 90% (BASF, 2017) 
 
A tertiary measure has been proposed consisting of the installation of a lateral flow reactor (LFR) 
which contains a catalyst. The technology is property of CRI catalyst company, which is part of 
Royal Dutch Shell. The tertiary measure reduces N2O emissions by 98% or higher (CRI Catalyst, 
n.d.) and works by converting N2O to elemental nitrogen and oxygen and can be used to eliminate 
N2O emissions from tail gas streams of different industrial plants (ibid).  
 
Flue gas enters the LFR through its many inlet gas channels, comes into contact with catalyst 
layers and travels laterally through them in order for N2O reduction to take place. The end 
products, nitrogen and oxygen, are then released to the atmosphere. The solution is characterised 
by flexibility and ease to be retrofitted to many industrial processes currently in place (Ibid). In 
addition, the technology works under a range of operation temperatures and pressures and 
requires no addition of further reactants or reducing agents (Ibid). Finally, no harmful by-products 
are formed due to technology implementation (Ibid).  
 
7.1.2 Cost of process improvements for Yara 
 
Table 6 shows costs and emission reduction affiliated with the use of tertiary and secondary 
measures. 
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Table 6: Comparison of secondary and tertiary measures(EPA,2006) 

Pollutant Control 
Technology 

Emission 
Reduction (%) 

Capital Costs 
(SEK/tonCO2e) 

Operating 
Costs 
(SEK/tonCO2e) 

 
 
N2O 

Tertiary: CRI 
Lateral Reactor 
with catalyst 

> 98 24.2-34.5  1.56-20.49 

Secondary: 
Catalyst 
Installation 

70-90 Unknown 1.38-10.84 

 
The cost values in Table 6 were scaled to 2016 values by accounting for inflation and using a 
2016 conversion rate of 1 USD=9.19 SEK (XE, 2018).  
 
Should tertiary measures be implemented, Yara’s emissions would have been further reduced to 
1072 tonnes CO2e. Calculation of the value is given in Appendix IV. 
 
7.1.3 Process improvements for Borealis 
 
Process improvements can be done with respect to the steam cracker. However, no costing data 
found in the literature but improvement methods were worth listing to ensure comprehensiveness.  
 
Ethylene, a raw material in the production of plastics is produced by steam cracking of fossil 
feedstock. Along with ethylene, hydrogen, methane, propylene, and heavier hydrocarbons are 
also produced as by-products. The heavier the feedstock, the more and heavier the by-products 
are, and the more energy consumed per tonne of ethylene produced. Ren et al., (2006) state that 
steam cracking is the most energy-consuming process in the chemicals industry and amounts for 
emissions about 180 MtCO2/year in the world. (Ren et al., 2006: Bernstein et al., 2008) 
 
Cracking consumes about 55-65% of the total energy used in ethylene production but 
investigating the use of technologies such as improved furnace and cracking tube materials and 
cogeneration using furnace exhaust may save about 20% of total energy  (Worrell, et al., 2008). 
The remaining 35% of the total energy is necessary for the separation of ethylene product, and 
up to 15% of that energy can be saved by improving separation and compression techniques 
(Bernstein et al., 2008). For Borealis, improving energy efficiency will help reduce dependence 
on fossil fuels and will thereby contribute to a long-term reduction of emissions. 
 
7.1.4 Analysis of Process Improvements  
 
Process improvements are an efficient and immediate way to reduce emissions. However, 
these depend on the processes being used in the company and are more case specific.  
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7.2 Fuel Switch  
 
A fuel switch entails making a switch to a greener alternative produced by green feedstock rather 
than fossil, provided the composition of fossil fuel is known in order to determine the green 
alternative. The idea of emission reduction through fuel switching is as follows: plants use carbon 
dioxide for growth and therefore they can reduce the amount of carbon dioxide in the atmosphere. 
Biofuels made from plants offset CO2 emissions as the plants take up the gas during growth that 
is produced when the fuel is burned, meaning that the gas produced is the same as the gas taken 
in for growth, implying no net impact on global warming (Biofuel UK, 2010). 
The company best suited for fuel switch has been Inovyn, of which emissions stemmed from fuel 
consumption, as seen sub-section 6.2.3. Although emissions were not as significant as other 
companies, the choice to include Inovyn was due the availability of pertinent information. Prior to 
the assessment of fuel switching, biomass gasification is introduced as it is an integral technology 
in both fuel and feedstock switching; in the case of fuel switching, the technology is used in order 
to produce biofuel (i.e. biomethane) and in the case of feedstock switching, the technology is used 
in syngas production. 
 
7.2.1 Biomass Gasification 
 
Gasification is a process where a feedstock containing carbon (e.g. biomass, coal, natural gas) 
is converted to syngas, a mixture primarily consisting of carbon monoxide and hydrogen. This is 
done by heating the feedstock at elevated temperatures in order to undergo reactions necessary 
to produce syngas, which is used later in energy generation or as an intermediate for chemicals 
production (E4 Tech, 2009). The gasification process is shown in Figure 12 and the main steps 
are explained after. 
 

 



 

 28 

 
Figure 12: The gasification process(APL,2018)  
 

• Drying: Done to remove any moisture from the feedstock in order to ensure production of 
clean gas (APL, 2018) 
 

• Pyrolysis: Used to vaporise volatile components in the feedstock. Volatile components are 
mainly hydrogen, carbon dioxide, methane, hydrocarbon gases, tar, and water vapour.  
Pyrolysis also produces char and ash. The significance of pyrolysis depends on the 
volatile compounds content present in feedstock (Ibid). Pyrolysis takes places at 
temperatures ranging from 200-500 ºC 
 

• Gasification: Shown as combustion and reduction in the figure above and is used to further 
break pyrolysis products through additional heat. The process takes place at temperatures 
up to 900 ºC. Here, some of the tars and hydrocarbons within the vapours are cracked, 
giving smaller molecules. Higher temperatures in cracking result in fewer hydrocarbons 
and tars being present. To yield maximum carbon monoxide, it is important to use high 
temperatures and low pressures (Ibid).  

 
Gasification has gained popularity due its feedstock flexibility, low costs, high efficiency, and high 
greenhouse gas savings. The use of biomass gasification in addition to an efficient conversion 
process results in low costs and decreased emissions throughout production (Ibid). Gasifiers have 
the potential to process a wider range of biomass feedstock than conventional biological routes 
such as anaerobic digestion. The technology can process feedstock such as woody feedstock 
and waste as well as accept mixed and variable feedstocks (i.e. mixtures of feedstock types, and 
feedstocks that vary in composition over time) (Ibid).  
7.2.2 Fuel Switch for Inovyn 
 
Considering the different unit operations, the thermal cracker consumes the most energy and 
contributes the most to emissions, namely 37% of total emissions. The calculation to arrive at the 
percentage is shown in Appendix IV. Therefore, solutions aimed at reducing emissions at the 
cracker were appropriate. The cracker utilises fossil methane as a source of energy and 
consumes 400,483 GJ of energy for 2016 (Inovyn, 2016).  
 
A fuel switch would be carried out by replacing fossil methane with biomethane. There are two 
options for obtaining biomethane; one is by the on-site construction of a biofuel production facility 
using biomass gasification and the other is the purchase of biogas from companies producing 
biofuel, provided the production is fully developed and connected to the natural gas grid. One 
company producing biofuels is Göteborg energi in Gothenburg (gobigas, n.d.). The construction 
of a biofuel facility to supply with biomethane will considered in more detail here. Cost information 
were from Gunnarsson et al., (2018). 
 
It has been concluded that 400484 GJ corresponds to 14 MW. The calculation used to arrive at 
14 MW is explained in Appendix IV. Currently there exists a demonstration biomethane production 
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facility by Gobi gas that produces 20MW biomethane, so economic data has been based on that 
in order to calculate associated costs to deliver 14MW of biofuel.  
 
7.2.3 Cost of Fuel Switch for Inovyn 
 
The cost breakdown is shown in Table 7 below. Calculations carried out to obtain the values for 
the 14 MW plant and relevant scale factors are in Appendix IV. 
 
Table 7 Cost breakdown for biomethane plants (Gunnarsson et al.,2018) 

Cost (SEK) 14-MW commercial plant 
(MSEK/14 MW) 

20-MW demonstration plant 
(MSEK/20MW) 

Investment Cost   
Reactor systems 187 238 
Engineering and connecting 
systems 

816 955 

Steam cycle and drying 143 182 
Total  1146 1375 
   
Variable costs SEK/MWh SEK/MWh 
Personnel 175 181 
Maintenance 70 89 
Consumables and waste 
products 

 131.5 

- Electricity 26.32 37.6 
- RME 22.19 31.7 

- Activated carbon/BTX 
removal 

5.95 8.5 

- Other  42.2 53.6 
Other costs (Licensing and 
overheads) 

26.5 26.5 

Total 341.4 428 
 Costs of incoming fuel Fuel related costs in 

SEK/MWH biogas 
Fuel cost SEK/MWh Dry biomass to biomethane 

efficiency 
70% 

- Pellets 250 353 
- Forest residue 170 217* 
- Recovered wood 

fuels 
110 153 

- Recovered wood 
fuels 

50 69 
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*Calculation shown in Appendix IV. 
In order to get the total production cost, the investment cost, along with the capital, development, 
variable, and fuel costs were obtained. The following assumptions were made: 

• A 5% interest rate was assumed for the capital cost.  
• The capital cost corresponds to 60% of the investment costs.  
• A development cost, making up 10% of the total investment (Gunnarsson et al.,2018) 

A development cost has been accounted for as the facility to be built will utilise mature equipment, 
however these will be assembled to construct something new, so a development cost needs to 
be put into consideration (Ibid). Table 8 shows the total production cost for a 14-MW biofuel 
facility, assuming a 70% efficiency from biomass to biomethane, a lifetime for 20 years and full 
load hours of 8000 hours (Ibid). 
Table 8 Production costs of biomethane facilities (Gunnarsson et al.,2018) 

 
From the table above, it can be seen that the production costs of a 14MW facility does not vary 
appreciably from those of a 20MW facility. By further comparing the figures of a 200 MW facility, 
it is deduced that the production costs decrease as larger plants are built due to economies of 
scale, meaning that larger entities experience a reduction in production costs due to their size. 
The unit costs incurred by the firms tends to fall as they expand. In some cases, entities may 
experience a lower borrowing cost or external economies of scale, which could be preferential 
treatment for the government in the form of incentives to carry the production at lower costs 
(Amadeo, 2017). 
Therefore, construction of larger biofuel facilities is favoured from both an economic and an 
environmental perspective. Additionally, the construction of a large biofuel facility will enable 
further exchanges and synergies between companies in the cluster to serve exchange feedstock 
and fuels. 
In the case of Inovyn, fuel switch will reduce emissions by at least 37% should it be implemented 
solely in the thermal cracker. However, greater abatement efficiency is achieved through further 
implementation in other units. For example, should it be implemented in both the cracker and the 
incinerator), the abatement efficiency would be 55% since both units combined contribute by 55% 
of the total emissions. Abatement efficiency increases if fuel switch is installed at a higher capacity 
across more energy users.  

PRODUCTION COST 14 MW  
(SEK/MWh) 

20 MW 
(SEK/MWh
) 

100 MW 
(SEK/MWh
) 

200 MW 
(SEK/MWh
) 

Investment cost 347 430 199 145 

Capital cost, 5% 
interest 

208.3 258 120 87 

Development cost 34 43 20 15 

Variable cost  341 352 166 132 

Fuel Cost (Forest 
residue) 

217 217 217 217 

Total 1149 1300 722 596 
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The costs of a biofuel plant may be lower should fuel switch be implemented taking the cluster in 
Stenungsund as a whole rather than Inovyn alone, as the biomethane plant then will serve multiple 
facilities and costs would be divided. Should fuel switch be implemented solely by Inovyn, other 
options worth considering would be the purchase of biomethane from companies such as 
Göteborg Energi as they’re connected to the natural gas grid and have access to feedstock (Gobi 
Gas, n.d.). 
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7.2.4 The use of Syngas 
 
As seen in section 6.4.1, one of the products Perstorp makes in Stenungsund is syngas, a mixture 
of carbon monoxide and hydrogen. Syngas has 50% of the energy density of natural gas but can 
be used as a fuel source (Biofuel UK, n.d) and can therefore be used to replace the fossil methane 
used in the thermal cracker in Inovyn. However, syngas may be accompanied with contaminants 
or trace elements such as N2, CO2, H2O, and H2S, which may cause damage to the cracker and affect 
combustion properties and efficiency 

On the other hand, the impurities contained in syngas can be removed through further processing 
and sold to the market. For example, H2S produced can be further processed to either elemental 
sulphur or sulphuric acid (Biofuel UK, n.d.) 

An approach to syngas production would be increasing the capacity of the gasification process 
used by Perstorp to supply with an additional 14 MW to be used. However, syngas has different 
properties than natural gas in terms of calorific value, composition, heating value and 
contaminants. Syngas has a heating value ranging from 250 to 400 Btu/ft3 lower than the 1,000 
Btu/ft3 commonly associated with natural gas, meaning that a higher flow rate is needed for syngas 
should it be used in lieu of natural gas (National Energy Technology Laboratory, n.d.). The lower 
heating value of syngas, combustion process, and cost should be taken into consideration and 
compared against the purchase of biogas or the construction of a biogas facility.  
 
7.2.5 Analysis of fuel switch 
 
Fuel switch can prove costly if implemented on a small scale and therefore future work needs to 
be carried out to determine the possibility of its implementation on a large scale to justify costs. A 
study conducted by McKinsey and Company, (2007) concludes that the reduction of carbon 
emissions through implementation of a fuel switch in the chemical industry was 35 Eur/tCO2e and 
had an abatement efficiency of 0.8 MT/CO2e, versus 3 Eur/tCO2e for the transport sector. The 
disparity of abatement cost between the two sectors is most likely attributed to the degree of 
implementation of the fuel switch, as transport is inherently larger than the chemical industry, 
meaning that the cost of biofuel is divided per car or mean of transport, making the cost of 
implementation in transport much smaller than that in the chemical industry (personal 
communication, Henrik Kusar, 2018).  
Moreover, fuel switch can be made cheaper by the use of cheaper biomass (e.g. recovered wood 
fuels). It is noteworthy that the biofuel market is not fully developed yet and is completely 
dependent on policy instruments and support schemes, and is therefore not always predictable 
(personal communication, Lars Holmquist, 2018). In addition, colocation of the biofuel plant can 
serve reduce abatement costs in Sweden as fuel generated will be used by multiple companies 
and the same infrastructure will be utilised. On the other hand, some plants are unable to use 
biofuel and require other fuels, making fuel switch process or company specific (personal 
communication, Henrik Kusar, 2018). Fuel switch is considered a more immediate change should 
it be implemented; however, it is costly as seen and requires policies that encourage the 
willingness to pay for biofuel rather than its conventional counterpart.  
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7.3 Feedstock Switch  
 
Feedstock switching involves the use of biogenic feedstock instead of fossil based. It has been 
determined that companies suited for feedstock switch are Borealis and Perstorp.  
 
7.3. 1. Feedstock switch for Borealis  
 
As seen in subsection 6.1.1, the steam cracker is responsible for most emissions and is therefore 
the main focus for improvement. While most emissions are from fossil fuel consumption, the 
composition of the former is unknown and therefore a fuel switch couldn’t be proposed. Hackl & 
Harvey, (2010) investigated the possibility of integrating feedstock switch by considering the 
production of bioethylene. The production of bioethylene takes place over two steps, namely the 
production of bioethanol from lignocellulostic feedstock and the dehydration of bioethanol to finally 
produce bioethylene. A schematic of the production of bioethylene is shown below in Figure 13. 

 
Figure 13 The production of Bioethylene (Hackl and Harvey,2010) 

The production of ethylene by dehydration of ethanol is a proven technology and was 
implemented on a large scale as Braskem started production using this pathway in 2010 
(Chemicals Technology, n.d.). The process consists of a dehydration reactor and purification 
steps in order to obtain polymer grade ethylene with a composition of 99.95 wt-% ethylene (Hackl 
and Harvey, 2010). The production of ethanol is outside the scope of the report and therefore 
most focus will be on bioethylene as it is the product of concern. 
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Ethanol is first pressurised and then evaporated, followed by steam injection in order to improve 
conversion and selectivity in temperature regions above 375 °C. A multi-bed reactor system with 
a catalyst are assumed to reheat reactants (Ibid). 

After the reactor, water, unconverted ethanol and other impurities are removed from the effluents 
in the quench tower, where the gas stream leaving the quench tower mainly consists of ethylene, 
which is s compressed and then fed to the caustic tower, where CO2 is absorbed with a sodium 
hydroxide (NaOH) solution. The final step is ethylene purification which takes place by distillation 
(Ibid). Currently, the chemical cluster consumes considerable quantities of ethylene, of which 200 
kt are imported and around 500 kt is produced in a conventional steam cracking plant mainly 
using naphtha as feedstock (Ibid). In the study conducted by Hackl and Harvey (2010), it is 
assumed that the imported ethylene could be replaced by ethylene from lignocellulosic feedstock 
through gradually replacing fossil feedstocks with biomass. Initially, imported fossil feedstock 
would be replaced by a bio-based alternative from lignocellulosic feedstock. Thereby the steam 
cracker, currently producing the bulk of olefins in the cluster would still be in operation, while the 
imported ethylene fraction is replaced by a renewable alternative. If proven successful, the 
remaining olefins produced by the cracker can also be replaced by renewable ones (Ibid).  

7.3.2 Cost of feedstock switch for Borealis 
 
The replacement of fossil ethylene is costly and is dependent on factors such as the current price 
of bioethanol as feedstock (Mohsenzadeh, et al., 2017). The cost of producing bioethanol alone 
accounts for around 60-75% of the bioethylene production cost (Ibid).  

The production of bioethylene from sugar beets in the European Union was found to be 2600-
2800 USD/ton (Ibid), while the production of petrochemical ethylene ranges from 600–1300 
USD/ton (Ibid). in 2010, the investment cost of the bioethanol to bioethylene facility by Braskem 
amounted to $278m (Chemicals Technology, n.d.). Taking inflation into account, this amounts to 
$305m in 2016 (Officialdata, 2018) 

From the figures above, it is evident that the cost of producing bioethylene from bioethanol 
significantly higher than the use of petrochemicals as feedstock. A solution has been put forward 
where ethanol grades with a lower purity are used in order to reduce production costs (Hackl and 
Harvey, 2010).  However, future work needs to be further determine whether impurities impact 
the process in terms of technical and economic factors (Ibid). Moreover, work needs to be 
conducted to determine energy reduction possibilities which would in turn make ethanol 
dehydration more profitable. 
 
7.3.3 Feedstock switch for Perstorp 
 
The decision to carry out work with syngas production for Perstorp was due to other production 
processes having high conversions, and therefore yielded little emissions. As seen in section 6.4, 
syngas is a building block for aldehydes, which are in turn either converted to alcohols. Currently, 
syngas is produced from the partial oxidation of natural gas, and therefore replacing natural gas 
with renewable methane for gasification has been deemed best. Methane in this case is 



 

 35 

considered to be a feedstock/raw material as it is used to manufacture products and its 
components are expected to end in the products, unlike the case of Inovyn where it is solely used 
as a fuel and does not end up in the products (personal communication, Erik Furusjö, 2018).  
 
In literature by Arvidsson, (2016), the direct replacement of feedstock with biomass-derived 
syngas (i.e. Bio2Syngas) has been investigated (Arvidsson, 2016). Biomass-derived syngas has 
identical physical and chemical properties to its fossil alternative, making integration of a 
gasification-based biorefinery unit with existing syngas-based facilities possible (Ibid).  To start 
with, it is necessary to determine biomass required to produce the syngas. Currently, Perstorp 
produces 115 MW of gas from 175 MW of natural gas (Ibid). Table 9 below compares the 
production of syngas from natural gas and biogenic feedstock.  
 
Table 9: Syngas production pathways. All values are in MW (Arvidsson et al.,2014) 
 
Input Base Case  Bio2Syngas 

Natural Gas 175 0 

Off-gas 2.4 2.4 
Biomass 0 216 
Fuel Gas 27 9.4 
RME 0 3.5 
Outputs   
Syngas 115 115 
Tail gas 6.7 6.7 
Hydrogen 24 26 
LP Steam 20 20 
HP steam 16 16 

 
In the table, the production of syngas through natural gas is referred to as the Base Case. The 
biomass in use is assumed to be forest residue due to its proximity to the production facility. 
Moreover, the production of syngas from biomass requires Rapeseed Methyl Ester (RME) for tar 
removal. It is also assumed that electricity and fuel gas are available for import, and that the 
natural gas is supplied by the natural gas grid (Ibid). Production also results in other side streams 
including tail gas, which can be used as fuel gas in the boilers in order to produce steam, thereby 
eliminating the need to import fuel gas from Borealis. Hydrogen, steam, and electricity are also 
produced (Ibid). A larger quantity of biomass is required to produce the same amount of syngas 
because the conversion of natural gas is significantly less energy intensive than biomass 
conversion and requires less energy (Ibid). 
 
7.3.4 Cost of feedstock switch for Perstorp 
 
Table 10 shows the costs associated with the production of syngas from biomass. Values shown 
are in Million Euros and are for 2016 (Arvidsson, et al., 2015). 
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Table 10 Costs of production of syngas from biomass (Arvidsson et al., 2015).  
Cost parameter Value 
Incremental capital investment 301 
Annual incremental capital investment 30 
O&M costs 0 
labour costs 1.7 
Annual incremental capital investment 
and fixed operating costs 

32 

 
The implementation of syngas production from biomass is also largely dependent on the price of 
natural gas, as a lower price of natural gas will discourage from the push for a renewable 
alternative (Ibid). The costs in the table above were for a stand-alone biomass gasification plant 
to produce the syngas. The possibility would to use the cost information for Inovyn’s biomethane 
facility has been considered, as gasification is used first to yield syngas, following an upgrade to 
produce biomethane. This, however, was not carried out as the costs to stop at syngas production 
and not proceed with the methanation are unknown, and the syngas required to make other 
products in the case of Perstorp may have different requirements in terms of the Hydrogen to 
Carbon monoxide ratio and will therefore incur different costs in proceeding steps (e.g. gas 
cleaning and purification steps). 
 
7.3.5 Analysis of Feedstock Switch 
 
The production of ethylene from green feedstock will help reduce emissions. This is linked to 
green ethylene’s ability to entrap CO2 circulating in the atmosphere, where each kg of bioethylene 
produced entraps about 2.5 kg of CO2 (Braskem, 2009). In order to further justify the production 
ethylene from green feedstock, it is important to look at the chain as a whole, with the final product 
included along with its use phase and end life in order to determine the emission reduction. This 
can be done in detail through a life cycle assessment and determining the environmental impacts 
associated with ethylene production from fossil and green feedstocks. However, this is beyond 
the scope of this work.  
Feedstock switch incurs a large investment cost as well as finding an actor willing to pay these 
costs. Moreover, the development could be difficult as other companies present in the cluster 
studied can be subject to different investments better suited to their end product 
(Industriellekologi, n.d.). Furthermore, biorefineries are still considered pioneering plants as they 
utilise new and unproven technology carrying an imminent risk, thereby discouraging public trust 
from the perspective of a viable bio-based economy (Tsagkari, et al., 2016). 
In the case of Perstorp, the introduction of renewable feedstock will be the main factor in emission 
reduction, namely by 55-75% (Arvidsson, 2016). In the production of bio-syngas, approximately 
60-70% of CO2 fixed during the biomass growth stage is released to the atmosphere, whereas 
the remainder 30-40% is considered biogenic and is “stored” in the final product (Ibid). 
 
7.4 Summary of Results 
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In this section, results will be tabulated along with predicted emissions should abatement 
strategies be implemented. Sample calculations shown in Appendix IV. 
 
Table 11 Tabulated results and predicted emissions 

Company Abatement 
Strategy 

Strategy 
Description 

Abatement 
efficiency (%) 

Predicted 
remaining 
emissions post 
strategy 
implementation 
(tonnes CO2e) 

Yara Process 
Improvement 

LFR installation 
post ammonia 
oxidation unit 

98% 1072.6 

Inovyn Fuel Switch The use of 
biomethane 

Dependent on 
degree of 
implementation 

35,712 

Borealis Feedstock Switch The use of 
bioethylene 
derived from 
lignocellulosic 
feedstock 

2.5 kg CO2 per 1 
kg ethylene 
manufactured 

To be analysed 
throughout the 
lifetime of product 

Perstorp Feedstock Switch The use of bio-
syngas 

55-75% 63,796* 

 
*Calculation was done using the lower efficiency (i.e. 55%)  
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8.0 Discussion  
 
Abatement strategies face challenges, whether technical, political or economic, and one strategy 
cannot be proposed to the chemical industry as a whole as the industry is quite heterogeneous 
and utilises various feedstock as well as fuel, so a thorough understanding of underlying 
processes is required to come up with abatement strategies. Often enough in the case of clusters, 
one abatement strategy can be implemented by a group of companies, resulting in lower costs 
and eliminating the need for additional infrastructure. 
 
Considering process improvements, these are case specific and serve one company if, for 
example, process improvements took the form of reactors added or investments of new 
equipment. Should process improvements be considered from an energy efficiency standpoint, 
they would contribute significantly to emission reduction as concepts such as heat integration and 
energy saving opportunities emerge. Energy saving opportunities are worth considering 
especially in the chemical cluster in Stenungsund as the cluster uses significant amounts of fossil 
fuels consumed and heat is released by the processes which can in turn be used for other 
processes. 
 
Considering fuel switch, a biomethane facility built in connection with the chemical industry, the 
costs would probably be reduced significantly as a larger plant is built and the investment would 
be made by several companies. 
 
The use of feedstock switch is guaranteed to help reduce emissions across multiple companies 
should it be implemented in Stenungsund. For example, Borealis’ decision to, implement a 
gradual feedstock switch and opt for bioethylene rather than ethylene from fossil feedstock would 
influence emission figures for other companies importing ethylene from Borealis. Akzo Nobel, 
which was not included in this report, imports bioethylene from Borealis in order to produce ethyl 
glycol (Länsstyrelsen, 2016). Feedstock switch is expensive and has a capital cost of $300m, 
however its implementation yields emission reductions throughout the life cycle of the product. 
The use of feedstock switching also depends on the prices of various feedstocks and 
intermediates such as ethanol, natural gas, and biomass and therefore, further work into different 
policy instruments and scenarios along with their impact on natural and biomass prices should be 
studied more rigorously.  

Another point worth considering is the boundary definition of emissions. The chemical industry 
imports chemicals, as for the case in Borealis, so an argument may arise that the chemical(s) in 
question (i.e. fossil feedstock) are produced outside of Sweden and therefore any emissions 
caused by their consumption does not count towards the country’s greenhouse gas emissions, 
rather the country of import. However, national climate goals, and more importantly the Paris 
Climate Agreement is concerned with keeping a level below 2 ºC which may make the argument 
of emissions borders irrelevant.  
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A major factor contributing to the costliness of technologies is their technical immaturity and the 
lack of studies focusing on integration with present infrastructure. It is then necessary to consider 
the idea of integration in order to justify the implementation of new conversion processes in terms 
of economics and sustainability. 

Finally, the abatement efficiencies of proposed strategies may not be realistic considering they 
have mostly been studied in literature and still have not reached full technical maturity. Moreover, 
slight differences in the processes employed in reality and typical losses or inefficiencies may 
mean that efficiencies are in fact less than those proposed in literature.  
 
8.1 Challenges and uncertainties 
 
A major challenge has been the lack of information in general for the industry and resorting to 
literature to assume processes or even sub-processes taking place to determine which are the 
most responsible for emissions. In addition, a complete list of companies and their emissions 
could not be obtained as CO2 values under 10,000 tonnes/year are not required to be reported 
by companies by the Swedish Environmental Protection Agency (Naturvårdsverket, 2016), 
meaning that some companies emit below said value and are therefore not required to report, 
which may have had an impact on the thoroughness of emission data. Finally, the confidentiality 
characteristic of the chemical industry meant that a lot of processes were studied from the 
literature. Finally, the extent of implementation of proposed strategies is unknown and therefore 
overestimating or underestimating abatement efficiency may arise.   
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9.0 Conclusion and Future Work 
 
In conclusion, it may be difficult to introduce one optimal solution aiming at emission reduction 
due to the different processes taking place within the chemical industry and different requirements 
of feedstock and fuel. The industry is quite heterogenous and therefore no standardised solution 
can be applied. The industry, however, is more open to feedstock switching than other industries 
as processes adopted are characterized by flexibility and keep changing either for optimisation 
purposes or making new products. Should feedstock switch be implemented, the possibility of 
involving multiple companies should be explored to ensure cost effectiveness and justify 
investment. Feedstock switching is considered a more radical method to reduce emissions. Its 
implementation, however, is dependent on factors such as policies, price of biomass, price of 
natural gas, and the willingness of companies to invest in it. 
 
9.1 Future work  
 
Some future work to be conducted can include, but is not limited to, the following: 

• Investigating propylene production from renewable feedstock for Borealis 

• Conducting LCAs for feedstock switch to further determine impacts throughout the life 
cycle of products and better quantify emission reduction 

• Studying process improvements further. This, however, requires studying processes 
more extensively and may also require engineers specializing in specific areas of 
expertise which tie to processes used, in order to determine specific process 
improvement solutions  

• Providing more detailed costing information in order to further decide which routes are 
optimal for GHG reduction 

• Process integration/pinch analysis to explore energy saving opportunities associated 
with process improvements.  
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Map Visualisation of the chemical industry in Sweden and its various locations (Mossberg, 
2013) 
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Chemical cluster in Stenungsund (Swedish Environmental Protection Agency, 2018) 
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APPENDIX II: Emission Tables  
 
Emissions Tables (Swedish Environmental Protection Agency) 
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APPENDIX III: Interviews  
 
Bo Olsson: Senior Advisor Research, Safety and Life Science 
February 14, 2018 
IKEM, Storgatan 19 
 
Role and Employment History 
 
Started in Sundsvall- project engineer for Akzo Nobel and Astra Zeneca 
Board member of IVL and KTH 
 
Chemical industry and environmental ambitions 
 
Chemical industry usually frowned upon and chemistry is looked at as something you don’t want 
to have as it is unnatural. 
 
History of responsible care 
 
Started in 1985: the Canadians introduced responsible care, emphasizing on accountability for 
supply chain in its entirety. Various countries are at various stages in the implementation of 
responsible care. Adopted in Sweden in 1986. Each year companies with responsible care have 
an obligation to work with continuous improvements in processes. Companies report to Bo 
Olsson, who in turn reports to Cefic. 
Sweden has been a leader when working with sustainability, however most lessons regarding 
process safety are learned from countries where big accidents took place, as said countries 
realized the needs for improved safety measures (e.g. Flixborough disaster in the UK, Bhopal in 
India). No big accidents in Sweden and therefore there was never a need to handle any major 
events. The countries which had big accidents handle them better. 
 
Air emissions information 
 
Emissions trends present with a reflection on the work done over the past 10 years. Carbon 
emissions have been in decline, except for the previous years as they’ve seen a rise due to 
economic growth and increase in production volume. Until now, no measures have been in place 
to help reduce carbon emissions despite the rise in production. Carbon emissions are a function 
of economic growth and are also dependent on climate and how strong winters are, as these 
dictate the form of heating to be used.  
 There are available emissions at the company level, but not all in Swedish EPA. The best way to 
obtain company level emissions is to ask the relevant authority (i.e. länsstyrelsen) to have 
aforementioned emissions sent provided claiming nondisclosure.  
         
Reduction of emissions  
 
Discussed three categories presented in thesis: feedstock switch, fuel switch, and process 
improvements. Olsson placed an emphasis in using trees in the most efficient way. Also 
discussed the addition of tall oil to diesel, however the prices of normal diesel are lower. The main 
issue with feedstock switch is that green alternatives are expensive. Then discussed Preem 
refinery and stating that any bio fuel can be cracked by changing conditions and catalyst to make 
ethane, propane, and butadiene. The problem lies in getting enough carbon containing fuel from 
renewable resources. 
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Moreover, challenges ahead of feedstock switching have been discussed (i.e. volume and making 
an economy out of it, and that economies without subsidies are ideal. He also recommended the 
use of agriculture in a better way, and that another path for emissions reduction would be 
refraining from the use of energy or petroleum to heat homes (make the switch to heat pumps for 
example). He also agreed that feedstock switch will have the biggest impact in reducing carbon 
emissions, more than fuel switch or process improvements. Finally, Olsson gave an example of 
making switches in the steel industry- such as moving away from the use of solid carbon to reduce 
Iron (II) oxide to Iron as that yields a lot of contaminates which appear in steel. A hindrance to 
making changes in the steel industry and other industries in general is that a lot of investment has 
already been in place for processes currently in operation. However, he concluded that the 
chemical industry is one of the most flexible industries and is more used to making process 
changes and can implement feedstock easier than other industrial counterparts.  
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APPENDIX IV: Sample Calculations 
 
 
Yara’s emissions after LFR implementation  = 0.02 ∗ 173 ∗ 310 = 1072.6	𝑡𝑜𝑛𝑛𝑒𝑠	𝐶𝑂(𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡	  
 
Inovyn’s cracker contribution to total emissions= (0CDD

ECE-$
∗ 100 = 37%           

 
Inovyn’s energy requirement= 400484𝐺𝐽 ∗ 0JJJ	KL

0ML
= 400484000	𝑀𝐽 

Converting to MW requires conversion to time units as well since:  
  1	𝑀𝑊 =	1𝑀𝐽 𝑠P           
Assuming 8000 Full Load Hours -JJ-QJJJ

QJJJ
= 50060.5 

Converting to seconds: EJJRJ.E
$RJJ

= 13.9		𝑀𝑊 ≅ 14	𝑀𝑊 
 
Table 7  
 
Formulae used to estimate investment cost and variable cost:  
 
𝐶𝑖𝑛𝑣UKVW𝐶𝑖𝑛𝑣XYZ(

\]^_
\`ab

)defgY	ZfehiX   
Where: 
Cinv,XMW: the investment cost at the desired capacity 
Cinv,ref: the investment cost at the reference capacity (taken as 20MW) 
PxMW: The power output capacity at X MW 
Pref: The reference output capacity (i.e. 20MW) 
 

𝐶𝑣𝑎𝑟UKV = 𝐶𝑣𝑎𝑟XYZ(
𝑃lmn
𝑃XYZ

)defgY	ZfehiX 

 
Where:  
Cvar,XMW: the variable cost at the desired capacity 
Cvar,ref: the variable cost at the reference capacity(20MW) 
 
The scale factors used were the following: 
Cost  Scale Factor  
Investment Cost, CInv 20MW  

 

- Reactor systems  0.68,  
- Engineering & Connecting and Surrounding systems  0.44,  
- Steam Cycle & Drying  0.67  
Variable Costs, Cvar 20MW  

 

- Personnel  0.10  
- Maintenance  0.67  
- Consumables and waste products  1.00  
- Other costs 0.67 

 

The incoming fuel is assumed to have a moisture content of 45% and economic lifetime is 
assumed to be 20 years (Thunman et al.,2018) 
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The cost related to interest on the investment, Cint, is calculated as an annuity over the assumed 
economic lifetime. The interest rate is set at 2.5%, 5%, 7.5% or 10%, which would create a capital 
cost corresponding to 28%, 60%, 96% or 135%, respectively, of the total investment cost(Ibid) 

The variable costs for the GoBiGas plant are: 1) Personnel cost; 2) Maintenance cost; 3) 
Consumables and waste products; and 4) Other costs (Ibid). 

Assuming an efficiency of 70% and a value of incoming fuel corresponding to 170 SEK/MWh 
yields the following: 0DJ

J.D
= 243 opq

KVr
𝑜𝑓	𝑏𝑖𝑜𝑔𝑎𝑠. 

However, an assumption that sellable district heating would be in the order of 10-11% so 26.7 
SEK/MWh would be sold as district heating, so 243 − 26.7 = 216.27	𝑆𝐸𝐾/𝑀𝑊ℎ, taken as 217 
SEK/MWh for simplicity. 

 


