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Sammanfattning 
 
World wide använder den petrokemiska industrin stora mängder fossila råmaterial och 
fossila bränslen (cirka 30% av den globala industrins energianvändning) vilket också 
leder till stora utsläpp av växthusgaser (2000 miljoner ton CO2-eq utsläpp år 2004) 
(International Energy Agency 2007). Till följd av detta finns det behov av strategier som 
leder branschen i en mer hållbar riktning. En möjlig strategi är att ersätta fossila resurser 
med förnybara material. I Sverige finns ett stort kemiindustrikluster i Stenungsund för 
vilket förnybara råmaterial från skogsbiomassa kan vara ett intressant alternativ eftersom 
Sverige är ett land med stora mängder skogsbiomassa. Möjligheterna och konsekvenserna 
av att ersätta en del av de fossila resurser som används av klustret i Stenungund med 
råvaror som framställts av skogsbiomassa har undersökts i Skogkemiprojektet.  
 
I denna rapport presenteras miljöprestandan för de skogsbaserade kemikalier som ingår i 
Skogskemiprojektet i jämförelse med produktion av dessa kemikalier från fossila 
resurser. Livscykelanalys (LCA) valdes som miljöutvärderingsverktyg då detta har 
positionerat sig som en av de mest använda verktygen för miljöbedömning av produkt-
system. Med hjälp av LCA kan man utvärdera miljöpåverkan av ett produktsystem  längs 
hela dess livscykel.  
 
LCAer har utförts för tre nya produktionstekniker där kemikalier produceras från  
skogsbiomassa:  
• metanolproduktion från upprenad strippergas från sulfatbruk (KRAFT massafabrik)   
• produktion av n-butanol  från träflis via etanol, acetaldehyd och krotonaldehyd  
• produktion av olefiner genom förgasning av träflis, metanolsyntes och en metanol till 
olefiner (MTO) process samt via dehydrering av etanol producerad från träflis.  
 
De skogsbaserade produkterna bör endast jämföras med den motsvarande fossilbaserad 
produkten och inte med varandra, eftersom mängden råmaterial, energiförsörjning, och 
systemgränser, är olika för de olika kemikalierna. Basen för jämförelserna (den 
funktionella enheten) har definierats separat för de olika fallen. I olefinfallet kommer en 
del av den nya tekniken integreras i befintlig produktion i Stenungsund, varför det 
framtida klustret där cirka 25% av olefiner framställs av skogsråvara har jämförts med 
den nuvarande produktionen i Stenungsund klustret. Den funktionella enheten för denna 
jämförelse är  den totala produktionen (utlevererade produkter)  i Stenungsundsklustret 
under ett år (2011). Produktionen av förnybar butanol och metanol  sker i separata 
produktionsenheter och produktionsvolymerna är små och kommer därmed inte att 
påverka miljöprestanda av Stenungsund klustret i någon nämnvärd utsträckning. En direkt 
jämförelsen mellan skogsbaserad butanol och fossil butanol samt skogsbaserad metanol 
och fossil methanol var därför mer intressant och den funktionella enheten var 1 ton 
metanol / n-butanol vid gate.  
 
Omfattningen av LCA är vaggan till grind och omfattar alla aktiviteter från utvinning, 
hantering och bearbetning av råvaror och energi samt de produktionsprocesser som krävs 
för att producera produkterna. End-of-life CO2-utsläppen är också inkluderade i studien 
för att visa på skillnaden i miljöpåverkan mellan biobaserade och fossila produkter vid 
sluthanteringen av produkterna då denna ofta är signifikant.  
 
Resultaten är tänkta att användas för Skogskemiprojektet och inte för kemisk 
industrikluster i allmänhet, då plats, storlek och typ av kluster skiljer sig och detta har stor 
påverkan för resultaten, liksom olika möjligheter och begränsningar i klustren.  
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Resultat och slutsatser  
 
Resultaten för påverkan på växthuseffekten presenteras för samtliga produkter, medan 
resultaten för andra miljöpåverkanskategorier presenteras när de är av relevans för det 
särskilda fallet.  
 
Den förnybara metanol som framställs av upprenad strippergas från sulfatbruk har 
betydligt lägre påverkan på växthuseffekten och fossil resursutarmning än fossilbaserad 
metanol (endast 7-30% av påverkan från fossilbaserad metanol). Påverkan på 
övergödning är beroende av den fördelningsmetod som används för miljöpåverkan av 
massfabrikens verksamheten. Den största delen av påverkan kommer från 
reningsprocessen och från produktionen av de kemikalier som används i massabruket. 
Uppreningstekniken för strippergaserna är fortfarande under utveckling varför det finns 
osäkerheter i data för detta steg. Resultaten bedöms dock vara representativa för 
produktionen av metanol genom upprening av strippergaser med den här tekniken så 
länge inga större förändringar sker i reningsprocessen.  
 
Förnybar n-butanol som framställs av etanol via acetaldehyd och crotonaldehyd har 
betydligt mindre inverkan på den globala uppvärmningen (20-60% av effekten av 
fossilbaserad butanol) och på bildningen av marknära ozon/smog (50-70% av effekten av 
fossilbaserade butanol) men högre påverkan på försurning och övergödning än 
fossilbaserad n-butanol. Den största delen av miljöpåverkan  kommer från 
etanolproduktion och detta beror på påverkan från produktionen av de enzymer som 
används. De uppgifter som finns tillgängliga för produktion av enzymer är baserad på 
produktion med hjälp av el från naturgas. Om enzymer produceras med el från förnybara 
källor kommer miljöpåverkan att vara lägre än den som presenteras här.  
 
Miljöpåverkan på den globala uppvärmningen, utarmning av fossila resurser, försurning 
och bildning av marknära ozon från produkterna från Stenungsundsklustret kommer att 
minska när en andel (25%) av de olefiner som används i klustret framställs av 
skogsbiomassa jämfört med den nuvarande produktionen då alla olefiner produceras från 
fossila råmaterial. Den totala mängden CO2 emissioner (fossil + biogen) och den totala 
mängden energi som används kommer att vara högre när en del av olefinerna framställs 
av skogsbiomassa, men eftersom en stor del av energin som används kommer från 
förnyelsebara källor kommer det totala beroendet av fossila resurser samt påverkan på 
den globala uppvärmningen att bli lägre jämfört med den nuvarande situationen. 
Effekterna på den globala uppvärmningen (vaggan till graven) kommer att vara ~ 19% 
lägre än från produkterna i den befintliga produktionen. Den största minskningen kommer 
att göras i sluthantering (end of life) av produkterna, men en betydande minskning 
kommer också att göras i Stenungsund då överskottsvärmen från förgasningsprocessen 
kan användas i Stenungsund och då ersätta naturgas som används för ångproduktion. 
Resultatet är därför beroende av att en integration görs mellan metanolproduktion 
(förgasning) och produktionen i klustret. Även påverkan från produktionen av råvarorna 
kommer att bli lägre på grund av att produktionen av förnybar metanol och etanol har 
lägre miljöpåverkan än produktionen av de fossila råvaror (etan, propan och butan) som 
för närvarande används.  
 
I resultat och slutsatser som diskuterats ovan har biogena CO2-utsläpp ansetts vara 
klimatneutrala. Diskussioner pågår om hur kolets kretslopp bör utvärderas och effekterna 
av biogena CO2-utsläpp, se mer i kapitel 6.5, men biogena CO2-utsläpp betraktas idag 
normalt som klimatneutrala. 
 
 
Key words: Life Cycle Assessment; Forest based chemicals; olefins; methanol; butanol 
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Preface 
 
The content of this report is the result of the work done as a part of the Skogskemi (Forest 
Chemistry) project, a VINNOVA financed  project running 2012-2014. The purpose of 
the project was to explore the possibility of exchanging fossil raw materials with bio-
based raw materials and thereby strengthening the long-term sustainable competitive 
production for two of Sweden’s primary industries: the forest industry and the chemical 
industry. Several technological value chains were analysed: methanol production from 
purified KRAFT pulp mill stripper off gases (SOG’s), n-butanol production via ethanol, 
acetaldehyde and crotonaldehyde, and olefins produced through a methanol-to-olefins 
(MTO) process and dehydration of ethanol. 
 
In the project, the importance of an understanding of environmental impacts was 
acknowledged, and the new production processes were therefore compared to and 
evaluated against existing processes. Life Cycle Assessment (LCA) was chosen as the 
environmental assessment tool as it has positioned itself as one of the most used tools for 
environmental assessment of product systems, and it offers the possibility to compile and 
evaluate the potential environmental impacts of a product system through its life cycle.  
 
We would like to express our gratitude to all who contributed with information to this 
project, especially Erika Johansson, Jonny Andersson and Lars Pettersson (Borealis), 
Ingela Frössling (INEOS), Karin Bengtsson, Johanna Rindebäck and Anna Berggren 
(Perstorp), Marlene Mörtsell and Jonas Markusson (SEKAB), Eva Andersson (CIT), 
Matteo Morandin (Chalmers), and Rickard Fornell, David Blomberg Saitton and Jonas 
Joelsson (SP). 
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Abstract  
 
World wide the petrochemical industry uses extensive amounts of fossil feedstock and 
fossil fuel which also results in large emissions of greenhouse gases. This calls for 
strategies leading the industry in a more sustainable direction. A possible strategy is 
exchanging the use of fossil resources with renewable materials. In Sweden, a large 
chemical industry cluster is located in Stenungsund for which renewable materials from 
forest biomass could be an interesting alternative as Sweden is a country with great 
amounts of forest biomass. The possibilities and consequences of replacing part of the 
fossil resources used by the cluster with raw materials produced from forest biomass has 
been explored in the Skogkemi project.   
 
This report presents the environmental impacts of the production of the forest-based 
chemicals envisioned in the Skogskemi project in comparison to the present, fossil-based, 
production of these chemicals. Life Cycle Assessment (LCA) was chosen as the 
environmental assessment tool as it has positioned itself as one of the most used tools for 
environmental assessment of product systems, and it offers the possibility to compile and 
evaluate the potential environmental impact of a product system through its life cycle.  

 
LCAs were conducted for three new production technologies converting forest biomass to 
chemicals:  

• methanol production from purified KRAFT pulp mill stripper off gases (SOG’s) 
• n-butanol production via ethanol, acetaldehyde and crotonaldehyde 
• olefins produced through a methanol-to-olefins (MTO) process and dehydration 

of ethanol. 
 
The technologies assessed in the study should only be compared with their associated 
fossil based production and not with each other, as size of the projects, feedstock and 
energy supply are different. The basis for the comparisons (the functional unit) was 
defined separately for the different cases. In the olefin case, part of the new technology 
will be integrated in the existing production in Stenungsund, so comparing the current 
Stenungsund cluster with a future system where about 25% of the olefins are produced 
from forest feedstock is appropriate. In this case, the functional unit was set to be the total 
production of the Stenungsund cluster in one year. In the butanol and methanol cases, 
production is not set to be integrated with existing facilities as in the olefin case, and the 
production volumes are small and will not affect the environmental performance of the 
Stenungsund cluster as a total noticeably. Therefore, the forest based butanol and 
methanol have been compared with fossil butanol and methanol and the functional unit 
was set to be 1 ton of methanol/n-butanol at gate. 
 
The scope of the LCAs is cradle-to-gate, covering all life cycle activities associated with 
the extraction, handling and processing of raw materials and energy input as well as 
production processes required for producing the products. End-of-life CO2-emissions are 
also assessed in the study to show the difference in environmental impact between the 
bio-based and fossil products on a cradle-to-grave scale 
 
The results are meant to be used for the Skogskemi project and not for chemical industry 
clusters in general, as the location, size and type of such clusters will differ, as well as 
possibilities and constraints. 
 
 
Results and conclusions 
 
The results for global warming potential are evaluated for all cases, while results for other 
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impact categories are included based on their relevance for the particular case. 

The renewable methanol produced from purified KRAFT pulp mill stripper off gases has 
significantly lower impact on global warming and fossil resource depletion than the fossil 
based methanol (only 7-30% of the impact of the fossil based methanol). The impact on 
eutrophication is dependent on the allocation method used for the impact of the pulp mill 
operations. The major part of the impact comes from the purification process and from 
the production of the chemicals used in the pulp mill. The purification technology is still 
under development, causing uncertainties in the data for this step. The results are however 
estimated to be valid for this technology as long as no major changes in the purification 
process are made. 
 
Renewable n-butanol produced from ethanol via acetaldehyde and crotonaldehyd  has 
significantly lower impact on global warming (20-60% of the impact of the fossil based 
butanol) and photochemical ozone creation potential (50-70% of the impact of the fossil 
based butanol) but higher impact on acidification and eutrophication than the fossil based 
n-butanol. Ethanol production is the activity with the decidedly largest environmental 
impact in all impact categories and this is due to the impact from the production of the 
enzymes used. The data available for the production of enzymes is based on production 
using electricity from natural gas. If the enzymes are produced using electricity produced 
from renewable sources the impact will be lower than presented here.  
 
The environmental impact on global warming, fossil resource depletion, acidification and 
photochemical ozone creation potential of the products from the cluster in Stenungsund 
will decrease when 25% of the olefins used in the cluster are produced from forest 
biomass compared to the current production. The total amount of CO2 emissions (fossil+ 
biogenic) and the total amount of energy (fossil+ renewable) used will be higher when 
part of the olefins is produced from forest biomass, but since a significant part of the 
energy used is from renewable sources the total dependency on fossil resources as well as 
the impact on global warming will be lower compared to the current situation. The impact 
on global warming (cradle-to-grave) will be ~19% lower than in the current production. 
The major decrease will be made in the end of life treatment of the products but a 
significant decrease will also be made in Stenungsund due to that the heat from the 
gasification process can be utilized in Stenungsund and thereby replace natural gas fuel 
used for steam production. The results are therefore dependent on that heat integration 
between the methanol production (gasification) and the production in the current 
Stenungsund cluster is carried out. Also the impact from the production of the raw 
materials will be lower due to that the production of renewable methanol and ethanol 
have lower impact than the production of the fossil raw materials (ethane, propane and 
butane) currently used. 
 
In the results and conclusions discussed above the biogenic CO2 emissions are considered 
to be climate neutral. There are ongoing discussions on how the carbon cycle should be 
assessed and the impact of biogenic CO2 emissions (see more in chapter 6.5), but CO2 
emissions with biogenic origin are today normally considered as climate neutral. 

 



 

9 
 

1 Introduction 
 
The petrochemical industry is a large consumer of fossil feedstock and fuels 
(approximately 30% of global industrial energy use) and produces extensive greenhouse 
gas emissions (2000 Mt CO2-eq emissions in 2004) (International Energy Agency 2007). 
Moving in a sustainable direction is therefore a prerequisite for the survival and 
competitiveness of the industry.  
 
One possibility for doing this is to move away from fossil resource dependence and start 
using renewable materials. As Sweden is a country with great amounts of forest biomass, 
such a raw material could be interesting for the Swedish chemical industry. 
 
This is what the project Skogskemi (Forest Chemistry) set out to explore, with the 
purpose of strengthening a long-term sustainable competitive production for two of 
Sweden’s primary industries: the forest industry and the chemical industry. Several 
technological value chains for producing chemicals from forest biomass were explored: 
methanol production from purified KRAFT pulp mill stripper off gases (SOG’s), n-
butanol production via ethanol, acetaldehyde and crotonaldehyde, and olefins produced 
through a methanol-to-olefins (MTO) process and dehydration of ethanol.  
 
However, switching from fossil based raw materials to bio based raw materials does not 
necessarily mean that the environmental impact is reduced. The new production processes 
should therefore be compared to and evaluated against existing processes. This is why life 
cycle assessment (LCA) was applied in the project, as the method is designed to evaluate 
environmental impact from the whole value chain of products, and can include several 
types of environmental impacts, thus not narrowing the environmental assessment to one 
life cycle stage and global warming potential.  
 
In this report, the new technological value chains are analysed using LCA. The methanol 
from KRAFT pulp mills and n-butanol are compared to fossil reference products. In the 
olefin case, a large amount of raw material is replaced, so the current Stenungsund cluster 
is compared with a future system where about 25% of the olefins are produced from 
forest feedstock. 
 
First, background information about the project, the system and the chosen assessment 
tool are given. Afterwards the report follows the ISO 14044 standard framework (ISO 
2006); including a goal and scope definition, an inventory analysis and the results of the 
impact assessment. Finally, results interpretation and conclusions are presented. 
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2 Background 
 
This section will cover relevant background information about the studied cases and the 
choice of Life Cycle Assessment as an assessment tool.  
 
2.1 The Stenungsund chemical industry cluster 
The chemical companies AGA, AkzoNobel, Borealis, INEOS and Perstorp are situated in 
the Swedish town of Stenungsund. The companies are all parts of larger international 
groups, and produce a range of products and intermediates, such as chemicals, plastics, 
gases and fuels. Figure 1 provides an overview of the exchanges in the industry cluster. 
Together, the companies account for around 5% of Sweden’s total fossil fuel usage 
(mainly feedstock), and are major emitters of fossil CO2. They thus face challenges but 
also the possibility of meeting these challenges since they collaborate and share the vision 
of reducing environmental impact (Jönsson, Hackl et al. 2012). 
 

 
Figure 1. Flows of materials into and products out from the Stenungsund chemical 

cluster and exchanges within the cluster (Jönsson, Hackl et al. 2012). Only major flows 
are indicated. Arrow size indicates flow size, while the colours differentiate the flows. 

Green arrows indicate bio-based flows. 
 
One possibility to reduce environmental impacts is to exchange fossil raw materials with 
bio-based raw materials.  
 
2.2 The Skogskemi project (Forest Chemistry) 
The project Skogskemi (Forest Chemistry) ran 2012-2014, with the purpose of exploring 
the possibility of exchanging fossil based raw materials with bio-based raw materials, and 
to strengthen a long-term sustainable competitive production for two of Sweden’s 
primary industries: the forest industry and the chemical industry. Several technological 
value chains were explored: 
 

1. Producing methanol via purification of stripper off gases (SOG’s) from KRAFT 
pulp mills (Figure 2). The technology does not exist today other than on lab-
scale. The potential production in Sweden is 50 000 tons per year. The methanol 
would be used as a raw material for Perstorp, and substitute the 12 000 tons of 
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fossil methanol purchased today. A more detailed description of the technology 
can be found  in the project reports at the project website (Processum 2015). 
 

 
Figure 2. Value chain of the methanol production process 

 
 

2. Producing n-butanol based on forest raw material (Figure 3): biomass is 
fractioned through fermentation of the lignocellulosic sugar and ethanol is 
produced (through the SEKAB proprietary technology CelluPP® or through the 
conversion of a KRAFT pulp mill). The ethanol is further processed into 
acetaldehyde by SEKAB (which is the market leading company for renewable 
acetaldehyde in Europe). Acetaldehyde is further processed into crotonaldehyde 
and finally into n-butanol. Perstorp sells 50 000 tons of fossil n-butanol today, 
which would be replaced by the bio-based n-butanol. A more detailed description 
of the technology can be found  in the project reports at the project website 
(Processum 2015). 

 

 
Figure 3. Value chain of the n-butanol production process. 

 
3. Producing olefins (ethylene and propylene) through an MTO process (methanol 

to olefins) and ethanol dehydration (Figure 4). The ethanol for the dehydration is 
produced by the same technology as the ethanol used for n-butanol. The methanol 
is produced through gasification of forest raw materials. The olefins will be 
supplied from the Borealis cracker plant to the rest of the cluster. A more detailed 
description of the technology can be found  in the project reports at the project 
website (Processum 2015). 

 

 
Figure 4. Value chain of the olefin production process. 

 
 

 
2.3 Life Cycle Assessment (LCA) 
Life Cycle Assessment (LCA) was chosen as the environmental assessment tool for the 
project as it has positioned itself as one of the most used tools for environmental 
assessment of product systems, and it offers the possibility to compile and evaluate the 
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potential environmental impacts of a product system through its life cycle. LCA is an 
ISO-standardised tool. 
 
LCA comprises four phases: goal and scope definition, inventory analysis, impact 
assessment and interpretation. In the goal and scope phase, the question to be addressed 
and the limitations of the research are stated. A functional unit is determined so that 
alternative products can be compared on the same basis. In the inventory analysis, the 
processes of the product system are identified from resource extraction to waste disposal. 
Once the system is established, either process specific or generic data are collected. In the 
last phase, the impact assessment, potential environmental impact contributions 
associated with the calculated emissions and consumption of resources are determined. 
This includes choosing relevant impact categories, assigning inventory data to the chosen 
impact categories, and characterizing impact level by multiplying emission inventory 
with characterization factors (ISO 2006).  
 
The GaBi LCA software was used in the study, produced by the sustainability software 
and consultancy company PE INTERNATIONAL (2014). 
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3 Goal and scope definition 
 
In this section the goal and scope of the study will be presented. The goal and scope 
definition is a key stage of LCA studies as it determines the following working procedure.  
 
3.1 Goal 
The goal of this study is to assess the scale and type of environmental impact that differ 
between the current mainly fossil based Stenungsund chemical industry cluster and the 
same industry cluster with partly forest based raw material input.  
 
The actors who performed the study were Frida Røyne and Johanna Berlin (SP) and 
Emma Ringström (AkzoNobel). The study will contribute with background information 
for Frida Røynes PhD project on LCA on wood based products, which is financed by 
Bio4Energy, a strategic research environment appointed by the Swedish government. 
Emma Ringström had the role as the chemical industry expert. Johanna Berlin was in 
charge of the internal review process. 
  
The main audience of the study are researchers in the Forest Chemistry project. The 
chemical industry and forest industry in Sweden is also an important audience, as the 
LCA shows environmental implication of changing the industries and investing in a new 
market. 
  
The commissioner of the Forest Chemistry project is Vinnova, the Swedish government 
agency that administers state funding for research and development. 
 
The results are meant to be used for the Forest Chemistry project and not for chemical 
industry clusters in general, as the location, size and type of such clusters always will 
differ, and as well do possibilities and constraints. The approach of this study can 
however be of help when conducting similar studies, as research only to a limited extent 
has been performed on using LCA to assess the implication of strategy decisions on 
industry cluster level. The approach of assessing forest raw materials and production 
technologies for green chemicals is also of interest for the LCA methodology research on 
biorefineries.  
 
The technologies assessed in the study should only be compared with associated 
reference cases and not with each other, as size of the projects, feedstock and energy 
supply are different. 
 
 
3.2 Functional unit 
In the Forest Chemistry project, several technologies are investigated, and the functional 
unit was therefore defined separately for the olefin, methanol and n-butanol case. In the 
olefin case, a large amount of raw material is replaced, and there are changes in what kind 
of by-products that are produced so comparing the current Stenungsund cluster with a 
future system where about 25% of the olefins are produced from forest feedstock is 
appropriate. In this case, the functional unit was set to be the total production of the 
Stenungsund cluster in 2011. In the n-butanol and methanol cases, production is not set to 
be integrated with existing facilities as in the olefin case, and the production volumes are 
small and will not affect the environmental performance of the Stenungsund cluster as a 
total noticeably. Therefore, we rather compared forest based n-butanol and methanol with 
fossil n-butanol and methanol and the functional unit was set to be 1 ton of methanol/n-
butanol at the gate.  
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3.3 Life cycle modelling 
We chose an attributional approach, since we were assessing the environmental impact of 
the existing systems and defined processes.  
 
3.4 Allocation 
A common issue in LCA is the allocation of emissions and other environmental burdens 
between products which are co-produced in a process. If, for example, we are interested 
in the environmental impacts of a Product X, and this product is co-produced with a 
Product Y in in the Process A, then we need to decided how much of the emissions 
generated by the Process A that should be located to the Product X, and how much should 
be located to the Product Y.  
 
For the Stenungsund cluster reference case, no allocation was needed as the functional 
unit constitute of the total production of the system. The assessment of the technologies in 
the “green cases” however demanded allocation. Both forestry and biorefineries require 
some sort of environmental burden partitioning, as they are multi-output processes. We 
chose economic allocation, since the systems in our case were fixed, meaning that the 
amount of the different output depend on each other, but that they have quite different 
values, meaning that some products would not be produced if it was not for the market 
demand of others. Tillman (2000) recommends economic measures as allocation basis for 
attributional LCA. A more thorough discussion on allocation in biorefineries can be 
found in a project report on biorefineries and LCA-methodology (Ahlgren, Björklund et 
al. 2013). 
 
Since the methanol from KRAFT pulp mills is made from waste gas, and not a product or 
by-product, we chose to assess more allocation possibilities. The first is mass allocation. 
In mass allocation, the environmental impact is distributed between the outputs based on 
mass. One ton of methanol can be produced per 500 ton of pulp. The second case we 
looked at is economic allocation. In this case, environmental impact is distributed 
between the pulp and the methanol based on their share of the total economic value. The 
price of pulp was set to be 900 $ while the price of methanol was set to be 450 $. In the 
last case, the methanol does not have the responsibility of any of the environmental 
impact from the KRAFT pulp mill as it is strictly perceived as a waste product from the 
mill. In this case only the environmental impact of the additional steps required to purify 
the methanol and the environmental impact from replacing the waste gas as fuel in the 
KRAFT pulp mill are included. Some mills do not need the waste gas for energy, and in 
these cases, no make-up fuel should be included in the assessment. The others will need a 
make-up fuel, which, in the best (environmental) case would be bark and in the worst 
case would be oil. In the case which we call the consequential case we include bark as a 
mid-value of the extremes energy- self-sufficiency and oil.  
 
For the comparison of the different technologies to produce methanol via gasification of 
wood chips we have instead of economic allocation chosen to use system expansion. 
Applying economic allocation between the two products when one product is steam is 
difficult since steam does not have a market price (the price depends on many different 
factors). The system expansion is only used in the comparison of the different 
technologies for gasification of wood chips. For the production of olefins no allocation or 
system expansion has been used as both the steam and the methanol are used in the 
cluster in Stenungsund. 
 
3.5 System boundaries 
The assessment is a cradle-to-gate study, covering all life cycle activities associated with 
the extraction, handling and processing of raw materials and energy input as well as 
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production processes required for producing the products. In agreement with Chen et al. 
(2013) and Bösch et al. (2007), the manufacturing of production equipment, buildings and 
other capital goods was not included and nor was personnel-related environmental 
impact. End-of-life CO2-emissions were also assessed in the study to show the difference 
between the “green technologies” and reference cases on a cradle-to-grave scale. In the 
end-of-life of biobased products, the CO2 formed during incineration or decomposing is 
partly or fully of biogenic origin. 
 
3.6 Cut-off criteria 
For the technologies in the “green cases” a 5% cut off criteria was used (at least 95% of 
the inflows, based on weight, had to be included), as detailed information on small 
volumes of process required materials was not always available. For the Stenungsund 
chemical companies, who not only purchase a wide range of raw materials but also a 
large number of intermediates, the same cut off criteria was used. To avoid 
environmentally critical inflows being excluded, an environmental expert from 
AkzoNobel was involved in the LCA. The main uncertainties in the study were 
nevertheless related to the data on upstream production processes, since the data came 
from databases and did not necessarily reflect actual production processes. 
 
3.7 Impact categories 
Following the product category rules for organic chemicals (EPD® 2012), we included 
the following environmental impact categories: global warming potential (GWP) (100 
years. GWP is shown for both exclusion and inclusion of biogenic carbon emissions), 
abiotic depletion (AD) (divided into elements and fossil resources), acidification potential 
(AP), ozone-depletion potential (ODP), ground level ozone creation potential (POCP) and 
eutrophication potential (EP). 
 
 
3.8 Data 
 
3.8.1 Technological and geographical representativeness 
The representativeness of the data used in the study differs. Data on production material 
and energy demand, products, emissions and waste for the olefins, methanol- and butanol 
production and within the Stenungsund cluster were reported by the companies and 
researchers involved in the project. Data on the production of the raw materials and 
energy used in the chemical production and supplied to the industry cluster were collected 
from databases ( Ecoinvent (2013), PlasticsEurope (2013) and AkzoNobel’s own 
database). Data on forest raw materials was collected from peer-reviewed journal articles. 
 
3.8.2 Data quality 
The main uncertainties in the study are related to the data on upstream production 
processes, since the data come from databases and do not necessarily reflect actual 
production processes.  
 
The technologies in the ”green case” do not exist today, so there is a great deal of 
uncertainty connected to them. Still, they are designed and simulated for Swedish 
conditions and the industries and companies involved in the project, and not taken from 
other contexts.  
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4 Life Cycle Inventory 
 
In this section data sources, included processes, assumptions, excluded processes and 
products, and the life cycle inventory are described. This report contains the most relevant 
information for the LCA, while additional data can be found following the references. 
 
 
4.1 Forest based raw materials 
 
4.1.1 Unprocessed Swedish pulpwood 
Inventory data on forestry are from Berg and Lindholm (2005). The data are for 1 m3 of 
round wood and include seedling production, site preparation, regeneration, cleaning, 
logging operations and delivery to mill. Data in Table 1 are aggregated for three different 
locations in Sweden. S.u.b refers to “solid under bark”. 
 
Table 1 Inventory for forestry (Berg and Lindholm 2005). 
Inventory Quantity 
Input: Energy 178 MJ 
Output: Round wood 1 m3 s.u.b. 
 
Emissions including upstream for energy carriers 

 

CO2 12.52 kg/m3 s.u.b. 
NOx 0.12 kg/m3 s.u.b. 
SO2 4.9*10-4 kg/m3 s.u.b. 
HC 0.01 kg/m3 s.u.b. 
CO 0.03 kg/m3 s.u.b. 
CH4 1.0*10-3 kg/m3 s.u.b. 
N2O 8.8*10-4 kg/m3 s.u.b. 
 
We assumed all the energy to be diesel, as Berg and Lindholm (2005) reported that this 
was the main part of the energy demand. 178 MJ is an average of the energy requirement 
in northern, middle and southern Sweden. 
 
General Swedish forestry has more outputs than just pulpwood. Roughly, we can divide 
the products in timber, pulpwood, energy wood and tops and branches (GROT). Timber 
is the driver of the market, as it has the highest monetary value. Those parts of the stem 
that do not have the required measurements for timber, and the whole stem of smaller 
trees, are used for pulpwood. Energy wood is the pulpwood that does not have the 
required quality for pulp production (for example because it is rotten). Tops and branches 
are, as energy wood, most often used for energy production. The forestry products are 
produced in different amounts. We can roughly say that timber and pulpwood are 40% of 
the production each, while energy wood and tops and branches are 10% each (Swedish 
Forest Agency 2013).  
 
Prices for the forestry products can be seen in Table 2. These are prices for unprocessed 
forest products, i.e. the price the forest owner receives. Prices after processing in mills are 
higher. 
 
Table 2 Forest product prices 
Forest product Price Source 
Timber 485 SEK/m3 (average of pine and 

spruce) 
(Swedish Forest Agency 
2013) 

Pulpwood 300 SEK/m3 (average of pine and (Swedish Forest Agency 
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spruce) 2013) 
Energy wood 180 SEK/m3 (Södra 2014) 
Tops and branches 150 SEK/m3 (Norra Skogsägarna 2013) 
 
The environmental impact of the forestry operations has been allocated among the 
products based on the economic value of the products (economic allocation). Mass 
allocation would not have reflected that the products have different values and qualities, 
and that some products drive the market more than others. Although prices are 
fluctuating, timber and pulpwood will always have a higher value than energy wood and 
tops and branches. 
 
With economic allocation, pulpwood is responsible for 35% of the impact from the 
forestry operations. 
 
The impact per ton wood has been calculated using the density of the wood. The density 
800 kg wood/m3 for wood with 50% water content (Joelsson 2014) has been used.  
 
4.1.2 Swedish wood chips 
Data on debarked and chipped wood was collected from Liptow et al. (2013). The authors 
used the data we used in 4.1.1 for forestry, and added sawmill operation to assess the 
environmental impact of the whole process. Economic value of the products out from the 
saw mill was used for allocating the environmental impact of the saw mill operations 
between the products. 
 
 
4.2 Methanol from KRAFT pulp mills 
The methanol is produced through the process shown in Figure 5. A thorough description 
of the technology can be found  in the report called “Methanol value chain” at the project 
webpage (Processum 2015). 
 

 
Figure 5 Value chain of the methanol production process 
 
 
 
KRAFT pulp mill 
 
Data for the KRAFT pulp mill are from an existing facility in Sweden. Data on wood, 
energy, water and chemical requirements (types and volumes) and emissions to air and 
water from the production 2012 have been used for the calculations. The data were 
related to the production of 1 ton of pulp. The data are confidential and therefore not 
presented here. 
 
Data on the environmental impact from the production of the chemicals used in the pulp 
production were collected from the databases Ecoinvent (Swiss Centre for Life Cycle 
Inventories 2014), Gabi (PE INTERNATIONAL 2014) and Plastics Europe (2013). The 
mill is self-sufficient with electricity, and with a large part of the steam (made from the 
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by-products bark, black pulp and wood powder). The mill purchases some oil (production 
data for this has been collected from databases) and bark when it does not have enough 
itself. The bark is purchased from sawmills. Data for the environmental impact of bark 
production were calculated from data on sawmill operations in Liptow et al. (2013) (see 
4.1.2 for details) In Liptow et al. economic allocation was used for distributing the 
sawmill impacts between the products. By using the factors for the economic allocation 
and the assumption that no waste is produced in the sawmill operation the impact of bark 
production could be calculated.  
 
The stripper off gases (SOG’s) generated in the pulp production are currently burned in 
the KRAFT pulp mills, either for destruction purposes or as an energy source, if the mill 
needs it for that purpose. In those cases, the introduction of methanol purification would 
mean that the mill lost an energy source, which would have to be replaced. Since bark is 
currently purchased as an energy source, it has been assumed that an energy-deficit would 
be covered by more bark. The energy content of bark has been assumed to be 2160 
MJ/m3 s bark. Since 1 ton methanol has an energy content of about 20 000 MJ/ton, 9.26 
m3 s bark is needed to replace the lost energy source. 
 
Methanol purification 
 
The SOG’s from KRAFT pulp mills are a mix of methanol, water, total reduced sulphur 
compounds (TRS), other sulphur compounds and ammonia. Today, the gas is burned as 
either an energy source for the mill or, if the mill is self-sufficient with energy, for 
destruction purposes. Because of the ammonia content the gas should not be burned as it 
is. Sulphuric acid is added to reduce the amount of ammonia and thereby lower the NOx 
emissions, thereafter the gas is sent to a methanol column. Here, the methanol is distilled 
and sent to a methanol tank as a liquid substance. Turpentine (also in liquid form) is sent 
to a decanter tank where water and turpentine are separated. The turpentine is sent to the 
methanol tank after separation. The mixture of turpentine and methanol is then sent to 
incineration. 
 
Research has been done on how the methanol in the SOG’s can be purified instead of 
burned in the mill. The purification process only exist on lab scale today. Data on the 
purification process were provided by the designer of the process, Jörg Brücher, Holmen. 
The purification plant is meant to be inserted to the methanol system already present in 
the mill. 
 
Within the time limit of the Forest Chemistry project, the project group did not manage to 
produce methanol with a purity that meets the requirements of the IMPCA methanol 
reference specifications (International Methanol Producers & Consumers Association 
2014). Turpentine levels are at 1.5 g/kg methanol. The methanol can however still be 
used in a range of processes, and the purity level could be sufficient for Perstorp, who is 
planning to use it to substitute the fossil methanol in their Rape Methyl Esther (RME) 
production. 
 
As there are many mills in Sweden that could purify SOG’s to methanol, the most sound 
strategy from an economical point of view would be to have pre-purification process 
installed at each mill and a shared facility for the final purification. Based on distances 
between mills in Sweden, it was estimated that the transport distance from a mill to the 
purification plant would be 160 km. Truck is the most likely transport option. 
 
The transport from the purification plant to Perstorp in Stenungsund was not included as 
there are great uncertainties regarding the preferable location of a purification plant. The 
bio-methanol is thus compared with fossil methanol based on 1 ton of product at factory 
gate. 
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4.2.1 Reference case: Fossil methanol 
The fossil methanol used as a reference is methanol produced from natural gas, since this 
is the most common feedstock for methanol production today (Methanol Institute 2011). 
PE INTERNATIONAL (2014) reports methanol production from natural gas from 4 
different countries: The Netherland, Germany, Great Britain and Italy. The electricity mix 
and energy used in the methanol production are the factors that contribute the most to the 
variation in the results. The carbon footprint of the processes range between 0.88 ton and 
1.6 ton CO2eq/ton methanol. The production of methanol in the Netherlands, with a 
carbon footprint of 1.03, was chosen for the comparison. The data are representative for 
the production 2011. Data on methanol production is also available in the Ecoinvent 
database (Swiss Centre for Life Cycle Inventories 2014), this data are however from 
1994, and according to the documentation it contains significant uncertainties. This is 
why the PE INTERNATIONAL data was chosen for the comparison. 
 
 
4.3 N-butanol 
The n-butanol is produced through the process shown in Figure 6. A thorough description 
of the technology can be found in the reports called “Sugar platform” and “Butanol value 
chain” at the project webpage (Processum 2015). 
 
 

Figure 6 Value chain of the n-butanol production process 
 
 
Fractioning and fermentation 
 
The ethanol is produced through fermentation of forest biomass. Two different 
technologies were explored in the project; the technology currently commercially 
available through licensing, the CelluAPP® technology platform by SEKAB 
(technologyA) and a technology not existing today where a KRAFT pulp mill is 
converted into an ethanol plant (technology B).  
 
Technology A, CelluAPP® 
Inventory data for the production of ethanol with the SEKAB technology (Table 3) were 
supplied by the Forest Chemistry Project. Amounts are confidential. The facility can be 
placed in two different locations; Stenungsund or Örnsköldsvik. The difference is, in 
addition to the transportation distance, that the steam input to the ethanol production 
process in Örnsköldsvik would come from biomass and in Stenungsund from natural gas. 
Electricity demand also differs. The cases are both assessed and compared. 
 
Data on pulp wood production was collected from Liptow et al. (2013), as the process 
requires debarked and chipped wood. 
 
Table 3 Inventory of yearly ethanol production using the commercially available SEKAB 
technology platform CelluAPP®.   
Inputs Outputs 
Pulpwood (debarked) Products 
Steam Ethanol 
Electricity Biogas (65% methane) 
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Lime Carbon dioxide 
Enzyme Lignin  
Molasses Emissions and waste 
Ammonia  
Phosphoric acid 

Carbon dioxide (biogenic) 
Chemical oxygen demand 

Magnesium sulphate Nitrogen 
Cooling tower make- up Phosphorus 
Process water make-up Effluent water 
 Bio sludge 
 
Emissions to air of nitrogen oxides and sulphur were assumed negligible by SEKAB. 
 
Enzyme product (enzyme slurry) is bought from Novozymes in Denmark. We assumed 
that the type of enzyme product was the same as used in the ethanol production process 
assessed by Liptow et al. (2013), which also uses Swedish boreal forest as resource. FPU 
is a measure of the activity in the enzyme cocktail. FPU in the study by Liptow et al. is 
set to be 3 times as high as the FPU in the Forest Chemistry project. The FPU level in the 
Forest Chemistry project is based on Phillips et al. (2013). Both FPU levels are realistic, 
and can be seen to represent a high estimation in the Liptow et al. study, and a low 
estimation in the Forest Chemistry project. The reason for different FPU levels in 
different processes can be that it is ethanol production volumes and not enzyme costs 
which is the driver of the product design. In the Forest Chemistry project, FPU was 
estimated by a company, and it is more common for companies to analyse potentials. 
Because of the large difference in FPU, and because the study by Liptow et al. concluded 
that enzyme production is the life cycle stage with the most environmental impact (which 
is mostly a result of electricity consumption in the fermentation process (Nielsen, 
Oxenbøll et al. 2007)), we decided to assess both cases and use the Liptow et al. FPU 
estimate as a sensitivity analysis. 
 
Data on production of inputs to the facility were average data collected from databases. 
Prices for the process products are presented in Table 5. 
 
 
Technnology B, converted KRAFT pulp mill 
Inventory data for the production of ethanol in the converted KRAFT pulp mill (Table 4) 
were supplied by the Forest Chemistry Project. The mill used for the calculations is an 
existing mill called Munksund. There are uncertainties connected to the data as they are 
from simulations and no actual production exists. The uncertainties are described in the 
report called “Sugar platform” at the project webpage (Processum 2015). 
 
Data on pulp wood production was collected from Berg and Lindholm (2005) (see 
chapter 4.1.1), as the KRAFT pulp mill debarks and processes 70% of the wood itself. 
30% of the woody biomass is chips from sawmills, and the data was collected from 
Liptow et al. (2013). Energy and material need for the process is included in the inventory 
in Table 4.  
 
Except from enzyme data, which was collected from the same source as for technology 
A, the data on production of inputs to the facility were average data collected from 
databases. Prices for the process products are presented in Table 5. 
 
Table 4 Inventory of the yearly ethanol production in a converted KRAFT pulp mill. 
Inputs Amounts Outputs Amounts 
Pulpwood (u.b.) 
Sawmill chips 

372952 t DM/y 
141812 t DM/y 

Products 

Fuel oil 20 MWLHV Ethanol 82102 t/y 
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Sodium hydroxide 5536 t/y Electricity 71,4 GWh/y 
Oxygen 6102 t/y Carbon dioxide 56107 t/y 
Sulphuric acid 9486 t/y Lignin 71899 t DS/y 
Enzyme 1.1003E+12 FPU/y Biogas (65% 

methane) 
1.151E+07 Nm3/y 

Molasses 14926 t/y Bark 42058 t DS/y 
Ammonia 3715 t/y Emissions and waste 
Phosphoric acid 489 t/y Carbon dioxide 

(biogenic) 
78554 t/y 

Ammonium 
phosphate 

1247 t/y Nitrogen oxides 303 t/y 

Magnesium 
sulphate 

84 t/y Sulphur 54 t/y 

  Chemical oxygen 1941 t/y 
  demand  
  Nitrogen 26 t/y 
  Phosphorus 2.6 t/y 
  Sludge 2525 t/y 
  Ash 1250 t/y 
 
 
Table 5 Prices for the ethanol and co-products from the ethanol production in technology 
A and B 
Product Price Details Source 
Ethanol 5070 SEK/t Same as fossil ethanol Set by the Forest Chemistry 

project 
Electricity 622 SEK/MWh El-certificate for green 

electricity included 
Set by the Forest Chemistry 
project 

Carbon 
dioxide 

0 The Swedish market is 
saturated 

AGA 

Lignin 500 SEK/t DS  SEKAB 
Biogas 15400 SEK/t Mid-value automotive 

gas + biogas premium 
Set by the Forest Chemistry 
project 

Bark 184 SEK/MWh  Set by the Forest Chemistry 
project 

Steam 400 SEK/MWh  SEKAB 
 
Oxidation 
 
The conversion of ethanol to acetaldehyde is already performed in a large scale 
production by the company SEKAB, which is the European market leader for 
acetaldehyde. The conversion of ethanol to acetaldehyde is within the value chain 
explored performed by SEKAB within SEKABs existing production facility in 
Örnsköldsvik. The acetaldehyde is sold and transported to Stenungsund for further 
valorisation towards n-butanol.  
 
Condensation and hydrogenation 
 
Commercial production of crotonaldehyde exists in Europe, but further processing into n-
butanol is not done today. Crotonaldehyde will be produced at the Stenungsund site from 
acetaldehyde with sodium hydroxide as catalyst. Acetic acid will be used to neutralize. 
The process stream from the reaction will be purified in steps with distillation columns. 
Light ends (mostly acetaldehyde and some acetaldol) and heavy ends will be burned in 
the boiler. The gases from the acetic acid tank will also be burned in the boiler. Steam 
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will be used from the n-butanol production (with a smaller amount on start-up). The netto 
consumption of steam for the bio-butanol production will be zero.  

The crotonaldehyde will be transferred to the n-butanol production continuously in a pipe. 
The crotonaldehyde will react with hydrogen over a catalyst and become n-butanol. The 
reaction is exothermic meaning that the total process will not require any consumption of 
steam but supply the crotonaldehyde production with steam. The n-butanol production 
will only get a small by-product stream (gas) which will be burned in the boiler at site. 
The process will use cooling water to cool the reaction. Cooling water will be used from 
the cooling tower on site. No waste stream to waste water treatment  will be produced. 
The purity of the product will not be 100% meaning that there will be no waste stream.  
 
Data on transport modes and distances can be found in chapter 4.6. 
 
4.3.1 Reference case: Fossil n-butanol 
Data for the fossil n-butanol was gathered from the Ecoinvent database (Swiss Centre for 
Life Cycle Inventories 2007). The fossil n-butanol is produced through propylene 
hydroformylation (oxo synthesis) with subsequent hydrogenation of the aldehydes 
formed. The process is a multi-output process, with n-butanol and 2-methyl-1-propanol as 
products. The environmental impact is divided between the two with mass balance, where 
92.6% of the environmental impact is allocated to the n-butanol. 
 

 
4.4 Olefins 
Ethylene and propylene (olefins) are today produced in Stenungsund by steam cracking 
of naphtha and other light fractions of petroleum. In the Forest Chemistry project two 
alternative production routes for olefins have been analysed, the methanol to olefin route, 
(MTO), and the dehydration of ethanol to ethylene, (E2E), both starting from wood chips. 
The routes are shown in Figure 7. 
 

 
Figure 7 Value chain of the olefin production processes. Olefins are produced from 
methanol in an MTO process (methanol to olefin process). The methanol used is 
produced via methanol synthesis of syngas which is produced by gasification of wood 
chips. Ethylene is produced by dehydration of ethanol in fixed catalytic beds. The ethanol 
used  is produced via fermentation of wood chips. 
 
A thorough description of the technologies can be found in in the report called “Olefins” 
at the project webpage (Processum 2015). 
 
The Forest Chemistry project has identified a future scenario where 200 kton olefins are 
produced in the MTO process, 30 kton ethylene are produced in the E2E process and 560 
ktons olefins are produced by conventional cracking of naphtha and other light fractions 
of petroleum. This future scenario is compared to the current Stenungsund cluster 
(production of 2011) where 770 ktons olefins are produced in Stenungsund by steam 
cracking of naphtha and other light fractions of petroleum, and where 20 ktons of 
propylene have been assumed to be purchased from the spot market to make up for the 
slightly lower volume produced in the current cluster compared to the future scenario.   
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In the current scenario with steam cracking of naphtha a number of co- and by-products 
are produced. The future scenario will not generate exactly the same mix of co- and by-
products. In order to compare the two scenarios it has been assumed that the delta 
volumes are purchased from the spot market to the cluster so that the cluster in both 
scenarios delivers the same volumes of each products to the market. 
 
 
Gasification 
 
Gasification is a technology where the lignocellulose in the wood chips is transformed to 
syngas, a mixture of H2 and CO, and from which a large number of hydrocarbon 
compounds can be synthesised. Here the syngas is used to produce methanol that then is 
used for production of olefins. Three locations for the gasification process have been 
analysed. Inventory data for the three cases were supplied by the Forestry Chemistry 
project. A thorough description of the technologies can be found in the report called 
“Gasification platform” at the project webpage (Processum 2015). 
 
Case 1 
In case 1 methane is produced in Värö in a gasification plant using indirect gasification. 
The produced methane gas is fed into the gas line that runs along the west coast and is 
delivered to Stenungsund where the gas is reformed into syngas. In Stenungsund another 
indirect gasification plant is located where syngas is produced. The total flow of syngas is 
fed to a methanol synthesis plant. The inputs and outputs for these operations are 
presented in Table 6. 
 
Table 6 Inventory of the yearly methanol production via gasification of wood chips (case 
1) 

Inputs Amounts Outputs Amounts 
Wood chips (50% 
moisture) 

147.3 t/h Products 

Rape Methyl Esther 0.6 t/h Methanol 34.37 ton/h 
Electricity 20 MW Steam 112 ton/h (=116 MWfuel) 
    
  Emissions and waste 
  Carbon dioxide 

(biogenic) 
87.8 t/h 

 
The wood chips are assumed to be transported from Småland to Värö by truck and to 
Stenungsund by train from areas close to the inland railway tracks (see Table 15 for 
details).  
 
The production processes generate excess heat. In Värö there are no possibilities to use 
this excess heat in other processes at the plant. The excess heat will therefore be used for 
power generation at the gasification unit. The produced electricity equals the electricity 
demand for the gasification plant, so the plant is self-sufficient with electricity In 
Stenungsund the produced heat can be utilized in other processes and thereby replace heat 
produced from natural gas. 
 
Case 2 
In case 2 methanol is produced in a circulating fluidized bed, CFB, placed in the 
proximity of the Iggesund pulp mill on the Swedish east coast. The inputs and outputs for 
this operation are presented in Table 7. 
 
Table 7 Inventory of the yearly methanol production by gasification (case 2) 
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Inputs Amounts Outputs Amounts 
Wood chips (50% 
moisture) 

189.4 t / h Products 

Rape Methyl Esther 0 t/h Methanol 53.5 ton/h 
Electricity 30.2 MW* Steam 116.5 ton/h (=115 MWfuel) 
    
  Emissions and waste 
  Carbon dioxide 

(biogenic) 
100 t/h 

*Net electricity consumption. 44,2 MW is used and 14MW generated in the gasification 
process.  
 
The wood chips used in the CFB gasification plant at Iggesund will come from the 
surrounding of Iggesund and will be delivered by truck. The produced methanol will be 
transported to Stenungsund by ship. 

The production processes generate excess heat which can be utilized at the Iggesund pulp 
mill and thereby replace steam produced from bark and oil (65% steam produced from 
bark and 35% steam produced from oil). 
 
Case 3 
In Case 3 biomass is processed into torrefied material at three different locations. Two of 
the torrefaction plants are located in the middle of Sweden, close to Mora and Östersund 
respectively. The third torrefaction plant is located in Stenungsund and will receive 
biomass from Småland. The torrefied material is gasified using entrained flow gasifiers 
located in Stenungsund. The inputs and outputs for this operation are presented in Table 
8. 
 
Table 8 Inventory of the yearly methanol production by gasification (case 3) 
Inputs Amounts Outputs Amounts 
Wood chips (50% 
moisture) 

189.4 t / h Products 

Rape Methyl Esther 0 t/h Methanol 45.95 ton/h 
Electricity 40.8 MW Steam 136 ton/h (=140 MWfuel) 
    
  Emissions and waste 
  Carbon dioxide 

(biogenic) 
111 t/h 

 
The wood chips will be delivered by truck to the torrefaction plants from the 
surroundings of the plants, except for the torrefaction plant located in Stenungsund which 
will be supplied with wood chips from Småland. The torrefied material will be delivered 
by electrical train to the gasification plant in Stenungsund. In the torrefaction process 
water is stripped of from the wood chips and thereby the weight of the material that is 
transported from the torrefaction plants to the gasification plan is lower than the weight of 
the chips delivered to the torreficiation plants. 
 
The gasification processes generates excess heat which can be utilized in other production 
processes in Stenungsund and thereby replace steam produced from natural gas. 
 
Environmental impact data for the upstream impact: 
 

• Data on wood chips production was collected from Liptow et al. (2013), these 
data include all upstream process for the production of wood chips. See more in 
chapter 4.1.2. 
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• Data on the environmental impact from the production of RME was collected 

from the Ecoinvent database (rape methyl ester, at esterification plant) (Swiss 
Centre for Life Cycle Inventories 2007). 

 
• The electricity used in the gasification process has been assumed to be Nordic 

grid mix electricity, see more in chapter 4.5.  
 

• Information about the environmental impact of the transports can be found in 
chapter 4.6.  

 
 
Methanol to olefins (MTO) 
 
Olefins will be produced from methanol in a Methanol to Olefin (MTO) plant located at 
the Borealis cracker plant in Stenungsund. The MTO process was developed by UOP and 
Norsk Hydro utilizing a MTO demonstration unit located in Porsgrunn, Norway. 
 
In the MTO process, methanol fed to the reactor is converted to light olefins with carbon 
selectivity at about 75 to 80% towards ethylene and propylene. Product ratio of ethylene 
and propylene is in the range of 0.7 to 1.4, depending on different process parameters. A 
thorough description of the technologies can be found in the report called “Olefins” at the 
project webpage (Processum 2015). 
 
Methane is generated as a by-product in the MTO process, this methane has been 
assumed to be incinerated and the carbon dioxide generated from the incineration is 
biogenic CO2. Coke is formed as a by-product on the catalyst during MTO reaction. The 
catalyst will be generated by burning of the coke in the “regenerator” forming biotic CO2 
when bio-methanol is used.  
 
The inputs and outputs of the cracker and MTO plant in the future scenario where 200 
ktons olefins are produced in the MTO plant and 560 kton olefins are produced by steam 
cracking of naphtha etc. are presented in Table 9. 
 
Table 9 Inventory of the yearly production of olefins and other products in the cracker 
with an integrated MTO  plant 
Inputs Amounts Outputs Amounts 
Ethane* 493,2 kt/yh Products 
Propane* 0 kt/h Ethylene 560 kton/y 
Butane* 261.4 kt/y Propylene 199.5 kton/y 
Naphtha* 159.2 kt/y ETBE 18.02 kton/y 
Methanol (100 
wt%) feed to MTO 

552.2 kt/y Methane 4 kton/y 

Ethanol for ETBE 8.26 kt/y C4 raw 0 kton/y 
Electricity 1215 GJ/y SCN raw 107 kton/y 
Sodium hydroxide 
(50%) 

2000 ton/y Fuel oil 1.2 kton/y 

Sodium hydroxide 
(10%) 

668 ton/y Raff 2 91.4 kton/y 

Sulphuric acid 
(96%) 

495 ton/y CBFS 13.41 kton/y 

Sodiumhypochlorite 500 ton/y Fuel gas 10831 TJ/y 
  Hydrogen 5.3 kton/y 
  Emissions and waste 
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  Carbon dioxide (fossil) 577.8 t/h 
  Carbon dioxide (biogenic) 50.1 kton/y 
  Methane 30.2 ton/y 
  Nitrogen oxides 416.8 ton/y 
  Sulphur dioxide 130 kg/y 
  Hydrocarbons 552 kg/y 
  Sulphur hexafluoride 10 kg/y 
  Benzene 6.6 ton/y 
  Ethylbenzen 20 kg/y 
  Hydrofluorocarbons 63 kg/y 
  Non-methane volatile 

organic compounds 
542 ton/y 

  Particles 5 ton/y 
  Toulene 300 kg/y 
  Xylene 40 kg/y 
  Biochemical oxygen demand 

(to water) 
12000 kg/y 

  Total organic carbon (to 
water) 

39700 kg/y 

  Total nitrogen (to  water) 8400 kg/y 
  Oil 9220 kg/y 
  AOX 9998 kg/y 
Note: the Table only includes the major utilities used and the major emissions to water, 
the minor flows are included in the analysis but are left out of the Table. All emission to 
air are included in the Table.*The MTO plant will be integrated with the existing cracker 
in Stenungsund by that the output from the MTO plant will be fed into the separation 
plant of the cracker. This will results in that the operation of the separation plant will 
have to be adjusted  which results in that the mix of raw materials fed into the cracker 
also will be adjusted compared to the current operations. 
 
552 kton (dry) methanol is required per year for the production of olefins in the MTO 
plant. Based on the calculated environmental performance of the three alternative 
methanol productions it was decided to use methanol from gasification alternative 1 (275 
ktons) and gasification alternative 3 (277 ktons )1. This corresponds to 100% of the 
methanol produced in gasification alternative 1 and 75% of the methanol produced in 
gasification alternative 3. The methanol will be delivered by pipeline from the methanol 
plant to the MTO plant. 
 
The excess heat from the gasification process (alternative 1 and 3) can be used in other 
processes in Stenungsund and thereby replace steam produced from natural gas. The 
amount of natural gas (fuel) that it is possible to replace in Stenungsund is 85 ktons per 
year according to Borealis (equal to 1.1 million MWh fuel/year)2. The amount of heat 

                                                      
1 None of the gasification scenarios available from the technology assessments in the Forest 
Chemistry project will deliver the required amount of methanol to produce 200 ktons of olefins in 
the MTO plant. For the LCA two gasification scenarios were combined in order to deliver the 
required amount of methanol. In reality it is more likely that only one gasification plant will be 
built, but then a larger plant. As long as any of the techniques used in gasification alternative 1 & 3 
will be used and that the plant will be located so that the heat generated can be used in other 
processes in Stenungsund and replace natural gas fuel to the same extent as in the scenario 
analyzed in the LCA, the results presented in chapter 5 is also representative for if a larger 
gasification plant is used. Possibly the environmental impact would be somewhat lower from a 
larger plant due to higher efficiency in a larger plant. 
2 85 ktons natural gas fuel is the calculated amount of natural gas that needs to be purchased by 
Borealis for them to be able to run the cracker with an MTO plant integrated and to be  able to 
supply the other industries in Stenungsund with the same amount of  fuel gas as in 2011. It is also 
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available from the gasification processes is calculated to be able to replace 1.8 million 
MWh natural gas fuel/year. This results in that part of the excess heat from the methanol 
production is utilized in the cracker and replaces steam produced from natural gas. This 
also results in reduced CO2 emissions from the cracker since natural gas no longer is 
incinerated. The CO2 emissions from the cracker are reduced by 220 ktons per year. 
 
Environmental impact data for the upstream impact: 
 

• Data on production of the raw materials used for the cracker process and the 
MTO process were collected from the Ecoinvent database (Swiss Centre for Life 
Cycle Inventories 2014) except for ethylene and naphtha for which data were 
collected from the Plastics Europe database (PlasticsEurope 2013).  

 
• The electricity mix used is the supplier specific mix of Borealis (same as in the 

reference case), see more in chapter 4.5. 
  

• The environmental impact from transports was collected from NTM (The 
Network for Transport and Environment 2013). The data used is ship (Dry bulk, 
Handy size 8455 ton from NTM).  

 
 
Dehydration 
 
In the future scenario identified in the Forest Chemistry project 30 ktons of ethylene will 
be produced by dehydration of ethanol. The technology chosen is dehydration in fixed 
catalytic beds. The ethanol used is produced via fermentation of wood chips. 
  
The ethanol production via fermentation of wood chips is described in chapter 4.3. The 
ethanol production with the SEKAB technology (Technology A) location Örnsköldsvik 
was used, as this was the ethanol production case with the lowest global warming 
potential (see chapter 5.2.1). 
 
In the dehydration process steam is used to evaporate the ethanol in a heat exchanger. The 
gaseous ethanol is thereafter superheated in an oven. The superheated  ethanol is 
dehydrated in a catalytic reaction. This is an endothermic process and therefore some 
heating is required. The heat in the output stream from the last reactor is used to generate 
steam. The product out from the dehydration mainly consists of ethylene, which is 
purified by washing and distillation, resulting in an output of ethylene. 
 
The inputs and outputs for these operations are presented in the Table 10. 
 
Table 10 Inventory of the yearly ethylene production in the ethanol to ethylene plant. 
Inputs Amounts Outputs Amounts 
Ethanol (100%) 52.7 t /y Products 
Sodium hydroxide 
(50%) 

492 t/y Ethylene 30 kton/y 

Catalyst 10 200 kg/y   
Nitrogen gas 80 000 Nm3/y   
Natural gas 2881.5 ton/y  Emissions and waste 
Demineralized 
water 

952 ton/y Carbon dioxide 
NOx 

13.87k ton/y 
6 ton/y 

                                                                                                                                                 
assumed that energy delivered to the other industries as fuel can in 2011 instead can be delivered 
as steam in the future scenario. 
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Electricity 10200 MWh/year COD* 42432 kg/y 
  BOD* 29703 kg/y 
  N-tot* 81734 kg/y 
* COD, BOD and N-tot is the amount of these substances before the waste water 
treatment, the emissions to the environment will be much lower after the waste water 
treatment. 
 
Environmental impact data for the upstream impact: 
 

• Data on the raw materials and utilities were collected from the Ecoinvent 
database (Swiss Centre for Life Cycle Inventories 2014) except for data on 
production of natural gas which was collected from Plastics Europe’s database 
(2013). 

 
• The electricity used in the ethanol-to-ethylene process has been assumed to be 

Nordic grid mix electricity, see more in chapter 4.5.  
 
Make up materials 
 
The future scenario identified in the Forest Chemistry project will not generate exactly 
the same mix of co- and by-products as the current operations. In order to compare the 
two scenarios it has been assumed that the shortage in products are purchased to the 
cluster from the spot market,  in order for the cluster to deliver the same volumes of each 
products to the market in both scenarios. Table 11 presents  the products purchased in the 
current and future scenario respectively. 
 
Table 11 Raw materials  purchased to the Stenungsund cluster in the current scenario 
and future scenario respectively. 
Compensation materials Current scenario 

(kton/y) 
Future scenario 

(kton/y) 
Propylene 20.5  
ETBE [Other]  6.0 
Benzene  9.6 
Toluene  6.4 
Xylene  3.2 
Pentane  12.8 
1-Butene 29.4*  
2-Butene 29.8*  
Butane 29.3*  
Total 109.0 38.0 

*to make up for the product Raff 2 produced in the future scenario. 
 
4.4.1 Reference case: The current Stenungsund chemical 

industry cluster 
The reference case is the environmental impact of the current Stenungsund cluster. The 
data are from 2011. 
  
For data collection, we visited the companies in Stenungsund and interviewed personnel 
with an overview of production and consumption volumes, emissions and waste. Each 
company completed questionnaires with the categories and indicators listed in Table 12. 
Subsequent mail correspondence was conducted for data verification. For further 
validation, the LCA results were presented to the companies. 
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Table 12 Questionnaire categories and indicators for data collection from the 
Stenungsund chemical companies. 
Category Indicators 

1. Consumption of raw materials Type, quantity, location of supplier, 
transportation mode and distance 2. Consumption of auxiliaries/utilities 

3. Energy consumption 
4. Energy delivered by the process Type, quantity, recipient 
5. Emissions to air Type, quantity, if the emission is related 

to process, energy , or waste calculation 
method 

6. Waste water treatment and emissions 
to water 

Type, quantity, treatment method, 
recipient, calculation method 

7. Waste (hazardous and non-
hazardous) 

Type, recipient, disposal method, 
transportation mode and distance 

8. Products Type, quantity, if sold to other companies 
in the Stenungsund chemical industry 
cluster 

 
For one of the companies, data were not available. It was still included since it was 
estimated that it has a small share of the total cluster environmental impact, and that it 
only to a limited extent will be affected by the vision that the companies share, which 
aims to reduce environmental impact by 2030 (Stenungsund Chemical Companies 2013). 
Data were estimated based on 2010 figures and input and output volumes from the other 
companies. The cluster interconnectedness also made it possible to supplement missing 
data and detect data errors since exchanges between companies needed to be of the same 
type and amount. To avoid double counting in the assessment, we divided incoming and 
outgoing flows between those exiting and entering other companies within the cluster and 
those purchased from and sold to players outside the cluster. The main raw materials and 
products consumed and produced by the companies in 2011 are listed in Table 13.  
 
Table 13 Main feedstock and products consumed and produced by the Stenungsund 
chemical companies in 2011. 
Company Feedstock ktonnes/year Products ktonnes/year 

AGA Gas Air 990* Oxygen 
Nitrogen  
Carbon dioxide  
Argon 

190* 
117* 
26* 
8* 

AkzoNobel Ethylene 
Oxygen  
Ammonia  
Surfactants 
Fats  

72 
89 
29 
8 
6 

Ethylene amines 
Surfactants 
Carbon dioxide  
Ethanol amines 
Ethylene oxide  
Glycols 

54 
82 
16 
12 
9 
5 

Borealis 
cracker plant 

Ethane  
Propane  
Naphtha  
Butane  
Bio-ethanol  

352 
293 
299 
275 
11 

Ethylene  
Fuel gas 
Propylene  
Steam-cracked 
naphtha  
Ethyl tertiary butyl 
ether 

590 
263 
179 
139 
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Borealis 
polyethylene- 
plant 

Ethylene  
Butene 
Butyl acrylate 

534 
4 
2 

Polyethylene 
granulate 

531 
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INEOS Sodium 
chloride  
Ethylene  
Vinyl chloride 

186 
 

74 
55 

Polivinyl chloride 

Sodium hydroxide 

Hydrogen chloride 

206 
 

122 
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Perstorp Propylene  

Oxygen  
Rapeseed oil  
Natural gas 
Methanol 

178 
126 
110 
81 
12 

Rape seed 
methylester  
2-ethylhexanacid  
Etylhexanol 
N-butanol 
Isobutylaldehyde 
N-butyraldehyde 
Propanoic acid 
Esters (phthalates) 

111 
 

66 
59 
52 
41 
38 
33 
29 

* 2010 data (Hackl and Harvey 2010) 
 
Environmental impact data for upstream impact: 
 

• Data on the production of the raw materials and energy supplied to the industry 
cluster were collected from databases. In total, 80% of the data were collected 
from Ecoinvent (2013) and PlasticsEurope (2013), and 20% were collected from 
AkzoNobel’s own database. Since the questionnaire provided details of the origin 
of purchased materials and energy, more geographically accurate data from the 
databases could be selected. For electricity mixes used see chapter 4.5. 

 
• The transport modes and distances for the raw materials were provided by the 

companies. Data on resources used and emissions generated from the transport 
were collected from the Network for Transport and Environment, NTM (2013) 
and the PlasticsEurope database (2013). The largest volumes of raw materials are 
transported by ship or pipeline.  

 
 
4.5 Electricity 
Two electricity mixes have been used in the assessments: 
 

• Supplier specific mix for the companies that reported that they have a specific 
contract with an energy company  
 

• Nordic grid mix when electricity was reported to be bought from the spot market.  
 
4.5.1 Supplier specific mix 
Supplier specific electricity mix have been used for the operations that take place at  
Borealis and INEOS. The mix used is the specific mix of the supplier (to large customer) 
and it consists of 52% hydro power, 46% nuclear power and 2% wind power.  
 
4.5.2 Nordic grid mix 
The Nordic mix was compiled from statistics from the International Energy Agency, IEA 
(2013) on the national Danish, Swedish, Finish and Norwegian production mixes. The 
mixes were compiled into a Nordic mix using the production volumes as weighting 
factors. In Table 14 the weighting factors are presented (share of total sum of electricity 
produced in the 4 countries) 
 
Table 14 Share of the total Nordic electricity production 
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Country Share of total sum of electricity 
produced in the 4 countries 

Denmark 9% 
Sweden 39% 
Norway 33% 
Finland 19% 
 
   
4.5.3 Environmental impact of electricity production 
The environmental impact of the electricity production was collected from Ecoinvent 
databases (Swiss Centre for Life Cycle Inventories 2014) and from environmental 
product declarations (EPDs) from Vattenfall (Hydropower, Nuclear power, Wind power 
and wood combined heat and power). 
 
 
4.6 Transports 
Data on resources used for and emissions from the transport were collected from the 
Network for Transport and Environment, NTM (2013) and the PlasticsEurope database 
(2013). Table 15 presents the transport modes and distances used for transports in the 
LCA study. 
 
Table 15 Transport modes and distances used for transports in the LCA study. 
Goods From To Mode  Distance 
Wood chips Småland Värö Truck 311 km 
Wood chips Surroundings 

of inland 
railway tracks 

Stenungsund Train 650 km 

Wood chips  Surroundings 
of Iggesund 

Iggesund Truck 150 km 

Methanol Iggesund Stenungsund Ship 1400 km 
Wood chips Surroundings 

of Mora 
Mora Truck 150 km 

Wood chips Surroundings 
of Östersund 

Östersund Truck 150 km 
 

Wood chips  Småland Stenungsund Truck 330 km 
Torrefied wood 
chips 

Mora Stenungsund Train 540 km 

Torrefied wood 
chips 

Östersund Stenungsund Train 856 km 

Ethanol Munksund 
(Piteå) 

Örnsköldsvik  Ship 250 km 

Ethanol Stenungsund Örnsköldsvik Ship 1800 km 
Acetaldehyde Örnsköldsvik Göteborg Train 1000 km 
Acetaldehyde Göteborg Stenungsund Truck 50 km 
 
 
4.7 Down-stream global warming potential (GWP) 
The LCAs carried out in this project are cradle-to-gate assessments, which means that the 
use phase and end-of-life of the products are not included since there are no difference 
between the scenarios in theses phases. There is however one exception, the impact on 
global warming from the end-of-life of the product. This is included in the assessment 
due to that products produced from renewable sources can have a significant benefit in 
the end of life compared to products produced from fossil resources. This is due to that 
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the CO2 that is formed when the products are decomposed or incinerated at the end of life 
will be from biogenic origin for the products produced from renewable sources and 
biogenic CO2 is often seen as climate neutral (see more in chapter 6.5). 
 
Down-stream GWP of the Stenungsund cluster 
 
The MTO plant will produce 200 ktons olefins per year from renewable methanol and the 
E2E plant will produce 30 ktons ethylene per year from renewable ethanol. This results in 
that about 25% of the olefins produced in the cracker today will be replaced by olefins 
produced from renewable raw materials. 
 
All products from the Stenungsund cluster have been assumed to be incinerated by the 
end of life. For the products produced from renewable source the carbon content of the 
products will be transformed to biogenic CO2 in the incineration. For the products 
produced from fossil raw materials the carbon content will be transformed to fossil CO2. 
 
230 ktons of olefins produced from renewable sources will result in that around 700 000 
tons fossil CO2 will be replaced by biogenic CO2.   
 
Down-stream GWP of methanol and n-butanol 
 
In the LCAs of methanol from KRAFT pulp mill and n-butanol, the chemicals are 
compared with fossil references with a cradle-to-gate perspective. When also looking into 
the impact from the end of life of the of the chemicals there will be additional emissions 
adding to the global warming potential.  
 
The methanol is intended to be used in the production of Rape Methyl Esther (RME), so 
it has been assumed that the methanol will be incinerated in the use phase/end of life 
since the main use of RME is as fuel. Assuming complete combustion each ton of 
methanol will results in 1.83 ton CO2. In the case methanol from fossil resources will be 
used the CO2 emissions from the use phase/end of life will be fossil CO2 and in the case 
the methanol is produced from renewable resources the emissions will be biogenic CO2. 
 
The n-butanol is also intended to be used as a fuel. Incinerating one ton of n-butanol 
results in 2.38 ton CO2. 
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5 Impact assessment 
 
This section presents the results obtained from assessing the environmental impact of the 
technological value chains explored in the Forest Chemistry project. The results are 
displayed for the impact categories global warming potential (GWP) (100 years. GWP is 
shown for both exclusion and inclusion of biogenic carbon emissions), abiotic depletion 
(AD) (divided into elements and fossil resources), acidification potential (AP), ozone-
depletion potential (ODP), ground level ozone creation potential (POCP) and 
eutrophication potential (EP). 
 
5.1 Methanol from KRAFT pulp mills 
Table 16, 17 and 18 show the cradle-to-gate environmental impact of 1 ton of forest 
based methanol from KRAFT pulp mills, with three different allocation methods: mass 
allocation, economic allocation, and consequential allocation, where only the additional 
activities required to make the SOG’s from the pulp mill into methanol were allocated to 
the methanol.  
 
Table 16 Environmental impact of 1 ton of forest based methanol at factory gate – Mass 
allocation 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 

KRAFT pulp mill total 211 3072 5.51e-01 2802 2108 6.61e-03 138 726 
Onsite emissions 38 2894 0 0 1040 0 54 461 

Chemicals 118 121 5.30e-01 1712 774 5.10e-03 56 154 
Process water 26 28 2.16e-02 272 122 1.32e-03 12 73 

Wood (forestry) 21 21 0 308 99 0 7 26 
Bark for fuel 5 5 0 54 20 0 2 5 

Fuel oil <1 <1 0 479 <1 0 4 <1 
Transport 2 2 1.48e-04 31 52 1.85e-04 3 5 

Purification total 139 143 2.42e-02 5486 3681 3.14e-05 219 167 
Purification process 130 134 2.38e-02 5363 3637 3.13e-05 215 157 

Transport 9 9 3.35e-04 123 43 4.26e-08 5 10 

1 ton of Methanol 350 3215 5.76e-01 8342 5789 6.64e-03 357 893 

* Biogenic CO2 emissions included 
 
Table 17 Environmental impact of 1 ton of forest based methanol at factory gate – 
Economic allocation 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
KRAFT pulp mill total 106 1536 2.74e-01 1401 1054 3.31e-03 69 363 

Onsite emissions 19 1447 0 0 520 0 27 231 
Chemicals 50 61 2.65e-01 856 387 2.55e-03 28 77 

Process water 13 14 1.08e-02 136 61 6.61e-04 6 37 
Wood (forestry) 10 10 0 154 50 0 4 13 

Bark for fuel 3 3 0 27 10 0 <1 3 
Fuel oil <1 <1 0 239 <1 0 2 <1 

Transport 1 1 7.38e-05 15 26 9.27e-05 2 3 
Purification total 139 143 2.42e-02 5486 3681 3.14e-05 219 167 

Purification process 130 134 2.38e-02 5363 3637 3.13e-05 215 157 
Transport 9 9 3.35e-04 123 43 4.26e-08 5 10 
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1 ton of Methanol 245 1679 3.00e-01 6914 4735 3.34e-03 288 530 

* Biogenic CO2 emissions included 
 
Table 18 Environmental impact of 1 ton of forest based methanol at factory gate – 
Consequential allocation 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
Purification process  130 134 2.38e-02 5363 3637 3.13e-05 215 157 
Transport 9 9 3.35e-04 123 43 4.26e-08 5 10 
Make up fuel (bark) 67 67 0 0 266 0 24 70 

1 ton of Methanol 206 210 2.42e-02 5486 3947 3.14e-05 243 236 

* Biogenic CO2 emissions included 
 
The environmental impact categories that are most interesting for a comparison with 
fossil methanol are global warming potential (Figure 8), as it is the main focus in 
environmental debates, fossil resource depletion (Figure 9), since we are comparing a 
fossil and a bio-based material, and eutrophication potential (Figure 10), as that is one of 
the impact categories that pulp mills are known to have an impact on. The global 
warming potential comparison is presented as cradle-to-grave to show the influence of 
end-of-life emissions.  
 

 
Figure 8 Cradle-to-grave global warming potential of 1 ton of  fossil methanol and forest 
based methanol with three different allocation methods. 
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Figure 9 Fossil resource depletion potential of 1 ton of fossil methanol and forest based 
methanol with three different allocation methods. 
 

 
Figure 10 Eutrophication potential of 1 ton of fossil methanol and forest based methanol 
with three different allocation methods. 
 
 
5.2 N-butanol 
In this section, first the result for the three different ethanol production options are shown 
so that they can be evaluated separately. Then results for butanol production with the 
three ethanol production options is shown. 
 
5.2.1 Ethanol 
Table 19, 20 and 21 show the cradle-to-gate environmental impact of 1 ton of forest 
based ethanol. For enzyme production, no data for the impact categories AD (e), AD (f) 
and ODP exist, which is why the impact is zero in the tables. 
 
Table 19 Environmental impact of 1 ton of forest based ethanol at factory gate from the 
SEKAB technology (Technology A) location Örnsköldsvik – Two enzyme amount cases 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

Fossil methanol Mass allocation Economic
allocation

Consequential

M
J 

0

100

200

300

400

500

600

700

800

900

1000

Fossil methanol Mass allocation Economic
allocation

Consequential

g 
PO

4-3
eq

 
 



 

36 
 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
Onsite emissions 0 366 0 0 0 0 0 1317 
Wood (forestry) 14 14 0 1377 52 0 4 12 
Chemicals and 
auxiliaries 85 87 2.66e-01 751 2841 2.07e-03 121 154 

Waste management 61 85 1.37e-02 39 67 6.08e-04 18 802 
Enzymes base case 428 428 0 0 3043 0 288 742 
Enzymes high estimate 1285 1285 0 0 9130 0 865 2227 
Steam from forestry 
waste 23 23 9.37e-04 296 828 1.78e-05 49 181 

Electricity 15 15 1.63e-03 183 34 3.47e-04 3 25 

1 ton of ethanol – 
enzyme base case 

625 1017 2.84e-01 2646 6866 3.04e-03 483 3234 

1 ton of ethanol – 
high enzyme estimate 

1482 1874 2.84e-01 2646 12953 3.04e-03 1060 4718 

* Biogenic CO2 emissions included 
 
Table 20 Environmental impact of 1 ton of forest based ethanol at factory gate from the 
SEKAB technology (Technology A) location Stenungsund – Two enzyme amount cases 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
Onsite emissions 0 366 0 0 0 0 0 1317 
Wood (forestry) 14 14 0 1377 52 0 4 12 
Chemicals and 
auxiliaries 85 87 2.66e-01 751 2841 2.07e-03 121 154 

Waste management 61 85 1.37e-02 39 67 6.08e-04 18 802 
Enzymes base case 428 428 0 0 3043 0 288 742 
Enzymes high estimate 1285 1285 0 0 9130 0 865 2227 
Steam from natural gas 437 438 1.39e-02 7028 296 6.43e-02 75 48 
Electricity 43 43 4.61e-03 517 96 9.81e-04 7 72 

1 ton of ethanol – 
enzyme base case 

1068 1460 2.98e-01 9712 6396 6.80e-02 513 3147 

1 ton of ethanol – 
high enzyme estimate 

1924 2317 2.98e-01 9712 12483 6.80e-02 1090 4632 

* Biogenic CO2 emissions included 
 
Table 21 Environmental impact of 1 ton of forest based ethanol at factory gate from a 
converted KRAFT pulp mill (Technology B)– Two enzyme amount cases 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
Onsite emissions 0 538 0 0 1 0 <1 422 
Wood (forestry) 37 37 0 1243 169 0 12 43 
Chemicals and 
auxiliaries 155 157 6.94e-01 2442 1054 1.50e-03 66 178 

Waste management 15 21 3.45e-03 12 17 1.80e-04 5 1086 
Enzymes base case 602 602 0 0 4278 0 405 1043 
Enzymes high estimate 1806 1806 0 0 12834 0 1216 3130 
Wood pellets for energy 36 40 1.77e-02 418 177 2.09e-03 18 116 

1 ton of ethanol – 
enzyme base case 

845 1394 7.15e-01 4115 5696 3.76e-03 505 2889 
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1 ton of ethanol – 
high enzyme estimate 

2049 2598 7.15e-01 3301 14252 3.76e-03 1316 4975 

* Biogenic CO2 emissions included 
 
 
5.2.2 N-butanol 
Table 22, 23 and 24 show the cradle-to-gate environmental impact of 1 ton of forest 
based n-butanol. 
 
Table 22 Environmental impact of 1 ton of forest based n-butanol at factory gate with 
ethanol  from the SEKAB technology (Technology A) location Örnsköldsvik - Two 
enzyme amount cases 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 

Ethanol production – 
enzyme base case 

811 1320 3.66e-01 3432 8906 3.94e-03 627 4194 

Ethanol production – 
high enzyme case 

1923 2431 3.66e-01 3432 16801 3.94e-03 1375 6120 

Acetaldehyde 
production 

20 20 2.18e-03 244 45 4.63e-04 3 133 

Transport to 
Stenungsund 

4 4 1.71e-04 46 17 1.58e-08 2 6 

Acetaldehyde to n-
butanol production via 
crotonaldehyde 

138 138 9.20e-03 3949 228 9.19e-08 62 28 

1 ton of n-butanol – 
enzyme base case 

973 1482 3.77e-01 7672 9195 4.50e-03 694 4362 

1 ton of n-butanol – 
high enzyme estimate 

2084 2593 3.77e-01 7672 17090 4.50e-03 1441 6287 

* Biogenic CO2 emissions included 
 
Table 23 Environmental impact of 1 ton of forest based n-butanol at factory gate with 
ethanol  from the SEKAB technology (Technology A) location Stenungsund - Two 
enzyme amount cases 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 

Ethanol production – 
enzyme base case 

1384 1893 3.86e-1 12598 8297 8.82e-02 666 4081 

Ethanol production – 
high enzyme case 

2495 3004 3.86e-1 12598 16192 8.82e-02 1414 6007 

Transport to 
Örnsköldsvik 

34 34 2.76e-03 469 1106 4.28e-02 61 134 

Acetaldehyde 
production 

20 20 2.18e-03 244 45 4.63e-04 3 133 

Transport to 
Stenungsund 

4 4 1.71e-04 46 17 1.58e-08 2 6 

Acetaldehyde to n-
butanol production via 
crotonaldehyde 

138 138 9.20e-03 3949 228 9.19e-08 62 28 

1 ton of n-butanol – 1580 2089 4.01e-01 17306 9693 9.30e-02 794 4382 
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enzyme base case 
1 ton of n-butanol – 

high enzyme estimate 
2691 3209 4.01e-01 17306 17588 9.30e-02 1542 6308 

* Biogenic CO2 emissions included 
 
Table 24 Environmental impact of 1 ton of forest based n-butanol at factory gate with 
ethanol  a converted KRAFT pulp mill (Technology B) location Munksund - Two enzyme 
amount cases 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 

Ethanol production – 
enzyme base case 

1096 1808 9.27e-01 5337 7388 4.88e-03 655 3747 

Ethanol production – 
high enzyme case 

2658 3370 9.27e-01 5337 18486 4.88e-03 1707 6454 

Transport to 
Örnsköldsvik 

5 5 3.83e-04 65 154 5.95e-04 8 19 

Acetaldehyde 
production 

20 20 2.18e-03 244 45 4.63e-04 3 133 

Transport to 
Stenungsund 

4 4 1.71e-04 46 17 1.58e-08 2 6 

Acetaldehyde to n-
butanol production via 
crotonaldehyde 

138 138 9.20e-03 3949 228 9.19e-08 62 28 

1 ton of n-butanol – 
enzyme base case 

1263 1974 9.39e-01 9641 7831 6.03e-03 731 3933 

1 ton of n-butanol – 
high enzyme estimate 

2825 3537 9.39e-01 9641 18930 6.03e-03 1782 6640 

* Biogenic CO2 emissions included 
 
For a comparison with fossil butanol we chose to show the same environmental impact 
categories as in the ethanol LCA study by Liptow et al. (2013):  global warming potential 
(Figure 11), eutrophication potential (Figure 12), acidification potential (Figure 13) and 
photochemical ozone creation potential (Figure 14). Fossil resource depletion would also 
be interesting to compare, as we are comparing fossil and bio-based products, but since 
no fossil resource depletion data was available for enzyme production, such a comparison 
is not possible. The global warming potential comparison is presented as cradle-to-grave 
to show the influence of end-of-life emissions. 
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Figure 11 Cradle-to-grave global warming potential of 1 ton of  fossil n-butanol and 
forest based n-butanol with three different ethanol production methods. 
 
 

 
Figure 12 Cradle-to-gate eutrophication potential of 1 ton of  fossil n-butanol and forest 
based n-butanol with three different ethanol production methods. 
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Figure 13 Cradle-to-gate acidification potential of 1 ton of  fossil butanol and forest 
based butanol with three different ethanol production methods. 
 
 

 
Figure 14 Cradle-to-gate photochemical ozone creation potential of 1 ton of  fossil 
butanol and forest based butanol with three different ethanol production methods. 
 
 
5.3 Olefins  
In this section, first the result for the three different methanol production options are 
shown so that they can be evaluated separately. Thereafter, a comparison of the current 
Stenungsund chemical cluster and a future cluster with MTO and dehydration processes 
is presented. In the future cluster methanol from gasification alternative 1 and 3 is used 
for the production of olefins in the MTO plant. 
 
5.3.1 Methanol from gasification of wood chips 
In the technology assessment in the forest Chemistry project, three different technologies 
for production of methanol via gasification of wood chips have been identified. The 
environmental performance of these three alternatives have also been analysed with help 
of life cycle assessment and the result is presented below.  
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It is important to note that the results below only should be used for comparison of the 
three technologies and not for the impact on the Stenungsund cluster. The impact on the 
Stenungsund cluster of using methanol from wood chips is presented in chapter 5.3.2. For 
that assessment methanol from gasification alternative 1 and 3 are used 
 
The gasification and methanol process generates except for methanol also steam as a by- 
product. The steam produced can be used to different extent in other production plants 
located close to the gasification plant and methanol plant (see more in chapter 4.4), that is 
the generated steam will be utilized at different locations in Sweden. In order to compare 
the three alternatives for methanol production (gasification + methanol process) system 
expansion for the replaced steam has been used. That is, the environmental impact from 
the production of the steam that is replaced by the heat produced in the gasification and 
methanol process is deducted from the total environmental impact of the gasification and 
methanol processes. 
 
Table 25, 26 and 27 show the cradle to gate environmental impact of 1 ton of forest based 
methanol produced from gasification of wood chips. 
 
Table 25 Environmental impact of 1 ton of forest based methanol from gasification (alt1) 
at factory gate (incl. system expansion for the steam produced) 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
Onsite emissions 0 2555 0 0 0 0 0 0 

Chemicals 46 81 1.2e-1 362 264 0 29 236 
Wood chips 21 21 0 2100 80 0 6 19 

Electricity 83 83 1e-2 1005 187 0 14 140 
Transport 44 44 0 586 206 0 22 50 

Replaced  steam -732 -732 -2e-2 -11762 -496 -1.1e-1 -126 -80 

1 ton of Methanol -539 2051 1e-1 -7709 240 -1.1e-1 -55 364 

* Biogenic CO2 emissions included 
 
 
Table 26 Environmental impact of 1 ton of forest based methanol from gasification (alt2) 
at factory gate (incl. system expansion for the steam produced) 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
Onsite emissions 0 1873 0 0 0 0 0 0 

Chemicals 0 0 0 0 0 0 0 0 
Wood chips 17 17 0 1735 66 0 5 16 

Electricity 79 79 1e-2 966 180 0 13 134 
Transport 31 31 0 407 143 0 15 33 

Replaced  steam -214 -814 -2e-2 -2965 -1073 -2e-2 -90 -262 

1 ton of Methanol -87 1185 -1e-2 142 -684 -2e-2 -56 -80 

* Biogenic CO2 emissions included 
 
 
Table 27 Environmental impact of 1 ton of forest based methanol from gasification (alt3) 
at factory gate (incl. system expansion for the steam produced) 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 
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kg CO2 eq kg CO2 eq g Sb eq MJ g SO2 eq g R-11 eq g C2H4 eq g PO4
-3

eq 
Onsite emissions 0 2405 0 0 0 0 0 0 

Chemicals 0 0 0 0 0 0 0 0 
Wood chips 20 20 0 2020 77 0 6 18 

Electricity 125 125 1e-2 1519 282 0 21 210 
Transport 65 65 0 863 304 0 32 70 

Replaced  steam -660 -661 -2e-2 -10618 -447 -1.1e-1 -114 -72 

1 ton of Methanol -450 1953 -1e-2 -6216 215 -1e-1 -55 226 

* Biogenic CO2 emissions included 
 
The environmental impact categories that are most interesting for a comparison with 
fossil methanol are global warming potential (Figure 15), as it is the main focus in 
environmental debates, fossil resource depletion (Figure 16), since we are comparing a 
fossil and a bio-based material, and eutrophication potential (Figure 17), as that is one of 
the impact categories that forestry and forestry products are known to have an impact on.  
 

 
Figure 15 Cradle to gate global warming potential of 1 ton of methanol produced via 
gasification of wood chips and methanol synthesis from syngas. 
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Figure 16 Abiotic depletion caused by 1 ton of methanol produced via gasification of 
wood chips and methanol synthesis from syngas. 
 

 
Figure 17 Eutrophication caused by 1 ton of methanol produced via gasification of wood 
chips and methanol synthesis from syngas. 
 
 
5.3.2 Environmental impact of the Stenungsund cluster 
Table 28 and 29 and Figure 18 show the cradle-to-gate environmental impact of the 
Stenungsund cluster, the base case and a future case are presented. The global warming 
potential comparison is presented as cradle-to-grave to show the influence of end of life 
emissions. 
 
Base case 
 
Table 28 Environmental impact of the production by the Stenungsund cluster year 2011. 
This includes the onsite processes in Stenungsund and the production of the materials 
and energy delivered to the cluster. For the impact on global warming also the end-of-life 
emissions are included since these are a significant part of the total cradle to grave 
emissions.  

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq kg Sb eq MJ kg SO2 eq kg R-11 eq kg C2H4 eq kg PO4
-3

eq 
Production of incoming 

streams 1.63e+09 1.67e+09 5.31e+03 9.17e+10 1.16e+07 4.86e+02 1.43e+06 3.54e+06 

Onsite processes 9.36e+08 9.36e+08 0.00e+00 0.00e+00 3.49e+05 0.00e+00 9.21e+05 9.30e+04 
End-of-life of products 
produced in the cluster 3.83e+09 4.22e+09 N/A N/A N/A N/A N/A N/A 

Total impact per 
year 

6.4e+09 6.8e+09 5.3e+03 9.2e+10 1.2e+07 4.9e+02 2.4e+06 3.6e+06 

*Excluding biogenic carbon. GWP 100 years 
 
Future case with MTO and Ethanol dehydration in Stenungsund 
 
Table 29 Environmental impact of the production by the Stenungsund cluster per year for 
a future scenario when an MTO plant and an ethanol to ethylene plant are in place 
producing 230 kton of olefins from wood chips and 560 ktons are produced from fossil 
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fuels in the cracker. This includes the onsite processes in Stenungsund and the production 
of the materials and energy delivered to the cluster. For the impact on global warming 
also the end-of-life emissions are included since these are a significant part of the total 
cradle to grave emissions.  
 

System components 
Environmental impact categories 

GWP GWP 
(b)* 

AD(e) AD(f) AP ODP POCP EP 

kg CO2 eq kg CO2 eq kg Sb eq MJ kg SO2 eq kg R-11 eq kg C2H4 eq kg PO4
-3

eq 
Production of incoming 

streams 1.45e+09 2.89e+09 5.15e+03 7.15e+10 1.05e+07 3.95e+02 1.25e+06 3.48e+06 

Onsite processes 6.52e+08 7.08e+08 0.00e+00 0.00e+00 3.69e+05 0.00e+00 9.29e+05 9.98e+04 
End-of-life of products 
produced in the cluster 3.13e+09 4.23e+09 N/A N/A N/A N/A N/A N/A 

Total impact per 
year 

5.2e+09 7.8e+09 5.2e+03 7.2e+10 1.1e+07 4.0e+02 2.2e+06 3.6e+06 

*Excluding biogenic carbon. GWP 100 years 
 
In Figure 18 the normalized3 results for the environmental impact of the base case vs the 
future case, when 230 kton of olefins are produced from wood chips, are presented.  
 

 
Figure 18 Normalized results for the environmental impact of the base case vs the future 
case for the Stenungsund cluster.  

                                                      
3 Normalized results means that the alternative with the highest impact in each category is assigned 
the value 1,0 and the other alternative receives a value in relation to one. Example; If Product  
A has 50 kg emissions and product B has 40 kg emissions, Product A is assigned 1 and Product is 
assigned 0,8.  
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6 Results interpretation 
 
In this section the results shown in section 5 are analysed.  
 
6.1 Methanol from KRAFT pulp mills 
Applying different kinds of allocation gives us different environmental impact factors for 
forest based methanol, both in terms of total environmental impact and location of 
environmental hot spots. The mass allocation has the highest environmental impact and is 
the case where the KRAFT pulp mill contribution is highest. For mass allocation, the 
three environmental impact categories we focus on, global warming potential, 
acidification potential and depletion of fossil resources, have a higher contribution in the 
KRAFT pulp mill than in the purification process. If we apply an economic allocation, 
the distribution switches for global warming potential (not for the one including biogenic 
carbon), but stays the same for the other two impact categories. On a more detailed level, 
the purification process and the production of the chemicals used in the pulp production 
contribute the most. The significant role of the chemical production is a result of 
Scandinavian production conditions, with efficient production processes in pulp mills and 
low demands of fossil fuels. The contribution of the purification process is a result of 
sulphuric acid production. The consequential case has the lowest emissions of the three 
cases, as KRAFT pulp mill impacts are not included and the bark added as make-up fuel 
has low impact. 
 
Comparison with fossil methanol 
 
All three allocation scenarios have less GWP than fossil methanol (20-30% of the fossil 
methanol cradle-to-gate impact). The consequential case even has less environmental 
impact in the three environmental impact categories focused upon than the fossil case. 
For the depletion of fossil resources, all the forest based methanol cases perform better 
than the fossil case, and have 20% or less of the impact than the fossil methanol has. For 
eutrophication, mass allocation and economic allocation perform worse than fossil 
methanol. If we put the value in perspective however, we see that the values are below 
the limits set by the government on emissions contributing to eutrophication from pulp 
mills (information from the official environmental report of the pulp mill company). 
 
When also looking into the impact from the use phase and the end of life of the methanol 
there will be additional emissions adding to the global warming potential. The methanol 
is intended to be used in the production of Rape Methyl Esther (RME) which is why it 
has been assumed that the methanol will be incinerated in the use phase/end of life since 
the main use of RME is as fuel. Assuming complete combustion each ton of methanol 
will results in 1.83 ton CO2 in the end-of-life phase. In the case methanol from fossil 
resources will be used the CO2 emissions from the use phase/end of life will be fossil CO2 
and in the case the methanol is produced from renewable resources the emissions will be 
biogenic CO2. If we exclude biogenic CO2 emissions from the assessment, forest based 
methanol thus performs significantly better than the fossil methanol in a cradle-to-grave 
perspective (7-12% of the fossil methanol cradle-to-gate GWP). 
 
Remarks 
 
An aspect which is not covered by the analysis, as the effects are highly uncertain, is the 
potential NOx reduction. In a KRAFT Pulp mill where NOx reduction apparatus has not 
been invested in, NOx emissions are a concern. In these cases, it has been estimated that 
NOx reductions can be reduced with around 80% which, in addition to the environmental 
benefit, is an economical benefit as companies in Sweden pay for NOx emissions. 
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Another potential benefit is that the purification process generates nitrogen which can be 
sold as feedstock to sewage plants.  
 
Uncertainties 
 
The uncertainties in the study are largest for the purification process. As the process is in 
development, we do not know how the end result will look like. We neither know how 
the process would look like on a plant scale, as it only exists on lab scale today. The 
results presented here however show the environmental performance when the current 
purification technology is used and unless there will be large changes in the purification 
process these results will also be representative for the end result. 
 
6.2 N-butanol 
Ethanol production is the life cycle stage with the decidedly largest environmental impact 
in all environmental impact categories. Enzyme production is the process dominating the 
environmental impact in all the categories where data was available (in both enzyme 
amount alternatives). Liptow et al. (2013) came to the same conclusion in their forest 
biomass ethylene study. Eutrophication potential is the only environmental impact 
category where other processes (onsite emissions and waste management in the ethanol 
production) are equally important, but that is only in the enzyme base case.  
 
Of the three ethanol production scenarios, ethanol produced with the SEKAB technology 
in Örnsköldsvik has the best environmental performance in all environmental impact 
categories except for eutrophication potential and acidification potential. The reason for 
this is that the ethanol produced with the SEKAB technology in Örnsköldsvik is more 
based on biomass than the two others, as it uses steam made from biomass. Ethanol 
produced with the SEKAB technology in Stenungsund has the worst environmental 
performance, due to the utilisation of steam from natural gas. The Örnsköldsvik based n-
butanol therefore performs better than the two other butanol value chains, except from 
eutrophication potential and acidification potential.  
 
Although enzyme production has a high environmental impact it is possible to reduce the 
enzyme share of environmental impact in ethanol production with two measures. One is 
to use less enzymes in the production. This can be achieved through enzyme utilization 
optimization. The barrier for optimization could be that the focus in ethanol production is 
first and foremost on ethanol production efficiency, since this is economically crucial. 
Enzymes on the other hand are costly, but they do not represent a major cost. The other 
possibility is to produce the enzymes elsewhere than in Denmark. The electricity mix 
used in Novozymes enzymes is Danish. The Swedish electricity mix has significantly 
lower GWP. An example on relocated enzyme production is that the company Chemtex 
and Novozymes are collaborating on a commercial scale cellulosic plant in Crescentino 
(Italy) (European Biofuels Technology Platform 2013). Enzyme production processes 
have also been optimized significantly in the last years, and have the prospect of further 
improvement through production strain optimization (Nielsen, Oxenbøll et al. 2007). 
 
Another factor which influences the environmental impact of the forest based n-butanol is 
the economic values set for the products of the ethanol production process, since these are 
used as base for the allocation of environmental burden between the co-products. The 
lignin is in this study considered as being sold as a fuel. It could however be sold to the 
chemical industry as a component in chemical production, which would make the lignin 
value higher. As we use economic allocation, more of the environmental burden would 
then be allocated from the ethanol to the lignin. In our study, 56% of the environmental 
impact of the ethanol production system was allocated to the ethanol (from the converted 
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KRAFT pulp mill) while in the study by Liptow et al. (2013) 42% was allocated to the 
ethanol.  
 
Comparison with fossil n-butanol 
 
All three forest based n-butanol scenarios have less GWP than fossil n-butanol (37-61% 
of the fossil n-butanol cradle-to-gate impact) in the enzyme base case. With the high 
enzyme case, the cradle-to-gate GWP is similar for the forest based n-butanol cases and 
the fossil n-butanol. This changes, however, if we expand the cradle-to-gate to a cradle-
to-grave study and assume incineration as end-of-life scenario for the chemicals since this 
is a common form of waste treatment for consumer goods in Europe. Assuming complete 
combustion each ton of n-butanol will results in 2.38 ton CO2 in the end-of-life phase. In 
the case n-butanol from fossil resources will be used the CO2 emissions from the use 
phase/end of life will be fossil CO2 and in the case the n-butanol is produced from 
renewable resources the emissions will be biogenic CO2. If we exclude biogenic CO2 
emissions from the assessment, forest based n-butanol thus performs significantly better 
than the fossil n-butanol in a cradle-to-grave perspective (forest based n-butanol has a 
GWP of 20-32% of that of fossil n-butanol in the enzyme base case and 42-57% of that of 
fossil n-butanol in the high enzyme case). 
 
For eutrophication potential and acidification potential, all forest biomass n-butanol 
production processes have a slightly larger impact than fossil n-butanol in the enzyme 
base case. In the high enzyme case, the forest biomass n-butanol cases have a ~160-170% 
larger eutrophication potential and ~250-280% larger acidification potential than the 
fossil n-butanol. Ethanol production is the life cycle stage with the highest contribution to 
eutrophication potential. The environmental impact is resulting from onsite emissions, 
enzyme production and waste management. Enzyme production is also the highest 
contributor to acidification potential, in addition to production of chemicals and 
auxiliaries for the ethanol production. Ship transport of ethanol is also a significant 
contributor to eutrophication. 
 
Uncertainties 
 
The uncertainties in the study are largest for the enzyme production, which is why we 
also chose to do a sensitivity analysis. Since the production data for the enzyme 
production are not available we were however not able to do a sensitivity analysis of the 
enzyme production itself, only of the amount used in the ethanol production. In the 
enzyme production data electricity is produced from natural gas, which, as enzyme 
production requires much energy (Nielsen, Oxenbøll et al. 2007), should contribute much 
to the environmental impact. Applying electricity data from renewable sources could 
therefore make the enzyme production contribution, and thereby also the total impact of 
the forest based n-butanol production, considerably lower. 
 
Results are also much dependent on the prices selected for the ethanol production outputs.  
 
6.3 Olefins 
 
Methanol from gasification of wood chips 
 
When methanol is produced via gasification of wood chips, steam is produced as a by-
product. The amount of steam is significant and in order to analyse the environmental 
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impact of only the methanol, system expansion has been used4. That is, it has been 
assumed that the steam produced is used in other production processes which requires 
steam. This results in that the steam earlier used for these processes no longer needs to be 
produced. The impact of this steam production (that now is avoided) is deducted from the 
environmental impact of the gasification.  
  
The results presented in Table 25-27 show that gasification alternative 1 has the best 
environmental performance in most categories. The impact on global warming and 
resource depletions is even negative due to the system expansion. In this alternative the 
steam that is replaced by steam from the gasification/methanol synthesis is produced from 
natural gas. Natural gas is a fossil resource that when incinerated generates fossil CO2 
emissions. Since the methanol production mainly uses renewable resources the amount of 
fossil resources and fossil CO2 emissions from this production is low and when the 
avoided emissions from the steam production from natural gas is deducted the impact in 
these categories are negative.  
  
The impact from alternative 3 on global warming and fossil resource depletion is higher 
than from alternative 1 even though steam from natural gas is replaced also in this 
alternative. This is due to that somewhat less heat per ton of methanol is produced in this 
alternative and that it also requires some more electricity and steam per ton of methanol. 
 
When looking at the results when also the biogenic CO2 is taken into account the picture 
changes since also the CO2 formed in the incineration of the wood chips is included (in 
all three alternatives part of the wood chips are incinerated in the gasification process). 
Alternative 2 have by far the lowest total CO2 emissions. That means that this alternative 
uses less total energy than the other alternative, that is, it is the most energy efficient 
alternative. 
  
It can also be seen in the results that for the impact on global warming and resource 
depletion the source of the replaced heat is the dominating factor for the results in these 
categories. If the steam produced in alternative 2 would replace steam from natural gas 
(as is done in alt 1 and 3) alternative 2 would have the same impact as alternative 1 and 3 
and in some impact categories even lower impact. This is mainly due to that alternative 2 
is the most energy efficient alternative. 
 
If the steam produced in the methanol production would not be used and thereby not 
either carry any part of the environmental impact from the methanol production, that is 
the methanol would carry all impact of the production, alternative 2 would have the 
lowest environmental impact in most impact categories.    
 
The impact on abiotic resource depletion of elements and ozone depletion is very small 
since only very small amounts of substances impacting these categories are used in the 
upstream value chain. 
  
Also the impact on acidification, eutrophication and creation of ground level ozone 
creation potential (PCOP) mainly occurs in the upstream system, and in the production of 
the replaced steam. Alternative 2 has the lowest impact on acidification and 
eutrophication and that is mainly due to that the fuel replaced in this alternative has in 
comparison high emissions of substances contributing to these impacts. The impact on 
POCP (ground level ozone creation potential) is very similar for all three alternatives. It is 

                                                      
4 The reason for choosing system expansion and not allocation is that the intention of the Forest 
Chemistry project is to perform energy integration between the production process to decrease the 
energy consumption and environmental impact. 
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negative and this is due to that the methanol production only has small emissions 
impacting POCP and the production of fossil fuel generates higher amounts of emissions 
of substances contributing to creation of ground level smog. 
 
Olefins 
 
Since the production of olefins from renewable methanol in an MTO plant in 
Stenungsund will be integrated in the Borealis cracker plant, the environmental impact of 
these olefins cannot be analysed separately. The analysis of the change in environmental 
impact is therefore carried out for the cluster in Stenungsund. The current production in 
the cluster (production of 2011) is compared with a future production where 200 kton 
olefins per year is produced from renewable methanol in an MTO plant and 30 kton 
ethylene is produced from renewable ethanol (also produced from wood chips) in a  
dehydration plant and the remaining part of the annual production volume of olefins is 
produced by steam cracking of naphtha/light fractions of petroleum. 
 
The results show that a future production in Stenungsund where part of the olefins are 
produced from wood chips, has lower environmental impact in all categories analysed 
except for eutrophication and global warming when biogenic CO2 emissions are included 
compared to the current production. 
 
The impact on global warming (fossil emissions) from the cradle-to-grave activities for 
the products from the cluster decreases with 19% in the future scenario compared to the 
current scenario. The absolute decrease is 1070 ktons CO2-eq. which corresponds to 1.7% 
of Sweden’s global warming emissions year 2011 (Swedish Environmental Protection 
Agency 2013). The decrease is due to both reduced emissions in the cradle to gate 
activities (340 ktons) and reduced emissions in the end of life treatment of the products 
(730ktons). The decrease in end of life emissions is due to that a part of the CO2 
emissions generated when the products from the future cluster are incinerated or 
decomposed originates from the renewable methanol and ethanol. These emissions are 
then biogenic CO2 and not considered to contribute to global warming. 
 
The reduced CO2 emissions in the cradle-to-gate activities are mainly due to two things: 
 
• The reduced use of natural gas in the cracker plant due to that the surplus heat 

generated in the gasification and methanol synthesis is used in the cracker and 
thereby less fuels to produce steam for the cracker is required. The reduced impact of 
that less fuel is used is both less emissions from the incineration of the fuel but also 
less impact due to that the fuel no longer needs to be produced. 
 
In the current assessment 64% of the surplus heat from the gasification and methanol 
synthesis is assumed to be used in the cluster and to replace heat from other sources. 
This is the part that has been identified by Borealis that can be replaced in the 
operations. 
  

• The production of the renewable raw materials, methanol and ethanol, have lower 
impact than the production of the fossil raw materials (ethane, propane and butane) 
used in the base case.  

 
In the future case analysed ~25% of the olefins used by the Stenungsund cluster in 2011 
is produced from renewable source5. There is therefore a potential to decrease the 
environmental impact of the cluster even more if more olefins could be produced from 
                                                      
5 The main part of the olefins used by the Stenungsund cluster in the current scenario is produced 
in Stenungsund but there is also import of olefins to cover the volumes required for the production. 
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renewable methanol and ethanol. An extrapolation of the results presented here to a 
scenario when 100% of the olefins used would be replaced by olefins produced from 
renewable methanol and ethanol and that this methanol and ethanol is produced in the 
same way as in the future scenario analysed here, results in that the decrease in global 
warming potential could be around 65% compared to the impact of the reference case. 
This equals around 4150 ktons CO2 emissions (cradle-to-grave) which is equal to 7% of 
Sweden’s total CO2 emissions in 2011 (Swedish Environmental Protection Agency 2013). 
There are of course many factors that can impact this and all effects are not known but 
this figure can be used as an estimated potential. 
 
If also the biogenic CO2 emissions are included in the assessment the total CO2 emissions 
(fossil + biogenic) will be higher for the future case than the base case. This is due to that 
more energy is used for the production of the raw materials. Since CO2 emissions are a 
fairly good measurement of energy usage, this tells us that the future case will use more 
total energy than the current case but a significant share of this energy is from renewable 
sources.   
 
The future case has around 20% lower impact on fossil resources depletion than the base 
case. This means that the future case is less dependent on fossil resources than the current 
case. This is mainly due to the decreased need of fossil raw materials to the cluster.  
 
Also the impact on acidification, ozone depletion and ground level ozone creation 
potential (POCP) will be lower in the future case and this is mainly due to lower impact 
from the production of the raw materials. Production of ethane/propane/butane has higher 
impact on these categories than methanol from MTO plants. 
 
The impact on eutrophication is higher for the future case than the current case, around 
10% higher. This is mainly due to higher impact from the production of the incoming raw 
materials than in the base case. Since a part of the olefins will be produced from wood 
chips in the future case this is no surprise, as forestry activities are known to have an 
impact on eutrophication.  
 
For the life cycle assessment calculations methanol from gasification alternative 1 and 3  
were combined in order to deliver the required amount of methanol to the MTO plant. In 
reality it is more likely that only one gasification plant will be built, but then a larger 
plant. As long as any of the techniques used in gasification alternative 1 & 3 will be used 
and that the plant will be located so that the heat generated can be used in other processes 
in Stenungsund and replace natural gas fuel to the same extent as in the scenario analyzed 
in the LCA, the results presented in chapter 5 are also representative if a larger 
gasification plant is used. The environmental impact would possibly be somewhat lower 
from a larger plant due to higher efficiency in a larger plant. 
 
 
 
6.4 Sensitivity analysis of choice of electricity 
In the assessment two electricity mixes have been used, Nordic electricity mix and a 
supplier specific mix consisting of hydro power, nuclear power and wind power. The 
production of the electricity consumed by the Stenungsund chemical industry cluster 
(reference case) has a global warming potential of 4% and an eutrophication potential of 
4% of the total environmental impact potential of the production of inflows. The impact 
potential in the other impact categories is between <1% and 2%. If the electricity mix was 
European (EU27 production mix) (Swiss Centre for Life Cycle Inventories 2007), the 
electricity would make up 39% of the global warming potential and 11% of the abiotic 
depletion potential of fossil resources. This indicates that even if electricity is not the 
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incoming flow with the highest environmental impact for the Stenungsund industry 
cluster, it might be for chemical industry clusters in other locations. 
 
For the comparison with the current cluster and future cluster the choice of electricity mix 
is less important due to the fact that it is an comparison and when the same mix is used in 
both scenarios the choice of electricity mix effects the absolute emissions from the cluster 
but not the relative performance of the two scenarios. 
 
 
6.5 Climate change assessment ambiguities and 

impact on biodiversity  
LCA is a tool designed to assess environmental impacts in a holistic manner when it 
comes to the inclusion of relevant environmental impact categories. There are however, 
environmental impacts and effects that are challenging to include in LCA and that there 
have not yet been developed established methods for. There are also disagreements about 
how the carbon cycle should be assessed and the role of biogenic CO2 emissions. The 
themes have been discussed extensively in literature, but here we will only present a brief 
overview. 
 
Climate change assessment ambiguities 
 
The way climate impact assessment is most frequently applied in LCAs of forest products 
has been criticised for (among others) insufficient consideration of carbon exchanges 
between soil, vegetation and the atmosphere, and the assumption on climate neutrality of 
biogenic carbon emissions (Brandão, Levasseur et al. 2013). One example of insufficient 
consideration of carbon exchanges is soil organic carbon changes. Stocks of carbon stored 
below ground are especially large for boreal forests (Liski, Lehtonen et al. 2006), and 
forestry might interfere with these stocks and emit the soil carbon. The scale of these 
emissions could be considerable (Repo, Tuomi et al. 2011, Helin, Sokka et al. 2013). 
Another phenomenon which is currently not included in environmental impact 
assessment is the albedo effect, which is the capacity of the earth’s surface to reflect 
sunlight back to space. The albedo effect is larger when the surface is white (snow 
covered) and smooth (clear-cut forest) (Cherubini, Guest et al. 2013). 
 
Normally biogenic CO2 emissions are not included in environmental impact assessments 
as it is assumed that crops and plants will sequester the CO2. The common assumption is 
therefore that biogenic CO2 emissions are climate neutral. If however the urgency of the 
climate change problem is given extreme importance, then all CO2 emissions are harmful 
(although the CO2 has a biological origin, it has the same properties as fossil CO2 in the 
atmosphere (Gunn, Ganz et al. 2012)) as there will always be a time lag in the CO2 
uptake (Helin, Sokka et al. 2013). Global warming potential both excluding and including 
biogenic CO2 emissions is presented in the result tables. 
 
Biodiversity 
 
Today Sweden has a net growth of forest (Staffas, Tufvesson et al. 2013). If the market, 
however, would start to demand a lot more of forest biomass, this situation could change. 
This could lead to that i) forests are managed more intensively, ii) that new forest areas in 
Sweden begin to be managed or that iii) forest biomass is bought from abroad (which 
could lead to that i) and ii) takes place abroad). Such changes would have an effect on 
biodiversity, as the situation for the involved eco-systems would change.  
 
Replacing approximately 25% of the fossil resources used for olefins production with 
forest biomass, which is the strategy investigated in the Forest Chemistry project, would 
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mean a large demand of forest biomass. Forest resource availability in relation to the 
demand should therefore be investigated before such a strategy is decided upon.  
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7 Conclusions 
 
In this study, the environmental impact of several technological value chains for 
producing chemicals from forest biomass were explored: methanol production from 
purified KRAFT pulp mill stripper off gases (SOG’s), n-butanol production via ethanol, 
acetaldehyde and crotonaldehyde, and olefins produced through a methanol-to-olefins 
(MTO) process and dehydration of ethanol. Conclusions from the study are presented 
underneath for each technology. 
 
Methanol from KRAFT pulp mills 
 
The forest based methanol from KRAFT pulp mill purified SOG’s has a lower global 
warming potential than fossil based methanol, both when only cradle-to-gate impact is 
taken into account (where the forest based methanol has 20-30% of the impact that fossil 
methanol has, depending on allocation method) and when including end-of-life emissions 
(where the forest based methanol has 7-12% of the impact that fossil methanol has, 
depending on allocation method). 
 
In the environmental impact category depletion of fossil resources, the forest based 
methanol has 20% or less of the impact that the fossil methanol has (depending on 
allocation method). For eutrophication, on the other hand, applying mass allocation and 
economic allocation makes the forest biomass based methanol perform worse than fossil 
methanol. 
 
The purification process and the production of chemicals used in the KRAFT pulp mill 
are the processes with the highest environmental impact. 
 
N-butanol 
 
Enzyme production is decidedly the environmental hot spot in the life cycle of forest 
based n-butanol. 
 
All three forest based n-butanol scenarios have less global warming potential than fossil 
n-butanol (37-61% of the fossil n-butanol cradle-to-gate impact) in the enzyme base case. 
In the high enzyme case the global warming potential is similar. This changes, however, 
when expanding the cradle-to-gate to a cradle-to-grave study and the fossil end-of-life 
CO2 emissions from combustion of n-butanol are included. Then, forest based n-butanol 
has a global warming potential of 20-32 % of that of fossil n-butanol in the enzyme base 
case and 42-57% of that of fossil n-butanol in the high enzyme case. 
 
For eutrophication and acidification potential, all forest biomass n-butanol production 
processes have a larger impact than fossil n-butanol (slightly larger in the enzyme base 
case, noticeably larger in the high enzyme case).  
 
Olefins 
 
Switching to partly produce olefins from renewable methanol and ethanol will reduce the 
environmental impact of the products from the cluster. The reductions will be both in the 
production of the raw materials to the cluster, in the productions in the cluster as well as 
in the end of life treatment of the products from the cluster. 
 
The total amount of energy used along the value chain will be higher when the olefins 
partly is produced from renewable methanol/ethanol (wood chips) but since a significant 
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part of this energy will be from renewable sources the total dependency on fossil 
resources will be lower compared to the current situation. 
 
The impact on global warming (cradle to grave) will decrease with 19% when 25% of the 
olefins used in the cluster is produced from wood chips. The potential decrease on global 
warming if 100% of the olefins would be produced from wood chips is around 65%. 
 
Heat integration between the gasification/methanol synthesis plants and the cracker is of 
high importance for the results as well as what kind of fuel that is replaced 

 
The environmental performance of the methanol produced via gasification of wood chips 
is dependent on if the steam produced in the process is utilized and if so what it will 
replace. 
 
Remarks 
 
The technologies assessed in the study should only be compared with associated 
reference cases and not with each other, as size of the projects, feedstock and energy 
supply are different. 
 
Ethanol, methanol and butanol can be used as transportation fuels. To qualify as 
sustainable fuels under the RED directive (Council directive (EC) 2009), certain 
requirements have to be fulfilled regarding life-cycle environmental impacts. The present 
study was not designed to assess impacts according to the RED directive, and the results 
should therefore not be applied in such contexts. 
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