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The aviation sector needs transition to
climate-neutral energy carriers such as renewable fuel
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SUMMARY

The aviation sector needs transition to climate-neutral energy carriers such as renewable fuels.
Considering a future scarcity in biomass-based biofuels, electrofuels from renewable feedstocks
is an attractive option. Bio electro jet fuel (BEJF) integrated production at combined heat and
power (CHP) plants in northern Sweden, where renewable electricity supply is plentiful and
growing, has a currently untapped potential that can be used for greater synergy in existing heat
and power production while at the same time significantly reducing the climate impact for future
air-travel.
This document reports the findings of the project

and calculations, as well as literature-based studies but

“Large scale bio electro jet fuel production integration

not the construction of any facilities.

at CHP-plant in Östersund, Sweden”. BEJF is an
electrofuel produced in a synthesis process where
biogenic carbon dioxide (CO2) is the main carbon
source and hydrogen from electrolysis of water using
renewable electricity is the main energy source.
The project is a feasibility study for a factory for
such fuel located at Jämtkraft's facility for CHP in
Östersund. Thus, the aim of the project is to assess
the feasibility for producing renewable aviation fuel
at a specific location considering and evaluating e.g.,
different processes, operations and integrations, costs,

The work has been divided into the following work
packages: Project management (WP1), Process
identification (WP2), Unit operations (WP3), Mass
transport effects during CO2 hydrogenation to Jet
fuel (WP4), Process integration (WP5), Capital- and
operational costs (WP6), Fabriken AB (WP7), Life
cycle assessment (LCA) (WP8), Distribution (WP9),
Usage (WP10), and Sustainable business models
(WP11). The main findings are summarized shortly
below.

environmental impact, business models and actors.

For the assessed BEJF production case, the CHP

IVL The Swedish Environmental Research Institute,

process is either suggested to be run at normal

Jämtkraft (JK), Chalmers University (CU), Lund

operation with minimal change or with introduction

University (LU), Nordic Initiative for Sustainable

of the oxyfuel technology into the process. As carbon

Aviation (NISA), and Fly Green Fund (FGF) have been

capture (CC) technology, either a Monoethanolamine

the primary implementers in this project. Other project

(MEA) scrubber is used because of its technological

stakeholders (AFAB, and The Power Region), have

maturity, high CC capacity and suitability for the

provided relevant data to the various working groups.

current CHP process, or alternatively 2-amino-2-

The project has included experimental work, modelling

methyl-1-propanol - N-methyl-2-pyrrolidone (AMP-

8
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NMP) because of its higher efficiency and suitability

the product distribution, as well as for both routes to

for energy integration. For Electrolysis, Alkaline

assess the effect of varying the capacity of biomass

electrolysis (AEL) is preferred as first-hand option

feed on the production cost of BEJF.

for the production site for the BEJF production
because of the high production capacity, long lifetime,

The environmental impact for large scale production

suitability for continuous production processes and for

of BEJF from the F-T pathway and the AtJ pathway

its technological maturity. Solid Oxide Electrolyzer

using has been assessed using Life cycle assessment

Cell (SOEC) is considered as a second-hand option for

(LCA). The Global warming potential (GWP) of the

electrolysis due to its low electricity demand, its ability

studied fuels range between 11 and 19 g CO2 eq. per

to produce hydrogen gas with high purity and its

MJ BEJF produced, with the possibility for even

suitability for a continuous process. However, it is in

lower emissions factors (9-16 g CO2 eq. per MJ BEJF)

an early Research and development (R&D) phase and

when co-products from the hydrogen production

has limited lifetime expectancy compared to AEL.

process are considered. The AtJ pathway resulted,
for all studied impact categories, in slightly better

The synthesis process has focused on two different

environmental performance compared to the F-T

alternative options: The optimized Fischer-Tropsch

pathway. In the absence of detailed data however,

(F-T) reaction with reversed water gas shift reaction

this pathway was modelled in a more simplified way

(rWGSR), and the modified alcohol to Jet (AtJ) via

compared to the F-T pathway which may explain some

methanol (MeOH) reaction. Both options have been

of the variations observed. According to this study

studied separately and seem interesting. Either a

it is indicated that the BEJFs can fulfil the emission

simplified separation process based around distillation

reduction targets set by policy and provide a promising

to separate hydrocarbons of different chain-lengths or

alternative for the aviation sector under the condition

a more intricate separation process that produces fuels

that renewable sources are used and that processes

containing aromatics have been considered.

are highly integrated to take advantage of all possible
synergies. It should be noted that results from LCAs in

The possibility of producing BEJF from renewable

general and of this study in particular can be sensitive

CO2 and hydrogen (H2) via two synthetic routes (F-T

to the underlying assumptions and methodological

and AtJ) and the integration of these processes into

choices performed. The outcome for example may

a CHP plant have been investigated under Swedish

differ for countries other than Sweden (or Nordic) and

conditions. Both routes have shown comparable

with a more carbon intense energy mix. To capture

BEJF production costs of approximately EUR 1.6/

methodological variations, additional scenarios

litre BEJF, with a slight increase of about 3% in the

looking to other allocation approaches (for instance

case of AtJ. It should, however, be noted that there is a

in relation to the CHP) or fuel related reporting

significantly lower amount of jet fuel produced via the

frameworks (e.g. REDII) could be further investigated.

AtJ process compared to the F-T-route. A reduction of

Apart from the CHP, the remaining processes are

78% in heating demand has been achieved in the F-T

based on simulations and experimental results

process through energy integration, which has also

indicating that the full integration potential and

led to a significant increase in thermal efficiency of the

scale up effects are not considered in detail. Future

process up to 39%, based on the F-T crude product.

assessments on a demo or full-scale fuel production

Both routes can be integrated with the CHP plant and

facility may provide an even deeper understanding

the district heating network to achieve a better overall

on the factors influencing the environmental

energy efficiency. Further research is required for the

performance of these fuels.

AtJ route in order to increase the jet fuel fraction in

9
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In this report, business model aspects have been

would contribute to the business model.

discussed assuming that the BEJF may in the future

In future work with the aim to realize the concepts

represent a renewable aviation fuel with high GHG

analyzed in this report, the technological pathways

reduction potential. It is therefore crucial that the

need to be further optimized towards the specific

production plant is designed and operated in order to

purpose of BEJF production, and specific catalysts

provide a fuel with low climate impact. Other benefits

developed for this. The integration of the BEJF-

and impact on sustainability to include in a sustainable

facility and the CHP plant needs to be examined

business model are, for example, regional growth, job

more in detail and a wider range of scales of BEJF

creation as well as social and gender equality. There

production simulated. LCA should be expanded

will be potentially valuable by-products generated

to include all aspects of sustainability (economic,

from the process, such as gasoline and diesel which

environmental and social) in a more explicit manner.

are expected to contribute to the overall business

More specific technoeconomic assessments should also

model. Besides being sold to end customers these

be performed. Moreover, the different options linked to

products could be sold to an intermediator, for example

the business case and model should be described more

a refinery. Other by-products from the process to be

in detail and the pros and cons as well as strengths and

considered in the business model include for example

weaknesses of them clarified for this specific potential

residual/surplus heat, oxygen and waxes where new or

plant. Linked to this the impact of the somewhat more

existing markets could be relevant. The role to take in

complex value chain compared to conventional jet

the value chain by Fabriken AB could be influenced by

fuels need to be addressed. An economic assessment

the actors that get involved as owner or partner to the

for the different cases should also be performed

production plant, i.e. if a fuel company will invest in

clarifying the role of which product to sell and when

the production plant they naturally also take the role as

and the role of the by-products and policies as well as

a distributor and to sell the fuel to the end costumer.

the market situation considering other potential new
actors producing bio-jet fuels for the Nordic and global

In the future, the costumers could potentially also be
interested in engaging in the production step. The
business model can depend on the interest of the future
owner of the production plant and the know-how of
the company, potentially an owner that engage a lot in
the development would be beneficial for the business.
For example, if the owner represents an actor with its’
own interest to develop the market and a great knowhow in the area of renewable aviation fuel, has local
connections to the region, provides raw material to
the production or is a strong technology provider that

10

market. Any risks or potential showstoppers for the
proposed Large-scale BEJF production integration
at a CHP-plant in Östersund should also be identified
and solutions assessed. A future project addressing
these issues has the potential to also include an actual
construction of the plant considered in this study,
Fabriken AB, on site in the not too distant future.
Finally, the results in this study are promising and the
project has pushed the concept closer to realization.
The project has also evoked strong interest from many
sectors of society and the media along its duration.
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SAMMANFATTNING

Luftfartssektorn måste övergå till klimatneutrala energibärare så som förnybara bränslen.
Med tanke på en framtida brist på biomassa-baserade biodrivmedel är bränslen från andra förnybara
råvaror ett attraktivt alternativ. Produktion av bioelektrojetbränsle (BEJF) vid kraftvärmeverk i norra
Sverige, där förnybar el är riklig och växer, har en för närvarande outnyttjad potential som kan användas
för större synergi i befintlig värme- och kraftproduktion samtidigt som klimatpåverkan kan minskas
avsevärt för framtida flygresor.
Detta dokument rapporterar resultaten av

Processintegration (WP5), Kapital- och driftskostnader

projektet ”Storskalig integration av bio-elektro-jet-

(WP6), Fabriken AB (WP7), Livscykelbedömning

bränsleproduktion vid kraftvärmeverk i Östersund,

(LCA) (WP8), Distribution (WP9), Användning (WP10)

Sverige”. BEJF är ett elektrobränsle som produceras

och Hållbara affärsmodeller (WP11). De viktigaste

i en syntesprocess där biogen koldioxid (CO2) är den

resultaten sammanfattas nedan.

huvudsakliga kolkällan och vätgas från elektrolys
av vatten med förnybar el är den huvudsakliga

För det bedömda BEJF-produktionsfallet föreslås

energikällan. Projektet är en genomförbarhetsstudie

antingen att kraftvärmeprocessen körs vid normal drift

för en fabrik för sådant bränsle beläget vid Jämtkrafts

med minimal förändring eller så ingår oxyfuel-tekniken

anläggning för kraftvärme i Östersund. Således är

i processen. Som koluppsamlingsteknik (CC) används

syftet med projektet att bedöma genomförbarheten

antingen en monoetanolamin (MEA) skrubber på

för att producera förnybart flygbränsle på en

grund av sin tekniska mognad, höga CC-kapacitet och

specifik plats och utvärderar bland annat olika

lämplighet för den aktuella kraftvärmeprocessen eller

ingående processer, drift och integration, kostnader,

2-amino-2-metyl-1-propanol - N-metyl -2-pyrrolidon

miljöpåverkan, affärsmodeller och aktörer. IVL Svenska

(AMP-NMP) på grund av dess högre effektivitet och

miljöforskningsinstitutet, Jämtkraft (JK), Chalmers

lämplighet för energiintegration. För elektrolys föredras

universitet (CU), Lunds universitet (LU), Nordiska

alkalisk elektrolys (AEL) som förstahandsalternativ

initiativet för hållbar luftfart (NISA) och Fly Green

för produktionsanläggningen för BEJF-produktion

Fund (FGF) har varit de främsta genomförarna i

på grund av den höga produktionskapaciteten, den

detta projekt. Andra projektintressenter (AFAB och

långa livslängden, lämpligheten för kontinuerliga

Power Region) har lämnat relevant information till

produktionsprocesser och dess tekniska mognad. Solid

de olika arbetsgrupperna. Projektet har inkluderat

Oxide Electrolyzer Cell (SOEC) betraktas som ett

experimentellt arbete, modellering och beräkningar

alternativ för elektrolys på grund av dess låga elbehov,

samt litteraturbaserade studier men har inte innehållit

dess förmåga att producera vätgas med hög renhet och

byggandet av några anläggningar.

dess lämplighet för en kontinuerlig process. Denna
teknik är dock i en tidig forsknings- och utvecklingsfas

Arbetet har delats in i följande arbetspaket:

och har begränsad livslängd jämfört med AEL.

Projektledning (WP1), Processidentifiering (WP2),

Syntesprocessen har fokuserat på två olika alternativ:

Enhetsoperationer (WP3), Masstransporteffekter

Den optimerade Fischer-Tropsch (F-T) -reaktionen

under koldioxidhydrogenering till Jetbränsle (WP4),

med omvänd vattengasförskjutningsreaktion (rWGSR)

11

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

och den modifierade alkohol till Jet (AtJ) via metanol

samprodukter från väteproduktionsprocessen beaktas.

(MeOH) -reaktionen. Båda alternativen har studerats

AtJ-vägen resulterade i något bättre miljöprestanda

separat och verkar lovande. Antingen har en förenklad

för alla studerade påverkanskategorier jämfört med

separationsprocess baserad på destillation för att

F-T-vägen. I avsaknad av detaljerade data modellerades

separera kolväten med olika kedjelängder eller en mer

dock denna väg på ett mer förenklat sätt jämfört med

invecklad separationsprocess som producerar bränslen

F-T-vägen, vilket kan förklara några av de observerade

innehållande aromater övervägts i studien.

variationerna. Enligt denna studie indikeras att BEJF
kan uppfylla de utsläppsminskningsmål som anges

Möjligheten att producera BEJF från förnybar CO2

i policy och tillhandahålla ett lovande alternativ för

och väte (H2) via två syntesvägar (F-T och AtJ) och

flygsektorn under förutsättning att förnybara källor

integrationen av dessa processer i ett kraftvärmeverk

används och att processer är mycket integrerade för

har undersökts under svenska förhållanden.

att dra nytta av alla möjliga synergier. Det bör noteras

Båda vägarna har visat jämförbara BEJF-

att resultat från LCA i allmänhet och av denna studie

produktionskostnader på cirka 1,6 EUR/literBEJF,

i synnerhet kan vara känsliga för de underliggande

med en liten ökning med cirka 3% för AtJ. Det bör

antagandena och metodiska val som utförts. Resultatet

dock noteras att det produceras en betydligt lägre

kan till exempel skilja sig åt för andra länder än Sverige

mängd flygbränsle via AtJ-processen jämfört med F-T-

(eller nordiska) och med en mer kolintensiv energimix.

rutten. En minskning av uppvärmningskraven på 78%

För att fånga metodiska variationer kan ytterligare

har uppnåtts i F-T-processen genom energiintegrering,

scenarier för andra fördelningsmetoder (till exempel

vilket också har lett till en betydande ökning av

i förhållande till kraftvärme) eller bränslerelaterade

processens termiska effektivitet upp till 39%, baserat

rapporteringsramar (t.ex. REDII) undersökas vidare.

på F-T produkten. Båda rutterna kan integreras med

Förutom kraftvärme är de återstående processerna

kraftvärmeverket och fjärrvärmenätet för att uppnå

baserade på simuleringar och experimentella

en bättre total energieffektivitet. Ytterligare forskning

resultat som indikerar att full integrationspotential

krävs för AtJ-rutten för att öka jetbränslefraktionen

och uppskalningseffekter inte beaktas i detalj.

i produktdistributionen, samt för båda rutterna för

Framtida bedömningar av en demo eller fullskalig

att bedöma effekten av att variera kapaciteten hos

bränsleproduktionsanläggning kan ge en ännu djupare

biomassaflödet på produktionskostnaden för BEJF.

förståelse för de faktorer som påverkar miljöprestanda
för dessa bränslen.

Miljöpåverkan för storskalig produktion av BEJF från
F-T-vägen och AtJ-vägen inkluderat användning har

I denna rapport har affärsmodellaspekter diskuterats

bedömts med livscykelbedömning (LCA). Den globala

med antagandet att BEJF i framtiden kan representera

uppvärmningspotentialen (GWP) för de studerade

ett förnybart flygbränsle med hög potential för

bränslen ligger mellan 11 och 19 g CO2-ekv. per

minskning av växthusgaser. Det är därför avgörande

producerad MJ BEJF, med möjlighet till ännu lägre

att produktionsanläggningen utformas och drivs för att

utsläppsfaktorer (9-16 g CO2-ekv. per MJ BEJF) när

leverera ett bränsle med låg klimatpåverkan.
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Andra fördelar och inverkan på hållbarhet som ingår i

katalysatorer utvecklas för detta. Integrationen av

en hållbar affärsmodell är till exempel regional tillväxt,

BEJF-anläggningen och kraftvärmeverket måste

skapande av arbetstillfällen samt social hållbarhet

undersökas mer detaljerat och ett bredare spektrum

och jämställdhet. Det kommer att finnas potentiellt

av skala av BEJF-produktion simuleras. LCA bör

värdefulla biprodukter som genereras från processen,

utvidgas till att omfatta alla aspekter av hållbarhet

såsom bensin och diesel som förväntas bidra till den

(ekonomiskt, miljömässigt och socialt) på ett

övergripande affärsmodellen. Förutom att de säljs

mer tydligt sätt. Mer specifika teknoekonomiska

till slutkunder kan dessa produkter säljas till en

bedömningar bör också utföras. Dessutom bör de olika

mellanhand, till exempel ett raffinaderi.

alternativen kopplade till affärsmodeller beskrivas
mer detaljerat och fördelar och nackdelar samt styrkor

Andra biprodukter från processen som bör beaktas

och svagheter hos alternativen klargöras för denna

i affärsmodellen inkluderar till exempel rest- /

specifika potentiella anläggning. Kopplat till detta bör

överskottsvärme, syre och vax där nya eller befintliga

effekterna av den något mer komplexa värdekedjan

kunder kan vara relevanta. Rollfördelningen i

jämfört med konventionella flygbränslen belysas. En

värdekedjan av Fabriken AB kan påverkas av de

ekonomisk bedömning av de olika fallen bör också

aktörer som engagerar sig som ägare eller partner till

göras för att klargöra hur och när olika produkter

produktionsanläggningen, dvs. om ett bränsleföretag

ska säljas, samt vilken roll biprodukter har. Policy

investerar i produktionsanläggningen tar de möjligen

samt marknadssituationen med hänsyn till andra

också rollen som distributör och att sälja bränslet

potentiella nya aktörer som producerar bio-jetbränslen

till slutkunden. I framtiden kan kunderna också

för Norden. och den globala marknaden bör även

vara intresserade av att delta i produktionssteget.

utredas vidare. Eventuella risker eller potentiella

Affärsmodellen kan bero på intresset hos den framtida

stora hinder för den föreslagna storskaliga BEJF-

ägaren av produktionsanläggningen och företagets

produktionsintegrationen vid ett kraftvärmeverk

kunskap, eventuellt skulle en ägare som engagerar sig

i Östersund bör också identifieras och lösningar

mycket i utvecklingen vara till nytta för verksamheten.

utvärderas. Ett framtida projekt som tar itu med dessa

Om ägaren till exempel representerar en aktör med sitt

frågor har potential att också inkludera en verklig

eget intresse av att utveckla marknaden och ett stort

konstruktion av anläggningen som beaktas i denna

kunnande inom området förnybart flygbränsle, har

studie, Fabriken AB, på aktuell plats inom en inte

lokala förbindelser till regionen, tillhandahåller råvara

alltför avlägsen framtid. Slutligen är resultaten i denna

till produktionen eller en fördelaktig teknik som skulle

studie lovande och projektet har drivit konceptet

bidra till affärsmodellen.

betydligt närmare realisering. Projektet har också
väckt stort intresse från många samhällssektorer och

I framtida arbete med syftet att förverkliga

media under dess varaktighet.

konceptet som analyseras i denna rapport måste
de tekniska vägarna optimeras ytterligare med det
specifika syftet BEJF-produktion, och specifika

13

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

14

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

Bio electro jet fuel (BEJF) integrated
production at combined heat and power (CHP) plants
in northern Sweden, where renewable electricity
supplyis plentiful and growing, has a currently
untapped potential.
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ABBREVIATIONS
A		 Ampere

DME		

Dimethyl ether

ADP		

Depletion of abiotic resources

DSHC		

Direct-sugar-to-hydrocarbon

AEL		

Alkaline electrolysis

E		 Ethene

ALCA		

Attributional Life Cycle Assessment

E=		

Ethylene

Al2O3		

Aluminium oxide

EP		

Eutrophication potential

AMP		

2-amino-2-methyl-1-propanol

EU		

European Union

AMP-NMP

Binary system of AMP

FGF		

Fly Green Fund

		(2-amino-2-methyl-1-propanol)

F-T		

Fisher-Tropsch

		

and NMP (N-methyl-2-pyrrolidone

GFC		

Gothenburg Fueling Company

AP		

Acidification potential

GHG		

Greenhouse gas

ASTM		

American Society for Testing

GJ		

Giga Joule

		Materials

GWP		

Global Warming Potential

As		

Arsenic

H 2		

Hydrogen

AtJ		

Alcohol to Jet

H 2O		

Water

B		 Butane

HC		

Hydrocarbon

B=		

Butylene

HCl		

Hydrochloric acid

BEJF		

Bio electro jet fuel

HDCJ		

Hydrotreated Depolymerized

Cn		

Hydrocarbons with n length of

		Cellulosic Jet

		carbon chain

HEFA		

CA		

Carbon Anhydrase

Acids

CAPEX		

Capital expenditures

HF		

Hydro fluoride

CC		

Carbon Capture

Hg		

Mercury

CCS		

Carbon Capture and Storage

HPC		

Hot potassium carbonate		

CCU		

Carbon Capture and Utilisation

HTFT		

High-Temperature-Fischer-Tropsch

CH4		

Methane

HVO		

Hydrotreated vegetable oil

CHP		

Combined Heat and Power

H-ZSM-5

Catalyst

CLCA		

Consequential Life Cycle Assessment

ILCD		

International Reference Life Cycle

CMSM		

Carbon molecular sieve membrane

		Data System

CO		

Carbon monoxide

In2O3		

Catalyst

Co		

Cobalt

JK		

Jämtkraft

CO2		

Carbon dioxide

Keq		

Equilibrium constant

CRI		

Carbon Recycling International

k		

Rate constant

Cr		

Chromium

KOH		

Potassium hydroxide

CU		

Chalmers University

kV		

kilo Volt

Cu		

Copper

kVA		

kilo Volt Ampere

DFT		

Density functional theory

KVV		

CHP plant
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L		

Lead partner

PEMEC		

Proton Exchange Membrane

LCA		

Life Cycle Assessment

		Electrolyzer Cell

LCI		

Life Cycle Inventory

PO4-3		

Phosphate

LHHW		

Langmuir-Hinshelwood-

		Hougen-Watson

ppm		

Parts per million

LHV		

Lower heating value

PR		

Power Region

LPG		

Liquefied petroleum gas

PtL		

Power-to-liquid

LTFT		

Low-Temperature-Fischer-Tropsch

r		

Reaction rate

LTO		

Landing and take-off cycle

R&D		

Research and development

LU		

Lund University

REDII		

Renewable Energy Directive

M		 Methanol

RISE		

Research Institutes of Sweden

m		

Minor role

rpm		

Revolutions per minute

MCEC		

Molten Carbonate Electrolyzer Cell

RWGS		

Reverse water gas-shift

MEA		

Monoethanolamine

rWGSR		

Reverse Water-Gas Shift Reaction

MeOH		

Methanol

S		

Major role

MOP		

Microporous organic polymers

SAF		

Sustainable aviation fuel

Mn		

Manganese

Sb		

Antimon

MSW		

Municipal solid waste

SIP		

Synthesized Iso-Paraffinic fuels

MTG		

Methanol-to-Gasoline

SIVL		

Foundation for IVL

MTH		

Methanol-to-hydrocarbon

SO2		

Sulphur dioxide

MTO		

Methanol to olefin

SOX		

Sulphur oxides

N2		

Nitrogen gas

SOEC		

Solid Oxide Electrolyzer Cell

N2O		

Dinitrogen oxide (laughing gas)

T		 Temperature

NGO		

Non-governmental organization

Tl		 Tallium

NH3		

Ammonia

TRL		

Technology Readiness Level

NISA		

Nordic Initiative for Sustainable

W		

Water

		Aviation

WP		

Work package

NMP		

N-methyl-2-pyrrolidone

wt%		

Weight percent

NO		

Nitrogen oxide

ZnO 		

Zink oxide

NOx		

Nitrogen oxides

ZrO2		

Zirconium oxide

NRTL		

Non-random two-liquid

ZSM-5		

Catalyst

O2		

Oxygen

O&M		

Operation and maintenance

OPEX		

Operational expenditures

P		 Propane
P=		

Propylene

P2X		

Power-to-X

Pb		

Lead
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1. INTRODUCTION

The aviation sector needs to transition to climate-neutral energy carriers such as renewable fuels.
Considering a future scarcity in biomass-based biofuels, electrofuels from renewable feedstocks is an
attractive option. Bio electro jet fuel (BEJF) production integration at CHP plants in northern Sweden,
where renewable electricity is plentiful and growing, has a currently untapped potential that can be used
for greater synergy in existing heat and power production while at the same time significantly reduce the
climate impact for future air-travel.
This project is an in-depth feasibility study for the

Carbon Capture and Utilisation (CCU) for electrofuel

establishment of a production facility for BEJF at the

production.

current location of an existing CHP plant. The entire
value chain for BEJF is represented within this project.

The project provides an example of industrial
symbiosis between a power company (Jämtkraft), a fuel

The study at hand promotes bio-based economy

producer (Fabriken AB), a fuel distributor (AFAB) and

through the re-utilisation of carbon and production

representatives from the user-side (FGF and NISA),

of high-value products. Jämtkraft currently produces

and has strong involvement of academia (Chalmers

a large amount of electricity from renewable sources

University of Technology and Lund University) and

in this region and control a good point source for

research institutes (IVL Swedish Environmental

green carbon dioxide (CO2) to be utilized through

Research Institute).
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The project is a feasibility study for
a factory for bio electro jet fuel
located at Jämtkraft's facility for CHP
in Östersund
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2. BACKGROUND

There is a great potential to increase the use of renewable energy carriers: biofuels, electricity and
hydrogen in many sectors of society, including the transport sector, to meet emission and climate targets.
For hydrogen and electricity, there is uncertainty

Electrofuels are carbon-based fuels that are produced

to what extent batteries and fuel cells are suitable

from carbon dioxide and water, with electricity as

solutions in, e.g. aviation, freight and long-haul

the main source of energy [8, 9, 10]. Electrofuels are

transport by road; requiring new infrastructure etc.

also known as power-to-gas/ liquids/fuels, e-fuels

[1]. Large-scale use of biofuels produced from biomass

or synthetic fuels. They are of interest to all modes

is facing sustainability challenges and the future

of transport and as raw materials in a wide variety

supply of conventional biofuels seems to be limited in

of chemical processes in industry. As soon as the

relation to the expected global transport needs [2, 3,

produced e-fuel is approved for aircraft it can be used

4]. Based on future scenarios on biomass accessibility,

as electrofuel drop-in fuels, and thus can be used

it is probable that the aviation sector will need access

in internal combustion- or turbine engines without

to energy-dense hydrocarbon fuels in the foreseeable

hardware modification, and do not require significant

future. Aviation will need the transition to climate

investments in new infrastructure. In addition,

neutral energy carriers, such as renewable fuels,

electrofuels may allow increased production of

to contribute to the goals set by policy, e.g. [5, 6, 7].

transport fuels based on biomass using the associated

Accounting for future scarcity in biofuels, electrofuel,

carbon dioxide surplus [11] and help to balance

which uses electricity as main energy source and CO2

intermittent power generation. The electrofuel

as main carbon source, from renewable feedstocks

production process also generates marketable by-

for aviation, e.g. - BEJF – is an attractive option.

products, namely high-purity oxygen and heat.

Large-scale electrofuel production requires access to

Furthermore, wood-fibres are not explicitly used in

large quantities of electricity. Hence, the production

the synthesis process. Compared to other processes

of electro-fuels is suitable in the northern parts of

for biofuel production, this frees up valuable woody

Sweden, where renewable electricity is plentiful and

biomass to be utilized for other purposes in society.

growing, and the grid is both strong and reliable. In
addition, a well-developed district heating system that

Several demonstration facilities for electrofuels

can mitigate peaks in power demand during the cold

have evolved in Europe in the last decade [12], for

winter months and enable the utilisation of electrofuel

example, Carbon Recycling International (CRI) on

production process heat is an asset for this type of

Iceland [13] and Audi AG's ETOGAS in Germany [14].

process.

In Germany, a test facility that produces diesel from
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renewable electricity and carbon dioxide extracted

have set targets for greenhouse gas (GHG) emissions

from the air has shown that it is possible to produce

and even overall targets of becoming CO2-neutral.

high-quality electrofuels [15]. In addition to the new

Several companies develop large scale carbon capture

pilot and demonstration facilities, a series of scientific

technologies and their timeline is to be able to capture

publications on various parts in the field of electro-

carbon in full scale from either waste or biomass

fuels have been described in recent years: electrofuels

incineration by 2025. Nordic district heating companies

as a way of balancing the increasing proportion of

are considering options for future green heat supply

intermittent renewable electricity in the energy system

technologies, which could be in the form of a green

(e.g. [16, 17], as a transport fuel (e.g. [18, 19, 20, 21,

fuel factory. Nordic aviation companies have expressed

22, 23]) and as a means of increasing carbon dioxide

interest in acquiring jet fuels from the supply pathway

utilization in biofuel production (e.g. [11, 24, 25]).

discussed in the Danish study at the prices indicated

Methods and data used for estimating production costs

therein.

for these fuels vary greatly in literature, as well as the
resulting cost estimates.

The plastic industry is interested in purchasing green
plastic feedstocks from this pathway. Nordic GTL

A recent Danish study on the production on renewable

[26] discusses potential placements of a first jet fuel

aviation fuel clarifies many of the uncertainties

factory at large scale district heating grids, preferably

regarding the possible production in a Nordic context

close to both gas transmission pipelines and electricity

[26]. The study highlights various aspects of sustainable

transmission grids with high capacity. Such locations

aviation fuel from biogas, hydrogen and CO2 and

will imply minimal costs, and especially location at

reports a fairly positive future potential for these

sufficiently large district heating grids implies a 15 %

fuels, including economic assessments and sensitivity

economic benefit over other locations [26]. Hence,

analyses, also for BEJF.

the conclusions in the recent report from the project
NORDIC GTL [26], supports the layout of the study at

According to this study, the key economic factor

hand.

for electro-aviation fuel is the costs of hydrogen
(electricity), whereas capital costs, financing costs,

In the Swedish Energy Agency's call for sustainable

operation and maintenance (O&M), and CO2 capture

biofuels for aviation, fall 2018, two projects concerning

are less detriment. Sales price of the co-products

electrofuels were granted: i) "Green jet fuel from an

of bio-gasoline (petrol) and other hydrocarbons is

integrated catalytic process", which is led by Chalmers

decisive for the aviation fuel break-even price. A

University of Technology and Louise Olsson, ii)

continued technology development of wind turbines,

"Carbofuel - development and integration of biofuel

photovoltaics and electrolysers has the potential to

processes" is led by Lund University in collaboration

further reduce electricity prices. Other potentials of

with the company Kiram AB with Ola Wallberg as

cheaper electricity could be if the electricity can be

project manager. The study at hand is closely linked

supplied free of grid and grid tariffs and/or from e.g.

to these two projects through strong personnel- and

hydropower, but it should be noticed that using cheap

scientific union. These projects implement and expands

but limited hydropower entails a lost opportunity cost

the results from these two ongoing projects in a novel

from the thereby displaced use of the same hydropower

real scenario for BEJF production. A short introduction

[26].

to the two parallel projects and the link to this project
follows.

Nordic waste incineration companies are looking
more into carbon capture and storage (CCS) or carbon

Green jet fuel from an integrated catalytic process:

capture and utilization (CCU) as many municipalities

The project at Chalmers investigates the production
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path: Carbon dioxide + Hydrogen (-> Methanol) ->

production plant for bioethanol for process integration,

BEJF, through the reaction where higher hydrocarbons

and the development of a new type of catalysts for

are produced with a single step, so-called: direct

smaller scale. This project also contains a techno-

hydrogenation. This is a novel process that is not

economic analysis and a modelling step for the efficient

commercially developed yet. A technical advantage

process integra des CAPEX and OPEX for a plant for

of this new technology (going via methanol instead

renewable aviation fuel production.

of via syngas and Fischer-Tropsch (F-T) synthesis)
is potentially higher yield. The difficult part of the

The advantage of using this process path is that it is

process is MeOH -> BEJF. The process is similar to

considerably more proven and established, which

Methanol-to-Gasoline (MTG) though longer

probably reduces significantly the time until a possible

hydrocarbons are the product. Chalmers will

establishment of an actual factory, which is the ultimate

investigate how to integrate two catalytic processes

goal of this effort by the study at hand and Jämtkraft.

(carbon dioxide and hydrogen gas to methanol, and

The disadvantages, however, are that the process itself

methanol to aviation fuel) in a single process step. The

has slightly lower novelty and that the theoretical yield

research is on a very small volume scale (mL) and it is

is lower. Energy and material integration with existing

thus a relatively long distance from Chalmers' attempt

biofuel boiler can possibly partly compensate for the

to a commercial plant at Jämtkraft (100,000 tonnes/

lower yield in the FT process. This project should

year). Moreover, Chalmers also develops a kinetic

therefore examine the overall efficiency under different

model describing the reaction mechanism at idealised

integration designs. Both projects have been expanded

conditions. For scale-up simulations, mass-transfer

with parts integrated in this study.

models are also needed, and the combined models must
be validated at varying operating conditions.
Carbofuel - development and integration of biofuel
processes: An alternative to the above-mentioned
process path is a more conventional approach where
the reverse water-gas shift reaction (rWGSR) is coupled
with F-T synthesis. The project at Lund University
examines this process path to BEJF connected to a
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3. GOALS
The project is a feasibility study for a factory for renewable aviation fuel located at Jämtkrafts facility in
Östersund. To be able to judge whether the project is successful, the following goals have been posted.
The project will deliver results on ten separate goals:

3.1

The process
1.

Best available technology for sub-processes and unit operations, i.e. hydrogen production,
carbon dioxide capture and utilization, and BEJF production, etc. Evaluation of the best
current technology for at least four sub-processes with at least two possible options for each.

2.

Integration design and total efficiency of the process for both evaluated production paths to
BEJF. Determination of the total conversion efficiency and the amount of BEJF produced per
supplied MWh for the two paths.

3.2

The plant
3.

Estimation of plant size, and the capital- and operational costs for the new plant based on
desired amount of produced BEJF.

4.

Identification of at least three possible stakeholders to operate the prospective company
Fabriken AB at an organizational level.

3.3		

The product
5.

Comparative Life cycle assessment on: i) BEJF, ii) Bio Jet fuel (gasification of biomass), and iii)
conventional Jet fuel (fossil petroleum-based).

6.

Identification of at least two sustainable business models that can be created in the BEJF value
chain including distribution paths and taking economic instruments and policies into account.

3.4		

Communication
7.

Results from the project are reported in 2-4 scientific publications in peer-reviewed journals.

8.

Results from the project are presented in at least 2 scientific conferences in the field.

9.

Results from the project are reported in the IVL-report series and are made publicly available
at their web.

10. Results from the project are communicated and integrated in the educational activities of the
involved universities.
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4 PROJECT IMPLEMENTATION
IVL, Jämtkraft (JK), Chalmers University (CU), Lund University (LU), Nordic Initiative for Sustainable
Aviation (NISA), and Fly Green Fund (FGF) have been the primary implementers in this feasibility study
for a BEJF plant in Östersund. Other project stakeholders (AFAB, and The Power Region), have provided
relevant data to the project. The project but has included experimental work, modelling and calculations,
as well as literature-based studies but has not contained the construction of any facilities.

4.1

Work packages

Areas investigated in this study are divided into work packages (WPs) 1-11, see Table 1.
Table 1. Work packages (WP:s) within the project.

WP

Name of WP

Content

1

Project management

Coordination of the project. Administration of activities in all WP:s. Report.
Contributes to reach all goals .

2
3

Process

Identification of unit operations in the process. Process overview.

identification

Interconnections. Contributes to reach goal 1.

Unit operations

The state of the art for all unit operations. Map of different options.
Contributes to reach goal 1.

4

5

Mass transport

Detailed simulations of mass transfer effects, combined

effects during CO2-

with kinetic modelling and validation of model in various conditions.

hydrogenation to Jet fuel

Experiments and simulations. Contributes to reach goal 1 and 2.

Process integration

CHP and BEJF plant integration. Modelling and calculations.
Quantitative mass- and energy balances. Contributes to reach goal 2.

6

Capital- and

Calculations. Contributes to reach goal 3.

operational costs
7

Fabriken AB (The

Identification of possible operators of Fabriken AB at an organisational level.

Factory)

Contributes to reach goal 4.

8

LCA

Calculations. Contributes to reach goal 5.

9

Distribution

Mapping of possible distribution channels. Contributes to reach goal 6.

10

Usage

Mapping of impact on usage of product. Contributes to reach goal 6.

11

Sustainable

Contributes to reach goal 6.

business models
WP2 and 3 are presented in Chapter 5 of this report, WP4 in Chapter 6, WP5 and 6 in Chapter 7, WP8 and parts of
WP10 in Chapter 8, and WP7 and 9-11 mainly in Chapter 9.
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The project contains a transdisciplinary team of

The BEJF plant investigated in this study would be run

researchers and practitioners which will ensure that

by the prospective company Fabriken AB. One of the

the project is as successful as possible, and that a strong

problems in getting bio-electrofuels to the market is

interplay is established within this team. IVL is the

the lack of commercial producers in the value-chain.

project manager and is responsible for most of the work

Therefore, to find potential operators and owners

related to identifying the overall process design, the

of Fabriken AB is an important part of this study. In

state-of-the-art unit operations, mass- and energy- and

this scenario, this partner, would: i) invest SEK 1-2

ingoing material flows, outgoing product flows and

billion in an on-site full-scale facility, ii) produce Bio-

distribution paths, LCA, sustainable business models,

electro-Jet-fuel in the plant, iii) supply an estimated

and other contextual questions and identification of

100,000 tonnes/year of BEJF. Jämtkraft is also part of

possible stakeholders for Fabriken AB. Jämtkraft is

the project Power-region which aims at establishing

closely involved in this work by supplying data on the

a region of plentiful electricity production to attract

current CHP-plant and input on process design. LU

energy-demanding industry and operation, where the

will contribute with results from the process path they

plant investigated in this study is a strong potential

investigate in parallel research projects and how it

candidate.

would fit into the novel method for renewable aviation
fuel production. Furthermore, the Jämtkraft-case is

Jämtkraft pictures a scenario where they can: i) deliver

included into their modelling work and they carry

approximately 130 MW of renewable electricity (~ 1

out the same calculations for process integration and

TWh/year), ii) deliver approximately 140,000 tonnes

operational- and capital costs for this intended plant.

of CO2 per annum, iii) provide land to build the facility,

CU is also part of this work conducting experiments

iv) offer operation and monitoring of the facility, v)

and developing models for the hydrogenation of CO2 to

buy around 24 MW of residual heat. Jämtkraft is

fuels. Other project stakeholders include fuel suppliers

determined in identifying synergies and implementing

(A Flygbränslehantering, AFAB), airport operators,

them in their facility. They could also become a part-

airlines and airplane manufacturers through FGF and

owner in the plant but is looking for a partner for the

NISA, and the initiative The Power Region (PR), who

facility.

have all provided relevant data and included experiences
from other electrofuel projects to ensure the best

The study at hand directly adds to an unpublished

possible basis through the development of this project.

study by Energiforsk (Anton Fagerström, unpublished)

The whole BEJF value chain is thus represented within

in the autumn of 2018 at the same plant and where the

this project which assures that the needs for the different

goals were to investigate the possibilities to produce

stakeholders are taken into account in designing the

any electrofuel. In that study, BEJF was one of the most

production process and vice-versa. IVL is a member of

appealing options.

the innovation cluster on renewable aviation fuels led by
Research Institutes of Sweden (RISE).
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4.2

Project utility

This project has a strong potential to contribute to

The novelty of this project is high. While previous

the development and increased use of biofuels for the

projects have demonstrated the feasibility, this would

aviation industry in Sweden. The cost and resource

be the first study, to the best of our knowledge, which

efficiency of the proposed concept is deemed high due

investigates a potential factory at commercial scale for

to:

electro-aviation fuel.

•

all raw materials are already in place at the site,

•

good access to large amounts of renewable
electricity,

•

there is a dedicated site,

•

economy of scale applies,

•

efficient process integration,

•

there is a strong demand for the product,

•

the efficient use of by-products,

•

CO2 is captured and utilised in this process, and

•

the promotion of circular- and bio-based
economy.

The sustainability aspects of the project are also high
due to:
•

incoming streams are of completely renewable
origin (electricity and CO2),

•

the product will have a very high degree of
renewability (close to 100%, to be verified within
the project),

•

unnecessary transport of raw materials is avoided,

•

unnecessary transmission of electricity is avoided,
and transmission bandwidth is freed up for other

The utilisation and dissemination of this project is
high due to:
•

the results from this project will be used to
construct the production plant, and

•

this is a pioneer project and the results can be
utilised also by other external stakeholders for
similar purposes domestically or internationally.

The goals of the project are reasonable, and the
feasibility is potentially high. The goals have been set
in a way that they are reachable within the available
timeframe and that they reflect the overall purpose of
the project and the call.
The feasibility is high due to:
•

the project team is very strong,

•

the project is closely tied to other ongoing projects
in the same area, and

•

the project partners are dedicated to deliver highquality, useful results.

purposes,
•

minimal additional investments in infrastructure
is required.

4.3

Project dissemination

It is the goal of the project partners that the results

peer-reviewed scientific journals. 2-4 scientific papers

from this project can be implemented in other facilities,

are expected from this project. The results will

domestically and internationally. To enable proper

furthermore be presented on at least two international

dissemination of results, several actions have been

conferences in the field. The broader results will be

taken beyond the writing of mandatory status- and final

made public through branch-specific magazines and on

reports and participation in program conferences and

industrial conferences or tradeshows. IVL will publicise

workshops.

the results in their report-series and on their web. The
results will be implemented and communicated in the

Large parts of the project have great public relevance,
and hence will be published in international
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5 PROCESS IDENTIFICATION
AND UNIT OPERATIONS
The aim of WPs 2 and 3 was to identify and map possible sub-processes and unit operations within the BEJF
(Bio-Jet) production process, including the qualitative identification of mass- and energy flows between the
sub-processes. An overview of the proposed process for BEJF production is shown in Figure 1.

Figure 1. An overview of the process for BEJF production.

Five main steps (or sub-processes) were identified for the overall Bio-Jet production process, see Figure 1.
Chapter 5 of this report is based on these individual steps:
1.

Combined Heat and Power production, where the raw material CO2 is produced.

2.

Carbon capture, where CO2 is isolated from the rest of the flue gasses from the CHP-production.

3.

Electrolysis, where the raw material H2 is produced from electricity and water.

4.

Synthesis, where the Bio-Jet is produced along with other hydrocarbons.

5.

Separation, where the different hydrocarbons are separated into discrete streams.

These five sub-processes make up the Bio-Jet factory

presented within each separate section, and the results

and the boundaries for Chapter 5 are drawn around this

in this chapter are based on scientific literature, applied

system. Different options for each sub-process are

to the specific case in question for this study.
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5.1

Combined Heat and Power

5.1.1

CO2 Production

The basis for the BEJF production is the current

can generate 30 MW of waste heat at full effect. There

combined heat and power plant at Jämtkraft. The CHP-

are also two additional hot water boilers at 25 MW each

unit Lugnvik has a rated boiler effect of 125 MW, in

with a joint flue gas condenser with an air humidifier of

which 45 MW is electrical, and 80 MW is heat.

about 12 MW.

Connected to the plant is a flue gas condenser which

Table 2. Information about turbines and generators in the plant.

Unit

Model

Specifications

HT turbine

Siemens SST600

With 3 ports

LT turbine

Siemens SST500

With a drain and a split outlet.

Generator

Siemens TLRI80/27

10,5 kV, 3280 A, 0,9 cosPHI, 59720 kVA, 3000 rpm

The combined heat and power plant Lugnvik is in

the summer. This means that there will be a larger

operation during the entire year but has a break for

continuous source for carbon capture also during the

about two months between June to August due to the

summer months than at present, since this new plant

low heating demand, and maintenance activities. The

also will be used to generate electricity.

plant is not capable of running at a lower rate than
a part load of 30% of the maximum load. A separate

Figure 2 depicts the heating demand for different

production facility runs during the summer months

outside temperatures in Östersund, the city where

to provide heating during this period, which thereby

the Lugnvik plant is situated. When in operation, the

also generates carbon dioxide. Jämtkraft has plans to

electricity production varies between 8 and 45 MW,

establish a “sister-

with an average around 24 MW, depending on the
heating load.

plant” to Lugnvik, potentially during 2024-2025, which
will produce heat and electricity. The idea is than that

Figure 3 depicts the yearly variations in the district

the larger (Lugnvik) and smaller plant (new plant) will

heating system in Östersund in MW. This graph is an

operate during winter and only the smaller plant during

example of what it looked like between 2017–2018.
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Figure 2 Minimum and maximum heating requirements in Östersund depending on the outside temperature. Heating
demand for one hour on average between 2016 and 2018. KVV is the combined heat and power plant whereas Lugnvik is
the CHP together with the hot water boilers. “Max KVV” is the combined heat and power plant and “Max Lugnvik” is
the CHP-unit together with the two additional hot water boilers.

Figure 3 Example of yearly variations for the district heating system in Östersund (MW (2017–2018).
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emissions (ton CO2 per hour) are presented in Table 3A.

For the extraction of heat two heating condensers
increase the temperature of the district heating in
two steps. There are also direct condensers that can

The flue gases from the production units are treated

bypass the turbine. More internal data is available for

using SNCR/SCR (selective non catalytic reduction)

flow values, flue gas, steam, water and primary air

for the combined heat and power, grinding catalyst,

temperatures at the inlet. As well as maximum flue gas

electric filters and a flue gas condenser. For the hot

velocities, flue gas loss, steam and water pressure at the

water boilers there is also a scrubber. Jämtkraft has

inlet and heat flow diagrams for the production site.

continuous analysis of the flue gas from the production
site which gives good insight into the content of the

The input and output from the Lugnvik plant in terms

gas-mixture that will be transported to the carbon

of heat from flue gas condenser (MW), heat from

capture facility. On a yearly (in this case 2018) the main

turbine condenser (MW) and Electrical power (MW)

CHP-facility releases flue gas as described in Table 3B.

together with the fuel input (MW) and carbon dioxide
Table 3.
A: Heat from the flue gas condenser, Heat from the turbine condenser and electrical power, fuel input and CO2-emissions
from the Lugnvik plant, maximum, minimum and yearly average for each category. B: Content measurements of flue gas
during operation at KVV in Lugnvik. Source: Jämtkraft, verbal communication

Heat from
the flue gas
condenser

Heat from
the turbine
condenser

Heat from
hot water
boiler

Electrical
power

Fuel

Unit

MW

MW

MW

MW

MW

ton CO2 per hour

Minimum

3.2

0

16.1

0

17.9

6.2

Maximum

38.9

81.9

45.0

45.1

191.1

66.0

Average

17.8

53,07

13.2

23.9

100.2

34.6

Min

Max

Average

Content

30

Amount

input

CO2 - emissions

Unit

Before flue gas

NH3

0.14

10.77

5.56

ppm

treatment

Dust

1.00

16.67

2.67

mg/m3

H2O

7.46

28.41

20.27

%

HCl

0

36.14

10.95

mg/m3

After flue gas

O2

2.13

13.49

6.15

%

treatment

CO

-

101.58

8.57

ppm

SO2

-

55.65

0.86

ppm

NH3

0.00

16.17

2.38

ppm

NO

0.70

134.02

20.99

ppm

N2O

-

14.04

1.90

ppm

HCl

-

29.60

2.14

mg/m3

CH4

-

112.67

5.52

ppm

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

Table 4. Emission report from the Lugnvik plant in 2018. Source: Jämtkraft, verbal communication.

Average

Limit value

Unit

Total CD, Tl

0.0003

0.05

mg/m3ntg at 6% O2

Hg

0.0014

0.05

mg/m3ntg at 6% O2

Heavy metals, Sb, As, Pb, Cr, Co, Cu,

0.039

0.5

mg/m3ntg at 6% O2

HCl

1.515

15

mg/m3ntg at 6% O2

HF

0.0051

1.5

mg/m3ntg at 6% O₂

TOC

1.42

15

mg/m3ntg at 6% O2

SO2

4.4

75

mg/m3ntg at 6% O2

NOx

20.0

250

mg/m3ntg at 6% O2

Dioxines and furans

0.0049

0.1

mg/m3ntg

Average

Limit value

Unit

Total CD, Tl

0,0003

0,05

mg/m3ntg at 6% O2

Hg

0,0014

0,05

mg/m3ntg at 6% O2

Heavy metals, Sb, As, Pb, Cr, Co, Cu,

0,039

0,5

mg/m3ntg at 6% O2

HCl

1,515

15

mg/m3ntg at 6% O2

HF

0,0051

1,5

mg/m3ntg at 6% O2

TOC

1,42

15

mg/m3ntg at 6% O2

SO2

4,4

75

mg/m3ntg at 6% O2

NOx

20,0

250

mg/m3ntg at 6% O2

Dioxines and furans

0,0049

0,1

mg/m3ntg

Mn, Ni, V

Mn, Ni, V

From the tables above, we can draw conclusions on

reaction. There are available commercial techniques for

what prerequisites the flue gas will give for the carbon

this. The peaks in sulphur and chlorine formations are

capture facility. Certain compounds will be seized

usually due to operational disturbances in the CHP-unit

within the carbon capture and not reach the synthesis

and is usually quickly discovered and solved. Even so, it

process whilst other compounds need additional

will be necessary to include redundancy in the system

cleaning in order to either clean them out or secure

as a protective precaution for the synthesis.

that they will not reach the synthesis-step. Some
compounds are more hazardous for the AtJ and F-T

The combined heat and power plant at Jämtkraft runs

processes, see section on synthesis below for details,

on a combination of different bioenergy sources, as

than others.

specified in Figure 4.

Acid substances, such as sulphur dioxide, nitrogen

The yearly amount of peat for the energy production

oxide and hydrochloric acid, will be captured in the

is seen as questionable fromclimate and sustainability

carbon capture unit since it is a technique employing

perspectives and will, therefore, be phased out in the

alkaline compounds. Methane and ammonia are not

coming years. By the time that the BEJF-plant is in

an issue for the reaction. The biggest potential issues

place it is therefore assumed to have been completely

are sulphur- and chlorine-compounds. Sulphur can

phased-out and replaced with biofuels, see Figure 5 for

be handled with zinc oxide beds upstream from the

an example of this.
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Fuel composition at Lugnvik CHP-plant

26%

50%

15%

9%
Sawmill by-products

Peat

Recovered wood

Primary forest fuels

Figure 4. Fuel composition at Lugnvik CHP-plant. Source: Jämtkraft, verbal communication.

Expected future fuel composition in Östersund
5%

10%

20%
10%

5%
20%
40%

20%

35%
40%
20%

35%

40%

30%

40%

30%
Sawmill byproducts

Forest residues

Recovered wood

Fuel wood

Sawmill
byproducts
Forest
residues
Recovered
wood
Fuel
wood
Figure 5. Expected future fuel
composition
in Östersund.
Left:
in the near future.
Right:
within 5-10
years.
Source: Jämtkraft, verbal communication..

32

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

5.1.2

Access to CO2

In the dimensioning of the BEJF-plant an important

facilities, CO2 which otherwise would be stored in

factor is the availability of carbon dioxide for the

Norway. Stockholm Exergi, for example, is positive to

carbon capture and synthetization processes. Since

this initiative of reusing the produced and captured

the yearly variations in local CO2 production are

CO2 from their pilot facility. This facility can produce

considerable, possible solutions to manage the

from around 700 kg up to 2 tons daily. If larger

differences need to be addressed. The highest volume

quantities are needed, CO2 can also be accessed from

of CO2 is produced during the winter, around 37,000

their other production sites such as Brista which has, at

ton/month to approximately 5000 ton/month during

the lowest production, 20,000 ton/month.

the summer.
Smaller variations than this in the CO2 access is

Stockholm Exergi:s total CO2 production is, calculated

preferred to enable a continuous Bio-electro Jet fuel

at the minimal production, 100,000 ton/month (if

production over the whole year. Therefore, dialog with

requested, but can also be zero). At maximal capacity,

other CO2 producers [27] has been initiated to evaluate

the biogenic CO2 production reaches 166,667 ton/

the possibility to access CO2 produced in other similar

month.

5.1.3

Oxygen from electrolysis

A large volume of oxygen is produced during

idea is instead to capture this O2 and lead it back to

electrolysis, more specifically 794 kg of oxygen (O2)

the combustion process. To mix more O2 into the

is generated when 100 kg of hydrogen gas (H2) is

combustion air would result in a flue gas with higher

produced from water [28, p. 33]. O2, from electrolysis, is

CO2 content which would reduce the scale and cost for

often treated as an emission and therefore, an

the subsequent process-step of CO2 capture.

5.1.4

Oxyfuel Technology

The oxyfuel technology combusts oxygen and recycled

requirement of O2. In addition, the technology is not as

CO₂, resulting in a relatively pure CO2 for capturing

commercially mature as post-combustion [34] and has

[29]. Oxyfuel has many positive characteristics,

only demonstrated in small scales with special cases

including no use of chemicals, generates smaller

[30]. Some reference projects are: 35 MWth HUST

amount of flue gases, better heat transfer than the

pilot carbon capture unit in Hubei, China and the

other technologies, greater NOx reduction and good

30 MWe Vattenfall/Alstrom Schwarze Pump power

CO2 recycling [30]. In addition, Oxyfuel is smaller by

project in Germany [31]. If applied to this specific case

size and can be added to a current process with only

the oxyfuel technology could be considered a hybrid-

minimal changes [31]. Oxyfuel has higher efficiency of

process and an additional step where oxygen is mixed

the capturing rate and cleaner CO2 [32, 33].

into the combustion air. This is done in order to attain
a flue gas with higher carbon dioxide content for the
subsequent carbon capture and utilisation step.

However, Oxyfuel is more expensive than postcombustion [33] where one reason is the great

5.1.5

Conclusion Combined Heat and Power

Option 1:
The CHP process is suggested to be run at

Option 2:
or

The oxyfuel technology is included in the process.

normal operation with minimal change.
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5.2

Carbon Capture

Carbon Capture (CC) is a method used to minimise

are investing in CC technology, according to [39] there

the environmental impact from carbon emissions by

are 21. For an overview of CCS-facilities currently

capturing the carbon dioxide (CO2) and recycling it for

installed and under construction around the world, see

future usage or (underground) storage [35], see Figure

Figure 7. In addition, Siemens has invested in a large

6. The CC technology contributes to climate change

CC technology which includes both waste incineration

mitigation by reusing or storing the CO2 [35]. CO2 can

and biomass incineration, and Amager Resource Center

be used as a chemical in hospitals, in beverages and

is aiming to establish a CC on a pilot scale [40]. In

much more [37]. Besides reusing the CO2, it can be

Sweden, CC is currently implemented at Agroetanol in

stored instead of being emitted to the atmosphere.

Norrköping [41] and Preem is planning for CCS at their
refinery in Lysekil [42]. CC is currently very expensive

The storage underground can consist of large

and requires a considerable reduction in price before it

underground formations, such as deep saline aquifers

can be further integrated in industrial applications [43,

or gas reservoirs [38]. Currently, many organizations

44].

Figure 6. General overview of the life cycle steps of CCU and CCS, inspired by [35, 36].
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Figure 7. An overview of commercial CCS projects around the world [39].

5.2.1

Carbon Capture Technologies

Carbon dioxide (CO2) can be captured using different

high efficiency and low cost [46]. It separates CO2,

technologies and these can generally be divided into

produced in the combustion, from the flue gases and is

three categories: Pre-combustion, Post-combustion, or

usually carried out by using chemical- or membrane-

Oxy-fuel combustion [45, p. 5]. The choice of

techniques [35]. Post-combustion is easier to install

technology depends greatly on the fuel used and

at existing production plants, than pre-combustion

the type of CO2 generated from the plant [46].

technologies, and therefore considered interesting for

Pre-combustion is a process where the fuel to the

the case in this study. The oxyfuel technology is, in its

combined heat and power production (CHP) first is

most pure form, combustion in nearly pure oxygen,

used in another process before the combustion, e.g.

resulting in a relatively pure CO2 for capturing [29].

in gasification. Large investments are necessary for

To provide a better control of the flame temperature,

this technique and it is not considered suitable for the

parts of the flue gases need to be recycled back into

production process for the Bio-electro Jet fuel.

the combustion process [47]. Post-combustion CC is
further described below.

Post-combustion CC is an “end of pipe” technology
which captures the CO2 by an absorber column or

The post-combustion technologies evaluated for the

membrane, before it leaves the chimney [36]. The

Bio-Jet-fuel production site are summarised according

absorber technology is the most technically mature

to the goals for WP2 and WP3 in Table 5 and further

alternative and the popularity emanates from the

described in the sub-chapters below.
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Table 5. Overview of various post-combustion technologies.

Monoethanolamine
(MEA)

Hot potassium
carbonate (HPC)

Membrane separation

TRL*

9 [48]

7 (polymeric),
5 (dense inorganic H₂
separation) and
3 (dense inorganic CO₂
separation) [48].

7

Availability

Commercially available
[49].

Commercially available
[35].

Mature technology [50].

Pros

- Relatively low cost
[51].

- High energy efficiency,
low cost and low
environmental impact
[53].

- Known technology in Sweden
[43].

- Fast absorption rate
[49]
- No new combustion
plants needed. Can be
fitted to old and new
plants (flexible) [52]

-The running costs are indicated
to be low, since the heat recovery
is high and therefore reduces the
need for district heating [43].
- Possible high heat recovery for a
cogeneration plant [43].
- The equipment has low
degradation rate and low
corrosivity [44].

2-amino-2-methyl-1propanol (AMP) in Nmethyl-2-pyrrolidone (NMP)

- Decreased energy requirement
compared to conventional
techniques.
- Ability to be
generated at lower temperatures
- Good absorption
capacity [54]
- Degradation and corrosion
resistance [55]
- High selectivity [54]

- HPC does not require expensive
and often patented amines [43].
Cons

-High capital cost [51]
- High energy
consumption [56] due
to high energy penalty
for the regeneration of
solvents [52]
- Decreases the
thermal efficiency
and increases the cost
when installed at a coal
fire plant [57, 58]

- Low CO2 absorption efficiency
[50].

- The possible rich loading of the
system is low compared to MEA.

- Slow kinetics reactions with
CO2, leading to large absorption
equipment is needed [44]

- NMP is toxic [59].

- Large reduced net power
production -> unsuitable
for condensing power plant
application which heat cannot be
recovered as a usable product [43].

- Degradation of
solvent by NOx and
SOx (and O2) [52]
Used in
other places,
as lab, demo,
pilot etc.

Reference
projects

-DONG Energy´s pilot
CO2 capture facility
[60]

- Stockholm´s combined heat and
power plants [62].

- CSIRO pilot plant [61]
- Stockholm Exergi [43].

* Technology Readiness Level (TRL) is a measure for the maturity of the technology. It has a scale from 1 to 9, where 1 represents an early
stage of research and 9 represents technology operating in a commercial scale for conditions it was designed for [63]

37

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

5.2.1.1

Separation of CO2 using chemicals

CO2 capturing using chemicals is a mature technology

However, there are uncertainties regarding which

[35], where the current technologies are based on

chemical is most suitable. Several criterions need to

chemical adsorption with liquid alkanolamine or

be fulfilled when choosing the right chemical. First,

ammonia [30]. A process scheme of a CO2 separation

the stability towards the gas combustion need to

using alkanolamine is shown in Figure 8. Gas is injected

be evaluated since the emission gas from different

to an absorber which separates CO2 from the rest of

industries includes a variety of impurities. In addition,

the gas. Rich amine transports the CO2 to a stripper

the production capacity, energy consumption and

for further processing of the CO2 . Many experts agree

economy need to be considered. To get a larger

that the easiest post-combustion CC process involves

implementation of the technology, studies of which

chemicals.

steam and energy production that are necessary in the
CC in order to reduce the energy use, is needed [30].

Treated
Gas

Condenser

𝐶𝐶𝐶𝐶"

Lean amine

Input gas

Rich amine
Absorber

Stripper

Reboiler

Lean amine

Heat

Electricity

Cooling

Possible flow

Figure 8. Process scheme
IVL for
| carbon dioxide separation with liquid alkanolamine [52].
5.2.1.1.1

Carbon capture with monoethanolamine (MEA)

Alkanolamines is an interesting alternative for

It is also stable despite variations in gas compositions.

carbon capture since it has several necessary key

Monoethanolamine (MEA) is the most commonly used

characteristics for the process such as high absorption

alkanolamine for CCS. The CO2 absorption capacity

rate to a low cost, small degree of toxicity and high

of this amine is easily degraded in the presence of SO2

stability. In addition, alkanolamines have high cyclic

and O2 which therefore needs to be removed from the

capacity (low molecular weight per active part/high

entering flue gas. With oxygen an oxidation of the MEA

solubility in the reactant), low regeneration of energy

solvent can occur and sulphur dioxide can create by-

and is non-corrosive. Plus, it requires low steam

products. This will lead to a decrease in capacity for the

pressure resulting in less energy cost.

solvent. [52]
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5.2.1.1.2

AMP-NMP carbon capture

Recent studies on novel amine systems show promising

requirements for CO2 release from the solvent.

results for CC applications [64]. Using AMP (2-amino-

However, the possible rich loading of the system at

2-methyl-1-propanol), a sterically hindered amine, in

the same CO2 partial pressures is low compared to 30

organic solvents exhibit beneficial properties compared

wt% MEA. On the other hand, it is possible to reach

to conventional techniques. The carbamate formed in

lower lean loadings for the AMP in NMP systems,

the complex binding of CO₂ is less stable which makes

at a regeneration temperature of 88°C, compared to

it possible to release the trapped gas and regenerate the

MEA-systems. Results indicate that for applications

amine at lower temperatures (70–90 °C) compared to

with higher partial pressures of CO₂, AMP in NMP

conventional techniques. Moreover, the precipitated

systems could be more suitable. Such applications

carbamate may be separated from the solvent prior to

include industrial bio-CCS/U and biogas upgrading

regeneration and only part of the solvent needs to be

where excess heat also often is available at the right

treated, potentially greatly decreasing the energy

temperature.

5.2.1.1.3

Carbon capture with ammonia

There are mainly two different technologies for

regeneration, lower pressurization of carbon dioxide

carbon capture with ammonia. One with chilled

and less pumping for transportation of solvent

ammonia, which requires active cooling and one with

compared to the amine-process. This technology

liquid ammonia at temperatures over 20 °C. Chilled

uses roughly between 2.2 to 3 GJ/ton CO₂ but often

ammonia was invented in 2006 and is an efficient

around 2.7 GJ/ton CO2 . It is the same level as an

CO₂ capture technology, generates low heat from the

optimized amine-based system. The heating required

reaction, implies small cost, has no degradation during

to regenerate the CO₂ is very low, under 2 GJ/ton.

absorption and has high tolerances to impurities in the

The drawback with the technology is generally the

flue gas. The technology operates at lower temperature

additional equipment needed in avoiding solvent loss

to avoid slip of NH3. It requires less energy for

[52].

5.2.1.1.4

New solvents for carbon dioxide separation

Development of new solvents and technologies for
carbon dioxide is on-going. For example, studies
are looking into applying enzymes in the process to
accelerate the absorption. Carbon Anhydrase (CA) is
then used which can increase absorption many times
over for chemicals that are normally kinetically slow
at absorption but have promising characteristics for

of water molecules that encapsulate small gas
molecules. Gas hydrates formed from flue gases tend
to be selective towards carbon dioxide which is why
the technology is interesting. However, it requires
high pressure which is why it probably will be used in
combination with hydrate promoters to increase the
formation of hydrate at lower pressures. [52] Phase

desorption. [52]

change solvents are also mentioned as a possible

Another alternative is to use clathrate hydrates as a

are soluble with each other but are separated when

technology to separate carbon dioxide from flue gases.
These hydrates are non-stoichiometric solid inclusion
compounds that form a crystalline lattice that consists

technology. In this technique, two fluids are used that
they are “loaded” with CO2 . One of them is then
enriched with CO2 and the other one has a lower
content.
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5.2.1.2 Hot Potassium Carbonate
This technology uses hot potassium carbonate (HPC)

technique requires comparatively large facilities for

to absorb/desorb CO2 from a gas steam [43]. HPC was

its operation [44, 66]. In addition, HPC is not suitable

first developed during the 1950s [65] and has been used

for all applications, for example in a condensing power

in Sweden, by Stockholm Exergi [43] and in one of

plant, since heat cannot be recovered as a usable

Stockholm´s CHP plants [62]. Heat recovered from the

product [43].

HPC-process can feed into the district heating system
and thereby reducing its need for other energy carriers.

The material flow of the CO₂ capture is depicted in
Figure 8. The first step of the process is gas being injected

This contributes to the relatively low operating costs

into an absorber, which captures CO₂ from the rest of the

of HPC. Access to heat for regeneration is good if the

gas-mixture. Thereafter, the CO₂ -rich solution is led to a

HPC-facility is situated in close proximity to a co-

stripper where CO₂ is desorbed. The residual CO₂ -lean

generation plant. In addition, HPC does not require

solution is recirculated to the absorber. As mentioned in

expensive amines [43] for its operation and is less

Section 5.1.2, to enable the postulated production amount

corrosive to materials than MEA. However, HPC has

of BEJF, CO₂ might be required from other sources. One

relatively high investment costs since the absorption

example of this is Stockholm Exergi, currently using HPC

kinetics are relatively slow which means that the

at their pilot facility.

5.2.1.3		

Membrane separation technology

Using membranes for separating CO₂ from a

materials are polymers, microporous organic polymers

gas-mixture is an established technology and is

(MOP), carbon molecular sieve membrane (CMSM) or

commercially available. It is an environmentally

inorganic materials [53].

friendly option, with high energy efficiency and low
cost. There are different membrane alternatives

For the process concerned in this study, both high CO₂

available and the choice depends highly on the gas

purity and large volume are required to enable the

composition, the production process preconditions

production of suitable amounts of Bio-electro Jet fuel

and the quality requirements of the CO₂ separation.

to fulfil the project aims. A membrane constructed in

If high CO₂ purity is required, a membrane with large

three steps with “air sweeps” has shown good results

selectivity is a good choice and if large CO₂ volume is

in producing high volume CO₂ capture at a small cost.

the goal, a membrane with high CO₂ permeability is

However, the technology must be assembled on an

preferred. The material of the membrane also impacts

existing CHP, which increases the complexity of the

the CO₂ capture where common membrane

facility.

5.2.2		

Conclusion Carbon Capture
Option 2:

Option 1:
MEA is used as CC technology because of its

or

AMP-NMP is used as CC technology because of

technological maturity, high CC capacity

its higher efficiency and suitability for energy

and suitability for the current CHP process.

integration.
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5.3		

Electrolysis

Electrolysers produce hydrogen and oxygen, using

sources, electrolysers have better environmental

electricity as the energy source and water as the raw-

impact than, for example, reforming of fossil fuels

material source [67, 28]. The process steps include:

[68]. However, the investment and operational cost of

water purification, splitting of the water into oxygen

electrolysers are high, compared to producing hydrogen

and hydrogen gas, cleansing and analysing the

gas from fossil resources. Moreover, electrolysers

hydrogen gas, see Figure 9 .

require much energy to produce hydrogen and the
environmental performance is, therefore, highly

Electrolysis is generally considered to be an

depending on the electricity source. In addition, the

environmentally friendly means to produce hydrogen

cost per produced unit mass of hydrogen gas is greatly

gas, since the resources required for production are

depended on the electricity price in the region [69].

water and electricity. And by using renewable energy

Figure 9. The general electrolysis process, inspired by [28].

5.3.1		

Electrolyzers

Electrolysis can be performed using liquid water

and Proton Exchange Membrane Electrolyzer Cell

in low temperature, or by using high temperature

(PEMEC), the high temperature technologies are called

steam. The low temperature technologies are the

Solid Oxide Electrolyzer Cell (SOEC), and Molten

most technologically mature alternative, whilst the

Carbonate Electrolyzer Cell (MCEC). An overview of

high temperature technologies still are in research

the characteristics for AEL, PEMEC and SOEC are listed

and development (R&D) phase. The low-temperature

in Table 6, this study does not include MCEC in further

technologies are called Alkaline electrolysis (AEL)

comparisons since it is still in an early R&D phase.
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Table 6 Overview of electrolyzer technologies.

AEL

PEMEC

SOEC

TRL

81

71

51

Availability

Commercially Available.
Examples of manufactures are
Siemens IHT (Switzerland),
Hydrogen Pro and NEL
(Norway).

Demonstration2

R&D2

- Longer lifetime than PEMEC
and SOEC7.

- Quick start up time,
therefore good for batch wise
production .

- Small size7.

- Good hydrogen purity7.

- Less energy consumption
during the production
process, since part of the
energy can be replaced by
heat .

Pros

- Known technology and easy
access to spare parts7.
- High production capacity
(m3/h)7.
- Small investment cost
compared to the PEMEC and
SOEC7.

Available at NEL.
Not available for large scale
hydrogen gas production10

- Small size7.
- Using high direct current,
generating lower operation
costs.

- Good hydrogen purity7

- Material design contains
cheap and commonly occurring
materials, compared to PEMEC
and SOEC which both require
noble metals7.
Cons

- Weak stop and go cycling,
therefore good for continuous
hydrogen gas production16.
- Bigger cell area, than PEMEC
and SOEC16.
- Lower hydrogen purity than
PEMEC and SOEC16.

- Short lifetime compared to
AEL16.

- Short lifetime, because of
material degradation7.

- Lower production capacity
per hour compared to AEL16.

- Lower production capacity
per hour, compared to AEL7.
- Long start up time,
therefore not good for
batchwise hydrogen gas
production2.
- High investment cost
compared to AEL3.

Used in other
places, as lab,
demo, pilot
etc.

- Mobility applications (MWscale) and on-site electrolyzer
for small-scale (e.g. cooking oil)
and large clients (e.g. refinery) 5 .

Reference
projects

- Hybrit pilot facility in Luleå 6.

1 [148]

2 [68]

3 [28]

4 [67]

5 [69]

6 [143]
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To specify the characteristics of the electrolysers, a

highest production capacity but produces the lowest

detailed summery is given in Table 7. Compared to

purity H2 [70].

PEMEC and SOEC, AEL has the longest lifetime and
Table 7 Characteristics of the three studied electrolysers; AEL, PEMEC and SOEC.

AEL

PEMEC

SOEC

Cell temperature

40–90 ˚C2

50–80 ˚C2

900–1000 ˚C2

Production Capacity (m3/h)

7607

407

407

System lifetime

60 000–90 000 hours7

20 000–60 000 hours7

10 000 hours7

Hydrogen purity

99.5%7

99.999%7

99.9%7
7

5.3.1.1		

[70]

Alkaline electrolysis

AEL has been widely used since the early 1900s for

life time and lower investment cost which emanates

different commercial purposes and is still the most

from low material costs [28]. The drawbacks are mainly

common technology [71, 72]. AEL is a low temperature

connected to the required large cell area, weak stop and

technology and most commonly operates in

go cycling, and lower hydrogen gas purity than PEMEC.

temperatures from 60–90˚C but can operate from 40˚C
[67, 68]. The technology has advantages compared

In AEL, water is reduced at the cathode and oxidized

to PEMEC, such as higher production capacity, longer

at the anode according to following reactions:

Anode:		

(1)

Cathode:

(2)

The construction materials are commonly sodium

membrane materials include polyphenylene sulphide,

hydroxide or potassium hydroxide for the electrolyte,

polysulfone bonden (Zirfon) or anion-selective

Raney nickel together with sulphur addition or steel

polymers [71].

coated with nickel for the electrode, and the common
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5.3.1.2		

PEMEC

PEMEC was invented in the 1950s [73, 28, p. 64] and

technology is not the most commercially widely spread

is still in demonstration phase, and only commercially

technology because of the very high investment cost

available for small-scale hydrogen production but not

compared to AEL, the limited life time [68], plus the

yet for larger scale [68]. The technology is more flexible

great sensitivity towards contaminations in the incoming

than AEL due to easier start and stop which simplifies

water [74]. PEMEC is expected to grow in popularity,

non-continuous operation [28, p. 389]. In addition

since the price will most probably decrease [70]

to the possibility for an easy stop and go cycling, the
technology has higher hydrogen purity than AEL
and is smaller in size which simplifies the transport
and requires less space [28, pp. 64-65]. However, the

According to Bhandari, et al., (2013), the chemical
reactions taking place are described below:

Anode:		

(1)

Cathode:

(2)

The construction materials are commonly sodium

membrane materials include polyphenylene sulphide,

hydroxide or potassium hydroxide for the electrolyte,

polysulfone bonden (Zirfon) or anion-selective

Raney nickel together with sulphur addition or steel

polymers [71].

coated with nickel for the electrode, and the common

5.3.1.3		

SOEC

High temperature technologies require less electricity

their limited lifetime expectancy due to material

for splitting the water into hydrogen and oxygen, since

degradation. Ongoing research is investigating new

part of the energy needed can be replaced by heat. It can

materials with better stability in addition to trials of

also generate lower operational costs if, for example,

running at lower temperatures [70].

waste heat from other processes may be utilised [67].

According to [28, pp. 191-195], the chemical reactions

The main drawback of high temperature electrolysers is

taking place are:

Anode:

(5)

Cathode:

(6)

The construction materials within a SOEC are normally
ceramics for the electrolyte and nickel or zirconia for the
electrodes [28, p. 390].
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5.3.2		

Conclusion electrolysis

Option 1:

Option 2:

AEL is preferred as first-hand option for the

SOEC is considered as a second-hand option due to

production site for the BEJF production plant
because of the high production capacity, long life

or

low electricity demand, an ability to produce
hydrogen gas with high purity and suitability for a

time, and suitability for continuous production

continuous process. It is not considered as a first-

processes and for its technological maturity.

hand option since it is in an early R&D phase and has
limited life time expectancy compared to AEL.

5.4		

Synthesis Process

The synthesis of BEJF can be carried out through

SIP (Synthesized Iso-Paraffinic fuels), hydroprocessed

biological, chemical, mechanical and thermal processes

SIP, and isobutanol-based alcohol-to-jet. HEFA is

(Figure 10). There are also hybrids between different

dominating the market of renewable jet fuel at the

processes to produce jet fuels [76]. As of today, seven

moment, but the FT-pathway is expected to increase

different pathways have been certified for commercial

[77].

use, of which the five most common ones are:
Hydroprocessed Esters and Fatty Acids (HEFA) using

Below, Table 8, is an overview over data for the

oleochemical feedstocks, gasification through F-T from

different alternative synthetization processes discussed

woody biomass feedstocks, or municipal solid waste,

in this chapter.

Figure 10. Overview over production pathways for renewable jet fuel (Adapted from source: [78]).
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Table 8. Overview of synthetization processes (after [80-83])

HEFA

F-T

Fuel
Readiness Level

6-9 [78]

7-8 [78]

5-7 [78]

Availability

Commercial [79]

Commercial [79]

Acquired certification
but not yet commercial
[78]

Pros

Mature technology. [79]

Wide spectra of
potential products.

The choice of
microorganisms can
steer the fraction of
hydrocarbons.

Wide range of feedstocks.
Product life cycle emissions
significantly lower.

Cons

HDCJ

AtJ

5-6 [78]

4-7 [78]
Acquired certification
but not yet commercial
[78]

Pyrolysis, specifically
fast pyrolysis results
in high yield (up to
65wt%. [81]

Large feedstock
flexibility. ATJ-SPK
contains aromatics.
Requires small
amounts of external
hydrogen and
hydroprocessing.

Pure and highquality
product with a chemical
composition similar to
conventional jet-fuel. [80]

Low operating costs.
[80]

High investment cost. High
feedstock prices.

Biomass gasification
section of the
process still requires
optimization.

Oil from pyrolysis is
unstable and corrosive
since high oxygencontent.

Alcohol production
costs are very high,
especially if derived
from lignocellulose.

High capital costs.
Gasification and
FT catalysts can
deactivate easily in the
presence of impurities.
[80]

Requires considerable
upgrading. [81]

Limited experience
with alcohols other
than methanol/
ethanol.
Inherent challenges
to working with living
microorganisms
in commercial
fermentation
processes.

Feedstock availability.
Large amounts of external
hydrogen required.
Sustainability concerns.
Low oil yields. [80]

Used in other
places, as lab,
demo, pilot etc.

Commercial [79]

Reference
projects

California AltAir, Neste
Oil [79]

Process
temperature
Hydrocarbon
content

Highly flexible to the
feed material. High
carbon conversions.

SIP/DSHC

Mix of hydrocarbons, from
diesel to naphtha.
C4-C5 2,7%,
Naphtha 2,4%, Jet fuel 15,2
%, Diesel 80% [80]

Fermentation has high
selectivity for desired
products. [80]

Swedish Biofuels,
(GoBiGas) [79]

Cumulus Bio [79]

150-300°C [80]

Moderate to high
temperatures and/or
pressure [78]

Wide spectra of
potential
products, ranging from
gaseous fuels such as
hydrogen or syngas
to liquid fuels such
as alcohols, dimethyl
ether (DME), gasoline
or diesel.

Mix of
hydrocarbon. [79]

300-350°C [81]
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HEFA is the most commonly used production route

and pyrolysis. These reactions require high pressures

for renewable jet fuel and is a lipid-based production

and/or temperatures and result in a blend of aromatic

with substrate from oil and fat feedstocks, such as

and/or paraffinic hydrocarbons. [78] Pyrolysis produces

tallow, used cooking oil and palm oil. It is a mature

liquid oil and a solid biochar and is produced from

technology and is already used commercially for jet

lignocellulosic material. The process can be carried out

fuel production. The process route can also be used

at different temperatures but the reaction temperature

to produce hydrotreated vegetable oil (HVO) which

resulting in the right length of hydrocarbons is at

is a substitute for diesel in road vehicles. California-

approximately 500 °C. The product is then upgraded

based World Energy (former AltAir) has production

with de-oxygenation before drop-in and is distilled to

of this fuel type since 2016 and produces a mix of

different fractions. [79]

hydrocarbons, from renewable diesel, biojet fuel and
naphtha. A limiting factor to this technology is the need

The project at hand studies two types of synthesis-

of hydrogen to remove oxygen from the process, when

processes closer; a Fischer-Tropsch (F-T) reaction

vegetable oil is used as a substrate. A difficulty with the

combined with a reverse Water-Gas Shift Reaction

process is that when steering the reaction in order to

(rWGSR) and an alcohol to jet-reaction (AtJ) using

increase the fraction of jet-fuel range product, a larger

methanol-production as an intermediate step. Lund

volume of hydrogen is necessary which gives a lower

University is studying a F-T reaction but with a catalyst

yield. [77]

more suitable for a smaller-scale than conventional
large-scale F-T processes. This reaction has a lower

SIP – synthetic iso-paraffin or DSHC (direct-sugar-

yield than the reaction studied by Chalmers but on the

to-hydrocarbon), is the process of turning sugar and

other hand, it represents a more technologically mature

starch into hydrocarbon chains. A pre-treatment

production pathway. Chalmers is studying a new type

process which is similar to the AtJ process is used,

of process using methanol synthesis as an intermediate

but the reaction is then carried out without alcohol

step. Simplified, the reaction steps are as follows:

as an intermediate. Microorganisms are used in the
process and they can be chosen carefully, steering

CO2 + H2 (--> methanol) --> BEJF		

(7)

their preference towards producing the right length of
hydrocarbons [79].

This reaction generates longer hydrocarbons in a single
step and is thereby favourable compared to a two-step

Hydrotreated Depolymerized Cellulosic Jet (HDCJ)

process. The reaction also potentially gives a higher yield

includes process routes like hydrothermal liquefaction

than a F-T-reaction. However, it is not commercial yet.

48

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

5.4.1		

Fischer-Tropsch pathway

Figure 11 Overview of the Fischer-Tropsch reaction.
The F-T reaction to produce biojet fuel was the first

has a higher hydrocarbon productivity. Since the F-T

production pathway to be certified. In the F-T reaction,

reaction is highly exothermic the integration of a heat

syngas is catalytically converted into straight-chain

recovery system is an important design factor for the

hydrocarbons [79]. The reaction includes the exchange

plant [82].

of oxygen between carbon monoxide and hydrogen
in the presence of a catalyst. A F-T reaction can use

In the present project, Lund University will study how a

different sources for carbon monoxide and hydrogen,

reaction like F-T, which normally is run at a larger scale,

for example a feedstock can be gasified to produce

can be adapted to a smaller scale. This leads for

syngas [82]. In this case, the rWGSR is used to reduce

instance to that micro-channel reactors need to be used

carbon dioxide into carbon monoxide:

which gives a higher heat flux, which is necessary in
order to carry out the reaction; therefore, more active

CO2 + H2 -> CO + H2O

(8)

catalysts are tested. The catalysts normally used today
have a high selectivity but are limited when it comes

This carbon monoxide then reacts with hydrogen from

to the level of heat that can be transported from the

the electrolysis to form hydrocarbons:

process. A high temperature leads to lower activity of
the catalyst, but a micro channel system would

2CO + H2 -> H(CH2)nH + CO2

(9)

increase the heat flux and would then enable a more
active catalyst to be utilised For the rWGSR, there

This is, however, not an accurate depiction of the

are no commercially viable catalysts but theoretically

complexity of the reactions in a F-T process. For

the same type of catalyst used for steam reforming

example, there will be a variation of the configuration

could be used in this process. This reaction is common

of hydrocarbons depending on the catalyst, the process

for industrial applications but has not been used for

parameter and how the reaction is configured

these types of processes. This solution requires steam,

[82]. The catalyst usually consists of a cobalt or iron-

otherwise there is a risk of carbon formation. The heat

based material. Iron is the most common material used

also must be removed from the process [83].

and tends to create a larger share of olefins as well as to
catalyse the rWGSR. This material is often used for high
temperature reactions. The cobalt is more expensive
than iron, uses lower temperatures, is more stable and
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5.4.2		

Alcohol-to-Jet pathway

The AtJ reaction is the transformation of bio-alcohols

studied by Chalmers. The reaction is a dehydration in a

into hydrocarbons and can be achieved in different

catalytic process. After hydrocarbons are formed, they

ways. The most common alcohols used are bioethanol

are further processed through distillation, refining and

and bio butanol, but it can also utilise methanol, as

oligomerisation into the desired fractions [79].

Figure 12 Overview of the AtJ reaction.
An example of producing jet fuel from alcohol

intermediate. The idea is to combine two process-

is dehydrating ethanol (i.e. from sugarcane) into

routes and achieve two reaction steps in one by

ethylene, and then convert this into jet fuel via

combining a catalytic process for production of

oligomerisation. This process is challenging as it uses

methanol from carbon dioxide and hydrogen

heterogeneous type catalysts, for example supported

together with hydrocarbon formation from methanol.

by polyphosphoric acid. These catalysts are normally

The project is based upon the idea of using large pore

chosen due to their economic advantage, but it has

zeolite BEA. Previous projects have shown that In2O3/

challenges regarding low productivity, low thermal

ZrO2 and SAPO-34 or ZSM-5 can produce C2-C4 or C5+

stability and flexibility to control the composition of

with a high selectivity but with a low yield.

the product as well as issues with corrosion. Therefore,

By using large pore zeolite BEA instead, a larger yield

catalysts with zeolites and acidic mesoporous catalysts

of higher hydrocarbons and aromatics can hopefully be

are being studied. Since the oligomerisation of ethylene

achieved [85]. The process consists of two different

is considered challenging other alternative pathways,

reactions steps which are to be combined into one

using an olefin (for example butene of hexene) as

single step through the process design [85].

an intermediate before oligomerisation is also an
alternative. Other synthesis processes such as using

Carbon dioxide to methanol: Carbon dioxide reacts

propylene as an intermediate, a carbonyl intermediate,

with hydrogen and produces methanol according to the

Guerbet reaction or higher alcohols than ethanol are

reaction:

also being developed for jet fuel production but these
are yet to be commercialized [84, 81].
The study from Chalmers is investigating the
possibilities to produce a green jet fuel from
carbon dioxide and hydrogen with methanol as an
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In industrial applications this reaction normally occurs

Methanol to hydrocarbons: The dehydration of

with Cu/ZnO/Al2O3 catalysts for syngas with a high

methanol into alkanes and olefins occurs through a

CO-level instead of carbon dioxide. This reaction

polymerization reaction.

requires a high pressure for a better yield and a
temperature span of 220–300 °C, where the catalyst
has a high activity. Thereafter, it is an advantage if
the methanol continues to react to kerosene so that
the methanol-level remains low in the first reaction.
This gives the right thermodynamic prerequisites for
the reaction. Studies have shown that the methanol
production can increase if the reaction occurs with
a varying hydrogen carbon monoxide ratio [85]. Two
competing reactions can occur in this step, the
rWGS, which is mentioned above, and methanation

nCH3OH --> n(CH2) + nH2O

(11)

Different zeolites are effective for this type of reaction,
depending on if it is an MTG (methanol to gasoline) or
MTO (methanol to olefin) process. The temperature of
the incoming components is 350 °C and the pressure
is 20 bar. Most of the experience from this reaction is
from using ZSM-5. In industrial applications hydrogen
and carbon monoxide are used to dilute and to
moderate the reaction. The reaction can induce coke

(CO2 + 4H2 -> CH4 + 2H2O).

formation which leads to lower activity. No studies have

Although, with the right type of catalyst and operating

of methanol can influence the activity for the catalyst

conditions these side reactions should be able to be
minimised [86].

been found as to whether a variation in concentration
[85]. As for the F-T reaction heat removal will have to
be integrated in the reactor since both the reaction
steps are exothermic.

5.4.3		

Conclusion Synthesis Process

The synthetization process will focus on two different types:
• the F-T reaction with rWGSR
and
• the modified AtJ reaction.
Both will be studied separately as alternative options for the synthesis step of the production process.
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5.5		

Separation

Figure 13 Overview over the upgrading process.

The process of upgrading the product from the

other substances that need to be removed for the fuel

synthesis uses well established processes mainly from

to be approved and certified [84]. The F-T and AtJ

petroleum refining in order to produce the desired fuel.

reactions will produce a biocrude oil which will need

[84]. These are usually separated into three different

different types of processing in order to produce a BEJF

categories [87]:

depending on the composition of the product from the

• Separation process, where distillation is the main

synthesis [88]. The need for refining is also a matter

example.
• Conversion process, for example coking and catalytic
cracking.
• Finishing process, where hydrotreating in order to
remove sulphur is one example.

of prioritizing between different products depending
on the available markets for different outputs. Every
additional reaction is associated with an investment
cost. This needs to be balanced against the potential
revenue from this stream and the scale of the market.
A number of process routes are described below but the

The kind of refinery step that is necessary for the

need for these reactions are dependent on the factors

process is dependent on the different hydrocarbons

mentioned above.

from the synthesis process. Jet fuels normally consist of
8-12 carbon atoms while diesel for example is “heavier”

When using the F-T reaction, it is almost impossible to

with 10-22 atoms. The necessity of the refining process

produce kerosene alone, no matter how the process is

can, to some extent, be regulated in the synthesis

adjusted [26]. A F-T reaction usually gives two different

process by tweaking its parameters. This can be

types of hydrocarbons: liquids and waxes. The wax

influenced by choice of temperature, composition

requires further process steps in order to be utilised as

of feed gas (H2/CO), pressure, catalyst type and catalyst

a fuel. Examples are wax hydrocracking, distillate

composition. Although there can be impurities and

hydrotreating, catalytic reforming, naphtha
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hydrotreating, alkylation and isomerization. Although

Normally a biocrude oil produced from syncrude by a

generally fuels produced from syncrude FT have a high

Fischer-Tropsch reaction does not require an elaborate

quality, with low aromaticity and low sulphur content

refining process, due to the product’s composition.

[87]. Since the waxes consist of longer hydrocarbon-

The following basic steps are normally necessary in

chains than the desired fraction the stream is treated

order to achieve the jet-fuel specifications [26]:

through hydrocracking resulting in hydrocarbons in
the middle distillate range (diesel and naphtha). The

1.

Adjust chain length of hydrocarbons

reactor can be designed in several different ways using

2.

Synthesize aromatics in the kerosene range

different types of catalysts. Due to its extensive use

3.

Isomerisation of linear hydrocarbons in
order to lower their freezing point

within the petroleum industry the process in well
4.

developed and considered a mature process. An

Hydrogenate syncrude to reduce olefin
and oxygenate content.

advantage with applying this technology for these
streams is that it is considerably with low content of
sulphur, nitrogen or aromatic compounds [84].

Table 9. Overview of the refinery production from a High-Temperature-Fischer-Tropsch (HTFT) crude and from a
Low-Temperature-Fischer-Tropsch (LTFT) crude with a flow rate of 500 ton per hour of C2 and heavier. Roughly
equivalent to a 100,000 barrels/day crude oil refinery [26].

Refinery production

Product

HTFT
kg/h

m3/h

bpd

LTFT
vol%

kg/h

m3/h

bpd

vol%

Liquid fuels

1.00

Motor-gasoline

98,880

131

19,742

22.4

101,328

137

20,641

23.0

Excess fuel ethanol

17,624

22

3,351

3.8

2,272

3

432

0.5

Jet fuel

302,863

389

58,650

66.5

355,912

455

68,720

76.5

Diesel fuel

0

0

0

0

0

0

0

0

LPG

23,563

42

6,410

7.3

0

0

0

0

595

89,793

100

16.67

Other products
Fuel gas

32,612

26,781

Unrecovered
organics

14,894

15,634

Hydrogen

281

-3,243

Water

9,277

1,315

Sum

500,000

584

88,152

100

500,000
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5.5.1		

Distillation

The first step is a basic distillation in order to separate

the involuntary cracking of the oil, which can occur at

the crude oil into its different component fractions,

very high temperatures. Distillation is considered one

with varying lengths of hydrocarbon chains. The

of the most flexible processes since it can process a

temperature must be regulated in order to minimize

wide variety of input material [88].

5.5.2		

Hydrocracking & hydrotreating

Hydrocracking is the process when higher-molecular-

Hydrocracking is comparable to catalytic cracking,

weight hydrocarbons are pyrolyzed into low-molecular-

but with a parallel hydrogenation process. The main

weight paraffins and olefins in the presence of hydrogen.

difference between these reactions is the time of which

The process is used in order to handle the hydrocarbons

the material is at a certain temperature.

with longer chains than what is sought after from the

The upper limits of hydrotreating overlap the lower

process. Hydrocracking was first developed in order to

limits for hydrocracking. Hydrotreating is mainly used to

convert refractory feedstocks into gasoline and jet fuel.

remove sulphur, oxygen, nitrogen and metals from the

Zeolites are usually used in the process and are

products, the need of which is dependent on the

partially de-aluminated and low in sodium content.

composition of the input material [87].

5.5.3		

Catalytic Reforming

Catalytic reforming can be several different processes

paraffins to aromatics, isomerization and hydrocracking.

where mainly low-octane hydrocarbons are converted

The first two reactions, dehydrogenation and

into high-octane aromatics. There are four main

dehydrocyclization, are endothermic reactions and all

reactions that are used for this: dehydrogenation of

but the hydrocracking process releases hydrogen which

naphthenes to aromatics, dehydrocyclization of

can be used in other reforming steps [87].

5.5.4		

Isomerization

In an isomerization process straight-chain

respective iso-paraffin. [90] This process can be carried

hydrocarbons are transformed into branched alkanes in

out in a vapor phase with a catalyst supported in a solid

order to increase the octane value of the product. [89]

phase or with a dissolved catalyst in the liquid phase

It converts n-pentane, n-butane and n-hexane into its

[87].

5.5.5		

Conclusion Separation

Option 1:
A simplified separation process based upon
distillation to separate hydrocarbons of
different chain-lengths.
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or

Option 2:
A more intricate separation process that
produces fuels containing aromatics.
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5.6

Summary of Conclusions – Process identification and unit operations

In this chapter, the process of BEJF production has been identified and the unit operations in play have been
reviewed. This has resulted in two different options for each process step as listed in the sub-sections below.

5.6.1		

Conclusion Combined Heat and Power

Option 1:

Option 2:

MEA is used as CC technology because of its

or

AMP-NMP is used as CC technology because

technological maturity, high CC capacity and

of its higher efficiency and suitability for energy

suitability for the current CHP process.

integration.

5.6.2		

Conclusion Carbon Capture
Option 2:

Option 1:
The CHP process is suggested to be run
at normal operation with minimal change.

5.6.3		

or

The oxyfuel technology is included to
the process.

Conclusion electrolysis

Option 1:

Option 2:

AEL is preferred as first-hand option for the
production site for the bio-electro jet

or

SOEC is considered as a second-hand option
due to its low electricity demand, its ability to

fuel production plant because of the high

produce hydrogen gas with high purity and its

production capacity, long life time, and

suitability for a continuous process. It is not

suitability for continuous production

considered as a first-hand option since it is in

processes and for its technological maturity.

an early R&D phase and has limited lifetime
expectancy compared to AEL.

5.6.4		

Conclusion Synthesis Process

The synthesis process will focus on two different types:
•

the Fischer-Tropsch reaction with Reverse-Water-Gas-Shift reaction
and

•

the modified Alcohol to Jet reaction.

Both will be studied separately as alternative options for the synthesis step of the production process.

5.6.5		

Conclusion Separation
Option 2:

Option 1:
A simplified separation process based around
distillation to separate hydrocarbons of different

or

A more intricate separation process that
produces fuels containing aromatics.

chain-lengths.
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6 KINETIC MODELLING
OF METHANOL MEDIATED CO2
HYDROGENATION TO JET FUEL

6.1		

Introduction

Chapter 5 was an overview of the best available

oxide surfaces via a CO or formate pathway. Later, the

technologies for a BEJF production facility. In this

methanol formed is dehydrated or coupled over zeolites

chapter, one of the two previously discussed synthesis

through selective C-C coupling. These bifunctional

pathways, namely AtJ(MeOH) is deeper analysed.

catalysts consist of a methanol synthesis catalyst and
a methanol dehydration/coupling catalyst that can

In this chapter methanol-mediated synthesis of

directly convert CO2 to hydrocarbons. The reaction

hydrocarbons for jet fuels is investigated. The direct

steps can be summarised as [91]:

catalytic conversion of CO2 to value-added hydrocarbon
fuels can be performed in a single reaction step using

CO2 + 3H2 -> CH3OH + H2O		(12)

hydrogen and CO2 as the feed: Carbon dioxide +
Hydrogen (-> Methanol) -> Bio-electro-Jet A1, through

2CH3OH -> CH3OCH3 + H2O		 (13)

a reaction process where higher hydrocarbons are
produced in a single methanol-mediated step via the

nCH3OH + H2 -> CH3 (CH2)n-2 CH3 + nH2O (14)

direct hydrogenation of CO2.
The direct catalytic hydrogenation of CO2 to
This methanol-mediated CO2 hydrogenation reaction

hydrocarbons in a single reactor step is significant

occurs via the coupling of two sequential reactions over

because the two steps (CO2 -> CH3OH and CH3OH ->

a bifunctional catalyst. At first, CO2 and H2 react to

hydrocarbon) are not mutually exclusive. [92]

form methanol (CH3OH) over partially reduced metal
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But mostly in literature, extensive experimental

integrated catalytic reaction. Hence, a kinetic model is

studies are reported for direct CO2 hydrogenation to

necessary to model and evaluate the application of such

hydrocarbons [91, 92, 93, 94]. Previous works show

a synthesis process as a part of the complete full-scale

that metal oxides such as In2O3 act as an efficient

process to produce jet fuels from CO2 directly.

catalyst for the CO2 hydrogenation to methanol in
which the presence of oxygen vacancies plays a key

In WP4 we at Chalmers are developing to our

role. On the other hand, the acidic sites of zeolites

knowledge the first kinetic model for direct CO2

are responsible for the conversion of methanol into

hydrogenation to hydrocarbons. Particular attention is

valuable hydrocarbons. [94] Detailed knowledge of the

paid to the model’s capability to predict the distribution

performance and mechanisms of CO2 hydrogenation

of hydrocarbon products and jet fuel fraction. We

reactions can be obtained from kinetic modelling. The

have divided the work into two distinct parts. Firstly,

kinetic models can have widely different levels of detail

we have developed a model for CO2 hydrogenation

and are mainly based on different approximations

to methanol over In2O3 catalyst and next, we are

related to the rate-determining steps and the nature of

extending that model for the direct CO2 hydrogenation

surface intermediates of the reaction. Kinetic modelling

to hydrocarbons using the methanol mediated pathway

studies are separately reported for CO2 hydrogenation

(Fig. 14).

to methanol and methanol-to-hydrocarbon (MTH)
systems, but there are no kinetic models for the

CO2
H2

Kinetic Model 1

CH3OH

Kinetic Model 2

Figure 14 Schematic showing the kinetic model for direct CO2 hydrogenation to hydrocarbons.
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6.2		
		

Kinetic modelling studies for CO2
hydrogenation to methanol

Recent studies have shown that In2O3 based catalysts

In the first part of the work, the kinetics of methanol

are highly selective for methanol from CO2 via its

synthesis at high pressure from carbon dioxide

direct hydrogenation [95, 96]. The high selectivity

hydrogenation has been studied using an indium oxide

of the catalyst was attributed to its ability to inhibit

catalyst. The experiments have been performed in an

the RWGS reaction. Based on density functional

isothermal fixed bed reactor with a temperature range

theory (DFT) studies on a model (110) surface of

between 200 °C and 400 °C, a total pressure between

In2O3, methanol formation proceeds through the

20 and 40 bar and for varying H2:CO2molar ratios and

surface formate (HCOO) species [97], where the

gas hourly space velocities. It was observed that at

surface oxygen vacancies act as active sites for CO2

higher temperatures, the catalytic reaction generated

activation and hydrogenation to form methanol. [98]

more carbon monoxide due to the rWGSR that led to a

A microkinetic model developed by Frei et al., based

reduction in the selectivity for methanol appreciably.

on DFT simulations over a (111) plane of In2O3 could

The results of this experimental study were used to

adequately predict the experimental results such as

develop a Langmuir-Hinshelwood-Hougen-Watson

activation energies for CO2 hydrogenation to methanol

(LHHW) kinetic model based on a competitive

and the RWGS reactions. [99] Apart from this, no other

adsorption mechanism. The quality of this model was

studies are available in the literature that report kinetic

evaluated by comparing validation experimental results

models for CO2 direct hydrogenation to methanol over

with the model predicted values. An optimization

In2O3 catalysts.

procedure was performed to evaluate the kinetic
parameters and activation energies.

6.2.1

Modelling methods

Single-site and dual-site Langmuir–Hinshelwood

competitively adsorb [100]. H2 is believed to adsorb

models have been used for kinetic modelling. For the

dissociatively and the adsorption of methanol was

single-site model, it is assumed that the catalyst has

assumed to be negligible.

only one type of active site where both CO2 and H2
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The corresponding general kinetic rate expressions for both single- and dual-site models are given as:

							(15)

							(16)

							(17)

where rMeOH, rRWGS and rCH are the reaction rates

for each of the reactions. The denominators of the rate

for methanol synthesis, RWGS and methanation

equations are referred to as the inhibition terms. The

reactions respectively. k1, k 2 and k3 (in mol s-1 bar-1

inhibition terms for the single- and dual-site models

kgcat-1) respectively represent the rate constants of the

of the rate equations (Eq. 15-17) are shown below in

corresponding equations, and Keq,MeOH, Keq,RWGS

Table 10. KCO2 and K H 2represent the adsorption

4

and Keq,CH4 (in bar-1) are the equilibrium constants

equilibrium constants for CO2 and H 2, respectively.

Table 10. Inhibition terms for the single- and dual-site LHHW models.

Models

Inhibition term

Single-site

Dual-site

6.2.2		

Methanol synthesis model and experimental results

In this section, we have discussed an example of

(~0.15%). Even small errors in predicting CH3OH and

the simulation results. Fig. 15 shows the variation in

CO formation at such a low conversion has a big impact

selectivities of CH3OH and CO when the reaction

on the selectivities. However, at higher temperatures the

temperature was varied from 200 to 400 °C over

single-site model fits well with the experimental results.

the In2O3 catalyst. The experimental data points are

The single site model shows that the methanol synthesis

represented by the symbols and the modelling results

reaction is equilibrium limited at higher temperatures,

are shown by the lines. The fitting slightly deviates at

whereas, the rWGSR mostly goes unaffected as the

lower temperature around 200 °C mainly because the

CO concentration continuously increases rather than

CO2 conversion is very low at that temperature

reaching its thermodynamic equilibrium.
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Figure 15. Effect of temperature change on the selectivities of CH3OH and CO over pure In2O3 catalyst. Standard
reaction conditions: 40 bar, WHSV = 9000 mL gcat-1 h-1 and molar H2:CO2 = 3:1.

6.3

Kinetic modelling studies for direct CO2 hydrogenation to hydrocarbons

A direct CO2 conversion process integrating methanol

In this part of the work, we are working with a

synthesis with sequential methanol-to-hydrocarbon

bifunctional catalyst consisting of In2O3 and H-ZSM-5

(MTH) reactions over a bifunctional catalyst is

zeolite (In2O3/H-ZSM-5 mass ratio = 2:1) for direct

challenging because different operating conditions

CO2 conversion to fuels via a methanol-mediated

are favourable for each step. Typically, the MTH

pathway as a continuation of our previous work. The

reaction proceeds best at high temperature (≥350 °C)

catalytic experiments have been performed within

due to kinetic requirements, while the exothermic

a temperature range between 250 °C and 400 °C, a

methanol synthesis reaction is unfavourable at such

total pressure between 20 and 40 bar and for varying

high temperatures because CO selectivity via the

H2:CO2 molar ratios and different gas hourly space

reverse water gas-shift (RWGS) reaction is too high.

velocities. CO2 was first hydrogenated to CH3OH over

Hence the combination of both these processes (CO2 to

the In2O3 surface and CH3OH was then transformed

methanol + MTH) requires a compromise in reaction

to hydrocarbons via the acidic sites of the H-ZSM-5

temperature at which, ideally, the CO formation can be

zeolite.

minimized but the zeolite is also sufficiently active for
C-C coupling.
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6.3.1

Combined kinetic model

Figure 16. Proposed kinetic scheme for the direct CO2 hydrogenation to hydrocarbon over the
In2O3/H-ZSM-5 catalyst (k = rate constant).

A MTH kinetic model has been added to the developed

been considered in the model: step 1-3: the reaction

CO2 to methanol model stated in the previous section.

of CO2 and H 2 to form methanol (M), CO and CH4

The basic lumped-type MTH kinetic model is adapted

respectively liberating water (W) as a by-product;

from that reported by Uriarte et al. for DME to olefin

step 4: dehydration of methanol (M) to produce DME

reaction kinetics [101] Our experimental results showed

(D) and water (W); step 5: the reaction of methanol

that the In2O3/H-ZSM-5 catalyst produces more

to olefins [ethylene (E=), propylene (P=) and butylene

alkanes than alkenes unlike the model proposed by

(B=)] with water liberation (W); step 6: the reaction

Uriarte et al. So, alkene hydrogenation reactions have

of DME to olefins and water; step 7-12: autocatalytic

been added to the model.

reactions of olefins with the oxygenates; step 13:
olefin hydrogenation forming ethane (E), propane

Also, we supplemented the model so that it could

(P) and butane (B); step 14: secondary reactions

predict three ranges (or lumps) of hydrocarbon

of oligomerization of olefins to form C5-C8 (C5-8)

products, namely C1-C4, C5-C8 and C9+ products.

hydrocarbons (C5-8); step 15: Further reaction of C5-

This provides the model with a better ability to

C8 compounds with olefins to form C9+ hydrocarbons

predict the selectivity for hydrocarbon products in

(Fig. 16).

the jet fuel range. The following reaction steps have
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6.3.2

Hydrocarbon experimental results

Figure 17. Varying temperature results showing (a) Hydrocarbon distribution, (b) CO2 conversion, total hydrocarbon
(HC) and CO selectivities over In2O3/H-ZSM-5 catalyst, (c) CO2 conversion, methanol and CO selectivities over pure
In2O3 catalyst. Standard reaction conditions: 40 bar, WHSV = 9000 mL gcat-1 h-1 and molar H2:CO2 = 3:1.
Some example results related to the direct CO2

selectivity of 18.5% and total hydrocarbon selectivity

hydrogenation to hydrocarbons using the bifunctional

of 80.3% was observed at 320 ˚C. With an increase in

catalyst is shown in this section. With the increase in

temperature, the CO selectivity enhances because the

temperature from 250 to 400 ˚C, the In2O3/H-ZSM-5

competitive RWGS reaction is favoured (Fig. 17b) and

composite catalyst exhibited higher activity and

as a result hydrocarbon selectivity and C5+ yields drop.

higher selectivity to C5+ hydrocarbons up to 320 ˚C.

For comparison the conversions and yields for the pure

The corresponding hydrocarbon distributions are

In 2O3 catalyst under the same reaction conditions are

shown in Fig. 17a. A maximum C5+ hydrocarbon yield

shown in Fig. 17c. It can be seen how at temperatures

of 28% corresponding to CO2 conversion of 10%, CO

greater than about 300 °C the hydrocarbon selectivity
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with the bifunctional In 2O3+H-ZSM-5 catalyst is

hydrogenation to methanol modelling results showed

increasingly greater than methanol selectivity with

how the progress of the rWGSR caused the methanol

the pure In2O3 catalyst. It can be noted that all

synthesis to reverse (Fig. 15). This adverse effect of

hydrocarbons originate from reaction of methanol

the rWGSR can also be avoided using the bifunctional

with the H-ZSM-5 zeolite. These results show

catalyst. This improved direct hydrocarbon yield is

that since methanol is directly converted in the

one of the major advantages of combining methanol

reactor to hydrocarbons, the equilibrium limitation

synthesis and MTH in a single reactor step.

for its formation can be avoided. Also, the CO2

Figure 18. Selectivities for (a) C2-C5 hydrocarbons and (b) C6-C12 hydrocarbons with variation in temperature over
In2O3/H-ZSM-5 catalyst. Standard reaction conditions: 40 bar, WHSV = 9000 mL gcat-1 h-1 and molar H2:CO2 = 3:1
Figure 18a. shows that C30, C40 and C50 n-paraffins were predominantly obtained after conversion showing very low
alkene selectivity. Significantly, the selectivity of C3 was reduced up to 320 ˚Cafter which it was almost constant. The
selectivities for C6 to C12 increased with temperature from 250 to 320 ˚C, after which they began to drop at higher
temperatures
(Fig. 18b). The maximum selectivity for C5+ was obtained around 320 ˚C. Selectivity for methane and methanol were
always very low and reached 0.1% and 1.9%, respectively, at the highest temperature.

6.4		
		

Conclusions - Kinetic modelling of methanol mediated CO2
hydrogenation to Jet fuel

In WP4, we at Chalmers are investigating the

be integrated into a full-scale process model. We

production path: Carbon dioxide + Hydrogen (->

have already developed a kinetic model describing

Methanol) -> Bio-electro-Jet A1, through a reaction

the reaction mechanism of CO2 hydrogenation to

process where higher hydrocarbons are produced

methanol and now work to extend that model to

in a single methanol-mediated step via the direct

a complete model incorporating Methanol -> Bio-

hydrogenation of CO2. Our main task is developing

electro-Jet A1 is ongoing. The combined model will

experimentally validated kinetic models that can

also be experimentally validated for varying operating

predict the performance of the reaction process and

conditions.
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200 °C
400 °C
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7 CAPITAL- AND OPERATIONAL
EXPENDITURES, AND
PROCESS INTEGRATION

7.1		

Introduction

In this chapter, process modelling and analysis were

using the Aspen Plus® simulation software. Mass and

performed to assess the viability of the production of

energy balances and main design parameters were

BEJF from renewable-based sources of CO2 and H2.

determined for all unit operations, and the results

Four process concepts: (1) combined heat and power,

were validated with real industrial data, based on local

(2) amine-based CO2 capture, (3) reverse-water-gas-

conditions in Sweden.

shift, and (4) Fisher-Tropsch synthesis were modelled

7.2		

Methods

7.2.1		

Modelling and simulation

The mass and energy balances were obtained in WP5

capture unit. The process design was based on a low-

of the overall project. In this context, various unit

capacity scenario of biomass feed of approximately

operations were modelled and simulated using Aspen

16.5 t/h dry spruce to be burned in the CHP plant. The

Plus® commercial software. Four process concepts

operating conditions were manipulated to obtain a flue

were opted for, namely (1) combined heat and power

gas stream after treatment, with an O2 level of ~6.15% v

(CHP), (2) amine-based CO2 capture, (3) reverse-

(Jämtkraft, verbal communication). In the F-T process,

water-gas-shift (rWGS), and (4) Fisher-Tropsch (F-T)

the α-value in the Anderson–Schulz Flory distribution

synthesis. Thermodynamic fluid property packages

was set to 0.8, according to the literature [102]. The

used were the non-random two-liquid (NRTL) activity

process flow diagram for the entire synthetic route of

coeﬃcient model for CHP, rWGS and F-T units, and

BEJF is depicted in Figure 19.

ELECNRTL thermodynamic package for the CO2
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Figure 19. Process flow diagram for the production of BEJF from renewable resources.
As may be viewed, the flue gas is washed with an

dioxide at a temperature of 106 °C. The concentrated

amine solution (a water solution containing 30 wt%

carbon dioxide is mixed with hydrogen, generated via

mono-ethanolamine, MEA) at an inlet temperature

the electric splitting of water, from the electrolyzer

of 40 °C and the rich, carbon dioxide loaded amine

units. The mixture of carbon dioxide and hydrogen

solution is sent to a stripper column. The stripper

is heated to 900 °C and passed through a catalyst,

reverses the reaction of the MEA, releasing the carbon

performing the rWGSR.

CO2 + H2

CO + H2O							(18)

The endothermal reaction is controlled by chemical

is compressed and heated to about 220 °C and passed

equilibrium and is favoured by high temperatures; it is

through a second catalytic reactor. In this reactor, the

indifferent to pressure. After the reaction, the gases are

CO and H2 are converted into longer, alkane and alkene

cooled, the water produced is condensed and removed.

hydrocarbons via the F-T reaction.

Thereafter, the resulting mixture of CO, CO2 and H2

(2n+1) H₂ + nCO -> CnH2n+2 + nH2O						(19)
2n H₂ + nCO -> CnH₂n + nH₂O						

(20)
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The reaction is exothermic by nature and favoured

the unreacted CO, CO2 and H2 is recycled in the

by high pressures and low temperatures. After the

process, with the exception of a small bleed-off stream

reaction, the reaction mixture is cooled, the water

(containing 1% of the inlet mass flow of H2z) in order to

and hydrocarbon are condensed, and a crude F-T

avoid accumulation of inerts in the recycle loop.

product can be removed as a final product. In addition,

7.2.2		

Cost and performance analyses

The anticipated costs are based on capital (CAPEX)

use factorial methods to arrive at the installed cost of

and operational (OPEX) expenditures. The full cost

equipment, for instance, the installed factor for the

estimation to produce the BEJF product fraction was

electrolyser is set to 1.2 [103]. In estimating the final

calculated in WP6 of the overall project. The costs

capital cost, 15 % have been added as a contingency

at this early stage of process design are based on the

and 18% to cover buildings and support structures.

heat and mass balance developed for the most mature
technology concept, namely the process depicted

In addition, the production cost of electrofuel product

in figure 19, using MEA for CO2 separation, rWGS

was estimated, and the major assumptions used in

for syngas generation and a F-T reactor followed by

calculations were:

a distillation unit for generating the BEFJ. Using
•

An electricity price of EUR49/MWh (based on a

of the equipment were used to estimate the installed

•

25 y life span for proposed plant.

capital cost using publicly available databases

•

8400 hours of operation per year.].

such as the Aspen Process Economic Analyzer, the

•

5% weighted average cost of capital.

the flow rates of the heat and mass balance, the

10-y forecast for local electricity prices [104].

individual unit operations could be sized. The sizes

CAPCOST software, the Timmerhaus equipment cost
estimation tool, as well as other literature sources.

In addition, a sensitivity analysis was performed,

Since the technical production processes are still

investigating aspect such as the depreciation time,

under development, it is difficult to fully anticipate the

weighted average cost of capital, electricity price and

detailed cost structure. However, these databases

the investment cost.

Thermal efficiency as an evaluation metric was used to assess the overall performance of proposed process designs,
and was calculated using the following equation:
							(21)
where

BEJF denotes the mass flow rate of the BEJF (kg/h), LHVBEJF the lower heating value of the BEJF fraction

(MJ/kg), heat is the hot utility consumption (MJ/h), and electricity is the electric energy consumption (MJ/h).
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7.3		

Results and discussion

7.3.1		

Mass and energy balances

Data related to mass flows and composition of the cold

plant uses wood as a feedstock to drive the operation,

flue gas stream, exiting the CHP unit and to be fed to

and for modelling purposes, composition of spruce was

CO2 capture unit, are provided in Table 12. This stream

considered.

was used as a feed for the CO2 capture unit. The CHP
Table 12. Stream composition of cold flue gas stream.

Component

Mass flows (kg/h)

Mass%

Water

7,558

7.8

CO2

14,657

15.0

O2

7,523

7.7

N2

67,703

69.5

Others*

10

<0.1

Total

97,451

100.0

*Other components include traces of ash, non-volatiles, NOx, CO, stilbene, and resins.

The absorber was designed to capture 70% of the CO2

corresponding to 1,219 kg of hydrogen hourly.

inlet. The mass flow of the CO2 rich stream (feed to

The total F-T-product mixture output for the low

the rWGS unit) was calculated to be 6,924 kg/h. The

capacity case was 1,676 kg/h. The mass distribution

specific energy consumption of CO2 removal (in the

of various components and fuel fraction in the F-T

stripping section) or regeneration was calculated to

crude product mixture is given in Table 13. The jet fuel

be 5.1 MJ/kg CO2 , which is deemed acceptable when

fraction was dominating with the highest mass

compared to typical values, e.g. 4.2 MJ/kg CO2 [105] for

distribution reaching up to 40%, while the second

an established MEA process and 7.1 MJ/kg CCO2

fraction being the gasoline (C5–C9 showing a

[106] for an MEA-based CO2 capture during cement

distribution of approximately 36%. Other co-products

production. For the rWGS and the F-T synthesis, there

included light hydrocarbons (C2–C4), diesel (C16–C18),

is a need of hydrogen, generated from electricity. The

and waxes.

production of hydrogen requires 62 MW of electricity,
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Table 13. Product mass distribution of various fractions in the F-T crude.

Component

Mass flows (kg/h)

Mass%

CO2

9.7

0.6

CO

0.5

<0.1

CH4

0.6

<0.1

Lights

52.2

3.1

Gasoline

608.4

36.3

Jet fuel

667.6

39.8

Diesel

221.3

13.2

Wax

112.5

6.7

Others*

3.3

0.2

Total

1676.1

100.0

*Other components include trace amounts of H2O, H2, N2, and O2.

Based on the simulation models proposed, only

as possible upgrading steps to reduce the chain

hydrocarbons up till C20 were considered; where

length of the F-T wax/heavy residue, towards obtaining

C19 and C20 resulted in being in the wax fraction.

more liquid fuels.

Hydrocracking and hydroisomerisation can be applied

Figure 20. True boiling point distillation curve of the BEJF fraction.
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Figure 20 shows the true boiling point curve for the

C15, which is mostly compatible with the American

BEJF fraction in the F-T crude mixture obtained for the

Society for Testing Materials (ASTM) standards of

low-capacity biomass feed case. The BEJF portion is

conventional jet fuel Jet A A1, that is, boiling point range

proposed to be composed of hydrocarbons from C10 to

approximately from 158 to 269 °C [107].

7.3.2		

AtJ process

As the alcohol-to-jet (AtJ) route has been investigated

energy for compression, which corresponds to about

during the project, it is less developed compared to the

2 MW extra power needed for compression. On the

F-T route. In order to estimate the mass and energy

other hand, the relatively lower temperature levels for

balances for the alcohol route, some assumptions

the AtJ process (~320 °C) will lead to less expensive

were needed. The main differences between the

material of construction for the reactor and also open

processes are the reaction path after the CO2 capture

up for different process integration opportunities.

and H2 production. The products from the processes

As with the F-T route, the temperatures for energy

are similar in the sense that it they are saturated

input are too high for the primary energy input for

hydrocarbons. Hence, the enthalpy of formation of

the process (i.e. 900 °C in the rWGSR) to be easily

the reactants and the produces per kg is similar even

integrated with the CHP plant, but both processes

if the product distribution of the process differs. The

will deliver heat at lower temperature to the district

AtJ route is performed at higher pressure compared to

heating network.

the F-T route. The higher pressure requires 70% more

7.3.3		

Process integration

Process integration, specifically considering heat

energy required in the BEJF process. The electricity

integration between the CHP plant and the proposed

is not considered to be part of the energy integration

BEJF process is key for achieving both an energy- and

between the CHP and the BEJF process as electricity

cost-efficient process. Strictly the processes are both

will be supplied from the grid and not from the CHP

energy and material integrated as there is a mass

process per se. The electrical energy required for the

flow of CO2 from the CHP plant to the BEJF process

BEJF process is larger than the electricity produced

but this was not considered as a possible point for

in the CHP plant at the load corresponding to the

improvements as there is no significant material flow

production rate of CO2 needed for the BEJF process.

in the opposite direction, which will be affected by

The major heat and cooling demands for the BEJF

different choices in the process design of the BEJF

process are summarised in Table 14.

process. Electricity and heat are the major source of
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Table 14. Heat exchange stream data for the BEJF process. The data are related to the base case of
the low-capacity biomass feed.

Unit

Tin (°C)

Tout (°C)

Duty (MW)

Electrolyser

80

80

-18.4

CO2/MEA heater

54

96

8.1

Stripper condenser

25

24

-3.6

Stripper reboiler

105

106

9.8

rWGS

24

900

15.3

Syngas cooler

900

25

-15.1

F-T heater

70

220

2.0

F-T

220

220

-6.6

F-T cooler

220

25

-4.1

Heat integration between the processes can be made

One such decision is the temperature in the

by employing a strict Pinch Analysis methodology,

electrolyzers for H2 production. The electrolysers need

where heat sources and heat sinks in the processes

to be cooled at their operating temperature to dissipate

being integrated in order to minimise the hot and

the energy that was not used for water splitting.

cold utility demands for the entire integrated process

These units are usually operated in the temperature

(e.g. Smith [108]). This is an established method

range between 60 and 80 °C. These temperatures are

for integration in already existing plants as the

normally too low to be of industrial interest, but in the

temperatures of the different process streams are

higher range it was identified that this cooling demand

well-known but sub-optimally supplied with heating

could, at least partially, be met by heating the cold

and cooling. Accordingly, the sustainability profiles of

district heating return water.

industrial plants could be enhanced through such an
efficient use of various resources.

Through discussion in the project group, possible and
realistic changes to the CHP process were identified,

For the CHP and BEJF process integration, the

which can facilitate the CHP plant supplying primary

approach was to investigate where the major heating

energy to the BEJF process, and in turn would return

and cooling demand existed and identifying possible

secondary heat, at a lower but still useful temperature

matches in this demand between the processes also

to the CHP plant. These changes were identified as

considering process changes that can be made in

reasonable from the CHP plant production and would

order to facilitate heat transfer between the processes.

lead to minor changes in the ratio between heat and

The minimum energy requirements for hot cold

electricity produced in the plant, these alternatives

utilities (Energy Targets) was calculating using Aspen

where, however, not modelled specifically at this point.

Energy Analyzer® software, considering a minimum

The integration of the BEJF process would require

temperature approach difference (ΔTmin) of 10 °C.

that the CHP plant is operated at a slightly higher load
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in order to supply the BEJF process with the primary

process of 7.8 MW, as compared to 35.2 MW for a

heat required, which would also lead to a higher

non-integrated case. About 15 MW is returned to

electricity production from the CHP plant compared

the district heating network at lower temperatures

to a non-integrated scenario.

reducing the load of the CHP plant; thereby freeing up
capacity in that process.

The process integration between the two processes
will lead to a primary energy demand for the BEJF

7.3.4		

Economic and performance evaluations

Here below is a summary of the results from WP6,

the second major equipment cost is the compressor,

where we list the main cost items that are required

which is estimated at an installed cost of 3 MEUR. The

to be included. The total capital investment costs

remaining equipment is estimated at about 8 MEUR,

are broken down for the base case as follows. The

and in addition to these costs, the contingency (6.2

electrolyzers are the highest price items and have

MEUR) and support facilities (9.9 MEUR) are added,

been estimated using a cost of 511 €/kW [109]. This

giving a grand total of 65 MEUR. The investment cost

value corresponds to the lower end of the interval

is depicted in figure 21. Using an initial assumption of 5

suggested in literature. The installed cost of the

% with respect to weighted average cost of capital and

required 62 MW electrolysers, with an installation

25 years produces a yearly capital cost of 4.6 MEUR

factor of 1.2, is approximately 38 MEUR. In addition,

(interest rate and depreciation).

7%

3%

10%

15%

Electrolysis

Facilities

65%

Contingency

Additional equipment

Compressor

Figure 21. CAPEX breakdown
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The operational cost was estimated on the electricity

performance reached thermal efﬁciencies of about 8%

demand, as this cost dwarfs all other operating costs.

(20% based on the F-T-crude product mixture) based

The 62 MW, over the 8,400 h operational period

on the BEJF fraction only for the non-integrated case

required, are priced at 49 EUR/MWh, totaling 25.5

and 22% (39% based on the FT-crude product mixture)

MEUR per year.

for the heat-integrated case.

The production cost of BEJF product was estimated to

As this is an initial assessment, the most critical

be EUR142/MWh from OPEX (mainly electrical) and

parameters have been assessed for better

EUR 27/MWh from CAPEX, all of which will lead to a

understanding the sensitivities of the system.

total production cost estimate of EUR 169/MWh (EUR

The sensitivity analysis is performed as a single

1.6/litreBEJF). This estimation for production cost is

parameter study, changing one variable at a time and

fairly competitive, especially when compared to fossil

assessing the impact of this variable on the cost of

fuel production cost that is usually in the range of EUR

production. First of all, doubling the capital cost of the

36–50/MWh, and when the sustainability aspects are

electrolysers to 1,008 EUR/kW, which is still within

considered. However, the costs for distribution and

the suggested range of CAPEX, will significantly

storage systems should be further evaluated [110], to

increase the cost of the plant. The overall investment

fully assess its cost-competitiveness against other

cost will increase to 116 MEUR, and the production

transportation fuel alternatives. This production cost

cost will increase to 195 EUR/MWh. The effect of

estimate is also within the range of predicted costs

changing the depreciation and the interest rate is

for electrofuels by 2030, i.e. 160–210 EUR/MWhfuel

depicted in figure 22 below.

[110], where the hydrogen production cost was a
major influencing parameter. Furthermore, process

Figure 22. Sensitivity analysis, production cost as a function of capital cost of electrolyzers and depriciation.
As can be seen in figure 22, there is not a huge effect

price by about 40% would lower the production cost

on the cost of production as a function of neither the

by almost 60 EUR/MWh and a corresponding 40%

weighted average cost of capital of the depreciation

increase would increase the price by the equal amount,

time. However, when varying the electricity price, the

as can be seen in figure 23.

volatillity is clearly displayed. Lowering the electricity
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Figure 23. Sensitivity analysis, production cost as a function of electricity price.

7.3.5		

AtJ Process economics

With the assumptions that the upstream process is

previous investigations. The main difference is that it

similar to the F-T route and that the reactor system

is possible to heat integrate both processes with the

has similar costs as the F-T route the major difference

CHP plant and district heating network to achieve

between the processes are the extra power needed for

a better overall energy efficiency. The drawback of

compression before the reactor. Taking this extra

the AtJ route, at its current development level, is that

power into account and allocating the cost of the

the product distribution is not favouring jet fuel with

entire production to the mass flow of product, the

about 3% of the mass distribution of products in the

AtJ production route will lead to a production cost

jet fuel range, compared to 40% for the F-T route.

of EUR174/MWh (EUR1.6/litreBEJF), which is an

However, further development and optimization of

approximately 3% increase compared to the F-T route.

the AtJ route may increase the jet fuel part of the
distribution. This will leave the alcohol route with

Hence, both processes show a rather similar process

97% of the product mass flow in an undesirable range,

economy which is slightly better compared to some

which must be dealt with on site.

7.4		

Conclusions – Capital- and operational expenditures,
and process integration

In summary, the possibility of producing BEJF from

through energy integration, which has also led to a

renewable CO2 and H2 via two synthetic routes; F-T

significant increase in thermal efficiency of the process

and AtJ, and the integration of these processes into

to up to 39%, based on the F-T crude product. Both

a CHP plant have been investigated under Swedish

routes can be integrated with the CHP plant and the

conditions. Both routes have shown comparable BEJF

district heating network to achieve a better overall

production costs of ~EUR1.6/litreBEJF, with a slight

energy efficiency. Further research is required

increase of about 3% in the case of AtJ. It should,

for the AtJ route in order to increase the jet fuel

however, be noted that there is a significantly lower

fraction in the product distribution, as well as for both

amount of jet fuel produced via the AtJ process

routes to assess the effect of varying the capacity of

compared to the F-T-route. A reduction of 78% in

biomass feed on the production cost of BEJF.

heating demands has been achieved in the F-T process
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The aviation sector creates 13.9%
of the emissions from transport
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8 LIFE CYCLE ASSESSMENT (LCA)

8.1		

Introduction

In the EU in 2017, direct emissions from aviation

follows the AtJ pathway. The term “electrofuel”

accounted for 3.8% of total CO2 emissions. The

indicates that the fuel is produced using electricity and

aviation sector creates 13.9% of the emissions from

carbon dioxide (CO2). Electricity provides hydrogen to

transport [79]. Studies indicate that emissions from

the synthesis step while CO2 of biogenic origin comes

aviation are expected to increase in the absence

from the flue gases during biomass combustion.

of mitigation measures. Like for road transports,
renewable and biomass-based jet fuels provide

The aim of the study is twofold:

possibilities for a cleaner and fossil free aviation

•

assess the two aforementioned BEJF options from

•

to compare the results with a gasification-based

sector.

an environmental and life cycle perspective and

The emissions reduction potential of the different bio

biojet fuel as well as a petroleum-based jet fuel

jet fuels produced can vary significantly, depending

(kerosene) including also the end use of the fuel

on the feedstocks and technology pathways followed.
Reported savings values range from 50 to 95% as

The study is performed the purposes of the “Large-

compared to conventional fossil-based jet fuels [77, 111].

scale BEJF production integration at CHP-plant in
Östersund, Sweden” project. This report describes the

In this study two BEJF alternatives are investigated

methodology, background information as well as key

and assessed from a life cycle perspective. The first

findings of this comparative LCA.

option is based on the F-T synthesis while the second
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8.2		

Method

The environmental impact from the production of the

from all life cycle stages namely; material production,

BEJF was evaluated using LCA. LCA investigates the

manufacturing, use and maintenance, and end-of-

environmental impacts related to a product or a system

life. A schematic overview of a life cycle of a generic

during its whole life cycle. This includes evaluating

product is shown in Figure 24.

energy and resource consumption as well as emissions,

LIFE CYCLE
Raw material extraction

Resources
Energy
Material
Land use

Production

Use
Emissions
and waste
End of life

Figure 24. An illustration of a life cycle system.
LCA is a widely used and accepted method for studies

Figure 25; these are:

of environmental performance of various products

•

goal and scope definition,

and systems, -- A variety of standards and guidelines

•

life cycle inventory and inventory analysis,based

of how LCA can be performed is available. The LCA in

jet fuel (kerosene) including also the end use of

this report is performed in accordance with ISO 14040

the fuel

(ISO 14040, 2006) and ISO 14044 (ISO 14044, 2006)

•

impact assessment, and

standards LCA contains four main steps as shown in

•

results interpretation
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LIFE CYCLE ASSESSMENT (ISO 14040 AND 14044
Framework for LCA
Direct applications

Goal and scope definition

Inventory analysis

• Product development
and improvement
Interpretation

• Strategic planning
and decision making
• Choices of indicators

Impact assessment

• Marketing

Figure 25. The LCA methodology as defined in ISO 14040:2006.
A brief introduction to every step is provided below.

ISO standard or in the International Reference Life

Detailed descriptions can be found in the reference

Cycle Data System (ILCD) handbook [112].

8.2.1		

Goal and scope definition

During goal and scope definition, the purpose of

assumptions of the study, the impact assessment

the study is described. This includes the reasons

method, the interpretation method, and the type of

for carrying out the study as well as the intended

reporting. Together with the functional unit the scope

application and audience. Moreover, it contains

is what defines the circumstances under which the

information on the investigated systems and

LCA results are valid. A clearly defined goal and scope

associated methodological decisions including the

are crucial in order to fully understand the LCA and

functional unit, the boundaries of the system, the

associated results.

allocation approaches, data requirements and key

8.2.1.1		

Functional unit

The functional unit represents the reference flow to

provided by the analysed system. The system's

which all energy, material and emission flows from

function and functional unit are central elements of

and to the studied system related to. It provides a

an LCA in order to provide a meaningful outcome and

quantitative description of the function or functions

valid comparison among products and processes.
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8.2.1.2		

Type of LCA, attributional vs consequential

There are two methodological approaches in LCA,

the system can be expected to change as a result

namely the consequential (CLCA) and attributional

of actions taken in the system” [115]. The second

(ALCA) approach [113]. These two approaches vary

approach (attributional or accounting) “describe a

in scope while the choice between ALCA and CLCA

product system and its environmental exchanges” by

guides also other methodological decisions, such

using average data, and data that “reflect the actual

as the choice of input data and the modelling of

physical flows to and from the studied system” [113].

processes with multiple products [114]. CLCA, also

The modelling approach followed in an LCA depends

called “change oriented” uses marginal data aiming

highly on the scope and expected outcome of the

to “describe how the environmental exchanges of

respective study.

8.2.1.3		

System boundaries

Along with the scope, the system boundaries set the

to cradle). Moreover, the boundaries can refer to

limits of the assessment. These may refer to processes

geographical boundaries, temporal boundaries etc.

or life-cycle stages included or excluded from the

Defining the system boundaries as early as possible

respective study and their respective boundaries

enhance data collection as well as clarity and

towards nature (such as cradle to gate or cradle

representativity of the outcome.

8.2.1.4		

Multioutput processes

Multioutput processes refer to the process that

"where allocation cannot be avoided, the inputs and

result in more than one product or function (than the

outputs of the system should be partitioned between

product under assessment). Different approaches to

its different products or functions in a way which

deal with the issue of multifunctionality are suggested

reflects the underlying physical causal relationships

by the ISO standard. The first approach is to avoid

between them; i.e. they should reflect the way in which

allocation whenever possible. "wherever possible,

the inputs and outputs are changed by quantitative

allocation should be avoided by dividing the unit

changes in the products and functions delivered by the

process to be allocated into two or more sub-processes

system”.

and collecting the environmental data related to these
sub-processes, or by expanding the product system

Finally, "where physical causal relationships alone

to include the additional functions related to the co-

cannot be established or used as the basis for the

products."

allocation, the inputs should be allocated between the
products and functions in a way that reflects other

System expansion is often followed by system

relationships between them. For example, input and

substitution. Using the substitution approach, it

output data might be allocated between co-products in

means that the production of alternative energy or

proportion to the economic value of the products.” The

material is withdrawn from the studied system - or in

selection of a way to deal with multifunctionality shall

other words - the system is credited with the energy

be clearly stated and motivated in the LCA study as it

and material which are replaced by the energy or

may lead to differing results.

material produced by the system. Alternatively and
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8.2.2		

Life cycle inventory

In the inventory analysis, data are collected, and

The data collection process is also closely related to

the inventory results are calculated and presented.

the environmental impact assessment step that is

Mass or energy flows as well as all environmental

described below. To provide a robust outcome, updated

inputs and outputs are calculated and presented

and relevant data are required.

usually in relation to the selected functional unit.

8.2.3		

Impact assessment

Results from LCA studies can be presented as raw

assessment process consists of two mandatory steps

data of inventory flows (such as material or energy

and two optional steps namely the classification,

flows). Impact assessment, however, assists in

characterisation, normalisation and weighting step.

linking the inventory data collected with potential

Several impact indicators and assessment methods

environmental impacts (on human health, the natural

are available and the selection of the most appropriate

environmental or resources), thus providing a more

one depends on the data collected, the scope of the

comprehensive and meaningful outcome. The impact

assessment and intended audience and more [112].

8.2.4		

Interpretation of results

The interpretation is the phase where the results

An LCA is generally an iterative process. The impact

are analysed in relation to the goal and scope of

assessment helps increasing the knowledge about

the LCA study, where conclusions are reached, the

what environmental inputs and outputs are important.

limitations of the results are presented and where

This knowledge can be used to enhance and increase

recommendations are provided based on the findings

quality of data collection.

of the preceding phases of the LCA.

8.3		

LCA of BEJFs

8.3.1		

Goal and scope of the study

The goal of the study is to evaluate the potential

the studied fuel with a gasification-based bio jet fuel

environmental impact from production of a bio-electro

presented on earlier work by [116] as well as with a

jet fuel integrated in an existing biomass-based CHP-

reference fossil jet-fuel.

plant. The studied fuel is produced via a FischerTropsch (F-T) reaction combined with a Reverse

The study adopts a cradle to gate approach and

Water-Gas Shift Reaction (RWGS) as well as an alcohol

includes all relevant life cycle stages from raw material

to jet-reaction (AtJ) using methanol-production as

acquisition, fuel production and associated transports.

an intermediate step. Both production pathways are

For the comparison to the fossil-based alternative

included and assessed in this study. An additional

and to able to estimate the life cycle GHG emissions

goal is to compare the environmental performance of

reduction potential, a cradle to grave approach
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is applied including also the end use of the fuel.

The study applies the attributional LCA approach.

Distribution of the fuel is however excluded.

Attributional LCA was chosen as the study evaluates

The desired function of the studied system is to

the potential environmental impacts from biofuel

produce BEJF. Thus, the chosen functional unit is

production integrated in an existing production

defined as 1 MJ BEJF produced.

process, rather than the consequences from changes in
the studied system.

8.3.2		

Product system specification

A schematic overview of the BEJF production process

Shift Reaction (RWGS) or an alcohol to jet-reaction

is shown in Figure 26. The studied fuel is produced via

(AtJ) using methanol-production as an intermediate

one of two fuel synthesis pathways: a Fischer-Tropsch

step. For both processes CO2 and hydrogen are the

(F-T) reaction combined with a Reverse Water-Gas

main raw materials needed.

Figure 26. Schematic overview of the Bio-Electro Jet fuel production process
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The overall process is divided in five sub steps as

at the CHP plant are reach in CO2 that needs to

follows:

be separated and used at later stages of the BEJF

1. Biomass combustion in a combined heat and power

production. Different technologies for carbon capture

plant (CHP), where the raw material CO2 (as

(CC) exist. In this study CC with mono ethanolamine

part of the flue gas stream) is provided. The CHP

(MEA) is selected as a preferable alternative because

produces also energy (heat and electricity) that is

of its technological maturity, high CC capacity and

used in the system.

suitability to the studied CHP process (as shown in

2. Carbon capture, where CO2 is isolated from the rest

earlier reports of the project).

of the flue gases from the CHP.
3. Electrolysis, where the raw material H2 is produced
from electricity and water.
4. Fuel synthesis, where the bio-jet fuel is produced
along with other hydrocarbons.
5. Separation, where the different hydrocarbons are
separated into discrete streams.

Hydrogen is produced via electrolysis using electricity
and water. Alkaline electrolysis (AEL) is preferred
in this project because of the high production
capacity, long lifetime, and suitability for continuous
production processes and for its technological
maturity. Electrolysis has been modelled based on

The basis for the BEJF production is the current

data from [117]. The Fischer-Tropsch reaction to

combined heat and power plant at Jämtkraft. The

produce bio-jet-fuel was one of the two production

CHP-unit Lugnvik has a rated boiler effect of 125

pathways selected in this project. In the F-T reaction

MW where 45 MW is electrical, and 80 MW is heat.

syngas is catalytically converted into straight-chain

Connected to the plant is a flue gas condenser which

hydrocarbons [79]. The reaction includes the exchange

can generate 30 MW of waste heat at full effect. The

of oxygen between carbon monoxide and hydrogen

plant runs on a combination of different bioenergy

in the presence of a catalyst. A F-T reaction can use

sources including sawmill by-products, recovered

different sources for carbon monoxide and hydrogen,

wood, forest residues and more. A small share of peat

for example a feedstock can be gasified to produce

(about 9%) is also used that is expected to be phased

syngas [82]. In this case the Reverse-Water-Gas-Shift

out the coming years. Details on biomass composition

(RWGS) reaction is used to reduce carbon dioxide into

are presented in Section 4. The produced flue gasses

carbon monoxide as shown in Figure 27.

Figure 27. Overview of the Fischer-Tropsch pathway
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The second production pathway studied in this project

reacting hydrogen with the captured biogenic carbon

is based on the process named Alcohol to Jet (AtJ).

dioxide is used as the intermediate alcohol as shown in

The AtJ reaction describes the transformation of

Figure 28. The reaction is a dehydration in a catalytic

alcohols into hydrocarbons and can be achieved in

process.

different ways. In this project methanol formed by

Figure 28. Overview of the Alcohol to Jet-pathway
The final step of the process is separation. After

Details on the material and energy flows among the

hydrocarbons are formed, they are further processed

different steps to produce the studied bio-jet-fuels are

through distillation, refining and oligomerisation into

provided in the coming section (Section 4) where life

the desired fractions.

cycle inventory data are presented.

8.3.3		

System boundaries

As mentioned earlier, the assessment includes

The study aims at describing the current situation, and

all relevant life cycle stages from raw material

therefore as recent data as possible has been collected.

acquisition, fuel production and associated transports.

Data based on Swedish conditions was used to model
the energy and resource usage when possible. When

The performance of the fuel during the use phase is

Swedish data was not accessible, European data where

considered in a simplified manner.

preferred over global datasets.

8.3.4		

Key assumptions

The CHP provides the raw material CO2 (as part of

assumed in this study that the CHP runs at minimum

the flue gas stream). It is assumed in this study that

load throughout the whole year. This assumption was

flue gas has no upstream impacts and that CO2 would

made to ensure continues access to CO2 , via the flue

bear only the impact from the capture process. It is

gasses. The operating time is thus 8 400 hours.
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The heat and electricity produced at the CHP

•

During hydrolysis, hydrogen and oxygen are

corresponding to the amount of flue gas needed in the

produced. The amount of oxygen is almost 8

process, are assumed to be used internally to cover the

times higher than hydrogen. In the reference

energy demands during the BEJF production process.

scenario, oxygen is considered an emission

Any additional electricity demand is covered from

thus no allocation is needed (consequently

a combination of hydropower (86%) and wind (14%)

hydrogen production gets all the burden from the

based electricity according to data from Jämtkraft AB8

electrolysis step). An alternative scenario where

(referred to as “renewable electricity” in this study).

oxygen is considered a valuable output is also
assessed. In this scenario, the impact between

Due to lack of technical data in the methanol

hydrogen and oxygen is divided using economic

synthesis, the energy requirement is conservatively
assumed to be 1 MJ electricity and 5 MJ thermal

data (selling price).
•

Multifunctionality also emerges when the bio-

energy per kg liquid fuel. The calculation of mass flows

jet fraction needs to be separated from the other

is also simplified by only using stoichiometry. The

hydrocarbons produced during the F-T synthesis

selectivity of hydrocarbon that can be used for jet fuel

step. Multifunctionality at this stage is solved

was assumed to be 78.6%, which is according to [118]

using allocation based on the energy content of

the selectivity that can be obtained through methanol
synthesis using a bifunctional catalyst composed of

the derived products.
•

reducible indium oxides and zeolites.

The separation step after F-T and methanol
synthesis, is assumed to be a conventional
petroleum refinery process from Ecoinvent. The

Several steps during the BEJF production process

allocation for the multi-output process is based on

result in more products (outputs) that the one

the energy content of the products [119].

desired or being relevant for that specific process.

•

The final energy balance of the system indicates

Multifunctionality in this study has been primarily

that there is some excess heat from the process.

addressed by allocation. However, different allocation

Energy allocation is used also in this case to

approaches have been used:

estimate the total impact of the bio- electro-jet
fuel.

•

At the CHP plant both electricity and heat are
produced. To derive models per MJ heat and MJ
electricity which are used in subsequent steps,
energy allocation is used.

8 https://www.jamtkraft.se/privat/elavtal/bli-kund/elens-ursprung/
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8.3.5		

Impact assessment

The impact categories and respective methods chosen

systems as indicated in an earlier review by [120].

for this assessment are listed in Table 15. These

This choice is supported by the ranking in the ILCD

are considered representative and among the most

handbook for the selection of impact categories in the

commonly used impact categories for bioenergy

European context [121].

Table 15. Environmental impact categories selected for this study

Impact category

Category indicator

Reference method

Global Warming Potential
(GWP 100 years), excl.
biogenic carbon

g CO2 equivalents

CML2001 - Jan. 2016,

Eutrophication potential (EP)

g PO4-3 equivalents

CML2001 - Jan. 2016

Acidification potential (AP)

g SO2 equivalents

CML2001 - Jan. 2016

Depletion of abiotic resources
(ADP) - fossil

MJ

CML2001 - Jan. 2016

There are different ways of modelling the embedded

•

Alternative 2: The carbon uptake in the material

biogenic carbon due to the carbon uptake during the

is accounted for in the production phase of

growth of biomass:

the material, as a negative biogenic CO2flow

•

Alternative 1: The carbon uptake in the material
is not included. When the biogenic carbon in
the material is released, for instance when
incinerated, these biogenic CO2 emissions should
be considered not to contribute to global warming.
This is the most common way to treat ‘short cycle
carbon’ in LCAs.

contributing with a negative global warming.
When the biogenic carbon in the material is
released, for instance when incinerated, these
biogenic CO2 emissions should be treated in the
same way as the fossil CO2, i.e. by contributing to
global warming.
In this assessment, the first approach is used thus
biogenic carbon is not accounted for the estimation of
the GWP.
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8.3.6		

Additional scenarios investigated

During the inventory process, hydrogen production

from hydrogen production to the overall performance

has been identified as a highly energy intense step.

of the BEJF an additional scenario is considered

In the reference case, hydrogen bears all upstream

where the impact during the electrolysis step is

impacts. However, during the electrolysis process

divided between hydrogen and oxygen based on their

oxygen is also produced that could also be considered

average selling prices.

a valuable product. To better understand the impact

8.4		

Life cycle inventory

This section gives a brief overview of the data

for manufacturing of the BEJF was collected through

collection performed in this project following the

personal communication from the different partners

process steps presented in the previous section. The

involved in this work. Additional data with regards

data and assumptions represent the reference scenario

to background system modelling have been retrieved

studied. Site specific process data refer to process data

from generic life cycle inventory (LCI) databases, e.g.

specifically collected in this project, while generic

the LCI provided by Gabi SP40 [122] or Ecoinvent 3.6

process data refer to process data that are taken from

[123] as well as scientific publications. The LCA study

a database. Information about site specific material

was modelled using the LCA software Gabi SP40 [122].

and energy input flows as well as process emissions

8.4.1		

Combined heat and power plant (CHP)

Table 16 presents the material, resource and energy

For the transport of biomass to the CHP, an average

inputs, as well as associated emissions at the CHP

distance of 90 km was assumed based on data obtained

plant. These data were used to model the electricity

from Jämtkraft AB. For the transport of waste, a 12 km

and heat from biomass that was provided to different

distance was assumed. Both were modelled using data

steps of the BEJF process. The data were provided

from Gabi from a EURO 6 Truck-trailer. 48% of the

by Jämtkraft AB representing a minimum load case.

transports were performed with HVO as fuel while

As already mentioned, no upstream impacts are to

the rest with conventional diesel. For modelling the

be allocated to the flue gas. Unless otherwise stated,

production of HVO, the average mix used in Sweden

inventory data from Gabi or Ecoinvent were used to

for the year 2018 was assumed, based on statistics

model each material or energy input.

published by the Swedish Energy Agency [124].
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Table 16. Material, resources, energy and emission flows at the CHP.

Category

Inputs/Outputs

Amount

Unit

Total

2.56E+04

kg

Sawmill by products

1.19E+04

kg

Forest residues

4.80E+03

kg

Recovered wood

4.59E+03

kg

Fuel wood

3.24E+03

kg

Peat

1.10E+03

kg

Sand

1.18E+02

kg

Sulphur

2.84E+00

kg

NaOH 50%

5.64E+00

kg

NH3 25%

4.14E+01

kg

Water

Process water

2.12E+03

kg

Energy

Electricity

6.37E+03

MJ

Fuel oil (HVO)

8.32E+01

m3

Cold flue gas

1.34E+05

kg

Electricity

3.63E+04

MJ

Heat

1.30E+05

MJ

Waste Heat from FGC9

3.15E+04

MJ

Sulphate

Not considered

Sulphide

Not considered

Landfill of biodegradable waste [Consumer
waste]

2.49E-03

kg

Furnace bottom ash
[Waste for recovery]

3.20E-03

kg

Inputs
Biomass

Auxiliary materials (e.g.
chemicals etc.)

Outputs

Emissions to water

Waste

*FGC: Fuel gas condenser
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8.4.2		

CO2 capture

The CO2 capture process was modelled by researchers

above. Material and energy inputs and outputs for this

in Lund University who work on WP5 (Process

step are listed in Table 17. Data are listed per kg CO2

integration) of this project, presented in Chapter 7

produced.

Table 17. Material, resources, energy and emission flows on the CO2 capture process.

Category

Inputs/Outputs

Amount

Unit

Comment

Cold flue gas

14.00E+00

kg

No upstream emissions

MEA

4.61E-03

kg

Electricity

1.95E+00

MJ

Modelled based on the
information from Table 16

Process steam

5.10E+00

MJ

Modelled based on the information from Table 16

Process water

1.97E+01

kg

CO2

1.00E+00

kg

Water vapor

1.50E+00

kg

Oxygen

1.09E+00

kg

Inputs
Materials

Energy

Water
Outputs

8.4.3		

Electrolysis

Table 18 and 19 present the data from Koj, et al.

Euro 5 class truck (480 km). The bill-of-materials

[117] that was used to model the production of the

is expressed per the amount of hydrogen produced.

alkaline electrolyser and the hydrogen production,

Unless otherwise stated, inventory data from Gabi or

respectively. The electrolyser was assumed to be

Ecoinvent were used to model each material or energy

manufactured in Germany and transported to Sweden

input.

with a bulk commodity carrier (2 800 km) and a

89

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

Table 18. Material, resources, energy and emission flows on the production of alkaline electrolyser.

Inputs/Outputs

Amount

Unit

Copper

1.93E-04

kg

Unalloyed steel

1.93E-02

kg

Nickel

1.83E-03

kg

Aluminium

4.34E-05

kg

Calendered rigid plastic

7.52E-05

kg

Polytetrafluoroethylene

7.52E-06

kg

Acrylonitrile butadiene styrene

1.54E-05

kg

Polyphenylene sulfide

3.28E-05

kg

Polysulfones

2.51E-05

kg

N-Methyl-2-pyrrolidone

1.25E-04

kg

Aniline

4.72E-06

kg

Acetic anhydride

5.20E-06

kg

Terephtalic acid

8.48E-06

kg

Nitric acid

3.18E-06

kg

Hydrochloric acid

1.25E-05

kg

Graphite

4.14E-05

kg

Lubricating oil

4.63E-08

kg

Zirconium oxide

1.06E-04

kg

Carbon monoxide

1.45E-05

kg

Auxiliary
materials

Industrial machine production

1.54E-08

kg

Plaster mixing

7.52E-05

kg

Energy

Electricity

3.47E-03

MJ

Thermal energy

8.48E-03

MJ

Steam

6.74E-05

MJ

Decarbonized water

1.06E-03

kg

Deionized water

8.29E-03

kg

Hydrogen

1.00E+00

kg

Category
Inputs
Materials

Water

Outputs
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Table 19. Material, resources, energy and emission flows on the production of hydrogen

Category

Inputs/Outputs

Amount

Unit

Comment

Nitrogen

2.90E-04

kg

KOH

1.90E-02

kg

Steam

3.06E-01

kg

Modelled based on the
information from Table 16

Energy

Electricity

1.80E+02

MJ

Renewable electricity

Water

Deionised water

1.00E+1

kg

Hydrogen

1.00E+00

kg

Oxygen

7.94E+00

kg

Heat loss

3.60E+01

MJ

Inputs
Materials

Outputs

8.4.4		

20% of the energy input is
assumed

Fuel synthesis

Data on fuel synthesis and the respective production

(in relation to the F-T synthesis) and CU (the AtJ

pathways investigated in this project were obtained

pathway) that are involved in different work packages

after communication with researchers from LU

of this project.

Table 20. Material, resources, energy and emission flows on the production of syngas-rich stream

Category

Inputs/Outputs

Amount

Unit

Comment

H2

5.42E-02

kg

Modelled based on the information
from Table 18 and Table 19

CO2

3.88E-01

kg

Modelled based on the
information from Table 17

Electricity

3.03E+00

MJ

Partly renewable electricity and partly
from the CHP (as described in Table 16)

Syngas-rich stream

1.00E+00

kg

Wastewater

1.29E-01

kg

Inputs
Materials

Energy
Outputs

Waste
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Table 21. Material, resources, energy and emission flows on the production of F-T BEJF

Category

Inputs/Outputs

Amount

Unit

Comment

Materials

Syngas-rich stream

6.25E-01

kg

Modelled based on the
information from Table 20

Energy

Electricity

9.96E-01

MJ

Renewable electricity

Steam

2.46E-01

MJ

Modelled based on the
information from Table 16

F-T BEJF

1.00E+00

MJ

Assuming a LHV of
42.8 MJ/kg

Light fractions

8.58E-02

MJ

Assumed to be burned
internally

Gasoline

9.18E-01

MJ

Assuming a LHV of
43.1 MJ/kg

Diesel

3.31E-01

MJ

Assuming a LHV of
42.7 MJ/kg

Wax

1.65E-01

MJ

Assumed to be burned
internally

Other

-

-

Not considered

Emissions

Purge gas (Mainly CO2
and unreacted CO & H2)

1.81E-02

kg

Waste

Wastewater

1.13E-01

kg

Inputs

Outputs

8.4.4.1		

Fischer-Tropsch (F-T) synthesis

Table 20 and 21 present the process data to produce 1

in this assessment in order to estimate the impact of

kg syngas-rich stream via rWGS and 1 MJ F-T crude via

the bio-jet fuel. The allocation factor used is therefore

F-T synthesis, respectively. As shown in Table 21 apart

0.44 (implying that 44% of all upstream emissions are

from the F-T BEJF fraction (composed of hydrocarbons

dedicated to the F-T BEJF production). It has been

from C10 to C15) other components are obtained also

assumed that the purged gas stream from F-T synthesis

during the F-T process. Allocation using the energy

is recycled in the CHP plant thus no emissions to air

content of the co- products is used as primary method

are considered.
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8.4.4.2		

Alcohol to jet (AtJ) process

The process data considered for the production of 1

partly based on experimental results obtained from

MJ of bio-jet-fuel via AtJ reactions are presented in

other WPs of the project and partly on literature and

Table 22. As already mentioned, the listed data are

stoichiometric calculations performed by the authors.

Table 22. Material, resources, energy and emission flows on the production of bio-electro jet fuel via AtJ pathway

Category

Inputs/Outputs

Amount

Unit

Comment

CO2

1.75E+00

kg

Modelled based on the
information from Table 17

H2

2.40E-01

kg

Modelled based on the
information from Table 18 and
Table 19

Electricity total

1.00E+00

MJ

Renewable electricity

Thermal energy

5.00E+00

MJ

Modelled based on the
information from Table 16

AtJ bio-electro jet fuel

1.00E+00

MJ

Wastewater

7.15E-01

kg

Inputs

Energy

Outputs

8.4.5		

Fuel separation

As already mentioned, the separation step after

energy needs are taken from Ecoinvent and modified

the F-T and methanol synthesis, is assumed to be a

to align with the purpose of this work (i.e. no fossil

conventional petroleum refinery process. Data on

input considered).
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8.4.6		

Gasification-based jet-fuel and fossil-based alternative

8.4.6.1		

Gasification-based jet fuel

The potential climate impact from the gasification-

•

the bio-jet fraction in the F-T crude was assumed

based bio-jet option was based on information

to be 27% (based on information from Bioshare

from Bioshare AB and the LCA study performed by

AB) corresponding to the allocation factor used

Lundberg et al. (2020) [116]. The study considered all

for estimating the impact of 1 MJ bio-jet fuel

inputs and outputs from the manufacturing process

produced.

while the result was demonstrated in terms of 1 MJ of

•

the separation process was added to the result.

F-T crude produced according to three load scenarios
namely high, medium and low. Here the result for

Overall, the climate impact to produce the bio-jet

the low load scenario is considered. To provide

fuel was estimated to be 13.5 g CO2 eq. per MJ fuel. It

comparable results, however, several adjustments had

should be noted that due to limited information on the

to be made:

different process steps this result could be sensitive
to the underlying data and assumptions made in the

•

the method for dealing with multifunctionality

original study.

adopted in the original study was modified to
align with the method followed in this work. This
means that results were recalculated using energy
allocation instead of system expansion followed in
the original study.

8.4.6.2		

Fossil-based jet fuel

Data on the production of the conventional fossil-

available in Gabi. The respective fuel production

based jet fuel option were obtained from the generic

results in 0.4 kg CO2 eq /kg fuel or about 9.3 g CO2 eq.

dataset Kerosene/Jet A1 at refinery EU-28, that is

/MJ Jet A1.

8.4.7		

Combustion of the fuel – use phase

The use of the jet fuels in the aircraft is rather complex

engines, without blending with fossil fuel. Note

to model in detail for the purposes of this work.

however, that the certification currently only allows

Among others it depends on the physical properties

blend-in of 50% FT-based BEJF.

of the fuels, the aircraft and the type of engine. For
this reason and due to lack of more specific data in

About 70% of the total exhaust emissions per kg

relation to the combustion performance of the fuel,

jet fuel are CO2. From the remaining 30%, 28%

several simplifications were made. t is first assumed

represent water, while the rest 2% include soot, CO,

that the studied biofuels have similar properties (such

NOx and other emissions [125]. The CO2 emissions

as thermal efficiency and performance) with the

from the combustion of the biofuel alternatives are

respective fossil alternative. Moreover, it is assumed

assumed to be zero under the assumption of carbon

that they can be used as drop-in fuels in existing

neutrality. Furthermore, it was assumed that there
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is no significant difference in other emissions from

use phase, it is assumed that 96% of the combustion

combustion. Thus, non-CO2 emissions from jet fuel

of the fuel when it comes to biomass -based fuels is of

combustion are expected to be the same as for the

biogenic origin and therefore not accounted (based on

fossil-jet option10. The environmental effect from

a generic dataset in Ecoinvent).

such emissions however, and especially water, soot
etc, entail further uncertainties due variations in

Finally, the life cycle GHG emissions from fossil-based

relation to the altitude or time they occur (landing and

jet fuel are reported to be between 80–100 gv eq./

take-off cycle (LTO) or cruse cycle). In the absence of

MJ fuel, while more than 90% of this comes from fuel

clear information, the comparison is performed only

combustion [126]. An average value of 88g /per MJ

in terms of climate impact linked to CO2 emissions.

for fossil-based jet fuels was used in this work as an

For the estimation for the climate impact during the

estimate that can reflect the EU conditions [127].

8.5		

Results

This section presents the results of this LCA study.

abiotic resources – fossil fuels (ADP-fossil fuels) are

The results are shown and discussed per functional

presented jointly in Section 8.7.1.2. It should also be

unit: “1 MJ of BEJF produced” as defined earlier in

noted that the results in relation to the reference

this report. Results for the global warming potential

scenario are presented first (Section 8.7.1) followed

(GWP), are reported in Section 8.7.1.1 while the

by the alternative case for oxygen use (Section 8.7.2).

remaining impact categories (eutrophication potential

Finally, a comparison to the gasification-based and

(EP), acidification potential (AP) and depletion of

fossil jet fuel is shown (Section 8.7.3).

8.5.1		

Reference case

8.5.1.1		

Global warming potential (GWP)

The results for the GWP for the BEJF production are

to 11 g CO2 eq. per MJ jet fuel. The main reason behind

presented in Figure 29 and Figure 30 for the F-T and

this difference is the lower number of conversion steps

the AtJ fuel production pathways, respectively. The

involved in the latter, e.g. the rWGSR to reduce CO2 to

GWP for the F-T BEJF was estimated to be 19 g CO2

CO before the F-T synthesis as well as lower demand

eq. per MJ fuel, while for the AtJ pathway it amounted

in hydrogen.

10 However, for example some research has indicated that blending biofuel with fossil jet fuel can reduce aerosol emissions

from aviation [153], which may have important consequences for the climate impact of aviation through its impact on contrails,
contrail cirrus and other clouds [154]. Though, as concluded by Johansson et al. [154] the overall scientific understanding of
the size of this climate impact is very low, and more studies are needed to provide more robust estimates of this finding of the
potential climate benefit of using biofuels for aviation.

95

LARGE SCALE BEJF PRODUCTION INTEGRATION AT CHP-PLANT IN ÖSTERSUND, SWEDEN | REPORT NUMBER B 3333

Figure 29. Figure showing the GWP for the BEJF produced via the Fischer-Tropsch pathway

Figure 30. Figure showing the GWP for the BEJF produced via the Alcohol to Jet (AtJ) pathway
For the F-T pathway, electrolysis (hydrogen production)

total GHG emissions for the F-T pathway and 18% of the

accounts for 39% of the total GHG emissions occurring

AtJ pathway. Steam as well as water consumption are

primarily during electricity production. Despite

the main contributors. Steam in this case is provided

assuming pure renewable electricity (86% hydropower

by the studied CHP plant and the model described in

and 14% wind power), there are still some emissions

earlier sections. In both pathways, and especially the

associated to power production, distribution and losses.

AtJ pathway, the final step of separation and refining

The respective process in the AtJ pathway is responsible

contributes to a considerable share of emissions. It

for a similar share, i.e. 35% of the total GHG emissions.

should be noted that this might be an overestimation due

The CO2 capture process results in about 20% of the

to the generic dataset used to model the process.
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8.5.1.2		
		

Acidification potential (AP), Eutrophication potential (EP) and
Depletion of Abiotic Resources

The remaining impact categories are jointly presented

pathways. Similarly to GWP the result for the

in this section for the reference case studied. The

remaining impact categories show that the impact

results for AP, EP and resource depletion for the

during the F-T BEJF production was higher compared

BEJF production are presented in Figures 31 to 33,

to the AtJ pathway.

respectively, for the F-T and AtJ fuel production

Figure 31. Figure showing the AP for the BEJF produced via the Fischer-Tropsch (F-T) and Alcohol to Jet (AtJ) pathways.

For both AP and EP, electrolysis is the dominant

share of AP and EP. The negative impact shown in

stage contributing to these impact categories for both

the EP figure, results from the data used to model

pathways concerned followed by the fuel separation

“recovered wood”. The dataset used from Ecoinvent is

stage (for the AP) and the CC step (for the EP). The

“SE: market for waste wood, untreated”.

actual synthesis steps seem to contribute to a minor

Figure 32. Figure showing the EP for BEJF produced via the Fischer-Tropsch (F-T) and Alcohol to Jet (AtJ) pathways.
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The results regarding depletion of abiotic resources

The result for this indicator follows the trends

(fossil fuels) are shown in Figure 33. This indicator

described previously to a great extent, with the AtJ

measures the natural resources (including energy

pathway to perform better than the F-T synthesis

sources) that are used by the studied production

pathway. Here, CO2 capture is responsible for about

system. The focus here has been on fossil resources

60% of the impact as a result of steam demand.

and was expressed in MJ per MJ fuel produced.

Figure 33. Figure showing the ADP for BEJF produced via the Fischer-Tropsch (F-T) and Alcohol to Jet (AtJ) pathways.

8.5.2		

Additional scenario assessed

As presented in the inventory data, electrolysis

however, the impact of this step can be partitioned

produces a significant amount of oxygen. Moreover,

between the two main outputs. In this case economic

even if renewable electricity is used the impact from

allocation is used based on selling prices. The

hydrogen production affects the overall performance

result for this additional scenario when it comes

of the BEJF. In the reference case, all impacts

to GWP is shown in Figure 34. The total climate

from that process step are attributed to hydrogen

impact is reduced by 16% considering the underlying

production. Considering oxygen as a valuable product

assumptions and allocation approach.

Figure 34. Climate impact when then oxygen derived during electrolysis is considered a co-product (thus
allocation is applied).
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8.5.3		

Fuel comparison and emission reduction potential

The climate impact from the production and use of

in Figure 35). This baseline refers to comparisons

the studied fuels along with the comparison to the

with traditional biofuels but in the absence of specific

gasification-based bio-jet and the conventional fossil-

regulation in relation to electrofuels in RED II11, it is

based jet fuel is illustrated in Figure 35. For the BEJFs

used in this study as a more universal value.

two scenarios are shown; the reference scenario
(where the impact during electrolysis is allocated to

Among the different alternatives, the F-T production

hydrogen only) and the alternative scenario (where

pathway result in slightly higher emissions compared

the impact during electrolysis is allocated among

to the AtJ and gasification-based bio jet fuels.

hydrogen and oxygen). The figure also illustrates

However, all biomass-based jet fuel alternatives result

the emission reduction potential when the baseline

in significant reduction of the climate change impact

of 94 g CO2 eq. per MJ fuel is assumed (as stated in

compared to the conventional fossil- based jet fuel as

Renewable Energy directive - REDII). The directive

a result of the renewable and biogenic raw materials

also sets a minimum emission reduction requirement

used as feedstock. The greatest savings are obtained

of 65% (for biofuels produced in installations starting

via the AtJ BEJF. Also, when it comes to the emission

operation from January 2021) compared to fossil fuels,

reduction potential both BEJF alternatives are well

which corresponds to an upper limit of approximately

under the suggested threshold value.

32 g CO2 eq per MJ fuel (shown with the dotted line

Figure 35. Life cycle climate impact and emission reduction potential of the studied fuels.
11 According to RED II, the Commission shall specify the methodology for assessing the greenhouse gas emissions savings for
electrofuels by the end of 2021.
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8.6		

Conclusions and recommendations

An LCA of two production pathways for large scale

processes are highly integrated to take advantage of all

production of BEJFs was presented in this report,

possible synergies.

namely F-T pathway and AtJ pathway. Biogenic carbon
and hydrogen produced from renewable electricity

It should be noted at this point, that results from

were used as raw materials. The GWP of the studied

LCAs in general, and of this study in particular,

fuels ranged between 11 and 19 g CO2 eq. per MJ bio-

can be sensitive to the underlying assumptions and

electro- jet fuel produced, with the possibility for even

methodological choices performed. The outcome for

lower emissions factors (between 9-16 g CO2 eq. per

example may differ for countries other than Sweden (or

MJ bio-electro- jet fuel) when co-products from the

Nordic) and with a more carbon intense energy mix. To

hydrogen production process are considered. It was

capture methodological variations, additional scenarios

shown that in all impact categories studied the AtJ

looking to other allocation approaches (for instance

pathway resulted in lower environmental performance

in relation to the CHP) or fuel related reporting

compared to the F-T pathway. In the absence of

frameworks (e.g. REDII) could be further investigated.

detailed data, however, this pathway was modelled in

Apart from the CHP, the remaining processes are based

a more simplified way compared to the F-T pathway

on simulations and experimental results, indicating that

which may explain some of the variations observed.

the full integration potential and scale up effects are not

According to the result of this study, the BEJFs can

considered in detail. Future assessments on a demo- or

fulfil the emission reduction targets and provide a

full-scale fuel production facility may provide an even

promising alternative for the aviation sector under the

deeper understanding on the factors influencing the

condition that renewable sources are used and that

environmental performance of these fuels.
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9 BUSINESS MODELS
AND ACTOR ANALYSIS
This chapter focuses on the value chain and business model fort the bio-electro-jet-fuel based on the
business model canvas.
The main goals are to (i) identify at least three possible

production facility for BEJF at the current location of

stakeholders to operate the prospective production

an existing CHP plant in Östersund enables several

plant, (ii) identify at least two sustainable business

possible distribution channels for the fuel. Östersund

models and (iii) map actors in the value chain of bio-jet

has connections to two ports, Gävle and Trondheim,

fuels focusing on distribution and use. IVL has led the

as well as the Östersund Airport. The main value for

work and Jämtkraft, the municipality of Östersund,

the assessed bio-jet fuel product is primarily that

NISA and Fly Green Fund have contributed. Most of

it represents a renewable and sustainable aviation

the actors involved in the value chain today are well-

fuel with potentially high GHG reduction potential

established player in the value chain for fossil jet fuel,

compared to conventional jet-fuels. Domestic/Swedish

but for most of the actors biojet is a relatively new

or Nordic production (or local production) is another

product. In this project the following actors have been

potential value depending on the customer segment.

identified as possible owners and partners of the BEJF

When selecting the appropriate business model for the

production plant (examples of companies are given in

future BEJF at least the following aspects should be

parentheses for each actor):

considered:

•

•

Local actors (e.g., Jämtkraft and the fuel company
that handles the jet fuel on the Airport in

product (actual greenhouse gas reduction depend

Östersund)
•

on the final design of the plant and process and

Fuel companies (e.g., Air BP, Shell Aviation, SAS Oil,

the development of policies is important for the

ST1, Preem, World Energy, Neste, OKQ8)
•

Distributors and producers (e.g., Own/local, FGF,
SkyNRG, Air BP)

•

business model)
•

model as revenue stream and to broaden the

Koch industries, BASF, Sasol, Velocys, Dow, Shell,
Wurth.)
•

customer segments)
•

actors that get involved as plant owner or partner

provider of CO2 such as the municipal owned
•

Municipal/regional actors

•

Private financier (investors)

Airlines (such as KLM, SAS, and other NISA members)
is not expected to be willing to be owner in the short
term but is expected to want to enter into agreements
to buy the product. The potential establishment of a

Sell directly to end costumer or involve an
intermediate broker (could be influenced by the

Supplier of raw material (e.g., Jämtkraft, local
biogas plant in Östersund)

Business model with or without the by-products
(generated by-products will add to the business

Technology providers (e.g., Sulzer chem tech,
Chevron, Haldor Topsoe, Sosol, Sunfire, Paul

Sustainability and climate performance of final

and a combination is possible)
•

Importance of the owner of the production plant and
know-how (choice of business model will depend on
the interest of the future owner/s of the production
plant and the know-how within the company)

•

Time perspective (the initial business model may
differ from the business model suitable in the more
long-term perspective)
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9.1		

Analysis of business model and actors

This report is part of the project “Large scale BEJF

Jämtkraft, the municipality of Östersund, NISA and

production integration at CHP-plant in Östersund,

Fly Green Fund have contributed.

Sweden”, which is a feasibility study funded by
the Swedish Energy Agency, Jämtkraft and SIVL

The main goals of this study are:

(Foundation for IVL). The report focuses on the value

1.

chain and business model fort the bio-electro-jet-fuel

fuels and by products focusing on distribution and

based on the business model canvas. The main goals
are to (i) identify at least three possible stakeholders to

use.
2.

operate the prospective production plant, (ii) identify
at least two sustainable business models and (iii)

Mapping of actors in the value chain of bio-jet

Identification of two sustainable business models
that can be created in the BEJF value chain.

3.

Identification of three possible stakeholders to

map actors in the value chain of bio-jet fuels focusing

operate the prospective company Fabriken AB at

on distribution and use. IVL has led the work and

an organizational level.

9.1.1		

Introduction

The aviation sector will need to transition to renewable

planning for a commercial plant for hydrogen-based

fuels to meet climate targets. Considering a future

renewable aviation fuel [129]. The first plant with a

scarcity in biofuels, electrofuel (produced from water

production capacity of 10 million litres of renewable

and carbon dioxide with electricity as main energy

fuels per year annually is planned to be able to go into

source) from renewable feedstocks is an attractive

operation in 2023 and then be upscaled to 100 million

option [110]. Whereas supply of carbon dioxide (CO2)

litres by 2026 [129]. Nordic Blue Crude (owned mainly

does not seem to be a limiting factor in Sweden, large

by Elfinans AS and Megastar Holding AS) has also

scale electrofuel production requires large quantities

earlier announced plans for a pilot plant of the same

of electricity [41, 110]. BEJF production integration

size, initially including Sunfire and Cliemworks as

at CHP plants in northern Sweden, where renewable

partners (current partnership has not been assessed

electricity is plentiful and growing, has a currently

further in this project).

untapped potential that can be used for greater
synergy in existing heat and power production while

Also, in Denmark several companies including

at the same time potentially significantly reduce the

Copenhagen airport, A.P. Moller - Maersk, DSV

climate impact for future air-travel. Electrofuels are

Panalpina, DFDS, SAS and Ørsted have formed a

also known as power-to-gas/liquids/fuels, e-fuels, P2X

partnership that are planning to develop a hydrogen

or synthetic fuels [9].

and electrofuel production factory by 2023 that
comprises in first stage a 10 MW electrolyser which

There are plans to produce electrofuels in commercial

can produce renewable hydrogen used directly to fuel

scale in the Nordic region which can for example be

busses and trucks [130]. Stage two include a 250 MW

utilized in the aviation sector. In Norway, both Nordic

electrolyser facility which could be operational by 2027

Blue Crude and Norsk e-fuel AS have announced

to produce renewable fuel for maritime transport and

plans for plants at Herøya Industripark in Porsgrunn

renewable jet-fuel (e-kerosene) for the aviation sector.

[128]. Norsk e-Fuel AS an industry consortium of

Stage three, which could be operational by 2030, would

four partners; Sunfire GmbH (power-to-liquid

upgrade the project’s electrolyser capacity to 1.3 GW

technology provider), Climeworks AG (CO2 air

and capture CO2 enough to supply more than 250,000

capture technology), Paul Wurth SA (Engineering,

tonnes of sustainable fuels. The project has the

Procurement, Construction for steel manufacturers)

potential to displace 5% of fossil fuels at Copenhagen

and the green investment company Valinor (parent

Airport by 2027 and 30% by 2030 [131].

company of Norsk Vind, a wind power developer) is
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value proposition
logistics
operations

marketing sales
services

Customer Relationship

9.2		

Value chains and business model – background

9.2.1		

Value chain

key partners

A value chain describes the activities that a firm

resource management (recruiting and training of staff ),

undertakes in order to add buyer value to a product.

technology development (to improve the product or

The value chain describes the full range of activities

processes) and procurement (representing purchasing

that are required to bring a product or service from

of inputs used in the value chain).

conception, through the different phases of production,

All the activities in the chain contribute to the value

delivery to final consumers and final disposal after use

of the product or service and each activity is also

[132]. The primary activities of the value chain include

related with a cost for the company. If the company can

(i) inbound logistics (input products and activities in

become profitable or not depends on if the amount that

our case), (ii) operations (production processes in our

customers wants to pay for the product, is higher than

case), (iii) outbound logistics (storing and distribution

the total costs of performing the value adding activities.

of the product), (iv) marketing and sales, and (v) after

In the business model, the value adding activities are

sales (service activities etc, which is not relevant in our

organized to generate a maximized customer value. In

case) [133]. There are also support activities including

this project, we have mapped the main value chain for

firm infrastructure (activities that generally support the

conventional jet fuel (for the largest airports) and for

company like general management, finance), human

the bio-jet fuel used in Sweden at current.
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9.2.2		

Business model

A business model can be described as “the rationale

The business model canvas, illustrated in Figure 36,

of how an organization creates, delivers and capture

provides a framework for mapping business models

value” [134]. A business models describe how

[134]. The framework was built jointly by academics and

different pieces of a business fit together and develop

practitioners making it a useful model of analysis that

over time [135, 136]. Generic elements of business

is easily understood by different stakeholders: making

models include customers (e.g., value, relationships,

it apt to this project as the project partners are made up

segments), key resources (e.g., infrastructure,

by a combination of different stakeholders. One part of it

activities, partners, logistics) as well as the cost and

(the right-hand side in the figure) address the customer

income structure related to customer and choice

side, outlining the customer segment, the channels used

of resources [135, 136]. The business model can be

to reach the customers, customer relationships and the

a source of competitive advantage, but this chance

value proposition. Another part of it (the left-hand side

reduces if the business model is copied by others. The

in the figure) consider activities undertaken to deliver

difference compared to product market strategy is that

the value, the resources needed for value creation and

the business model does not clearly address choices to

the imperative partnerships for delivery of the product

meet competition.

or service. The resulting costs are covered by an income
structure illustrated by the lower part.

Key Partners

Key activities

Value Proposition

Customer Relationship

Customer segment

				
		

Key Resources			

Channels

			
		

Cost structure						

Revenue streams

Figure 36. Outline of business model canvas [134].
The value proposition is central and describes the value

business model and include fixed and variable costs.

to the customers of the product/s and/or service/s in

Revenues refer to all the revenues that can be generated

focus. Key partners refer to actors needed to realize

linked to the business model.

your business idea or business model. Key activities
include the activities that need to be performed for

The business model canvas for the studied BEJF in this

you to deliver to your target group/customers. Key

project has been developed jointly by the project team

resources include the resources needed to deliver your

using the mapping of the value chain, actor analysis

product, service or idea to your target group and could

and relevant information. The existing CHP plant

include raw material, staff, machines, patent etc.

in Östersund is already in operation and currently
produces electricity and heat for heating water and

Customer segments refer to the target groups of your

buildings. The business model for the BEJF is based

product, service or idea. Customer relations describe

on the CO2 residual from incineration in the CHP,

the relation between the company and the customers.

electricity and heat generated in the CHP (and from

Distribution include both channels for communication

other renewable energy sources) and is not to be

and distribution of your product/service. Costs refer

confused with the business model for the CHP that

to all the costs that are linked to the activity and the

remains intact.
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9.3		
		

Product pathway and value chain for Bio-Jet fuel and 			
conventional jet fuel

In this section the overall product pathway and value

pathway. The primary activities of a value chain (a)

chain for conventional jet fuel, current bio-jet fuel

inbound logistics, (b) operations, (c) outbound logistics,

and the studied BEJFs are described. In this study

(d) marketing and sales and (e) services are also shown

the identified value chain follows the product flow/

in the figures below.

9.3.1		

Product pathway and value chain for conventional jet fuel

The overall product pathway and value chain for

The overall product pathway and value chain for

conventional jet fuels (Figure 37) includes (i)

current bio-jet fuels includes (i) extraction or supply of

extraction of raw material performed by producers

raw material performed by suppliers of raw material,

of raw material, (ii) distribution of raw material to

(ii) delivery of raw material to production facility, (iii)

refinery (potentially by pipeline, ship, rail and/or

production of certified bio-jet fuel, together with other

truck), (iii) production of conventional jet fuel, together

fuel products, by fuel producers, (iv) distribution of bio-

with other fuel products, by refiners/fuel producers,

jet fuel to supplier and storage (tank), (v) distribution

(iv) distribution of jet fuel to supplier and storage

of jet fuel to airport (by ship, truck, rail, and/or pipe

(tank), (v) distribution of jet fuel to airport (by ship,

line) and storage (tank), (vi) and refueling and selling

truck, rail, and/or pipe line) and storage (tank), (vi) and

to customer and (vii) use in air craft. The distribution

refueling and selling to customer and (vii) use in air-

chain for fossil jet fuels and bio-jet fuels in Sweden is

craft.

described in Section 9.5.1.1, below.

Figure 37. The overall product pathway and value chain for conventional jet fuels.
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9.3.2		

Product pathway and value chain for bio-jet-electrofuel

The overall value chain for the BEJF assessed includes

with other by-products, (vii) distribution of the BEJF

inbound logistics, operations, outbound logistics,

to potential supplier (by truck, rail and/or pipeline)

marketing and sales and services. As illustrated in

and storage (tank), (viii) blending into conventional jet

Figure 38 these different parts of the value chain

fuel (at storage location), (ix) distribution to airport

includes (i) extraction of raw material/fuel for the

(possibly by truck, rail, ship and/or pipeline) and

combined heat and power production performed

storage at airport, (x) refuelling and selling to customer

by producers of raw material, (ii) distribution of

and (xi) use in air craft.

raw material to the CHP plant, (iii) combined heat
and power production performed by Jämtkraft, (iv)

Step (i) and (ii) is assumed to be outside the system

production of raw materials (CO2, electricity, water)

boundaries for the business model analysis in this

and then H2 (by electrolysis of water) for the BEJF

study. The specific distribution chain for bio-jet fuels in

production, (v) potential distribution of raw material,

Sweden is described in Section 9.5.1, below.

(vi) BEJF production by the fuel producer together

Figure 38. The overall product pathway and value chain for BEJF.
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9.4		

Business Model for the studied BEJF

The mapping of the different parts of the business

associated actors (e.g., investors and other funders,

model canvas is described in the sections below and

providers of land) and resources (e.g., land, funding,

summarized in Figure 39. General support activities (e.g.,

agreement with different actors) are not included here.

marketing, building of facility, purchasing of inputs),

The actor analysis is presented in Section 9.5, below.

9.4.1		

Values and value proposition (for customers)

The main value for the assessed bio-jet fuel product is

can be expected to meet the requirements to be able to

the potentially reduced greenhouse gas emissions due

be certified as a sustainable aviation fuel (performed by

to the renewable and more sustainable origin of the

an independent third-party).

product compared to conventional jet-fuels. Domestic/
Swedish or Nordic production (or local production) is

Value proposition: Renewable and sustainable

another potential value. The latter could together with

aviation fuel with high GHG reduction potential.

a potential high GHG reduction potential provide a

Fuel produced in the Nordic region.

competitive edge for the specific bio-jet fuel product
assessed in this project. Here we assume that the fuel

9.4.2		

Key partners

The identified key partners needed to realize the

For the business model canvas for the business model

studied BEJF is presented in the list below. A more

including by-products also the following key partners

developed analysis of actors is presented in Section 9.5,

should be included:

below.

•

OBuyer of residual/surplus heat

•

Owners and partners of Fabriken AB

•

Buyer/user of oxygen

•

Technology providers for the technology to be

•

Buyer of other hydrocarbons (depending on the

used in the production process (e.g., electrolysis

process route chosen) e.g., bio-gasoline, lubricant

and electrofuel production)

oil, waxes, excess ethanol, LPG

•

Operation and maintenance partners/actors

•

Provider of renewable electricity

Investors and other funders as well as provider of land

•

Provider of renewable carbon dioxide, CO2

for location of the facility (potentially Jämtkraft in this

•

Provider of heat (for synthesis process and

case) are also important but should are not included in

separation)

the analysis as it is part of the investment decision and

•

Distributors of jet fuel and by products

therefore given for the business model.

•

Owners of local power distribution grid

•

Potential policy partner promoting the idea like
(national and regional) 		
authority

•

Customers (for example in the case agreement
(such as off-take agreements) with customers is
needed for the production to start)
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9.4.3		

Key activities

The identified key activities for the studied BEJF

Detailed information about the process activities

include:

is available in the chapters above in this report.

•

Applying for permits (generally outside of the

Distribution possibilities (including storage) is

business model canvas, however considered

described further in Section 9.5, below. For the

crucial and very influential in this case)

business model canvas for the business model

•

Production of renewable electricity and heat

including by-products also the following key activities

•

Carbon capture, separation and cleaning

should be included:

•

Production of hydrogen (via electrolysis)

•

Production of the BEJF in a process pathway

•

Production of residual/surplus heat

(synthesis and separation) that fulfils certification

•

Production of oxygen

and sustainability demands.

•

Production of other hydrocarbons (depending

•

Cooling linked to separation process step

on the process route chosen) e.g., bio-gasoline,

•

Potential development of the specific production

lubricant oil, waxes, methanol, liquefied

process for BEJF

petroleum gas (LPG)

•

Operation and maintenance of the BEJF
production process

These are also described in more detail in the

•

Storage of biocrude

reporting from earlier WPs. Marketing and

•

Storage of the BEJFF

purchasing of inputs are also important activities but

•

Distribution network for the BEJF produced

are considered as part of the more general support

•

Contribute to increased awareness of the product

mechanisms and therefore not included specifically in

at supporting actors like authorities and policy

the business model canvas. Also building of the facility

makers.

and the process for applying for permits is outside of
the business model canvas.

9.4.4		

Key resources

The identified key resources needed to deliver the

Other important resources that are not part of the actual

studied BEJF include:

business plan include land, funding for the investment,

•

Production facility

permits (environmental), patents, detailed development

•

Renewable electricity

plan and agreement with different key actors.

•

Water (used to produce hydrogen)

•

Renewable CO2 (from flue gas in the existing CHP

•

Heat

•

Power distribution grid

•

Storage

•

Staff and internal know-how + personnel that have

but likely also from other sources)

a dialogue with potential
•

Enough competence for producing a product that
meets the certification and sustainability demands
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9.4.5		

Customer segment and customer relationship

There are two main customer segments for the studied

For the business model canvas for the business model

BEJF. Either the plant sells the BEJF to the final

including by-products also the following possible

customer (mainly airlines aiming to reduce their GHG

customer relationships should be included:

emissions) or to an intermediator or broker that then

•

Existing relationships for some products

sells the product to the final customer. The broker or
intermediator could be fuel supplier, distributor or

In the future the customer relationship will also be

another actor. In both cases the customer segment

described via the type of contracts, e.g., long-term or

represents business-to-business. Potential customer

short-term contracts, and Partnerships, e.g. airlines

relationships, i.e., the relations between the owners of

might have agreements with producers ensuring that

the plant and the customer segments include:

they will buy a certain amount of renewable fuel

•

(often called off-take agreement).

Very close relationship/contact if customer/enduser also owner/partner. Some of the potential
owners/partners of the plant may also be costumers

•

Very close relationship/contact if customer/end-

•

Peronal communication, dialogue

user also is distributor

9.4.6		

Channels and distribution

Channels to customers include personal

and partner with whom a close communication is

communication, dialogue and agreements or

important, we mention them briefly here, but in

partnerships. Similarly, as for other renewable fuels,

more detail in Section 9.5.3, below. The means of

the costumer relations in the development of a new

transport for the BEJF include rail, truck, pipeline,

market are usually tighter than for conventional fuels.

ship and combinations of these. From a sustainability

This need to be considered carefully and expanded in

perspective rail or rail in combination with ship (if

the further development of the business model for the

international use) or pipeline (in the case local use

proposed plant.

turns out to be an interesting option) is preferable.
Possible storage facilities include tank, depots, and

The actual possible distribution channels are generally

terminals. At current, it is the fuel companies that

not included in the business model canvas. However,

import bio-jet fuels to Sweden and the fuel is handled

since we will specifically address these in this report

at the airports by companies co-owned by fuel

and since they also include potential customers

companies.

9.4.7		

Cost structure and revenue streams

The main revenue streams for the studied BEJF include:
•

Revenues from selling BEJF

mainly on the following three factors:

•

Revenues from selling by-products

•

Small-scale manufacturing and small volumes
generally increase the production costs

The current price for the airlines on bio-jet fuels is
around SEK16–17/litre , which is approximately 3–3.5

(Economic of scale)
•

times higher than conventional jet fuel [131]. The price
varies considerably, i.e. depending on where the fuel is

Weak competition since there are currently only
two suppliers.

•

High transport costs and potentially there is

being delivered. The relatively high price of biofuels in

production in one country and refining in another

Sweden according to Hvidt Thelle et. al. [137] depends

country in EU or production in USA.
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The price of bio-jet fuels may drop if existing

and the availability does however also affect the cost of

manufacturers scale up their production, and more

the specific bio-jet fuel.

producers enter the market. The conversion pathway

9.4.7.1		

Cost-related comparison

The production of HEFA is the cheapest bio-jet fuel

electricity prices it is possible to lower the production

option according to Pavlenko et. al. [138] because of the

cost of PtL. The bio-jet-electrofuel assessed in this

low CAPEX. The availability of sustainable feedstock

study represents an PtL. Table 23 below shows some

is relatively low for HEFA. Power-to-liquids (PtL) has

estimates found in the literature of the production

the second lowest CAPEX because it uses relatively

cost of different alternative jet fuels including PtL.

commercialized technologies (electrolysis and FT

Production costs linked to the specific bio-jet-

synthesis) [138]. The renewable electricity price

electrofuel assessed in this project is assessed in WP6

determines the feedstock cost for PtL and with lower

of this project and presented in chapter 7, above.

Table 23. Comparison of estimates of production costs (not prices) for different alternative jet fuels based on [138, 139].

Conversion
Pathway

Estimated from Pavlenko et al [138]
CAPEX

Feed-

Modified from f3 [139]

Other

Sum

Sum

stock
HEFA (€/liter) 1

0.30

0.50-0.70

0.08-0.09

0.88-1.09

0.80-1.26

Gasification FT
(€/liter) 2

1.10

0.00-0.53

0.24

1,34-1,87

1.00-2.00

Power to Liquids
(€/liter) 3

0.50

1.70

0.20

2.40

N/A in this reference

ATJ (€/liter) 4

1.25-1.95

0.3-0.6

0.03-0.20

1.65-2.47

1.50-2.50

SIP (€/liter) 5

1.75

0.45

1.50

3.80

N/A in this reference

1) Hydro processed Fatty Acid Esters and Free Fatty Acid. Feedstock includes soy oil, palm oil, used cooking oil and
PFAD. Used cooking oil has the lowest cost and soy oil has the highest cost.
2) Municipal solid waste (MSW), agricultural residues and energy crops. MSW has the lowest cost and energy crops
has the highest cost.
3) Renewable electricity is one feedstock. Is in this example assumed to be produced from solar energy in France
4) Alcohol-to-jet fuel. Feedstock includes corn, sugar cane, agricultural residues and energy crops. Sugar cane has the
lowest cost and Energy crops has the highest cost.
5) Synthetic Iso-Paraffinic kerosene. Feedstock include sugar cane molasses.
6) For comparison, Hvidt Thelle et al [137] report a production cost of HEFA at about 1.1-1.8 €/litre for used cooking oil
and 0.7-1.4 €/litre for a full-scale facility.
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9.5		

Actor analysis

In order to provide a more detailed value chain and
business model assessment we have, besides mapping
the categories of key partners and customers also
mapped the current actors involved in production and
distribution of bio-jet fuels to/in Sweden.
The actor analysis has been based on the following
questions.

9.5.1		

• What is the main purpose/value of each step in the
value chain?
• Which are the most important actors and which
function do they have?
• What is the relation between different actors, which
prerequisites or needs do they have, and how
established are different actors? How does this differ
between the new value chain and the conventional
value chain?

Current actors involved in bio-jet fuel value chain in Sweden

Most of the actors involved in the value chain today

technology combinations. Have a partnership with

are well-established player in the value chain for fossil

Shell Aviation (to further increase the efficiency

jet fuel, but for the majority of the actors the biojet is a

of supply chains). SkyNRG, KLM and SHV Energy

relatively new product. World Energy (former AltAir

has announced their plans for a European plant for

fuels) has been the main producer of biojet fuels.

production of sustainable aviation fuel.

Recently Neste is also announcing that they will increase
the production of biojet fuels [140]. The actors currently
involved in bio-jet fuel value chains in Sweden and their
roles are described below and in appendix 1 (Table A.1).
•

Producers

–

World Energy (former AltAir fuels) produces

•

and refuelling
–

and is a national strategic port, for example when
it comes to aviation fuel for Arlanda. Several fuel
companies and other actors (e.g., ST1, OKQ8 and

cooperation with SkyNRG, Shell the fuel is supplied
–

Neste produces biojet fuel in Finland, Rotterdam

Interterminals) have their own tanks in the port.
–

owned by Swedavia.
•

Potential producers

–

Preem is aiming at producing biojet fuel if
they expand their refinery located outside of

Shell Aviation, SAS Oil and World Fuel Services
–

possibilities to companies, organisations,
individuals etc
–

renewable fuel enough for all SAS domestic flights.
–

develops 10 airports in Sweden.
•

Actors involved in the trade

–

Shell Aviation, AirBP and Chevron Aviation are
selling aviation fuel to airlines via mass balance but

AirBP has invested in biojet production plant from

do not need to be the distributor. These players are

MSW (FT process) which can start production in

active at Arlanda, but other players may be active at

2022. Collaborates with Neste, to deliver HEFA to
Swedish and Nordic airports.
–

ST1 is also a potential producer of biojet fuel. l.

–

SkyNRG is a broker/distributor of the biojet but
also wants to engage in the production phase. Is
actively involved in projects developing alternative
feedstocks (for HEFA) and different feedstock/

11 2

Swedavia and other owners of airports. Swedavia
is a state-owned company that owns, operates and

intent during 2020 with the aim to produce and
products. Preem have the ambition to produce

FGF participate in selling and distribution
to Swedish airports and selling SAF-flight

Gothenburg. Preem and SAS signed a letter of
deliver renewable aviation fuel based on waste

Arlanda flygbränslehantering AB who handle the
jet fuel at the airport. Is owned jointly by Air BP,

and Singapore. In cooperation with Air BP
sustainable aviation fuel is delivered to airports

Gävle port, which is owned by the municipality
of Gävle. Growing business related to container

biojet fuel on a "large" scale in California and in
to costumers.

Actors involved in distribution, infrastructure

other airports.
–

Fly green fund is a non-profit organization through
which private individuals, companies and public
organizations can buy, and also help to distribute,
sustainable aviation fuel to reduce the climate of
their air travel.
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9.5.1.1		

Current distribution chains for jet-fuels in Sweden

The fossil jet-fuel is imported to Sweden and the port

(GFC, owned by Shell Aviation, Air BP and World

of Gävle or Gothenburg by ship (Figure 40). In the

Fuel Commodities Services) is the name of the fueling

port (both in Gävle and Gothenburg) there are several

company at Landvetter Airport.

tanks for jet fuels owned by different fuel companies.
From the port of Gävle, the jet fuel is transported by

The current bio-jet-fuel is imported to Sweden and

rail (Green Cargo) to the Brista terminal where it is

the port of Gävle by ship (Figure 41). In the port of

transferred to pipeline for further transport to Arlanda.

Gävle the certified bio-jet fuel is blended with fossil jet

At Arlanda, the company Arlanda Flygbränslehantering

fuels and the quality is checked. From the port the jet

AB (owned by Air BP, Shell Aviation, SAS Oil and World

fuel is transported by truck to for example Landvetter

Fuel Services) handles the fuel. To Bromma airport (the

airport, Åre Airport, Umeå Airport, Malmö Airport and

other airport in the Stockholm region) the jet fuel is

by rail and pipeline to Arlanda (and further by truck

transported by truck. From the port of Gothenburg, the

to Bromma airport). The bio-jet fuel is used at airports

fuel is transported by truck to Landvetter airport where

owned by Swedavia and other airports for example

it is stored in tanks. Gothenburg Fuelling Company

Karlstad.

Gävle Port – fossil fuel

Figure 40. Current distribution chains for jet-fuels in Sweden

Gävle Port – renewable

Figure 41. Examples of distribution chain for bio-jet-fuel imported to Sweden
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9.5.2		

Key partners

In this chapter the description of the key partners from the business canvas in chapter 4 is being further developed.

9.5.2.1		

Owners and partners

Possible owners and partners of the BEJF production

•

Municipal/regional actors

plant include (the list does not claim to be complete):

•

Private financier (investors)

•

•
•
•

•

Local actors (for example Jämtkraft and the fuel
company that handles the jet fuel on the Airport in

Airlines (such as KLM, SAS, and other NISA members)

Östersund/Åre)

is not expected to be willing to be owner in the short

Fuel companies (for example Air BP, Shell

term but may want to enter into agreements to buy the

Aviation, SAS Oil, ST1, OKQ8)

product.

Distributors and producers (for example Word
Energy, Preem, Neste, SkyNRG, Air BP)

It is not further investigated who of the actors above

Technology providers (for example Sulzer chem

that would have an interest to be part of a consortium

tech, Koch industries, BASF, Haldor Topsoe, Sasol,

and to own a production plant. At presen t it’s not

Velocys, Dow)

clarified if Jämtkraft as a municipal company would be

Supplier of raw material (for example Jämtkraft,

allowed to enter as an owner of such a facility.

local provider of CO2 such as the municipal owned
biogas plant in Östersund)

9.5.2.2		

Technology providers and operation and maintenance partners

Some possible technology providers include (the list

Jämtkraft will likely be part of the operation and

does not claim to be complete):

maintenance of the BEJF production plant. Other

•

Providers of electrolysis (i.e. Sulzer chem tech or

potential operation and maintenance partners depend

Koch industries)

partly on which technology providers that are chosen

•

Providers of the electrofuel production technology

since the same actors might also be suitable for

–

catalyst and synthesis of fuel (i.e. Haldor Topsoe,

operation and maintenance.

BASF and Johnson Mattey)
–

Specifically, Fischer -Tropsch (i.e. Sasol, Petro SA

•

Carbon capture from flue gas (i.e. Dow, Honeywell

•

Overall responsibility for delivery (i.e. Pöyry, Afry,

and Velocys)
or BASF)
Thechnical Renidad)
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9.5.2.3		

Provider of renewable electricity, heat and CO2

At the CHP plant in Östersund, Jämtkraft, besides

an additional CHP plant. Other possible biogenic

heat, produces electricity from renewable sources and

CO2 producers include Stockholm Exergi for example

offer a point source for green carbon dioxide possible

their pilot facility for carbon capture but also other

to use for electrofuel production through carbon

production sites [27] and other biogas plants. There is

capture. Near the CHP plant there is also production of

a considerable potential for renewable and recoverable

electricity from other renewable energy sources (e.g.,

CO2 emissions in Sweden (about 32 Mton CO2 ),

the Midskog hydropower plant).

mainly in the middle part of Sweden (about 60%) but
about 20% in the electricity region where Östersund is

The availability of carbon dioxide for the BEJF

located [41]. In general, CO2 is not seen as the limiting

production process represents an important factor.

resource for electrofuels production in Sweden [41].

Since the yearly variations in local CO2 production
are considerable (higher volumes in winter and lower

Also, the availability of renewable electricity is crucial

in summer) and a continuous BEJF production over

for the BEJF production process. Possible providers of

the whole year is anticipated (see chapter 5, above for

the electricity include Jämtkraft and other producers

details), other possible renewable CO2 sources likely

of electricity in the Northern part of Sweden where

need to be considered. The municipality of Östersund

the supply of renewable energy is large and where

has a biogas plant that upgrades biogas and separate

there is generally an excess of electricity [41]. Also,

carbon dioxide from the biogas to produce biomethane.

heat is needed for the synthesis process and should be

The biogas plant could possibly supply carbon dioxide

produced from renewable energy sources.

to the bio jet production plant. Jämtkraft is however
planning to increase its current production by building

9.5.2.4		

Distributors of jet fuel

Potential distributors of bio-jet fuel include (the list
does not claim to be complete):
•

Distributors of fossil jet fuel (such as Shell, AirBP)

•

Producers and actors involved in providing
infrastructure or distribution of renewable
jet-fuel (World Energy, Neste, Arlanda airport,
Arlanda Flygbränslehantering AB, Gävle port and
SkyNRG)
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9.5.3		

Potential customers

As mentioned earlier, there are two main customer

broker is most likely involved when they have the right

segments; either the plant sells the BEJF to the final

contacts and deals. However, intermediators are not

customer or to an intermediator or broker that then

always involved. For example, Neste (producer) does

sells the product to the final customer. A large range of

not seem to always use a trader and goes directly to

airlines representing the main final customer segments,

the actors owning the tanks and the customer. Final

are interested in sustainable jet fuels (currently biojet

customers seem to mainly buy bio-jet fuel from a fuel

fuels) including for example the airlines participating

company.

in NISA: Finnair, Icelandair, Scandinavian airlines
(SAS), Avinor, Air Greenland, Atlantic airways, Sunclass

At current, some fuel companies are involved, more or

airlines etc. but also other Nordic and international

less, in the entire value chain either through their own

airlines (like KLM that together with SkyNRG and SHV

companies or joint companies. For example, in Sweden

Energy have announced a project on the first European

they own the tank in the port and via a joint company

plant for sustainable aviation fuel to be operating in the

(AFAB in the case of Arlanda) they distribute the jet

Netherlands by 2022).

fuel to the final customer using some distribution
partner handling the transport from the tank to close

The Swedish (or Nordic) military is another potential

to the airport where the joint company takes over. The

customer but their interest depend on to what extend

fuel company owns the fuel from when it is bought

domestic supply is valued high for this customer type

from producer or trader (or from when it is produced

which remains to be investigated. Often, this type of

if the fuel company is involved in this). Several fuel

transport is not covered by general policies demanding

companies and traders also invest in production

an introduction of renewable fuels, but specific policies

facilities. Each airport has their unique representation

or initiatives could be introduced.

of different fuel companies, selling the fuel to the final
customer. The handling of the fuel at the airport is

Example of possible intermediator or brokers which

at present ran by a company that is co-owned by fuel

include fuel supplier, distributor and other actors:

producers.

•

Fly Green Fund

•

SkyNRG

Swedavia, which is a State-owned company that

•

Statoil Aviation

owns, operates and develops 10 airports in Sweden,

•

Shell Aviation

has purchased biofuel for aviation corresponding to

•

Air BP

the business trips that the company's employees made

•

Chevron Aviation

during 2016-2019. Most likely they will continue to
buy sustainable jet fuel also in the future. This is an

The actor importing the fuel to Sweden depend on the

example when the demand for bio jet fuel is driven by

business and actors involved. A trader/intermediator/

the end customer.

9.5.3.1		

Potential customers of by-products

The valuable by-products from the production that

interest to an intermediator, for example a refinery,

could be of interest for other purposes than as jet fuel

before being sold to the distributor or end costumer.

are for example wax and gasoline. It’s not part of the

Example of interested actors could be Lantmännen

overall project to further investigate the additional

Aspen or end customer such as Husqvarna that uses

process or handling of these by-product to be able

gasoline for equipment and machinery.

to sell it to the market. The by-products could be of
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9.5.4		

Possible distribution channels

The potential establishment of a production facility

There are several possible distribution channels

for BEJF at the current location of an existing CHP

that can be divided into three different connections:

plant in Östersund, Sweden is shown in Figure 42

Gävle Port, Trondheim Port and Östersund Airport

below. As can be seen, there are railroad and highway

Connection. Some possible distribution channels at

close by which will facilitate the distribution of the

these connections are briefly outlined in the sections

biojet fuel.

below.

Figure 42. Map over Östersund city and the vicinity. The airport is to the left (Frösön) and the CHP plant is shown with a
black dot.
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9.5.4.1		

Gävle Port Connection

The distribution route from the production facility to

43). At the port the -bio-jet-electrofuel would then be

Gävle port could be mainly by rail from the production

stored and blended with conventional jet-fuel before

site for the BEJF to the port of Gävle, but a pipeline at

quality check and further distribution to airports.

the site for transport to the rail is also possible (Figure

Figure 43. Distribution of bio-jet fuel to Gävle port for blending and quality check
A second possible distribution route with connection

the blending, in this case potentially prior to delivering

to the port of Gävle would be to transport the

the fuel to the airport. The fuel could also be distributed

conventional jet fuel to Östersund and blend in the

to the port of Trondheim for further distribution to

BEJF close to the production site (Figure 44). Quality

other parts of the world. More alternatives related to

checks/inspections need to be done before and after

port of Trondheim se chapter below.

Figure 44. Blending and quality check close to production site
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9.5.4.2		

Trondheim Port Connection

A relevant distribution route for the bio-jet fuel is to

are either to transport the BEJF to the port of

connect to the port of Trondheim which also represents

Trondheim (Figure 45) or to transport the jet-fuel from

a possible distribution hub. The railway between

the port of Trondheim to Östersund in order to blend the

Trondheim and Östersund is also planned to be fully

bio-jet fuel close to the production facility (Figure 45).

electrified during the coming years. The two possible

The quality check would then be made after the blending

distribution routes connected to the port of Trondheim

but prior to deliver the fuel to the airport.

Figure 45. Distribution of bio-jet fuel to port of Trondheim (upper part of the figure including two rows) and illustration
of blending and quality check close to production site (lower part of the figure).

9.5.4.3		

Östersund Airport Connection

It could also be possible to deliver the BEJF to

check of the jet fuel must be done prior to the delivery

Östersund Airport (Figure 46). However, this

to the airport, but this option could be further

alternative is not possible at present since the quality

investigated.

Figure 46. Östersund airport connection.
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9.6		

Sustainable Business models: Discussion and conclusions

When selecting the appropriate business model for the future BEJF the following aspects should be considered:
•

Sustainability and climate performance

•

Business model with or without the by-products

•

Sell directly to end costumer or involve an intermediate broker

•

Importance of the owner of the production plant and know-how

•

Time perspective (long term or short-term perspective)

9.6.1		

Sustainability and climate performance

It is crucial that the GHG performance and other

Compared to the conventional fossil-based jet fuel,

sustainability aspects of the BEJF can be defined and

the studied BEJF can lead to up to 86 percent GHG

described to the end user and relevant stakeholders.

emissions reduction depending on the production

However, linked to the updated Renewable energy

pathways followed and under the assumption that

directive (REDII) there are currently no guidelines

renewable source for electricity and steam are used. It

for how to calculate GHG emissions from electrofuels.

is also shown that under this condition the threshold

The Commission shall present that by the end of

of 65 percent reduction imposed by the RED II (for

2021. The climate performance of the BEJF, from

biofuels produced in installations starting operation

a life-cycle perspective, has been calculated in this

from January 2021), can be achieved. In this report

project and is presented in chapter 8, above. Two

the business model has been discussed assuming that

cases have been studied, (i) the production based on a

the BEJF may in the future represent a renewable and

Fischer Tropsch process and (ii) through a methanol

sustainable aviation fuel with high GHG reduction

synthesis representing an AtJ pathway. The climate

potential. It is therefore crucial that the production

impact in terms of GWP (global warming potential)

plant is designed and operated in order to deliver a fuel

is for the F-T BEJF found to be 19 g CO2eq per MJ jet

with low climate impact. Other benefits and impact

fuel while for the AtJ pathway it is 11 g CO2eq per MJ

on sustainability to include in a sustainable business

jet fuel. Methodological decisions in relation to for

model are, for example, regional growth, job creation

example the outputs of the process may influence the

as well as social and gender equality.

overall performance of the jet fuel. By utilizing the co
products (such as oxygen) from the hydrolysis step, the
climate impact is reduced by almost 16%.
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9.6.2		

Business model with or without the by-products

There will be valuable by-products generated from the

Adding by-products will make the business model

process, such as gasoline and wax which are expected

more complex. It has not been estimated from an

to contribute to the overall business model. Besides

economical perspective to what extent the by-products

being sold to end customers these products could

could contribute to the overall business model, but

be sold to an intermediator, for example a refinery.

aspects, such as multiple revenue streams and broader

Example of interested actors could be Lantmännen

customer segments should be considered in the

Aspen or end customer such as Husqvarna that uses

continued work to differentiate the risk and minimize

gasoline for equipment and machinery. The by-

market vulnerability. In general, the profitability and

products will then add to the business model, not only

resilience of a company increases if the company can

as revenue stream but also to broaden the customer

broaden its portfolio of activities.

segments. Other by-products from the process to be
considered in the business model include for example
residual/surplus heat, oxygen and waxes where new or
existing customers could be relevant.

9.6.3		

Sell directly to end costumer or involve an intermediate broker

As described in the previous sections there are

Partly due to the blending needed, the value chain for

possible choices to be made with regards to what role

BEJF is dependent on the value chain for conventional

to take in the value chain, to integrate further along

jet fuel. It is therefore of great importance to establish

the value chain and sell directly to the end costumer

relationships and agreements with actors along the

or to limit the involvement and to sell the product to

value chain to be an integrated part of a larger system

an intermediate broker or distributor of jet fuel. Either

of actors. This will also be a requirement from the

the plant sells the BEJF to the final customer (mainly

end user side where airlines enter into a contract with

airlines) or to an intermediator or broker that could

fuel suppliers. Alternative aviation fuels will then be

also process the fuel and sell the product further. A

incorporated into the contract and the fuel supplier will

mix of the two could also be possible.

thus be obliged to deliver them. Channels to use when
developing the business and entering the market include

The business model is dependent on the decision to

personal communication, dialogue with stakeholders

produce a certified BEJF or to produce an intermediate

and signing of contracts or partnership agreements. It

product that need to be further processed before being

is also important to look at which "shortcuts" could be

used as aviation fuel. The uncertified product could be

taken with the renewable fuel or if one "must" follow

sold to refineries and would result in a lower revenue

the value chain for conventional fuel. By producing the

but a simpler administration. The role to take in the

biojet fuel in Sweden instead of abroad the production

value chain by Fabriken AB could be influenced by

is located closer to the Swedish costumers which could

the actors that get involved as owner or partner to the

be considered a shorter value chain. When the product

production plant, i.e. if a fuel company will invest in

becomes commercially attractive, market forces will

the production plant they naturally also take the role

come to play a significant role. It is therefore relevant

as a distributor and to sell the fuel to the end costumer.

to target agreements on deliveries to local, national,

In the future, the costumers could potentially also be

and Nordic end users. This is probably best ensured by

interested in the production.

having the end user engaged early in the development
and establishment phase.
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9.6.4		

Importance of the owner of the production plant and know-how

The business model can depend on the interest of the

With a distributor of jet fuel as an owner or

future owner of the production plant and the know-

partner the integration along the value chain

how of the company, potentially an owner that engage

with conventional jet fuels and possibly also the

a lot in the development would be beneficial for the

certification process could be facilitated. Already

business. For example, if the owner represents an

established contacts with stakeholders on the market

actor with its’ own interest to develop the market and

would most certainly facilitate the dialogue with

a great know-how in the area of renewable aviation

relevant actors and costumers. It is not clear whether

fuel, has local connections to the region, provides raw

Jämtkraft can own a production plant for aviation fuel

material to the production or is a strong technology

since they are a municipal owned company. This must

provider that would contribute to the business model.

be taken into consideration in the coming work and

The involvement of a provider of renewable electricity,

in the development of a business model. Support from

heat and renewable carbon dioxide as an owner or

an actor with interest to promote the idea, the policy

partner to the production plant would contribute

framework or the region could also be of importance

to increased security of supply for important raw

for the development of a business model. This will be

materials. It would also strengthen the business model

important during the coming years, since the policy

and contribute to ensure a renewable BEJF with

framework for bio-jet fuels are under development.

high environmental performance. To have a strong

Such an actor could be i.e. a national or local authority

technology provider, such as providers of electrolysis

or an NGO. The different options or possible owners

or electrofuel production, as an owner of the BEJF

of the production plant have not been evaluated nor

production plant, would ensure a strong commitment

contacted within the scoop this project.

to develop the technique and contribute to a further
developed and refined technology.

9.6.5		

Time perspective (long term or short-term perspective)

Since the production of bio-jet fuel is an emerging

However, actors entering the market in an early stage

industry the business model when entering into the

might have an advantage in the short term when there

market in a not yet fully developed market might differ

are just a few or no competitors.

from the business model suitable in the more long
term perspective when more actors are expected to be

The policy framework for bio-jet fuels or sustainable

involved. Thus, the business model needs to be revised.

jet fuels are also not in place today, why there are still
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uncertainties regarding the incentives and support

term perspective. In particular, since electrofuels

systems that will promote sustainable jet fuels in the

is not included specifically in the proposal from

future. But as an example, the Swedish Government

the investigation (Biojet för flyget) [141]. However,

Official Reports “Biojet för flyget” [141] that was

it is stated that it should be extended to include

published in 2019 proposed a reduction obligation

electrofuels in the future, if produced from renewable

quota for domestic jet fuel similar to the reduction

carbon dioxide and electricity. Also, the Swedish

obligation for transport fuels in the road traffic sector.

innovation cluster ”Fossilfria Flygtransporter 2045”

In September the Swedish Government announced its

is preparing a note on how to specifically promote

intention to implement such an obligation quota for jet

advanced sustainable aviation fuels that will be

fuel during 2021. It remains to see if such initiatives

submitted to the government.

are enough when building a business model for a long-

9.6.6		

Future work

In future work the different options linked to the

current business models, their detailed know-how

business case and model should be described more in

and interest in electrofuels and the Nordic market,

detail and the pros and cons as well as strengths and

how they usually collaborate and invest. For this the

weaknesses of them clarified for this specific potential

most interesting actors need to be contacted, which

plant. Linked to this the impact of the somewhat more

has not been part of this first assessment that is more

complex value chain compared to conventional jet

of a desktop study. The specific role for Jämtkraft

fuels need to be addressed. An economic assessment

and other actors also needs to be discussed further

for the different cases should also be performed

in relation to this. For example, should costumers be

clarifying the role of which product to sell and when

included in the consortium or not and who should be

and the role of the by-products and policies as well as

the owner of what. Finally, the procedure for how to

the market situation considering other potential new

continue the process should also be further discussed

actors producing bio-jet fuels for the Nordic and global

and clarified. Any potential showstoppers for the

market.

proposed Large-scale BEJF production integration at
a CHP-plant in Östersund should also be identified and

In addition, the actor analysis needs to be deepened,
including assessment of the actors in terms of their
current role, engagement, plans, initiatives and their
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10 CERTIFICATION OF JET FUEL
There are several different types of jet fuels that are used for commercial or military aviation. The
specifications of the different fuels have changed over the years with different desirable properties, but
the following are the most commonly used specifications.
In the 1960s Jet A became the standard for all

of aromatics and olefins. Some aromatics are necessary

commercial flights in the USA as well as many

to ensure seal swelling but it is in general the least

international airlines. Now it is normally only used in

desirable component. In addition to being fuel for the

the USA for domestic flights or international routes

engine, the jet fuel also provides important qualities

with departure in the USA. It has a flash point of 38°C

as a cooling agent and hydraulic fluid. Therefore, some

and a freeze point maximum of -40 °C. Jet A-1 is used

additives are inserted to ensure these properties.

worldwide and has the same basic properties except
for a number of additives that have been agreed upon

New jet fuels must be certified according to the

between purchaser and supplier. These are for example

standard ASTM D7566 in order to be used within

static dissipaters, icing inhibitors and antioxidants. The

aviation. The organization ASTM International

flash point is the same as for Jet A but it has a lower

has developed this standard, specifying technical

freezing point (-47 °C) which enables it to be used for

requirement for the fuel when it is mixed with

long international flights, especially polar routes during

petroleum-based fuel. The specification dictates heating

the winter period. [81].

value, fuel density, freezing point, fluidity, aromatic
content and thermal stability. [76] Five renewable jet

Conventional aviation fuels consist of different ranges

fuels have been produced and certified according to

of hydrocarbons, from 8 to 16. The exact composition

the standard: hydro-processed esters and fatty acids

of the fuel depends on the source (crude oil, natural

(with 50% mixture), Fischer-Tropsch kerosene with

gas liquid condensates, heavy oil, shale oil, etc.). The

or without aromatics (both 50% admixture), hydro-

desirable properties of the jet fuel are described in the

processed fermented sugars (10% admixture) and

table below. About 75 to 85% of the fuel is paraffins

alcohol-to-jet kerosene (30% involvement) [142].

(normal-, iso- or cyclo-paraffins) whilst the rest consists
Table 24. Environmental impact categories selected for this study

Class

Characteristics

Jet Fuel Properties

Paraffins and isoparaffins

High heat release per unit weight, burns cleanly,
isoparaffins offer potential for low-temp fluidity not
offered by n-paraffins

Most desirable for
combustion

Cycloparaffins
(naphthenes)

Lower hydrogen-to-carbon ratio, lower heat release
per unit weight, greater density, lower freeze point
than the paraffins

Next most desirable

Olefins

Good combustion characteristics, but reactive

Limited to 1% or less
because of gum formation

Aromatics

Burns with a smoky flame, releases more of its
chemical energy as thermal radiation than other
hydrocarbons (ASTM, D1655-13)

Least desirable with
regard to combustion
characteristics

Heteroatoms

Sulphur, nitrogen, oxygen

Limited allowance
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11 OVERALL CONCLUSIONS

This document reports the findings of the project Large scale BEJF production integration at CHP-plant
in Östersund, Sweden. The project is a feasibility study for a factory for renewable aviation fuel located
at Jämtkraft's facility in Östersund. IVL, Jämtkraft (JK), Chalmers University (CU), Lund University
(LU), NISA and Fly Green Fund (FGF) have been the primary implementers in the project. Other project
stakeholders (AFAB, and The Power Region), have provided relevant data to the project. The project has
included experimental work, modelling and calculations, as well as literature-based studies but has not
contained the construction of any facilities.
The work has been divided in the following work packages: Project management (WP1),
Process identification (WP2), Unit operations (WP3), Mass transport effects during CO2 hydrogenation
to Jet fuel (WP4), Process integration (WP5), Capital- and operational costs (WP6), Fabriken AB (WP7),
LCA (WP8), Distribution (WP9), Usage (WP10), and Sustainable business models (WP11). WP2 and 3
are presented in chapter 5 of this report, WP4 in chapter 6, WP5 and 6 in chapter 7, WP8 in chapter 8,
and WP7 and 9-11 in chapter 9.
The project at hand studies two types of synthesis-processes closer; a Fischer-Tropsch (F-T) reaction
combined with a reverse Water-Gas Shift Reaction (rWGSR) and an alcohol to jet-reaction (AtJ) using
methanol-production as an intermediate step.
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11.1		

Process identification and unit operations

The aim of this part of the study was to identify and

as first-hand option for the production site for the

map possible sub-processes and unit operations within

bio-electro jet fuel production plant because of the

the BEJF production process, including the qualitative

high production capacity, long lifetime, suitability

identification of mass- and energy flows between the

for continuous production processes and for its

sub-processes.

technological maturity. SOEC is considered as a
second-hand option due to its low electricity demand,

The process of Bio-electro Jet fuel production has

its ability to produce hydrogen gas with high purity

been identified and the unit operations in play have

and its suitability for a continuous process. It is not

been reviewed. In-line with the overall project

considered as a first-hand option since it is in an

goals, this has resulted in two different options for

early R&D phase and has limited lifetime expectancy

each of the five process-steps. The CHP process

compared to AEL. The synthesis process has focused

is either suggested to be run at normal operation

on two different types: The F-T reaction with rWGSR,

with minimal change or the oxyfuel technology is

and the modified AtJ reaction. Both options have

included to the process. Either MEA is used as CC

been studied separately as alternative options for the

technology because of its technological maturity,

synthesis step of the production process. Either a

high CC capacity and suitability for the current CHP

simplified separation process based around distillation

process, or AMP-NMP is used as CC technology

to separate hydrocarbons of different chain-lengths or

because of its higher efficiency and suitability for

a more intricate separation process that produces fuels

energy integration. For Electrolysis, AEL is preferred

containing aromatics have been considered.

1.2

Kinetic modelling of methanol mediated CO2 hydrogenation to Jet fuel

Here, the methanol-mediated synthesis of

integrated into a full-scale process model. A kinetic

hydrocarbons for jet fuels were investigating.

model describing the reaction mechanism of CO2
hydrogenation to methanol has been developed and

Here the production path Carbon dioxide +

work continues to extend that model to a complete

Hydrogen (-> Methanol) -> Bio-electro-Jet A1, was

model incorporating Methanol -> Bio-electro-Jet

investigated through a reaction process where higher

A1 is ongoing. The combined model will also be

hydrocarbons are produced in a single methanol-

experimentally validated for varying operating

mediated step via the direct hydrogenation of CO2.

conditions. Moreover, the AtJ through methanol

The main task was developing experimentally

pathway is still to be certified as a fuel.

validated kinetic models that can predict the
performance of the reaction process and be
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11.3		

Capital- and Operational expenses, and Process integration

In this chapter, process modelling and analysis were

BEJF production costs of ~EUR1.6/litreBEJF, with

performed to assess the viability of the production of

a slight increase of about 3% in the case of AtJ. It

BEJF from renewable-based sources of CO2 and H2.

should, however, be noted that there is a significantly

Four process concepts: (1) combined heat and power,

lower amount of jet fuel produced via the AtJ process

(2) amine-based CO2 capture, (3) reverse-water-gas-

compared to the FT-route. A reduction of 78% in

shift, and (4) Fisher-Tropsch synthesis were modelled

heating demands has been achieved in the F-T process

using the Aspen Plus® simulation software. Mass and

through energy integration, which has also led to a

energy balances and main design parameters were

significant increase in thermal efficiency of the process

determined for all unit operations, and the results

to up to 39%, based on the F-T crude product. Both

were validated with real industrial data, based on local

routes can be integrated with the CHP plant and the

conditions in Sweden.

district heating network to achieve a better overall
energy efficiency. Further research is required for the

In summary, the possibility of producing BEJF from

AtJ route in order to increase the jet fuel fraction in

renewable CO2 and H2 via two synthetic routes (F-T

the product distribution, as well as for both routes to

and AtJ) and the integration of these processes into

assess the effect of varying the capacity of biomass

a CHP plant have been investigated under Swedish

feed on the production cost of BEJF.

conditions. Both routes have shown comparable

11.4		

Life cycle assessment (LCA)

This chapter had two aims: i) to assess the two

and provide a promising alternative for the aviation

aforementioned BEJF options from an environmental

sector under the condition that renewable sources are

and life cycle perspective and, ii) to compare the

used and that processes are highly integrated to take

results with a gasification-based biojet fuel as well

advantage of all possible synergies.

as a petroleum-based jet fuel (kerosene) including
also the end use of the fuel. A LCA of two production

It should be noted at this point, that results from

pathways for large scale production of BEJFs was

LCAs in general and of this study in particular can

presented in this report namely F-T pathway and AtJ

be sensitive to the underlying assumptions and

pathway. Biogenic carbon and hydrogen produced

methodological choices performed. The outcome

from renewable electricity are used as raw materials.

for example may differ for countries other than

The GWP of the studied fuels range between 11

Sweden (or Nordic) and with a more carbon intense

and 19 g CO2 eq. per MJ BEJF produced, with the

energy mix. To capture methodological variations,

possibility for even lower emissions factors (9-16 g

additional scenarios looking to other allocation

CO2 eq. per MJ BEJF) when co-products from the

approaches (for instance in relation to the CHP)

hydrogen production process are considered. It was

or fuel related reporting frameworks (e.g. REDII)

shown that in all impact categories studied the AtJ

could be further investigated. Apart from the CHP,

pathway resulted in lower environmental performance

the remaining processes are based on simulations

compared to the F-T pathway. In the absence of

and experimental results indicating that the full

detailed data however, this pathway was modelled in

integration potential and scale up effects are not

a more simplified way compared to the F-T pathway

considered in detail. Future assessments on a demo or

which may explain some of the variations observed.

full-scale fuel production facility may provide an even

According to the result of this study, the BEJFs can

deeper understanding on the factors influencing the

fulfil the emission reduction targets set by policy

environmental performance of these fuels.
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11.5		

Sustainable Business models

This chapter focuses on the value chain and business

business. For example, if the owner represents an actor

model fort the bio-electro-jet-fuel based on the

with its’ own interest to develop the market and a great

business model canvas. The main goals are to (i)

know-how in the area of renewable aviation fuel, has

identify at least three possible stakeholders to operate

local connections to the region, provides raw material

the prospective production plant, (ii) identify at least

to the production or is a strong technology provider

two sustainable business models and (iii) map actors in

that would contribute to the business model.

the value chain of bio-jet fuels focusing on distribution
and use.
In future work the different options linked to the
In this report the business model has been discussed

business case and model should be described more in

assuming that the BEJF may in the future represent

detail and the pros and cons as well as strengths and

a renewable aviation fuel with high GHG reduction

weaknesses of them clarified for this specific potential

potential. It is therefore crucial that the production

plant. Linked to this the impact of the somewhat more

plant is designed and operated in order to deliver a fuel

complex value chain compared to conventional jet

with low climate impact. Other benefits and impact

fuels need to be addressed. An economic assessment

on sustainability to include in a sustainable business

for the different cases should also be performed

model are, for example, regional growth, job creation

clarifying the role of which product to sell and when

as well as social and gender equality. There will be

and the role of the by-products and policies as well as

potentially valuable by-products generated from

the market situation considering other potential new

the process, such as gasoline and diesel which are

actors producing bio-jet fuels for the Nordic and global

expected to contribute to the overall business model.

market. In addition, the actor analysis needs to be

Besides being sold to end customers these products

deepened, including assessment of the actors in terms

could be sold to an intermediator, for example a

of their current role, engagement, plans, initiatives

refinery. Other by-products from the process to be

and their current business models, their detailed

considered in the business model include for example

know-how and interest in electrofuels and the Nordic

residual/surplus heat, oxygen and waxes where new

market, how they usually collaborate and invest. For

or existing customers could be relevant. The role

this the most interesting actors need to be contacted,

to take in the value chain by Fabriken AB could be

which has not been part of this first assessment that is

influenced by the actors that get involved as owner or

more of a desktop study. The specific role for Jämtkraft

partner to the production plant, i.e. if a fuel company

and other actors also needs to be discussed further

will invest in the production plant they naturally also

in relation to this. For example, should costumers be

take the role as a distributor and to sell the fuel to

included in the consortium or not and who should be

the end costumer. In the future, the costumers could

the owner of what. Finally, the procedure for how to

potentially also be interested in the production. The

continue the process should also be further discussed

business model can depend on the interest of the

and clarified. Any potential showstoppers for the

future owner of the production plant and the know-

proposed Large-scale BEJF production integration at

how of the company, potentially an owner that engage

a CHP-plant in Östersund should also be identified and

a lot in the development would be beneficial for the

solutions assessed.
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APPENDIX 1.
ACTORS IN BIO-JET FUEL VALUE CHAINS

14 0

Table A1. Mapping of actors currently involved in bio-jet fuel value chains in Sweden and their roles.
Actor

Ma i n r o l e / f u n c t i o n

Descr i pti on of r ol e

Prerequi si tes

Rel ati on to other actors

World Energy
(former AltAir fuels)

Producer

Produce biojet fuel on a "large"
scale in California

Neste

Producer

Produces biojet fuel in Finland

The fuel is supplied by
SkyNRG, Shell, and Air BP
partly through the Fly
Green Fund.
Neste and Air BP deliver
sustainable aviation fuel to
airports.

Preem

Potential producer

Aiming at producing SAF/biojet
if they expand their refinery
located outside of Gothenburg

Also sells biodiesel and other
products of animal /
vegetable origin (fats and
oils)
The annual fuel capacity is
currently 100 000 tons. If
the Singapore refinery
expansion, the fuel
production capacity will
increase to over 1 million
tonnes by 2022. Can use
more than ten different
renewable raw materials, all
kinds of waste with grease
or vegetable oil.
Need to get the
environmental permit
approved. Produces many
more products than bio-jet
today.

Port of Gävle

Owner of
infrastructure
(Port)

The largest part of all
kerosene to Sweden comes
by ships via the port of
Gävle.

Interterminals,
ST1 and OKQ8

Distributor/infrast
ructure/

Owner of infrastructure. Owned
by the municipality of Gävle.
Growing business related to
container and is a national
strategic port, for example when
it comes to aviation fuel for
Arlanda.
Own tanks for jet fuels in the port
of Gävle

Arlanda Flygbränslehantering AB (AFAB)

Distributor

Handles the fuel at Arlanda

AirBP

Distributor

Distributes jet fuel (fossil fuel)
and biojet (BP). Handle the fuel
at Arlanda and Landvetter
together with other companies.

When handling the fuel at
Arlanda there is no
distinction made between
fuels from different
suppliers.
Has invested in biojet
production plant from MSW
(FT process) which can start
production in 2022.

SkyNRG

Distributor/potent
ial
producer

Distributor of biojet but also
wants to engage in the
production phase. SkyNRG has a
focus on the downstream part of
the supply chain. Participates in
R&D

SkyNRG is also actively
involved in projects
developing alternative
feedstocks (for HEFA) and
different
feedstock/technology
combinations.

Swedavia and other
(owners of) airports

Owners of
infrastructure
(airports)

Swedavia is a state-owned
company that owns, operates and
develops 10 airports in Sweden.

Wants to provide biojet fuel
to its customers (airlines)

Fly Green fund

Trader

The business model is to
help players to compensate
for the climate impact by
choosing to fly their journey
with biojet.

Chevron Aviation
Shell Aviation

Distributor and/or
Intermediator:
Sells to the airlines
via mass balance

Fly Green Fund is a non-profit
organization through which
private individuals, companies
and public organizations can buy
sustainable aviation fuel to
reduce the climate of their air
travel.
Selling aviation fuel to the airline.
These players are active at
Arlanda, but other players may be
active at other airports.

Large fuel companies that,
among other things, are
active in aviation fuel.

Need a functioning logistics
chain

How est abl i shed i s t he act or ?
( q ua l i t at i ve a s s e s s me nt )
Well-established
player/actor but biojet is a
relatively new product.

Well established
player/actor but biojet is a
relatively new product.

Preem and SAS signed a
letter of intent during 2020
with the aim to produce
and deliver renewable
aviation fuel based on
waste products. Preem
have the ambition to
produce renewable fuel
sufficient for all SAS
domestic flights.
Several fuel companies
(e.g., ST1 and OKQ8) have
their own tanks in the port.

Well-established player but
the SAF/biojet would be a
new product for Preem.

Have tanks in the port of
Gävle.
Used for
distribution/handling by
e.g., Arlanda
Flygbränslehantering AB,
AFAB.
Is owned jointly by Air BP,
Shell Aviation, SAS Oil and
World Fuel Services.

Well-established fuel
companies.

Collaborates with Neste,
World Energy and FGF to
deliver HEFA to Swedish
and Nordic airports.
At Halmstad City Airport, a
collaboration takes place
between the airport, Air BP
and BRA in order to be able
to refuel 5% biofuel
annually.
Have a partnership with
Shell Aviation (to further
increase the efficiency of
supply chains). SkyNRG,
KLM and SHV Energy has
announced the first
European plant for
production of sustainable
aviation fuel.
Swedavia has purchased
biofuel for aviation
corresponding to the
business trips that the
company's employees made
during 2016-2019. Provide
airports for airlines.
Collaborates with
producer, distributor and
consumer. Also serving
national airports with
agreed deliveries

Well-established player but
biojet is a relatively new
product.

The aviation fuel is
distributed jointly without
the companies transporting
it separately. Mass balance
is used to invoice the
customer.

Well-established

Well-established player but
biojet is a relatively new
product.

Well-established player but
biojet is a relatively new
product.

Well-established player.

Well-established

Well-established
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