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ABSTRACT 
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Increasing human population and standard of living is increasing raw material and energy 
consumption. Increasing consumption increases natural resource use and problems like 
pollution and climate change, largest single cause of which is the consumption of fossil 
fuels, like coal, oil, and gas. Largest contributing sector to these problems is the energy 
sector, and transport sector as a part of it, which has been built on fossil fuel consumption. 
Transport sector has a great need to shift to alternative, environmentally friendly 
electrofuel consumption.  

The goal of this thesis is to study electrofuel production through Fischer-Tropsch and 
methanol to fuels processes, fuel process heat integration, and integrating fuel production 
with a pulp mill. Calculations done in this thesis indicate that there is not much difference 
between Fischer-Tropsch and methanol to fuels processes. Limiting factor for electrofuel 
production is hydrogen availability which, through electrolysis, creates a need for cheap 
and renewable electricity. Covering EU fuel demand with electrofuels require about 3.5 
times the current EU electricity consumption. Heat integration within the fuel process 
eliminate the need for external heat. It is also profitable to integrate electrofuel production 
into a pulp mill to gain access to green carbon dioxide and renewable electricity.  

Literature review revealed that electrofuel production is still considered to be in its early 
stages and an emerging technology in the coming decades. Attitudes towards electrofuels 
are varied, which is understandable for technologies at this stage. However, the existence 
and importance of electrofuels are spreading and their rapid growth is expected in the 
2030s. The main driving force behind electrofuels is political decisions. 
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Ihmisten lukumäärän ja elintason kasvu kasvattaa raaka-aineiden ja energian kulutusta. 
Kasvava kulutus lisää materiaalien käyttöä, aiheuttaa saasteongelmia ja edistää 
ilmastonmuutosta, jonka suurin yksittäinen tekijä on fossiilisten polttoaineiden, kuten 
kivihiilen, öljyn ja kaasun käyttö. Merkittävin ongelmia aiheuttava sektori on 
energiasektori, jonka osana toimiva liikennesektori perustuu fossiilisten polttoaineiden 
käytölle. Liikennesektorilla on kasvava tarve siirtyä vaihtoehtoisten, 
ympäristöystävällisten polttoaineiden käyttöön.  

Työn tavoitteena on tutkia sähköpolttoaineiden tuotantoa Fischer-Tropsch ja 
metanolireittejä pitkin, polttoainereittien lämpöintegrointia sekä polttoainetuotannon 
integrointia sellutehtaan kanssa. Työssä tehtyjen laskujen perusteella Fischer-Tropsch ja 
metanolista polttoaineiksi reittien välillä ei ole suurta eroa. Sähköpolttoaineiden tuotantoa 
rajoittaa vedyn saatavuus, mikä elektrolyysin kautta luo kysyntää halvalle ja 
ympäristöystävälliselle sähkölle. EU:n polttoainetarpeen tyydyttämiseksi 
sähköpolttoaineilla vaatisi 3,5 kertaa nykyisen EU:n vuosittaisen kulutuksen verran 
sähköä. Lämpöintegroinnin avulla polttoaineiden tuotannossa ulkopuolisen lämmön tarve 
voidaan eliminoida. On myös kannattavaa integroida sähköpolttoaineiden tuotanto 
sellutehtaan kanssa, jotta päästään käsiksi biopohjaiseen hiilidioksidiin ja uusiutuvaan 
sähköön.  

Kirjallisuuskatsaus paljasti, että sähköpolttoaineita pidetään vielä kehittymättömänä 
teknologiana mutta mahdollisesti kannattavana liiketoimintana tulevien vuosikymmenten 
aikana. Asenteet sähköpolttoaineita kohtaan ovat moninaiset, mikä on ymmärrettävää 
kehittyville teknologioille. Sähköpolttoaineiden käyttö ja tunnettuus leviää jatkuvasti ja 
niiden nopea kasvu on ennustettu 2030 luvulle. Sähköpolttoaineita eniten eteenpäin ajava 
voima tällä hetkellä ovat poliittiset päätökset.  
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1 INTRODUCTION 

Aviation is one mean of transportation, among others. Distinctive features of aviation are 

its speed and high costs. In 2018, number of passengers carried was 4.4 billion, and freight 

carried was 62.5 million tonnes. Global commercial jet fuel consumption was 3 810 TWh 

in 2018 (EIA, 2020). Passengers and freight carried in aviation sector has increased a lot 

in the past decade and they are projected to grow well over 2050. The current COVID–

19 pandemic will probably have an impact on air traffic, but it is very difficult to predict 

how much and what kind of impact it will have. 

1.1 Background 

Because of the climate change and general change in consumer opinion, companies have 

started to pay attention to their carbon footprint and sustainability issues. Paris agreement 

and the following regulatory agreements have set climate neutrality as the goal for EU by 

2050. This common goal will change EU and the whole world in the coming decades. 

Agreements to reach net zero greenhouse gas emissions influence all parts and sectors of 

society, and transport sector with aviation as a part of it is no exception. Currently 

airplanes are using fossil kerosene, which is a crude oil distillate, and some biokerosene 

as a fuel. Aviation industry is a fast-growing sector, and a source of emissions, which is 

why it is experiencing growing pressure in sustainability perspective. Reducing emissions 

from aviation sector is very complicated and the only way to do it today is replacing fossil 

fuel with bio- or synthetic alternative. Biofuels have the disadvantage of a very limited 

raw material supply. Therefore, synthetic fuels are gaining interest and synthetic fuel 

production probably starts with kerosene. 

Synthetic kerosene production is a new technology which is still in the study phase. 

Interest and funding towards synthetic kerosene is growing and now many companies are 

researching how to produce synthetic products for a competitive price. LUT University 

has a research project about power-to-X technology and this study bypasses the project. 
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1.2 Aim of this study 

This paper focuses on different synthetic kerosene production chains, their heat 

integration and synthetic kerosene market forecast. Research questions that the thesis tries 

to answer are: Is it possible to have heat integration within the power-to-fuels process and 

use the excess heat profitably? How large potential there is to produce electrofuels from 

pulp mill carbon dioxide emissions and excess electricity? How electrofuel supply and 

demand are going to develop soon? The goal is to find waste heat sources from the process 

and consider how they can be utilized in- and outside the process. The best possible 

scenario would be that all waste heat can be used in the process to eliminate the need for 

external heat. Also, the possibility to produce district heating or electricity from the waste 

heat is considered. Technical part of this thesis is done in Excel, based on previous 

modelling and values found from the literature. Market overview is done from literature 

information and survey data collected for a LUT University project. Market study consists 

of information related to electrofuel markets and their potential. 

1.3 Structure and methods 

This study is divided into three parts. Chapter 2 is the background research, which is done 

as a literature review to go through and provide a broad understanding of the field of study 

to the reader. Chapter 3 is the technology review, in which the production chains to 

produce synthetic kerosene are studied. The technology part combines literature review, 

previously done study- and calculation results. Technology review is further divided into 

two parts: a methanol-olefin route to produce a mixture of different fuels, and FT 

(Fischer-Tropsch) route producing synthetic crude, which is then distilled into fuels. Both 

routes are integrated into a pulp mill but are still separate entities. Pulp mill only provides 

carbon dioxide and electricity for the fuel production. Chapter 4 consists of the market 

forecast, where literature data, existing future scenarios, and study results are collected to 

form a comprehensive understanding of electrofuel potential. Used survey results are part 

of a large school project which revolve around power-to-X technology. 
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2 BACKGROUND RESEARCH 

In this chapter, background information that influences power-to-X technologies and the 

production of synthetic fuels and chemicals are presented. The driving force for all the 

low-carbon technologies is the global warming and climate change as well as human 

made pollution problems. It is recognised that fossil fuels are not going to last forever and 

that recycling raw materials might be more profitable than producing them. These 

observations lay the foundation for the future. Background research is done as a literature 

review. 

2.1 Climate change 

The Earth’s climate has changed throughout the history with its ice ages and warmer 

periods of time. These changes are a result of slight changes in the Earth’s orbit and 

corresponding changes in the solar radiation from the sun. Current climate phase started 

11 700 years ago when the last ice age came to an end. Since then, the level of carbon 

dioxide in the atmosphere has been rising faster than ever before, and human behaviour 

is most likely to play a significant role in the change. Currently globe is warming due to 

the rise of carbon dioxide levels. There is a scientific consensus about the connection 

between the share of carbon dioxide in the atmosphere and global surface temperature. It 

has been proven that the current high concentration of GHGs in the atmosphere is a result 

of human actions. Carbon dioxide is one of the many gases strengthening the global 

warming, usually referred to as greenhouse gases (GHGs). Greenhouse gas is an umbrella 

term covering all gases that absorb infrared radiation. (NASA, 2020) 

GHGs are essential to life on Earth because they prevent some of the infrared radiation 

from escaping back to space making the Earth’s surface temperature tolerable for many 

forms of life. Global warming increases the Earth’s surface temperature, which in return 

affect all the different climate zones, causing climate change. (UN, 2020) 

There are also natural GHG emissions coming from, for example, volcanic eruptions, 

wildfires, and degrading biomaterial, like animals and plants. When naturally occurring 

GHG emissions are combined with manmade GHG emissions since the industrial 

revolution, the share of carbon dioxide is now highest recorded for millennia (NASA, 
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2020). Current level of carbon dioxide is something that has never happened before and 

there is no historical data of what would happen if the share of GHGs in the atmosphere 

keep rising. 

NASA lists some of the evidence of climate change: global surface temperature rise on 

land and top layers of oceans resulting in sea level rise together with decreasing ice cover 

in glaciers and depth of snow cover in the northern hemisphere, ocean acidification and 

increasing number of extreme weather events (NASA, 2020). Global warming and its 

effects will cause many environmental changes on this planet, that reflect also on social 

and economic sectors. Rising temperatures make some of the already hot areas unbearable 

to live in forcing people to move elsewhere and changing rainfall patterns will shift areas 

suitable for food production. These changes have social and economic effects on all the 

areas on this planet. There are good and bad sides to climate change, but adaptation to the 

change will be expensive and future living conditions will be more challenging. 

Therefore, it is important to act against global warming and the best way to do so is to 

limit and reduce the share of carbon dioxide in the atmosphere. 

2.2 GHG emission sources 

People cause emissions in almost all their actions. Food production, house heating and 

cooling, transportation, industrial processes, and electricity production cause emissions. 

Land use changes and deforestation results in indirect emissions. As described previously, 

GHGs are speeding up the natural global warming phenomenon and strengthening 

climate change. Therefore, it is important to know where, how and how much GHG 

emissions are formed in different human actions. Knowledge of the emergence 

mechanism and incidence of GHGs help to limit their share in the atmosphere. 

2.2.1 GHG emissions by gas 

The most predominant GHG is carbon dioxide (CO2) which covers the vast majority of 

all GHG emissions. In 2016, global GHG emissions consisted of carbon dioxide (74.4%), 

methane (CH4, 17.3%), nitrous oxide (N2O, 6.2%) and other compounds (2.1%) (WRI, 

2020). Other GHGs have stronger impact on global warming per compound than carbon 
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dioxide, but it is still the most significant GHG due to the sheer amount of carbon dioxide 

emissions released around the world. In figure one, global GHG shares are presented. 

 

Figure 1. Global GHG emissions in 2016 (WRI, 2020). 

There are other GHGs, that can have greater warming impact when released to the 

atmosphere than carbon dioxide, and therefore two measures have been invented to 

describe the impact. One is carbon dioxide equivalent (CO2-eq), which tells the factor of 

needed carbon dioxide to have the same impact on global warming. The other is global 

warming potential (GWP) that reveals the climate warming, heat trapping effect of a gas 

compound in relation to carbon dioxide in a set time. Therefore, GWP of carbon dioxide 

is 1. (NIWA, 2016) 

The most common GHGs are methane with a 100-year GWP factor of 25 and nitrous 

oxide with a 100-year GWP factor of 298. Therefore, both are stronger GHGs than carbon 

dioxide. Some of the compounds are controlled by international and national laws. For 

example, Montreal protocol prohibited the production and consumption of almost 100 

chemical compounds due to their ozone depletion potential. Little did they know that 

some of the compounds prohibited were also very strong GHGs. These compounds 

include chlorofluorocarbons (CFCs), halons and hydrochlorofluorocarbons (HCFCs) as 

well as many other compounds. Strongest substances listed in the Montreal protocol have 

GWP factors of thousands (Forster et al. 2007 p. 212). (UN environment programme, 

2020) 
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2.2.2 Carbon dioxide emissions by source of energy 

Carbon dioxide is the biggest single gas contributing to global warming. Carbon dioxide 

is formed naturally in the bodies of animals when they breathe and when organic matter 

decomposes. When carbon burns, one carbon molecule reacts with one oxygen molecule 

to form carbon dioxide (complete combustion). In low oxygen environment carbon can 

also react to carbon monoxide (CO) (incomplete combustion). The main source of 

manmade carbon dioxide is the combustion of fossil fuels that contain carbon. Shares of 

carbon dioxide emissions by fuel is presented below. 

 

Figure 2. Carbon dioxide emissions by source of energy (IEA, 2020, a). 

Globally, coal accounts for 27% of the whole energy consumption in the world. Coal is 

used almost entirely by industry in iron and steel production. Coal is also used to produce 

38% of all electricity production in the world. (IEA, 2018) 

Oil products are mainly used in transport sector (65.2%), but also in industry (7.9%), 

residential (5.4%) and agriculture and forestry (2.7%) sectors. Transport sector consumes 

the most oil, because crude oil can be distilled into different fuel products, like petrol, 

diesel, kerosene, and fuel oil. (IEA, 2020, a) 

Natural gas is used in a wider variety of sectors. Largest consumers are industry (37.8%), 

residential (29.3%) and commercial and public services (12.7%). Transport sector 

accounts for 7.0% of natural gas consumption. (IEA, 2020, a) 
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Because carbon dioxide emissions are result of fuel combustion, it is essential to search 

for alternative energy sources to reduce carbon dioxide emissions from fuel usage. 

Biofuels, however, do not contribute to climate change without land use changes, since 

combusting biofuel only releases the same carbon back to the atmosphere than what was 

incorporated to the biomass when it grew. It is difficult to replace fossil fuels, since so 

many technologies are developed around the characteristics of them. Therefore, to avoid 

needless changes in the technology and infrastructure, fuels with similar characteristics 

than their fossil counterparts should be developed as replacement. 

2.2.3 GHG emissions by sector 

The total GHG emissions in 2016 were 49.4 GtCO2-eq (WRI, 2020). These emissions can 

be tracked down to their place of release and the sector responsible for the release. In 

figure three, sectors and their contribution to GHG emissions are presented. 

 

Figure 3. Global GHG emissions in 2016 by sector (WRI, 2020). 

As can be seen from the figure above, the largest single sector to cause emissions is 

electricity and heat production (30.4%). The three following sectors were transportation 

(15.9%), manufacturing and construction (12.4%), and agriculture (11.8%). 

Energy sector is a huge GHG emission producer, which includes transportation, 

electricity and heat, buildings, other fuel combustion, manufacturing and construction, 
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and fugitive emissions. Energy sector includes energy production and consumption 

related emissions, and it accounted for 72.9% of all GHG emissions in 2016 (WRI, 2020). 

2.2.4 Transport sector 

Transport sector is the second largest part of the energy sector. Transport sector can be 

further divided into passenger road traffic, road freight, aviation, shipping, rail and other. 

In figure four, shares of carbon dioxide from different modes of transportation are 

presented. 

 

Figure 4. CO2 emissions of transport sector in 2018 by mode of transport (IEA, 2019, b). 

Passenger road traffic has the biggest share of carbon dioxide emissions by far. Second is 

road freight, third aviation, and fourth shipping. Aviation and shipping sectors include 

international and domestic transport, although they are usually separated. The figure 

shows that about 75% of CO2 emissions are emitted inland and over half is a result of 

moving people around. 

2.2.5 Aviation sector 

Aviation accounted for 2.4% of global carbon dioxide emissions in 2018. If all the other 

global warming factors are considered, like contrails, aviation is responsible for 5% of 

global warming. These numbers may seem small, but air traffic is anticipated to grow 3.3 

times (in revenue tonne kilometres) by 2045 while fuel consumption is expected to grow 
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2.2 to 3.1 times from 2015 (ICAO, 2019, a). Total GHG emissions from international 

aviation grew 70% between 2005 and 2020. Therefore, aviation is one of the fastest 

growing emission sources in the world. (European commission a, 2020) 

To fight global warming and increasing emissions from aviation, EU included it in the 

emission trading system (ETS) in 2012. ETS covers all flights inside the European 

economic area (EEA). On international scale, international civil aviation organization 

(ICAO) plans to take a global carbon offsetting and reduction scheme for international 

aviation (CORSIA) into action as of 2021. CORSIA binds airlines to monitor their 

emissions on all international routes and offset them by buying emission units from 

projects that reduce emissions elsewhere. The aim is to stabilise carbon dioxide emissions 

at 2020 level, or in other words, keep aviation related emissions at 2020 level or lower. 

CORSIA consists of three phases; pilot phase in 2021–2023, which is voluntary, first 

phase in 2024–2026 which is also voluntary, and second phase in 2027–2035, which is 

mandatory. All EU countries and some others have registered for the pilot phase, which 

now covers over 80% of aviation emissions. (European commission, 2020, a) 

CORSIA has been questioned because it only includes international flights but not 

domestic flights, which, in some nations, account for a majority of air traffic. Expenses 

of carbon offsetting in CORSIA has been calculated for 2025 and they account for less 

than one percent of the industry’s turnover, which is deemed to be not enough. For 

example, tax exemptions in aviation fuels lower airline expenses by billions of euros 

within EU each year. It is also noted that CORSIA only considers carbon emissions above 

2020 level and not all of them. Money used by airlines to offset their excess emissions 

can be guided into projects that do not actually reduce emissions or reduce them only a 

limited amount of time. Double counting is also a threat when emissions are compensated 

in a different sector. It is a good thing that aviation industry is aware of its own emissions 

and is trying to make a turn for the good, but CORSIA seems to be put together quickly 

and the measures proposed are not effective enough. (Lahti, 2019) 

Air traffic can be divided into passengers and freight transport. Passenger transportation 

is presented as revenue passenger-kilometres (RPK), which tells what distance the paying 

passengers were transported. RPK numbers from 2009 to 2018 are presented in the figure 

five and RPK by regions is presented in figure six. (ICAO, 2020) 
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Figure 5. Growth of RPK in the world (ICAO, 2020). Figure 6. Shares of RPK by region (ICAO, 2020). 

Number of passengers have been growing every year and there is no sign to an end. 

Forecasts expect that passengers carried will rise to 10 billion by 2040 from 4.3 billion in 

2018 (ICAO, 2020). Most of the passengers are flying in the Asia and Pacific region. 

Second largest region is Europe, and third is North America. Each of these three largest 

regions in passenger air traffic are larger alone than the rest of the world combined. Asia 

and pacific is probably largest region because of the huge number of people, long 

distances, and difficult terrain to travel in other ways. Europe is second, probably because 

the region is wealthy compared to other regions in the world. Therefore, more people can 

afford to travel by airplane. Wealth and long distances apply also to North America. 

Besides passengers, also freight is transported in airplanes. The total weight of cargo 

carried was 58 million tonnes in 2018. Air freight is expressed as freight tonne-kilometres 

(FTK), which represents the weight of cargo and the distance travelled. In the figures 

below, the FTKs between 2009–2018 and shares by region are presented. 
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Figure 7. Growth of FTK in the world (ICAO, 2020). Figure 8. Shares of FTK by region (ICAO, 2020). 

Air freight experienced a slight decrease in years 2010–2013 but started growing again in 

2014. Growth in freight transport have been much slower than growth in passenger 

transport. The freight shares between regions are also different from passenger shares. 

Asia and pacific stayed first and Europe as the second largest region, but North America 

fell below Middle East. From the two figures one can deduce that air transport in North 

America is more dependent on passengers than freight, whereas in the Middle East it is 

vice versa. Asia and Pacific, and Latin America and Caribbean regions are also a little 

more dependent on passengers than freight. Africa has the same shares on both. 

Reducing emissions from air transport is easy in a sense that only one definitive solution 

exists. Air transport cannot be electrified like road transport because the batteries are 

heavy, and they have low energy density. Gaseous fuels are also ruled out due to their 

low energy density and safety aspects (mainly pressurizing). Currently only liquid fuels 

are suitable for air transport use which leaves three options: fossil-, bio-, and synthetic 

fuels. Fossil fuels are meant to be replaced by less harmful fuels and biofuels have 

problems with sustainability. Land area suitable for cultivation should be either used to 

grow food or left it in its natural state. Food- and biofuel production are competing from 

the same land area, and the question is, can agriculture provide both food and fuels for 

the human population? In optimistic scenarios 36 000–72 000 TWh of biofuels or even 

more could be produced annually (Johansson, 2013), which is 22–44% of world energy 

production (IEA, 2019, d). Unfortunately, some scenarios are overoptimistic and not 

trustworthy. 
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If existing forests are cut down to produce raw material for biofuel production, it would 

result in far more widespread destruction than using fossil fuels. Therefore, only bio-

based wastes should be allowed in biofuel production. In the end, the only fully usable 

and renewable alternative to fossil fuels in air transport are synthetic electrofuels. 

However, electrofuels are still very expensive and infrastructure needed in their 

production is lagging, mainly due to the lobbying and the lack of guiding measures from 

state and unions, like EU. 

2.3 Kerosene as an aviation fuel 

Kerosene is a crude oil distillate, which is modified further into usable jet fuel by 

modifying its properties with additives. Kerosene is a complicated mixture of paraffins 

(55.2% w/w), naphthene’s (40.9%) and aromatics (3.9%), which may occur in branched 

and straight chain forms. Kerosene refers to crude oil fraction that boils between 145 and 

300°C (U.S. EPA, 2011). Kerosene composition varies depending on the crude oil source 

and production method. Distilled kerosene is called straight-run kerosene and kerosene 

made by cracking heavier hydrocarbon chains is called cracked kerosene. Kerosene 

consists of hydrocarbon chains with approximately 6 to 16 carbon atoms. Kerosene 

composition should include paraffins and naphthene’s of at least 70% by volume, 

aromatics up to 25% and olefins less than 5%. Aromatic content is limited because they 

produce soot when combusted. The average composition of jet fuels are 18% aromatics, 

20% cycloalkanes, 60% paraffins and 2% olefins (Dagaut, Cathonnet, 2005). Kerosene 

does not have a specific chemical formula and that is why it is defined by its physical 

properties (Lam et al. 2013).  

2.3.1 Separation 

Kerosene is traditionally distilled from crude oil in oil refineries. Kerosene production 

begins with drilling of crude oil from the ground and transporting it to the refinery. Crude 

oil consists of hundreds of different length hydrocarbon compounds, and in the oil 

refinery these hydrocarbons are separated by their boiling point. Crude oil is heated to 

evaporate and liquefy all its components. Then the mixture enters the distillation, or 

fractionating, column, which consists of different stages. These stages are kept at a 
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different temperature to separate different oil grades by their boiling points. In the first 

stage bitumen, paraffins, waxes and lubricating oils condense. All the other oil grades 

continue to the next stage, which is kept at a lower temperature to separate more grades 

from the mixture. Different stages separate heating oil and diesel, kerosene and 

petroleum, and light gasoline. At the top of the column, light gases, like ethane, propane, 

butane, and methane are collected. Some light excess gases are collected from the top of 

the column and they are used to heat the process. (Baker, 2017) (Leibbrandt, 2018) 

Figure nine presents the crude oil distillation process and gives an example of the 

temperatures and separation phases in the process. 

 

Figure 9. Crude oil distillation process. (EIA, 2019) 

The figure above shows how different oil grades are separated at different temperatures 

in the distillation column. Temperatures given in the figure are directive because crude 

oil and distillate products are dependent on the source and quality of crude oil as well as 

the refining process (Lam et al. 2013). 

2.3.2 Conversion 

Heaviest low-value oil grades are collected from the bottom of the distillation column. 

These heavy distillates have limited usage options, so they are usually processed into 

lighter and more expensive fuel products. There are three processes to break, or crack, 
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these long hydrocarbon chains into shorter ones: fluid catalytic cracking (FCC), 

hydrocracking (hydrogen cracking) and coking (thermal cracking). 

1. Fluid catalytic cracking uses a solid, powder-like catalyst, which circulates the 

process. Circulation and liquefaction are done by feeding vapor and liquid into 

the process. Catalyst and heat are used to break heavy gas oil molecules into 

shorter ones. Resulting effluent is then processed to separate different products. 

FCC process is mainly used to produce gasoline. (EIA, 2012) 

2. Hydrocracker has two steps, first heavy hydrocarbons are cracked with a 

catalyst, and then the unsaturated shortened hydrocarbon chains are saturated 

with hydrogen. Again, produced hydrocarbon products must be separated. 

Hydrocracker is used to produce kerosene, diesel, and gasoline from gas oil. 

(EIA, 2013, a) 

3. Coking process is used to upgrade heavy distillates, or bottoms, into higher 

value products. Bottoms are cracked thermally in high temperatures without a 

catalyst. Cracked hydrocarbon products are separated in fractionator, which is 

basically a small distillation column. Coking produces gas oil, different gases, 

and gasoline. (EIA, 2013, b) 

Conversion processes also include the combining process, alkylation, which is basically 

cracking reversed. In alkylation process, light gaseous hydrocarbons are combined to 

produce alkylate. In the process propene or butene is combined with isobutane with the 

help of sulphuric or hydrofluoric acid as a catalyst. Alkylate can be added to motor- or 

aviation gasoline to increase its octane number. (EIA, 2013, c) 

Reforming is a process where naphtha is reformed into reformate. First sulphur is 

removed from naphtha with hydrogen and removing catalyst. Then heat and another 

catalyst are used to restructure (reform) naphtha into a high-octane hydrocarbon 

molecule. Finally, reformate, hydrogen and excess naphtha are separated. The process 

reforms straight chain, low-octane naphtha into cyclic, high-octane hydrocarbons called 

reformate, which is a gasoline blending component. (EIA, 2013, d) 

Oil products are reformed to increase their octane number, which tells how easily the fuel 

combusts when pressurized. To avoid premature combustion from happening, molecular 
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structures of fuel compounds are rearranged and some of the hydrogen is stripped to 

increase its octane number (or pressure where the fuel combusts naturally). 

2.3.3 Treatment 

Different oil grades collected from different stages of the distillation column still include 

natural impurities as well as sulphur and nitrogen. These compounds are collected with 

process called hydrotreating. Different catalysts are introduced to the oil product to 

transform hydrogen into hydrogen sulphide and nitrogen into ammonia. Hydrogen 

sulphide is then collected in sulphur unit and ammonia by water washing the distillate. 

Nitrogen and sulphur are unnecessary compounds in the fuel, which would increase 

sulphur and nitrous oxide emissions when the fuel is combusted. 

Treatment also includes the mixing of different separated, converted, and treated oil 

distillates and additives to make ready transport fuel. Mixing shares between the 

feedstocks are changed by the wanted outcome, for example between summer and winter 

grade diesel or gasoline. 

2.3.4 Fuel quality requirements 

Aviation fuels are divided into four different categories: 

- Jet fuel, Jet A-1, kerosene 

- Kerosene-gasoline mixture, Jet B 

- Aviation gasoline, avgas 

- Biokerosene 

Jet A-1 is globally used in jet engines and turboprop engines in civil aviation. Jet A-1 has 

flash point above 38°C and it freezes in under -47°C. 

Kerosene-gasoline mixture, or Jet B, is used in military jets. It is a blend between kerosene 

(35%) and gasoline (65%) and it has a flash point of 20°C. Its freezing point can be as 

low as -72°C. (Skytanking, 2015) 

Aviation gasoline (avgas) is used in gasoline consuming piston engines and small private 

aircrafts. Aviation gasoline is more expensive than other fuels and is therefore being 
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phased out. Biokerosene is like normal kerosene but made from bio-based raw materials. 

Biokerosene is a mixture of kerosene and biofuel. Usage of biokerosene is increasing and 

new bio-based fuels are being tested in civil and military aviation. Aviation fuels are 

mixtures of kerosene and additional chemicals, which control the fuel ignition, prevent 

deposit forming, electrical charges, freezing and the growth of organisms in the fuel. 

(Skytanking, 2015) 

2.3.5 Fuel standards 

Fuel standardization is a complicated matter since lots of different standards for jet fuel 

specifications exist. Many countries have their own specifications for aviation fuel 

grades, but U.S. based standard ASTM D1655 and British Def Stan 91/91 are the most 

used. ASTM is mainly used in United states, and Def Stan in almost all the other parts of 

the world. The two standards have only slight differences when it comes to fuel 

properties. For example, Jet A (U.S.) must have a freezing point of -40°C or lower, 

whereas Jet A-1 (rest of the world) must have a freezing point of -47°C or lower. As 

explained previously in this master’s thesis, transport fuels are blending’s whose 

properties can be modified by different additives, so the differences between standards 

can be met with right additives. (Exxon Mobil, 2008) 

Jet fuel specifications in further detail are presented in appendix 1. 

Jet fuel standards are virtually identical, but the two standards are the most widespread. 

If aviation fuel has been made according to one standard, it is generally accepted to be 

used in every commercial aircraft. Because most airports have common fuelling systems 

and storages, the aviation industry uses a joint fuelling system checklist, which combines 

the strictest fuel requirements from both standards. (Exxon Mobil, 2008) 

To reduce the consumption of fossil fuels, new low-carbon fuels are being invented and 

studied. There are currently three ways of producing sustainable aviation fuels (SAF) that 

are accepted to be used in commercial airplanes: 

1. Biomass gasification and synthesis using FT 

2. Hydro processing plant oils and fats (hydro processed esters and fatty acids 

HEFA) 
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3. Conversion of plant sugars into synthesized iso-paraffinic (SIP) fuel 

Currently all SAF must be blended with conventional fuel before it can be accepted to 

meet the fuel standards. Blend limits are 50% for FT and HEFA fuels and 10% for SIP 

fuel. Once a SAF batch has been tested and accepted, it will be handled, stored, and 

distributed like conventional fuel. It is noted that some synthetic fuels could be used 

without blending and some production pathways are evaluated as 100% replacements for 

conventional fuel. There is already a FT jet fuel producing plant in South Africa that 

meets the requirements stated in the standards. (IATA, 2015) 

2.4 Power-to-X technology 

Power-to-X (PtX or P2X) is an umbrella term covering all processes that turn electricity 

into a more useful form, usually into an energy carrier. PtX process can be used to 

transform electricity into different gases or liquids, which can be stored for longer times 

and more easily than electricity. Power-to-X covers many terms, like Power-to-liquid 

(PtL), Power-to-gas (PtG) and Power-to-heat (PtH). 

Electrification is the current solution and direction when battling the climate change, but 

some processes, applications and technologies cannot use or need electricity in their 

operation. PtX processes make it possible to transform excess electricity into hydrogen 

and further into liquid chemicals and fuels to be used in sectors that cannot be electrified. 

Some of the possible end products of PtX processes are hydrogen, methane, propane, 

diesel, petrol, kerosene, methanol, propylene, ethylene, and ammonia. These end products 

can be used in transport sector or industry to replace their fossil-based counterparts. 

Problem with PtX is the low conversion efficiency and resulting high product prices, due 

to the technology being immature. 

2.4.1 Electricity production 

The basis of PtX technology is a high share of renewable energy because it is needed in 

all of the process steps, and because synthetic fuels could be more harmful for the 

environment than fossil fuels if they are produced with fossil-based electricity. Most 

renewable energy production methods have two simple drawbacks due to their 
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intermittency: sometimes there is not enough energy and sometimes there is excess 

energy. Electric grid must be balanced all the time, or in other words, electricity 

production and consumption must be equal all the time. PtX technology can be used to 

stabilize the grid by changing its working load according to the grid frequency. Also, PtX 

process is one solution to decouple energy production and consumption. Electricity could 

be stored in batteries for days, but not for longer time periods since it is not yet 

economically viable. Longer-term energy storages are needed for seasonal changes and 

storing energy in liquid or gaseous fuels is an efficient long-term storage. 

Electricity production in the world in 2017 is presented in the table below. 

Table 1. Electricity production in the world in 2017. (IEA, 2020, a) 

 Electricity produced [GWh] Share 
Coal 9 863 339 38.3 % 
Natural gas 5 882 825 22.9 % 
Hydro 4 197 299 16.3 % 
Nuclear 2 636 030 10.2 % 
Wind (on-, and offshore) 1 127 319 4.4 % 
Oil 841 878 3.3 % 
Biofuels 481 529 1.9 % 
Solar PV 443 554 1.7 % 
Waste 114 043 0.4 % 
Geothermal 85 348 0.3 % 
Solar thermal 10 848 0.04 % 
Tide 1 044 0.004 % 
Other 36 022 0.1 % 

Coal and natural gas are the most important fuels in the world when it comes to electricity 

production. However, the share of renewables has been increasing quite rapidly in the 

previous years and the price for renewable electricity is decreasing very fast. In 2018, 

26% of global electricity production came from renewable sources, mainly from 

hydropower (15.8%), wind power (5.5%) and solar PV (2.4%) (REN21, 2019). 

Current growth of renewable energy production capacity is not enough when considering 

their low peak load hours and growing need for energy. It has been estimated, that on-

road transportation applications using electrofuels would require five times more 

electricity generation than using electric vehicles (EVs). The huge difference comes from 

efficiencies of synthetic fuel production steps and poor efficiency of internal combustion 
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engine (ICE, 20%). However, all transportation methods cannot be and is not viable to 

electrify, so other technologies, like synthetic transport fuels are still needed. 

Estimated additional electricity demand in 2050 to provide different shares of electrofuels 

are presented in the table 2. (Malins, 2017) 

Table 2. Additional electricity demand when using electrofuels in different transport sectors in 
Europe. (Malins, 2017) 

  
10% transport 

energy 
50% transport 

energy 
50% trucks 

energy 
50% aviation 

energy 
Required electricity [TWh] 540 2720 1310 880 
Fraction of current EU 
electricity consumption 

15 % 75 % 36 % 24 % 

These values were calculated with the assumption that additional electricity is produced 

with fully renewable energy sources and electro diesel and -jet were produced with FT 

synthesis with 75% fuel selectivity. To estimate the additional electricity demand, the 

European commission’s energy roadmap 2050 scenarios were used. In comparison, 

renewable non-thermal energy production in the scenarios range between 2300–3700 

TWh. In another study, total EU transport electricity demand including electrofuels and 

EVs would reach 13 000 TWh, which is 3–4.5 times higher than the current electricity 

consumption in the whole EU. (Malins, 2017) 

To cover the renewable energy demand for transport sector, land area is needed to 

facilitate the energy producing technology, like wind powerplants and solar photovoltaic 

(PV) plants. For example, to cover 50% of aviation fuel requirement with solar or wind 

power 8 million hectares of land would be needed. Direct electrification would require 

1.6 million hectares and covering the fuel demand with biofuels would require over 33 

million hectares. (Malins, 2017) 

In addition to land area demand, significant investments should be guided to electrofuel 

production. A rough estimate suggests that to cover half of the aviation industry fuel 

demand, 160–325 billion euros should be invested to electrofuel production depending 

on price decrease and technology development in the future. If high amount of transport 

energy demand would be met with electrofuels, 2 to 3 trillion euros should be invested in 

electrofuel plants and 5 to 6.5 trillion euros into renewable energy technologies. If there 
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would be larger amount of EVs (direct electricity consumption) the investment would be 

reduced to 1.5 to 2 trillion and 3.5 to 4 trillion euros. (Malins, 2017) 

Electrofuels and grid balancing. 

As shortly stated previously, PtX processes can be used to decouple energy production 

and consumption as well as stabilize the grid with frequency control. Increasing amounts 

of intermittent renewable power generation creates a growing need for grid stability and 

electricity quality control methods. It could be beneficial for electrofuel producers to 

participate in grid balancing to reduce electrofuel production costs. Currently the best 

energy storage option is pumped hydro storage due to its energy efficiency and low costs. 

Other energy storages are battery storage, compressed air storage, flywheel and 

electrofuel production. Energy storage installations are presented in figure 10. (Malins, 

2017) 

 

Figure 10. World energy storage installations by capacity in 2016. (IEA, 2019, c) (WEC, 2019) 

The total energy storage capacity reached 8 GWh in 2017 (WEC, 2019). Though pumped 

hydro has easily the largest share in energy storage installations, the Li-ion battery 

technologies are growing very fast. Li-ion batteries account for over 80% of all new 

storage capacity installations partially due to the increase in EV production. Other battery 

technologies are only in a marginal role because li-ion batteries have been developed the 

furthest. Other energy storage technologies like flywheels and compressed air energy 

storages have been proven inefficient. (IEA, 2019, c) 

96,2 %
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PtX processes can offer both frequency control and energy storage. Because of the double 

potential, PtX facilities should be located next to a renewable energy production facility. 

Usually when there is a high supply of renewable electricity its SPOT price is low. PtX 

processes can ramp up their production during low price hours and reduce production 

when the electricity price is high. It is possible for PtX facilities to even produce 

electricity during low supply and high price hours from hydrogen via fuel cells, but the 

increase in electricity prices between hydrogen production and electricity production 

must be very high (about 250%). (Malins, 2017) 

Because PtX facilities have high capital costs it is important to run the facility with high 

capacity as long as possible. However, electricity price is an important factor in PtX 

process and lowering it will have large impact on end-product prices. When hydrogen 

production efficiencies improve and capital costs fall, it will probably become 

economically viable to produce electricity to the grid from hydrogen. Lower capital costs 

make it viable to run the facility at lower full load hours outside high price hours. 

2.4.2 Water purification 

Water is needed in the PtX process to produce hydrogen via electrolysis (see the next 

chapter). Water for desalination can be taken from sea, lake, or river, since almost any 

type of water source is usable. Though, dirtier water needs more complicated cleaning 

methods and consumes more energy reducing the viability of the whole process. 

Water used in electrolysers must be very pure to decrease fouling and prevent impurities 

from accumulating to the electrolyser. Feedwater must have low suspended solids content 

(>0.5 ppm) (Meier, 2014) and it must be deionized (conductivity under 1 µS/cm) 

(Greenlysis, 2012). There are two standards at which the electrolyser manufacturers 

usually refer to when discussing on the water quality: ISO 3696 and ASTM D1193-91 

(Koponen, 2015).  

There are numerous different water purification techniques, which can be divided into 

three categories: physical, biological, and chemical. Solids from raw water can be 

removed with technologies from all three categories. One popular purification method is 

reverse osmosis, which filters most of the solids from the water with high pressure and a 
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semi-permeable membrane (filter). The working principle of reverse osmosis is simple: 

raw water is pressurized to overcome the naturally occurring osmotic pressure to make 

the water flow from higher (salt) concentration to the lower concentration through a 

semipermeable membrane that filters out most of the impurities. Accumulating impurities 

are removed as reject from the pressurized raw water side of the membrane. An 

illustrative figure of reverse osmosis process is presented below. 

 

Figure 11. Illustrative figure of reverse osmosis process. 

Deionizing removes dissolved solids from the water by exchanging dissolved solids with 

hydrogen and hydroxyl. The working principle is that positively charged ions are attracted 

to the cation and are exchanged to hydroxyl ions (HO-). Similarly, negatively charged 

ions are attracted to anions and are exchanged to proton (H+). Hydroxyl and hydrogen 

ions then react and form pure water in autoproteolysis. Ion-exchange resins can be 

regenerated with acid and caustic treatment. (US water systems, 2020) 

Previously, using seawater as a raw water source was expensive due to the high 

concentration of salt. Salt in seawater is expensive to remove and the chloride in the salt 

corrodes the anode very fast if not removed. A new study discovered that coating anode 

with negatively charged layer protects the anode from chloride. This way electrolyser 

lifetime is increased significantly without expensive purification steps between. (Jesus, 

2019) 

2.4.3 Water electrolysis 

Currently 95% of pure hydrogen is produced from fossil fuels, mainly from natural gas 

(methane) through a process called steam methane reforming (SMR). The process uses 

steam and methane to produce mainly carbon monoxide and hydrogen, but also small 

amounts of carbon dioxide and hydrogen. The main reaction produces carbon monoxide, 

which is then used to produce more hydrogen through water-gas shift reaction. The SMR 
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process is therefore fossil based and emits carbon dioxide to the atmosphere. Due to the 

opposition towards fossil fuels and limits to the GHG emissions, new clean ways to 

produce hydrogen are needed. (Planete energies, 2015) 

 𝐶𝐻 + 𝐻 𝑂 → 𝐶𝑂 + 3𝐻     (1) 

 𝐶𝐻 + 2𝐻 𝑂 → 𝐶𝑂 + 4𝐻    (2) 

 𝐶𝑂 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻     (3) 

Hydrogen for PtX process is produced with fossil free water electrolysis. Water 

electrolysis is a process where purified water (H2O) is split into hydrogen (H2) and oxygen 

(O2) with electric current. Water electrolysis is an old invention and it has been used for 

over a hundred years to provide hydrogen for industrial applications. Three electrolysis 

technologies exist today: alkaline water electrolysis (alkaline), proton-exchange 

membrane (PEM) electrolysis, and high-temperature- or solid-oxide water electrolysis 

(SOEC). The working principles of all three technologies are explained below. 

Alkaline electrolysis 

In alkaline water electrolysis the electrolyte is liquid, usually sodium hydroxide (NaOH) 

or potassium hydroxide (KOH) solution. Cell separator is usually an electrolyte saturated 

porous material. Water is reduced on cathode; hydroxide ion passes through the cell 

separator and oxidation happens in the anode. 

Alkaline process: 

Cathode 2𝐻 𝑂 + 2𝑒 → 𝐻 + 2𝑂𝐻    (4) 

Anode 2𝑂𝐻 → 𝑂 + 𝐻 𝑂 + 2𝑒    (5) 

Alkaline electrolyser process is presented in the figure 12. 
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Figure 12. Alkaline electrolyser process 

Alkaline process has energy consumption of 4.35 kWh/Nm3
H2, hydrogen purity of 99.9% 

and lifetime of over 60 000 h. (Millet, Grigoriev, 2013) 

PEM electrolysis 

Proton-exchange membrane electrolysis uses a polymer electrolyte that conducts protons 

from anode to cathode. Hydrogen ions pass through the electrolyte to cathode where it 

forms hydrogen. 

PEM process: 

Anode 𝐻 𝑂 → 𝑂 + 2𝑒 + 2𝐻     (6) 

Cathode 2𝐻 + 2𝑒 → 𝐻     (7) 

PEM electrolyser process is presented in the figure 13. 

 

Figure 13. PEM electrolyser process. 

Energy consumption of PEM electrolyser is approximately 4.35 kWh/Nm3
H2. Hydrogen 

purity is over 99.99% and lifetime over 25 000 h. (Millet, Grigoriev, 2013) 
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SOEC electrolysis 

High-temperature water electrolysis has a solid, oxide-ion conducting electrolyte 

separating the cells (cathode and anode). Water is reduced at cathode and oxygen ions 

pass through the electrolyte to form oxygen at the anode. The process is called high-

temperature because it operates at 800–1000 °C range. 

Solid-oxide water electrolysis process: 

Cathode 𝐻 𝑂 + 2𝑒 → 𝐻 + 𝑂     (8) 

Anode 𝑂 → 𝑂 + 2𝑒     (9) 

SOEC electrolysis process is presented in the figure 14. 

 

Figure 14. SOEC electrolysis process. 

High temperature water electrolysis consumes roughly 2.8–3.0 kWh/Nm3
H2 of electricity. 

In addition, 0.4–0.5 kWh of heat is required to keep the temperature at the right operating 

level. 

Numbers presented after each electrolyser introduction are indicative. Electrolyser 

technologies are being developed so the operating values are different between references 

and electrolyser producers. In appendix 2 further specifications are presented for each 

electrolyser technology. 

Out of the three electrolyser technologies, alkaline process is the oldest and most mature. 

PEM electrolyser is the most effective and safest electrolyser technology and it still has 

potential to develop, for why it is expected to improve in the future. High-temperature 
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water electrolysis is the most unmatured one, but in theory it can be more efficient than 

the two other technologies. Though it has problems with corrosion and anode materials, 

sensitivity to impurities and temperature changes, and low stack lifetimes to be 

commercially viable. (Brynolf et. al., 2018) 

High-temperature water electrolysis can also be used to produce syngas from 

electrolysing water vapor and carbon dioxide. Syngas composition can also be adjusted 

by changing the water–CO2 gas composition. (Millet, Grigoriev, 2013) 

Currently 6% of natural gas and 2% of coal is used to produced hydrogen. Hydrogen is 

then used in oil refining (52%), ammonia production (43%) and in other applications 

(5%). (IEA, 2019, a) 

2.4.4 Carbon dioxide capturing 

Carbon dioxide is the source of carbon in the PtX processes. As previously mentioned in 

the study, carbon dioxide is the most significant GHG and it is produced mainly from fuel 

combustion. Therefore, some technologies are invented to prevent the carbon dioxide 

from entering the atmosphere by capturing it. In 2019, 35 million tonnes of carbon dioxide 

were captured from power- and industrial facilities (IEA, 2020, b). Carbon capture from 

power plants (point sources) can be divided into three categories: pre-combustion capture, 

post-combustion capture and oxyfuel combustion.  

- In pre-combustion capture, fuel reacts with steam and oxygen (or air) to form 

syngas (hydrogen and carbon monoxide). Carbon monoxide becomes carbon 

dioxide in a shift reactor and is captured for further use as hydrogen is used as a 

fuel. 

- Post-combustion capture is done from the flue gases in a power plant, usually 

from the stack. Carbon dioxide is captured with a solvent that does not react 

with other components in the flue gases. 

- Oxyfuel combustion is a technology where fuel is combusted with pure oxygen. 

As a result, flue gases mainly consist of carbon dioxide and water vapor. When 

water is separated from the flue gases, only carbon dioxide and some impurities 

remain. (CTCN, 2020) 
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Direct air capture (DAC) technology is used to capture carbon dioxide straight from the 

ambient air. DAC technologies can be divided into two main technologies: High 

temperature aqueous solution and low temperature solid solution technologies.  

High temperature aqueous solution technology has two cycles and it uses, as the name 

suggests, liquid absorbent. In the first cycle, sodium hydroxide (NaOH) absorbent 

captures carbon dioxide from air flow and reacts to sodium carbonate (Na2CO3). Second 

cycle, regeneration, sodium carbonate is mixed with calcium hydroxide (Ca(OH)2) to 

regenerate sodium hydroxide and form calcium carbonate (CaCO3). Then calcium 

carbonate is heated to release carbon dioxide, and calcium oxide (CaO) is mixed with 

water to regenerate calcium hydroxide. Heat demand of the process is 1420–2250 

kWh/tCO2 and electricity demand is 440–764 kWh/tCO2. The problem with this technology 

is the high temperature demand for calcium hydroxide regeneration, which is energy 

intensive. If needed heat cannot be provided as waste heat source or as an excess 

electricity, the process is not viable. Also, sodium hydroxide can be replaced with other 

chemicals like potassium hydroxide (KOH). (Efimova, 2018) 

Low temperature, solid solution technology is a two-step process. First ambient air is 

blown through a filter, which reacts with carbon dioxide capturing it to the filter. When 

filter is saturated with carbon dioxide, the system is closed, pressure decreased, and 

temperature raised to release carbon dioxide from the filter. When the system is returned 

to ambient temperature and pressure, the cycle starts all over again. Used sorbent defines 

the temperature at which the carbon dioxide is released. (Efimova, 2018) 

Climeworks claims that their low temperature solid solution DAC system requires 1500–

2000 kWh/tCO2 heat at around 100°C and 200–300 kWh/tCO2 of electricity. The strength 

of this technology is that the relatively low temperature heat demand can be obtained 

from waste sources. Negative side is that carbon capture from ambient air is more 

expensive because the carbon dioxide concentration is low in ambient air. (Climeworks, 

2020) 
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2.4.5 Reacting hydrogen and carbon 

There are multiple ways to use and react carbon from carbon dioxide and hydrogen from 

water to form different hydrocarbon molecules. Used technology is chosen by the wanted 

end-product or if many processes have the same end-products, the more efficient or -

suitable process is chosen. 

Hydrogen is the easiest electrofuel to produce because of the simple production and few 

process steps. There have been discussions about hydrogen economy, but some 

technologies and sectors cannot use pure hydrogen, and therefore it must be upgraded 

into other products. Hydrogen production was further described in the chapter 2.4.3. 

Methane route 

Methane is possibly the second simplest electrofuel to produce and it can be done 

biologically or synthetically. Biological methanation occurs by bacterial decomposition 

of biomaterial and through animal metabolism. There are also some microbes, 

methanogens, that can produce methane straight from carbon dioxide and hydrogen 

through methanogenesis (Fenchel et al. 2012). Therefore, the agricultural sector is the 

largest source of methane emissions. Synthetic methane is produced in a reactor at a high 

temperature (275–375°C) with the help of a usually nickel based catalyst. Conversion 

efficiency is dependent on the used catalyst, temperature, pressure and carbon dioxide 

and hydrogen mixing ratio. Sabatier reaction (carbon dioxide methanation) and carbon 

monoxide methanation are presented below. (Becker et al. 2019) 

 𝐶𝑂 + 4𝐻 → 𝐶𝐻 + 2𝐻 𝑂   (10) 

 𝐶𝑂 + 3𝐻 → 𝐶𝐻 + 𝐻 𝑂    (11) 

If process temperature rises above 450°C, reverse water-gas shift reaction occurs 

converting hydrogen and carbon dioxide into water and carbon monoxide. Therefore, it 

is important to keep the process at the right temperature with cooling. (Becker et al. 2019) 

Reverse water-gas shift reaction is presented below. 

𝐶𝑂 + 𝐻 → 𝐶𝑂 + 𝐻 𝑂    (12) 
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Typical efficiency of hydrogen to methane process is 80-85% (Baier et al. 2018) and 

power to methane 41% (Blanco et al. 2018). The power to methane efficiency can be 

increased by using high temperature electrolyser and using the waste heat from 

methanation unit in the electrolyser. Combined electrolyser methanation process can 

achieve an efficiency of 76% (Wang et al. 2018). 

One of the reasons to convert hydrogen into methane is that methane has a much higher 

energy density (>1000 kWh/m3) than hydrogen (270 kWh/m3) (Blanco et al. 2018). 

Methane is also easier to store; it can be injected to the existing natural gas grid and it can 

be used in gas vehicles and ships when liquefied. 

Ethanol route 

Ethanol has been produced for over a thousand years by fermentation of edible plants, for 

example barley and rice, to produce alcohol. Ethanol is currently produced by 

fermentation (93%) and by hydrating ethene (7%). Bioethanol is produced in United 

States from corn and in Brazil from sugar. Globally ethanol is used in fuel applications 

(73%), food and beverages (17%) and in industrial applications (10%) (ICIS, 2013). 

Synthetic ethanol is produced by catalytically hydrating ethene with steam in a low 

temperature (227 °C) and high pressure (60–70 bar). Catalyst is silica adsorbed with 

phosphoric acid. The process is exothermic and reversible. (The essential chemical 

industry, 2016, a) 

The ethanol process is presented below. 

 𝐶 𝐻 + 𝐻 𝑂 → 𝐶 𝐻 𝑂𝐻    (13) 

Ethanol can be used as such among gasoline and there are several fuel grades, like E10, 

E15 and E85 that tells the mixing ratio of ethanol. For example, E10 means that the fuel 

contains 10% ethanol and 90% gasoline. Normal cars can use ethanol blends of 10% 

without any problems, but higher ethanol content requires changes in the engine 

materials. It is possible to use ethanol blend up to 83%, but the vehicle must be a flexi-

fuel vehicle (FFV) that has been developed to use high ethanol content fuel. (AFDC, 

2020, a) 



38 
 

Methanol route 

Methanol is a multifunctional chemical used as a feedstock for several other chemicals. 

In addition to transport fuels, methanol can be used to produce acetic acid, formaldehyde, 

and other derivatives. Currently methanol is mainly produced via syngas from fossil fuel 

(natural gas and coal) gasification (Giuliano et al. 2020). Methanol is produced via 

chemical reactions presented below. 

 𝐶𝑂 + 3𝐻 → 𝐶𝐻 𝑂𝐻 + 𝐻 𝑂   (14) 

 𝐶𝑂 + 2𝐻 → 𝐶𝐻 𝑂𝐻    (15) 

Also, the reverse water-gas shift reaction occurs during the methanol synthesis. Usually 

methanol is produced at 50–100 bar and 250–300°C with copper, zinc, and aluminium 

oxide catalyst (Grazia, 2018). Both methanol reactions are exothermic, so cooling is 

needed (NETL, 2020). The energy efficiency of a methanol synthesis is about 70–75% 

(Bozzano, Manenti, 2016). 

Methanol can be converted further into dimethyl ether (DME), which can be used as a 

diesel alternative. However, DME is only suitable for specifically designed and 

manufactured diesel engines. DME in ambient pressure and temperature is in a gaseous 

form, so it must be handled like other gaseous fuels. Another drawback of DME is its low 

energy density. (AFDC, 2020, b) 

DME production from methanol is presented below. 

 2𝐶𝐻 𝑂𝐻 → 𝐶𝐻 𝑂𝐶𝐻 + 𝐻 𝑂   (16) 

The next step in methanol-to-gasoline (MTG) process are methanol-to-olefin (MTO) 

processes, where methanol (or DME) is further modified into olefins. Olefins, however, 

cannot be separated from the process because they are intermediates. The main reactions 

are presented below. 

 𝐶𝐻 𝑂𝐶𝐻 → (𝐶𝐻 ) + 𝐻 𝑂   (17) 

 𝐶𝐻 𝑂𝐻 → 𝐶𝐻 + 𝐻 𝑂    (18) 
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All processes from methanol to olefins produce water as a side flow and so the water 

separations are important parts of the processes. Olefin production is basically 

dehydration because the process removes water from methanol or DME. There are four 

commercialized and slightly different MTO technologies in operation, all of which 

produce ethylene, propylene, or both (Gogate, 2019). The four processes are presented in 

the figure 15. 

 

Figure 15. Commercialized methanol-to-olefins processes. (Gogate, 2019) 

Intermediate chemicals, like ethylene and propylene, are then converted into gasoline, 

diesel, and kerosene through oligomerisation and hydrotreating. Processes are presented 

below. 

 𝑛(𝐶𝐻 ) → 𝐶 𝐻     (19) 

 𝐶 𝐻 + 𝐻 → 𝐶 𝐻     (20) 

The end-product shares can be changed if one fuel is favoured over the others. If kerosene 

and diesel are favoured over gasoline, it is possible to have an output of 81% (w/w) diesel 

and kerosene, 10% gasoline and 9% LPG. If gasoline is favoured, the end-products are 

88% gasoline and 12% LPG. Shares of kerosene and diesel can be varied. Simplified 

synthetic methanol to liquid transport fuels process is presented below. (Schmidt et al. 

2016) 
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Figure 16. Simplified methanol to liquid fuels process. (Schmidt et al. 2016) 
 

FT route 

Fischer-Tropsch process is a close competitor to the methanol to liquid fuels process. FT 

synthesis converts syngas into heavy hydrocarbons or FT wax, which is then cracked 

down to lighter hydrocarbons, alters their structure and distils (separates) the crude FT 

products. General FT process is presented below. 

 (2𝑛 + 1)𝐻 + 𝑛𝐶𝑂 → 𝐶 𝐻 + 𝑛𝐻 𝑂  (21) 

If diesel production were maximised from the process, end-products could be 60% gasoil, 

25% kerosene and 15% naphtha (Schmidt et al. 2016). 

Simplified FT-process is presented in figure 17. 

 

Figure 17. Simplified PTL process via FT route. (Schmidt et al. 2016) 

The difference between methanol- and FT routes to produce kerosene is that FT kerosene 

has been approved in commercia aviation use, but methanol route kerosene has not, 

probably because commercial producers do not exist. 

Methanol- and FT to liquid fuels processes have many process steps even though they 

look quite simple on the paper. Especially oligomerisation, hydrotreating, hydrocracking, 
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isomerisation and distillation processes are familiar from crude oil processing. FT route 

to kerosene process chain has many process steps and it is not reasonable to go further 

into the process details in this paper for it is not the main topic of this study. Further 

information can be found from König et al. 2015 study Simulation and evaluation of a 

process concept for the generation of synthetic fuel from CO2 and H2. 

Ammonia route 

Ammonia is a widely used chemical, which can be used as a feedstock for fertilizer, 

chemical, explosive, plastic, and even pharmaceutical and cleaning industries. However, 

over 80% of ammonia is used in fertilizer production. More specifically, 48% of nitrogen 

is used to produce the most common nitrogen fertilizer, urea. Largest ammonia producers 

in 2013 were China (32%), India (9%), Russia (7%) and United States (7%). (CEPS, 

2014) 

Ammonia is produced via Haber-Bosch process, in which dry nitrogen reacts with 

hydrogen to form ammonia. The Haber-Bosch process is presented below 

 𝑁 + 3𝐻 → 2𝑁𝐻     (22) 

Haber-Bosch process occurs at a medium pressure of 203 bar and temperature of 700K 

(427°C). The mixing ratio for nitrogen and hydrogen is 1:3 and the reaction is promoted 

by an iron based catalyst improved with additives, like aluminium oxide and potassium 

oxide. The process is continuous, and the ammonia is removed from the process by 

liquefying (cooling) it and recycling unreacted gases back to the process. The efficiency 

of a single pass through the reactor is about 15%, but with gas recycling the efficiency 

can be increased to almost 100%. (Chemguide, 2020) 

The Haber-Bosch process is exothermic, which means that it produces heat which, in turn, 

mean that the process must be cooled to keep it at the desired temperature. Industrial 

ammonia production consists of several catalyst stages. Nitrogen and hydrogen are added 

between the stages to cool the process, so the need for external cooling and heat losses 

are minimal. (The essential chemical industry, 2016, b) 
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Ammonia production has some environmental problems, largest of which is the CO2 

emissions related to natural gas (methane) consumption as a feedstock and energy source. 

Annually 2% of natural gas is being used to produce hydrogen for ammonia production, 

which is estimated to result in 1.83 tCO2/tNH3 carbon dioxide emissions. If ammonia is 

produced via electrolysis powered with renewable energy, the carbon emissions would 

be reduced to 0.12 tCO2/tNH3, with the majority coming from electrolysis and the rest from 

steam generation. Emission reduction would be huge, over 93%. New ways of producing 

ammonia is being studied, one of which is electrocatalysis that can directly synthesise 

nitrogen and water into ammonia. The predominant direction of all studies is to find a 

way to produce ammonia in lower temperatures and pressures to decrease production 

costs. The biggest obstacle for renewable ammonia production is the very low cost of 

natural gas. (Chen et al. 2019) 

2.4.6 Storing and transporting end products 

Various end products can be produced synthetically, including gases and liquids. These 

end products are meant to replace their fossil counterparts and so their chemical and 

physical properties usually do not differ much from each other. Therefore, same 

transmission and distribution networks can be used for both products. 

Hydrogen 

Hydrogen infrastructure in Europe is still in early stages, with only 1598 km of built 

pipeline. These pipelines probably connect industrial partners together, since the pipelines 

are scattered in eight countries, Belgium having the longest pipeline distance (613 km) 

and Switzerland having the shortest (2 km). Other countries in EU with hydrogen 

networks include France, Germany, Italy, Netherlands, Sweden, and United Kingdom. 

There are in total 4542 km of hydrogen pipelines in the world, United States having the 

longest pipeline distance (2608 km). Non-European countries having hydrogen pipelines 

are Australia, Brazil, Canada, China, Japan, Korea, Pakistan, and Thailand. Surprisingly, 

there are only three companies in EU that own hydrogen infrastructure and only a small 

number of states have hydrogen pipelines compared to the use and discussion around 

hydrogen economy. (PNNL, 2020) 
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Hydrogen is problematic to transport due to its physical properties and hydrogen 

embrittlement of metals. In gaseous form, pipeline is a good option for transport due to 

low losses (Polyethylene pipes 0.001%). However, pipeline investment is very high so 

transport volumes should also be high to be profitable. In liquid form, ships are the best 

option for transportation, because liquefaction has high energy consumption (20–45% of 

hydrogen energy content) (IRENA, 2019, a), and boil-off losses (0.6% per day) which, 

however, can be used to run the ship. Liquefaction increases the energy density of 

hydrogen drastically, but losses are substantial. Trucks and trains can transport hydrogen 

in gaseous or liquid form. (Brown, 2019) 

It is possible to inject hydrogen to the natural gas grid and use it in gas combustion 

applications with a maximum blend of 15% (Malins, 2017). Though, existing gas 

infrastructure would have to be tested if hydrogen were blended with natural gas. Also, 

gas mixture would have to be separated if gases were to be used in a pure form. 

Natural gas/Methane 

There are two ways to import natural gas to Europe: either via gas pipelines from the east, 

or as LNG in shipping from the west. There are 2.21 million kilometres of natural gas 

pipelines in EU, and 113 border crossing points (Basshuysen, 2015). Out of the over two 

million kilometres of gas pipelines, 224 000 kilometres are trunk/transmission pipelines 

(Globaldata Energy, 2019). In addition, there are currently 28 large-scale and 8 small-

scale LNG terminals in EU. Therefore, it is safe to say that natural gas is a key component 

in EU energy supply. 

The four largest gas importers to EU are Russia (40.1%), Norway (18.5%), Algeria 

(11.3%) and Qatar (4.5%) (Eurostat, 2020). Europe produces roughly one fifth of its own 

natural gas consumption (Singham, Lucking, 2017). Natural gas is a gas mixture, which 

consists mainly of methane, so synthetic methane can be injected to the natural gas grid 

without any problems or limitations. 

Liquid fuels 

Synthetic liquid fuels can be transported the same way as fossil transport sector fuels. 

Four transport methods are, from cheapest to most expensive, pipeline, marine vessels, 



44 
 

rail, and truck (Wetzel, 2019). Pipelines are cheapest, when transporting large quantities 

in the long run. Marine vessels are used to transport fuels between continents. Rail and 

truck transportations are used when smaller amounts are transported over shorter 

distances. Same storages can be used for synthetic and fossil fuels, though jet fuel 

degrades faster than other fuel products. Oxidation, stability, and moisture content in the 

fuel reduces its storage life if not treated and stored properly (Longley et al. 2020). 

Fossil transport fuels have been in use for a long time already, so their distribution and 

storage technologies are tested and proven. Liquid synthetic fuels and synthetic methane 

can utilize the already built infrastructure without modifications. Synthetic hydrogen, on 

the other hand, is quite inefficient to transport, especially when liquefied. It makes no 

sense to build hydrogen pipelines next to natural gas pipelines and mixing the two gases 

requires gas separator at the consumer end if pure gas is needed. However, hydrogen 

technology is progressing, so it is reasonable to expect new more efficient and cheaper 

pipes and storage tanks to be produced for hydrogen infrastructure soon. 

2.5 Decisions to increase low-CO2 fuels in society 

There is a clear mutual understanding that human caused emissions, particularly CO2, 

must be reduced in the future and as soon as possible. The first real attempt to affect the 

problem was the Paris agreement, which set the foundation for the battle against the 

climate change. Transport sector is only one part of the problem and now there are plans 

to increase the production and consumption of alternative fuels in the whole traffic sector. 

There is a discussion going on about hydrogen economy. Hydrogen economy means that 

hydrogen displaces fossil fuels as the most significant source of energy. Hydrogen would 

be produced with renewable electricity with water electrolysis. Hydrogen could be then 

used for heating in household and industrial applications, it can be stored for further use 

over seasonal changes, can be used in fuel cell vehicles, and can be converted back to 

electricity with fuel cells. In some cases, hydrogen can be burned to produce clean water. 

The good side of hydrogen economy is that it has less energy conversion steps than other 

synthetic fuels, so it also has higher overall efficiency. Drawbacks of hydrogen economy 

are that it is less efficient than electrification, and hydrogen is difficult to transport and 
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some sectors, like aviation cannot use hydrogen due to its low energy density even in 

liquid form. 

However, there are factors to be considered when defining the CO2 reductions and 

environmental friendliness of synthetic fuels. For example, carbon dioxide from fossil 

sources is not renewable by any means, but it still helps to reduce CO2 emissions by re-

using the carbon dioxide before emitting it to the atmosphere. Though it is reasonable to 

capture fossil sourced carbon dioxide in the short- and medium term while bio-based 

carbon emission sources are replacing fossil carbon dioxide sources. There are currently 

enough carbon emissions in other sectors to cover the whole electrofuel industry in 

Europe. Even if all coal and gas-fired powerplants were shut down, there would still be 

enough CO2 emissions available in other sectors, such as steel industry. Bio-based carbon 

sources are fully carbon neutral because electrofuel production only adds a couple steps 

to the natural carbon circulation. (Malins, 2017) 

There should not be any obstacles to use fossil-based carbon dioxide in electrofuel 

production, because power plants using fossil fuels will be still operational for many years 

and even decades. Instead, it would be reasonable to have fossil fuel-based companies to 

finance the development of carbon capture and utilisation technologies including PtX 

processes. 

Another important factor is the source of electricity used in the PtX process. As explained 

before, electrofuels can be more harmful to the environment than fossil fuels due to the 

efficiency losses in the process chain. In other words, a certain energy content of fossil 

fuel takes the vehicle longer than the same amount of energy first transformed into 

electrofuel and then used in the vehicle. Therefore, electrofuels must be produced from 

excess renewable energy. PtX processes have side flows, but they usually consist of water 

and other unharmful components, so they should not be a problem if they are handled 

correctly according to the permissions. 

Yet another factor to be considered is the emission trading system and how carbon 

emission reductions are counted. Now there is a threat of double counting the reduced 

carbon emissions in the carbon source and electrofuel producer sides. For example, a 

factory can reduce its carbon emissions by capturing it from the stack. Captured CO2 is 
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used to produce electrofuel, which is then used in a vehicle. The fuel producer can also 

claim that they reduce carbon emissions by providing carbon neutral transport fuels to 

customers. There should be a clear way to share carbon emission reduction to the 

stakeholders who attend in reducing and using carbon dioxide emissions. In the worst-

case scenario, carbon capture and usage (CCU) are over-incentivised so that it is 

profitable to increase carbon dioxide emissions instead of reducing them. One way to 

prevent double counting and over-incentivising carbon capture and usage is to only count 

the electrofuel production, because it does not decrease carbon emissions from the 

original source. It is quite complicated to decrease carbon emissions while trying to make 

it profitable to capture and use them as well. 

In 2009 a renewable energy directive (RED) was put into effect, requiring EU to produce 

at least 20% of its energy from renewable sources and at least 10% of transport fuels to 

come from renewable sources. In the same directive biofuel sustainability criteria and 

calculation methods to meet the 10% target were introduced. In the RED electrofuels are 

categorised as renewable non-biological origin fuels. However, renewable content of 

electrofuel was calculated as the average share of renewable electricity in the national or 

European electricity system. For example, in the EU system 30% of electrofuels produced 

in 2016 were counted as renewable transport fuel and the rest as fossil fuel (Eurostat, 

2018). 

In 2018, a revised renewable energy directive (RED II) was put into effect. In RED II 

overall renewable energy target is 32% and 14% for road and rail energy consumption by 

2030. In the RED II, electricity used to produce renewable liquid or gaseous transport 

fuels or their intermediate products, renewable share is determined by the share of 

renewable electricity production in the country two years before the year of manufacture. 

Electrofuel can be counted as fully renewable if the production facility is connected 

directly to a renewable energy producing facility and 

- the facility producing renewable energy starts operation at the same time or after 

the electrofuel facility; and  

- it is not connected to the grid or is connected to the grid but can prove that the 

electricity used to produce electrofuel is not taken from the grid. 
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Electricity can also be taken from the grid, but then it must be proven that the electricity 

is from fully renewable sources and other criteria are fulfilled. (2018/2001/EU) 

There is a growing need for electrofuels due to the climate targets. Electrofuel industry is 

very dependent on electricity production, and it can help in grid stabilisation. Now we are 

living the critical years for electrofuel production. The legislation should be designed to 

both, decrease CO2 emissions and support electrofuel production. With supporting 

legislation, the electrofuel industry can grow rapidly and help to achieve climate targets. 

If legislation is done poorly, the strict climate targets will be very hard to achieve. 



48 
 

3 TECHNOLOGY STUDY 

In this chapter a technology study of integrating a pulp mill and synthetic fuel production 

is studied. Modern pulp mills are known for having huge carbon dioxide emissions and 

being energy over self-sufficient. Carbon dioxide emissions from a pulp mill are biogenic 

to a large extent (>75%) and electricity is entirely renewable. Therefore, pulp mills are 

perfect places for renewable electrofuel production. A directive figure of an integrated 

pulp mill and synthetic fuel production is presented below. 

 

Figure 18. Illustrative figure of an integrated pulp mill with an electrofuel production plant. 

Technology study focuses on two different synthetic kerosene production routes: MTO-

MOGD route, and FT route. Both of which were already presented earlier in this thesis. 

3.1 Carbon dioxide capture 

Pulp mills are large point sources for carbon dioxide emissions, so they are suitable for 

high quantity CO2 capture. There are three main carbon dioxide sources in a pulp mill: 

biomass boiler, recovery boiler and lime kiln. Biomass boiler is used to burn bark and 

other residues from wood handling to produce steam to the pulping processes or to 

produce electricity in a steam turbine. Biomass boiler uses fossil fuels, like oil or gas, 

during start up and shutdown and occasionally to produce additional steam. 

Recovery boiler is used to recover sodium-based pulping chemicals from black liquor by 

burning the organic material incorporated in it in the pulping process. After pulping the 

black liquor is sprayed into the recovery boiler to burn the excess biomass in it. The 

chemicals are recovered from the bottom of the boiler as smelt, which mainly consists of 

sodium sulphide (Na2S) and sodium carbonate (Na2CO3). Smelt is then dissolved in white 

liquor to form green liquor. Because the recovery boiler burns organic residues from the 
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pulping process, carbon dioxide is biogenic and considered renewable. (Kuparinen et al. 

2019) 

Green liquor is then pumped to causticizing plant where it is reacted with lime (CaO) 

according to the following reactions 

 𝐶𝑎𝑂 + 𝐻 𝑂 → 𝐶𝑎(𝑂𝐻)     (23) 

 𝑁𝑎 𝐶𝑂 + 𝐶𝑎(𝑂𝐻) → 2𝑁𝑎𝑂𝐻 + 𝐶𝑎𝐶𝑂   (24) 

Calcium carbonate (CaCO3) from causticizing plant is regenerated back to lime in the 

lime kiln in a high temperature according to the following reaction. 

 𝐶𝑎𝐶𝑂 → 𝐶𝑎𝑂 + 𝐶𝑂     (25) 

Lime kiln produces biogenic carbon dioxide in the reduction reaction, but the heat needed 

in the process is usually produced with fossil fuels. Still, over half of the lime kiln carbon 

emissions are from a biogenic source (calcium carbonate reduction). Pulp mill carbon 

dioxide emissions are mainly biogenic, but fossil fuels are still needed in start-ups, 

shutdowns, and lime kiln heat production. (Kuparinen et al. 2019) 

As an example, a market pulp mill with 800 000 ADt/a bleached softwood kraft pulp 

production flue gas composition from recovery boiler, biomass boiler and lime kiln are 

presented below. 

Table 3. Flue gas properties of a pulp mill. (Onarheim et al. 2017) 

 Unit Recovery boiler Biomass boiler Lime kiln 
Temperature  [°C] 184 189 250 
Mass flow  [t/a] 8 151 000 1 508 000 684 000 
N2  [Mass-%] 66.5 56.0 47.1 
H2O [Mass-%] 10.8 22.0 19.1 
CO2 [Mass-%] 20.1 19.9 31.8 
O2 [Mass-%] 2.6 2.0 1.4 
SOx [ppm] 60 40 50 
NOx [ppm] 125 150 175 
TRS [ppm] 15 15 15 
Particulates [ppm] 30 15 30 
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As can be seen from the table above, recovery boiler is the largest flue gas and carbon 

dioxide source in pulp mills. Carbon dioxide shares are about 20% in both recovery- and 

biomass boilers and about 30% in lime kiln. Recovery boiler has clearly the largest flue 

gas mass flow rate and therefore it is the most profitable carbon source in a pulp mill. It 

is most likely not viable to capture carbon dioxide from all three sources, so only the 

largest source, recovery boiler, is considered further. In the example mill recovery boiler 

is responsible for 78.8% of flue gas mass flow and 76.0% of carbon dioxide emissions. 

According to the literature, NOx emissions from the recovery boiler account for three 

quarters of all emissions from a pulp mill and typical value is about 1.5 kg of nitrogen 

dioxide per atmospheric or air dry ton of pulp (1.5 kgNO2/ADt) (Salmenoja, 2009). In 

addition, recovery boiler produces approximately 10–20 kgCO2/ADt fossil-based and 

1600–2400 kgCO2/ADt bio-based carbon dioxide (Kuparinen et al. 2019). These values 

are in line with the example pulp mill in table 3. 

One challenge in carbon capturing from the flue gases are the other compounds. Flue 

gases usually contain other, unwanted compounds that must be removed before, during 

or after the capturing process. Carbon capture methods were already discussed in chapter 

2.4.4. 

The chosen carbon capture method was post-combustion amine-based process because it 

is one of the best available technologies. Used solution included monoethanolamine 

(MEA) and chilled ammonia. Carbon dioxide is captured with a 30% MEA solvent and 

released with a thermal treatment. This carbon capture method is not affected by other 

flue gas components, apart from sulphur, which degrades the solvent. However, the 

sulphur concentration is low and using desulphurization unit would increase the plant 

costs probably more than replacing the faster degrading solvent, therefore additional flue 

gas cleaning is not needed. (Onarheim et al. 2017) 

In the carbon capture process, flue gases are cooled and washed to quench, condition, and 

desulfurize them. Wastewater is treated in the pulp mill wastewater treatment plant. A 

pump is then used to compensate CO2 capture pressure losses. CO2 absorber is a three-

stage column, where washed flue gases enter at the bottom and proceed to the top. First, 

at the bottom a semi-lean amine solution is sprayed at the first stage to capture carbon 

dioxide from the flue gas flow. In the second stage a lean amine solution is sprayed to the 
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flue gas flow. Rich amine solution is collected at the bottom of the first absorption stage. 

The top stage is water washing the flue gas flow to remove the remaining amine 

compounds. Rest of the CO2 reduced flue gases are released to the atmosphere. (Onarheim 

et al. 2017) 

Rich amine solution is taken to the regeneration column and sprayed at the top of the 

middle stage. Semi-lean amine solution is collected from the bottom of the middle stage, 

and lean amine solution from the bottom of the whole regeneration column. Semi-lean 

and lean amine solutions are recycled back to the absorber column. Again, on the top of 

the regeneration column is a water wash stage, where amine degradation compounds are 

removed from carbon dioxide gas flow. Water is recycled back to the water washing stage 

and clean carbon dioxide gas is collected from the top of the regeneration column.  Re-

boiler is used to regenerate the amine solution and condenser to remove moisture from 

carbon dioxide flow. The process also includes amine reclaimer, which is used to recover 

more solvent. A simplified amine-based carbon dioxide capturing process is presented in 

the figure 19. (Onarheim et al. 2017) 

 

Figure 19. Simplified amine-based carbon dioxide capturing process. 

Carbon capture process consumes electricity in fans, pumps and control equipment and 

heat in the solvent reboiler and reclaimer processes. According to Onarheim et al. 

additional heat consumption equals around 3.8 MJ/kgCO2 captured and electricity increase 
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of 0.4 MJ/kg CO2 captured (Onarheim et al. 2015). Another reference gives heat 

consumption as 5.9 GJ/ADt and electricity consumption as 30 W/ADt (Onarheim et al. 

2017). Heat needed in the carbon capture process is low-pressure steam at 100–130°C. 

Electricity for the process is provided by the excess production from the pulp mill 

reducing the amount of sold electricity to the grid. Steam needed in the capture process 

could be taken from the pulp mill, but it would reduce the amount of steam going into the 

turbine and reduce the amount of produced electricity. Heat integration between pulp mill 

and synthetic fuel production is not considered in this thesis, because fuel production has 

other processes that can provide the needed heat (electrolyser and synthesis). Also, the 

goal of this study was to examine heat integration within the fuel process. 

Pulp mills produce excess electricity in their operation, which is usually sold to the grid. 

In this thesis, the excess electricity is used to produce synthetic fuels. Available excess 

electricity is the guiding measure for fuel production because there is more carbon dioxide 

available than what can be captured with the available (excess) electricity. When 

electrolysers and other fuel production process steps are included, the amount of carbon 

capture is reduced a lot. Example pulp mill with 800 000 ADt/a of pulp production has 

107.3 MW of electricity export to the grid, which is converted to 1.13 MWh/ADt,a 

(Onarheim et al. 2017). Another example with 1 500 000 ADt/a has an electricity export 

of 75 MW and 0.42 MWh/ADt (Kuparinen et al. 2019). Excess electricity varies between 

pulp mills because it is dependent on pulp production (energy availability). Also, newer 

pulp mills have higher efficiencies than older ones and many plants have not optimized 

electricity production from the plant producing less electricity than they could. The 

average excess electricity production is 78 MW (IRENA, 2018). 

Fossil carbon emissions from a pulp mill are very low due to the high utilization of 

biofuels (black liquor and wood residues). Therefore, carbon capture can easily drop pulp 

mill carbon emissions to negative turning the mill into a carbon sink. Net carbon 

emissions from the example pulp mill with different recovery boiler carbon capture 

efficiencies is presented in the figure 20. 



53 
 

 

Figure 20. Net carbon emissions from a pulp mill with carbon capture and utilisation. 

Pulp mills have some fossil carbon emissions from start-ups and shutdowns, so pulp mills 

without carbon capture are carbon emitters. It was assumed that biogenic carbon capture 

makes the carbon source carbon negative. The figure was made by defining example case 

fossil-based carbon dioxide emissions as 4.3% of total carbon emissions and counting 

carbon emission reduction with different capture efficiencies. Carbon emission reduction 

tells how much of the mill carbon emissions can be reduced from recovery boiler. 

Carbon capture efficiency of a MEA process is usually between 80–90% (Onarheim et 

al. 2017). If carbon emissions are only captured from recovery boiler and capture 

efficiency is 85%, the maximum carbon capture would be 1.396 Mt/a. 

One unsolved problem in carbon capture is the accumulation of impurities. All flue gas 

flows contain some amount of impurities, but how they affect the carbon capture process 

and the solvent used? As said before sulphur degrades the MEA solvent, but in some 

cases, it might be cheaper to replace degraded solvent than to clean the flue gas flow. 

Other flue gas components are not known to prevent or degrade carbon capture process, 

though there is no carbon capture equipment that has been in operation for a long time on 

an industrial scale. MEA solution degrades thermically if flue gas temperatures are high, 

but the carbon capture process runs in much lower temperatures so thermal degradation 

is not a problem. 
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3.2 Hydrogen production 

Hydrogen for the synthetic fuel production is produced with an electrolyser. There are 

three different electrolyser technologies (alkaline, PEM and SOEC) out of which PEM 

was selected due to maturity. Electricity for the electrolyser is acquired from the pulp mill 

and it reduces the available electricity for the carbon capture. 

Water suitable for electrolyser is produced with RO process, which desalinates and 

deionizes water with filtration. RO uses about 3.4 kWh of electricity per cubic meter of 

water (Anderson et al. 2010). Electrolyser water purity demand is very strict, so there 

might be need for additional purification methods. Therefore, electricity consumption is 

estimated as 4 kWh/m3. RO does not use heat in its operation. 

PEM electrolysers consume about 5 kWh/Nm3
H2 of electricity which translates to 55.6 

kWh/kgH2. More detailed electrolyser specifications are presented in appendix 2. 

Electrolysers have heat losses in their operation, which can be utilised in some 

applications. PEM electrolyser temperatures range quite a lot, but usually between 70 – 

80°C. Cooling water flow cannot reach as high temperatures but stay about 5°C below 

the cell temperature. It was assumed that the electrolyser cell temperature is 75°C and 

cooling water outlet temperature is then 70°C. Therefore, cooling water from electrolyser 

cannot be used in carbon capture unless it is heated and evaporated. Electrolyser water 

can be mixed with steam flows to reduce their temperature and increase mass flows. 

Electrolyser excess heat power is about 17–21% of the electrolyser power demand. 

(Tiktak, 2019) 

3.3 Methanol route 

First synthesis route studied is the MTO–MOGD route. In this process carbon dioxide 

and hydrogen are first reacted to methanol and then further into transport fuels. 

3.3.1 Methanol synthesis 

The quantity ratio between carbon dioxide and hydrogen in methanol synthesis is 1:3. 

Therefore, one carbon dioxide molecule reacts with three hydrogen molecules according 

to equation 14. The molecular weight of hydrogen is 2.016 g/mol, and molecular weight 
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of carbon dioxide is 44.01 g/mol. According to these molecular weights, the mass ratio 

between carbon dioxide and hydrogen is 6.048 kgH2: 44.01 kgCO2. Carbon dioxide 

consumption is 1.41 kgCO2/kgMeOH, and hydrogen consumption is 0.194 kgH2/kgMeOH 

(Szima, Cormos, 2018). Methanol synthesis produces wastewater as a side flow, which 

can be circulated back to the electrolyser through water-gas separation and cleaning steps. 

Wastewater production is 0.57 kg per kg of methanol produced. Wastewater recycling 

and water flow integration within the process decreases the need for external water feed, 

which is important in water scarce regions. Electricity consumption of methanol synthesis 

is 0.624 kWh/kgMeOH (Szima, Cormos, 2018). 

Methanol production produces more heat than what is needed in the process. Excess heat 

from methanol production can be used as is in carbon capture process. 

3.3.2 MTO – MOGD 

Methanol is then refined further into liquid fuels through the olefin route, which was 

explained earlier in chapter 2.4.5. The process was optimized to produce as much diesel 

and kerosene as possible. It is also possible to change conversion shares of the process if 

one output is favoured over the others. Conversion shares are presented in figure 21. 

 

Figure 21. Methanol to fuels route process output. 

Figure 21 reveals that most of the process output is water, which can be circulated back 

to the electrolyser through water purification to reduce input water need. LPG is collected 

and sold if it is profitable, otherwise it is burned for heat. Purge gas and light 

hydrocarbons (C2) are burned to produce heat for the process. Some of the light 
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hydrocarbons are burned to produce fired heat for the process, which is usually done with 

natural gas due to high temperature need. The valuable outputs are gasoline, diesel, and 

kerosene. Hydrogen in purge gas is circulated back to the process to produce more 

methanol and reduce hydrogen demand from the electrolyser. Methanol to fuels process 

also has a steam overproduction, which can be utilised in carbon capture process. Heat is 

available as low- and high-pressure steam (125°C, 2 bar and 250°C, 40 bar). 

3.3.3 Mass and energy balances 

Pulp mills produce more electricity in their operation than what they need. In this thesis 

an excess electricity production of 100 MW, running time of 8425 hours, and pulp 

production of 800 000 ADt/a was considered as the base-case. Values were estimated 

using existing pulp mills as a reference. Electric power distribution between the process 

steps were calculated, and results are presented in table 4. 

Table 4. Process power distribution. 

CO2 capture 1.4 MW 
Electrolysis 92.9 MW 
Methanol production 5.4 MW 
Methanol to fuels 0.3 MW 
Total 100.0 MW 

As can be seen from the table 4, electrolyser is easily the largest electricity consumer in 

the whole process. This is due to other processes being based on heat consumption and 

energy integration within the processes. For example, methanol to fuels process has side 

stream incineration for heat. As can be seen from the table, raw materials for synthetic 

fuel production are carbon dioxide and hydrogen. Fuel production in the process is quite 

small due to the chemical reactions and the resulting water production in the processes. 

A complete mass balance table is presented below. 
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Table 5. Mass flows in the methanol route fuel production. 

Process step   Mass flow [t/h] Mass flow [t/a] 
Carbon capture    
Carbon dioxide Out 12.24 103 106 
    
Electrolyser    
Water In 18.56 156 334 
Hydrogen Out 1.67 14 070 
Oxygen Out 16.89 142 264 
    
Methanol synthesis    
Carbon dioxide In 12.24 103 106 
Hydrogen In 1.67 14 070 
Methanol Out 8.68 73 125 
Wastewater Out 4.91 41 389 
Purge gas Out 0.32 2663 

    
Methanol to fuels    
Methanol In 8.68 73 125 
Gasoline Out 0.65 5 452 
Diesel Out 1.75 14 765 
Kerosene Out 0.95 8 040 
Wastewater Out 4.86 40 916 
C2 Out 0.28 2 392 
LPG Out 0.17 1 442 
Purge Out 0.0002 1.66 

From the table one can see that approximately 82 000 tonnes of water per year can be 

recycled within the system, and 74 000 tonnes of water per year is needed as infeed. Water 

use per litre of fuel is about 2.6 lwater/lfuel. Water consumption is one strong argument when 

comparing biofuels and synthetic fuels as fossil fuel replacement. Biofuels consume, 

depending on the crop and fuel produced, between 900 and 1500 litres of water per litre 

of fuel (Biofuel, 2010). Therefore, from the water consumption point of view synthetic 

fuels are much more environmentally friendly than biofuels. 

Mass flow calculations were made by calculating energy available for each process step, 

calculating masses from available energy, and then checking that all the mass- and energy 

balances add up. 
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3.3.4 Heat integration 

After mass- and energy balances heat integration between the process steps can be 

calculated. Steam demand in carbon capture process is 12.9 MW at 130°C and 2 bars. As 

explained earlier, electrolyser produces only 70°C water, which is not usable in the carbon 

capture process. Cooling water could be evaporated with a heat pump, or flue gas 

evaporator, but these measures should only be used if heat is not available from other 

sources. 

Heat integration is basically very simple: carbon capture process needs heat as steam, 

whereas exothermic methanol synthesis and MTO-MOGD processes produce steam 

because of process’ cooling (keeping the temperature at a desired level). It was assumed 

that carbon capture uses saturated steam as input and saturated water as output. The steam 

flows were cooled down and pressure was decreased by injecting electrolyser cooling 

water into the steam flow to make it suitable for carbon capture process. Injecting mass 

flow from electrolyser was only marginal, but it increased the steam mass flow a little bit.  

Methanol synthesis produces low-pressure steam at 2 bar and 212°C. Steam production 

is about 1.19 kW/ (kg/h MeOH). Steam from methanol synthesis can be used directly in 

carbon capture. At the example case, methanol synthesis equals to 12.5 MW heating 

power, so it is not quite enough to cover the carbon capture heat demand.  

Methanol to fuels process also produces excess heat in its operation. Excess heat is 

available as low- (2 bar, 125°C) and high-pressure (40 bar, 250°C) steam. Only high-

pressure steam can be used in the carbon capture process because low-pressure steam has 

lower temperature than needed. High pressure steam equals to a heating power of 4.0 

MW. Therefore, the whole fuel process is heating over self-sufficient. Heating demands 

are converted to match steam demand in carbon capture process and are presented in table 

6. 

 

 

 

 



59 
 

Table 6. Heat integration between the process steps. 

Carbon capture In  
Steam temperature 130 °C 
Steam pressure 2 bar 
Steam mass flow 5.81 kg/s 
Heating demand 12.9 MW 

   
Methanol synthesis Out  
Waste heat temperature 212 °C 
Waste heat pressure 20 bar 
Steam mass flow 5.45 kg/s 
Waste heat production 12.5 MW 

   
Methanol to fuels Out  
HP steam temperature 250 °C 
HP steam pressure 40 bar 
HP steam mass flow 1.74 kg/s 
HP steam production 4.0 MW 

Steam for carbon capture is taken from methanol synthesis and methanol to fuels 

processes. As can be seen from the table the process is heat over self-sufficient, meaning 

that there is steam that can be used in other suitable applications, like district heating or 

even electricity production. Simplified figure of heat integration is presented below. 

 

Figure 22. Simplified figure of heat integration in the methanol to fuels process. 

Cooling water flows were left out from the figure to keep it simple. Cooling water is fed 

to all processes and the water is circulated inside the system to reduce freshwater intake. 

As can be seen from the figure 22, there is still some excess steam from methanol to fuels 

process, which can be used to reheat district heating water or to produce electricity. It was 
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assumed that district heating water is about 80°C in summer and 100°C in winter. District 

heating powers were calculated so that available steam is cooled down to the same 

temperature as district heating water and to a pressure of 2 bar. It was assumed that turbine 

output is steam-water mixture with a maximum water content of 10% to prevent turbine 

damage due to moisture. Mechanical and electrical losses were disregarded so the real 

electricity production would be lower. Potential uses for the excess steam are presented 

in table below. 

Table 7. Excess steam utilisation in district heating or electricity production. 

Excess steam utilisation  
HP steam 1.57 kg/s 
DH production 80°C 3.87 MW 
DH production 100°C 3.74 MW 
Electricity production 0.50 MW 

   
LP steam 0.40 kg/s 
DH production 80°C 0.96 MW 
DH production 100°C 0.92 MW 
Electricity production 0.09 MW 

Low-pressure steam comes from methanol to fuels process, but it could not be used in 

carbon capture because the temperature was too low. However, LP steam can be used to 

produce district heat or electricity. As can be seen from the table, steam mass flows are 

so small that it is most likely not profitable to utilise them, but it is good to have a little 

excess steam for unexpected situations. If excess steam is not used anywhere it is 

condensed with cooling water and circulated back to the process through water cleaning. 

Maximum fuel potential 

If maximum amount of carbon emissions would be captured (at 85% capture rate) the 

need for electricity would increase drastically. Electricity consumption of the process 

steps when maximum amount of carbon emissions is captured are presented in the table 

below. 
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Table 8. Electricity need from the grid in addition to the pulp mill electricity. 

Carbon dioxide capture 18.4 MW 155 GWh/a 
Hydrogen production 1257 MW 10 588 GWh/a 
Methanol synthesis 74.8 MW 622 GWh/a 
Methanol to fuels 3.9 MW 33 GWh/a 

     
Total 1353 MW 11 398 GWh/a 
From pulp mill 100 MW 843 GWh/a 
From the grid 1253 MW 10 556 GWh/a 

Electricity demand is a lot higher than what can be taken from the pulp mill if maximum 

amount of carbon dioxide would be captured from the recovery boiler stack. The most 

noticeable factor in the table is that pulp mill can provide electricity for all the other 

processes than electrolyser. Carbon capture, methanol synthesis and methanol to fuels 

process electricity demand combined is 96.2 MW, so basically electrolyser takes its 

electricity from the grid and all the other processes run with pulp mill excess electricity. 

This means that hydrogen could be transported to the mill site through a pipeline and 

hydrogen production could be positioned, for example, next to a large solar panel or wind 

power site. Hydrogen production can be used to stabilise electricity feed to the grid and 

reduce energy curtailing losses.  

Combining (intermittent) electricity production and flexible electricity consumption it is 

possible to gain access to cheap electricity, which is very important in the production of 

green hydrogen, and pull-down production costs and product prices. There have been 

discussions whether energy transmission is cheaper as hydrogen through a pipeline or as 

electricity through an electric grid. Maximum carbon capture case mass balances are 

presented in table 9. 
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Table 9. Maximum carbon capture mass flows. 

Mass balance Flow [t/h] Mass flow [t/a] 
Carbon capture    
CO2 Out 165.7 1 396 040 

    
Electrolyser    
Water In 253.0 2 131 649 
Hydrogen Out 22.8 191 848 
Oxygen Out 230.2 1 939 801 

    
Methanol synthesis    
CO2 In 165.7 1 396 040 
Hydrogen In 22.8 191 848 
Methanol Out 118.3 997 079 
Wastewater Out 66.5 560 396 

    
Methanol to fuels    
Methanol In 118.3 997 079 
Gasoline Out 8.8 74 335 
Diesel Out 23.9 201 331 
Kerosene Out 13.0 109 634 
Wastewater Out 65.7 553 325 
C2 Out 3.8 32 351 
LPG Out 2.3 19 497 
Purge Out 0.6 5 120 

Potential to produce synthetic fuels from pulp mill recovery boiler stack is considerable. 

According to these calculations, heat integration is possible and profitable. However, 

investments and running costs determine if it is profitable to produce fuels from carbon 

dioxide point sources. Legislation, incentives, and technology maturity define the 

profitability of the process. Heat integration in the maximum carbon capture case is 

presented in table below. 
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Table 10. Heat integration in maximum carbon capture case. 

Carbon capture In  
Steam temperature 130 °C 
Steam pressure 2 bar 
Steam mass flow 78.7 kg/s 
Steam power demand 174.9 MW 

   
Methanol synthesis Out  
Steam temperature 212 °C 
Steam pressure 20 bar 
Steam mass flow 73.7 kg/s 
Steam power production 168.8 MW 

   
Methanol to fuels Out  
Steam temperature 250 °C 
Steam pressure 40 bar 
Steam mass flow 23.6 kg/s 
Steam power production 54.0 MW 

The process is still heat over self-sufficient. Steam mass flows are much higher in 

maximum carbon capture case and therefore it is easier to find profitable uses for the 

excess steam. A simplified heat integration figure is presented in figure 23. 

 

Figure 23. A simplified figure of heat integration in methanol route maximum carbon capture 
case. 

The figure above is identical to the previous figure, except for the mass flows, which are 

much larger in this case. Now there is so much more steam to be utilised that it is easier 

to find profitable uses for it. Calculated district heating and electricity production powers 

are presented in table below. 
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Table 11. Excess steam utilisation as district heat or electricity production. 

Excess steam utilisation 
HP steam 20.8 kg/s 
DH production 80C 51.4 MW 
DH production 100C 49.7 MW 
Electricity production 6.6 MW 

   
LP steam 5.4 kg/s 
DH production 80C 12.9 MW 
DH production 100C 12.5 MW 
Electricity production 1.3 MW 

In electricity production, the usable energy is much lower because the steam water content 

cannot be higher than 10%. Theoretically, if excess steam were run through a turbine and 

made into electricity, the combined electric power would be 7.9 MW. However, electric 

power would be lower due to mechanical- and electrical losses, but higher if pressure 

would be decreased from 2 bar to a more realistic sub 1 bar pressure. The calculated 

electric power is very rough, but it is enough in the scope of this thesis. Produced 

electricity could be sold to the grid for additional income. 

3.4 Fischer-Tropsch route 

Another way of producing synthetic fuels studied in this thesis is Fischer-Tropsch 

synthesis. FT fuel production consists of three process steps: syngas production, FT 

synthesis and fuel production. A simplified FT process is presented below. 

 

Figure 24. Directive figure of synthetic fuel production via FT synthesis. 

In the first step syngas is produced from carbon dioxide and hydrogen via reverse water-

gas shift reaction according to equation 12. Syngas consists of carbon monoxide, 

hydrogen, and unreacted carbon dioxide. Water has been separated from syngas. 

Hydrogen and carbon monoxide shares change in relation to the hydrocarbon molecule 

they react into. Also, reaction efficiencies and recycle efficiency effect on the raw 
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material feed. In the used model, the amount of hydrogen was a little bit less than three 

times the amount of carbon dioxide. 

3.4.1 Fischer-Tropsch synthesis 

Carbon monoxide and hydrogen are synthesised into different hydrocarbon compounds 

in the second step, like described in equation 21. Synthesis process produces gases and 

liquids (waxes), the combination of which is referred to as FT crude or Syncrude. 

Syncrude consists of different length hydrocarbons in a gaseous and liquid form. Low 

temperature FT synthesis was used, where Syncrude mainly consists of hydrocarbon 

gases. In low temperature FT synthesis used catalyst is either iron or cobalt based. 

In the final phase hydrocarbons are separated the same way as in crude oil distillation 

process. Unreacted carbon dioxide and hydrogen are recycled back to RWGS reactor and 

synthesis process, and some light gases are burned for heat to be used in RWGS reactor. 

Heavier waxes are hydrocracked into lighter hydrocarbon compounds. Different 

hydrocarbon distillates are used in mixing of traffic fuels. FT route output flows are 

presented in figure 25. 

 

Figure 25. FT route process output shares. 

The figure rules out internal- and external recycle flows, which account for 88.5% of all 

mass flows in product separation and upgrading phase. Huge recycle shares indicate that 

once-through conversion efficiencies are low in RWGS and FT synthesis processes. The 

remaining 11.5%, or the outcoming flows are presented in the above figure. As in 

methanol route, FT route also has wastewater production, which covers the majority of 

outcoming mass flows. Second largest flow is light hydrocarbon gases, which are utilized 
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in a burner, which produces steam for the RWGS reactor. The remaining flows are 

hydrocarbon distillates that can be used to produce transport fuels. Diesel has the biggest 

share, gasoline is in the middle, and kerosene has the lowest share of process output 

transport fuels. 

3.4.2 Mass and energy balances 

Energy balance was calculated in two ways, as in the methanol route. First, only excess 

electricity from the base-case pulp mill was used, and then all the carbon dioxide from 

recovery boiler with an 85% capture efficiency was used to produce transport fuels. 

Power distribution in the first case is presented below. 

Table 12. Power distribution between the process steps. 

Carbon capture 1.4 MW 
Electrolyser power 96.0 MW 
Other electricity demand 2.6 MW 
Total 100.0 MW 

Electrolyser is still the largest electricity consumer. Carbon capture has almost the same 

power as in the methanol route because the capture rates are close to each other. 

Electrolyser consumes more power in FT route than in methanol route because of slightly 

higher hydrogen consumption. This is due to the hydrocracker, which has a tiny hydrogen 

feed into it. Mass balances are presented in table 13. 
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Table 13. Mass balances of the three process steps in FT route fuel production. 

Carbon capture      
Carbon dioxide Out 12.86 t/h 108363 t/a 
      
Electrolyser      
Water In 18.83 t/h 158606 t/a 
Hydrogen Out 1.69 t/h 14275 t/a 
Oxygen Out 17.13 t/h 144332 t/a 
      
RWGS reactor      
Hydrogen In 1.69 t/h 14275 t/a 
Carbon dioxide In 12.86 t/h 108363 t/a 
Steam In 1.29 t/h 10907 t/a 
External recycle In 6.19 t/h 52166 t/a 
Wastewater Out 5.44 t/h 45816 t/a 
Syngas Out 16.61 t/h 139900 t/a 
      
FT synthesis      
Syngas In 16.61 t/h 139900 t/a 
Internal recycle In 73.68 t/h 620777 t/a 
Gases Out 90.01 t/h 758306 t/a 
Waxes (liquids) Out 0.29 t/h 2402 t/a 

      
Fuel production      
Gases In 90.01 t/h 758306 t/a 
Waxes (liquids) In 0.29 t/h 2402 t/a 
Hydrogen In 0.006 t/h 51 t/a 
Fuel to burner Out 2.14 t/h 18021 t/a 
External recycle Out 6.19 t/h 52166 t/a 
Internal recycle Out 73.68 t/h 620777 t/a 
Water Out 5.20 t/h 43804 t/a 
Gasoline Out 0.96 t/h 8109 t/a 
Diesel Out 1.35 t/h 11382 t/a 
Kerosene Out 0.77 t/h 6450 t/a 

The process has external- and internal recycle to circulate unreacted gases, hydrogen, 

carbon dioxide and carbon monoxide back to the process. Burner fuel from fuel 

production stage are light gases that are burned to produce steam for the RWGS reactor. 

The most important part of the table is that methanol route produces more fuels than FT 

route with the same amount of electricity. Methanol route produces less gasoline, but 

more diesel and kerosene. On the other hand, FT process consumes less electricity in the 

fuel production, which increases the significance of electrolyser electricity consumption. 

Overall, the processes are different, but they still have quite similar fuel outputs. 
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3.4.3 Heat integration 

In FT route, there are usable heat from exothermic FT synthesis and cooling the 

distillation flow. FT process produces steam at three levels: LP steam at 2.3 bar and 

125°C, MP steam at 8.8 bar and 175°C, and FT steam at 20 bar and 225°C. Some of the 

FT steam is used in the process, and the rest can be used in carbon capture process. Some 

of the light gases from distillation are used as burner fuel to produce steam to the RWGS 

reactor. Excess steam is not required in RWGS reactor, and purge gas can be utilised in a 

profitable way. Excess heat production is presented below. 

Table 14. Excess steam production from FT synthesis. 

Carbon capture In  
Steam temperature 2 °C 
Steam pressure 2 bar 
Steam mass flow 4.89 kg/s 
Steam demand 13.3 MW 
   
MP steam Out  
Steam temperature 175 °C 
Steam pressure 8.8 bar 
Steam mass flow 0.88 kg/s 
Steam demand 2.0 MW 
   
FT steam Out  
Steam temperature 225 °C 
Steam pressure 20 bar 
Steam mass flow 4.97 kg/s 
Steam demand 11.6 MW 

As can be seen from the table above, excess steam can barely cover the heat demand of 

the carbon capture process. However, the most important thing is that there is no need to 

bring in heat. LP steam power is set to zero, because the temperature is too low to be used 

in carbon capture without further heating. If more steam were needed in carbon capture, 

it would be easy to make LP steam into usable 130°C steam. A simplified figure of heat 

integration in the FT route is presented below. 
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Figure 26. Simplified figure of heat integration in FT route. 

The cooling steam from FT synthesis and product separation and upgrading can just cover 

the steam demand of carbon capture process, so the remaining excess steam is noted 

negligible apart from LP steam. LP steam can be used to produce 2.7 MW as 80°C and 

2.6 MW as 100°C district heating water. Theoretical electricity production potential is 

0.26 MW. 

Maximum fuel potential 

In this second case, all the carbon dioxide from once through capture is used to produce 

transport fuels. Energy balance of the process is presented in table 15. 

Table 15. Power consumption of the process steps. 

Carbon capture 18 MW 
Electrolyser power 1237 MW 
Other electricity demand 34 MW 
Total 1289 MW 

FT route to transport fuels consumes less electricity than methanol route. Hydrogen 

production through an electrolyser is the most energy consuming part of the FT fuel 

process. The problem could be solved by using hydrogen side-streams from other 

industries or piping the hydrogen from a nearby power plant. When intermittent 

renewable energy capacity increases hydrogen production could be used to stabilize the 

grid and provide cheaper hydrogen to the synthetic fuel industries. Mass balances of 

maximum carbon dioxide scenario are presented below. 
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Table 16. Mass balances of maximum carbon capture case in FT route. 

RWGS reactor      
Hydrogen In 22 t/h 183898 t/a 
Carbon dioxide In 166 t/h 1396040 t/a 
Steam In 17 t/h 140520 t/a 
External recycle In 80 t/h 672054 t/a 
Water Out 70 t/h 590186 t/a 
Syngas Out 214 t/h 1802327 t/a 

      
FT synthesis      
Syngas In 214 t/h 1802327 t/a 
Internal recycle In 949 t/h 7997446 t/a 
Gases Out 1160 t/h 9769225 t/a 
Waxes (liquids) Out 3.6 t/h 30589 t/a 

      
Fuel production      
Gases In 1160 t/h 9769225 t/a 
Waxes (liquids) In 3.6 t/h 30589 t/a 
Hydrogen In 0.07 t/h 590 t/a 
Fuel to burner Out 28 t/h 232164 t/a 
External recycle Out 80 t/h 672054 t/a 
Internal recycle Out 949 t/h 7997446 t/a 
Water Out 67 t/h 563959 t/a 
Gasoline Out 12 t/h 104474 t/a 
Diesel Out 17 t/h 146630 t/a 
Kerosene Out 10 t/h 83090 t/a 

It is surprising how much less FT route produces transport fuels (39.7 t/h) with the same 

amount of carbon dioxide than methanol route (45.4 t/h). Again, FT route produces more 

gasoline, but less diesel and kerosene than methanol route. 

Heat integration 

Carbon capture needs heat in its operation and FT route produces heat in FT synthesis 

and product separation (distillation) and upgrading. Heat sources and sinks are presented 

in table 17. 

 

 



71 
 

Table 17. Heat integration within the FT fuel process. 

Carbon capture In  
Steam temperature 130 °C 
Steam pressure 2 bar 
Steam demand 174.9 MW 

   
MP steam Out  
Steam temperature 175 °C 
Steam pressure 8.8 bar 
Steam production 25.5 MW 

   
FT steam Out  
Steam temperature 225 °C 
Steam pressure 20 bar 
Steam production 148.7 MW 

FT route produces steam because of cooling some process stages. MP steam is provided 

as 175°C and 8.8 bar. FT steam is produced, as the name suggests, in the FT synthesis 

stage to keep the process at the desired temperature. FT steam is provided at 225°C and 

20 bars. Both steam flows are cooled down and pressure is reduced by injecting 

electrolyser cooling water to the steam flow to get steam that is needed in the carbon 

capture process. As can be seen from table 17, internal steam production is not quite 

enough to cover carbon capture steam demand. However, it is possible to mix LP steam 

and MP- or FT steam together instead of electrolyser water to increase the carbon capture 

steam mass flow and increase the steam heating power. A simplified figure of heat 

integration in FT route maximum carbon capture case is presented below. 

 

Figure 27. Simplified figure of FT route maximum carbon capture case heat integration. 
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As explained above, steam from FT synthesis and product separation and upgrading are 

not quite enough to cover the carbon capture steam demand. In other cases, steam flows 

were cooled down with electrolyser water to keep LP steam availability as high as 

possible for other uses. If LP steam were not used in carbon capture, it could be used to 

provide district heating of 35.0 MW at 80°C or 33.7 MW at 100°C. Electricity production 

potential is 3.36 MW. 

Calculations done in this chapter are based on resent simulation models and literature 

values. Numbers given in this study may not be any more accurate than values given by 

other studies and instead of trying to find the most precise values one should think of 

this study as a support for other studies. There are no right or wrong answers since the 

technology is scattered around the world and facility that includes all process steps do 

not exist. Also, there are multiple ways of producing synthetic fuels and this study 

includes only two of them.  Technology is developing and some numbers used in this 

thesis might arguably already be outdated in some cases. The values given in this work 

should not be blindly trusted for they only present the outcome dependent on the used 

starting values and assumptions. 
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4 MARKET OVERVIEW 

In this chapter electrofuel supply and demand potentials, different future scenarios and 

survey results are studied. The purpose of this chapter is to review and evaluate the future 

of electrofuels. 

4.1 Kerosene demand potential 

Revenue passenger kilometres, freight tonne kilometres and aviation activity are expected 

to grow in the future. Growing aviation sector leads to increase in jet fuel consumption. 

Kerosene consumption between 2000 and 2017 is presented below. 

 

Figure 28. Kerosene consumption in the world between 2000–2017 (IEA, 2020, a). 

Jet fuel consumption is slowly increasing despite a few years of decline. Aviation activity 

has been increasing at an average yearly rate of 5% since 2000 (IEA, 2020, c). Aviation 

passenger numbers are expected to more than double by 2040 (ICAO, 2020). Air freight 

volumes decreased by 3.3% between 2018 and 2019. Air freight is forecasted to stay the 

same or grow slowly in the coming years (IATA, 2019). 

As shortly mentioned in chapter 2.2.5, ICAO plans to decrease GHG emissions from civil 

aviation through CORSIA. ICAO adopted CORSIA to bind aviation industry in 

decreasing GHG emissions for its part. CORSIA is close to EU ETS because it forces 

airlines to reduce their carbon emissions voluntarily from their operations or to pay a fine 
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by buying offsets to compensate carbon emissions. ICAO estimates in its publication that 

the “carbon neutral growth” (CNG 2020) is going to cover up to 2.5 Gt of carbon dioxide 

emissions between 2021 and 2035 (ICAO, 2019, b). The amount of carbon dioxide 

translates to 1099 billion litres or 879 million tonnes of electro jet fuel. Calculation was 

done with assumptions that burning one litre of jet fuel produces about 2.53 kilograms of 

carbon dioxide and electro jet fuel has 90% lower carbon emissions than fossil jet fuel 

(EIA, 2016). Emission reduction is based on additional renewable electricity consumption 

in the whole electrofuel process. 

Sustainable alternative fuels are described as critical to achieve the set emission reduction 

targets. Near zero GHG emissions, reduced land- and water demand, and reduced 

particulate emissions are the factors that advocate the use of power-to-liquid fuels. The 

drawbacks of PtL fuels are also noticed and concerns have been raised about the 

renewable electricity additionality and the fact that renewable electricity can have greater 

GHG reduction potential and higher efficiency when it is used in electric vehicles or 

trains. Biofuels are addressed as replacement for fossil jet fuel and as a competitor to PtL 

fuels, but strict sustainability criteria limit drastically the availability of biofuels for 

aviation. A possibility of electrifying ground transport and freeing biofuel feedstocks 

from road transport to air transport was considered, but any numbers or scales were not 

presented. (ICAO, 2020) 

Carbon neutral growth plans from ICAO increase the demand for low carbon fuels and 

electrofuels rapidly in the coming years. ICAO also has measures to reduce jet fuel 

consumption. These measures are meant to increase fuel efficiency by 2.5% per year 

through technological advances, like new airframes and -engines, and operational 

improvements through freight load carriage, seating density and passenger load factor. 

Fuel burn can be reduced by optimising flight routes, ground-level-, and airport 

operations. Operational improvements are calculated to increase fuel efficiency by 0.39% 

annually. These plans are based on national incentives and international mandates, so 

aviation industry and PtL kerosene demand are affected by politics. (ICAO, 2019, b) 

Surprisingly, ICAO informs that responsibly managing demand for aviation, or in other 

words, limiting flying is the easiest and the most powerful way to decrease aviation 

related GHG emissions. Reducing the need to fly and shifting the mean of transportation 
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from aviation to, for example, rail transport can reduce all aviation related climate 

impacts. After the modal shift the remaining flight activity must be incentivised, taxed, 

and mandated to be as sustainable as possible. (ICAO, 2020) 

Non-CO2 effects on the environment cannot be reduced significantly for they are not well 

known, they cannot be calculated nor measured. The only major known and studied non-

CO2 effect are the contrails, which are expected to decrease when using electrofuels due 

to cleaner fuel. (ICAO, 2020) 

Kerosene consumption is expected to grow in the future due to growing aviation sector. 

According to the aviation industry and ICAO, electrofuels are in a critical role when 

decreasing industrywide GHG emissions. Electro kerosene demand is decreased by set 

goals in fuel efficiency, which requires airlines to increase their operational efficiency 

and renew their fleet. Global aviation industry is strongly affected by national and 

international mandates and incentives, so politics play a significant role too. Passengers 

are also encouraged to travel on other means of transportation when possible. In any case, 

electro kerosene seems to have a bright future in aviation industry, and demand for low 

carbon fuels seems to increase every year. 

However, after the COVID-19 outbreak global aviation activity has declined over 60% 

from the beginning of 2020 due to the pandemic. Compared to May 2019, number of 

flights dropped 90% in Europe and 40% in Asia. Estimated airline revenue losses are 

between 60 and 115 billion USD and some airlines have gone bankrupt. Aviation sector 

employs about 25 million people in EU, so 12.8-billion-euro financial aid has been 

granted to prevent sectoral collapse. The whole state of emergency and granted financial 

aids can be linked to the objective of reducing GHG emissions as a so-called green 

recovery. The goal of green recovery is to speed up GHG reductions and reach the set 

GHG reduction goals sooner. There has been a widespread discussion about the future of 

aviation industry and whether the industry recovers to the pre-COVID-19 era or not. (IEA, 

2020, c) 

Since COVID-19 pandemic plummeted air transport activity, so forecasting the future of 

air transport and electro jet fuel demand is very difficult. 
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4.2 Synthetic kerosene supply potential 

Product supply potential is usually limited by raw materials or technology. Electrofuel 

raw materials are carbon dioxide, hydrogen, and electricity. Technological process steps 

for methanol route are carbon capture, electrolysis, methanol synthesis and methanol to 

fuels process. FT route includes carbon capture, electrolysis, RWGS, FT synthesis and 

Syncrude distillation and upgrading. There are many factors slowing down and limiting 

electrofuel technology development and deployment, the most significant of which are, 

according to studies, market- and commercial readiness levels of the technologies, 

hydrogen production and electricity availability. 

4.2.1 Technological supply potential 

There are currently some commercial facilities producing transport fuels from coal, 

natural gas, and biomass. For example, Fischer-Tropsch-based plant in South Africa 

producing Syncrude through coal liquefaction and is known as Secunda CTL based on 

the location (Worldkings, 2020), a gas to liquids plant in Qatar (Oryx GTL) converting 

natural gas to diesel, naphtha and LPG (QP, 2020), and Malaysia converting LNG into 

liquid fuels and other feedstocks (Shell Bintulu) (Shell, 2018). There was also a methanol 

to gasoline plant in New Zealand between 1985-1995 where natural gas (methane) was 

first steam reformed to make syngas, which was then used to produce methanol and 

further into gasoline through methanol to gasoline process. Now there is a 2nd generation 

methanol to gasoline plant in China, which started operation in 2009. (Exxon Mobil, 

2020). 

What can be seen from all the already existing synfuel plants is that they all use fossil 

fuels as feedstock, and they are all located in areas rich with cheap fossil raw material. 

South Africa is known for its coal reserves, Qatar is one of the states in the gulf region, 

Malaysia is highly (> 95%) dependent on fossil fuels, and New Zealand has its own oil 

and gas fields in the Taranaki region, as well as the MTG plant (Ministry of business, 

innovation & employment, 2020). 

The production plants prove that Fischer-Tropsch and methanol to gasoline processes are 

proven and economically feasible technologies. However, there are still no commercial 

electrofuel production facilities nor facilities using green hydrogen and captured carbon 
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dioxide as feedstocks. Electrofuel production has been studied quite extensively and all 

the process steps are developed individually, but only a small number of demonstration 

scale plants exist, with one exception.  

The only industrial scale power-to-liquids plant have been operational in Iceland since 

2012 utilizing water electrolysis and carbon capture. The plant is owned by Carbon 

recycling international (CRI) and it produces methanol from water electrolysis hydrogen 

and carbon capture CO2 (CRI, 2020). Another industrial scale electrofuel production 

facility is being built in Heroya industrial park in Norway and it is planned to be 

operational in 2020. The plant was designed to produce 8 000 tons of Syncrude (blue 

crude) per year (Sunfire, 2020). 

One way to describe technological maturity is the technology readiness level chart, which 

describe on a scale of 1 to 9 how highly developed a technology is. TRL 1 means that 

basic principles of the technology have been observed, whereas TRL 9 means that system 

is proven in operational environment and competitive manufacturing and operation exist. 

Technology readiness levels of electrofuel process steps through methanol and FT route 

are presented in table 18. 
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Table 18. Technology readiness levels of electrofuel process steps. (Malins, 2017) 

Technology Estimated TRL 
Water electrolysis  
  Alkaline electrolyser 9 
  PEM electrolyser 8 
  SOEC electrolyser 5 
CO2 supply  
CO2 extraction  
  CO2 from biogas upgrading, ethanol production… 9 
  CO2 exhaust gas  
  Scrubber with MEA 9 
  Scrubber with "next generation solvent" 8 
  Absorption/electrodialysis 6 
  Pressure/temperature swing absorption (PSA/TSA) 6 
CO2 from air  
  Absorption/electrodialysis 6 
  Absorption/desorption (TSA) 6 
CO2 conditioning (liquefaction and storage) 9 
Synthesis  
H2 storage (stationary) 9 
Fischer-Tropsch pathway  
  FT synthesis 9 
  Reverse water gas shift (RWGS) 6 
  Hydrocracking, isomerization 9 
Methanol pathway  
  Methanol synthesis 9 
  DME synthesis 9 
  Olefin synthesis 9 
  Oligomerization 9 
  Hydrotreating 9 

As can be seen from the table 18, most of the single process steps are already at readiness 

levels of 8–9, so electrofuel production is technologically already viable due to the proven 

and tested technology. However, as explained earlier there is only one commercial plant 

combining these technologies together. Because of the lack of commercial facilities, the 

building and equipment costs are still high and there are many uncertainties in running 

electrofuel facilities. According to the technological learning rate, the more electrofuel 

facilities exist, the less they cost.  

Electrofuel production has one technological weakness, which is hydrogen supply. 

Hydrogen supply could be solved two ways: either with technological development by 

decreasing electricity consumption, increasing electrolyser efficiency and cell stack 
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lifetime, and reducing electrolyser investment costs, or by increasing cheap and 

renewable electricity availability and prices. Because electrolysers are being developed 

further, their efficiency is expected to increase into 70.9% by 2040 and electricity 

consumption to decrease into 4.2 kWh/Nm3 by 2040 (Schmidt, 2016). Electrolyser 

investment costs are expected to decrease in the long run to 300–1300 €/kWe (Brynolf, 

2017), from current 1000–1200 €/kWe (Lichner, 2020).  

According to one study electrifying transport sector in Europe increases electricity 

consumption by 150%, which seems unrealistic at least before 2040 (Malins, 2017). 

Straight electrification has higher efficiency and lower electricity demand than 

electrofuels, so electrofuel production would require even more electricity generation. 

That is why electrofuels are suggested to be mainly used in hard-to-electrify sectors. 

Electrofuel production can experience a fast ramp-up since the technology used is mature. 

4.2.2 Electrofuel supply potential from pulp mill carbon emissions 

World chemical pulp production has increased from 37 Mt/a in 1960 to 146 Mt/a in 2018 

(FAO, 2020). Current amount of pulp production results in carbon emissions of 388 

million tonnes per year (Kuparinen et. al. 2019). Carbon capture potential from the three 

major pulp mill carbon sources with 85% capture efficiency are 248.6 MtCO2 for recovery 

boiler, 48.0 MtCO2 for biomass boiler, and 33.6 MtCO2 for lime kiln. Theoretically the 

whole 330 Mt of carbon dioxide could be synthesised into 234 Mt of methanol and further 

into 90.5 Mt (17.5 Mt gasoline, 47.3 Mt diesel and 25.7 Mt kerosene) of transport fuels. 

Transport fuel production numbers were based on calculations made in technology study, 

chapter 3. 

In contrast, diesel fuel demand in EU-28 in 2019 was about 220 Mt, gasoline demand was 

79 Mt, and kerosene demand in 2018 was 58 Mt. The largest fuel consuming country in 

EU was Germany, with diesel consumption of 34 Mt and gasoline consumption of 19 Mt. 

(Fuels Europe, 2020) 

Even though the calculated theoretical electrofuel production values are promising for 

future electrofuel businesses, one must keep in mind that the technology is still in the 

development stage and only one commercial plant exists. Also, the existing pulp mills are 

usually integrated into a paper-, board- or bioproduct mill producing higher value-added 
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products. These integrates have more carbon emissions, but no excess electricity supply. 

Also, electricity from pulp mills is not enough to capture all the carbon dioxide and 

synthesise it into electrofuels so renewable electricity production must be increased. 

4.2.3 Electricity demand from electrofuel production 

According to the calculations made in this thesis and some other scientific papers, the 

price of hydrogen is the main factor affecting the cost of final electrofuel product. 

Electrolyser capital cost, stack lifetime and degradation, electricity cost, and capacity 

factor are the major cost affecting parameters. Electrolyser water and deionizing prices 

are negligible compared to the electrolysis. The problem with hydrogen production can 

be divided in two parts: electrolyser technology, and electricity price. (Brynolf et. al. 

2018) 

The first part, electrolyser technology can be solved by developing electrolysers further. 

Lower investment costs, longer stack lives, better capacity following, and lower 

electricity consumption would decrease the investment and running costs of electrofuel 

production facilities considerably. To speed up electrolyser development, their demand 

and markets should grow to arouse manufacturers interest to develop their existing 

technologies further. 

The second part, electricity pricing is harder to solve. As many publications from the field 

say, electrofuels must be produced with additional renewable electricity to minimise the 

carbon emissions of the final product. This demand builds pressure to increase renewable 

electricity generation capacity and electrofuel production competes for it against other 

electricity uses. I believe that renewable electricity is that it is a political issue and the 

fact that the energy revolution is so widespread and huge change in our society. On the 

other hand, supporting renewable energy production is just a political choice after which 

the energy market starts to reshape itself for the new operating environment. 

In this thesis an electrofuel facility was integrated into a pulp mill, and utilizing the whole 

carbon capture potential from all the pulp mills around the world would result in 

electrofuel (gasoline, diesel and kerosene combined) production of 90.5 Mt/a. However, 

synthesizing that amount of carbon dioxide consumes an incredible amount of electricity. 

Electrofuel methanol route consumes roughly 8.16 kWh/kgCO2 of electricity per kilogram 
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of carbon dioxide, and FT route about 7.78 kWh/kgCO2. Therefore, producing electrofuels 

through methanol route requires 2695 TWh of electricity and through FT route 2568 

TWh. In comparison, electricity consumption of the whole EU was 3111 TWh in 2018 

(Eurostat, 2019).  

Liquid transport fuel consumption in EU in 2018 was 357 Mt (220 Mt diesel, 79 Mt 

gasoline, and 58 Mt kerosene) (Fuels Europe, 2020). If all transport fuels consumed in 

Europe were electrofuels, their production would require 10 644 TWh of electricity 

through methanol route, or 11 598 TWh through FT route. These numbers are 3.4 and 3.7 

times the current EU electricity consumption. The whole transport sector cannot be 

covered with electrofuels, but aviation, marine and heavy-duty sectors could technically 

run with electrofuels easily. In addition, mentioned amounts of electricity generation 

takes a long time to come online, which defines for its own part how fast the electrofuel 

ramp up can be done. 

4.2.4 Water demand from electrofuel production 

If electrofuel production is planned in arid regions and hydrogen was produced with 

electrolysis, water availability might be a problem. According to the calculations water 

demand in methanol route is 2.65, and for FT route 2.66 litres of water per litre of fuel. 

Some studies claim that water consumption in electrofuel production might be as low as 

1.4 lwater/lfuel, but still roughly between 1.5–3 lwater/lfuel.  

Oil refineries tend to be very large to decrease fuel unit costs. If electrofuel plants are 

going to be as large as traditional oil refineries, water demand might become significant. 

Water availability could become the limiting factor if electrofuel plants are planned in 

arid, inland regions. However, due to water availability issues electrofuel facilities are 

built elsewhere. Most of the regions around the world does not have water availability 

issues, and most industries have higher water demand than electrofuel production. 

(Malins, 2017) 

Biofuel water demand is, depending on the climate, soil, and crop, even thousands of 

litres per litre of fuel. One huge advantage for electrofuels is that their water demand is 

significantly less than that of biofuels. Comparing water demands one finds out that 

electrofuels are way more sustainable, than any biofuel. (Malins, 2017) 
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4.3 Existing synthetic fuel plants 

There are several PtX facilities around the world, majority of which are in pilot or 

demonstration scale (less than 1 MW). There were 94 power-to-gas plants in operation in 

2019 around the world in 22 different countries. Out of the 94 PtG plants, 56 are 

producing hydrogen and the rest 38 produce methane. Used technologies in methane 

production included biological and chemical methanation. Hydrogen production 

technologies were not specified. (Patel, 2019) 

There are four operational power-to-liquid (electrofuel) facilities that use carbon dioxide 

as a feedstock. The only commercial scale plant, the George Olah plant in Iceland, was 

presented previously in chapter 4.2.1. The other three plants are pilot scale plants. Sunfire 

plant in Dresden uses direct air capture and produces FT-crude. The plant was realised in 

co-operation with Audi, and it started operation in 2014. A larger, commercial scale 

facility was planned for 2020. Second pilot plant is Mitsui Osaka works in Japan, which 

produces methanol from their other facilities carbon dioxide. Third plant is Carbon 

engineering pilot using direct air capture and producing diesel-type fuels. (Heyne et. al., 

2019) 

Additionally, three electrofuel plants are being developed. Nordic blue crude has planned 

a commercial Syncrude plant in Porsgrunn, Norway. Syncrude is going to be refined into 

electro jet fuel and production is expected to begin in 2022. Syncrude is produced from 

renewable electricity hydrogen and direct air capture carbon dioxide. Second and third 

pilot plants are from Carbon recycling international, they both produce methanol. First 

CRI pilot plant used coal power plant carbon dioxide and excess electricity. The MefCO2 

project was operational between 2014-2019, after which the pilot plant was transported 

to Lulea for further pilot testing. New FReSMe project captures blast furnace gases from 

Swerea Mefos’s steel mill in Lulea, Sweden and it is expected to be operational in 2020. 

One pilot scale FT diesel plant was planned by Audi in Laufenburg, Switzerland. 

However, plans were buried after one partner withdrew from the project. (Heyne et. al., 

2019) 

One can deduct from the existing pilot- and commercial PtX plants that gaseous fuels are 

significantly easier to make than liquid fuels due to fewer process steps resulting higher 
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efficiency. According to operational PtX plant distribution, hydrogen is the most studied 

and developed PtX product, whereas methane is the second most studied product. 

Therefore, it is reasonable to state that hydrogen production and technologies are going 

to experience fast development soon. Judging from pilot plant division, European gas grid 

is going to be renewable way before the chemical and liquid fuel sectors. It could be easier 

and faster to reduce GHG emissions from transport sector by increasing electric- and gas 

operated vehicles instead of using biofuels or waiting for synthetic fuels to be a viable 

option in the next 5-10 years. All technologies have a part to play in the future, but 

synthetic fuels need some time to mature and develop further. 

4.4 Electrofuel profitability 

Electrofuel production is not limited by the availability of carbon dioxide or technological 

maturity, but by electricity prices and fossil fuel prices. It helps to know that the 

technology is there, and the only thing missing is a final push, which can be only a 

political decision.  

Fossil fuels are so cheap, even with taxes, that electrofuels cannot compete with them. 

Fossil fuel prices consist of three factors: fuel price, excise tax, and value added tax 

(VAT). Fuel price includes crude oil price, refining, distribution, and oil company 

revenue margins. EU has minimum excise tax rates for imported motor fuels, which are 

0.359 €cents/litre for unleaded petrol and 0.33 €cents/litre for gas oil (diesel) (European 

commission, 2020, e). Still, member states can set higher levies for motor fuels according 

to their will. VAT is defined by each member state independently. Fossil gasoline costs 

0.82–1.46 €/litre, and diesel 0.84–1.31 €/litre in EU depending on the country. (Fuels 

Europe, 2020) 

Electrofuel prices are estimated in many studies already, and calculated prices according 

to Brynolf et. al. is presented in table 19. 
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Table 19. Fuel prices found from literature and calculated as a reference scenario in 2015 and 
2030. (Brynolf et. al. 2019) 
  Low estimate High estimate   
Fossil fuels 40 140 €/MWh 

    
Biogenic fuels    
  Methane from anaerobic digestion 10 180 €/MWh 
  Methanol from gasification of lignocellulose 30 120 €/MWh 
  DME from gasification of lignocellulose 90 110 €/MWh 

    
Electrofuels    
  Reference scenario 2015    
  Methane 120 650 €/MWh 
  Methanol 120 680 €/MWh 
  DME 120 690 €/MWh 
  FT-liquids 130 770 €/MWh 
  Methanol to gasoline 160 1050 €/MWh 

    
Reference scenario 2030    
  Methane 100 290 €/MWh 
  Methanol 100 260 €/MWh 
  DME 100 310 €/MWh 
  FT-liquids 110 340 €/MWh 
  Methanol to gasoline 130 430 €/MWh 

Liquid transport fuel prices were reported in the €/MWh unit, so the prices need to be 

changed into same units so that they can be compared. Electrofuel prices are 1.13–3.49 

€/litre for FT-liquids, and 1.22–4.03 €/litre for gasoline. Only if electrofuel low estimates 

for 2030 were compared with fossil fuel high estimates they could compete. Many studies 

suggest that electrofuels are not competing with fossil fuels, but with biofuels. Biofuel 

prices seem to be lower than electrofuels, but the availability of biofuel feedstocks might 

limit biofuel production giving scale advantage to electrofuels. 

As mentioned above, taxes and import tariffs have huge impact on fuel prices in EU. If 

electrofuels are exempt from all taxes in EU, their production volume would probably 

increase very fast. On the other hand, fuel taxes are major contributors to nations tax 

revenues (from 3% in Denmark to 10% in Slovenia, Finland 4%), so decreasing revenues 

from fuel consumption would have to be collected somewhere else (Fuels Europe, 2020). 

Because taxes are so important, it might probably be better for nations to support 

electrofuels some other way than tax exemptions. However, it is not reasonable to go 

through different support measures and decide which is the most effective in this thesis. 
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The renewable energy directive II set binding targets on renewable energy for its member 

states. The overall target is to produce at least 32% of energy by renewable sources by 

2030 and at least 14% of transport energy. The same directive set a cap of 7% on crop-

based biofuels and required to phase out palm oil consumption in transport biofuels by 

2030. Also, minimum targets for advanced biofuels were set to increase from 0.2% in 

2022 to 3.5% by 2030, advanced biofuels are double counted towards the 14% target. 

Most EU countries have implemented a biofuel blending mandate to achieve renewable 

energy targets. Countries use energy-, GHG reduction-, or volume-based mandates, or a 

combination of these. Blending mandate is targeted at fuel distributors and if they do not 

fulfil the blending quota, they will receive a fine, which also works as an incentive. (FAS, 

2019)  

Electrofuel incentive can be a mandate, carbon trading system, tax deduction, grant, and 

loan guarantee. EU wide incentives are renewable mandate (RED II) and the current ETS. 

Nations can support electrofuel production by giving tax deductions, grants, and loan 

guarantees as they see fit. 

Blending mandate can be understood as incentive towards alternative fuels blended with 

fossil fuels. Mandates are an effective way to decrease transport fuel GHG emissions, but 

they are also criticized for favouring short term solutions instead of possibly better long-

term options. Also, the increase in prices due to the mandate falls to the customers to pay. 

If electrofuels as renewable fuels of non-biological origin (RFNBO) are accepted to count 

towards renewable fuel targets, their producers and fuel distributors’ interest most likely 

increases towards them. This is possible because biofuels have experienced some 

drawbacks regarding their environmental friendliness. For example, EU has decided to 

phase out palm oil due to the environmental destruction its cultivation is causing in south-

east Asia. 

EU aims to be the first carbon neutral continent by 2050. The Paris agreement set the 

foundations to this goal, and to achieve it, EU has introduced a long-term strategy called 

European green deal. European green deal plans to improve the well-being of people by 

promoting efficient use of resources by shifting towards a clean circular economy and by 

ensuring biological diversity and decreasing pollution. To achieve the set objectives, EU 

has established Horizon Europe, a continuation to Horizon 2020 research and innovation 
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campaign between 2014-2020. Horizon 2020 had a funding budget of €80 billion, and the 

becoming Horizon Europe plans to have €100 billion funding over its mechanisms 

(European commission d, 2020). Over 35% of Horizon Europe funding will be guided 

towards climate objectives. Transport sector including batteries and clean hydrogen is 

identified as a critical sector. (European commission, 2020, c) 

EU also has innovation fund, that is funded by EU ETS by auctioning 450 million 

emission allowances and any remaining funds from the previous NER300 programme. 

Innovation fund, and EU ETS is expected to raise €10 billion in 2020-2030. EU ETS 

works as the main long-term incentive towards a low carbon future and provides funding 

for “highly innovative technologies” and “big flagship projects” (European commission, 

2020, b). For example, CRI projects MefCO2 and FReSMe were funded by the EU 

Horizon 2020 innovation fund. Both projects were presented in chapter 4.4 as pilot scale 

electrofuel projects. 

4.5 Existing electrofuel scenarios 

Multiple future scenarios have been made about EU and world energy and transport 

sectors to envision different possibilities. Many entities creating these scenarios have a 

certain viewpoint or target of interest, which might alter the scenario and favour some 

technologies over the others. An interesting observation about found scenarios is that 

many of them do not recognise electrofuels or they suggest that they only have an 

insignificant part in the future of transport, even in 2050. 

European commission publication Going climate-neutral by 2050 suggests that e-fuels 

and e-gas could cover 2–7% of inland consumption of energy in 2050. These shares are 

very low, but it is important that the potential of PtG and PtL technologies have been 

recognised in sector coupling and transport mode decarbonising. (European commission, 

2019) 

An alarming information is that electro- and synthetic fuels were not mentioned in the 

European Commission’s Energy roadmap 2050 publication. Instead, emission reductions 

were primarily decreased with high improvements in energy efficiency and -increase in 

renewable energy supply (RES). Transport sector was forecasted to be either electrified 



87 
 

or running on biofuels. In their defence, the roadmap was published in 2011, when 

electrofuels were still a niche technology and had no proven potential. (European 

Commission, 2011) 

The same thing applies to the European climate foundation’s study Roadmap 2050: 

Technical analysis, which is the first part of a three-part series, which did not take 

electrofuels into consideration. Again, renewable energy supply has the highest 

significance in future energy system, while electrofuels are completely disregarded. The 

paper was published in 2010. (European climate foundation, 2010) 

IRENA mentions synthetic fuels only once in its roadmap to 2050 publication. Again, 

transport sector is projected to use electricity, advanced biofuels, and hydrogen. (IRENA, 

2019, b) 

WWF did not include electrofuels in their scenario because other conversion routes and 

technologies had much more attention. This is understandable because the scenario was 

made in 2011, when electrofuels were still almost entirely unknown. (WWF, 2011) 

A more recent study made by the international council on clean transportation (ICCT) 

claims that electrofuels will not deliver any fuel volumes or GHG savings before 2030 

and only a marginal part in 2050 if very high support is guided towards electrofuels. 

(Searle, Christensen, 2018) 

Fuels Europe recognises e-fuels as an option to decrease GHG emissions from fuel 

lifetime emissions. They do not give clear answers of how transport will be managed in 

the future, but rather consider different options. The main point of their Vision 2050 study 

is that 40% of hydrocarbon products in Germany in 2016 were necessary in the long run, 

and the remaining 60% were competing with other solutions, like electrification and 

bioproducts. The irreplaceable hydrocarbons included non-energy use of hydrocarbons, 

mainly chemical industry raw materials, and long-distance transport applications (marine, 

aviation, and some of heavy-road transport). Replaceable hydrocarbon share included 

light road transport, the rest of heavy-road transport, and heating. Even though 

electrofuels were recognised as an option, their share in the Vision 2050 study low-carbon 

fuels scenario is only 14%, whereas biofuels have a 54%-, electricity has 23%-, and fossil 



88 
 

fuels have 9% share in the final energy consumption. According to the study, e-fuels are 

an expensive solution, but offer high emission reductions in turn. (Fuels Europe, 2018) 

Energy outlooks from Exxon Mobil and BP are quite similar, for both predict that fossil 

fuels cover about 80% of world transport energy consumption in 2040. This is not 

credible, because the Paris Agreement and goals set in EU force energy- and transport 

sectors to change, which is already clearly visible in the supply of electric- and hybrid 

vehicles. If major drawbacks do not occur advances in Europe are enough to undo these 

scenarios. One must keep in mind that both scenarios are made by oil companies, so they 

have interest to provide alternative scenarios against the scientific consensus. (Exxon 

Mobil, 2019) (BP, 2019) 

In the Greenpeace scenario synfuels are the last technology to be introduced. They 

suggest that transport should be electrified as much as possible, while advanced biofuels 

are used in non-electrifiable solutions, like marine and aviation. However, Greenpeace is 

one of the few entities to admit that environmentally friendly biofuel potential is very 

limited, and therefore the gap between biofuel supply and fuel demand is covered with 

synfuels. However, synfuel production was deemed highly inefficient even in the future. 

(Greenpeace, 2015) 

In a global energy system based on 100% renewable energy study made by LUT 

university and Energy watch group transport sector is divided in four fuels: electricity 

(38%), hydrogen (24%), methane (6%), and renewable liquid fuels (32%). This is by far 

the most electrofuel friendly scenario reviewed. Noteworthy at this work is the proportion 

of hydrogen, which is higher than in any other scenario. Technologically it is reasonable 

to use hydrogen since it is the simplest electrofuel to produce, but big differences between 

this and the other scenarios seem a little suspicious. (Ram et al. 2019) 

Surprisingly, many future energy scenarios ignore electrofuels as a potential technology 

to replace fossil fuels. Most scenarios place their bets on electrification in road and rail 

transport and advanced biofuels in marine and aviation. Only Greenpeace pays attention 

to biofuel feedstock availability, which is very limited if done in an environmentally 

friendly manner. All the reviewed scenarios that recognised electrofuels as an option 

claim that electrofuel production is inefficient and it only has a marginal role in the future 
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transport energy sector. According to these scenarios electrofuel demands are going to 

stay low, except for the Fuels Europe- and energy watch group scenarios with 14% and 

32% shares of final fuel consumption. 

4.6 Data from interviews 

It was decided to take advantage of a recently made survey in which Finnish business 

leaders were interviewed about the future of electrofuels. The study was made by Sini-

Kaisu Kinnunen and Tommi Rissanen for the LUT University. The study had a dozen 

interviews, and this chapter is based on the main points found in the study. 

Overall picture of electrofuels according to the survey were positive and the potential of 

electrofuels and PtX solutions were recognised. Two main points for electrofuels were 

brought up, which are inexhaustible raw materials and non-fossil product. Electrofuels 

were mentioned as the only sustainable solution for fossil fuels. Biofuels and 

electrification are competitors to electrofuels but only in some transport sectors. For 

example, road transport is going to electrify with high probability and rail transport is, at 

least in Europe, widely electrified. On the other hand, air services cannot be electrified, 

and biofuels cannot cover the demand, so electrofuels are the only option left. 

Electrofuels are a possibility. Investment support, hydrogen strategy and other national 

and international decisions and goals are pushing towards the implementation of power-

to-X technologies and increasing interest towards them. Oil business is geopolitically 

focused on certain areas, but electrofuels offer an opportunity to disrupt this division and 

spread out huge business opportunities. Finland has advantage from green carbon dioxide 

and plenty of clean water. For companies, the early adaptation of synthetic fuels will offer 

branding and image benefits. (Kinnunen, Rissanen, 2020) 

4.6.1 Electrofuel challenges 

The most predominant disadvantage for electrofuels are their uncompetitive pricing, 

which is the result of many drawbacks along the line of production. The other drawbacks 

are related to either technological or legislative and political aspects. Technological 

drawbacks are immature technology, resource uncertainties and infrastructure. 

Technologically there should not be many problems since all the process steps exist. 
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However, someone must be the first one to combine electrofuel process steps together, 

until that, there will be technological uncertainties. Resource challenges are the adequacy 

of clean water and renewable electricity, which are effectively the availability of 

hydrogen. Hydrogen production is, according to the previous studies, the biggest single 

problem of electrofuel production. 

Infrastructure related challenges are the final mile problem and transportation of some 

products. Last mile problem comes from the fact that the last mile of transportation is 

usually the most expensive one, so how can it be managed cost-effectively. Transport of 

some products are also problematic, since their consumption can be concentrated on tiny 

areas, like airports or ports, or spread out on large area, like gas stations. It is reasonable 

to place fuel production next to consumption to fix logistical challenges, but it might not 

be profitable to place fuel production in such areas. 

Legislative drawbacks are uncertain attitudes towards carbon, electricity, and hydrogen 

sources. It is important to clarify how and when raw materials used in electrofuel 

production are counted as renewable and how it affects the final product. The most 

important legislative factor, that was mentioned many times in the survey, was that 

electrofuels must be equated with advanced biofuels and so included in blending 

mandates to receive higher incentives. 

4.6.2 Fuel comparison 

Interviewees believe that hydrogen is only going to be raw material, because it is hard to 

use as fuel due to its storage and transportation challenges. Methanol was regarded as the 

worst transport fuel and not worth considering further. Electro gasoline, on the other hand, 

is an interesting drop-in fuel with high potential due to tightening carbon emission 

reduction goals. Ethanol is being used to replace fossil gasoline to decrease fuel carbon 

emissions, but the blend wall prevents the use of high share ethanol blends and other 

options do not exist. Electro diesel is also an interesting fuel, but it has a lot more 

competition than gasoline, so it is slightly less attractive than electro gasoline. Electro 

kerosene is, once again, an interesting product whose attractiveness in enhanced by the 

scarcity of other options. Biofuels can be used in aviation, but their share is very limited, 

so they cannot really compete with electrofuels. In general, it can be said that whenever 
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fossil fuels used in ICE can be replaced with drop-in electrofuels it is an interesting and 

highly potential business case, since the infrastructure and demand already exist. The 

survey mentioned that it is interesting to see what is going to lead electrofuel 

development, cheap electricity-, carbon dioxide availability, or demand in domestic 

markets. 

4.6.3 Electrofuel demand 

Electrofuel demand is largest in land-, air-, and marine sector in cruise ships, but not in 

cargo vessels. Diesel demand in land transport and kerosene demand in aviation will stay 

high for decades because renewal time for trucks and airplanes are long. In land transport, 

blending mandate increases fuel prices considerably increasing electrofuel 

competitiveness in the sector. Increasing blending mandate cannot be covered with 

ethanol and biofuel and therefore, drop-in fuels replacing gasoline are going to be very 

sought after. In marine and aviation sectors fuel price per passenger or tonne of cargo is 

not significantly higher even if fuel prices are tripled, so demand and will to use 

renewable fuels is going to be the main driver in those sectors. Again, legislation will 

have a huge role in electrofuel scale-up, since it will decide where electrofuels are guided 

first, in air-, land, or marine sector. 

Interviewees believe that there will be no market for electrofuels until they are included 

in RED II directive, and if they are, their demand will be higher than supply for many 

years. At first, demand will appear near the final consumer due to branding, company 

image, and sustainability pressures. Survey answers formed a timeline according to which 

in five years (2025) there will be no commercial scale electrofuel production, in ten years 

(2030) there will be slight increase in commercial electrofuel production, in fifteen years 

(2035) electrofuel production is growing, and in twenty years (2040) electrofuel 

production is still growing, but faster. Shared view is that regulation must start 

commercial scale electrofuel production and political choices are the enabling factor, but 

is there enough political will and commitment to get rid of fossil fuels?  

Survey signals that large scale electrofuel plants are brought into use at the end of this 

decade at the earliest. Regulation is going to increase alternative fuel demand above 

supply and there is already conversation going on raising the alternative fuel shares in the 
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blending mandate. If shares are increased demand for alternative fuels will rise above 

supply potential of biofuels, creating demand for electrofuels. Increasing biofuel demand 

also increases prices facilitating the scale up of synthetic fuel production around the 

world. Central European gas grid is also expected to receive mandates on bio- or synthetic 

gas supply, which is going to further increase demand for power-to-X technologies.  

As expected, survey results included a finding that electrofuel supply will explode when 

their prices fall below biofuel prices. Electrofuel demand is bound to the development of 

renewable electricity generation, national- and cross-border electricity transmission lines. 

Electrofuel production is expected to be slow because of the high need for renewable 

electricity. As described earlier in the thesis, PtX technologies can help to stabilise the 

grid from intermittent renewable electricity generation. In Finland there is a problem of 

having the best wind resources in the north, consumption being in the south. Transmission 

lines should be strengthened to enable increase in the wind power capacity. However, 

transmission line operator is reluctant to invest in transmission lines unless they are sure 

that all the transmitted electricity will be used. 

4.6.4 Electrofuel prices 

Survey results presented that biofuels are currently two to three times more expensive 

than fossil fuels, and electrofuels are four to five times more expensive than fossil fuels. 

Theoretically electrofuels do not have a market price, because there is no supply. 

However, electrofuel market price is not dependent on production costs, but on the fine 

if blending mandate is not achieved. In other words, fuel distributors choose the lowest 

cost option, whether it is fossil fuel plus fine or alternative fuel. Therefore, if electrofuel 

prices are below fossil fuel price plus fine, they will have place in the current fuel market. 

Interviewees pointed out that because biofuels cannot cover the rising demand and 

ethanol cannot be blended above the blend wall limit, drop-in fuels with no blend wall 

can cost much more than currently used alternative fuels. Interviewees thought that 

electrofuels could be produced at the current fossil fuel price including taxes, which 

means that if electrofuels could be exempt from taxes, they could compete with fossil 

fuels. However, tax exemptions would, on the long run, reduce tax income to the state 

creating low-carbon fuels a political problem. A comment in the survey forecasted that if 
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low taxed or untaxed carbon neutral fuels become mainstream their tax rate will be raised 

to increase state income.  

Fossil fuel prices are expected to stay on the current level, because lower demand also 

lowers the supply prices. Factors affecting consumer fuel prices are the CO2 tax, fuel 

blending premium and support mechanisms towards alternative fuel production. German 

biofuel premium price has been above 400 €/tonCO2 between early November 2019 and 

late April 2020 (STX, 2020). After that, the price decreased to about 350 €/ tonCO2. 

German ticket price is one of the highest in EU. Therefore, it is not far-fetched to think 

that if the premium were 400 €/tonCO2 the premium would be 1200 €/m3 for synthetic 

fuels on top of fossil fuel price (1600-1800 €/m3). Production cost of synthetic fuels 

should be possible to get below the ticket market price to enable market-based 

investments. 

Electricity prices were mentioned as one of the major cost components, but it is not 

expected to lower much in the future. Electrofuel scale-up is, however, estimated to 

decrease methanol-based gasoline prices from 8-9 €/litre into 1.0-1.5 €/litre. If alternative 

fuel demand comes from a mandate, crude oil price do not matter. Variety of different 

sales contracts help to reduce risk and uncertainty in the fuel market. For example, long 

term off take sales agreement would be pleasing for investor, producer, and distributor 

under the blending mandate. 

4.6.5 Electrofuel special features 

Land transport fuel supply has an existing infrastructure and the competition is between 

gaseous and liquid fuels. Nordic countries are guiding biofuels towards land transport 

instead of other sectors. 

Aviation sector has three competitive fuel options: fossil-, electro-, and biofuels. 

Electricity is considered for short distances, but it is still very far from reality due to the 

battery weight and energy density. Aviation sector requires liquid fuel due to its energy 

density, which gaseous fuels do not have. Critical factors for electrofuels in aviation 

sector are reaching adequate production volume, fuel certification issues, and worldwide 

regulation, because aviation is, to a large extent, international business. Factors favouring 

electrofuel consumption are the existing infrastructure, electrofuel branding as a luxury 



94 
 

product as social pressure is against unnecessary flying, and higher carbon dioxide 

decrement during their life cycle than biofuels.  

If electrofuel prices cannot be reduced enough, fuel expenses must be compensated by 

increasing ticket prices, which might decrease the number of passengers and flying 

activity. Alternative fuel demand is expected to grow considerably at the turn of 2020 and 

2030s. Alternative fuel demand is growing due to carrier interest, which is why it is a 

very small-scale business. Business potential is high if production can be scaled up and 

price lowered to a competitive level. Electrofuel cost in aviation should represent the 

production costs rather than being bound to fossil fuel price. Before Covid-19, fossil jet 

fuel was around 600 $/ton and bio jet were 1600 $/ton. Synthetic jet fuel is expected to 

be 4-5 times (2200-2800 $/ton) the price of fossil jet fuel. (Kinnunen, Rissanen, 2020) 

As a comment, aviation related costs were said to be much higher due to standardisation. 

Also, total cost of ownership was claimed to be lower for battery operated short distance 

planes than for fuel operated planes. Fuel sales contracts can be made for years forward 

to lower producer and consumer price uncertainties. For example, offtake contracts for 

five years forward with a fixed price could be the best option for both parties. 

Enabling factors for electrofuels in marine sector is international and tax-free fuel supply. 

Marine sector faces a similar kind of problems as aviation sector where vessels might be 

operational in different parts of the world during their long lifecycle. Therefore, fuel 

supply should also be international and new fuels cannot be introduced to the market 

easily. As a drawback, international maritime organisation (IMO) is careful to make 

decisions even though their goal is to halve GHG emissions from marine sector by 2050.  

Cruise ship operators can benefit from using electrofuels by gaining branding and image 

advantages by becoming more environmentally conscious. Fuel interest order is diesel, 

methanol, and hydrogen. Diesel and methanol are the most interesting ones, because their 

consumption does not require major changes for the internal infrastructure in the vessel. 

It is not known why ammonia was not included in the list. All the electrofuels have 

availability problems due to the very high quantity demand in cruise ships. Currently 

LNG is the most popular fuel in the becoming cruise ships. Marine fuel prices increase 

from dirtiest to cleanest, heavy fuel oil (HFO) being 200-250 €/ton, marine gasoil (MGO) 
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400-500 €/ton, LNG 500-600 €/ton, and synthetic fuel being roughly at 600-700 €/ton. 

Marine sector also has the fuel related last mile problem, which can increase fuel price 

by some amount. (Kinnunen, Rissanen, 2020) 

The survey revolved around the same topics as the earlier study. The key outcomes of 

this study and the survey were the importance of guiding legislation, which can speed up 

electrofuel development significantly or slow it down substantially. Technologically 

electrofuels are ready for commercial production, markets and demand already exist and 

will only grow in the future. If legislation is set accordingly, economies of scale help to 

reduce unit costs, as well as public pressure for companies to make their operations more 

environmentally friendly. Transport companies can also benefit from branding when they 

start using renewable electrofuels. Electrofuel production consumes a lot of electricity so 

their prevalence depends on the production of renewable electricity and its distribution 

capacity. Survey revealed that electrofuels are a major opportunity, they are gaining 

interest and they seem to have a certain market share waiting for their market entry. 

  



96 
 

5 CONCLUSIONS 

According to calculations and literature review in this thesis, the two electrofuel 

production chains were quite close to each other in electricity consumption, raw material 

use, and fuel yield. Overall, methanol route fuel yield was slightly higher than that of FT 

route. Another finding is that all the process steps can be integrated to circulate heat 

within the process to cover almost all heat demand in the process. In addition, process 

steps other than electrolysis are energy efficient when it comes to electricity consumption. 

According to used references and assumptions, it is possible to produce a lot of fuels and 

to integrate electrofuel production with a pulp mill without the need for external heat or 

electricity if hydrogen was produced elsewhere and transported to the pulp mill site. 

If all pulp mill carbon emissions (with once through capture efficiency of 85%) were 

synthesized into electrofuels 25% of EU fuel consumption could be covered. However, 

producing that amount of electrofuels result in electricity demand of about 85% of current 

EU consumption, over 90% of which goes to electrolyser and hydrogen production. These 

findings highlight the importance of renewable electricity production, robust electric grid, 

and electrolyser development. Energy transformation is an ongoing process and it is 

probably going to quicken in the future and, as a part of that, electrolyser development is 

going to speed up too as more financial support is guided towards green hydrogen 

projects. These two advances will also bring forth electrofuel production. 

Research done in this thesis indicate that electrofuels are a commercial scale ready 

technology, but why it is not used more widely yet? One answer is that it is too energy 

intensive and therefore expensive. Also, surprisingly many future scenarios do not 

recognise electrofuels as an option to achieve carbon neutrality and those that do, do not 

consider electrofuels as a significant technological opportunity as this study suggests. 

Therefore, it is important to raise awareness of possibilities of electrofuels since it is one 

of the most promising technologies when pursuing carbon neutrality and getting rid of 

fossil fuels. As a result, electrofuel production can be considered as an emerging key 

technology in replacement of fossil transport fuel supply. Further studies should find 

more ways to integrate electrofuel production to the existing society, improve RWGS 

reactor as it is one of the least mature steps in FT electrofuel production and improve 

processes to last intermittent production.  
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6 SUMMARY 

Increasing pollution and advancing climate change forces societies to prevent further 

damages and strive towards carbon neutrality. Fossil fuels are the main source of 

manmade carbon emissions and energy sector is the largest sector using fossil fuels. 

Transport sector is considered as part of the energy sector and it uses widely oil distillates, 

like gasoline, diesel, and kerosene. These transport fuels can be replaced by electrofuels 

made from atmospheric or point source carbon dioxide and electrolysis hydrogen. 

The goal of this thesis was to examine electrofuel production, heat integration within the 

process and suitability to integrate electrofuel production with a pulp mill. According to 

the work done electro kerosene can be produced in two different ways: through methanol 

olefin route and Fischer-Tropsch route. Both processes consist of multiple process steps, 

which can utilise heat integration, which helps to minimize external heat demand to the 

process increasing the overall energy efficiency of the whole process chain. Fuel process 

integration with pulp mill is profitable because pulp mill can provide biobased carbon 

dioxide and electricity to the fuel process. Pulp mill carbon emissions present a unique 

opportunity for electrofuel production and has quite remarkable potential. On the other 

hand, hydrogen production is still very energy intensive, which weakens electrofuel 

profitability. 

Only one commercial scale power-to-liquid plant exists in the world even though all the 

technological process steps are considered mature. All the process steps are also in use in 

commercial scale facilities, but no one has built a facility where they are all in use. 

Electrofuel production has high potential, but it is still known by a highly limited audience 

and considered as an emerging technology, which it is. However, electrofuel production 

can increase faster than expected since all the necessary factors are already in place. The 

only thing keeping electrofuel production back is their price, which can be competitive if 

fossil fuels become more expensive and/or electrofuels become cheaper. According to 

information gained while doing this thesis, the only thing holding electrofuel production 

back in EU is lagging legislation that could, if changed, start the ramp-up of electrofuel 

production. 
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APPENDIX 1. JET A AND JET A-1 FUEL SPECIFICATIONS 
ACCORDING TO EXXON MOBIL WORLD JET FUEL 
SPECIFICATIONS 

Fuel properties Jet A Jet A-1 
Acidity [mg KOH/g] 0.10 max 0.015 
Aromatics [vol-%] 25 max 25.0 max 
Sulphur, mercaptan [% w/w] 0.003 max 0.0030 max 
Sulphur total [% w/w] 0.30 0.30 
10% distillation [°C] 205 max 205.0 max 
Final boiling point [°C] 300 max 300.0 max 
Distillation residue [vol-%] 1.5 max 1.5 max 
Distillation loss [vol-%] 1.5 max 1.5 max 
Flash point [°C] 38 min 38.0 min 
Density @15C [kg/m3] 775/840 775.0/840.0 
Freeze point [°C] -40 max -47.0 max 
Viscosity @-20C [mm/s] 8.0 max 8.000 max 
Net heat of combustion [MJ/kg] 42.8 min 42.80 min 
One of the following must be met   
1) Smoke point [mm] 25 min 25.0 min 
2) Smoke point [ww] and 18 min 19.0 min 
Naphthalenes [vol-%] 3.0 max 3.00 max 
Copper strip corrosion [2h @100°C] No. 1 No. 1 
Thermal stability   
Filter pressure drop [mmHg] 25 max 25 max 
Tube deposits < 3 max < 3 max 
Existent gum [mg/100ml] 7 max 7 max 
Water reaction, Interface rating 1b max 1b max 
MSEP rating   
Without electrical conductivity additive 85 85 
With electrical conductivity additive 70 70 
Electrical conductivity [pS/m]  50 min 600 max 

 

Exxon Mobil, 2008. World jet fuel specifications with avgas supplement. [Web 
publication]. [Referred to 1.5.2020]. Available at: 
large.stanford.edu/courses/2017/ph240/chhoa1/docs/exxon-2008.pdf 

 



 

 

APPENDIX 2. ELECTROLYSER SPECIFICATIONS 

  Alkaline electrolysis PEM electrolysis 
SOEC 
electrolysis  

State of development Commercial Commercial Laboratory Götz et al. 2016 

 Commercial Commercial Prototype 
Vasconcelos, 
Lavoie, 2019 

H2 production [m3/h] <760 Up to 450 - Götz et al. 2016 

 <760 <30 - 
El-Shafie et al. 
2019 

Electrolyte 
Alkaline solution 

Solid polymer 
membrane 

ZrO2 ceramic 
with Y2O3 Götz et al. 2016 

Charge carrier OH- H+ O2- Götz et al. 2016 
Cell temperature [°C] 40–90 20–100 800–1000 Götz et al. 2016 

 60–80 50–80 900–1000 
El-Shafie et al. 
2019 

 70–145 80–150 900–1000 Conte et al. 2009 

 <100 <150 >500 
Vasconcelos, 
Lavoie, 2019 

Cell pressure [bar] <30 <30 <30 
El-Shafie et al. 
2019 

 Up to 120 Up to 400 Up to 30 Conte et al. 2009 

 <690 >400 >30 
Vasconcelos, 
Lavoie, 2019 

Cell voltage [V] 1.8–2.4 1.8–2.2 0.91–1.3 Götz et al. 2016 

 1.8–2.4 1.8–2.2 0.95–1.3 
El-Shafie et al. 
2019 

 1.8–2.4 1.8–2.2 - 
Vasconcelos, 
Lavoie, 2019 

Energy consumption 
[kWh/m3H2] 4.7–5.4 5.2–7.1 - Götz et al. 2016 

 4.5–7.0 4.5–7.5 2.5–3.5 
El-Shafie et al. 
2019 

 3.8–4.9 3.6–4.0 2.5–3.5 Conte et al. 2009 

 3.8–8.2 4.4–7.1 3.7 
Vasconcelos, 
Lavoie, 2019 

Efficiency [%] 59–79 62–82 Up to 100 
Vasconcelos, 
Lavoie, 2019 

Partial load range [%] 20–40 0–100 - 
El-Shafie et al. 
2019 

Stack lifetime [h] <90,000 <20,000 <40,000 
El-Shafie et al. 
2019 

     
 
 
 

 
 
 

 
 
 

 
 
  



 

 

Advantages Low cost Rapid system 
response 

High efficiency 

 Mature technology 
No corrosive 
substances Electrolysis of CO and steam 

 Large-scale ready  Possibility to use waste heat 
     
Disadvantages Corrosive electrolyte High cost Low long-term cell stability 

 Low current density 
Fast degradation of 
membranes Not suited for fluctuating systems 
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