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Abstract  

Sweden has the goal of reaching a fossil independent transportation sector by 2030. Two ways 

to reach the goal is to increase the use of electric vehicles or produce more biofuels. Both 

alternatives could be powered by forest residue, which is an underutilized resource in the 

country. Electricity could be produced in a biomass fired Combined Heat and Power (CHP) 

plant, and biofuel could be produced in a biorefinery through gasification of biomass and 

Fischer-Tropsch process. When located in Stockholm County, both system can also distribute 

heat to the district heating system. It is however important to use the biomass in an energy-

efficient way. The scope of this work has been to analyze the efficiency together with 

environmental and economic aspects of the two systems.   

To assess the efficiency and environmental impact of the two systems a forest to wheel study 

was made of the systems where the product was studied from harvesting of forest residue to 

driving the vehicle. The studied functional units were: kilometers driven by vehicle, kWh of 

district heating, CO2-equivalents of greenhouse gases and MWh of forest residue. The system 

using CHP technology and electric vehicles outperformed the biorefinery system on the two 

first functional units. Using the same amount of forest residue more than twice as much district 

heating and almost twice as many driven kilometers were produced in this system. The study 

also showed that both systems avoids significant greenhouse gas emissions and can be part of 

the solution to decrease emissions from road transportation.   

The profitability of investing in a CHP plant or a biorefinery was calculated through the net 

present value method. It showed that the expected energy prices are too low for the investments 

to be profitable. The CHP plant investment has a net present value of -1.6 billion SEK and the 

biorefinery investment has a net present value of -4.6 billion SEK. 

Furthermore, the biorefinery investment entails higher risk due to the high investment cost and 

uncommercialized technology. Both systems face barriers for implementation, these barriers 

have been studied qualitatively. 

 

  



  



Sammanfattning 

Sverige har som mål att skapa en fossiloberoende fordonsflotta till år 2030. Två vägar som 

pekats ut för att nå målet är att öka användningen av eldrivna fordon eller att producera mer 

biobränsle. Båda alternativen kan drivas av skogsavfall, en råvara som det finns gott om i 

Sverige. Elektricitet kan produceras av skogsavfallet i ett kraftvärmeverk, och biobränsle i ett 

bioraffinaderi genom användning av förgasning och Fischer-Tropschmetoden. I Stockholms 

län skulle båda systemen dessutom kunna producera värme till Stockholms fjärrvärmesystem. 

Det är dock viktigt att använda skogsavfallet på ett resurseffektivt sätt. Därför undersöker detta 

arbete effektiviteten av de två olika systemen tillsammans med en analys av växthusgasutsläpp 

och ekonomiska förutsättningar.  

För att kunna utvärdera effektiviteten och klimatpåverkan av de två olika systemen utfördes 

en ”skog-till-hjul”-analys där produkten undersöktes från ursprunget, till drivandet av ett 

fordon. För att utföra studien definierades fyra funktionella enheter. De funktionella enheterna 

var: körsträcka med bil mätt i kilometer, kWh fjärrvärmeproduktion, CO2 ekvivalenter av 

växthusgasutsläpp och MWh skogsavfall. Studien visade att systemet där skogsavfallet 

används i ett kraftvärmeverk för att producera elektricitet och ladda elbilar hade bättre resultat 

i de två första funktionella enheterna. Systemet producerade nästan dubbelt så lång körsträcka 

och mer än dubbelt så mycket fjärrvärme som systemet där skogsavfallet används i ett 

bioraffinaderi och biobränslet används i dieselbilar. Studien visade även att båda system kan 

bidra till att sänka växthusgasutsläppen från transportsektorn.  

Lönsamheten att investera i ett kraftvärmeverk eller bioraffinaderi beräknades med 

nuvärdesmetoden. Studien visade att de förväntade framtida energipriserna är för låga för att 

investeringarna ska bli lönsamma. Kraftvärmeanläggningen hade ett nuvärde på -1.6 miljarder 

kronor, och bioraffinaderiet ett nuvärde på -4.6 miljarder kronor. Dessutom ansågs 

investeringen i ett bioraffinaderi vara en hög risk på grund av den 

höga investeringskostnaden och att tekniken idag inte är kommersialiserad. Det finns även en 

rad andra barriär för att genomföra de två olika systemen, dessa barriärer har studerats 

kvalitativt i arbetet.  
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1 Introduction  

The Swedish forest industry is a major part of the economy and contributes approximately 

2.2% to the Swedish BNP [1]. This sector has already seen a decrease in demand for traditional 

paper products. Meanwhile, interest in new types of products such as bioplastics and biofuels 

increases when the economy is moving away from use of fossil fuels and towards a green bio-

economy. The forestry industry produces significant amounts of residue that today mainly is 

left in the forest and to some extent collected for incineration in district heating boilers. The 

forest residue is a large underutilized energy source that could be used to replace oil products 

and reduce greenhouse gas emissions. Extensive studies of the Swedish forest industry 

concludes that the harvesting of forest residue can increase from less than 10 TWh per year up 

to 35 TWh per year without threatening biodiversity and including techno-economical 

limitations [2]. Even though there is no lack of biomass in Sweden today, it is important that 

the biomass is used efficiently. When biomass is used to replace fossil fuels the demand will 

grow and the fuel should not be wasted in inefficient processes.  

The transportation sector in Sweden uses about a fourth of the country’s energy consumption, 

and most of this energy originates from fossil fuel [3]. In 2008, the Swedish government 

decided on new goals for the transportation sector: in 2030, the sector will be independent of 

fossil fuel, and in 2050 the net emission of greenhouse gases will be zero [4]. Following this, 

a report was presented in 2013 regarding the available pathways to reach the goals. Five main 

areas are identified in the report: (1) plan and develop cities that relies less on car transport, (2) 

invest in infrastructure, (3) more efficient vehicles, (4) biofuels, and (5) electrified 

transport. All of those options could reduce fossil fuel use in the future, but the barriers for a 

wide adaptation of the alternatives are different [5]. This thesis will focus on the last two areas: 

biofuels and electrification of vehicles. 

For electric vehicles, the main criteria for sustainability is that the electricity used to power the 

battery comes from a renewable source. There are only around 30 000 electric vehicles on the 

Swedish roads today, mainly because of issues with the driving range, price of batteries and 

charging infrastructure [6]. Biofuels on the other hand are already used today and can be 

distributed in the same infrastructure as fossil fuels. However, when biofuels are discussed in 

an international context the product receives a considerable resistance. The debate is based on 

the unsustainability in using agricultural crops and palm oil as feedstock, the biofuel called first 

generation biofuels. The second generation biofuel, produced from lignocellulosic biomass or 

woody crops, is only a small part of the available biofuels today but could potentially be a way 

to meet the goals of a fossil free transportation sector. Forest residue, that today is used to 

power district heating networks all around Sweden, could be used to produce biofuels that 

could power the same cars we have on our roads today in a sustainable manner.  

In this report, the geographical focus will be on Stockholm. The city of Stockholm is the capital 

of Sweden, and the largest city in the Nordic countries. There are around 900,000 inhabitants in 

the municipality of Stockholm, and 2.2 million people in the whole county as of the year 2015 

[7, 8]. The county is divided into 26 municipalities, which can be viewed in Figure 1.  
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Figure 1 - Municipalities in Stockholm County [9] 

The district heating system in Stockholm county is extensive and heats 80% of the buildings 

[10]. Most of the heat is produced in Combined Heat and Power plants, heat plants or heat 

pumps, but waste heat from industries or other heat-generating sources is also utilized [11]. 

The greenhouse gas (GHG) emissions from energy use per resident in Stockholm County is 

almost half of the country average because of the extensive district heating network, good 

public transport and the fact that there are few energy intensive industries in the county. Despite 

the public transport opportunities, every second travel in the county is made by car. The 

transportation sector uses a third of the energy used in the county, but stands for about 40% of 

the GHG emissions [12]. 

Fortum Värme samägt med Stockholms Stad (Fortum Heat) is a joint venture between the City 

of Stockholm and Fortum AB that produces and sells district heating, district cooling and 

electricity to approximately 10 000 customers in the Stockholm region. Fortum Heat has long 

term goals of phasing out the use of fossil oil and coal and is always looking for sustainable 

energy solutions that can be integrated into their district heating business [13]. It is estimated 

that the heat production capacity in Stockholm County has to increase with approximately 600 

MW until 2030 to meet future heat demand and decommissioning of the fossil powered heat 

plants [14]. For the future investments in heat production there is an interest to know if it would 

be preferable to use the forest residue to produce liquid fuel for the transportation sector instead 

of electricity. In order to decide which system would be preferable, the efficiency, emissions 

and economy of the two systems should be considered. 

1.1 Scope 

This master thesis will assess two scenarios of using forest residue in Stockholm County to 

produce district heating and power the transport sector. In the scenarios two different  plants 

are constructed for heat production and powering of vehicles in two different systems. The two 

systems that will be compared are: 
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• A biorefinery in the Stockholm area, producing biodiesel from forest residue via 

gasification and Fischer-Tropsch process. The biofuel would be used in cars with 

internal combustion engines. The residual heat from the production would be used in 

the district heating system.    

• A Combined Heat and Power plant in the Stockholm area. The plant would 

simultaneously produce heat for the district heating system, as well as electricity to 

charge and power electric vehicles.  

This study will include both a quantitative analysis of the systems and a qualitative analysis. 

The two systems will be evaluated in terms of energy efficiency; how much of the energy in 

the biomass can be used for powering light duty vehicles and district heating respectively. The 

GHG emissions and economic profitability of the two systems will also be analyzed. 

Furthermore, the study will assess the two system’s pros and cons, focusing on the feasibility 

of the two systems contributing to decarbonizing the transportation sector. Both systems are 

designed to supply district heating and power the transportation sector, but they will do so in 

different ways and might be suitable for different parts of the transportation sector, therefore, 

a qualitative analysis has to be done. 

2 Theory 

In this chapter, an overview of the literature in the different fields of the scope will be presented. 

The chapter aims at giving the reader an overview of biomass usage in Sweden, district heating 

(DH), biofuel production systems, CHP, diesel vehicles and electric vehicles.  

2.1 Biomass and Forest Residue 

The forest industry in Sweden has traditionally been a major part of the economy and 

contributes approximately 2.2% to the Swedish BNP [1]. From a European stand point, Sweden 

is one of the biggest producers of wood, and the Nordic and Baltic region have together a 

growth of 287 million cubic meter of timber annually. The Nordic and Baltic forests are 

growing faster than they are logged, increasing the timber reserves with approximately 100 

million cubic meters annually [15]. 

Forest residue – here defined according to the Swedish word grot (grenar och toppar) short for 

branches and tops – is a large underutilized energy source that could be used to replace oil 

products and reduce GHG emissions. In a report by Börjesson et al. (2016) [2] the current 

research on forest residue use is analyzed. It is estimated that the yearly growth rate of timber 

is 240 TWh/year while the harvesting rate is 180 TWh/year. Forest residue is harvested in a 

smaller extent. While the forest residue grows approximately 85 TWh/year, the current 

harvesting rate is 6-10 TWh/year. However, not all forest residue can be extracted from the 

forest, this would have a major impact on biodiversity, acidification and would create leaching 

of important nutrients. In Börjesson different studies of forest residue removal are compared 

and it is concluded that the harvesting of forest residue can increase with 18-25 TWh/year 

including biological and techno-economical limitations. Furthermore, the growth rate of the 

Swedish forests is expected to increase with approximately 15% to 2050. It can therefore be 

concluded that there is a large potential for using forest residue sustainably to mitigate GHG 

emissions and combat climate change. 

Recommendations from the Swedish Forest Agency are that around 20% of the forest residue 

should be left in the forest since it favors biodiversity. In order to restore the nutrients that are 

removed with the forest residue, ashes from combustion in Combined Heat and Power (CHP) 

plants and heat plants can be spread in areas where the logging has taken place. The ashes 

contain all the nutrients that were present in the wood in the first place, expect nitrogen [16]. 
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The producers of ash are often willing to promote ash fertilization, since the ash otherwise has 

to be treated as waste or be placed in landfills which entails costs. Before the distribution in the 

forest, the ashes are tested for content of unburned material, heavy metals and nutrients. In 

most cases the ash is spread with help of a forwarder, but helicopters can also be used for larger 

areas where the terrain is too challenging for ground vehicles. Around 2000-3000 kg dry ash 

is used per hectare, depending on the type of trees in the forest [17].  

Combusting biomass is considered to be climate neutral because the emitted GHG are part of 

the carbon cycle. This is partly true if the biomass is produced in sustainably logged forests, 

such as the Swedish forests, where forest is replanted after logging. However, there are still 

emissions of GHG associated with the practice. In Table 1, the GHG emissions from forest 

residue production can be viewed. The direct emissions include collection, chipping, 

transportation of the forest residue and ash recycling. 

Table 1 - GHG emissions from production of 1MWh forest residue [18] 

Process Global Warming Potential 

[kg CO2-eq/MWhLHV] 

Collection, chipping and transportation 4.3-11.5 

Ash Recycling 0.04-0.02 

Total Global Warming Potential 4-12 

Decrease of Soil Carbon 26-30 

Total Global Warming Potential 

Including Decrease of Soil Carbon 

36-42 

In Swedish CHP plants, a part of the biomass is imported from countries such as Finland, 

Canada and the Baltic countries. The GHG emissions does not have to correlated to the 

transported distance, since ships or trains rather than trucks are used for longer distances [18]. 

The direct emissions of forest residue use in Sweden are estimated to 4-12 kg of CO2 

equivalents per MWh of forest residue depending on distance of transportation and collection 

method. Other emissions caused by land use change can also be included when estimating the 

climate impact of forest residue. If the forest residue was not removed, some of the carbon 

would be stored in the soil and provide a better growing ground for the forest. Ash recycling 

returns the nutrients to the soil, but not the carbon. The decrease of soil carbon is calculated as 

the difference in carbon stock in the soil caused by removing the forest residue from the forest. 

When calculating decrease in soil carbon a time period of 100 to 300 years is often used. The 

result greatly varies depending of the location, time period, and type of forest. The value of the 

decrease in soil carbon presented in Table 1 is the mean value of three simulations calculated 

for 100, 150 and 300 years [18]. If the decrease of soil carbon is included, the GHG emissions 

are estimated to 36-42 kg of CO2 equivalents per MWh of forest residue, if the decrease of soil 

carbon is excluded the GHG emissions are only 4-12 kg CO2 equivalents per MWh of forest 

residue.  

In 2008, bioenergy provided 14 000 TWh of the energy in the world, approximately 10% of 

the worlds primary energy use. Most of the bioenergy is however used in developing countries 

for cooking, lighting and space heating, which is associated with health risk and deforestation. 

Only 3000 TWh of bioenergy was used in modern facilities for heat and power production or 

biofuel production. How much bioenergy will be available in the future is not clear. The 

International Energy Agency (IEA) have made scenarios for  how much bioenergy will be used 

in the future in their World Energy Outlook reports. The IEA estimates that bioenergy will 

provide 17 000 TWh of primary energy by 2020 and somewhere between 20 000 – 25 000 

TWh by 2035. The total primary energy potential from biomass is of course larger, it is 

estimated that up to 140 000 TWh of energy could be provided from bioenergy in the world 
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every year, however, this estimation is without techno-economic and ecological limitations 

[19]. 

To get a perspective of the bioenergy potential it can be compared to the total energy use in the 

transportation sector in the world. In 2005 the transportation sector consumed approximately 

30 500 TWh of primary energy, out of this, 99% is fossil oil and natural gas. The energy use 

in the sector is expected to increase to 45 500 TWh of primary energy by 2040 [20]. Even if 

all biomass used for energy purposes today instead was used for biofuel production, less than 

50% of the energy demand could be covered by biofuels.  

2.2 Biofuel Use Today  

Biofuels are defined as fuels derived from organic matter, such as woodchips, crops or 

vegetable oils [21]. Biofuels are often categorized into three categories: first, second and third 

generation. The first generation biofuels are made from sources that compete with agricultural 

crops such as vegetable oils, sugar and starch. The second generation biofuels can be derived 

from lignocellulosic biomasses, including waste from forest, agricultural or food waste. The 

third generation biofuels are made from algae [22]. 

The difference in GHG emissions and environmental impact is large between first and second 

generation biofuels. Furthermore, first generation fuels produced from crops have caused the 

“food-versus-fuel” debate. There are strong opinions on both side of the debate, but the main 

argument is that cereal crops, soybeans, seeds or sugars should not be cultivated for the sake 

of biofuels when millions are under starvation. Also, it is said that the first generation biofuel 

production leads to higher food prices, and problems regarding deforestation, unsustainable 

water use and unethical working conditions are also mentioned in the discussion [23, 24, 25]. 

However, biofuels can be used to decrease society’s dependence of fossil fuels. A benefit of 

using biofuels is that the biofuel can use the existing infrastructure for liquid fuels. It is also 

beneficial that the fuel can be blended to increase the share of renewables in today’s vehicles. 

Some of the arguments against first generation biofuels are still present when discussing second 

generation biofuels, such as the deforestation issue if the feedstock is produced through energy 

forestry. However, if the feedstock is forest residue, also this argument is removed.  

There are several different biofuels available on the Swedish market produced from various 

feedstock, in different countries. Biofuels are both used as a drop in with conventional fossil 

fuels and sold as a fully renewable fuel. For a fuel to be considered fully renewable, >95% of 

the fuel mix is renewable. There are three fully renewable fuels available on the market today 

but these fuels can also be used as a drop in fuel: Fatty-acid methyl ester (FAME) originating 

mainly from rapeseed or soybean oil, ED95 which is an ethanol-based fuel used for heavy 

transports originating from crops or forest residue, and Hydrotreated vegetable oil (HVO) 

which is a synthetic diesel made from vegetable oils or animal fat. HVO stands for the largest 

contribution of biofuels in Sweden today, representing more than 50% of the total biofuel use. 

The last collected data about HVO is for the year 2015. At that time only 14% of the HVO used 

in Sweden was produced within the country. 15% of the HVO was produced from palm oil 

imported from Malaysia and Indonesia. The biggest suppliers were Germany and Great Britain, 

supplying 34% of the used HVO. Other available biofuels include E85, which is a mix of 

around 85% ethanol derived from sugar crops, and 15% gasoline. Biogas is also available, and 

can be mixed with conventional Compressed Natural Gas (CNG). The biogas used in Sweden 

is almost exclusively produced in the country, and 90% of the feedstock are waste such as 

industrial waste, food waste and sewage sludge [26].  Sweden has today tax exemptions for 

biofuels; a full exemption for CO2 tax and partial exemption for energy tax. The exemptions 

are valid until the last of December of 2018 for liquid biofuel, and last day of December 2020 

for biogas [27].  
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Today, the conventional fuels are blended with biofuel components. In 2015, the total share of 

renewables in conventional fuels was 14.8%, which can be compared with the numbers from 

2001 when the share was only 5.1%. The high increase is the result of a higher blending level 

in diesel fuels the last years. Diesel is commonly blended with FAME and HVO, and ethanol 

is used for blending with gasoline. During 2015 synthetic biodiesel (i.e. produced from 

lignocellulosic biomass) was also used, but in very small quantities [26]. 

In Table 2, the share of each fuel type delivered to the Swedish road traffic market in 2015 and 

the renewable content of the fuels can be seen. The values have been reported from fuel 

suppliers to authorities according to Swedish law [28]. Note that the conventional fuels also 

have been blended with biofuels, the share of renewables (measured in energy content 

GWhrenewable/GWhtotal) can be seen in the last column in Table 2 [26]. Conventional diesel sold 

at gas stations is 17% renewable while gasoline is only 3% renewable. This significant 

difference is due to the fact that there are various renewable diesel fuels that can be mixed with 

diesel while there are fewer alternatives for gasoline. Many conventional gasoline cars do not 

allow more than 10% of ethanol in the gasoline while for example HVO can mixed with 

conventional diesel without affecting conventional diesel cars [26].  

Table 2 - Fuel types delivered to the Swedish market 2015 [26] 

Fuel type 

 

Fossil 

[GWh] 

HVO 

[GWh] 

FAME 

[GWh] 

Ethanol 

[GWh] 

Biogas 

[GWh] 

Total 

[GWh] 

 

Renewable 

share 

[GWh/GWh] 

Diesel  46 535 6 779 2 464 0 0 55 778 17% 

Synthetic 

diesel 

0 167 0 0 0 167 100% 

Gasoline 31 468 0 0 979 0 32 446 3% 

FAME 0 0 1 668 0 0 1 668 100% 

E85 162 0 0 427 0 590 72% 

CNG 473 0 0 0 1 070 1 542 72% 

ED95 11 0 0 98 0 109 90% 

Sum 

[TWh] 

78.6 6.9 4.1 1.5 1.1 92.3 15% 

As presented in Table 2, the Swedish market consumed more than 90 TWh of motor fuels 

annually. This can be compared to the forest residue resource in Sweden presented in Chapter 

2.1: the yearly harvesting of forest residue today is approximately 6-10 TWh per year and the 

total potential of harvesting is no more than 24-35 TWh per year. With current harvesting rate 

of forest residue less than 10% of the motor fuels could be provided by this Swedish energy 

source. It is unlikely that more than 20% of the fuel demand could be provided even if the 

harvesting rate drastically increases and all forest residue in Sweden is used for biofuel 

production. 

In March 2017, the Swedish government posted a debate article proposing a new directive 

starting in July 2018. The proposal forces transport fuel suppliers to mix biofuel with all fossil 

fuel sold. The amount biofuel mixed in would increase each year until 2030 when 

approximately 50% of the fuel would be biofuel [29]. For diesel fuels, this increase corresponds 

to the mean increase of biofuel component in the last five years. However, the bio component 

in gasoline has in the last five years only marginally increased or even decreased. In order to 

reach the target, the increase of biofuel component in gasoline must be around 3.5% each year 

[26]. Three reasons are stated as the background for the proposal, the first one being that 

biofuels is a key component to reach a carbon neutral transportation sector by 2050.  The 
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second reason is the need of a more self-sufficient fuel delivery, since most fuels today are 

supplied by only a few countries as crude oil. Last by not least, the potential to produce biofuels 

of from farming and forest products could lead to new business opportunities and new job 

openings in the country [29].  

2.3 Combined Heat and Power 

In a conventional CHP plant as the one studied in this paper, fuel is combusted in a boiler in 

order to produce steam which is used in a Rankine Cycle. What makes CHP different from 

condensing power is that the condenser is used for DH. The heat that is normally considered a 

loss is here a useful product, increasing the total efficiency of the plant. However, the power 

produced by the turbine is directly determined by the temperature in the condenser, which 

means that the electric efficiency is lower in a CHP plant than in a condensing plant. Figure 2 

presents an example of the fuel needed to produce electricity and heat in a CHP plant and the 

fuel needed to produce the same amount of heat and power in two separate plants for electricity 

and heat respectively. This shows that CHP plants have high resource utilization [30]. CHP is 

an important part of the Swedish power system, 8-12% of the electricity produced in Sweden 

between 2010-2015 came from industrial or DH connected CHP plants [31]. 

 

Figure 2 - Left: Fuel needed for combined electricity and heat production in a CHP plant  

Right: Fuel needed in two separate plants, one heat boiler and one steam cycle plant [30] 

The four components that are included in all Rankine Cycles are a boiler, turbine, condenser 

and feed water pump. The feed water pump increases the pressure of the feed water. In most 

modern CHP plants a fluidized bed boiler is used for generating high pressure steam that is 

expanded in a turbine that drives a generator producing electricity. The water is cooled and 

condensed in the condenser. All modern CHP plants include other components to increase the 

efficiency such as pre-heaters and some plants have flue gas condensing [30].  

Flue gas condensing is a technology that can be used in plants where the fuel has a high 

moisture content such as municipal solid waste or forest residue. When the flue gas exits the 

boiler it has a temperature between 100-200 C and is then cooled below the dew point of the 

gas in the flue gas condenser. Some heat is released from cooling the gas but most heat is 

released in the phase change when water is condensed. In order to condense the water a heat 

sink is needed, this means that the return temperature in the DH system has to be below 55C, 

otherwise the flue gas does not reach the dew point. The flue gas condensing can either be done 

in a heat exchanger that transfers the heat directly from the flue gases to the DH feed or in a 

wet scrubber. In the wet scrubber, water is sprayed on the flue gas and the water exiting the 

scrubber is then passed through a heat exchanger. In both cases the condensed water is 

contaminated with pollutants from the flue gas and needs to be cleaned. Wet scrubbers have 
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lower efficiency than the direct heat exchanger because the heat transfer is done in two steps, 

however wet scrubbers have higher availability and gives a cleaner flue gas, therefore a wet 

scrubber is often preferred [32]. 

Power plant efficiencies are traditionally calculated using the lower heating value (LHV) of the 

fuel. In the definition of LHV, the heat of vaporization of water is subtracted from the energy 

in the fuel. This assumes that all water from the process exits as vapor, however, when using 

flue gas condensing the energy in the vapor is extracted and the total efficiency of the plant can 

therefore exceed 100% [33]. 

The steam data is important for all Rankine cycles, higher temperatures and pressure increases 

the thermodynamic efficiency of the process. Which steam data can be produced depends on 

the size of the plant, with larger plants one can afford more sophisticated components and 

materials and therefore produce high quality steam. A small 5-10 MWel CHP plant produces 

steam with a temperature of 480-520 C and a pressure of 60-90 bar. A large CHP plant of 50-

80 MWel have steam data of 540-560 C and 140 bar [34]. 

2.4 Biofuel Production 

The term biorefinery has been used the last 15-20 years and refers to a process plant using any 

sort of biomass to produce chemicals, fuels or materials such as plastics. Biorefineries can be 

divided into two categories, biochemical plants and thermochemical plants. The biochemical 

plants use a process called hydrolysis to separate the cellulose from the lignin and 

hemicellulose. The cellulose can then be fermented to produce ethanol [35]. Thermochemical 

biorefineries uses heat driven processes such as gasification or pyrolysis and this is the 

technology mainly used for woody biomass.  

Both gasification and pyrolysis can produce different products depending on modifications in 

the processing chain. For pyrolysis, the biomass is treated with high pressure, high temperature 

and water to produce bio-crude. The bio-crude can then be separated and upgraded to biofuels. 

By gasification of biomass, an energy rich gas is produced. The final product can either be 

optimized to produce methanol, bio-dimethyl ether (bio-DME), bio-synthetic natural gas (bio-

SNG) or biodiesel, depending on what kind of reactors are used after the gasification step [36]. 

Methanol is produced in a second reactor after the gas has been cleaned, and after separation it 

can be upgraded either to gasoline blendstock or bio-DME [36]. Bio-SNG can also be produced 

through gasification. This product differs from conventional biogas in the way that it has not 

been produced in a biological process, for example with anaerobic digestion. Bio-SNG can be 

produced from forest residue trough gasification followed by gas cleaning, SNG synthesis and 

gas upgrading [37]. The bio-SNG can then be used in gas-fueled vehicles. The last alternative 

is to have a Fischer-Tropsch process following the gasification. This process is optimized for 

producing diesel which can be used in today’s distribution system in the same vehicles. None 

of the alternatives for producing biofuel from forest residue have been used in industrial scale, 

but only smaller demonstration plants.  

As stated earlier, the route for biofuel production used in this report is through the steps of 

gasification and Fischer-Tropsch process as seen in Figure 3. In the coming chapters, the steps 

of the process will be described.  
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Figure 3 - Flow chart for biofuel production via gasification and Fischer-Tropsch process 

2.4.1 Gasification  

Gasification is a thermal process in which a solid fuel is converted into a more practical gaseous 

fuel. This is done through heating and partially oxidizing solid fuel without combusting it, this 

creates an energy rich gas called synthesis gas (syngas). Syngas consists mainly of hydrogen, 

carbon monoxide and carbon dioxide while some light hydrocarbons such as methane can be 

present. Gasification is not a newly developed process and gasification of coal has been 

industrialized since the late 19th century. Gasification of coal is still used today to produce high 

quality products such as petrochemicals. Gasification of biomass is less common, partly 

because it creates tar as a byproduct. The tar is composed of a mix of heavier hydrocarbons, 

and is an unwanted product that has to be removed from the gas after gasification [38]. The 

syngas can be further treated to produce bioplastics or biofuels, or be combusted in a gas turbine 

with high efficiency. Gasification of biomass is therefore considered as a key technology in a 

future bio-economy where oil products are substituted with biomass products [39]. 

Gasification Technologies 

Gasifiers are divided in three categories: fixed bed, fluidized bed and entrained flow gasifier. 

The different types of gasifiers are suitable for different purposes, fuels and plant sizes. The 

main technical differences, such as temperature, fuel size and plant size are described in Table 

3. All gasification technologies have in common the use of a gasification medium. The 

gasification medium can either be air and steam or oxygen and steam. The gasification medium 

reacts with the solid fuel and partly oxidizes it which releases heat and drives the process. The 

syngas composition will depend on the ratio of oxygen and steam. Using pure oxygen instead 

of air is often preferred because it creates a cleaner syngas. However, if oxygen is used an 

oxygen plant is required at the gasification facility, which increases the total cost of the process 

[40]. 

Table 3 - Gasification technologies main characteristics [39] 

Parameter Fixed Bed Fluidized Bed Entrained Flow 

Fuel Size <51mm <6mm <0.15mm 

Reaction Zone 

Temperature 
1090C 800-1000C >1900C 

Gas Exit 

Temperature 
450-650C 800-1000C >1200C 

Plant Size Small Medium Large 

Ash Dry Dry Slagging 

 

Fixed Bed Gasifier 

In a fixed bed gasifier, the fuel rests on the bottom surface of the gasifier, hence the name fixed 

bed. The flow of the gasification medium can either be upwards in an up-draft gasifier or 

downwards in a down-draft gasifier. Because the bed is resting, the mixing of fuel is low and 

the heat transfer between the gasification medium and fuel is low. Fixed bed gasifiers have 

problems with creating large amounts of tar and the general performance is poor. However, the 

design is simple and cheap to build, furthermore it is suitable for small applications which 

makes it a popular choice for small units. Fixed bed gasifiers are available in sizes between 10 
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kW-10 MW [39]. Figure 4 presents the updraft and downdraft gasifier, in both cases the fuel 

is fed from the top and ash is taken out from the bottom. In the updraft gasifier the gasifying 

medium, in this case air and steam, is supplied from the bottom and the syngas is taken out in 

the top. The down draft gasifier supplies air and steam from the top, and takes out the syngas 

in the bottom. Different chemical reactions take place in different parts of the bed that can be 

several meter thick and there are big temperature differences within the bed. 

 

Figure 4 - Left: Schematic drawing of updraft gasifier  

Right: Down draft gasifier  [39] 

 Fluidized Bed Gasifier 

A fluidized bed consists of a bed material, often sand, mixed with the fuel. The velocity of the 

gasification medium is high enough for the bed to enter a fluidized state. This creates a good 

mixing between the flow and the bed material and temperature uniformity within the bed. For 

gasification of biomass, fluidized gasifiers is the most popular technology, because it is easy 

to produce biomass grains in the right size and tar generation is lower than in fixed bed 

gasifiers. There are two preeminent types of fluidized bed gasifiers: bubbling bed gasifier and 

circulating bed gasifier. The main difference between the two technologies is the velocity of 

the gasification medium. In the bubbling bed gasifier, the velocity of the gasification medium 

lies between 0.5-1 m/s, enough for the bed to start mixing and bubble, resembling boiling water. 

In the circulating fluidized bed, the velocity is 3.5-5.5m/s which is enough for the bed material 

to start floating. Some of the material will exit the gasifier together with the product gas, and a 

large cyclone is therefore needed to recycle the bed material into the bottom of the gasifier, 

hence the name circulating bed. Fluidized bed gasifiers are available in sizes between 1-100 

MW [39]. Figure 5 presents a circulating fluidized bed. In the fast bed the bed material and the 

fuel is mixed and the fuel is gasified. The solids are separated from the product gas in the 

cyclone where the solids are returned to the gasifier through the return leg. 
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Figure 5 - Circulating fluidized bed gasifier [39] 

 Entrained Flow Gasifier 

The entrained flow gasifier is the most used gasifier in the coal and oil industry. It is suitable 

for large plant size of 100-1000 MW fuel. It creates nearly no tar and can reach very high 

carbon conversion rates meaning that nearly all carbon will be gasified. In the entrained flow 

gasifier, the fuel has to be pulverized or in liquid form. The fuel is mixed with the gasification 

medium in a jet stream consuming almost all oxygen quickly, reaching temperatures above 

2000C. The high temperatures melt the ashes into a liquid slag. Research is being made on 

biomass entrained flow gasification but there are some problems with the technology. First of 

all, the fuel has to be pulverized which is difficult to achieve with biomass, making the 

pretreatment process more expensive. Furthermore, biomass usually have ash with a higher 

melting temperature than coal, therefore the temperature in the gasifier has to be increased 

further to liquefy the ashes. For gasification of solid biomass a fluidized bed is therefore 

preferred but entrained flow gasification can be suitable for gasification of tall oil [39].  

 Gas Cleaning 

Gas cleaning is probably the major technical barrier for a large scale, gasification based 

biorefinery, and experience from biomass fired gasification units show that the gas cleaning 

often have availability problems [41]. Gasification of fossil coal produces a clean syngas and 

is therefore easier to implement together with Fischer-Tropsch process. Biomass contains a 

large mix of substances and the share of substances changes depending on tree species and bark 

content while coal has a more consistent quality. Substances that are present in biomass before 

gasification and can be a problem in the downstream processes include sulphur, alkalis and 

other metals [41]. If these substances are present in the syngas, the Fischer-Tropsch reactor can 

be contaminated and other parts of the system degrade more quickly. Therefore, the cleaning 

steps are of importance, and knowledge of how the contaminants depend on the feedstock is 

necessary to have a robust and flexible system.  

Which cleaning steps are included will depend on what the syngas is to be used for. The 

Fischer-Tropsch process demands gas free of contaminants, which means that several cleaning 

steps are necessary. In a biorefinery the three most important cleaning steps include catalytic 
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tar cracking, separation of fly ashes in the baghouse and wet scrubbing. In the cracker, dolomite 

is used as a catalyst at high temperature to reduce the tar content in the gas cracking 

hydrocarbons. Tar creation is commonly considered as the major problem with syngas 

produced from biomass and improved tar cracking is sought after [38]. After cracking, the gas 

is cooled and ashes are removed in the baghouse. The wet scrubber cools the gas further which 

decreases the water content in the gas and ammonia is scrubbed from the gas. In the wet 

scrubber other unwanted substances such as alkalis can be scrubbed from the gas, a wet 

scrubber is therefore preferred over dry cleaning [41]. 

2.4.2 Fischer-Tropsch 

The Fischer-Tropsch (FT) process is not a new technology- it was developed in the 1920’s and 

widely used in Germany during the Second World War when the resources of coal were high 

but liquid fuel for cars and military vehicles were scarce. FT process is the set of reactions 

converting gaseous carbon monoxide and hydrogen (syngas) to liquid hydrocarbons, called 

syncrude. This syncrude can later be refined to diesel or other carbon-heavy products. The 

syngas is produced in a gasification process, as described in Chapter 2.4.1. The FT process is 

versatile in the sense that it can use any carbon feedstock that can be gasified, and that a number 

of different products can be produced in the process. The most common feedstocks are coal, 

natural gas or biomass.  

The FT process is used in large scale in various places with either coal or natural gas feedstock. 

South Africa has a long history of using FT process, and the first plant was commissioned in 

the 1950’s to assure energy security in the country [42]. The company Sasol still has several 

FT plants for production of diesel and naphtha from natural gas and coal. The coal-to-liquid 

complex Secunda have been used since 1980 and was product of the oil crisis in 1973 when 

the oil price six folded in a short period of time [43]. The smaller gas-to-liquid (GTL) plant 

Oryx has a capacity of 5 500 m3 per day, and a similar plant called Escravos was installed in 

Nigeria in 2014 [44]. The energy company Shell has also invested in FT technology and have 

built GTL plants to produce liquid products from natural gas. Shell have operational plants 

both in Malaysia (Bintulu) and Qatar (The Pearl Project) [45]. The Pearl Project shipped its 

first product in 2011, and is today the largest GTL facility in the world, producing 41 000 m3 

of liquid fuel per day [46]. Considering the number of  plants and the high production rates, FT 

process is by all means a commercialized process when using natural gas or coal as feedstock. 

There are however no commercialized biomass to liquid FT plant in the world today [47]. The 

difficulties with biomass to liquid is producing a clean syngas from gasification of biomass that 

can be used in the reactor without contaminating the catalyst. Producing a clean syngas is 

significantly easier with natural gas and coal. 

In the FT process, syngas is led into a reactor where it reacts with a catalyst to produce 

hydrocarbons and water at high temperature. The gas and vapor is then removed from the 

reactor to be cooled and condensed to separate the tail gas from the hydrocarbon products and 

water. Parts of the tail gases can be recirculated to the reactor, and the rest is usually used for 

electricity generation through a gas or steam turbine [48].  

In the process, either cobalt (Co) or iron (Fe) are used as catalysts. It is very important that the 

syngas used in the FT process is clean, especially from sulphur and nitrogen compounds which 

poison the catalysts. The syngas also has to be cleaned from particulates and other compounds 

that could potentially slow down the process or are unwanted in the resulting products [47]. Fe 

catalysts are used in high temperature FT (HTFT) (300-350 °C) and when the syngas has a low 

ratio of hydrogen The Fe catalysts are more sensitive to sulphur than Co catalysts [47, 49]. 

Both Fe and Co catalysts can be used for low temperature FT processes (LTFT) (200-240 °C), 

but Co outperforms Fe when the H2/CO ratio of the syngas is high [47]. Normal pressure for 
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the process is between 15 to 60 bar. In a FT synthesis, liquid fuel is produced according to the 

main reaction presented in equation 1, where  represents hydrocarbon chains of different 

lengths [48]: 

2𝐻2 + 𝐶𝑂 → [𝐶𝐻2] +  𝐻2𝑂    (−154.1
𝑘𝐽

𝑚𝑜𝑙
)               (Equation 1) 

The FT process is a highly exothermic process, and the heat must be removed to avoid too high 

temperatures in the reactor. In order to have the ideal synthesis, the effective H2:CO ratio 

should the 2:1 (H:C atom ratio 4:1). Syngas produced from biomass has a high nominal H:C 

ratio, but since the cleaning process consumes hydrogen, the effective ratio between hydrogen 

and carbon decreases after gas cleaning. The effective ratio is reduced from approximately 1.45 

to 0.12 [50].  Therefore, a water-gas shift reaction (WGSR) is needed after gas cleaning to 

increase the H:C ratio again. The reaction is showed below in equation 2 [51]. 

𝐶𝑂 + 𝐻2𝑂 ⇆ 𝐶𝑂2 + 𝐻2  (−41
𝑘𝐽

𝑚𝑜𝑙
) (Equation 2) 

If using a Fe catalyst, WGSR can be performed in the same reactor together with the FT 

process. A steam system is then needed. If using a Co catalyst, the WGSR must be performed 

in a separate upstream reactor with a Fe catalyst [49].  

Fischer-Tropsch Reactors 

There are a number of available reactor types that are used for FT processing. The choice of a 

reactor is not an easy decision but depends on a number of factors; such as syngas composition, 

wanted syncrude composition and quality, and catalyst choice. Common for all reactors is that 

they are restricted to heat management requirements [52]. It is also important to match the 

technology to the feedstock in order to minimize carbon loss and maximize production of 

useful products [50]. Overall, there are five different available reactor types that have been 

industrially applied: Tube-Cooled Fixed Bed Reactors, Multitubular Fixed Bed Reactors, 

Circulating and Fixed Fluidized Bed Reactors and Slurry Bed Reactors. 

The Tube-cooled fixed bed reactors with atmospheric pressure was the design used in Germany 

during the 1930’s and 1940’s. The reactor was made of a number of water cooling tubes and 

steel sheets, which together removed the risk of heat build-up in the catalyst bed. This type of 

design was also used in China by the Japanese during the same time period. Since then, the 

technology has evolved and today’s technologies are between 20-200 times more efficient than 

the original design [52].  

The multitubular fixed bed reactors are designed as shell-and-tube heat exchangers with the 

catalyst inside of the tubes. The external walls of the tubes are placed in boiling water to allow 

heat removal on the shell side. The temperature is regulated by steam pressure. The syngas is 

injected from the top of the reactor, and there are two outlets in the reactor: one in the middle 

for gases and one in the bottom for wax products, as seen in Figure 6. In industrial scale LTFT 

synthesis, Multitubular fixed bed reactors are the mostly used reactor type. Despite problems 

with low catalyst efficiency, difficult temperature regulations and large pressure drops, the 

reactor is still robust in operation.  

CH2[ ]
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Figure 6 - Multitubular fixed bed FT reactor 

For HTFT synthesis, circulating and fixed fluidized bed reactors can be used. Both are 

operating at 320-350 °C and 2.5 MPa. In the fixed fluidized bed reactor, the catalyst stays 

inside the reactor and the process has a higher throughput per reactor than in the circulating 

fluidized bed reactor. It leads to lower need for catalyst replacement, but also lower costs for 

construction, operating and maintenance. 

In slurry phase reactors, the syngas is bubbled through a slurry containing small particles of 

the catalyst. In the top of the reactor, a mist separator is passed before the gas leaves the reactor. 

Heat exchangers placed in the slurry bed removes reaction heat. This reactor type can be used 

as an alternative LTFT to the fixed bed multitubular reactor , with lower pressure drops and 

less catalyst consumption. The overall cost is also lower for the slurry phase reactor compared 

with other FT reactors. However, problems could occur since the catalyst is poisoned easily 

and erodes quickly [52]. A slurry bubble column reactor can be seen in Figure 7. 
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Figure 7 - Slurry bubble column FT reactor 

FT Product  

The product of FT process, syncrude, is composed of tail gas, LPG, naphtha, distillate, wax 

and aqueous products before upgrading or refining. The refining process is resembles the 

refining process for crude oil.  The fraction of each product depends on the FT technique, i.e. 

if the syncrude was made with LTFT or HTFT and reactor type. In HTFT the syncrude is a 

two-phase gas-solid mixture, and in LTFT the three-phase mixture is composed of a gas-liquid-

solid mix at reaction conditions. The products that can be obtained from the syncrude includes 

synthetic natural gas, LPG, motor gasoline, jet fuel, diesel fuel, lubricants and different kinds 

of petrochemical products [53]. The products are obtained through either upgrading, partial 

upgrading or refining [54]. It is not possible to obtain only one product: if the process favors 

the production of diesel, there will still be lighter products and heavier waxes among the end 

products [49].  

For FT-diesel to work in today’s available cars, some properties of the fuel have to be the same 

as conventional diesel. The injection system in a diesel engine is precisely calibrated to the 

properties of conventional diesel fuel in regard of viscosity, cetane number and density. If the 

alternative fuel differ too much from the narrow allowed interval, the performance of the engine 

will decrease and emissions increase [55]. LTFT cannot produce diesel that has a density that 

reaches the values stated in the European standard. According the standard, the density should 

be in the interval 820-845 kg/m3. The LTFT diesel has a density of around 770-780 kg/m3 and 

the HTFT around 829 kg/m3. As there is no good way to make the diesel denser, HTFT is the 

only alternative for FT-diesel to be used purely in European cars today. However, LTFT 

distillate can still be used for blending [53]. Furthermore, the cetane number in diesel fuels are 

important. Diesel engines depend on auto igniting fuels and a short delay time between fuel 

injection and start of combustion. A long ignition time leads to noisy combustion, increased 

Nitrogen Oxides (NOx)-emissions and high pressure in the combustion chamber. A higher 

cetane number means that the delay time is shorter, and the trend in diesel specification 

standards is that the required cetane number is increasing [55]. The amount of on-specification 

diesel that can be obtained in FT refining is because of those reasons limited. To produce more 

accepted diesel, streams of either high-cetane rich or high-density syncrude can be mixed in 
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order to fulfill the requirements. This fuel can also be mixed with fossil diesel and reduce the 

emissions from combustion. In several studies, the emissions from diesel engines has been 

showed to be lower when used with FT-diesel. Both CO, NOx and total hydrocarbon emissions 

are lower due to the higher cetane number and low sulfur content. Studies show a NOx 

reduction of 6-22% [56, 57]. In some studies, also the CO2, soot and particle emissions are 

lower compared with conventional diesel [58, 59, 60, 61]. The decrease of emissions by using 

FT-diesel produced from natural gas instead of fossil diesel without any modifications to the 

vehicle can be seen in Table 4 [57].  

Table 4 - Reduction of emissions from using GTL FT-diesel [57] 

 NOx PM10 Hydrocarbons  CO 

Reduction [%] -6.4 -26 to -28 -63 -91 

Other products produced in the process include jet fuel, gasoline, LPG and petrochemicals [54]. 

All of the products have economic value and replaces the use of crude oil. Even the used 

catalyst can have a second application - when the catalyst is spent, it is covered or filled with 

wax which means that the material could be co-fed in coal fired boilers [50]. 

The main output of the FT process is water, due to the chemical reactions. For every tonne of 

hydrocarbons produced, 1.2 tonnes of water is produced simultaneously. The water produced 

in the process is both corrosive and acidic and could contain metals from the process. Despite 

the high production of water, most FT plants are net consumers of water. Clean water is needed 

for cooling and production of boiler feed water for the steam systems. For a Gas-to-liquid 

(different from biomass to liquid) process, approximately 0.02 m3 water per m3 produced 

hydrocarbons is needed, but a nearly closed recycling system can be obtained with the correct 

water treatment utilities at the site. For a Coal-to-liquid process, the water usage is much higher 

[50].  

2.4.3 Possible Biorefinery Layouts 

The biofuel production system is the whole process for turning the biomass into usable fuel. 

The system can be explained in five steps, each step more closely described in previous 

chapters. The five steps are:  

1. Gasification  

2. Gas cleaning  

3. Water-gas shift reaction  

4. Fischer-Tropsch process 

5. Refining. 

The production system consists of a number of different processes, which leads to a large and 

complicated system. Furthermore, there are today no industrial commercialized applications of 

using biomass for this purpose, which leads to uncertainties regarding possible complications 

and availability.  

Table 5 presents five biorefineries found in literature. All five systems use wood fuel to produce 

liquid biofuel through gasification and FT process. None of the systems have been built and 

evaluated but only been described in literature. The systems consist of the five steps explained 

above and are in sizes from 186 MW to 500 MW fuel input, and produces between 96 and 259 

MW of FT syncrude. Out of the syncrude, 70-86% can be used as motor fuel except in the 

system presented in Isaksson et al. where the total syncrude production is not given [51]. The 

systems either demand or supply electricity depending on the design of the plant. Only two of 

the systems use heat integration to the DH network which increases the total efficiency 

significantly, the total efficiencies are between 52-80%. The total efficiency is defined as 



 

 

17 

syncrude production plus heat production, divided by fuel input and electricity demand. In two 

of the systems, no information about waste heat is available and can therefore not be used. 

The wood to syncrude efficiency is given as the syncrude production divided by biomass and 

electricity input. This efficiency is between 46-52% which means that approximately half of 

the energy in the forest residue can be stored in the syncrude.  

Table 5 - Biorefinery description 

System  Johansson 

et al. [62] 

Isaksson et 

al. [51] 

Börjesson 

et al. [63] 

van Vliet  

et al. [57] 

Ekbom et 

al. [64] 

Woody 

biomass fuel 

input (50% 

moisture) 

MWLHV 500 186.4 300 300 293 

FT syncrude 

production 

MW 259 N/A 140 156 134.9 

Biofuel 

production 

MWLHV 223 96.4 98 133 107 

Biofuel 

Share of 

Syncrude 

% 86 N/A 70 85 79 

Net power 

demand1 

MW 49 -0,4 2 -22 1.8 

Off gases 

(purge gas) 

MW 5,4 N/A N/A N/A N/A 

Excess heat MW 145 

(>200 C) 

N/A 101  

(DH 

delivery) 

N/A 96.9  

(DH 

delivery) 

Biomass to 

Syncrude 

Efficiency 

% 51.8 51.7 46.7 52 46 

Total 

Efficiency  

% 73.6 

(with excess 

heat) 

51.7 79.8 56.1 79 

Comments  Gasification

circulated 

fluidized 

bed. FT 

slurry phase 

reactor.  

Gasification

circulating 

fluidized 

bed. FT 

slurry-phase 

reactor,Co 

catalyst. 

Gasification 

bubbling 

fluidized bed 

Bubbling 

fluidized 

bed. 

Jet fuel 

production.  

As can be seen in Table 5, the total efficiency varies and is quite low compared to CHP, this is 

because biorefineries are not designed to maximize the total efficiency of the plant but the 

biofuel production. Part of the excess heat is used for drying the biomass from around 50% 

moisture content down to 10-20%, which lowers the total efficiency but increases the biofuel 

yield. The maximum total efficiency that can be reached according to the literature researched 

is around 80% [64, 51, 62, 63, 57] The total efficiency does in great extent depend on the 

amount of heat recovery. Losses appear in the form of low quality heat losses, and are also 
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dependent on which type of turbine is used for electricity production. If using a gas turbine, a 

less efficient heat exchange can take place in comparison to a steam turbine.  

The main components and their purpose can be seen in the list below. The main systems in the 

biorefinery are the Air Separation Unit (ASU), Gasification unit, FT synthesis and the Power 

and Steam system. The process description used is based on the information by Ekbom et al. 

[64], and the characteristics can be seen in the right-most column in Table 5.  

Air Separation Unit 

o O2 and N2 production 
Cryogenic ASU for oxygen and nitrogen production. Cooling after the compression 

can be used in DH. 

o Storage 

Gasification 

o Feedstock handling  

o The trucks are weighted before and after unloading.   

o Preparation 
Magnetic separation unit to remove metal objects from the feedstock 

o Storage 
A roofed storage unit is needed for protection from rain 

o Drying 
A drying system is used to lower the moisture content from 50 to 20%. This is done 

with a belt drying system. 

o Feed Mechanism 
Conveyor belts can be used to transport the dried biomass to the gasification building. 

o Gasification 
The gasification system consists of gasifier reactor, cyclone, start-up heater and gas 

feeding systems. The type of gasifier used is a Pressurized Fluidized Bed working at 

10-20 bar, and 850-950 °C. 

o Reforming / Tar Cracking 
Decomposes CH4, tars and heavy hydrocarbons into H2 and CO. 

o Gas cooling 
Decreasing gas temperature to 250 °C, which is required for the gas filter. The first 

part of the gas cleaning system is a steam generator, a super heater, and a feed water 

preheater. The gas cooler generates high pressure steam that can be used for 

electricity production. The first step of filtering is performed through metal filter 

extracting ash. The gas is cooled to 40°C by using water in the scrubbing process. The 

water is cleaned in a separate loop. 

o Gas cleaning 
Gas cleaning is done for removal of sulphur contaminants. In this step, also WGSR 

takes place. The gas washing is done by using the Rectisol gas process. Washing of 

the gas in performed in four steps: first gas wash, shift converter, second wash and 

regeneration section. DH can be extracted from the CO shift converter. 

Fischer Tropsch 

o FT synthesis 
For the FT reactor, a Co Catalyst is used. The catalyst consists of 20 wt% Co and 80 

wt% support material. LTFT process is used since it is preferable for producing 

diesel. Slurry phase reactor is the preferred choice of reactor. 
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o Auto-Thermal Reformer 
Producing hydrogen for the Heavy Paraffin Cracker by reforming light gases from the 

reactor. Steam generated by the cooling of the gas can be used for steam consuming 

units and in the high pressure steam turbine. 

o Pressure Swing Adsorption 
Extraction of pure hydrogen for the Heavy Paraffin Conversion 

o Heavy Paraffin Conversion 
Upgrading through cracking and isomerization. 25-30 bar, 350 °C. Water cooled, HP 

stream generation. 

o Distillation 
Separation.  

o Storage and tank station 

Power and Steam system 

o Steam turbine 
High pressure, medium pressure and low pressure turbine on a single shaft. Low 

pressure is 2.0 bar, to allow steam condensation at a temperature set for DH 

production. Around 50% of the heat is used for drying of the biomass, the rest for DH. 

When no DH is needed, the low pressure stream can be connected to a bottoming 

condenser to produce more electricity. The bottoming condenser can be cooled with a 

closed loop air cooling. 

o Boiler 
Biomass boiler used to balance and integrate all steam streams. The boiler type used 

is a Bubbling Fluidized Bed, fed with the same dried biomass as in the gasifier. One 

steam generator of 15 bar is installed for start-up purposes. 

2.4.4 Perspective on Biorefinery Investments 

There has been a number of projects in the area of biorefineries via gasification in the Nordic 

countries. However, only a few have succeeded to commission a production plant. The main 

reasons have been uncertainty in future biofuel legislation, biofuel prices and technology 

development. In this section, some of the most prominent projects will be shortly presented.  

AJOS 

In 2007, two Finnish companies started planning for building a gasification plant for production 

of FT products in northern Finland. The aim was to produce 150 000 tonnes of FT products per 

year from wood chips (950 000 tonnes per year) and pine oil (31 000 tonnes per year). The 

total capacity was planned to be 320 MW [63]. In 2012, the project received 88 Million Euro 

in funding from NER3001 . The planning for the project, along with efforts to find more 

external financiers in order to collect the needed 700 Million Euro, continued until 2014. In 

February that year, it was announced that the plans for the plant had been frozen. The main 

reason was the EU’s Climate and Energy strategy published a month earlier, in the strategy no 

binding limits for the share of renewable component in traditional fuels after 2020 was agreed 

upon [65]. The company could therefore not rely on long term commitments and increased 

prices on biofuels, which made the project an insecure investment. 

                                                 

 

1 NER300 is a funding programme for innovative low carbon energy demonstration projects, 

issued by EU [201].  
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LTU Green Fuels 

LTU (Luleå University of Technology) Green Fuels is a pilot demonstration plant for green 

fuels located in Piteå in north of Sweden. The plant was originally built by the company 

Chemrec,  and is designed to produce DME and methanol through a entrained flow gasification 

process. In the process, low quality bio oil (pyrolysis oil) is gasified together with black liquor, 

which is a by-product from the paper industry. By adding black liquor to the process, the 

temperature in the gasifier can be lowered which gives a higher yield of final products. The 

process is called Catalytic gasification and the products DME and methanol can both be used 

in industries or as transport fuels [66]. Volvo were the collaboration partner and performed test 

runs on the produced DME in a number of trucks [67]. LTU has been running the plant since 

2013, but closed down in 2016 when financing from the Swedish Energy Agency stopped. The 

plant is since then mothballed [68].  

Domsjö Fabriker 

Domsjö Fabriker is a biorefinery located in Örnsköldvik in northern Sweden, producing mainly 

lignosulfonate, cellulose and bioethanol. In 2009, the company started  an investigation of 

building  a gasification plant with the goal to produce bio-DME from black liquor provided by 

the biorefinery. Chemrec, the same company that provided the technology for LTU Green 

Fuels, was the working partner for the project. The estimated cost was between 3-4 billion 

SEK, and 500 million SEK was obtained from the Swedish Energy Agency [69]. However, 

after Domsjö Fabriker was bought by the Indian multinational company Aditaya Birla Group 

in 2012, the building plans were stopped. The reasons for the decision were that there is a 

significant technological risks in starting a full-scale plant based on pilot-sized technology, and 

that biofuel production was not in line with the business plan of Domsjö Fabriker. Furthermore, 

the uncertainty of future long-term legislation of taxes and blending of biofuels leads to an 

questionable economic investment [70]. 

Biomass Integrated Gasification Combined Cycle in Värnamo 

Biomass gasification can be incorporated in a combined cycle using a gas turbine and steam 

turbine to generate electricity. This technology is called Biomass Integrated Gasification 

Combined Cycle (BIGCC) and can generate electricity with a higher efficiency than a 

conventional CHP plant while still producing heat for the DH network. The alpha value would 

be higher than for conventional CHP plants, producing more electricity with the same heat 

output. The world’s first BIGCC was commissioned in Värnamo, Sweden, in in the early 

1990’s. It was a prototype plant with the capacity of gasifying 18 MW biomass, producing 6 

MW of electricity and 9 MW of heat for DH purposes giving it a total efficiency of 83% [71]. 

Extensive research was done on the plant until the demonstration program ended in 2000, over 

all the results were good for important components such as the gas turbine and gasifier and the 

experience is well documented. The main fuel used was wood pellets and forest residue, but 

other fuels such as saw dust, straw and refuse-derived fuel (waste paper and plastics) were also 

tested [72]. In 2003 a new company was founded to continue the research at the plant, the goal 

included producing a hydrogen rich syngas or converting the plant into a biorefinery for motor 

fuel production. This never became reality and the plant is not in use today [72]. There are 

currently no large scale BIGCC plants in operation and the technology is therefore not 

considered commercial today. 
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GoBiGas 

GoBiGas stands for Gothenburg Bio Gas and is a biorefinery producing methane from wood 

pellets and forest residue in Gothenburg, Sweden. The planning of the plant begun in 2005 with 

investing in a 2-4 MW research gasification reactor at Chalmers University and a feasibility 

study to choose technology for the plant. The main criteria for the plant was to reach as high 

efficiency as possible, why production of biogas was suitable. Methanation of syngas is more 

efficient than FT and the goal was to reach an efficiency of 65% from biomass to methane and 

a total efficiency of 90% when generating heat for DH [73]. This efficiency has been reached 

during stable operation of the plant. Gothenburg is connected to the gas grid in Southern 

Sweden which makes it easy to transport the gas, unlike in the Stockholm region where there 

is no natural gas grid. The GoBiGas project was planned to be commissioned in two steps. The 

first step was a demonstration plant with the capacity of 32 MW biomass input and 20 MW of 

biogas production and was finalized in 2013. The second step was planned to be constructed 

shortly after the pilot plant, increasing the biogas production to 100 MW. The second step of 

the project was set on hold since the oil and natural gas prices dropped in 2014 [74]. In the end 

of April in 2017, the owners of GoBiGas, Göteborg Energi advertised for a new owner and 

financier for the project [75].  

Commissioning of the plant took 21 month and several problems occurred which meant that 

the plant had a capacity factor of approximately 30% during the first three years. Problems 

with the plant came from unexpected units, such as the fuel feeding system of the gasifier which 

had to be adjusted to stop clogging of the feeding screw [76]. There was also an initial problem 

with the raw gas cooler that clogged due to the tar in the syngas, this problem was solved 

through adding potassium in the gasifier to control the catalytic effects [74]. 

The experience from GoBiGas shows that a demonstration plant is necessary before 

commissioning a larger biorefinery. Problems are likely to occur during the commissioning of 

the plant. The pilot reactor at Chalmers University had a cost of approximately 14 million SEK 

and the GoBiGas demonstration plant costed approximately 1.5 billion SEK. Using the cost 

estimations created by Alberto Alamia [74] it can be concluded that a plant using the same 

technology as GoBiGas but with a biomass input of 300 MW would cost approximately 9 

billion SEK. 

2.5 Electric Vehicles 

The transportation sector all around the world is heavily dependent on fossil fuels. During the 

recent years many have argued that electric vehicles is the solution that will reduce oil use and 

mitigate global warming [77]. Today, approximately 0.1% of the global car fleet is electric 

[78]. However, electric vehicles have been around since the late 19th century when they 

composed a fourth of the American car fleet.  Not until Ford released the T-Ford – the world’s 

first mass produced car – in 1909 the cars with internal combustion engine (ICE) took over the 

car market completely [79].  

There are four main types of electric vehicles; hybrid, plug-in hybrid, battery electric vehicle 

and fuel cell vehicle. Hybrid vehicles uses a conventional ICE and a small electric motor that 

is used for acceleration and regenerative braking, the battery pack can generally store less than 

2 kWh of energy. A plug-in hybrid has a bigger battery pack, typically between 5-20 kWh, that 

can be charged by plugging in the vehicle to the grid. A plug-in hybrid can drive without using 

the ICE but with limited speed and range. A battery electric vehicle is fully dependent on the 

battery and the electric drivetrain [80]. Fuel cell vehicles uses hydrogen as fuel and a fuel cell 

to produce electricity to power the vehicle. Some car companies, such as Toyota, believe that 

fuel cell vehicles will outperform battery electric vehicles because of their fast charging time 
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and long range [81]. However, fuel cell electric vehicles are dependent on a hydrogen 

infrastructure that does not exist today and will therefore not be discussed in this paper.  

The focus of this paper will be battery electric vehicles that will simply be called EV further 

on in this paper. The main components in an EV are the battery, power electronics such as a 

converter, the electric motor and a charger. Below, the components are shortly presented. 

2.5.1 Batteries 

The battery is probably the most commonly discussed feature of EVs today. Many people say 

that they will not use EVs because their range is too short or that the batteries are too expensive. 

The last 30 years, much research has been put into battery technology, mainly driven by the 

big producers of consumer electronics. Today, the trend for EVs are bigger batteries to achieve 

longer range. An EV with a battery of 24 kWh is considered small, while a car such as the 

Tesla Model S is available with a battery pack of 100 kWh. A car with a 24 kWh battery can 

have a range of approximately 100-150 km in standardized tests, and a car with 100 kWh 

battery can have a range of 500 km. 

The four most important parameters of batteries for an EV are specific energy, specific power, 

life cycles and cost. Increasing the specific energy of the battery packs reduces the weight of 

the vehicle. Specific power is also important, especially for heavy vehicles that need more 

power to accelerate. High life cycles give the vehicles a longer life time and the reduction of 

price would allow more people to buy electric vehicles. With a long life cycle, the emissions 

from production are also distributed on a longer time span.  Most EVs built today use lithium-

ion batteries because they have high specific energy and life cycle. Some cars, such as the 

Toyota Prius, is still produced with nickel-metal hydride batteries as they are cheaper than 

lithium-ion batteries [82]. In the future, other battery types could be developed for electric 

vehicles. Some of the discussed types are magnesium batteries, sodium-ion batteries and 

lithium-sulfur batteries [83]. Energy efficiency is also an important parameter for batteries, 

lithium-ion batteries have an energy efficiency of approximately 80% where the efficiency is 

calculated as the discharged energy divided by charged energy [84]. 

Lithium-ion batteries include a number of materials such as lithium (2-10% of the material in 

the battery), cobalt (15-30%), nickel (0-10%), copper (7-20%), aluminum (3-14%) and graphite 

[85].  The use of lithium and cobalt is questioned because the resources are limited and many 

mines are questionable from a social stand point. 60% of the cobalt in the world is mined in 

Congo-Kinshasa, a war-torn country with large political problems and much of this cobalt is 

mined in unsustainable mines by children. Large users of lithium-ion batteries, such as the 

consumer electronics giant Apple, have admitted that this unsustainably mined cobalt ends up 

in their products and that they have to improve their supply chain [86].  

Recycling of batteries is necessary for EVs to become more sustainable. The batteries can either 

be dismantled for material recycling or reused for stationary energy storage. Reusing old EV 

batteries for large scale energy storage is an interesting option because it would significantly 

reduce the cost of grid scale storage. These stationary energy storage facilities can play an 

important role in the future energy system with high penetration of intermittent energy sources 

such as solar and wind power. The batteries can be used to store excess renewable energy when 

demand is low and supply energy to the grid when the demand is high. A study by Leila Ahmadi 

et al. [87] suggests that a battery pack used for eight years in an EV will lose 20% of its total 

capacity and lose efficiency. At this point the batteries can be used for 10 years in a stationary 

energy storage before the batteries finally are decommissioned. This means that an EV 

produced 2017 can be used until 2024 when the battery pack is exchanged. The old battery 
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pack can then be used for grid back up storage until 2034 before the battery has to be dismantled 

and recycled. 

Today, lithium ion batteries are not recycled in Sweden but sent to larger facilities in Europe 

such as Umircore’s facility in Belgium. In the facility the battery cells are melted and treated 

to extract nickel, cobalt and copper, however, the lithium is not extracted for reuse in batteries. 

The sustainability of EVs will be dependent on the reusability of the metals in the battery, and 

currently research is put into the battery recycling technology. One of the obstacles is the high 

cost of recycling in comparison with the price of lithium. [83, 88, 85]  

2.5.2 Electric Machine 

There are two types of electric machines: generators and electric motors. Most electric 

machines are designed either as a motor or a generator but can be used in both modes. This 

contributes to the high efficiency of EVs, instead of using mechanical brakes that converts the 

kinetic energy to heat losses, the electric motor can be used in generator mode to charge the 

battery when braking.  

The electric motors in EVs can either be asynchronous machines or synchronous machines. 

The asynchronous machine is cheaper to build but has lower efficiency than the more expensive 

synchronous machine. Furthermore, it is easier to control the power output and rotational speed 

of the synchronous machine. Both synchronous and asynchronous motors are fed with AC and 

the rotational speed is controlled by the frequency of the current. Synchronous motors rotate 

with the same frequency as the current, therefore the name synchronous, while the 

asynchronous motor lags the frequency of the current. To control the frequency and thereby 

the rotational speed of the electrical machine, power electronics are needed [89]. 

2.5.3 Power Electronics 

Power electronics have the purpose of supplying the right amount of power and frequency to 

appliances. Power electronics can be classified into four groups depending on their input and 

output: AC-DC (rectifiers), DC-DC (voltage converters), AC-AC (frequency converters) and 

DC-AC (inverters). In a typical set up, these different components can be combined to create 

the result needed. For example, to charge a battery with power from the electric grid a common 

setup is to use a rectifier to create direct current and then a voltage converter to produce the 

right voltage for the battery. In between these two components it is common to put a capacitor 

to maintain a constant voltage between the two components. In this way, the voltage charged 

to the battery can be maintained stable [89]. 

In the field of electric transport, power electronics are of great importance to control the speed 

and power of electric machines but also to control charging of batteries. Power electronics are 

also becoming more important on the supplier side of the power systems as renewable energy 

is being implemented in the power system. Both wind turbines and photovoltaic solar panels 

are dependent on power electronics to supply power to the grid with the right frequency. 

Conventional power plants use synchronous machines that generates electricity with the same 

frequency as the grid and therefore no power electronics are needed. Theoretically power 

electronics can produce perfect sinusoidal frequencies or stable direct current but most power 

electronics produce some distortions. If many units of power electronics are connected to the 

grid these distortions can create harmonics in the grid which can reduce the life time of some 

electrical components such as LED-lamps. Therefore, it is important for the grid owner to 

monitor changes in power quality of the grid when new distributed energy sources or EVs are 

connected to the grid [90]. 
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One example of a large installation of power electronics is the electric bus charger in Umeå 

provided by Hybricon Bus Systems AB. Hybricon has installed three charging points for 

electric buses in Umeå that has the capacity of charging buses with 650 kW, one of the fastest 

charging system commercially used today [90]. The system allows the bus to fully charge its 

battery in approximately three minutes. The charging requires high power outputs; this has 

been solved in different ways at the different charging points. One charger is connected to a 

separate substation in the power grid to avoid problems with power quality for other costumers. 

Another charger is integrated to a lithium-ion energy storage with the capacity of storing 120 

kWh and supplying 350 kW to the bus charger, this means that only 300 kW has to be taken 

from the grid, minimizing the effects on power quality in the grid. Umeå Energi – the grid 

owner in Umeå – has concluded that fast charging of buses can reduce the power quality in 

distribution grids but this can be avoided if the installer of the charger and the grid owner have 

a good dialog [90]. This indicates that use of large scale power electronics is not necessarily a 

barrier for implementation of EVs. 

2.5.4  Charging 

There are two types of charging for EVs, plug-in charging and induction charging. Plug in 

charging charges the vehicle by conducting electricity through a wire connected to the vehicle 

and is the dominating technology today because it is a more mature technology and has lower 

losses. Induction charging transfers power to the vehicle wirelessly through electromagnetic 

induction which makes the technology user friendly [91]. Charging technologies is further 

divided between fast charging and slow charging. Slow charging is typically used where the 

vehicle is parked during a longer time, for example at home or at work. Fast charging can be 

used for longer trips when there is no time to charge the car for hours. All modes of charging 

will have an impact on both power consumption and the power grid if EVs are adopted by a 

large public. Currently there are two peaks in electricity consumption per day, one in the 

morning and one in the evening. If users are to charge their vehicle in an unplanned manner 

the result is likely to be that the demand for electricity in the evening will almost double for 

every household. Therefore it is important that users do not charge their EVs during peak hours 

to avoid even higher peak demands in the evening which would make decarbonization of the 

power sector significantly more difficult [92].  

Plug in Charging 

All EVs are equipped with an onboard charger. The onboard charger converts the alternating 

current from the grid to direct current to charge the batteries. Most EVs have an onboard 

charger that can handle less than 10 kW of power and some cars such as the Tesla Model S 

handles up to 20 kW in the onboard charger. Furthermore, most EVs are optionally equipped 

with a fast charging system. 

Direct Current Fast Charging 

There are currently three dominating technologies for fast charging: CHAdeMO, CCS and 

Tesla Supercharger. They all work with the same principle, instead of converting AC to DC 

onboard the vehicle, the conversion is done in a larger converter outside the vehicle. Then the 

power can directly be used to charge the vehicles battery without passing through a converter 

in the vehicle, this allows higher currents, higher power and faster charging [93]. 

CHAdeMO is the most installed charging system around the world and was developed in a 

collaboration between Nissan, Toyota and Mitsubishi in 2010. Today’s CHAdeMo chargers 

range between 40-60 kW which is enough to charge a Nissan Leaf with a 30 kWh battery to 

50% charge in approximately half an hour. In the future the technology is expected to work up 

to 100 kW [93].  
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2013 a new fast charging standard called CCS was established. CCS is a development of the 

charging port used for AC charging. The name stands for Combined Charging System, which 

means that one port can be used both for AC and DC charging, while cars equipped with 

CHAdeMO needs a separate port for AC charging. The CCS charging system has a maximum 

charging level of 350 kW but the systems installed today are in the range of 40-100 kW. CCS 

is the technology with fewest chargers installed today, but the number of chargers is expected 

to grow quickly because it is the preferred charging technology of European and American car 

manufacturers [93]. 

Tesla Motor is probably the most prominent EV producer and they chose to develop their own 

standard for fast charging called Supercharger. The Supercharger provides 120 kW of power 

which makes it the fastest DC charger on the market today but is only compatible with Tesla 

Motor cars [93]. 

Fast charging has some drawbacks. First of all, the cost of installing fast chargers is high and 

equipping the vehicle with a fast charging port also increases the price of the vehicle. Nissan 

offers their charging stations at a price of 10 000 USD without the cost of installment and grid 

reinforcements that might be needed [93]. Secondly, fast charging puts high stress on the 

battery and shortens the life time of the battery due to thermal degradation of the material [94]. 

Furthermore, fast charging can have a major impact on the power quality in the grid, the large 

load could lead to voltage drops, balancing problems and additional losses [95]. 

Induction Charging 

An induction charging system consists of two separate units: the stationary unit called 

transmitter and the receiver unit that is mounted on the vehicle. Each unit is equipped with a 

coil, the transmitter coil is fed with a high frequency AC current which generates an 

electromagnetic field. The receiver coil has to be located close to the transmitter coil, current 

technology allows a distance of 1-20 cm. The electromagnetic field induces a current in the 

receiver coil, in this way power is transferred from the transmitter to the receiver without any 

physical connection. Figure 8 presents the induction charging system in a schematic diagram. 

To the left the transmitter is presented, power is supplied from the grid and the frequency and 

power quality is changed before supplying the current to the coil. The coil operates at high 

frequency, often in the range of kHz, significantly higher than the grid frequency of 50 or 60 

Hz. AC-DC-AC converter can be used to increase the frequency. The electromagnetic field 

generated by the transmitter coil induces a current in the receiver coil, this current is of high 

frequency and the supplied power is not stable. Therefore, power electronics are needed in the 

receiver to compensate for the fluctuations and convert the current to DC. Then the battery, 

presented as the load in Figure 8, can be charged. [96] 

 

Figure 8 - Induction charging system: transmitter to the left and receiver to the right [96] 

There are three different concepts of induction charging: stationary charging, opportunity 

charging and dynamic charging [96, 91]. Stationary charging refers to charging of parked 

vehicles, and the technology saves the driver some time compared to plug in charging since the 
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driver does not have to prepare the vehicle. The losses while charging are larger than for plug 

in charging, but charging efficiencies of 90% has been achieved in tests, this is to be compared 

with the real charging efficiency of plug in vehicles of approximately 80-90% [97].  

Opportunity charging referrers to charging the vehicle when it is stopped for a short period of 

time. Opportunity charging is well suited for public transit vehicles, an induction charging 

station can be installed at bus stops and charge the bus when people are getting on and off, this 

would allow an all-electric bus to operate all day. Opportunity charging can also be used for 

electric cars at places where people stop for a short period of time and would not take the time 

for plugging in the car. There are several ongoing projects with opportunity charging of buses 

around the world, for example a trail in Södertälje, south of Stockholm, were one bus line is 

using induction charging at the end station [98].  

Dynamic charging is at the research stadium and refers to charging the vehicle while driving. 

Transmitting coils are put under the road and the car is charged when driving above them. 

Dynamic charging is an expensive solution but could reduce the need for large battery packs, 

increase the vehicle range and make the vehicles lighter [96]. 

2.5.5 Energy Efficiency 

EVs have inherited high efficiency because of the low losses in the power electronics and 

electric motor. Furthermore, the electric motor can be used as a generator which allows 

regenerative braking, charging the battery with the kinetic energy. Today’s EVs consumes 12-

16 kWh/100km in the U.S. combined regulatory test cycle (approximately 40% more in real 

life driving) [80]. This is to be compared with a mid-size diesel vehicle that consumes 5-7 liters 

of diesel per 100 km in the same test, which corresponds to 49-70 kWh/100km. The diesel 

vehicle consumes 3-6 times as much energy. Furthermore, the energy efficiency of the EVs is 

improving rapidly, as an example, the Nissan Leaf improved its energy efficiency with 14% 

between 2010 and 2013 and the next generation Nissan Leaf released in 2018 is expected to 

have 9-10% lower energy use than the current model [78]. 

How the energy efficiency of EVs will improve until 2030 is uncertain. In 2012, the IEA 

presented a roadmap for decreasing the vehicle fleets climate impact. The roadmap is focused 

on cars with ICE and hybridization of those vehicles, in Chapter 2.5.7 all these improvements 

are presented. In order to make similar assumptions about energy efficiency improvements of 

EVs and ICE vehicles (ICEV) the IEA roadmap will also be used for EVs. It is in this thesis 

assumed that all improvements of ICEV that are not related to the engine, such as low rolling 

resistance tires, also can be applied to EVs. Table 6 presents the improvements that are assumed 

for EVs in this study and the corresponding reduction in energy use. The improvements are 

expected to results in a 28% reduction in energy use by 2030, from today’s 12-16 kWh/100km 

to 9-12 kWh/100km. Considering the improvements in energy efficiency of EVs the last 7 

years these improvements are considered reasonable. 
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Table 6 - Energy efficiency improvements of electric vehicles 

Improvement Reduction in energy use [%] 

Tires: Low Rolling Resistance 3 

Reduced Driveline Friction 2 

Aerodynamic Improvements 2 

Lightweight components 2 

Thermal Management 3 

Auxiliary System Improvements 6 

Weight Reduction 10 

Cumulative Improvement Potential 

Estimated by IEA 

28 

 

2.5.6 Life Cycle Assessment of EVs 

EVs are produced with different materials and techniques than traditional ICEVs and many  

life cycle assessments (LCA) has therefore been done comparing ICEVs and EVs. The 

literature review shows that the quality of the LCAs vary and the results depend on the approach 

and limitations used in the study.  

In a study performed in 2012 by Hawkins et al. [99], 51 LCA studies of EVs and plug-in hybrid 

EVs were compared. None of the reviewed studies provided an LCA that met the authors’ 

requirements for a state-of-the-art LCA. When Nordlöf et al. [100] studied 79 LCAs done in 

the area, it was concluded that only 25% of the reports used a time frame for the study, 

something that is expected from a LCA. Also, most studies left out mentioning the development 

of powertrain technology or future material choices and how this could impact the result in the 

future. This indicates that more research is needed on the subject. 

Most LCAs made in the area of EVs are focused on the user phase of the vehicle [99]. 

Performing the study this way, makes it more difficult to adopt the results to local conditions 

of the power system. A LCA performed of EVs in US or China has little relevance in Europe 

since the electricity used for charging does not have the same rate of emissions. In the Swedish 

fossil free vehicle fleet investigation [101], this research gap was tried to be filled. In the study, 

conducted in 2013, focus was on the manufacturing of the vehicle and the user phase was 

excluded. In the study, it was concluded that EVs have higher emission from the construction 

phase than ICEVs when spreading the emissions on the car’s lifecycle (150 000 km). For EVs, 

half of the lifetime emissions occur during the construction phase and for ICEVs the production 

only corresponds to around 10% of life time emissions. Another study – done with 2012’s EU 

energy mix and a lifetime of 150000 km – found the Global Warming Potential (GWP) 

reduction of EVs to be 10-14% compared with diesel ICEVs, and 20-24% compared with 

gasoline ICEVs [102]. Other LCA’s vary in a span with the GWP resulting in life time 

emissions of 80-240 g CO2-eq/km, mainly depending on the choice of electricity mix used in 

the study [103].  

The battery manufacturing, including mining of metals, have a high contribution of emissions 

to EVs LCA. The contribution is however strictly dependent on the level of recycling, both in 

the manufacturing and demolition phase. As described in Chapter 2.5.1, the recycling of 

lithium-ion battery cells is improving, and research is currently done on the subject. The result 

is also depending on what kind of energy mix that is used for manufacturing. For example, if 

the Swedish energy mix is used for manufacturing instead of using of coal power, the GHG 

emission from the vehicles lifespan is reduced by half for the whole life cycle [101]. 
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In this report the emissions from the production phase of the vehicles will not be included due 

to the large uncertainty, the focus will instead be on the fuel production and energy use.  

2.5.7 Barriers for Market Penetration of Electric Vehicles 

Today, the share of EVs in Swedish traffic is only around 0.6%, corresponding to around 30 

000 vehicles [6, 104]. However, the market is expanding quickly and since 2013, the mean 

increase of EV sales in Sweden has been 106% per year. An estimation made by Power Circle, 

Vattenfall and Fortum is that there will be one million chargeable vehicles in Swedish traffic 

by 2030 [105]. The market penetration of EVs is depending on several factors and faces 

significant barriers. The three most important barriers according to the authors are:  

• The cost of electric vehicles 

• Driving range  

• Charging possibilities 

Below, each of the barriers will be explained.  

The Cost of Electric Vehicles 

The cost of buying an EV today is considerably higher than to buy a conventional ICEV. The 

price of the battery constitutes around 40%-60% of the total price of the vehicle, which means 

that a price reduction of batteries is essential to lower the price of the vehicles [106]. The price 

trend is going in the right direction; battery price has dropped 65% since 2010, and 35% during 

the year of 2015 [107, 106]. The current price of battery packs is hard to say with certainty, 

since the car producers are not willing to share the numbers. The price is however estimated to 

be somewhere around 220 USD/kWh, with Tesla claiming to be below 190 USD/kWh since 

early 2016 [106, 108]. Forecasts of the future price development do exist, but they include a 

major amount of estimates and guessing. A study published in 2015 analyzed 80 historical 

price forecasts of batteries and the result showed that the real price reduction has been higher 

than projected [109]. In 2013, a report about the price development of batteries was released in 

accordance with the Swedish governmental investigation about a fossil free transportation 

sector. The report, which was written in a time when the battery price was around 600-800 

USD/kWh, focuses on how to reach a battery price of 325 USD/kWh. The report forecasts that 

a price within the range of 200-400 USD/kWh will be reached in 2025 [110]. Now, in 2017, 

the price is already around 220 USD/kWh. This shows once again that the price development 

predictions are not trustworthy and further price reduction is likely to be seen in the close 

future.  

As for the market penetration of EVs, a tipping point is said to be when the price of the battery 

packs is as low as 100 USD/kWh. At this price, it is estimated that EVs would be cost 

competitive with ICEVs, without considering subsidies and the lower cost of charging in 

comparison to fossil fuels. This could potentially lead to a paradigm shift in the transportation 

sector [109, 111]. Projections, which we know are uncertain, say that this price may be reached 

around year 2025-2030. However, Tesla claims that the 100 USD/kWh price will be reached 

as soon as 2020 [106, 111]. Considering the rapid price drop the last years, this estimation 

could be reasonable.  

In order to produce enough batteries for the future and to make the production less expensive, 

more battery factories are built in the world. Tesla’s Gigafactory 1 has the ambition of having 

all the production in one place, to cut prices and speed up the production process. When fully 

commissioned in 2018, the factory will produce 150 GWh of batteries per year [112]. 

Gigafactory 1 is located in Nevada, but a European Gigafactory is also planned for the future 

[113]. In Sweden, a former executive of Tesla has started the company Northvolt, aiming at 
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building a gigafactory in Sweden producing 35 GWh of batteries  per year [114]. The project 

needs 85 million SEK for its first phase, with the whole project seeking investments of 40 

billion SEK. The investment cost is not yet covered and it is doubtful if enough capital can be 

raised [115].  

Driving Range 

Another drawback with EVs is the driving range. The expression “range anxiety” is a 

commonly used term to explain the fear of being stranded because of insufficient range to reach 

the destination. The available EVs on the market today have a range of 130-500 km, with only 

a few manufacturers providing cars with a range over 350 km [116]. The actual driving range 

is however shorter, depending on speed, driving technique, topography, and use of AC or 

heating. A Nissan Leaf with 31 kWh battery, the most sold EV in Sweden together with Tesla 

Model S, has a range of 125-200 km according to manufacturer’s specification [117, 118]. In 

real life driving in cold climate, the range is around 145 km [119]. Reaching longer driving 

range is closely related to the battery technology development. As more research is being done 

in battery technology, higher energy density with lower battery weight could be obtained. Also, 

new materials and batteries operating at higher voltage levels are possible ways to go to reach 

better batteries [120].  

The argument of range limitation is often used when discussing the future market of EVs, 

claiming that today’s short driving range is a problem for everyday use. This problem is 

connected with the charging possibilities, discussed later in the Chapter Charging Possibilities. 

However, in Stockholm county, 62% of all car trips are shorter than 29 minutes [121]. If 

assuming a mean speed of 70 km/h, the average distance traveled is 34 km on a single trip. 

With short distances like this, a driver can easily drive both to and home from work, and even 

stay and shop for groceries and pick up the children from school on a single charge. Unless the 

car owner lives very far from the workplace, the range for everyday travel cannot be said to be 

a problem. In a study conducted at MIT in 2016 [122], it was found that in the US, affordable 

battery EVs would be able to replace 87% of the vehicles on any given day without destination 

charging. The number is striking, and leads to a questioning if range anxiety might be an 

overestimated problem. Nonetheless, when driving longer distances the range could be a 

problem. One option could be to rent another car for those long trips – an option that BMW 

has taken up on. When buying an BMW i3, an electric car with a range of 200-300 km, a 

package can be arranged for discounted prices on ICE rental cars [123]. For a full market 

penetration of EVs to take place, those longer trips also must be made possible. That requires 

an expanded network of charging stations or new business models. 

Charging Possibilities 

One of the most important barriers for market penetration of EVs is the charging possibilities. 

The most commonly discussed charging type is public charging and especially fast public 

charging. This chapter will begin to talk about public charging and the development in this 

sector, and later discuss a potentially larger problem; home charging for people living in 

apartments. 

Even though home charging might work for everyday use, other charging possibilities along 

highways and at parking stops must be available in a larger extent for the use of EVs to expand. 

There will always be days when there is not enough time to charge at home or when charging 

is required during longer trips. There are several different ways to charge an EV as explained 

in Chapter 2.5.4. ChaDeMo and CCS along with the slow charging variant Type 2 contacts are 

the most common plug standards found along roads in Sweden today. A common claim is that 

fast chargers can charge the battery up to 80% in 30 minutes, however the charging time varies 
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with outdoor temperature and health of the battery [124]. Today, several companies are 

installing fast charging stations in cities and along highways. Power providers such as Fortum, 

Vattenfall, Öresundskraft and EON all have charging solutions for home use and fast charging. 

All these companies are also planning for further expansion. The pricing on the charging 

stations vary, see Table 7. The charging solutions have internet connected charging points, 

which means that a driver can see if a spot is occupied or not before driving there. Vattenfall 

and Fortum uses a price system based on charging time instead of energy charged, to prevent 

EVs to use the charging stations as parking spots, i.e. to stay at the spot even after the vehicle 

is fully charged. As can be seen in the chart, the pricing is high compared with the prices paid 

for home charging.  

Table 7 - Charging solutions with prices 

Company Service Name Pricing 

Vattenfall [125] Incharge 3 SEK/min 

Fortum [126] Charge & Drive 2 SEK/min 

EON [127] - Free of charge until spring 2017 

Öresundskraft/Jämtkraft [128] Clever 5 SEK/kWh or 

2.5 SEK/kWh+ 99 SEK/month 

Even though few commercial applications exist today, battery swapping is also an alternative 

for fast charging. At a battery swapping station the battery pack is swapped for another fully 

charged battery pack. Tesla announced in 2013 that a battery swapping station for Tesla Model 

S would be available for Tesla owners who commute between Los Angeles and San Francisco. 

The price would be 80 USD, take around 90 seconds to change battery pack and it would be 

possible to store your own battery so it can be returned fully charged on the way back. 

However, in the first test round, few Tesla owners showed interest in the service. The company 

provides fast chargers free of charge for Tesla owners, and the cars already have the longest 

driving range on the market. Since 2013, a plate has been mounted underneath the car to further 

protect the battery pack, which means that the swapping time nowadays is closer to 5 minutes. 

Furthermore, the Tesla Superchargers has upgraded its capacity from 90 kW to 135 kW, 

making the charging time for the free fast chargers even shorter [129]. The battery swapping 

stations seems to be shut down as for now, and the company has said that no further expansion 

will be made in the future unless the market drastically changes [130]. Introducing battery 

swapping in a large scale for different car manufacturers is difficult and standardization of 

battery placement in the car would probably be necessary. This adds complexity, and 

commercializing battery swapping for light duty vehicles is unlikely today. However, battery 

swapping could be a viable option for heavy trucks and buses, these vehicles could be 

standardized and swapping spots could be built along highways to allow electric travel for 

heavy duty vehicles. 

As presented above, investments are currently being made by power companies but also cities, 

restaurants and shops invest in public charging infrastructure. How these investments will be 

made profitable is still not clear but infrastructure is built both in cities and along highways in 

Sweden. However, most charging will not be done on public chargers but at home or at work. 

A car owner that lives in a single family house can install a charging box in the garage or on 

the wall of the house for 5 000-12 000 SEK excluding installment cost of 2 000-6 000 SEK. 

This decreases the barrier for buying an EV if living in a single family house, because it is easy 

to buy a charger. Around 40% of the households in Stockholm County are single family houses, 

and 50% of households live in bought or rented apartments. In Stockholm municipality, the 

numbers are instead 10% single family houses and 84% apartments [131]. Finding a solution 

for charging when living in an apartment is more difficult than if living in a house. Since it is 

up to each private housing cooperative (bostadsrättsförening) to decide if to install chargers. 
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The chargers can either be installed in parking spots close to the apartments or in a shared 

garage. The installment cost in a garage is generally cheaper than in the street due to the digging 

needed to install charging pillars in the street. The costs range from 5 000-12 000 SEK plus 

installment per charging box, or 20 000-50 000 SEK for a charging pillar [132]. Conflicts are 

likely to arise in the housing cooperatives around Sweden about installment of EV chargers in 

the future. It will most likely be difficult to install charging spots in the apartment complex if 

only a few people are interested in using them. 

There are also legal complications with charging boxes in apartment buildings and work 

buildings. Building owners are not allowed to charge the user for electricity use, since the 

owner in that case is considered an electricity supplier and must pay taxes accordingly. The 

most common solution to this problem is to add a fixed fee to the parking spots with charging 

possibility. One example of this is the property owner “Stockholmshem” who has 397 buildings 

in Stockholm and offers installment of chargers for all rented parking spot. The user is bound 

to use the charger for at least 12 months, and pay a fee of 625 SEK/month independent of how 

much electricity is used [133]. This alternative is reasonable, however it is harder to implement 

for smaller property owners with less buildings. In order to have a larger penetration of EVs in 

this costumer segment, it must be made easier both to charge and pay for the charging at home. 

Having a complicated system for charging in apartments could potentially shut out 40% of 

Stockholm’s households from the EV market. 

One can argue that charging vehicles must be as easy and fast as filling up a tank with diesel 

for EVs to replace ICEVs. To get a full tank of diesel can be approximated to take 5 minutes 

including getting off and on the main road, tanking and paying. Compared to charging of EVs 

today, there is still a large gap to fill. Maybe all the parking spots in the area are occupied, 

which means that the driver might have to wait up to half an hour, and after that, wait another 

30 minutes to charge the car. If payment is done per minute, it is important to watch the time 

to avoid high costs. If driving long distances, for example from Stockholm to a northern skiing 

resort, the car has the be charged up to three times with a time consumption of 1.5 hours. 

Compared with the time spent tanking with an ICEV, this is a major difference. Currently 

business models for charging of EVs are tried out around the world to decrease this difference 

between EVs and ICEVs. It can also be noted that doing a direct comparison of charging time 

and tanking time gives the wrong impressions considering that most people will charge at home 

and only use fast chargers for rare longer trips. 

2.6 Internal Combustion Vehicles 

In 2012 the IEA presented a technology roadmap for road vehicles [134]. It presents a desired 

development of energy efficiency for light duty vehicles and policy measures and technologies 

that can meet these goals. Table 8 presents the anticipated fuel consumption outlined by IEA 

until 2030. This can be compared with a midsized car on the market today that consumes 

approximately 5-7 liters of diesel per 100 km. 

 Table 8 - Development of fuel consumption for light duty vehicles by the IEA [142] 

Year Energy Consumption 

[kWh/100 km] 

Fuel Consumption  

[liter of fossil diesel / 100km) 

2005 (Reference year) 73 7.5 

2015-2020 49 5.1 

2020-2030 36 3.7 

The largest part of the losses in an ICEV are in the engine, where between 60-70% of the energy 

is lost as heat. An additional 4-6% of the energy is used for pumps, battery generator and other 

auxiliary units. The drivetrain losses are between 4-6% and between 5-20% of the energy is 
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lost due to wind resistance, rolling resistance and braking depending on vehicle speed and 

driving style. This results in a total efficiency between 15-40% depending on the conditions 

[134]. Table 9 presents possible improvements to diesel cars, it is estimated by IEA that fuel 

consumption of diesel vehicles can decrease with 39% until 2030 compared to a 2005 reference 

value. The cost of these improvements is estimated to 3 375 Euro per vehicle, which is a high 

value compared to the price of the car. Furthermore, full hybridization of passenger vehicles 

could lower the fuel consumption with an additional 22%. 

Table 9 - Possible improvements to light duty diesel vehicles in between 2012-2030 [134] 

Improvement Reduction in fuel use [%] 

Tires: Low Rolling Resistance 3 

Reduced Driveline Friction 2 

Combustion Improvements 4 

Aerodynamic Improvements 2 

Lightweight components 2 

Thermal Management 3 

Variable Valve Actuation and Lift 1 

Auxiliary System Improvements 6 

Downsizing 10 

Dual Clutch Transmission 5 

Weight Reduction 10 

Cumulative Improvement Potential 

Estimated by IEA 

39 

With an increasing number of vehicles on the roads, all reduction in GHG emissions from cars 

are substantial. For ICEVs, diesel vehicles have a clear advantage on this point. A diesel vehcile 

emits around 15% less CO2 than a gasoline fueled vehicle in the same size due to the higher 

engine efficiency [135]. However, diesel vehicles have a higher emission rate of contaminants 

such as NOx and particulate matter. This chapter aims to explain the debate of the 

environmental benefits that diesel vehicles pose, and examines the status of diesel vehicles 

today and in the future.  

In the end of 2016 on a summit for the C40 Cities Climate Leadership Group1, the three large 

cities of Paris, Madrid and Mexico City stated that diesel vehicles will be removed from the 

streets by 2025. This major decision is in line with the effort to combat the air quality problem 

facing many larger cities today [136]. Air pollution is a problem all around the world; it is 

estimated that NOx emissions causes 75 000 premature deaths per year in the EU. Air pollution 

causes a total of 500 000 premature deaths each year in the EU [137]. A number of measures 

have already been taken in order to combat the bad air quality. In Paris, a new system to reduce 

the air pollution in the city center was initiated in January 2017. Vehicles will be equipped with 

stickers on the windscreen, indicating the age of the car, type of engine and emission level on 

a scale from 1 to 6. The emission levels are based on European standards and only consider 

local emissions, i.e. not carbon dioxide and other greenhouse gases [138]. The scale on the 

sticker will decide in which part of the city the vehicle is allowed during what time of the day, 

and make diesel bans easier to implement in the future [139]. Germany has similarly introduced 

                                                 

 

1 C40 Cities Climate Leadership Group is a network consisting of over 80 of the largest cities 

in the world, focused on tackling climate change [202]. 
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a sticker system where only low-emitting cars are allowed in the largest city centers [140]. In  

January of 2017, Oslo announced a complete ban of diesel vehicles for 48 hours because of 

acute levels of air pollution. Car owners that ignored the ban could face fines of 1500 NOK In 

the end, the ban only lasted for 12 hours after a change in weather, and no drivers were fined 

[141]. The restrictions could however be applied again in the future with 24 hours’ notice if 

the air pollution reaches acute levels [142].  

The actions done to reduce the use of diesel vehicles are based on the fact that diesel engines 

have higher emission levels of particles, NOx and SOx than the Otto engine used in gasoline 

and natural gas vehicles. Those emissions are all major contributors to the bad air quality [135]. 

The European Union’s emission standards, referred to as Euro 1-6, define the acceptable limits 

of emission of new vehicles sold in the EU. In Table 10, the levels for Euro 4-6 are presented. 

As can be seen, the regulations for diesel exhaust emissions becomes higher for each standard, 

especially in the case of NOx limitations.  

Table 10 - Euro standard emission limits [143, 144, 145] 

 

Mass of 

carbon 

monoxide 

Mass  

of total 

hydro-

carbons 

Mass of 

non-

methane 

hydro-

carbons 

Combined  

mass of 

hydro-

carbons & 

oxides of 

nitrogen 

Mass of 

oxides of 

nitrogen 

Mass of 

particulate 

matter 

Number of 

particles 

mg/km #/km 

CO THC NMHV THC+NOx NOx PM PN 

CI PI CI PI CI PI CI PI CI PI CI PI1 CI PI 

Euro 6 

(2014) 

500 1000 - 100 - 68 170 - 80 60 4.5 4.5 6,0 × 

1011 

6,0 × 

1011 

Euro 5 

(2009) 

500 1000 - 100 - 68 230 - 180 60 5.0 5.0 - - 

Euro 4 

(2005) 

500 1000 - 100 - - 300 - 250 80 252 - - - 

Key: CI= Compression Ignition (Diesel engine),  

PI=Positive Ignition (Gasoline engine) 

For a car to be sold in the EU, the vehicle must be tested in a standardized test cycle in a 

laboratorial environment to see if the Euro-standard is fulfilled. The test has been used since 

the 1970’s, and is called The New European Driving Cycle (NEDC). When the vehicle has 

passed the testing in one country, it can be sold in all countries within the EU. However, the 

procedures for testing the emissions are not representative real-life driving. The European 

Environmental Agency claims that the emissions of NOx could be more than seven times as 

high in real driving compared to these laboratorial tests. The CO2 emissions are said to be 

around 40% higher in road driving [146]. This leads to car owners paying more than expected 

for fuel, and emission targets are said to be fulfilled even if they actually are not. Because of 

this, two new tests are developed and will be initiated in September of 2017. The tests are called 

                                                 

 

1 Positive ignition particulate mass and number limits shall apply only to vehicles with direct 

injection engines. 

2 The large difference between the values of particulate matter between Euro 4 and Euro 5 is 

because of the introduction of diesel particulate filters.  
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Real Driving Emissions (RDE) for road testing and Worldwide Harmonized Light-duty 

Vehicles Testing Procedure (WLTP) for measuring CO2 emissions [147].  

Even though a diesel engine emits more local emissions, it has higher energy efficiency 

compared to gasoline fueled engines and therefore releases less CO2. Compared with a gasoline 

powered vehicle in the same size, a diesel vehicle decreases CO2 emissions with 15% and cars 

run on diesel have therefore been regarded more climate-friendly [135]. In Sweden, the vehicle 

tax is based on the vehicle’s CO2-emissions which has led to a promotion of diesel vehicles. 

Today around 55% of the new cars that are bought in Sweden have diesel engine [148, 149]. 

Furthermore, many diesel vehicles are subject to a rebate because of their low CO2 emissions. 

This type of tax reduction has also been used in Norway – in 2006 Norwegians were 

encouraged to buy diesel vehicles with tax reduction. This caused high levels of frustration 

during the diesel ban since people who bought a car because it was regarded climate friendly 

had to leave it at home since was too polluting [150]. 

Stockholm resembles Oslo in many ways, however the topography of the cities are very  

different. Oslo is normally less windy which means that the polluted air stays in the city. As of 

now, a full diesel ban is not planned in Stockholm even though air pollution is a health risk in 

Sweden too. It is estimated that tail pipe emissions from vehicles in Sweden causes 1 300 

premature deaths per year and that particulates from wear of roads causes 200 premature deaths 

every year [151]. Today, there are restrictions of how heavy vehicles can move within cities in 

areas called Environmental zones (Miljözon). The Swedish Transport Agency 

(Transportstyrelsen) have recently proposed to expand the zones to include light traffic such as 

passenger cars. Two new zones are suggested in the proposal; Zone 2 and Zone 3. Zone 2 

would require all diesel vehicles to meet Euro 6 standards, and gasoline, gas and ethanol cars 

would be required to meet for Euro 5 standards. This zone would contribute to better air quality 

in Swedish cities up until 2030. By 2035, the zone would do little difference since most of the 

cars will fulfill the criteria for Euro 6 and Euro 5. Zone 3 would have higher requirements; only 

zero emission vehicles such as EVs would be allowed. Heavy vehicles fulfilling the 

requirements for Euro 6 would also be accepted in Zone 3. This zone would contribute to a less 

noisy and cleaner inner city in a longer time frame than the Zone 2. The proposal suggests that 

every municipally independently can choose where and when to implement the zones [152]. 

Because of this, it is not possible to know today in what extent the zones would be used if the 

proposal is implemented.  

All emissions do not disappear even if a full electrified vehicle fleet would be introduced in 

some areas. Emissions from cars can be divided into three categories: exhaust emissions, 

evaporative emission and abrasion emissions. Exhaust emission originates from the 

combustion of fuel in the engine. This kind of emission, also called tailpipe emission, is what 

is tested in the European standardized test. Evaporative emissions are caused by the vapor from 

the engines fuel system. In the case of EVs, only the third source of emission is present: 

abrasion emission, which comes from mechanical abrasion of brakes and tires, and corrosion 

of metal parts. This results in particle and heavy metal emissions [153]. Since EVs are around 

20-30% heavier than other types of vehicles with similar power output, the number of particles 

released as a cause of abrasion emission are higher. EVs equipped with regenerative break 

systems can however reduce the wear of the breaks, resulting in an abrasive emission rate 

approximately the same as for ICEVs [154].  

Another proposal as a step for the 2050 goal was presented in the end of March 2017 by the 

Swedish government. This proposal instead concern the tax regulations for new-bought 

vehicles. In the proposal, a bonus-malus system would benefit vehicles emitting 0-60 g 

CO2/km, receiving between 45 000 to 7 500 SEK in bonus. A malus in the form of higher 
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vehicle tax would be given to all new vehicles emitting more than 95 g CO2/km (77 SEK/extra 

g CO2) and an even higher tax for cars emitting more than 140 g CO2/km (100 SEK/extra g 

CO2). The tax change would be implemented the first three years of a new-sold car. The 

previously performed investigation suggested that the new system would be initiated in January 

2018 [155]. This system benefits the characteristics of a vehicle rather than the fuel, which is 

beneficial for EVs since the emission from electricity production is not considered and the 

emission therefore is set to zero. In theory, the EV could be fueled with coal-generated 

electricity and still receive bonus for being a low-emitting vehicle. An ICEV with a high fuel 

consumption will however still receive a malus even if the vehicle is fueled with 100% biofuel.  

Plans on banning high emission vehicles from city streets in Sweden have not come as far as  

other cities around the world such as Paris. Today it is not legally possible for a city to ban all 

ICEVs in Sweden. However, if environmental Zone 2 and 3 are introduced by the government 

it is possible that cities such as Stockholm deploys them to decrease air pollution in the city, 

which would incite EVs. With the changes and regulations taking place in the world and 

Sweden today, it is safe to say that to own a vehicle with high emission rates will be harder and 

more expensive in the future. This is also a necessity in order to meet the 2030 and 2050 targets 

of a carbon neutral vehicle fleet. It might however not mean the end of the ICE era, since the 

option of blending biofuel is still a possible way to meet the CO2 targets.  

2.7 Heavy Duty Vehicles 

This thesis is mainly focused on light duty vehicles, while this chapter on the other hand is 

dedicated to heavy duty vehicles and aims to discuss if an electrification of this sector is 

plausible or if biofuels are needed to decarbonize the sector. 

The heavy vehicles that will be discussed are light trucks, heavy trucks and buses. Light trucks 

are also known as distribution trucks and are used to transport goods to stores and end users 

while heavy trucks mostly are used for transports between cities or countries. Buses include 

both city buses and long distance buses. The different vehicle types have different average 

distances traveled, the average traveled distance for vehicles in Sweden is well documented 

due to the yearly inspection of all vehicles. Table 11 presents the average yearly driving 

distance of the different vehicle types as estimated by Transport Analysis (Trafikanalys), the 

Swedish Government Agency for Transport Policy Analysis [156]. The daily driving distance 

is calculated by assuming that the vehicles are used 5 days a week, 47 weeks per year.  

Table 11 - Average driving distance  of different vehicle types [156] 

Vehicle Type Yearly Average Distance 

[km] 

Estimated Daily Distance 

[km] 

Passenger Car 12 240 50 

Light Truck 13 980 60 

Heavy Truck 41 290 180 

Bus 56 960 240 

As presented above, light trucks have an average daily driving distance of 60 km, compared to 

50 km for passenger cars. There is no market for electric trucks today but truck makers are 

developing all-electric distribution trucks. In the middle of 2016 Mercedes-Benz presented 

their new concept truck Urban E-Truck. It is an all-electric truck that will have a total weight 

of 26 tonnes and a loading capacity of 700 kg less than their normal distribution trucks. The 

truck will have a 200 km range using a 212 kWh battery pack that can be charged in 

approximately two hours using fast charging [157]. Mercedes-Benz estimates that the vehicle 

could be launched on the market in 2020. Electrification of light trucks is further away from 

commercialization than electric passenger cars. On the other hand, the statistics show that many 



 

 

36 

of the light trucks have traveling distances comparable with passenger cars. The announcement 

of the Urban E-Truck shows that electrification of many distribution vehicles is possible. 

Heavy trucks travel approximately 3 times as far each year as both light trucks and passenger 

vehicles, this indicates that electrification of heavy trucks is significantly more difficult because 

larger battery packs are needed. Companies such as Nikola Motors claim that they can produce 

all-electric heavy trucks, however, their truck will depend on hydrogen powered fuel cells 

[158]. For this truck to be fossil free, new production plants of hydrogen is necessary 

considering that most hydrogen today is produced from natural gas. Another option for heavy 

trucks is battery swapping as explained in Chapter 2.5.7. A third possibility is e-highways 

where cars and trucks can be charged while driving. This technology is currently tested around 

the world, for example on the E16 highway north of Stockholm where Siemens and Scania are 

running tests [159]. Electrification of heavy trucks is possible, but because of the long traveling 

distances it can be considered less practical. Furthermore, some of the most important 

advantages with electrifying of passenger cars and distribution vehicles include less pollutions 

in city air, less noise and higher efficiency. Heavy trucks mostly travel on highways far from 

where people live, and emissions of NOx, soot and particles is therefore less of a health 

problem. More noise is created from the wheels of the truck than from the engine at high 

speeds, meaning that the silent benefit of an EV would be lost. The diesel engine is also highly 

efficient during highway drive because it can run with constant speed, the losses are higher for 

diesel powered passenger cars and distribution vehicles in cities that have many start and stops. 

This decreases the advantages with an all-electric drive in heavy trucks, both from a social 

stand point and from an efficiency stand point. 

Buses is the vehicle type with highest average yearly driving distance. Buses travel 57 000 km 

on average every year, and assuming that the bus is used 5 days a week during 47 weeks per 

year, a bus travels on average 240 km a day. Even though buses have a higher daily driving 

distance than trucks, electrification of buses has come much further than electrification of 

trucks. Cities in Sweden including Stockholm, Gothenburg and Umeå, are trying out electric 

buses for city transport. As explained in Chapter 2.5.4, electric city buses can run in traffic all 

day if they are charged using fast charging or induction charging at bus stops. Because the city 

buses drive the same route every day electrification of buses is possible even though they travel 

very long distances. This means that there is much to win on electrifying city buses. Since the 

buses are used frequently, the climate- and social benefit is high and electrification of city buses 

creates a social value. It is technically more challenging to electrify buses than light duty 

vehicles. For example, the fast chargers used for the buses in Umeå consumes 650 kW, 

charging all buses in a city in this power range would be a challenge for the power system. 

However, as shown by Umeå Energi, it is possible to use this kind of chargers without reducing 

the power quality for other costumers [90]. This indicates that electrification of city buses is 

possible for cities that are willing to invest in the demanded infrastructure. These investments 

would both reduce noise and air pollution, but also GHG emissions. Buses that travel between 

cities on the other hand are in a similar position as heavy trucks and are therefore more difficult 

to electrify.  

2.8 Air Transport 

The engines in airplanes are today allowed to run on a 50% biofuel mix, and the aviation 

industry have shown interest in becoming more sustainable. Up to this day, most performed 

commercialized biofuel flights have been using recycled vegetable oil, but the price of jet 

biofuel is up to three times higher than regular jet fuel [160, 161]. As explained in Chapter 

2.4.2, one of the products from FT process is kerosene, which can be used as jet fuel. 
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Gasification of biomass followed by FT process could therefore be a possible way to obtain a 

fossil free fuel alternative for the aviation sector. 

Both Airbus and Boeing, the two largest aircraft manufacturers, have showed interest in 

electrifying aircraft propulsion system. Airbus developed a prototype plane called E-Fan which 

flew for the first time in 2014 and crossed the English Canal in 2015. The plane was two seated 

and the intent was to develop an electric airplane used for training. The plane will however 

most likely not be commercialized [162]. Boeing is together with JetBlue Airways founding a 

company called Zunum Aero, a company that is trying to develop a 50 seat all-electric aircraft 

for trips between 1000-1600 km [163]. Both these initiatives are focused an small planes and 

short distances, electrifying long haul air traffic is not considered feasible with present 

technology. 

2.9 Accounting Greenhouse Gas Emissions 

One of the key concept of this paper is the climate impact of the systems and how much GHG 

emissions can be avoided. When calculating avoided emissions, it is assumed that the service 

provided by the system otherwise would be provided by conventional fuels. When replacing 

fossil diesel with FT-diesel it is quite simple to conclude how much CO2 emissions are avoided 

because it can be assumed that the same amount of fossil diesel would have been used in place 

of the FT-diesel. Combusting 1 liter of diesel emits 2.68 kg of CO2 equivalents, furthermore 

the production of diesel also entails emissions. The total emission from diesel fuels is therefore 

approximately 3.1 kg CO2 equivalents per liter of fuel [164]. 

Accounting for CO2 reductions in the power system is not as straight forward. The electricity 

in the Swedish power system is constantly generated from several plants in the country and 

abroad with different emissions and fuel use. GHG emissions is a global problem and therefore 

the limitation cannot only be to analyze Swedish power generation, all generation connected 

to the system has to be accounted for. Electricity generated in Sweden is traded on the 

international power exchange called Nord Pool, a shared market place between Sweden, 

Norway, Finland, Denmark and Estonia. Furthermore, the Swedish power system is well 

interconnected with the rest of Europe through Germany and the Baltic Countries. This makes 

it difficult to assess how much CO2 emissions are avoided by producing electricity with 

biomass in a CHP plant in Sweden [165, 166]. 

One common way to estimate GHG emissions from power production is to look at the historical 

average emissions. This is a simple method and can quickly be calculated using historical 

statistics, the main question is instead what limitations should be used. Should only generation 

in Sweden be accounted for, only the Nordic countries or in the whole of Europe? The average 

emissions in Swedish power production is approximately 10 kg CO2/MWh, this number is very 

low due to large share of hydro power plants and nuclear power plants. The average emissions 

in the Nordic countries is approximately 125.5 kg/MWh adjusted to the import and export. If 

the whole of Europe is included, the average emissions are approximately 400 kg/MWh [167, 

165]. Average emissions is a useful tool to estimate the climate impact of a consumer such as 

an air conditioning unit or an industry. However, it is not accurate when the goal is to estimate 

the impact of changes in production or consumption. It cannot be assumed that all power plants 

in the system decreases their production to make room for a new power plant, only the power 

plants with the highest variable cost will lower their production. 

One method to estimate climate impact of a change in power production is the marginal 

electricity. Marginal electricity refers to the concept of the electricity market where the price 

is set by the most expensive generation that is procured. If any part of the power system is 

producing expensive electricity with high GHG emissions, such as coal power, the emissions 
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can be lowered through producing electricity from a renewable source. This will lower the 

price of electricity and less coal power will be procured in the system. Because only the high 

cost- and polluting power plants will decrease their generation the decrease of GHG emissions 

will be substantial. The carbon intensity of the marginal production does not tell the average 

carbon foot print from our electricity use, but it tells how much carbon emissions can be 

avoided through producing more electricity with renewable energy sources in Sweden. How 

much carbon emissions are avoided will depend on when the power plant is run and which 

power source is used to generate the marginal electricity at that time [165]. 

Many attempts have been made to estimate the carbon intensity of the marginal electricity and 

even though the concept is commonly related to coal power plants, it is not necessarily true 

that coal power always is the marginal electricity. One study by Elforsk [168] estimates that 

the emissions from marginal electricity varies between years depending on weather and water 

resources. During a year with high carbon intensity the marginal emissions are estimated to 

750 kgCO2/MWh while a year with low carbon intensity has marginal emissions of 400 

kgCO2/MWh [168]. This can be compared with emissions from coal condensing power plants 

that have emissions of approximately 750-1000 kgCO2/MWh, this means that at some moments 

the marginal emissions are as high as 1000 kgCO2/MWh. However, the European power 

system is changing to lower its GHG emissions, this will impact the future emissions from 

marginal electricity. Most likely coal condensing will be decommissioned and replaced with 

natural gas fired CHP plants that will produce the marginal electricity in the future. Natural gas 

fired CHP emits approximately 400 kgCO2/MWh and it can be assumed that the marginal 

electricity will have these emissions in the future [169]. This is in line with the marginal 

emissions during a year with low carbon intensity today. Therefore, it can be concluded that 1 

MWh of electricity generated in a biomass fired CHP plant replaces 1 MWh electricity 

generated with 400 kg CO2 emissions. 

In all cases, it will be assumed that no GHG emissions are avoided by producing DH because 

Fortum Heat and Stockholm City has as the goal that no fossil fuels will be used in the DH 

production. Therefore, it is assumed that if the heat is not generated in one of the proposed 

plants, the heat will instead be generated with another CO2 neutral technology [170]. This is 

not necessarily true, for example part of the heat in the system is produced with heat pumps 

which consumes electricity and therefore increases GHG emissions, but this will not be taken 

into account in this thesis.  

3 System Descriptions 

This chapter presents the systems that have been analyzed and gives an overview of the data 

used for the forest to wheel study. First the Electric System – from harvesting forest residue 

via CHP plant to power an EV– will be presented. Later, the Biofuel System – from harvesting 

forest residue via biorefinery to combustion of fuel in ICEV– will be presented. The names 

“Electric System” and “Biofuel System” will further on refer to the systems described in this 

chapter. The systems are not built, but based on the literature review. The products produced 

in the biorefinery and the CHP plant are divided in high- and low quality products. The low 

quality product is the same for both plants, namely district heating, and the high quality product 

from the biorefinery is FT-diesel and from the CHP plant electricity. After the descriptions of 

the systems, an overview of Stockholm DH system will be presented. Lastly, the conditions 

that are used for both systems, such as resource prices and GHG emissions from fuels will be 

presented. 
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3.1 Electric System 

In Figure 9, the main processing steps of the Electric System can be seen. Boxes with soft edges 

presents products, oval boxes presents transportation or transmission steps and rectangular 

boxes presents processes. This system has forest residue as input, and the main output is 

electricity for charging EVs, together with heat to be used in the DH system.  

 

 

Figure 9 - Schematic of the CHP system from forest residue to electric vehicle 

The CHP plant in this thesis has a biomass input of 300 MW, produces 228 MW of heat 

including flue gas condensing and 93 MW of electricity. This is a large CHP plant and it has 

high thermal and electric efficiency. Table 12 presents the data for the CHP plant considered 

in this work. It has a total efficiency of 105% and an alpha value of 0.41-0.42, where the alpha 

value is defined as the electricity production divided by the heat production including flue gas 

condensing. Higher alpha value indicated a higher share of electricity production. 

Table 12 - Energy balance of a conventional CHP plant with 300 MW biomass input [34] 

Name Value 

Biomass Input (LHV) 300 MW 

Electricity Generation 93 MW 

District Heating Production  

(Including Flue Gas Condensing) 

228 MW 

Alpha Value  

(Including Flue Gas Condensing) 

0.41-0.42 

Electrical Efficiency 31% 

Heat Efficiency 74% 

Total Efficiency 

(Heat+Electricity/BiomassLHV) 

105% 

 

3.1.1 Economics of the CHP plant 

The investment cost and operation and maintenance (O&M) cost of the CHP plant are 

presented in Table 13. The investment cost include all equipment, construction of the facility, 

balancing of plant and commissioning of plant. The fixed O&M cost is given as a percentage 
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of the total investment cost, set to 2% which corresponds to 84 million SEK per year. The 

variable O&M cost is given excluding the fuel cost since it is dependent on the resource market. 

The fuel cost is therefore given separately. The variable O&M cost is only payed when the 

plant is run and is therefore given by the fuel use.   

Table 13 - Cost of investment and operation of a large biomass fired CHP plant 

Type of Cost Unit Cost Source 

Investment Cost Million SEK/MWel 35 [34] 

Total Investment 

Cost 

Million SEK 4 200 [34] 

Fixed O&M Cost % of investment cost 

per year 

2 [34] 

Variable O&M Cost SEK/MWhfuel 21 [34] 

 

3.1.2 Combined Heat and Power emissions 

A biomass-fired CHP plant has both airborne and waterborne emissions. The airborne 

emissions are released with the flue gas and depend on the composition of feedstock, 

combustion techniques and the extent of gas cleaning. Contaminants include soot, Sulphur, 

NOx, CO, and hydrocarbons. Emissions in water are found in the condensate from flue gas 

condensing, which contain heavy metals such as chromium, lead, zinc, and arsenic. These 

values are usually between 1-100 µg/l after cleaning in a modern facility [32].  

3.1.3 User Phase of EVs 

In the user phase of the system, the electricity is used in EVs. There are grid losses during 

transmission, as well as charging losses when the battery is charged, which can be viewed in 

Table 14. The energy consumption of EVs today and the estimated values for 2030 can be seen 

in the same table.  

Table 14 - Data for EV user phase 

  Unit Value Source 

Transmission Grid Losses [%] 6 [171] 

Charging Charging Losses [%] 14 [97] 

Vehicle Energy 

Consumption 

Today’s 

Efficiency 

kWh/100km 14 [80] 

 Efficiency in 

2030 

kWh/100km 10.5 [80] 

 

3.2 Biofuel System 

The Biofuel System with the major processing steps can be viewed in Figure 10. Rectangular 

boxes with soft edges presents products, oval boxes presents transportation or transmission 

steps and rectangular boxes presents processes. The Biofuel System has two inputs: forest 

residue and electricity. There are two main outputs; FT-diesel used as fuel in vehicles, and heat 

to be used in the DH system. There is also a by-product in the form of synthetic chemicals 

which cannot be used as transport fuel. To account for the value of the byproducts a 

simplification has been made. It is assumed that all FT-products can be used as FT-diesel, this 

assumption implies that the average value of the byproducts is the same as the value of FT-

diesel. All byproducts can be used to replace a fossil based alternative. 
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Figure 10 - Schematic of the biorefinery system, from forest residue to vehicle 

The plant used in this thesis is based on the suggested plant for bio jet fuel production for 

Arlanda airport by Ekbom et al. [64]. Both the values of the plant’s energy performance and 

the layout of the plant has been adopted from this study. The gasifier reactor is a pressurized 

Fluidized Bed, and the FT reactor is a Slurry Phase LTFT with Co catalyst. The refining of the 

FT fuel is also performed at the plant. The plant is optimized for bio jet fuel production, but it 

is assumed that no major changes are needed in the plant design to have a process optimized 

for diesel production. In Table 15, the performance of the suggested plant can be viewed. The 

FT-product efficiency is given by the syncrude production divided by biomass and electricity 

input, and is 46%. The total thermal efficiency is given by syncrude production plus DH 

production divided by biomass and electricity input and is 79%. A closer description of the 

components in the biorefinery can be seen in in Chapter 2.4.3.  

Table 15 -  Energy balance of the biorefinery 

Title  Energy 

Electric Power Consumption 21.7 MW 

Electric Power Production 19.9 MW 

Net power balance -1.8 MW 

Gasifier Biomass Consumption 295 MW 

Boiler Biomass Consumption 4.6 MW 

Total biomass input  300 MW 

FT Products Production 138.1 MW 

District Heating Production 100 MW 

Total Energy out 238 MW 

Cooling water/heat losses 62.5 MW 

FT-product efficiency 46% 

Total Thermal Efficiency 79% 
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The properties of the obtained FT-diesel can be seen in Table 16 [172].  

Table 16 - Properties of the obtained FT-diesel [172] 

Name Unit Value 

Density kg/m3 782.3 

Heat of combustion (LHV) MJ/kg 47 

Energy content kWh/liter 10.2 

Sulphur ppm <1 

 

3.2.1 Land Requirements 

The biorefinery should be located where transportation of feedstock is possible by means of 

ships or trains; closeness to a harbor and/or train tracks are preferable. Access to fresh water is 

also necessary. The land usage of the plant varies with the capacity of the plant, and the 

available information in literature about and use of a plant is limited. A footprint of 500 x 350 

m (175 000 m2) is estimated by Ekbom et al. [64] for a biofuel production plant with a biomass 

input of 290 MW. This plant is including ASU, gasification unit, FT unit and all other necessary 

equipment but excluding biomass storage. It must be noted that this is a very large areal 

footprint- a property in this size is not available in Stockholm municipal. In comparison, 

Värtaverket, the property owned by Fortum Heat in Stockholm city, measures approximately 

70 000 m2 excluding the biomass storage. At Värtaverket there are two operating CHP plants, 

one back up gas turbine for electricity production, several heat pumps for district heating 

production and office space for hundreds of employees.  

It can be argued that the most reasonable location for a plant would be close to the feedstock, 

in other words close to the forests. Since the refined product has a higher energy density than 

the forest residue, this would mean that less transports would be needed. However, with a 

location far from major cities, the DH integration of the plant is lost and the efficiency of the 

plant would be lowered. Therefore, the criteria should instead be a location with heat demand 

and close proximity to a harbor or train tracks. If the biomass is transported by ship or train the 

climate and economic impact of transportation can be kept low even if the transportation 

distance is longer. 

3.2.2 Economics of the Biorefinery 

As no industrial sized commercialized biorefinery of the stated type exist today, the exact 

values of the investment cost and O&M cost are not available. The most detailed presentation 

of the investment cost of a biorefinery of this type is found in the study by Ekbom et al. [64]. 

The investment cost of each unit can be seen in Table 17. The values have been recalculated 

using the Chemical Engineering Plant Cost Index (CEPCI). This index is dimensionless and 

used to update capital costs for building an industrial chemical plant when adjusting the prices 

from one time to another. CEPCI is set from different categories: equipment, construction 

labor, buildings, and engineering and supervision. CEPCI follows the change of money value 

due to inflation and deflation [173]. As there is a lag in reported numbers, the latest value, 

553.0  from January 2017 is used. This value is then compared with the value of 2009, 521.9, 

to adjust the investment cost to today’s value according to Equation 3. 

           Investment cost 1Q 2017 = Investment cost 2009 ∙
CEPCI jan 2017

CEPCI 2009
 (Equation 3) 

 

Price adjustment might need to be performed again, depending on when the plant would be 

built.  
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Table 17 - Investment cost estimates performed by Ekbom et al. [64]. Values changed according  to CEPCI. 

Unit  Investment Cost 

(MSEK) 

Air Separation Plant  189  

Gasification Plant 1 169 

Gas cleaning and conditioning plant 566 

FT plant 1 225 

Boiler and Steam Turbine Plant 301 

Balance of plant (a) 841 

Equipment and assembly 4 313 

In-direct cost (b) 1 074 

Total cost  5 387 

(a) Balance of plant is an estimate done by Ekbom et al. [64] that includes utility 

feedstocks and off-sites comprising land and buildings, roads, pipelines, lines for 

electricity, water etc.  

(b) The in-direct cost is an estimate made by Ekbom et al. [64] that includes site costs, 

temporary and spare equipment, storage, owner’s cost (project development, permitting 

and approval, detailed engineering, commissioning and start-up costs etc), working capital, 

financing and legal fees, interest during construction etc.  

The total investment cost of the biorefinery is set to 5.4 billion SEK, around 30% higher than 

the CHP plant. The O&M cost of the biorefinery is also higher than for the CHP plant, and 

presented below in Table 18.  

Table 18 - Cost of investment and operation of a biorefinery 

Type of Cost Unit Cost Source 

Investment Cost Million SEK/MWdiesel 

output 

38.5 [64]  

Total Investment 

Cost 

Million SEK 5 400 [64] 

Fixed O&M % of investment cost 

per year 

3 [174] 

Variable O&M SEK/MWhfuel 35 [174] 

 

3.2.3 User Phase of ICEVs 

Table 19 presents the data used in the forest to wheel study of the FT-diesel. There is no 

distribution losses from the biorefinery to the fueling station for the vehicles, since it is 

distributed in tanks by truck. Two vehicle efficiencies are presented, one for cars with present 

day efficiency and one with the efficiency expected by 2030.  The efficiency is both presented 

as fuel consumption and energy consumption. All calculations in this report are made on energy 

consumption assuming that the energy consumption will be the same for FT-diesel and fossil 

diesel. Fossil diesel has an energy content of 9.7 kWh/liter and the FT-diesel has an energy 

content of 10.2 kWh/liter. The fuel consumption is presented for fossil diesel to give the reader 

a reference point. There are limited sources of literature on future energy consumption of 

ICEVs since the development is driven by car manufacturers that do not publish their 

forecasting publicly. The values used in this report are based on the IEA’s Technology roadmap 

of fuel economy for road vehicles from September 2012 [134]. The values are also in line with 

numbers published by D. Perlman at MIT in 2015, where an annual 3% improvement of 
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average fuel economy is assumed to 2025, followed by an annual 0.5% improvement through 

2040 [175]. 

 Table 19 - Data for end user phase 

 

3.3 District Heating System in Stockholm County 

Both systems are to be integrated into Stockholm’s DH system. The DH system in Stockholm 

County provides 80% of the heat delivered to buildings [10]. Yearly, around 13 TWh of heat 

is delivered through the sources of CHP plants, heat plants, flue gas condensation, boilers, heat 

pumps and industrial waste heat [11]. With the initiative called Öppen Fjärrvärme (Open 

District Heating) server rooms, grocery stores, and other actors that generates waste heat can 

choose to sell heat to Fortum Heat’s part of the system [176]. The Open District Heating has a 

capacity of 10 MW today. The Stockholm DH system is unusual in the sense that there are 

different operators in the same system. Fortum Heat produce approximately two thirds of the 

total heat delivered, and the rest of the system is supplied by EON, Norrenergi and Söderenergi. 

Each actor has monopoly in an area of the system, but can trade energy with the other areas. 

Optimization and planning are carried out by Fortum Heat [177]. The Stockholm DH system 

consists of feed and return pipes, with temperatures on the feed water between 65-120 °C 

depending on season and outside temperature [178] 

The CHP- and Heat plants are mainly fired with biomass or Municipal solid waste (MSW). 

Looking at CHP plants in Sweden in the year 2015, 6% of the feedstock had fossil origin, 21% 

was MSW and 41% was biofuels [179]. Bio-oils can be used as feedstock during peak demand. 

The most common oils to use are Mixed Fatty Acids (MFA) or Palm Fatty Acid Distillate 

(PFAD) which is a by-product from palm oil production. Also tall oil pitch, which is a by-

product from the pulp industry is commonly used [180]. 

In Table 20, the deliveries of DH in Stockholm County from each heat source can be viewed 

as a mean value between the years 2010- 2013. Deliveries from heat pumps, boilers and heat 

plants (representing around 45% of total production) from other years are classified and cannot 

be shown. The information is supplied by the municipalities in Stockholm, and if a municipality 

has less than three operators of a certain source, the information is classified. There are also 

uncertainties in how the producers choose to report the statistics [181]. Because of this, the 

values are not exact.  

  

  Diesel Fuel 

Consumption 

[liter/100km] 

Energy 

Consumption 

[kWh/100km] 

Source 

Distribution No Losses - - - 

Vehicle Energy 

Consumption 

Today’s Efficiency 5.1 49 [134] 

 Efficiency in 2030 3.7 36 [134] 
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Table 20 - Delivery and share of district heating supply in Stockholm County [11] 

Type of Source Mean Delivery 

(2010-2013)  

[TWh/year] 

Share of 

Renewable Fuel 

[%] 

Share of Total 

Production 

[%] 

CHP plants 5.8 65 44.5 

Heat plants 3.1 83 23.0 

Flue gas condensation 1.1 - 8.63 

Boilers 0.012 - 0.096 

Heat pumps 3.04 - 23.0 

Waste heat  0.096 - 0.735 

Total  13.2 - 100 

 

3.4 Conditions for Emission- and Economic Assessment 

In many contexts – such as in most policy framework – the use of forest residue is considered 

to be climate neutral and a vehicle fueled with FT-diesel produced from forest residue would 

then not cause any GHG emissions. In this thesis some direct and indirect emissions from the 

use of forest residue is considered, as presented in Chapter 2.1. A small part of the emissions 

is due to the transportation and handling of the forest residue while the biggest part of the 

emissions is due to decarbonization of the soil. In this thesis the emissions caused by the 

decrease of soil carbon is however not included since the origin of the biomass is not known 

and the values found in literature vary in such extent that the result would not do justice. 

However, the impact on the result caused by the decrease of soil carbon will later be discussed 

in Chapter 6.2. Table 21 presents the GHG emissions caused by the different fuels and the 

emissions of marginal electricity generation. This data is used to calculate how much GHG 

emissions can be avoided through the two systems. 

Table 21 - GHG emission data for the forest to wheel study 

Cause of Emission Unit Value Source 

Producing Fossil Diesel kg CO2ekv/MWhDiesel 32 [166] 

Burning Fossil Diesel kg CO2ekv/MWhDiesel 273 [166] 

Direct Emissions of Collecting Forest residue kg CO2ekv/MWhForestResidue 10 [18] 

Indirect Emissions of Collecting Forest 

residue 

kg CO2ekv/MWhForestResidue 30 [18] 

Emission of Marginal Electricity Generation kg CO2ekv/MWhElectricity 400 [169] 

Emission of Mean Nordic Electricity Mix kg CO2ekv/MWhElectricity 126 [167, 

182] 

When calculating the GHG emissions for the two systems, the values are based on the 

following information in addition to the values presented in Table 21:  

• The GHG emissions from the handling and transportation of forest residue. A value of 

10 kg CO2/MWhForestResidue is used based on the information in Table 1. The decrease 

of soil carbon is not included.  

• The GHG emissions from the electricity consumption for the biorefinery. The 

electricity supplied is assumed to be the Nordic electricity mix, according to the 

Swedish Energy Agency’s recommendations. The GHG emissions from electricity 

production are 126 kg CO2/MWh [167].  

• A simplified calculation on emissions from distribution of diesel to storage unit and gas 

stations. A total distance of 100 km is assumed, where a truck that carries 15 tonnes of 
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product has a diesel consumption of 0.45 l/km when fully loaded and 0.25 l/km when 

driving empty. The emission factor of the diesel is 2.7 kg CO2/l, which corresponds to 

fossil diesel mixed with 5% RME [183]. The distribution is therefore not seen as a loss 

of FT-fuel but rather as extra emission for the distributed fuel.  

• The forest residue is assumed to have been dried in the forest and have a moisture 

content of 50% which is commonly assumed in literature [62, 51, 63, 57]. The energy 

content for the forest residue is 2.6 kWh/kg [184, 185].  

For the financial calculations of the plants, the result is depending on investment cost, variable 

cost, discount rate and the prices of the products spent and produced. The discount rate will 

depend on the interest rate, the return on investment and how much is financed though loans. 

As seen in Table 22; by assuming an interest rate of 3%, 12% return on investment and that 

40% of the total capital will come from the investor, the discount rate is 6.6 %. 

Table 22 - Assumed interest rate and return on investment for the plant 

Name Unit Value 

Interest % 3 

Return on Investment % 12 

Investment % of total investment 40 

Discount Rate % 6.6 

The prices of products that will affect the profitability of the biorefinery can be seen in Table 

23. Both today’s values and the anticipated values in the future have been assessed.  

Table 23 - Prices of products 

Product Unit Present 

Price 

Assumed Future Price Source 

Forest Residue SEK/MWh 200 200 [14] 

Electricity (including 

green certificate) 

SEK/MWh 700 800 [14] 

Biofuel SEK/MWh 400 600 [14] 

District Heat SEK/MWh 200 200 [14] 

The investment cost for both system can be seen in the earlier presented Table 13 and Table 18 

respectively.  

4 Methodology 

This study will be made both quantitatively and qualitatively. The purpose of the quantitative 

part of the study is to evaluate how efficient the two different systems are for transport and 

district heating, and to evaluate the environmental and economic impact of the systems. 

Efficient resource utilization is important since biomass is a limited resource, but an evaluation 

of system efficiency does not give the whole picture. Even though both systems are to supply 

district heating and energy for the transportation sector they will do so in fundamentally 

different ways and might be suitable for different purposes. Therefore, a qualitative analysis 

has to be done to evaluate pros and cons with the systems and find how suitable the systems 

are to power different parts of the transportation sector. In order to do the qualitative evaluation 

a thorough literature study of the transportation sector is needed.  

The two systems will be assessed from forest to wheel. When comparing the two systems it is 

important to do so in a fair way. To ensure an unbiased comparison between the two systems, 

functional units for the systems have to be established. The functional unit is used as reference 

and will be the same for the two studied systems, this makes the systems comparable. The 
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functional unit should be defined by the function demanded by the market and not by a physical 

unit used in engineering solutions [186]. For example, the owner of a car is not interested in 

how many kWh of energy is stored in the car as fuel or electricity, but how far the driver can 

travel with the car. Therefore, the functional unit should be related to the distance driven by 

the vehicle based on the amount of forest residue used. Additionally, the district heating is 

considered a useful by-product which is measured in heat produced. Forest residue is measured 

in MWh, which is the standard unit used in the DH business [14]. The GHG emissions are 

measured in CO2 equivalents which is the standard unit. The four functional units used in the 

study will therefore be: MWh of forest residue, kWh of district heating, CO2 equivalents of 

greenhouse gases and km driven by vehicle.  

Furthermore, the quantitative part of the study will also assess the GHG emissions from forest 

to wheel. The emissions will be calculated in two ways. First it will be calculated how much 

emissions can be avoided through use of forest residue in the two systems, secondly the 

emissions from the vehicles measured in gCO2/km will be assessed. The avoided emissions are 

calculated through allocating all emissions to the high quality products, the FT-diesel and 

electricity. Furthermore, it is approximated that the FT-diesel will replace the same amount of 

fossil diesel and that the electricity produced will replace electricity generated according to the 

concept of marginal electricity as explained in Chapter 2.8. The vehicle emissions are not 

calculated according to certified LCA principles, but rather as a simplified version of a LCA. 

The result is to be used for comparison of the two systems, not to be compared with other LCA 

studies. The sources of emissions that have been included have been presented in Chapter 3.4 

and the values for GHG emissions are collected from literature sources.  

By using Fortum Heat’s in-house program, it has been investigated how a biorefinery or CHP 

plant would perform and run in Stockholm’s DH network, which is necessary to establish the 

cash flow from the plants. The profitability of the CHP plant and the biorefinery is evaluated 

through a Net Present Value (NPV) calculation. NPV is a common way to evaluate the 

profitability of an investment. It presents the sum of the present value of all cash flows during 

the life time of the investment. The present value of the future cash flows is calculated taking 

into account the discount rate of the investment. The NPV is then given by Equation 4.  

𝑁𝑃𝑉 = ∑
𝑅𝑛

(1+𝑖)𝑛
𝑁
𝑛=0   (Equation 4) 

N is the life time of the investment in years, n is the year, Rn is the net cash flow year n, and i 

is the discount rate. If NPV is less than zero, the investment does not meet the return on 

investment required. If the NPV is zero the return on investment is met, and if it is larger than 

zero the investment is more profitable. The costs and values that have been used for calculating 

the NPV are presented in Chapter 3 and are based on in-house data from Fortum Heat together 

with literature sources. The second part of the economic results estimates other costs associated 

with the alternatives. One analysis is made to find what investments that are needed for 

powering 1 million vehicles, in terms of infrastructural investments for the Electric System and 

number of biorefineries for the Biofuel System. The second analysis assess the price difference 

between EVs and ICEVs over the vehicles whole lifespan, including cost of fuel or electricity.  

The decision of using a biorefinery layout with gasification and FT process, is based on the 

fact that by using these techniques a product similar to conventional fuels can be obtained. 

However, the method is not a commercialized process which means that there is a lack of  

documented experience of the performance for this kind of biorefinery. The literature review 

is based both on existing plants using FT technology with coal or natural gas as feedstock and 

feasibility studies of FT plants using biomass as feedstock.  
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Since many aspects are taken into account both in the quantitative and qualitative methodology, 

a result overview will be presented to give the reader an idea of the total performance of either 

of the systems. In this overview, each category is presented with three different colors 

depending on that aspects impact or performance. A closer description of how the colors are 

set is described along with the overview in Chapter 5.5. 

4.1 Limitations 

The first step in creating the proposed systems would be construction of the plants. For this, a 

suitable site is required. The site should be located in a part of the district heating system where 

more heat production capacity is required, and where it is possible to receive and handle the 

biomass. The possible sites are not assessed in detail and the question is considered to be 

outside the scope of this work. The city of Stockholm and Fortum Värme owns properties 

where construction of a plants are considered. 

Forest residue is a renewable fuel if the forests are replanted, since the CO2 emitted from 

combustion is part of the carbon cycle. This means that the emissions do not have an effect on 

the atmospheric CO2 balance in the long term. The only emissions of GHG are therefore from 

the different processes such as transportation, handling and processing of the product. These 

GHG emissions are measured in CO2 equivalents according to the standard set by the 

Intergovernmental Panel On Climate Change [187]. Acidification and eutrophication potential 

of the two systems have not been assessed. 

In this assessment, the only input to the biorefinery are forest residue and electricity. This is 

would not be the case in a real scenario. In the biorefinery there are other forms of inputs such 

as Cobalt catalyst, hydrogen, water, and sand, and outputs such as ash and waste products that 

must be taken care of. This would result in additional GHG emissions. The GHG emissions 

related to these actions have however not been considered because of lacking reliable 

information. The emissions caused by transportation of biofuel has been done in a simplified 

way. In the calculation, trucks with a total distance of 100 km per return trip are assumed. The 

emissions caused by storing the biofuel has not been assessed.  

As a result of the FT process, a number of synthetic products are produced such as FT-diesel, 

FT-gasoline, FT-kerosene, FT-naphtha and synthetic petrochemicals. Only some of these 

products can be used as fuel for vehicles, but all products can replace petrochemical products. 

No allocation has been used to split the environmental impact or emissions on the different 

products, instead an assumption has been made that all FT products can be used as diesel. This 

assumption implies that the average value of all synthetic petrochemicals produced is the same 

as for the value of diesel. In this way the total FT production is accounted for. Qualitatively 

there is of course differences between the FT products and their value could be discussed 

further, but this assumption is made in the study to make comparison between the two systems 

possible. 

Building and integrating a new production plant in the Stockholm DH network will take 

approximately 5-15 years. Therefore, it is necessary to estimate the efficiency improvements 

of different technologies during this time period. How these estimations are made will depend 

on the technology. In the case of the production plants the current state of the art is studied and 

small or no efficiency improvements are expected. Energy efficiency of vehicles is expected 

to improve until 2030 and this is accounted for. In this thesis, the energy consumption of 

vehicles are based on values from the NEDC, even though it is known that the real energy 

consumption is higher. Until the new testing procedures are initiated in September 2017, the 

NEDC is the standardized procedure to compare vehicle energy consumption by. It will be 
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assumed that the percentage difference between registered and real energy consumption are the 

same for EVs and ICEVs.  

5 Results 

In this chapter the results will be presented and discussed, initially the quantitative results will 

be presented and later in the chapter the systems will be discussed qualitatively. The chapter 

will end with a result overview that will shed a light on the pros and cons of the two systems. 

5.1 Forest to Wheel Efficiency 

This chapter presents the results from the forest to wheel study which includes kilometer driven 

by vehicle and DH production. Table 24 presents the result: the table shows how much heat 

and how many kilometers a light duty vehicle can drive using 1 MWh of forest residue as input. 

1 MWh of forest residue weights around 385 kg. The left part of the table presents the process 

steps from biorefining to losses in the ICEV. The right side of the table presents the process 

steps from electricity generation in a CHP plant to driven kilometers with an EV. 

Table 24 - Forest to wheel: biorefinery and steam cycle CHP plant with 1 MWh input 

Biofuel System Electric System 

System Process Unit Value System Process Unit Value 

Forest 

residue 

Input 

- MWh 1 Forest 

residue 

Input 

- MWh 1 

Biorefinery Electricity 

Generation 

kWh -1 CHP Plant Electricity 

Generation 

kWh 310 

 Heat 

Generation 

kWh 340  Heat 

Generation 

kWh 760 

 Biofuel 

Production 

kWh 470     

Losses Refinery to 

Tank 

kWh 0 Losses Transmission kWh -20 

     Charging  kWh -40 

Fueled 

Energy 

Biofuel kWh 470 Fueled 

Energy 

Electricity kWh 250 

Tank to 

Wheel 

km Driven 

on Fuel 

(Today’s 

efficiency)1 

km 950 Battery to 

Wheel 

km Driven 

on Charge 

(Today’s 

efficiency)1 

km 1 850 

 km Driven 

on fuel  

(2030 

efficiency)1 

km 1 290  km Driven 

on Charge 

(2030 

efficiency)1 

km 2 450 

Using the same input, the CHP plant produces more than twice as much heat for DH purposes; 

the CHP plant can produce 760 kWh of heat from 1 MWh forest residue while the biorefinery 

                                                 

 

1 Distance driven according to the fuel consumption recorded in the NEDC testing procedure. 
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produces 340 kWh heat. Even though the biorefinery has an integrated steam turbine for 

electricity production, the process is a net consumer of electricity while the CHP plant 

generates 310 kWh of electricity for every MWh of fuel. The biorefinery produces 470 kWh 

of liquid biofuel, which is more energy than electricity produced by the CHP plant. The 

electricity from the CHP plant has to be transferred to the EV, this entails transmission and 

charging losses and it is estimated that out of 310 kWh produced electricity, 250 kWh can be 

charged to the battery. In the case of FT-diesel, no losses occur in the distribution of the fuel. 

However, using the 250 kWh of electricity an EV can travel approximately twice as far in 

comparison with a diesel car fueled with 470 kWh FT-diesel. This is due to the high efficiency 

of EVs, an EV can travel approximately 1 900 km using 250 kWh of electricity while the diesel-

powered vehicle can travel 950 km using 470 kWh of diesel fuel considering the efficiencies 

of today’s vehicles. In 2030 the gap will be somewhat smaller, the EV can travel 2 450 km 

while the diesel vehicle can travel 1 290 km considering the anticipated efficiencies of vehicles 

by 2030. This indicates that an electrified transportation system has the potential of being far 

more efficient than a biofuel based transportation system. The kilometers driven by vehicle are 

sensitive to the assumed energy consumption of the vehicles, therefore, a sensitivity analysis 

of this parameter is presented in Chapter 6.1. 

5.2 Forest to Wheel Emissions 

This chapter presents the emissions related to the two systems. The emissions will be presented 

in two ways, first the avoided emissions through use of forest residue in the different production 

systems will be presented. The avoided emissions shows how much CO2 emissions can be 

avoided through the use of forest residue compared to the conventional fuel as explained in 

Chapter 2.8. The results can be viewed in Table 25. 

Table 25 - Avoided GHG emissions 

Production Method  Avoided GHG emissions  

[kg/MWhforest residue input] 

CHP plant 114 

Biorefinery 130 

Using forest residue in a CHP plant decreases GHG emissions with 114 kg CO2 for every MWh 

of forest residue input. It is assumed that the GHG emissions will decrease according to the 

marginal emissions of the power system as explained in Chapter 2.8. This value has a high 

level of uncertainty since the amount of GHG emissions avoided from producing electricity in 

the CHP plants will depend on the marginal electricity in the European power system. More 

GHG emissions would be avoided if the decommissioning of European coal power plants goes 

slower than expected. If more renewable power is installed than expected the avoided 

emissions from producing electricity in the CHP plant would decrease. For calculating 

decreased emissions from a biorefinery, the result are more accurate. The biorefinery decreases 

emissions with 130 kg CO2 for every MWh of forest residue input, assuming that the biofuel 

will replace the same amount of fossil fuel. Use of forest residue in the biorefinery avoids 

approximately 10-15% more GHG emissions compared to the use in a CHP plant. 

To give a more complete picture of how much GHG emissions can be avoided through a wide 

implementation of EVs compared to FT-diesel, the emissions are also calculated per driven 

kilometer as presented in the last column in Table 26. Five different results are presented in the 

table, three results for EVs and two results for diesel vehicles. The values are obtained by 

multiplying the GHG emission per energy unit with the energy demand of the corresponding 

used vehicle. The values are not supposed to be seen as absolute truth, but rather as a way to 

compare the different systems. It can be seen in Table 26 that if an EV would be charged with 
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electricity from a biomass fired CHP plant, 4 g of CO2 equivalents would be emitted for every 

driven kilometer. In the second case it is assumed that the usage of EVs would increase the 

power use in the system and the calculations are therefore based on the marginal emissions. 

This is the least favorable way to calculate emissions from EVs and the reasoning is based on 

a scenario where EVs are adopted on a large scale. One can argue that it is more reasonable to 

calculate the emissions using the average emissions from electricity production which would 

indicate lower emissions. The assumption taken for the calculations in Table 26 is that the EVs 

will affect the marginal production of electricity and therefor increase the emissions more than 

the average emissions from electricity production, in this case 42 g of CO2 is emitted for every 

driven kilometer. However, the result when using the average emission for Nordic Electricity 

Mix is also presented for comparison and since this value could be assumed to be used when 

looking at a single EV today. A car fueled with FT-diesel emits 8 g of CO2/km and a fossil 

fueled diesel car emits 111 g of CO2/km. 

Table 26 - GHG emissions depending on vehicle type and energy source 

Type of 

vehicle 

Energy 

demand 

kWh/km 

Energy Source GHG emission 

per unit of energy 

gCO2/kWh 

GHG emission 

per km 

gCO2/km 

Electric 

Vehicle 0.105 

 

Biomass Fired CHP  36 4 

Marginal Electricity 400 42 

Mean Nordic 

Electricity Mix 

126 13 

Diesel fueled 

vehicle 

0.362 

 

FT-Diesel 23 8 

Fossil Diesel 305 111 

In Table 24, it can be seen that the biorefinery produces more of the high-quality product, FT-

diesel, than the CHP plant produces its high-quality product, electricity. In this thesis, all 

emissions are allocated to the high-quality product while the DH is viewed as a useful 

byproduct but no emissions are allocated to the heat production. This gives that 1 kWh of 

electricity is produced with higher emissions than 1 kWh of FT-diesel, however, due to the low 

efficiency of ICEVs the GHG emissions from transportation is twice as high for the biofuel 

vehicle. This result can be viewed in Table 26 under the title “GHG emission - per unit of 

energy”. The efficiencies of the cars used is for the expected energy demand in 2030. Note that 

the value of GHG emission for the ICEV fueled with fossil diesel is including the emissions 

caused by combustion.  

The results clearly shows that forest residue can contribute to decarbonizing the transportation 

sector. Both EVs charged from a CHP plant and ICEVs fueled with FT-diesel emits less than 

10% of the CO2 of fossil fueled diesel vehicles. The EVs emits half of the CO2 of the FT-diesel 

vehicle but both options are low emitting. For the second result it is assumed that EVs will 

have a large impact on the power system and emissions in the power system will increase. The 

result shows that a wide adaptation of EVs still could reduce GHG emissions with more than 

50% compared to fossil diesel. It also shows that a diesel vehicle fueled with FT-diesel 

produced from forest residue will have lower emissions than an EV. However, this does not 

mean that all biodiesels are better than the use of electricity. FT-diesel produced from forest 

residue is considered as one of the best fuels from environmental and GHG emissions stand 

point, but many of the biofuels on the market today are produced from crops such as rapeseeds 

or palm oil and is shipped to Sweden from abroad. It would therefore be a simplification to say 

that biofuels would decrease GHG emissions more than electrification of the vehicle fleet. The 

same biofuel could instead be used to decrease emissions in the power system. It can therefore 

be concluded that both systems have the potential of decreasing emissions with similar 
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magnitude and a choice cannot be made based solely on this aspect. Furthermore, in these 

calculations all GHG emissions are allocated to the production of the high quality product while 

no emissions are allocated to the heat production, this assumption favors production of FT-

diesel because the biorefinery produces little heat. 

5.3 Plant Economy 

The profitability of the plants will be dependent on the operation time. The CHP plant will only 

be operational when there is a heat demand for the plant to fill, while the biorefinery will 

operate as much as possible but only deliver DH when there is a heat demand. In this work the 

operation time of the biorefinery is assumed to be 8000 hours per year corresponding to a 

capacity factor of 91%. In a DH system, only the cheapest production units will be procured at 

a given moment. Expensive oil boilers will only be used when the demand is high while the 

heat plants fueled with MSW will always be prioritized since MSW must be incinerated and 

the plants are paid for the fuel. To find the possible operation time for heat production for the 

biorefinery and the CHP plant when operating in Stockholm DH network, two different 

simulations were done in Fortum Heat’s in-house program [14]. One simulations was run for 

the biorefinery installed in the Stockholm DH system in the time period between 2022-2025, 

and one for the CHP plant installed in the same period. The result for the biorefinery is 

presented as a load duration curve in Figure 11. The red-white striped row marked 

“Biorefinery” represents the biorefinery, and as can be read from the x-axis, the biorefinery is 

allowed to distribute heat to the DH network for 7000 hours per year.  

 

Figure 11 - Load Duration Curve for Biorefinery 
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For the CHP plant, the load duration curve can be seen in Figure 12. The CHP plant would be 

integrated as the striped row marked “Studied CHP”. The CHP plant can be operated for 

approximately 5500 hours per year.  

 

Figure 12 - Load Duration Curve for CHP plant 

Given the operation time  of the plants the yearly production can be calculated. The total biofuel 

production per year is 1104 GWh, which equals 108 100 m3 of FT-diesel. A fuel input of 2400 

GWh/year corresponds to 920 000 tonnes of forest residue. The yearly heat production is 700 

GWh, and the electricity demand is 14.4 GWh. For the CHP plant, 1254 GWh heat and 512 

GWh electricity is produced yearly. All the values are presented below in Table 27. 

Table 27 - Yearly operation and power output data from the biorefinery and the CHP plant 

Biorefinery CHP Plant 

Operating Time 

Biofuel 

Production 

Hours/year 8 000 Operation 

Time 

Hours/year 5 500 

Operating Time 

Heat Production 

Hours/year 7 000  

Fuel Input GWh/year 2 400 Fuel Input GWh/year 1 650 

Heat Production GWh/year 700 Heat 

Production 

GWh/year 1 254 

Biofuel 

Production 

GWh/year 1 104 Biofuel 

Production 

GWh/year - 

Electricity 

Production 

GWh/year -14.4 Electricity 

Production 

GWh/year 511.5 
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The financial summary of the CHP plant can be seen in Table 28. The total revenues are 660 

MSEK/year, and the total costs and 449 MSEK/year. This gives a NPV of -1 646 MSEK when 

calculated for a 25 year-period.  

Table 28 - Financial summary of CHP plant 

Revenues 

Sales of Electricity MSEK/year 409.2 

Sales of District 

Heating 

MSEK/year 250.8 

Total Revenue MSEK/year 660 

Costs 

Fuel Cost MSEK/year 330 

Fixed Operation Cost MSEK/year 84 

Variable Operation 

Cost 

MSEK/year 34.7 

Total Cost MSEK/year 448.7 

Yearly Income  MSEK/year 211.4 

Present Value  MSEK 2 554 

Net Present Value  MSEK -1 646 

For the biorefinery, the total revenues are 802 MSEK/year, and the total costs 733 MSEK/year. 

The NPV is -4 563 MSEK. The financial summary can be seen in Table 29. It should be noted 

that not only the net present value of the biorefinery is lower than the NPV of the CHP plant, 

the biorefinery also has lower present value. In addition to this the biorefinery is 1.2 billion 

SEK more expensive to build.  

Table 29 - Financial summary of biorefinery 

Revenues 

Sales of Diesel MSEK/year 662.4 

Sales of District 

Heating 

MSEK/year 140 

Total Revenue MSEK/year 802.4 

Costs 

Electricity 

Consumption 

MSEK/year 7.2 

Fuel Cost MSEK/year 480 

Fixed Operation Cost MSEK/year 162 

Variable Operation 

Cost 

MSEK/year 84 

Total Cost MSEK/year 733.2 

Yearly Income  MSEK/year 69.2 

Present Value  MSEK 836 

Net Present Value  MSEK -4 563 

The diesel price needed for the biorefinery investment to reach a NPV of zero was calculated. 

All other prices were kept constant and it was concluded that the diesel price had to increase to 

940 SEK/MWh, corresponding to 9.6 SEK/liter, for the NPV to reach zero. This means that 

the price of diesel would have to increase with more than 130% from today’s price of 400 

SEK/MWh. As explained earlier, the price is expected to increase to 600 SEK/MWh and in the 

financial summary in Table 29  this price is used.  Furthermore, a sensitivity analysis of how 

the NPV depends on other parameters changes will be presented in Chapter 6.3.  
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5.4 Cost of Overcoming Barriers 

In Chaper 5.3, profitability for constructing and operating a biorefinery and a CHP plant are 

presented. It is also of interest to compare other investments that are necessary to overcome 

barriers in the two different cases even though they do not have the same investor. As presented 

in Chapter 2.5.7, charging infrastructure will be one of the main barriers for a large-scale 

adaptation of EVs. For a Biofuel System, the largest barrier is instead the investment in the 

biorefinery. It can therefore be interesting to estimate the investment size needed in charging 

infrastructure compared with the investments needed for biofuel production. In this chapter a 

rough estimation of the investment cost will be made; a whole master thesis could be spent on 

doing this estimation but the result presented here can give an indication of the size of the 

investments. The second economic difference between the two systems is between ICEVs and 

EVs, therefore the economics of EVs today will be presented. 

5.4.1 Infrastructure Investments 

As explained in Chapter 2.5, it is a common estimation that one million EVs will be registered 

in Sweden before 2030, the calculations below will therefore estimate infrastructure cost 

needed to power one million vehicles. This will be done through estimating how many chargers 

are needed to power all EVs or how many biorefineries are needed to power the same number 

of ICEVs. 

Assuming that every EV owner needs two normal chargers, one at home and one at work, and 

that one fast charger is needed for 50 EVs, the total investment cost in charging infrastructure 

can be estimated to 24 billion SEK as presented in Table 30. 

Table 30 - Comparing cost of overcoming major barriers 

Cost of Charging Infrastructure Cost of Biorefineries 

 Unit Value  Unit  Value 

Number of 

Cars 

 - 1 000 000 Number of 

Cars 

- 1 000 000 

AC-

Charger 

per EV 

Charger/EV 2 Yearly 

Driving 

Distance 

km/car 12 240 

DC- 

Charger 

per EV 

Charger/EV 0.02 Yearly Fuel 

Use 

MWh/car 4.4 

Cost of AC-

Charger 

SEK/charger 10 000 Biorefinery 

Fuel 

Production 

GWh/year 966 

Cost of DC-

Charger 

SEK/charger 200 000 Biorefineries 

Needed 

- 4-5 

Investment 

Cost AC-

Charger 

Billion SEK 20  Investment 

Cost 

Billion 

SEK/biorefinery 

5.4 

Investment 

Cost DC-

Charger 

Billion SEK 4 Total 

Investment 

Cost 

Billion SEK 21-27 

Total 

Investment 

Cost 

Billion SEK 24 
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The investment cost in a biorefinery is in this paper set to 5.4 billion SEK. The biorefinery will 

produce enough fuel for more than 200 000 cars, therefore between four and five biorefineries 

are needed to power one million diesel vehicles. Furthermore, it is assumed that the investment 

cost of biorefineries does not change. This gives an investment cost needed in biorefineries of 

approximately 21-27 billion SEK. It can be concluded that the investment in charging 

infrastructure is in similar size as the investment need for biorefineries to power the same 

number of vehicles. However, in both cases many costs are excluded, for a large 

implementation of EVs, grid reinforcements might be needed. In the case of the biorefinery, 

the need for investment in research, pilot plants and commissioning of the first plant is 

excluded. 

The most important difference between the two cases, is that the biorefinery needs a large 

investor that takes the risk while the infrastructure needed for EVs needs to be partly built by 

car owners. Out of the 24 billion SEK needed for charging infrastructure, approximately 20 

billion are for chargers at home and at work, this spreads the investments over many small 

investors. The investments needed in fast charging are estimated to 4 billion SEK,  these 

investments can be spread between power companies, car companies, cities and shops or 

restaurants that want costumers to shop while charging. This indicates that even though the 

investments for an electrified transportation system would be higher than for biorefineries, the 

risk will be spread between more stakeholders. It also raises questions regarding business 

models, something that is not assessed in this paper. It can however be noted that operating a 

large biorefinery and supplying fuel to a gas station is a well-known business, while the 

profitability in fast-charging infrastructure will require new business models.  

5.4.2 Cost of Vehicles 

EVs are today more expensive to purchase than their ICEV counterparts. However, it is argued 

that EVs have lower maintenance and running cost which makes the cost the same over the 

vehicle’s lifetime. In this chapter one EV and one ICEV will be presented and their lifetime 

cost excluding taxes and maintenance will be estimated. The taxes are excluded to show the 

actual price difference without policy intervention. The maintenance cost is excluded because 

not enough data was found to make a conclusion regarding the cost difference. The result in 

this chapter is only true for a limited time frame because only two existing Renault car models 

were used, but the results gives an indication about the price difference of the cars available on 

the market today. 

The vehicles that are compared are Renault Zoe and Renault Clio. The two cars are built on the 

same chassis but Renault Zoe is designed from scratch as an EV and the Renault Clio is a diesel 

vehicle. These cars were chosen because they are very similar except the drivetrain. Table 31 

presents the specification of the two vehicles, as can be seen both cars have approximately the 

same power. The Renault Zoe consumes approximately 50% less energy than the Clio. To 

make the cost comparison fair the real life consumption is used instead of the test cycle 

consumption, in both cases the real life consumption can be assumed to be 20% higher than in 

the test cycle [188]. One difference between the two cars is that the Renault Zoe is an automatic 

while the Clio has a manual gear as transmission standard. The Renault Zoe is available with 

two different battery sizes, 22 and 41 kWh, the 41 kWh version is used in this comparison. 

Renault Zoe has price of 324 900 SEK while the Renault Clio has a list price of 178 900 SEK 

[189, 190].  
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Table 31 - Basic specification of Renault Zoe [189] and Renault Clio [190] 

Renault Zoe Renault Clio  

Fuel - Electricity Fuel - Diesel 

Power kW 

(hk) 

69 

(92) 
Power kW 

(hk) 

67 

(90) 

Energy 

Consumption 

(NEDC) 

kWh/100 

km 

13.3 Energy 

Consumption 

(NEDC) 

kWh/100 km 

(liter /100 km) 

33.4  

(3.3) 

Energy 

Consumption 

(Real life 

driving) 

kWh/100 

km 

16 Energy 

Consumption 

(Real life 

driving) 

kWh/100 km 

(liter/100 km) 

40 

(4) 

Gear Box - Automatic Gear Box - Manual 

Battery Size kWh 41  

 Range km 403 

Battery Price SEK 80 000 

Charger 

Price 

SEK 10 000 

Price 

(Including 

Battery) 

SEK 324 900 Price SEK 178 900 

When calculating the life time cost of the two vehicles it was assumed that the vehicle would 

be used for 15 years and then be decommissioned. The cars are assumed to be driven 12 500 

km every year, which is approximately the average yearly driving distance for a Swedish light 

duty vehicle [156]. It is assumed that the battery in the Renault Zoe has a life time of 8 years 

and has to be changed once during the car’s life time. The cost of changing the battery is 

assumed to be 80 000 SEK, the same as the cost of the battery when buying the car. Over the 

course of 15 years both cars will have a total driving distance of 190 000 km. The electricity 

price used is 1 SEK/kWh and the diesel price 14 SEK/liter. The results are presented in Table 

32. During the vehicles whole life span the EV is 160 000 SEK more expensive than the diesel 

vehicle. This difference is anticipated to decrease as EV technology matures but the cost 

difference is none the less a big barrier for EVs. When looking at the cost for society it can be 

estimated that one million EVs would have a cost of approximately 160 billion SEK more than 

one million diesel vehicles. As presented in the previous chapter, 5 biorefineries like the one 

presented in this study could power one million cars to an investment cost of less than 30 billion 

SEK. One could therefore argue that it is significantly more expensive to build an electric fleet 

of one million vehicles, than to produce sustainable biofuels for the same number of vehicles.  
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Table 32 - Life time cost comparison of Renault Zoe and Renault Clio 

Renault Zoe Renault Clio 

Yearly 

Distance 

km 12 500 Yearly 

Distance 

km 12 500 

Electricity 

Price 

SEK/kWh 1 Fuel Price SEK/liter 14 

Yearly Cost SEK 1 950 Yearly Cost SEK 6 790 

Initial Cost SEK 334 900 Initial Cost SEK 178 900 

Cost of 

Changing 

Battery 

SEK 80 000  

Life Time 

Cost 

SEK 445 000 Life Time 

Cost 

SEK 283 000 

The overall results in this chapter shows that the cost for society to electrify the transportation 

sector and passenger cars would be extremely expensive. More research is needed in this field 

to get a better view of which system would be preferable from a social economic stand point. 

5.5 Results Overview 

This chapter presents an overview of the two systems with the goal to present the pros and cons 

of the two systems. The results are divided into four categories: Production Plant Performance, 

Impact of Transmission and Distribution, End Use Performance and Application for Other End 

Users. In each category a number of factors are assessed and evaluated using a color coded 

scale. The color code is explained in Table 33.  

Table 33 - Key for reading Result Table 

Color code Meaning 

 Good  

 Intermediate  

  Poor 

The color codes are a result of a comparison with the other available alternative. In some cases 

the color is also set in comparison with other alternatives on the market. For example in the 

case of tail pipe emissions: the EV alternative receives a white color, since it does not emit any 

tail pipe emissions. However, the diesel ICEV receives a black color, since it is worse than 

both EVs and gasoline fueled ICEVs. Overall, the EVs fueled with electricity from a biofueled 

CHP plant received 13 white marks, 7 gray and 6 black. The FT-diesel fueled ICEV received 

13 white marks, 5 gray and 8 black. This results table does not tell the whole story. Only 

comparing the colors is not completely fair, since the barrier to overcome a red mark could be 

higher from one category to another. Since the results are not weighted, some sub-categories 

could also be more important for a successful implementation than others categories. The table 

is made to give the reader a better overview in which areas one of the systems is better than the 

other one. On the following pages after Table 34, each category will be explained and 

discussed. 
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Table 34 - Result  overview 

Production Plant Performance 

Type of 

plant  

Heat 

Generation 

Product Total 

efficiency 

Land use  Emissions Investment 

Cost 

O&M cost Profitability Flexibility  

CHP plant          

Biorefinery          

Impact of Transmission and Distribution 

Type of fuel Effects on 

distribution 

system 

Investment 

need 

Refueling 

possibility 

Losses 

Electricity      

FT-Diesel      

End Use Performance 

Type of 

Vehicle 

Vehicle 

Efficiency 

Distance 

driven on 

fuel1 

Range Avoided 

GHG 

emissions2 

Tail pipe 

emissions 

Vehicle 

cost  

Fuel cost  City use  Rural use  

EV          

Bio-ICEV          

Application for Other End Users 

Type of fuel Distribution 

trucks 

Heavy 

Trucks 

City bus Air 

transport 

Electrified     

Liquid Fuel     

                                                 

 

1 Distance driven on the fuel produced in the two system with the same biomass input 

2 Avoided GHG emissions when the fuel is produced with the two separate systems 
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Production Plant Performance 

The performance of the plants varies in the different sub-categories. First of all, the CHP plant 

has a higher rate of heat generation and also a higher total efficiency than in the biorefinery. In 

the biorefinery, the process is instead optimized to produce more of the high-quality product 

FT-diesel, rather than to have a high total efficiency. This is done by for example drying the 

forest residue with heat that could have been used for the DH system in order to have a higher 

carbon conversion. More of the high-quality product for vehicles; biofuel or electricity; is 

therefor produced in the biorefinery than in the CHP plant.  

The biorefinery receives a black mark in the Land Use category. In literature, it is stated that 

the biorefinery has a areal footprint of 175 000 m2. This would be a problem in the Stockholm 

area, since few or no lots in that size equipped with good communication opportunities are 

available. The CHP plant has a smaller footprint. As for the emissions of the plants, none of 

the alternatives are releasing considerable levels of neither local or GHG emissions.  

The investment cost for both of the production plants is high: 5.4 billion SEK for the biorefinery 

and 4.2 billion SEK for the CHP plant. This corresponds to 38.5 MSEK and 31 MSEK per MW 

of high-quality product for the both systems. The O&M costs are higher in the biorefinery than 

in the CHP plant, because it is a more complicated process. Because of the high investment 

cost and current pricing of electricity and biofuel, none of the production plants are profitable 

with the expected energy prices and the biorefinery is a greater loss than a CHP plant. In what 

way the prices on the market must change in order to reach break-even will be discussed in 

Chapter 6.3. 

A biorefinery based on gasification and FT technology is a complex technology with many 

process steps. After constructing the plant, it can be expected that the commissioning will need 

a lot of time and resources to reach stable production of biofuels and DH. This is shown by the 

methane production in GoBiGas that had a capacity factor of approximately 30% during the 

first three years of operation, but also by the experience of gasification technology in general 

[76].  According to Ekbom et al. it cannot be expected that an advanced gasification unit has 

more than 40% availability during the first 12 months [41]. However, many gasification units 

reaches availability of 75-90% after a year of operation. Because of the plants low availability, 

it is not recommended to make the DH system dependent on heat from this kind of plant but 

place the plant in a strong part of the system. This indicates that an investment in a biorefinery 

can only be made by a stakeholder with long term goals and a large budget. Today the biofuel 

market is heavily dependent on energy policies and oil prices, predicting the income from 

biofuel sales 10-30 years in to the future is therefore difficult. The investment entails high risks 

and it is unlikely that investors are willing to start a project with high investment and 

commissioning costs, and high uncertainty of profitability in the future. 

Impact of Transmission and Distribution 

The transmission and distribution of the product from the production plant to the end user is 

done in fundamental different ways for the two systems. For the Electric System, the electricity 

is transmitted to the vehicles through power lines which have losses of approximately 6%. If 

one million EVs would be in the Swedish traffic, the power network would have to be 

reinforced to be able to supply power during peak demand. The electricity peak demand today 

is in the morning, and in the evenings when most people come home from work around the 

same time. This is probably also the most common time to plug in an EV for charging. The 

problem could be solved to some extent by delaying the charging until nighttime when the 
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demand is low. Most people who buy an EV must invest in a home charger. Additionally, the 

fast charging network for EVs must be expanded if more EVs enter the market. This entail 

large investment costs both for private owners, companies and society in large. This has been 

discussed more closely in Chapter 5.4.1. 

For  the biorefinery system, the product can be distributed in the same infrastructure available 

today. There are no losses in the distribution, which is done by using trucks or ships. The FT-

diesel could be blended with ordinary fossil diesel or sold pure in the same gas stations used 

today and the car users would not even notice any difference. This means that no behavioral 

changes are needed to implement FT-diesel. The FT-diesel therefore receives only white marks 

in the category while the electricity receives 2 black marks for effects on distribution system 

and cost and 2 gray marks for refueling possibilities and losses. 

End Use Performance 

For the end use performance, the two systems performed well in different categories. The EVs 

have higher efficiency and lower fuel cost but have significantly higher investment cost. The 

EV also gets a black mark on range while FT-diesel vehicles have no range problems. It is also 

concluded that EVs perform very well in cities where its efficiency is much higher than for 

diesel vehicle, and tail pipe emissions are avoided. FT-diesel vehicles on the other hand could 

be better used in rural areas where the tail pipe emissions is not a concern, and the range 

problems of electric vehicles is a larger concern.  

A large difference between the systems is the difference in vehicle efficiency. EVs energy 

consumption is as low as 14 kWh/100 km, compared with 49 kWh/100 km for diesel ICEVs. 

This leads to that even though the biorefinery produces more of the high-quality product than 

the CHP plant, the system powering the EVs can still travel a longer distance than ICEVs fueled 

with FT-diesel.  

There are strong reasons to motivate people living in cities to change car to an EV. Problems 

associated with ICEVs such as noise pollution, soot and NOx have largest effect in cities, and 

the use of EVs could lower the effect of those problems. Furthermore, the travel habits of 

drivers in the city also matches the optimal usage profile of EVs. EVs are as most efficient in 

city traffic when the vehicle drives at a lower speed. When the vehicle must stop at traffic lights 

or in traffic stockings, which often is the case in larger cities, regenerative braking can be used. 

In cities, there are also more reasons for companies to invest in charging infrastructure since 

there are more cars in a smaller area and the chargers will be more profitable. With shorter 

travel distances and more fast chargers, a short driving range is not a problem. However, in the 

rural parts of the country the use of biofuel is a better alternative for a decarbonization of the 

transportation sector. In areas where less cars pass, the investment of fast chargers is an 

unprofitable investment. The problems of noise pollution, NOx emissions and soot in the cities 

is not an issue in rural areas that are free from heavy traffic. An ICEV performs best at constant 

speed, which seldom is the case in the city of Stockholm. By using FT-diesel in today’s ICEVs, 

the cars could still be used to lower the GHG emissions compared with fossil fuels. However, 

this should not be done in the cities because of the high levels of tail pipe emissions.  

Application for Other End Users 

The last category concerns other end users than passenger cars. The other transport types 

include buses, trucks and air transport. City buses are possible to electrify and this could create 

high social values through reducing noise and air pollution in cities. There is existing 

technology for electrifying distribution trucks, if this is done, it should be in the larger cities 
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first. For heavy trucks, full electrification is currently not an option, the only fossil free solution 

today is to use biofuel. Heavy trucks are used in a way that is better suited for diesel ICEs rather 

than EVs. The trucks are traveling long distances in a constant speed around 80 km/h, without 

many stops. The engines can therefore be optimized for this user behavior which means that 

the efficiency of the diesel engine can be higher than for city use. Since the trucks are driven 

long distances every day, the range available even from a large battery would not be enough. 

The low energy density in batteries available today make the electrification of heavy trucks 

challenging. For air traffic, electrification is today considered unfeasible and biofuels are 

therefore the only option for decarbonizing this part of the transportation sector.  

6 Sensitivity analysis 

In this chapter, the parameters that are most likely to change and in that way alter the validity 

of the final result will be discussed and evaluated.  

6.1 Vehicle Efficiency Sensitivity Analysis 
The vehicle fuel consumption used in this study is based on recorded values from the NEDC 

testing procedure, with the anticipated decreased fuel consumption until 2030 expected by the 

IEA. The assumed fuel consumption has a large impact on the result of the functional unit 

distance driven by vehicle and the total system efficiency presented in Chapter 5.1. The fuel 

consumption in 2030 could be both higher or lower depending on what choices are made by 

car manufacturers and technology development for both EVs and ICEVs. Therefore, this 

chapter presents a sensitivity analysis of the distance the vehicles can drive based on one MWh 

of forest residue. The amount of biofuel and electricity fueled in the vehicle will be the same 

as in Chapter 5.1 which is 470 kWh of FT-diesel in the diesel vehicle and 250 kWh of electricity 

in the EV. 

In Figure 13, a box diagram of the distance traveled with an EV or ICEV can be seen. The left 

box shows the distance driven with the Electric System, the driven distance depends on the 

energy consumption of the vehicle. The bottom of the box represents the energy consumption 

in EVs today: 14 kWh/km. The blue line represents the assumed energy consumption in 2030 

used in this thesis:10.5 kWh/km. This represents a 25% decrease in energy consumption 

compared with today. The top of the box instead represents a larger decrease in energy 

consumption than assumed in the report; 7.7 kWh/km. This represents an decrease in energy 

consumption with 45% from today, which is considered unlikely.  

In the right box, the distance driven by the Biofuel System depending on the fuel consumption 

can be seen. Also in this box, the bottom of the box represents the fuel consumption of 2015; 

5.1 liter/100 km. The line represents the assumed consumption in 2030 of 3.7 liter/100 km, and 

the top represents a 45% decrease in consumption from today’s value and is 2.8 liter/100 km. 

All consumptions are given in liter of diesel per 100 km with an energy content of 9.7 

kWh/liter. 
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Figure 13 – Sensitivity analysis of the functional unit distance driven by vehicle.  

The results from this sensitivity analysis shows that the Electric System will supply more of 

the functional unit distance driven by vehicle. The extreme case is that the development of EVs 

stagnates and that the energy consumption of future EVs will be the same as today. If diesel 

vehicles then develop more than expected and lower their fuel consumption to 2.8 liter/100 km, 

the Electric System still produces 5% more driven kilometers from the same amount of forest 

residue. Considering that the Electric System also produces more than twice as much heat as 

the Biofuel System it is clear that the Electric System uses the forest residue far more efficiently 

independent on the development of the vehicle energy consumption. 

6.2 Decrease of Soil Carbon  

As described in Chapter 2.1 and Chapter 5.1, decrease of soil carbon is a land use change and 

have an impact of the fertility of the land and future possible harvest rate. If including this 

emission in the calculation of global warming potential, the emissions from harvesting and 

preparation of forest residue are 3-10 times higher than the emissions estimated if excluding 

the indirect impact [18]. However, there are different ways to calculate the decrease of soil 

carbon, and the location of the forest and the time perspective also has a big impact on the 

result. The values found in literature therefor varies, and both Holmgren et al. [18] and Jong et 

al. [191] mean that further research should be done on the subject.  

In this study, decrease of soil carbon has not been included in the global warming potential of 

a biorefinery or CHP plant. The inclusion of the indirect emission does not have an impact on 

the decision on what process is most suitable and effective for forest residue, since the 

contribution is the same in both cases. The indirect emissions rather state the adequacy of 

removing logging residues from the forest, but this is a different topic and is recommended for 

future work in the subject.  

The impact that the inclusion of the emissions from decrease of soil carbon would have on the 

final results, is presented below in Table 35. To make the results comparable, the table is based 

on the same format as Table 26 presented in Chapter 5.1. As can be seen, the emissions are 

around four times higher when including the impact of soil emissions. It should be noted 

however that the biofueled electricity and diesel alternatives still leads to a GHG reduction 

compared with the fossil alternatives, as seen in the last column. As said, this does not have an 

impact on the result of this study, however it has an impact when talking about the total GHG 

savings caused by using forest residue for the transportation sector.  
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Table 35 - Comparison of including or excluding decrease of soil carbon 

Type of 

vehicle 

Energy 

demand 

kWh/km 

Energy Source GHG emission of 

fuel 

gCO2/kWh 

Total GHG 

emissions 

gCO2/km 

Excluding 

decrease 

of soil 

carbon 

Including 

decrease 

of soil 

carbon 

Excluding 

decrease 

of soil 

carbon 

Including 

decrease 

of soil 

carbon 

Electric 

Vehicle 

 

0.105 

 

Biomass fired CHP  36 129 4 14 

Marginal electricity 400 400 42 42 

Diesel 

fueled 

vehicle 

0.362 

 

Bio Diesel 

 

22 87 8 31 

Fossil diesel 305 305 111 111 

 

6.3 Economic Sensitivity Analysis 

As presented in Chapter 5.3, it would not be profitable to invest in a forest residue fired CHP 

plant or biorefinery with the expected energy prices. In this chapter important economical 

parameters are varied with ±50% to study how the different parameters affect the profitability.  

Figure 14 shows how the NPV of the CHP plant depends on electricity price, forest residue 

price and DH price. Those variable parameters are most likely to change, since it is difficult to 

estimate the energy prices in the future. Variable costs such as operation cost is on the other 

hand more likely to stay constant.  

The plant is most dependent on changes in electricity price, secondly on fuel cost and thirdly 

on the price of DH. If the electricity price increased with 50% to 1200 SEK/ MWh the NPV of 

the plant would be 830 MSEK. For the plant to have a NPV of zero the electricity price has to 

increase to approximately 1000 SEK/MWh if  all other prices are kept constant. A 50% increase 

in DH price results in a NPV of -130 MSEK. 

 

Figure 14 - Sensitivity of CHP plant net present value to the price of electricity, forest residue and district heating. 
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Figure 15 shows how a change in  investment, diesel, forest residue, DH and O&M cost would 

affect the NPV of the biorefinery investment. In this figure, two more parameters than for the 

CHP plant are assessed. This is because the investment cost and O&M cost of the biorefinery 

have been hard to evaluate and the values are uncertain. Therefore, the impact of these 

uncertainty of those two parameters are interesting to assess. The O&M cost for a biorefinery 

is higher than for a CHP plant because of the complexity of the plant. While the flexible O&M 

costs of a CHP plant is assumed to 21 SEK per MWh of fuel input the flexible O&M cost of 

the biorefinery is 35 SEK per MWh of fuel input. However, as can be seen in the sensitivity 

analysis where the O&M cost for the biorefinery is varied between 20 and 60 SEK per MWh, 

the variable O&M cost only have a small effect on the profitability of the project. The price on 

DH has more impact on profitability than the O&M cost but even if the price of DH increases 

with 50% the NPV of the plant is -3 700 MSEK. 

 

Figure 15 - Sensitivity of net present value of the biorefinery towards diesel price, forest residue price, district heating and 

O&M cost. 

During the last decade the price of forest residue has increased. The sensitivity analysis in 

Figure 15 shows that the project is sensitive towards this price, and only slightly more sensitive 

towards the price of diesel. If the price of forest residue increased to 300 SEK/MWh the NPV 

of the project would drop to -7 500 MSEK, having a negative yearly cashflow of 170 MSEK. 

As presented in Figure 15, the biorefinery would have a negative NPV even if the diesel price 

increased with 50% from the anticipated price to 900 SEK/MWh (9.15 SEK/liter). For the NPV 

to reach zero, the diesel price have to reach 945 SEK/MWh if all other parameters are kept 

constant. This corresponds to a 135% price increase compared to the biofuel price in 2017, and 

could probably only be reached if the demand escalates because of very high CO2 taxes on 

traditional fuels.  

The investment cost used in this work has a high uncertainty of ±50%. As can be seen in Figure 

15, the profitability of the plant is equally as dependent on the investment cost as the diesel 

price. This means that even though the diesel price increases, the profit could be lost due to a 

higher cost. The total investment cost is set to around 5.4 billion SEK. With an estimated 

accuracy of ±50%, the total cost is in the interval between 2.7 billion SEK and 8.1 billion SEK. 

However, by studying other investment costs for similar projects such as AJOS, GoBiGas and 

Domsjö Fabriker described in Chapter 2.4.4, it is concluded that an investment below 4 billion 
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SEK is not likely and that the cost could actually be as high as 9 billion SEK. Compared with 

a CHP plant with the same amount of feedstock input, a biorefinery is a more complicated 

process with more processing steps and has therefore most likely a higher investment cost. As 

the investment cost of the CHP plant is set to 4.2 billion SEK with a high level of accuracy, it 

can be concluded that an investment cost as low as 2.7 billion SEK is not reasonable. It is 

therefore more likely that the investment cost would be above 5.4 billion SEK than below.  

7 Conclusions 

In this thesis, two different systems that are able to power Stockholm district heating system 

and the transportation sector were compared. The focus was on system efficiency, GHG 

emission and economic viability. The background of the report is based on Fortum Heat’s goal 

to find sustainable energy solutions that can be used to increase the production capacity in the 

Stockholm district heating system. Furthermore, the Swedish government has set goals to reach 

a fossil independent transportation sector by 2030. Therefore the feasibility of the two systems 

contributing to decarbonizing the transportation sector was also assessed. The two studied 

system are a biorefinery that powers diesel vehicles and a CHP plant that powers electric 

vehicles. 

Investigating the profitability of a biorefinery or a CHP plant was not the main goal of this 

paper, it is none the less interesting to evaluate the economic feasibility of the two plants. The 

result showed that both the CHP plant and the biorefinery investment have negative NPV. This 

indicates that the expected energy prices are too low for the investments to become profitable. 

The biorefinery has a lower present value than the CHP plant meaning that the yearly cash flow 

is lower. In addition to this, the biorefinery has an investment cost of approximately 1 billion 

SEK more making the NPV of the biorefinery even lower. This indicates that the biorefinery 

is further away from being a profitable investment than the CHP plant. 

The risk of the two investments are also very different. Building a biorefinery fueled with forest 

residue is a high-risk investment. First of all, it is an immature technology that has only been 

tested in small scale, which means that the first investor has to build a demonstration plant. 

Therefore, there is a risk that the technology will face scaling problems and that the availability 

of the plant is lower than expected. Furthermore, the profitability of the plant is highly 

dependent on the price of biofuel. In fact, the most common reason for proposed biorefinery 

projects to be stopped has been uncertainty of biofuel legislation and taxation and this is still a 

major obstacle. If the economics for a biorefinery would be better, the FT technology would 

be interesting considering that it is used and proven to create high value products. But in order 

to build a large scale biorefinery based on the FT process it must be proved that a clean syngas 

can be produced from the forest residue. 

One of the objectives with this paper was to assess the climate impact of two systems. There 

are many ways to compare GHG emissions, in this report two approaches were used. The first 

approach was to compare avoided emissions through replacing of its fossil alternative. For the 

biorefinery this is a straight forward calculation, because the biofuel can be assumed to replace 

fossil diesel. This showed that producing FT-diesel from 1 MWh of forest residue, avoids 131 

kg of CO2 emissions. The avoided emissions from electricity production in a biomass fired 

CHP plant was calculated based on the concept of marginal electricity. It was assumed that 

natural gas fired CHP plants will produce the marginal electricity in the future. The study 

showed that 1 MWh of forest residue used in a CHP plant decreases CO2 emissions from the 

power system with 114 kg. However, the avoided emissions through electricity production has 
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higher uncertainty than biofuel production. If coal power plants in Europe are not 

decommissioned, more CO2 emissions will be avoided by producing clean electricity with 

biomass. On the other hand, it is also possible that the marginal electricity will have lower 

emissions than assumed in this paper. In this case the positive impact of the biomass fired CHP 

plant will decrease. 

The second way to compare CO2 emissions of the two systems is to calculate emissions from 

driving the vehicles. This calculation showed that electric vehicles charged with electricity 

from a biomass fired CHP plant emits 4 g of CO2 per km while a car fueled with FT-diesel 

emits 8 g of CO2 per km. This can be compared with a fossil diesel powered car emitting 111 

g of CO2 per km. This clearly shows that electrification of the transportation sector can cut 

carbon emissions significantly.  

A large FT based biorefinery will have lower total efficiency than a CHP plant because the 

plant is designed to maximize FT-diesel yield which creates heat losses. In this paper the 

efficiency of the whole system, from extraction of forest residue to driving the vehicle, was 

assessed using four functional units: MWh of forest residue, kWh of district heating, CO2 

equivalents of greenhouse gases and km driven by vehicle. The results show that even though 

the biorefinery has a high yield of high quality FT-diesel, the Electric System produces more 

km driven by electric vehicles per MWh of forest residue than the FT system. The electricity 

produced from one MWh of forest residue is enough to drive an electric vehicle between 1850-

2450 km while the FT-diesel produced from one MWh of forest residue is enough to drive a 

diesel vehicle 950-1290 km. Using the same amount of forest residue, an electric vehicle can 

travel twice as far as a diesel vehicle. Furthermore, from one MWh of forest residue, the 

biorefinery produces 340 kWh of district heating while the CHP plant produces 760 kWh. 

Looking at the two functional units for district heating production and distance driven by 

vehicle, the Electric System with a biomass fired CHP plant and electric vehicles, performs 

twice as good in both functional units as the Biofuel System with a FT biorefinery and diesel 

vehicles. It is therefore concluded that the forest residue is significantly more efficiently used 

in a CHP plant and electric vehicles than in a biorefinery to power diesel cars. This is because 

in the CHP plant, almost all losses can be used for district heating and electric vehicles have 

very high efficiency. In the biorefinery, significant losses occur and even though the FT-diesel 

yield is high, the ICEVs have low efficiency which means that the end product, distance driven, 

is low. 

To conclude, the study shows that both systems could contribute to decreasing greenhouse gas 

emissions. Which system that is most feasible to decarbonize the transportation sector is 

difficult to say because both systems have large economic barriers. Furthermore, it is clear that 

some parts of the transportation sector cannot run on electricity with present technology. Both 

heavy trucks and airplanes are not possible to fully electrify which means that biofuels are 

needed to decarbonize these parts of the transportation sector. However, this study shows that 

using forest residue in a CHP plant to power electric vehicles is far more efficient than 

producing biofuel for diesel vehicle. 
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