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Abstract 

Fossil fuels dominate the world energy supply today and the transport sector is no 

exception. Renewable alternatives must therefore be introduced to replace fossil 

fuels and their emissions, without sacrificing our standard of living. There is a good 

potential for biofuels but process improvements are essential, to ensure efficient use 

of a limited amount of biomass and better compete with fossil alternatives. The 

general aim of this research is therefore to investigate how to improve efficiency in 

biofuel production by process development and co-generation of heat and 

electricity. The work has been divided into three parts; power cycles in biofuel 

production, methane production via pyrolysis and biofuels from renewable 

electricity.  

The studies of bio-based methanol plants showed that steam power generation has a 

key role in the large-scale biofuel production process. However, a large portion of 

the steam from the recovered reaction heat is needed in the fuel production process. 

One measure to increase steam power generation, evaluated in this thesis, is to 

lower the steam demand by humidification of the gasification agent. Pinch analysis 

indicated synergies from gas turbine integration and our studies concluded that the 

electrical efficiency for natural gas fired gas turbines amounts to 56-58%, in the 

same range as for large combined cycle plants. The use of the off-gas from the 

biofuel production is also a potential integration option but difficult for modern 

high-efficient gas turbines. Furthermore, gasification with oxygen and extensive 

syngas cleaning might be too energy-consuming for efficient power generation. 

Methane production via pyrolysis showed improved efficiency compared with the 

competing route via gasification. The total biomass to methane efficiency, including 

additional biomass to fulfil the power demand, was calculated to 73-74%. The 

process benefits from lower thermal losses and less reaction heat when syngas is 

avoided as an intermediate step and can handle high-alkali fuels such as annual 

crops.  

Several synergies were discovered when integrating conventional biofuel 

production with addition of hydrogen. Introducing hydrogen would also greatly 

increase the biofuel production potential for regions with limited biomass resources. 

It was also concluded that methane produced from electrolysis of water could be 

economically feasible if the product was priced in parity with petrol. 
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Sammanfattning 

Världens energitillförsel domineras idag av fossila resurser och transportsektorn är 

inget undantag. För att nå målet att skapa ett hållbart energisystem utan att göra 

avkall på dagens levnadsstandard måste nya förnyelsebara alternativ utvecklas. Att 

framställa förnyelsebara drivmedel från biomassa är en möjlighet med god 

potential, men eftersom tillgången på råvara är begränsad är en effektiv 

tillverkningsprocess av högsta vikt. Det övergripande målet med detta arbete är 

därför att effektivisera produktionsprocessen.  De utvärderade åtgärderna kan delas 

in i tre delar: kraftcykler i biodrivmedelsproduktion, metanproduktion via pyrolys 

och drivmedel från förnybar el. 

Vid termokemisk framställning av drivmedel från biomassa degraderas stora delar 

av det tillförda bränslet till reaktionsvärme. Dess temperaturnivåer är lämpliga för 

ångproduktion och i större anläggningar är en ångcykel således en given del. En stor 

del av den återvunna ångan förbrukas dock internt i produktionsprocessen, vilket 

reducerar möjligheten till elproduktion. Befuktning av förgasningsmediet har 

undersökts, med goda resultat, för att reducera det interna ångbehovet jämfört med 

direktinsprutning av ånga. Tillgången på reaktionsvärme är god för att försörja en 

effektiv ångcykel men det uppstår ett underskott på lågtemperaturvärme för 

matarvattenförvärmning vilket ger förutsättningar för integration av gasturbiner. 

Beräkningar visar att det finns goda synergier för gasturbinintegration i 

biodrivmedelsproduktion och för naturgaseldade gasturbiner beräknades 

elverkningsgraden till 56-58%. Användningen av restgaser från drivmedels-

produktionen har också undersökts men bedöms mindre intressant då dessa gaser 

avviker mycket från naturgas och är svåreldade i moderna gasturbiner. Vidare är det 

inte självklart att samma typ av förgasare ska användas för både drivmedels- och 

elproduktion. Drivmedelsproduktion kräver syre som förgasningsmedium vilket är 

energikrävande att framställa medan elproduktion kan ske via luftförgasning.  

Studierna av metanproduktion via pyrolys indikerade ett högre utbyte jämfört med 

motsvarande process via förgasning. Energiverkningsgraden från biomassa till 

metan via pyrolys uppgick till 73-74%, inklusive biomassa för att täcka elbehovet. 

Fördelen med processen är lägre reaktionsförluster och termiska värmeförluster 

samt att processen kan hantera bränslen med högre ask- och alkalihalt (t.ex. 

energigrödor). 

Det är alltid ett underskott på väte då drivmedel framställs från biomassa. Ett flertal 

synergier identifierades då konventionell biodrivmedelsproduktion kombineras 

med vätgastillförsel. Tillförseln av väte skulle drastiskt kunna öka potentialen för 

biodrivmedel, speciellt i regioner med begränsad tillgång till biomassa. Den 

ekonomiska utvärderingen visar att metan från elektricitet (via elektrolys) skulle 

vara genomförbart om produkten prissätts i paritet med dagens bensinpris. 
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Nomenclature 

Abbreviations 
ASU Air Separation Unit 
BIGCC Biomass Integrated Gasification Combined Cycle 
BM Biomass to Methane (efficiency) 
C Capital investment 
CC Combined Cycle 
CCS Carbon Capture and Storage 
CCU Carbon Capture and Use 
CHP Combined Heat and Power 
DME Dimethyl Ether  
el electrical (output, efficiency) 
FAME Fatty Acid Methyl Ester 
GT Gas Turbine 
HCNG Hydrogen Compressed Natural Gas   
HHV Higher Heating Value 
HP High Pressure 
HRSG Heat Recovery Steam Generator 
IEA International Energy Agency 
IGCC Integrated Gasification Combined Cycle 
LHV Lower Heating Value 
LP Low Pressure  
MEE Marginal Electrical Efficiency 
MP Methanol Plant 
n number of years (economic lifespan)    
NG Natural Gas 
nm3 m3 volume at 0°C, 1 atm 
ORC Organic Rankine Cycle 
P Power output (electrical) 
r rate of return  
ref reference   
SNG Synthetic Natural Gas 
tot total 
y year 
WGS Water-Gas-Shift 
wt Weight 
 
 
Greek letters 
η Efficiency (BM, el, NG, tot)  
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1. Introduction  

Worldwide travelling and transportation of products are something most people 

take for granted. However, increasing oil prices and the increased concern for the 

environment has drawn attention to the fossil-based transport sector and raised the 

question of the sustainability of the system. Urgent action must be taken to slow 

down the anthropogenic emissions of greenhouse gases that threaten to change the 

climate. If the goal is to eliminate the emission from the fossil fuels that are used 

today, without sacrificing our standard of living, renewable alternatives must be 

introduced in the transport sector. Domestic production of biofuels is also a measure 

taken to secure the supply as well as decrease dependency on imports of fossil fuels, 

often from politically unstable countries.   

This dissertation discusses potential improvements in biofuel production, 

principally from a Swedish perspective with good lignocellulosic biomass resources 

and demand for district heating; characteristic for the climate zone. A number of the 

topics have been identified by the International Energy Agency (IEA) as key research 

and development issues for advanced biofuels, e.g. efficient use of low-temperature 

heat and upgrading of pyrolysis oil to high quality fuels (International Energy 

Agency, 2011b).   

At present, most renewable transportation fuels fail to compete with cheap and 

subsidised fossil fuels. The development and production of biofuels are therefore 

controlled by political policies and other initiatives. Policies have recently been 

introduced to reduce the emissions and dependency on fossil fuels in the transport 

sector. Together with the EU, Sweden has adopted the 20-20-20 targets, implying 

that 20% of the energy should be renewable by the year 2020. On top of that, the 

Swedish government has created the vision of a transport sector independent from 

fossil fuels by 2030 and an energy system with no net emissions of greenhouse gases 

by 2050 (Ministry of the Environment, 2009). Finding replacement fuels for the 

transport sector has been a dilemma and the sector has therefore been assigned a 

more moderate EU goal of 10% renewables in the year 2020. In 2010, the share of 

renewables in the transport sector accounted in Sweden and the world were 4% and 

2%, respectively (Swedish Energy Agency, 2011a). The Swedish usage for 
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transportation energy is 130 TWh/y; an additional 8 TWh/y of renewable energy is 

therefore needed to reach the 10% goal (Swedish Energy Agency, 2011a). In 

addition, the use of energy for transportation is predicted to grow by 2% annually 

(Kahn Ribeiro et al., 2007); this increase will also need to be met by green 

alternatives. On the other hand, future cars will be more efficient and thereby use 

less energy. However, the Swedish Transport Administration predicts that the EU 

20-20-20 goals will only stabilise the emissions at current levels due to traffic 

growth, despite the potential for increased efficiency (Johansson, 2010). 

There are numerous potential biofuels, production routes and raw materials, all 

with different opportunities and limitations. Biofuels are generally divided into 

different generations based on production method, where the first generation is 

commercialised, and the second and third are still under development and pilot 

plant testing. First generation biofuels include fatty acid methyl ester (FAME) from 

vegetable oils (e.g. rapeseed, palm oil and soya) and biogas from anaerobic digestion 

of waste. Ethanol made from sugar and starch is usually also included in the first 

generation. The common denominator of these fuels is that they are produced from 

organic material without chemical processing. The production of the second 

generation biofuels involves thermal or chemical treatment such as gasification of 

biomass and hydrolysis of cellulose for ethanol production.  A large variety of fuels 

can be produced via gasification of biomass e.g. methanol, synthetic natural gas 

(SNG), Fischer Tropsch diesel and dimethyl ether (DME).  

In the case of Sweden, which is a particularly forest-rich country, a significant part of 

road transportation can be supplied with energy from the forest (Lindfeldt et al., 

2010; Åkerman and Höjer, 2006; Robért et al., 2007). Bio-energy from the forest 

cannot fulfil the global demand for transportation energy but will probably be one of 

many solutions. The IEA has estimated that about 27% of the global transport fuel 

demand by 2050 could be supplied by biofuels; if the right actions are taken to 

ensure a stable investment climate (International Energy Agency, 2011b). The third 

generation biofuels are fully synthetically produced based on hydrogen generated 

from electrolysis using electricity. Its merits are carbon neutrality, safety of supply 

and in some cases improved efficiency and emission reduction, e.g. when fuel cells 

replace today’s combustion engines. Fuel production from electricity has also been 

suggested as a measure to balance the intermittent output from an increasing share 

of wind and solar power generation, often referred to as ”power to gas”. There are 

several other pathways (and definitions) for production of advanced biofuel (e.g. 

algal biofuels) but those will not be discussed in this thesis.  

First generation biofuels have been heavily criticised because of the competition 

with food production, resulting in surging food prices (International Energy Agency, 

2008). This thesis is therefore focused on the second and third generation where 

competition with food production is less significant, although there may still be 

some competition for the limited land resources.   
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1.1 Aim and research questions 

The general aim of this research is to improve overall efficiency in biofuel 

production by process development and co-generation. The starting point for this 

work was to identify shortcomings and potential improvements in thermo-chemical 

biofuel production processes from wood biomass. From this initial analysis three 

main questions were raised: 

 Can the overall process efficiency be improved with co-generation of 

electricity by efficient recovery of chemical reaction heat in novel power 

cycles? 

Hypotheses: 

o Power production from the steam cycle can be increased by reducing 

the use of steam in the production process. 

o The reaction heat from the fuel production process can be used 

efficiently in a joint cycle together with gas turbine power production. 

 

 Is pyrolysis an efficient route for bio-methane production? 

Hypotheses: 

o Chemical conversion losses as well as sensible losses can be 

minimised by using a low-temperature route (pyrolysis).  

o Electricity consumption may be minimised in a slow pyrolysis process 

with lower requirement for feedstock preparation (grinding) by 

integration with charcoal production.  

 

 How can hydrogen from renewable electricity be used in biofuel production? 

Hypotheses: 

o Adding additional hydrogen could convert a major part of the carbon 

matters in the feed to biofuel and vastly increase the potential yield. 

o With today’s legislation and price levels; is it economically feasible to 
produce synthetic fuels from renewable electricity?   
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1.2 Research context 

This thesis is based on the results from several different projects and collaborations. 

All topics are related to the improvement of biofuel production, but to facilitate 

presentation and discussion of the results this thesis have been divided into three 

areas.  The three subtopics are as follows: 

 Power cycles in biofuel production 

 Methane production via pyrolysis 

 Biofuels from renewable electricity 

 

Power cycles in biofuel production (chapter 4) 

The research regarding power cycles was carried out during the first two years of 

my PhD studies as a part of the “TurboPower” research program. The project goals 

were to perform a techno-economic feasibility study of the integration of turbo-

machinery into different promising bio-fuel production processes and to improve 

the technological knowledge in the field. The work includes evaluation of both gas 

turbine and steam turbine integration; the results are presented in Papers I-III.  

 

Methane production via pyrolysis (chapter 5) 

The idea of a low-temperature route via pyrolysis, at about 400-500°C, arises after 

the initial energy mapping, as a measure to lower the amount of reaction energy as 

well as the thermal losses in the syngas. The hypothesis was that methane could be 

more efficiently produced from longer hydrocarbon chains instead of using syngas 

as the intermediate step (as in conventional gasification). All work regarding 

pyrolysis has been a joint effort with Mårten Larsson (KTH), mainly through funding 

from the F3 (The Swedish Knowledge Centre for Renewable Transportation Fuels) 

 

Biofuels from renewable electricity (chapter 6) 

The benefits of introducing renewable hydrogen in the biofuel production process to 

decrease the steam demand for CO2 removal was also detected during the initial 

study of power cycles. That initiated further collaboration with my colleague Farzad 

Mohseni who worked with synthetic pathways for methane production from CO2 

and H2. Our studies included evaluation of the synergies when combining traditional 

methane production (1st and 2nd generation of biofuels) together with additional 

hydrogen from renewable electricity (Papers VI, IX). Finally, an economic evaluation 

was made of the competitiveness of small scale SNG production aimed at the 

Swedish market (Paper VII).  
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1.3 Thesis outline 

Chapter 1 describes the structure and outline of this thesis. 

Chapter 2 gives a brief background to biofuel production and usage both today and 

in the near future. The chapter also includes an introduction to the energy usage and 

the co-generation possibilities within the biofuel production process.  

Chapter 3 describes the methodology.  

Chapter 4 presents the possibilities for co-generation of power in biofuel 

production (Papers I - III). 

Chapter 5 introduces the low-temperature route for methane production via 

pyrolysis (Papers IV and V).  

Chapter 6 describes the possibility to use renewable electricity for fuel production 

(Papers VI and VII).  

Chapter 7 summarises the work with final discussion, conclusions and 

recommendations for further studies.  
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2. Background 

As mentioned in the introduction, biofuels are commonly divided into different 

generations depending on the processing method. The first generation biofuels is 

produced from organic feedstock such as sugars and vegetable oils without any 

chemical processing and have been heavily criticised for the competition with food 

production and questionable environmental benefits. The second generation is 

based on further chemical or thermal conversion of wood biomass and waste to 

avoid the conflict with food production. However, with increasing competition from 

power generation and the forest industry, both the first and the second generation 

of fuels have limited potential set by the availability of feedstock and land. It is 

therefore suggested that hydrogen produced from renewable electricity should be 

used to further increase the potential for fossil fuel replacement.   

The production routes and topics covered in this thesis are: methane production via 

pyrolysis, power generation in methanol production via gasification and different 

ways of using renewable electricity for fuel production. The production routes 

evaluated in thesis are illustrated in Figure 1. 
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Figure 1: Biofuel production routes included in this study 
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This background chapter begins with a brief introduction to the biofuels used today 

and in a near future followed by an overview of the production routes involved and 

the possibilities for co-generation of electricity.  

2.1 Status for biofuels today and production alternatives for the near 

future 

Within the EU, transportation on average accounts for 20% of the total greenhouse 

gas emissions. The corresponding figure for Sweden is approximately 30%, which is 

above the EU average as a consequence of low emissions in other sectors (heat and 

power). In 2010, a total of 5 TWh biofuels (ethanol 2.5 TWh, FAME 2 TWh and 

biogas 0.5 TWh) were used in the Swedish transport sector. Ethanol is used both as 

a low-blend in gasoline (5%) and as E85 in adapted cars. FAME is also used as a 

blend but for diesel, accounting for about 5% in 80% of all diesel (Swedish Energy 

Agency, 2011a). Roughly half of the FAME and ethanol is produced in Sweden whilst 

the rest is mainly imported from wholesalers in Europe, making the exact origin 

difficult to trace (Swedish Energy Agency 2011a). The world production of biofuels 

has increased six-fold during the last 10 years, driven by the USA and Brazil, which 

are the main producers of biofuels (mostly ethanol) and account for 75% of the 

global market (International Energy Agency, 2011a). Biogas is produced locally in 

waste treatment plants, co-digestion facilities and landfills. About half of the 

production in Sweden is upgraded to vehicle gas quality, while the rest is used for 

heat and power production (Swedish Energy Agency, 2011b).  

An important aspect that is often forgotten in the debate is the market barriers 

against new biofuels. Today there is an extensive distribution network for petrol and 

diesel, and to some extent ethanol and biogas. An entirely new distribution system 

for fuel would be very costly to build and it would therefore be advantageous if 

biofuels could be used in the currently available infrastructure. Cars sold today are 

expected to be driven on our roads for 15 years; hence it will take a long time until 

all cars have been replaced. The phasing-in of biofuel cars has been slow, despite 

subsidies and tax reliefs, due to a "chicken or the egg” dilemma. If no fuel stations 

sell biofuels; it is difficult to sell adapted cars and vice versa. Fuels that can be 

blended in fossil petrol and diesel or used in dual-fuel engines (with a fossil 

alternative) have seen greater market penetration. Blend-in policies and targets for 

ethanol and biodiesel have been implemented in more than 50 countries 

(International Energy Agency, 2011b). The use of natural gas as backup for biogas 

has been vital to handle the massive increase in usage, while areas isolated from the 

grid has experienced deficits of gas. In regard to liquid fuels, the most interesting 

biofuels are those which can be blended with fossil petrol and used in the cars sold 

today. One example of successful introduction is the rapid growth of FAME blended 

into diesel (Swedish Energy Agency, 2008). In a report to the Ministry of Enterprise, 
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Energy and Communications, Ecotraffic (2007) concludes that increased amounts of 

ethanol and methanol blend may be a way to achieve environmental objectives in 

the short term; the problem however, is the limited production of biofuels. 

Electricity is predicted to have an increasing impotence in the future transport 

sector, both as a source of fuel and in electric vehicles. As a result of the postponed 

entry of the hydrogen economy, attention has been diverted more towards 

converting hydrogen into conventional fuels adapted to the existing infrastructure, 

e.g. methanol (Olah et al., 2006) and SNG (Paper VI). These fuels can be produced 

using hydrogen and a carbon source, e.g. CO2, often referred to as carbon capture 

and use (CCU) in contrast to carbon capture and storage (CCS).  

2.2 Future energy combined 

The Swedish research program Elforsk (Thunman et al., 2008) has published a 

comprehensive report regarding the production of biofuels combined with 

traditional heat and power production since there are a number of similarities. The 

report covers not only products such as pellets, which are commercial today, but 

also non-commercial biofuels such as SNG, DME and methanol. The study concluded 

that biofuels suitable for vehicles can be produced with an energy efficiency of 45-

55%, with the exception of methane (SNG) via gasification, which could attain a 60-

65% yield1. The economic feasibility study indicates that the cost of the biofuel 

produced is between 2.5 and 3.5 times higher than the feedstock cost. The fuel that 

had the highest yield is SNG produced in an indirect gasifier, while methanol gives 

the highest yield among the liquid fuels.  

The optimal capacity of a biofuel production facility depends, among other things, on 

available biomass resources, the markets for the products, district heating and 

economies of scale. A study (Thunman et al., 2008) regarding suitable plant size 

indicates that methane via gasification with a lower specific investment cost may be 

more suitable for small-scale plants (50-300 MW product), while production of 

methanol requires a larger plant (100-1,000 MW product) to reach economic 

feasibility due to a more complex process. This conclusion is also supported by 

Sørensen (2005), who states that the methanol production cost decreases sharply as 

the plant size increases (starting at a biomass input of 10 MWHHV), but the price 

trend flattens out (still decreasing) when the biomass input reaches 200 MWHHV.  

To concretise Sweden’s obligations according to the EU 20-20-20 goals, a realistic 

example of the necessary plant capacity and feedstock has been devised as a part of 

my thesis (see Table 1). The most commonly discussed biofuels are methanol and 

                                                        
1 The yield is defined as LHV of product divided by the LHV of the biomass input on wet basis (50% moisture 

content). 
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SNG via gasification; these are therefore used in this example. Further examples of 

smaller plants, discussed in this thesis, are SNG2 production via pyrolysis and SNG 

produced from renewable electricity via the Sabatier process.   

Table 1: Indication of feasible plant scale and number of plants needed to produce 10 TWh/y for various biofuel 
production technologies 

 Methanol – 
gasification 

SNG – 
Gasification 

SNG – 
Pyrolysis 

SNG –  
Sabatier 

     
Biomass input 

per plant 
400 MW 

3.2 TWh/y 

100 MW 
0.8 TWh/y 

10 MW 
80 GWh/y 

2.5 MWel 
 20 GWh/y 

Biofuel output 
per plant 

250 MW 

2 TWh/y 

64 MW 

0.5 TWh/y 

7.1 MW 
56 GWh/y 

1.2 MW 
9.2 GWh/y 

Steam output 
per plant 

60 MW 

480 GWh/y 

15 MW 

120 GWh/y 

1.3 MW 
10 GWh/y 

 0.25 MW 
 2 GWh/y 

No. of plants   
10 TWh/y 

5 20 180 1,100 

 

These estimations give a picture of the number of plants that have to be built in the 

coming years to produce 10 TWh/y and fulfil the 20-20-20 goals. As can be seen, a 

massive quantity of biomass (about 16 TWh) and an available heat sink are needed 

for this magnitude of production (2 TWh). Several studies (Li et al., 2010; 

Borgwardt, 1997) suggest natural gas be used as a co-feedstock for methanol, not 

only as a hydrogen source, but also to increase the plant size for regions with high 

transportation costs and insufficient biomass supply. Coal is another co-feedstock 

that is discussed to increase the plant size and reach economic viability (Berndes et 

al., 2010; Chmielniak and Sciazko, 2002). The investment decision is linked to many 

uncertainties related to policy decisions and a dual-fuel plant lowers the fuel-

specific risk. The questionable aspect when using coal or natural gas as co-feedstock 

is that they are both fossil energy sources, in other words the product does not 

qualify as a green biofuel. 

An estimated 15% of the biomass input can be recovered as usable heat in the 

gasification process, which implies a heat output of 480 GWhHeat/y from each 

methanol plant and 120 GWhheat from each SNG plant. Only paper mills and some 

large district heating networks use such large amounts of heat as 480 GWh/y. The 

methanol plant is also large enough to consider co-generation of electricity in a 

steam cycle, while integration in an existing steam cycle or organic rankine cycle 

(ORC) are more advantageous for the 100 MW SNG plant. Compared to combined 

heat and power production, more biofuel than electricity can be produced by using 

the same heat load due to the higher yield in biofuel production. The pyrolysis plant 

                                                        
2 SNG is also referred to as bio-methane (paper IV and V) and biogas (paper VI).  
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introduced in this thesis does not reach the scale for co-generation of electricity but 

would also benefit from heat exports. These small plants are more suitable for local 

production outside the gas grid with limited heat demand and availability of 

biomass, e.g. supplying a bus fleet.  

2.2.1 Opportunities within the district heating network 

The overall energy efficiency of the biofuel production is to a large extent dependant 

on how the excess heat can be recovered; this is where district heating comes into 

the picture. District heating has a number of strategic advantages including the 

possibility of using industrial waste heat, combined heat power generation and 

excess heat from biofuel production. Larger plants are also able to handle fuels that 

can be difficult for individual home owners to handle, e.g. municipal waste which 

requires a crucial flue gas cleaning process.  

At present there are about 35 combined heat and power (CHP) plants in Sweden. 

The remaining part of the heat is produced in hot water boilers (except a minor 

amount of waste heat from industry) without co-production of electricity that could 

be considered for combined fuel and heat production. Among these plants, there are 

about 40 units which have an annual heat supply above 100 GWh/year and another 

30 plants exceed 50 GWh/year (Swedish District Heating Association, 2009). A 

major disadvantage of district heating is the large seasonal variation in demand. 

During the summer (May-September) only the heat to generate tap water is 

provided, which gives a relatively small heat load. The winter period, October to 

April, is only about 5,000h/y. 

Co-generation of biofuel production has been evaluated both on a regional 

(Börjesson and Ahlgren, 2010; Difs et al., 2010) and a national scale (Egeskog et al., 

2009). To reach the EU 20-20-20 targets, about 15% of the available heat sink in the 

district heating net must be used for combined biofuel and heat production plants, 

assuming that all fuel is produced via this route (Egeskog et al., 2009). Furthermore, 

combined biofuel and heat production plants are thus not competitive with CHP 

plants without additional subsidiaries for fuel production (Börjesson and Ahlgren, 

2010; Wetterlund and Söderström, 2010).  A study conducted by Leduc et al. (2010) 

shows that the specific cost of producing methanol from biomass could be reduced 

by 10% if the excess heat could be sold as district heating. Thus, the problem with 

the varying heat load still remains. A biofuel production plant (with district heating 

co-generation) would be a massive investment and require continuous operation to 

decrease the payback period. Accordingly, the plant size may be restricted by the 

district heating base load. Co-generation of process steam for external industrial use 

is more likely in a hotter climate without the need for district heating.  
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2.3 Biofuel production via gasification 

To provide a picture of the potential for co-generation of electricity, process 

improvements and the synergies of introducing additional hydrogen, a short 

presentation of the biofuel production process in general as well as the energy use in 

SNG (gasification) will be given. The general production process for biofuels via 

gasification is shown in Figure 2. The process is to a large extent the same for all 

biofuels, except for the fuel synthesis and upgrading steps.  
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Figure 2 : General fuel production process via gasification and pyrolysis 

Pre-treatment is the first step and involves chipping and drying of the biomass. The 

received biomass has a moisture content of 30-60 wt% and is preferably dried to 10-

15 wt% (Fagernäs et al., 2010). The requirements for grinding and chipping depend 

on the gasifier but the biomass must usually be ground to a few millimetres. The 

grinding process is energy-consuming but crucial to enable a fast heating rate 

(°C/min) of the biomass.  

The gasifier converts the biomass into syngas that can be used for power production 

or further converted to biofuels and chemicals. In the gasification step, the biomass 

is heated and turned into gas via partial oxidation with a gasification agent present. 

There are several different types of gasifiers, generally based on the fluidised bed 

technique (Olofsson et al., 2005). Therefore, the gasification agent also has the 

important function of fluidising the bed. Different gasification agents (air, steam, 

oxygen or hydrogen) are used depending on the gasifier type and the intended use 
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of the syngas. Oxygen is the most commonly used gas in biofuel production to avoid 

dilution of nitrogen from air.  

Prior to fuel synthesis the gas must be cleaned to protect the downstream process 

equipment. The most common pollutants are sulphur and alkali metals that inhibits 

the catalysts. There are different possible cleaning routes suggested depending on 

the syngas temperature and pressure (Hamelinck and Faaij, 2002). The syngas 

cleaning technology is still under development, with focus on an advanced hot 

process that would enhance efficiency in biofuel production processes (Sharma et 

al., 2008). Cold gas cleaning is a proven and more reliable technology but it is 

associated with heat loss since the syngas must be reheated before the fuel 

synthesis.   

Gas treatment, also known as gas conditioning, comprises water gas shifting (WGS) 

and optional reforming or pre-reforming. Steam is added in the WGS in order to shift 

carbon monoxide to hydrogen and carbon dioxide. The reaction is slightly 

exothermic and the temperature level of the reaction heat is around 200°C.  

WGS: CO + H2O → H2 + CO2 ΔH = -41.1kJ/mol (14.5%) (1) 

This step is done to increase the proportion of hydrogen in the gas before the fuel 

synthesis. There is always a shortage of hydrogen in the raw syngas and hydrogen is 

thus the limiting reactant in the fuel synthesis from biomass.   

Fuel synthesis differs widely depending on which fuel is being produced. The 

process is typically exothermic, pressurised and occurs at elevated temperatures 

(e.g. 10-150 bar, 300-600°C).    

Upgrading involves CO2 separation in the case of SNG and H2 production. In 

methanol and DME production, distillation is required to remove water to purify the 

product. Production of liquid fuels gives a by-product; the off-gas (also referred to as 

tailgas) that can be considered for gas turbine fuel. The content of the off-gas 

depends on the conversion and recirculation rates in the synthesis step but is mainly 

CO2 and vapour (and also N2 if the gasification medium is air). 

The energy flow sheet in Figure 3 shows an example of the energy flows that occur 

in SNG production from biomass. A large share of the input energy in the biomass is 

degraded into chemical reaction heat in the process. Excess heat is used to produce 

steam for internal use and for export to a steam cycle; in this case 5 MW of the raw 

syngas is used for steam superheating. The internal power production is 5 MW but 

an additional 2 MW of external power is still needed. External power is required to 

power the compression processes; oxygen production and pressurised fuel feeding. 

Condensation heat from the steam cycle can be used for district heating, in this case 

14MWth (Ingman et al. 2006). Not all the excess heat is utilised in the steam cycle; a 

large amount is used within the internal process. The high-pressure steam level 

(HP), represented by the orange arrows, is 40 bar while the green arrows show the 
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flow of low pressure (LP) steam (5.5-15 bar). The power island is an important 

section used to recover heat, produce electricity and also supply heat to the internal 

processes. The main objective when designing the steam system is to supply the 

demand at the lowest possible exergy cost, e.g. expand the steam to the required 

pressure and temperature before being used as process steam.  
1
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Figure 3: Energy flows suggested for the SNG production process (based on (Ingman et al., 2006)) 

Figure 4 shows the distribution of steam use for a plant with 100 MW of biomass 

(LHV dry basis) input and a total of 33 MW steam available. Approximately 56% of 

the steam is available for the steam cycle while the rest is used internally. The main 

users of the most valuable high-pressure steam are the gasifier (7.4 MW) and the 
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shift reactor (0.8 MW). The high pressure is needed to enable feeding in the 

pressurised processes. CO2 removal uses a large amount (5.8 MW) of low pressure 

steam for heating purposes when generating the absorbent. Compressors are by far 

the main users of electric power. The oxygen compression for the gasifier consumes 

2 MW and 2.7 MW is needed for the air separation unit (ASU).       

 

Figure 4: Distribution of steam usage in biofuel production via gasification 

2.4 Integration of power cycles in biofuel production 

As explained previously, a significant amount of the chemical energy of the biomass 

input is degraded into chemical reaction heat and therefore most studies suggest the 

use of a steam cycle to recover the reaction heat as useful power. The rational use of 

excess heat from the fuel production process is essential for both overall efficiency 

and economy. The large amount of excess heat above 200°C enables the use of steam 

cycles as well as generation of process steam and district heating. Biofuel production 

is therefore an obvious opportunity for poly-generation of biofuel, electricity and 

heat. Figure 5 shows the possibility for co-generation if 10 TWh/y of biofuels were 

produced via gasification.  
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Figure 5: The required Swedish biofuel production to reach 10 TWh/y (≈10% of the Swedish transportation 

fuels) renewable energy within the transport sector. 

Despite the steam power generation from the reaction heat, the plant generally 

remains a net consumer of electricity. To further enhance the power production 

several studies propose integration of gas turbines, most often fired with syngas 

from the fuel production process (Larson et al., 2005; Hamelinck and Faaij, 2002; 

Tijmensen et al., 2002). Pinch analysis of biofuel production (Paper II; Heyne and 

Harvey, 2009) indicates that there is an excess of high-temperature heat, usable for 

high-pressure steam production and superheating, but a shortage of pre-heating 

energy if the heat from the biofuel production process is recovered in a steam cycle. 

This is usually solved by steam extraction from the steam cycle at reduced pressure 

to preheat the boiler feed water, thus with a decreased cycle efficiency. The grand 

composite curve in Figure 6 shows the available energy in a 382 MW (LHV input) 

methanol plant (Katofsky, 1993). As can be seen, there are major heat resources 

(≈80MW) at a temperature usable for both high-pressure steam production and 

super heating (to the left of the dotted line). The somewhat delicate problem is the 

lack of energy for boiler feed water preheating. The whole temperature increase 

from condensation up to the boiling point (≈35 MW) must be completed using steam 

extracted from the steam turbine. This extraction of steam from the turbine could be 

replaced by a low-temperature source, thus adding low quality heat with high 

efficiency.  

 
Figure 6: Pinch analysis of a methanol production plant (from Paper II, based on (Katofsky 1993)) 
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When heat is recovered from the gas turbine exhaust, the situation is reversed; 

additional energy is available for preheating, under the pinch point (see Figure 7). 

Consequently, the flue gas from the gas turbine is well suited to supply the heat for 

boiler feed water preheating when integrated in the same cycle as the biofuel 

production process.  

 

Figure 7: Example of HRSG from gas turbine exhaust from a Siemens Gas Turbine SGT-800 (paper III) 

 

The opportunities for gas turbine integration can be modelled as two different 

configurations; serial and parallel. In both configurations, the heat from the gas 

turbine exhaust is recovered in a joint steam cycle together with the reaction heat 

from the fuel production process (see Figure 8).  
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Figure 8: Definition of configuration opportunities for gas turbines in biofuel production (paper III) 

 

In the serial configuration, the remaining off-gas from the biofuel production 

process is used as fuel for the gas turbine. The content of the syngas obviously 

depends on the fuel production process design in terms of the conversion rate and 

the number of re-circulations. In the fuel synthesis, hydrogen is the limited reactant, 

which leads to an excess of carbon monoxide if WGS is not used. Consequently, the 

use of WGS will largely affect the quality of the off-gas since the unconverted carbon 

monoxide will remain in the off-gas and be used as turbine fuel if the syngas is not 

shifted. Syngas could be used in different ways before the gas turbine, maximised 

fuel production versus a combination of fuel and power production; hence there is a 

sliding scale between serial and parallel. When the gas turbine is fed with raw 
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syngas from the gasifier, the setup could be defined as parallel. A third option, 

hybrid parallel configuration, where natural gas is used as gas turbine fuel, is also 

evaluated. Even though there is not always a clear distinction between the different 

configurations, a classification will be useful in the evaluation and discussion.   

The studies regarding these integration options will be presented and discussed in 

chapter 4.2. A brief overview of other technologies used to produce power from 

biomass is given (next chapter) as a reference to integrated biofuel and power 

production. 

 

2.4.1 Related technologies for biomass based power production  

There are several different pathways to produce electricity from biomass: 

conventional biomass-fired steam cycle, hybrids, co-firing and biomass integrated 

gasification combined cycle (BIGCC). Although biomass-fired steam cycles have 

rather low electrical efficiency (about 30-35%), they are commonly used in CHP 

plants where the total efficiency, including district heating, can exceed 100% on LHV 

basis (Hansson et al., 2007). To further increase the electrical efficiency, gasification 

is suggested as a method to convert solid biomass to syngas, which could be used to 

feed biomass in the top cycle (gas turbine or gas engine). However, the combustion 

properties of biomass-derived syngas are fundamentally different from natural gas 

in terms of energy content and combustion properties, for which the gas turbines 

are usually built and optimised. The composition of the syngas is dependent on 

feedstock, gasification agent and gasification method. The lower heating value for 

raw syngas is commonly 5-10 MJ/nm3 (Olofsson et al., 2005) compared to 35-40 

MJ/nm3 for natural gas. There are three main obstacles when dealing with firing 

biomass-derived syngas in gas turbines; combustion stability, pressure drop in the 

fuel injection system and limitations in mass flow through the turbine (Consonni and 

Larson, 1996). One option, in order to avoid the complications of re-designing the 

gas turbine, is to upgrade the syngas to SNG, which generally has the same 

properties as natural gas. However, the negative aspects of using this option for 

power production would result in an electrical yield in the same range as for a 

biomass-fired steam cycle but with a far more complex, unreliable and expensive 

system.  

The technical and economic prerequisites for BIGCC have been evaluated and 

discussed in several studies over the last two decades (Bridgwater et al., 2002; 

Consonni and Larson, 1996; Franco and Giannini, 2005; Klimantos et al., 2009; 

Lundqvist, 1993; Rodrigues et al., 2007; Sadhukhan et al., 2010) although the 

technology is not commercially available and very little effort has gone into 

demonstration. One of the more comprehensive attempts at full scale testing of 

BIGCC is the Värnamo demonstration plant in Sweden. When operating, the plant 

achieved an electrical efficiency of 31.7% (district heating backpressure) (Sydkraft 
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AB, 2001). The plant was thus too small to reach high efficiencies but adapted to 

demonstrate the new technology while at the same time fitting the budget. When the 

project was summarised in 2001, the net electrical efficiency was estimated at 45% 

(based on LHV) for a future generation of BIGCC plants operated in cold condensing 

mode (Sydkraft AB, 2001). The corresponding figure in the literature spans a wide 

range, basically from 35% to 49.5% (Bridgwater et al., 2002; Craig and Mann, 1996; 

Franco and Giannini, 2005; Klimantos et al., 2009; Larson et al., 2005; Marbe et al., 

2004; Rodrigues et al., 2007). 

Compared to BIGCC, hybrids and co-firing are less complex options that have been 

suggested (and in some cases also commercialised) as a low-cost option for fossil 

power plants to supplement coal and natural gas with biomass. A hybrid cycle is 

defined as a cycle that utilises two different fuels. Most common is that a high quality 

fuel is used in the top cycle (gas turbine or engine), while a cheaper fuel can be fired 

in the bottom cycle (steam cycle). Hybridisation of natural gas combined cycles has 

been studied for both biomass as a bottom cycle (Franco and Giannini, 2005; Petrov, 

2003; Pihl et al., 2009; Westermark, 1991) and also with integration of a gasifier in 

order to enable feeding of the biomass in the top cycle (Franco and Giannini 2005; 

Fiaschi and Carta, 2007; Pihl et al., 2010; Rodrigues et al., 2003). The electrical 

efficiency of the added biomass in the top cycle is estimated to be 46-50% (Pihl et al., 

2010) while, the biomass to electricity efficiency for fuel fired in the bottom cycle is 

estimated to be between 36.9% and 41.5% (for district heating back-pressure 

operation) (Pihl et al., 2009). Previous studies indicate that about 30% of syngas 

(energy basis) can be co-fed to the gas turbine, without or with only minor 

modifications to the gas turbine (Rodrigues et al., 2003; Fiaschi and Carta, 2007). 

However, a study of retrofitting an existing plant for co-feeding a combined cycle 

with syngas (with air used as gasification agent) concluded that only 3% of the total 

energy input (including duct firing in the HRSG) was possible without 

reconstruction of the plant due to flue gas flow restrictions in the HRSG (Ingman et 

al., 2006). 

2.5 Process aspects for methane production via pyrolysis 

Pyrolysis is not only an established technology to produce charcoal and wood 

liquids; it is also a possible production route for methane. In the pyrolysis process, 

the feedstock is heated to between 400°C and 800°C under anaerobic conditions, 

resulting in a decomposition that produces three products: bio-oil (condensable), 

gas (non-condensable under ambient conditions) and charcoal (solid char).  

Pyrolysis is currently used in several commercial plants and the purpose of these 

plants is often to produce one specific product, either bio-oil or charcoal. The 

process is thus optimised for this product and the by-products are often combusted 

to generate process heat. The major part of the process heat is used to dry and heat 
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the biomass feed. The energy required for the pyrolysis reactions varies from 

slightly exothermic to endothermic 1 MJ per kg of dry feed (Ringer et al., 2006; Van 

de Velden et al., 2010). 

The allocation of the pyrolysis products yields depends on several process variables, 

e.g. heating rate, pre-treatment, final temperature and residence time. A lower 

heating rate (slow pyrolysis) favours the formation of charcoal while a high heating 

rate (fast and flash pyrolysis) boosts formation of bio-oil. Typical yields for some 

general thermal processes can be seen in Table 2.  

 

Table 2: Typical product yield for different thermal treatment (International Energy Agency, 2012) 

Process Conditions  yield [weight basis, %] 

 Temperature [°C] Residence time Bio-oil Charcoal Gas 

Fast ~500   ~1s 75 12 13 

Intermediate ~500 ~10-30s 50 25 25 

Slow – Torrefaction ~290 ~30 min - 82 18 

Slow – Carbonisation ~400 hrs -> days 30 35 35 

Gasification ~800-1,000  5 10 85 

 

The pyrolysis process has been tested on a wide range of materials and has been the 

subject of several review reports (among others (Bridgwater et al., 1999; 

Bridgwater and Peacocke, 2000; Butler et al., 2011; Czernik and Bridgwater, 2004)). 

Despite the fact that the area is well investigated, there is a lack of energy system 

perspective in most studies and the product yields are often discussed on weight 

basis instead of energy basis.  

The largest markets for charcoal are the developing countries where it is used for 

cooking. During the 17th century, charcoal was used in the steel industry but was 

later replaced by coke in most countries for economic reasons (Emrich, 1985). 

Recently, charcoal has also been suggested as a replacement for fossil fertilizer and 

to act as a carbon sink when applied in the soil (Lehmann et al., 2006). Char from 

biomass is generally denoted “biochar” when intended to be used for soil 

improvements and carbon storage while “charcoal” is the most common term for 

energy-related applications.  

Nowadays, the research is more focused on the development of the fast pyrolysis 

production route, where bio-oil is the main product. The advantage of bio-oil is that 

the high energy content, compared to biomass, enables transportation over greater 

distances. The fast pyrolysis process is in the early stages of commercialisation with 

the first large-scale commercial plant under construction (Fortum Corporation, 

2012). Even though bio-oil has similarities with fossil oil and about half of the 

heating value, it is a challenge to convert industrial applications to bio-oil use. The 
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main problems are related to the inhomogeneous content, rapid ageing and high 

viscosity. Both the ageing and viscosity problems can be solved by blending in 

methanol which is a requirement if the bio-oil is stored a longer period (weeks) 

(Boucher et al., 2000). Several paths have been suggested to upgrade the bio-oil to 

fuels of higher quality and energy density to facilitate handling and use. The most 

suggested final product is hydrogen (even in recent years) (Sarkar and Kumar, 2010; 

Iojoiu et al., 2007; Heracleous, 2011; Wang et al., 1997; Czernik et al., 2007) but 

there are proposals for upgrading to other transportation fuels: Fischer-Tropsch 

diesel (Ng and Sadhukhan, 2011b), petrol (Jones et al., 2009) and methanol (Ng and 

Sadhukhan, 2011a). Hydrogen and methanol are not used as vehicle fuels on a 

significant scale today and several studies recognise that the distribution systems 

and vehicle technology for hydrogen need development in order for it to be a 

competitive alternative (Page and Krumdieck, 2009; Tseng et al., 2005). Upgrading 

plants benefit from economy of scale, but a large-scale plant would increase the 

transport distance and hence the cost of the feedstock. Decentralised production of 

bio-oil for further transportation to central power plants or upgrading facilities has 

therefore been suggested as an alternative in the literature (Butler et al., 2011; Ng 

and Sadhukhan, 2011b;  Sarkar and Kumar, 2010). 

2.5.1 Methane upgrading from pyrolysis gases 

Despite all efforts evaluating upgrading routes, there are no previous studies 

considering methane upgrading (to the best knowledge of the author). Upgrading to 

bio-methane is of great interest since there are several advantages in terms of 

production, distribution and usage compared to bio-oil and other upgrading routes. 

Methane can be produced on a smaller scale, as opposed to the central large-scale 

upgrading of facilities required for production of liquid fuels. Methane also benefits 

from good chemical equilibrium at low temperature and pressure. This thesis will 

present two different pathways for methane production: via fast pyrolysis (Paper 

IV) and integrated in charcoal production (Paper V). Most process steps are common 

to both studies, except for the pyrolysis reactor and hence the yield distribution of 

pyrolysis products.   

A general process scheme for the methane synthesis can be seen in Figure 9. The 

pyrolysis gas3 is immediately transferred to the fuel synthesis after char removal 

and sulphur cleaning, without intermediate condensation. The fuel synthesis 

consists of pre-reforming followed by water gas shift combined with methanation. 

The product is finally upgraded by removal of water and CO2. 

                                                        
3 “Pyrolysis gas” refers to both the condensable fraction (bio-oil) as well as the non-condensable gas fraction.  
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Figure 9: Flow sheet for bio-methane upgrading of pyrolysis gas 

The function of the pre-reformer is to crack long hydrocarbons into CH4, CO2, CO and 

H2. Complete reforming (elimination of CH4) is not desired as in other processes 

when producing other final products than methane. According to Wang et al. (1997), 

pre-reforming can be performed in an adiabatic fixed bed reactor filled with a 

nickel-based catalyst, operated at 500°C and atmospheric pressure. The operation 

and robustness of the process is affected by gradual deactivation of the catalyst in 

the pre-reformer as well as in the methanation reactor. The gradual deactivation of 

the catalyst is due to poisoning by alkali metals, compounds containing sulphur 

and/or nitrogen (Bulushev and Ross, 2011) and carbon deposition. However, alkali 

metals in the biomass are not as troublesome in pyrolysis as in gasification since 

they will remain in the char (van Rossum et al., 2007) and do not affect the catalyst 

in the downstream process steps. Carbon deposition on the catalyst in the pre-

reformer and methanation reactor can be minimised by adding water vapour to the 

pyrolysis gas. 

In the methanation reactor, CO2, CO and H2 are converted into CH4. The WGS 

reaction also takes place in the methanation reactor, and it is necessary to avoid the 

shortage of H2 and attain maximum conversion to CH4. Methanation of biomass-

derived syngas has been successfully tested in the Güssing demonstration plant; the 

tests resulted in low amounts of unreacted H2 and CO (Schildhauer et al., 2007).   

The produced gas after methanation contains CH4, CO2, H2O and traces of CO and H2. 

Upgrading by removing of CO2 and condensation of water must be performed to 

attain the high methane content and quality required for vehicle gas or for injection 

into the national gas grid.  
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2.6 Process aspects for biofuels from renewable electricity 

Biomass is a limited resource and extraction from forests on a large scale could have 

devastating consequences. The potential to fulfil the demand for transportation 

energy with biofuels from biomass is limited even in a forest-rich country like 

Sweden (Lindfeldt et al., 2010; Robért et al., 2007). Consequently, additional energy 

sources must be used to supply the demand. An alternative to biomass is hydrogen 

produced from renewable electricity through electrolysis of water.  

Wind and solar power are the green energy sources that have been given the 

greatest future potential. A problem with these energy sources is the non-

controllable power output; the power production is entirely controlled by the 

weather. Hydrogen production through electrolysis, used as a variable load together 

with hydrogen storage, can be a method for rational use of the fluctuations in power 

output from these intermittent green power sources (Jørgensen and Ropenus, 2008; 

Floch et al., 2007). Instead of using the hydrogen directly it is possible to synthesise 

a variety of fuels from H2 and CO2, e.g. methanol (Mignard et al., 2003; Olah et al., 

2006) and methane (Paper VI and VII). The first commercial plant producing 

methanol from electricity was recently opened in Iceland (Halper, 2011). Iceland is 

an excellent location due to its isolation and excess of renewable electricity; 

producing methanol is an opportunity to export energy (or, as a first step to reduce 

dependence on foreign fuels).  

The main drawbacks of hydrogen distribution are the non-existent infrastructure 

and the compression effort needed to increase the energy density. It is more energy-

efficient to compress methane since it contains 3 times more energy per volume. 

Producing methane by using CO2 as a hydrogen carrier can be denoted a carbon 

recycling process or CCU, as an alternative to carbon storage. Methane is a more 

suitable fuel to produce on a smaller scale and will therefore be prioritised in this 

thesis. Two different production routes are shown in Figure 10: the Sabatier process 

where methane is formed from H2 and CO2 and integration of hydrogen in 

gasification of biomass; hydrogasification. In biofuel production via gasification and 

digestion, a large amount of the carbon input is converted to CO2 due to the lack of 

hydrogen in the biomass input. This excess CO2, or any other stream, can be used as 

a carbon source in the Sabatier process. Due to a very beneficial equilibrium in the 

Sabatier reaction it would be possible to convert most of the CO2 to methane 

(Brooks et al., 2007; Lunde and Kester, 1973).  

Sabatier reaction: CO2 + 4H2 → CH4 + 2H2O ΔH = - 165 kJ/mol  (2) 

As can be seen in (2), four hydrogen molecules per carbon dioxide molecule are 

needed for the reduction of the carbon dioxide to methane. As a by-product, two 

water molecules are produced for every molecule of methane as well as heat from 

the exothermal reaction. 
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 Figure 10: Principal production flow sheet for synthetic methane production 

In conventional O2 gasification, WGS is used to obtain the right proportion between 

H2 and CO. The problem with the WGS is that carbon monoxide is consumed and 

carbon dioxide is produced as a by-product. The produced CO2 has to be removed 

later in the process and the steam demand for regeneration of absorbent contributes 

to reduced efficiency. The biomass to SNG energy efficiency when using O2 

gasification is approximately 60%, although most of the carbon (65%) is removed as 

CO2 (Duret et al. 2005). By adding hydrogen in the gasifier (hydrogasification), WGS 

can be avoided and less or even no CO2 removal is needed. Adding hydrogen during 

the gasification also has the positive effect of eliminating the need for oxygen as a 

gasification agent. Oxygen however is produced in the electrolysis when splitting 

water into hydrogen and oxygen. A study concludes, from the point of view of 

economic optimisation, that the highest return on investment is obtained by 

producing the amount of hydrogen that corresponds to the need for oxygen when 

integrated with conventional O2 gasification (Gassner and Maréchal, 2008). 

Heat is also generated as a by-product from electrolysis, but despite its rather low 

temperature (80°C) it can still be used for heating purposes, e.g. district heating. The 

Sabatier reaction has a favourable chemical equilibrium and gives high conversion of 

CO2; only a few per cent of unreacted CO2 will remain in the product, similar to 

natural gas and biogas. Depending on the conversion efficiency of the reaction, small 

amounts of hydrogen may also be present in the product gas (Brooks et al. 2007; 

Lunde and Kester, 1973). Even in that case, it would still be possible to utilise the 

final product in existing biogas and natural gas engines. Studies show that there are 

synergy effects from such a gas mix, often referred to as HCNG (Hydrogen 

Compressed Natural Gas) (Amrouche et al., 2011; Swedish Gas Center, 2006). 



-25- 
 

3. Methodology and basis for system evaluation 

All topics covered in this thesis concern energy system analysis. When using an 

energy system approach it is highly important to clearly define the system 

boundaries and other vital assumptions. This has been the intention in all papers by 

clearly defining the conditions, “setting the scene”.  The assumptions and 

parameters used will not be fully presented in this thesis but are available in each of 

the respective papers.  

A problem in system analysis is to evaluate and compare systems with several 

different feedstock and products that must be taken into account simultaneously. A 

performance measurement of a process must consider the quality of the products, 

e.g. that electricity is more valuable and useful than low-temperature heat. To take 

into account of these differences in product and feedstock quality, the involved 

streams must either be recalculated on a common basis, i.e. a specific fuel or in 

terms of economy. How this is handled in the different papers is further discussed in 

3.2 after the introduction of the calculation methods.  

3.1 Calculation methods  

3.1.1 Pinch analysis  

Common to all three parts of the research is that pinch analysis has been used to 

determine the theoretical minimum heating and cooling demand for the processes. 

This information is essential to construct an efficient heat exchanger network and 

thereby minimise the external energy requirements. A temperature difference 

(driving force) is needed to transfer heat and the pinch analysis ensures that 

temperature levels are matched in the best way to avoid unnecessary exergy losses. 

The heat and cooling demands in a system can be visualised in a so-called Q/T-

diagram, displaying heat and cooling demands (Q) as a function of the temperature 

(T). These diagrams are very useful when evaluating and screening for integration of 

external users (e.g. steam cycle and drier).  
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3.1.2 Power cycle calculations 

The general method used to evaluate turbine applications (Papers I and II) in the 

biofuel production process is to use computer simulation software. The simulations 

are performed with the appropriate reference cases, carefully selected for each 

section. The steam cycle simulations are performed in GateCycle (GE Energy, 2008). 

GateCycle is developed by one of the largest suppliers of power plant equipment 

(General Electric) and is commonly used for research purposes. All steam cycle 

simulations are made in cold condensing mode. Accurate data for gas turbine 

operations was supplied by Siemens Industrial Turbomachinery’s software 

GTperform (von Wowern nd).  

Calculations for the humidification tower were made using in-house developed 

computer software, previously used for simulations of humidified gas turbine cycles 

(Bartlett, 2002; Dalili and Westermark, 1998; Ågren, 1997). Each humidification 

column is divided into 50 sub-elements in the calculations and a mass and energy 

balance is calculated at each point to construct the working line. The minimum 

driving force is obtained by a 3°C temperature difference between the water flow 

and the saturation temperature of the compressed oxygen. For further information 

regarding the calculation method used, see Papers I and XI.  

3.1.3 Simulations of methane production via pyrolysis 

In the pyrolysis studies, the fuel synthesis and part of the upgrading, including pre-

reformer, WGS/methanation and water removal, were modelled in Aspen Plus® 

(Aspen Technology, 2012), while the mass and energy balance for the other process 

steps were calculated from literature values. The total mass and energy balance was 

calculated taking the possibilities for process integration into consideration using 

pinch analysis.  

3.1.4 Biofuels from electricity 

The potential for hydrogen integration in conventional biofuel production have been 

made using literature values and spreadsheet calculations. Current Swedish market 

conditions and legislation have been considered for the economic evaluation of the 

process. The well-known annuity method is used to take into account the time value 

of future payments. Basically, a project with an annual income (sales revenue – 

production cost) that equals the annual cost of capital (calculated with the required 

return on investment) can be seen as profitable. The annual cost of capital is a 

function of the total initial investment cost (Ctot), the required rate of return (r) and 

expected economic life time (n).  

                             
       

        
  Eq. 1 
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3.2 Basis and key indicators for system evaluation 

3.2.1 Definition of power penalty 

The term power penalty is introduced in Paper I as a measurement to evaluate the 

potential increase in power production. Power penalty is defined as the amount of 

electricity that could be produced if the steam was available for the steam cycle 

instead of consumed in the production process (e.g. gasification agent and CO2 

removal). The indicator has been useful when evaluating alternative processes, heat 

sources and in particular to supply the steam at minimum pressure after maximum 

expansion. An example of how this is applied can be seen in Figure 11, which shows 

two different ways to provide the gasifier with steam. The base case is direct 

injection of steam compared to extracting steam at lower pressures to humidify the 

gasification agent (further discussed in Chapter 4.1). Some humidification can even 

be performed with waste heat.  

  

  

Figure 11 Description of power penalty 

3.2.2 Evaluation of gas turbines in biofuel production  

In Paper II, parallel hybrid configurations of gas turbines are evaluated. The hybrid 

plant uses two energy sources, waste heat from the biofuel production and natural 

gas (NG) as turbine fuel.  To quantify the integration synergies two standalone 

plants, one for each fuel, are used as reference (ref); a bio-methanol plant (MP) and a 

combined cycle power plant (CC).  

The total efficiency for the two reference cases is calculated as: 

NGMP

CCMP
ref

FuelHeat

PP






  Eq. 2
 

The same input basis (denominator) is used when calculating the efficiency of the 

hybrid plant.  
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The natural gas efficiency (ηNG) is calculated by the increase in power output when 

adding natural gas (FuelNG) to the hybrid plant compared to the reference methanol 

plant (MP), defined as:    

NG

MPHybrid

NG
Fuel

PP 


   
Eq. 3  

 

The natural gas efficiency (ηNG) for the hybrid plant is of interest when comparing 

with the alternative use of the natural gas in a large-scale combined cycle plant. 

The marginal electrical efficiency (MEE) was introduced in Paper III as a 

measurement of the trade-off between biofuel and power production from syngas. 

The MEE shows the electrical efficiency when comparing two plant setups, 

maximum fuel production and combined fuel and power production. This is 

calculated by comparing the change in biomass input and electricity output when 

scaling the plants to the same biofuel output. 

Biomass

P
MEE el






    Eq. 4
 

 

3.2.3 Allocation of products in methane production 

There will be an energy deficit in the charcoal production if the pyrolysis gas is 

upgraded to methane instead of burned to supply heat. This process heat demand is 

covered by reaction heat from the fuel synthesis and combustion of additional 

biomass. When calculating the demand for replacement biomass the difference in 

combustion efficiency for pyrolysis gas and wet biomass has been taken into 

account. This is applied in Paper V, where all assumptions used for the combustion 

efficiency calculations can be found.  

The suggested systems are poly-generating plants producing methane, charcoal and 

heat from biomass and electricity. To enable comparison with other systems the 

results have been recalculated as biomass input and methane output. An electrical 

efficiency (LHV) of 33% has been used to convert electricity input into an additional 

biomass input, while biomass related to the formation of biochar has been deducted 

from the input using an efficiency of 85%, e.g. 1 MW charcoal allocates 1.17 MW of 

the biomass input. The biomass to methane efficiency (ηBM) is defined as follows:  

    
        

                
         

    
   

   
    

   Eq. 5 
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4. Integration of power cycles in biofuel production 

Rational use of excess heat from the fuel production process is essential for both 

overall efficiency and plant economy. The large amount of excess heat above 200°C 

enables the use of steam cycles as well as generation of process steam and district 

heating. Biofuel production is therefore an obvious opportunity for poly-generation 

of biofuel, electricity and heat. As mentioned earlier, energy mapping shows that 

about 50% of the excess heat is needed within the biofuel production process, which 

is a setback for the electricity and heat export. By reducing the internal steam 

demand, more steam becomes available for increased power production. Energy 

mapping showed that the largest steam consumers are the gasifier and the CO2 

removal step. A measure to minimise the steam quantity and quality needed for 

gasification will be presented in chapter 4.1, while the opportunity to avoid CO2 

removal by adding additional hydrogen produced from renewable power will be 

introduced and discussed in chapter 6.  

The biofuel production plant often remains the net user of electricity despite co-

generation of power in a steam cycle. To further enhance the power production 

several studies suggest integration of gas turbines, often fired with off-gas from the 

fuel synthesis. Generally, these studies are focused on biofuel production and pay 

less attention to the integration of power production. Therefore, one of the 

objectives in this project is to evaluate different integration feasibilities and 

synergies of gas turbines in biofuel production (presented in chapter 4.2).  

4.1 Minimising process steam demand  

The gasifier was identified as a large consumer of high-pressure steam, hence a vital 

influence on the overall efficiency. One method to lower the steam demand and also 

to reduce the steam pressure for the gasification process is to humidify the 

gasification agent. There are several reasons to use water vapour in the gasification 

process. The vapour lowers the partial pressure of carbon monoxide and thereby 

decreases the risk of deposition. The risk of carbon deposition increases with 

pressure, which implies a higher rate of water at higher operation pressure. Vapour 
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is also an important component to fluidise the bed. Furthermore, if the goal is to 

produce hydrogen, a high rate of water vapour is preferable (Wang and Kinoshita, 

1992; Franco et al., 2003). Humidification of gasification media has been identified 

as an alternative to using steam at a lower pressure or using waste heat from 

different internal streams (e.g. condensation of humid gases or waste heat from the 

biomass dryer). The humidification can be performed in stages and at different 

partial pressure to adjust to external waste heat sources and to different process 

integration alternatives.  

There are a wide range of atmospheric humidification applications; such as cooling 

towers and air conditioning. Humidification of pressurised air has previously been 

discussed in gas turbine applications where the heat in the exhaust gas is used to 

humidify the combustion air after compression and thereby increase the mass flow 

without requiring additional compression power (Bartlett, 2002; Dalili and 

Westermark, 1998; Jonsson and Yan, 2005; Rydstrand et al., 2002). 

Humidification is possible through counter current contact between a water film 

and a gas. The gas will transport some of the water as vapour even if the gas 

temperature is below the water’s boiling temperature. This is the same phenomenon 

that is used every day when drying laundry. The driving force for this process is the 

difference in vapour concentration at the water film (partial pressure of water) 

(Dalili, 2003). With the humidification technique, most of the energy can be supplied 

at temperature levels well below the boiling point.  

When a humid gas is cooled, water will condense at a sliding temperature; hence the 

latent heat will be released at a sliding temperature. The evaporation of water in the 

humidification process occurs in the same way, which makes it favourable to 

combine these two quite similar processes without the intermediate steam 

production step. This allows an exchange of humidity without the significant exergy 

losses associated with steam production. The conventional way to recover latent 

heat by steam production has the drawback that steam generation demands dew 

point temperatures above the boiling point while the energy can only be utilised 

below the boiling point. As mentioned earlier, other available waste heat sources 

and humid streams could also be used. 

4.1.1 Simulations and results for humidification of gasification agent 

A humidification application has been studied for two cases of SNG production. 

There may be other ways to reduce the steam demand and decrease the amount of 

steam needed for the gasification processes. This study, however, focuses on 

efficiency improvements by using humidifiers and the vapour flow to the gasifier is 

therefore assumed to remain unchanged, although supplied in a more efficient way. 

The heat for humidification is taken from both steam extraction at reduced pressure 

and heat recovery from the product dehumidification step. Water vapour in the 

produced gas after methanation has to be removed in the upgrading process, which 
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is done by cooling and condensation. Before upgrading, partial condensation of 

vapour could be used for pre-humidification purpose (see Figure 12).  
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Figure 12: Schematic flow sheet for conventional direct steam injection (top) and integration of a humidifier 

(bottom). 

In order to quantify the effects of the suggested methods a power penalty has been 

calculated for each case. The power penalty is an estimation of the quantity of 

electricity that could be produced if the steam for the gasifier was instead used in 

the steam turbine.  

As can be seen in the Table 3, the gasifier with the highest working pressure also has 

the highest power penalty, which is a result of using both more valuable and a larger 

quantity of steam. The power penalties for the two cases were calculated for both 

direct steam injection (traditional method), humidification from steam extraction 

and also with waste heat recovery (pre-humidification).  For the case of steam 

extration, steam is extracted from the turbine at 3 different pressure levels. When 

the pre-humidifier is included in the calculations, the first steam extraction step is 

replaced by the step for heat recovery from humid gases (showed in Figure 13).  

About 15% of the humid process gas (downstream of methanation) is needed for 

this purpurse.  
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Figure 13: Schematic sketch of humidification equipment, including pre-humidification 

 
To evaluate the effects and potential savings of humidifier integration the 

performance is compared with a conventional direct steam injected gasifier. Figure 

12 shows a schematic flow sheet of the steam injected process (top) and the same 

system with integrated humidifier (bottom). The results, presented in the Table 3, 

show that a humidifier utilising the heat from steam extraction could lower the 

power penalty by over 11%, consequently increasing power production. Further, if 

the oxygen stream is pre-humidified by waste heat the savings are even higher, 18-

25%, for the evaluated cases.  
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Table 3: Results from the humidification study (Paper I), gasifier input data from (Ingman et al., 2006; 
Mozaffarian et al., 2003)  

Humidification process Case A  Case B  

Reference case(steam injection)   
Oxygen flow [kg/s] 5.3 4.1 

Steam injection flow [kg/s] 7.1 3.5 

Total pressure in gasifier [bar] 30 15 

Partial vapour pressure in gasification agent [bar] 21 9 

Power penalty [MWel] 6.25 2.57 

Humidification from steam extraction   
Power penalty [MWel] 5.55 2.20 

Power savings compared to reference [MWel] 0.70 0.37 

Power savings compared to reference [%] 11.2 14.4 

   
Humidification from waste heat recovery + steam 
extraction 

  

Power penalty [MWel] 5.11 1.93 

Power savings compared to reference [MWel] 1.14 0.64 

Power savings compared to reference [%] 18.2 24.9 

4.2 Gas turbine cycles simulations and results 

The serial integration of gas turbines was evaluated through a literature study 

(Paper III) while simulations of a hybrid parallel plant were made in Paper II. The 

theoretical opportunities for serial configuration have also been discussed from a 

chemical processing perspective (Paper III).  

 

4.2.1 Serial configuration of gas turbines 

As stated in the background, there is a sliding scale of serial configuration from fully 

serial; where the production is optimised to maximise the yield of biofuel and only a 

minor part of the syngas is left for the gas turbine; to the partially serial, where both 

products are desirable (see Figure 8, page 17). The partially serial configuration 

could be designed for both fuel and power production by skipping the WGS and 

recirculating unconverted gas in the fuel synthesis (once-through synthesis). This 

eliminates the compression effort needed for re-circulation and at the same time 

reduces the steam usage and reaction heat losses in the WGS. Additionally, the 

syngas supply to the gas turbine would increase both in terms of amount (MW) and 

energy density (MJ/nm3). The reaction heat from the exothermic WGS reaction 

would be able to be recovered at about 300°C, thus usable for steam generation. 
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However, this energy could be utilised in the top cycle instead of in the bottom cycle, 

if WGS is not performed and the off-gas, mainly containing CO and CO2, is fed to the 

gas turbine.  

As mentioned earlier, hydrogen is the limited reactant in the fuel production process 

and additional hydrogen must therefore be produced from WGS in order to 

maximise the fuel production. As can be seen in reaction (1), steam is consumed and 

about 15% of the chemical energy in the CO input is lost as reaction heat in the WGS. 

On the margin, when all the hydrogen in the raw syngas is already used, one mole of 

methanol requires 3 mole of CO (see (5), combined WGS (1) and the primary 

reaction in the methanol synthesis (3)). In that process about 80% (steam losses 

excluded) of the energy will end up in the product, in this case methanol, compared 

to about 90% if methanol is formed from CO and H2. Consequently, methanol 

produced on the margin (from CO) will be penalised with a 10% efficiency 

reduction.    

WGS:  CO + H2O → H2 + CO2 ΔH=-41.1kJ/mol (14.5%) (1) 

Methanol:  CO + 2H2 → CH3OH ΔH=-90.8 kJ/mol (11.8%) (3) 

 CO2 + 3H2 → CH3OH ΔH=-49.5 kJ/mol (6.8%) (4) 

Total reaction: 3CO + 2H2O → CH3OH + CO2 ΔH=-173 kJ/mol (20.4%) (5) 

The alternative to producing biofuel on the margin is to feed the off-gas to the gas 

turbine. One problem when designing gas turbines for syngas combustion is that 

syngas from various feedstocks have different properties and it will not be possible 

to provide a new turbine design for each project. Instead of re-designing the gas 

turbine for each feedstock, it would be a more flexible solution to control the fuel 

production process in order to fulfil the off-gas requirements for the gas turbine.  

Most of the studies of biofuel production are generally focused on the production 

process, often with the aim of maximising the biofuel output. Hence, less attention is 

given to the power production process, especially the gas turbine integration. A 

selection of the more extensive reports (Hamelinck and Faaij, 2002; Larson et al., 

2005; Tijmensen et al., 2002) on serial configuration of biofuel and power 

production are studied and presented in Paper III. Different serial integration 

options were compared, maximum fuel and mixed fuel and power production. The 

studies showed a rather high increase in power production compared to the loss in 

biofuel production for when the process is optimised for both fuel and power 

production. The marginal biomass to electricity efficiency when comparing the cases 

is in the range of 42-49%. Hence, the efficiency for co-production of electricity is not 

significantly higher than for suggested stand-alone BIGCC plants. The reason why 

the integrated plant does not perform better as compared to BIGCC is possibly that 
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the losses, in terms of energy, to produce syngas suitable for fuel synthesis, 

compared to a suitable syngas for power generation, is higher. Despite the 

theoretical synergies, the positive effects are outweighed by the energy penalty from 

oxygen production and additional gas treatment. Further, most BIGCC studies 

suggest air-blown gasifiers, while oxygen is chosen for fuel production, which might 

be too energy-consuming to produce, if the syngas is to be used for power 

production. The energy consumption for oxygen supply amounts to approximately 

2% of the fuel input, thus a 2%-point penalty on the electrical efficiency (Paper III).  

 

4.2.2 Parallel configuration of gas turbines 

There were no cases of parallel configuration with biomass-derived syngas to be 

found in the literature. The reason might be that the benefits are more of an 

economic nature than technical. A parallel-configured plant would benefit from the 

economies of scale in terms of biomass handling, drying, gasification and syngas 

cleaning. A scale disadvantage is probably the increased transportation distance for 

the bulky, low energy density biomass in order to fulfil the demand for both fuel and 

power production. On the technical side, the advantage is that a more efficient steam 

cycle can be designed (together with the fuel production) with the same positive 

synergies as mentioned earlier. In the biomass-fired parallel plant, additional syngas 

has to be produced, either in a combined gasifier for fuel production or with a stand-

alone gasifier. However, the increased syngas production will affect the amount and 

quality of the available heat (syngas cooling, steam for gasification, etc.). The parallel 

configuration produces a turbine fuel with higher heating value compared to the 

serial configurations, which has an advantage in terms of gas turbine combustion 

stability. Until suitable gas turbines are available, a mix of biomass-derived syngas 

and natural gas could be considered as gas turbine fuel. Previous studies indicate 

that a significant amount of syngas can be efficiently co-fired with only minor 

adjustments. On the other hand, it is not obvious that the same type of gasifier is the 

right choice to produce syngas for both biofuel production and gas turbine power 

production. For biofuel production, oxygen and on a smaller scale indirect gasifiers 

have also been favoured, while most BIGCC studies recommend air blown gasifiers. 

The oxygen is too energy-consuming to produce to be suitable for power production, 

whereas indirect gasifiers are limited by scale. For further reading regarding this 

subject, see Paper III. 

Hybrid parallel configuration in methanol production was studied in Paper II. Two 

types of fuels are used in the hybrid bio-methanol production plant, biomass for 

methanol production and natural gas as gas turbine fuel. Excess heat from the 

biofuel production and the exhaust gas from the gas turbine are recovered in a joint 

steam cycle. The flue gas from the gas turbine is primarily used to preheat feed 
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water while the heat from the methanol plant is used for boiling and superheating 

the steam (see Figure 14). 

Methanol Production Plant

NG

  

Figure 14: Conceptual flow sheet for the hybrid power cycle (Paper II)  

A base case is used to evaluate and quantify the effect of the hybrid configuration. 

Since the hybrid plant uses two energy sources; waste heat from the production 

process and natural gas, two reference plants are needed. As a reference case, a bio-

methanol plant and a natural gas combined cycle power plant are studied as stand-

alone plants. A study conducted by Katofsky (1993) has been used as the case plant 

for the methanol production (see Table 4).  

Table 4: Energy and balance for bio-methanol production (Katofsky, 1993) 

Biomass input (MWHHV) 384.2  

Electricity consumption (MW) 27.4 

Waste heat  (MW) 83.7 

Methanol produced (MWHHV) 248.4 

 

The reference case for the natural gas is a typical combined cycle with a two-

pressure steam cycle. The possibility of duct firing has not been evaluated either in 

the reference case or in the hybrid case but may be used to increase the biomass 

proportion.  
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The same methanol production plant was simulated for several gas turbines in the 

range of 5-47 MWel to investigate how the fuel mix affects the hybrid’s performance. 

Gas turbine performance calculations are performed in the software GTPerform 

(von Wowern, n.d.) developed by Siemens Industrial Turbomachinery. The flue gas 

properties and/or the heat from the methanol plant are used as input data in 

GateCycle (GE Energy, 2008) for steam cycle calculations. All simulations are made 

in cold condensing mode. Complete information on how the simulations were 

performed and which parameters that were used can be found in Paper II. 
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Figure 15: Example of reference system and simulations results for parallel hybrid configuration with natural 
gas fired Siemens industrial gas turbine SGT-800  

The simulation results for the Siemens SGT-800 turbine can be seen in Figure 15. In 

the hybrid plant the heat from the methanol plant is transferred to the combined 

cycle, which in this case results in a 5% increase in power out compared to the 

reference case. The gain in efficiency is due to more efficient use of both fuels. Pre-

heating with steam extraction can be reduced in the hybrid case when the exhaust 

gas from the gas turbine is available. Table 5, on the following page, shows the key 

figures and results from the simulations performed.  

Simulations of the hybrid cycle in methanol production have shown good 

improvements. The total electrical efficiency is increased by 1.4-2.8 percentage 

points, depending on the fuel mix. In order to fully exploit the preheating synergies, 

where all steam extraction is replaced by heat from gas turbine flue gas, 

approximately 65-70 MW turbine fuel is needed per 100 MW biomass input to 

production (based on the case studied in Paper II). The electrical efficiency for the 

natural gas (ηNG) used in the hybrid plant is 56-58%, which is in the same range as in 

large-scale combined cycle plants. A bio-methanol plant with a hybrid power cycle is 

therefore a competitive production route for both biomass and natural gas. 

Despite the fact that only 10-42% of the total energy is natural gas; taxes and 

environmental policies can be a dilemma for the hybrid plant because feedstock is 

not entirely renewable. Tax reductions and subsidies are of great importance to 

achieve economically feasible production of green energy.  
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Table 5: Results from power production simulations (Paper II) 

Power production  SGT-
400 

SGT-
600 

SGT-
800 

2 x SGT-
800a 

Methanol plant [MWel] 35.2 35.2 35.2 35.2 

Combined cycle [MWel] 19.1 37.2 67.4 134.9 

             Gas turbine output [MWel] 12.4 24.0 46.0 92.0 

Tot. ref [MWel] 54.3 72.4 102.6 170.1 

ηref [%] 46.5 47.5 50.3 51.7 

  

Hybrid plant [MWel] 55.9 75.7 107.9 179.3 

ηhybrid [%] 47.9 49.7 52.7 54.5 

ηNG[%] 56.4 55.9 58.3 57.8 

Portion of NG for power prod. [%] 31.4 47.5 60.9 75.7 

 
Overall plant performance 

 

 

    

Input Methanol Plante    

BiomassLHVb [MW] 342.4 342.4 342.4 342.4 342.4 

Natural gas [MW] 0 36.6 72.5 124.6 249.2 

Portion of natural gas [%] 0 8.7 17.5 24.5 42.1 

 

Output  

     

MethanolLHV [MW] 218.6 218.6 218.6 218.6 218.6 

Electricityc [MW] 7.8 28.5 48.3 80.5 151.9 

ηtotd [%]       66.1 65.2 64.3 64.0 62.6 
a 

The results for integration of 2 x SGT-800 are not presented in Paper II but made with the same parameters as 

presented. 
b 

The biomass input data has been recalculated to a lower heating value as received, 45% moisture content. The input 

to the gasifier has a 10% moisture content, total 376.6 MWLHV. 
c
 Power output after the reduction of the internal power demand (27.4MW) 

d
 The total efficiency is calculated by dividing the total output (methanol and electricity) by the total input (biomass 

and natural gas).   
e
 Based on (Katofsky, 1993) 
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4.3 Discussion and conclusions regarding power cycles in biofuel 

production 

The integration of a steam cycle for power production is an obvious choice since a 

large amount of energy is degraded to reaction heat at a temperature level that suits 

steam turbines. The question is more about how to design the production process 

and the steam cycle to maximise efficiency and minimise exergy losses, e.g. by 

humidification of the gasification agent. Humidification of the gasification agent in 

comparison to direct steam injection shows good potential for steam savings and 

increased power production. For the cases examined, the power penalty for the 

gasifier was reduced by 18-25% by humidification of the gasification agent. The gain 

in power production is a result of reduced steam quality compared to direct steam 

injection and also recovery of latent heat from the humid product gas. The 

humidifier can easily be integrated and adapted to the temperature levels of 

available waste heat. 

The proper applications for gas turbines within the biofuel production process are 

less obvious than those for steam turbines. The use of the off-gas that has been 

discussed in the previous chapter is of interest but difficult for modern high-efficient 

gas turbines. The development of new gas turbines takes time and biomass is still a 

small market, and might always be so due to limitation in the quantity of feedstock. 

Power production using biomass-based SNG in a combined cycle can not be justified 

compared with the simpler and proven technology, biomass-fired steam cycle. The 

use of biomass-fuelled gas turbines will therefore not be extensive until reliable 

turbines adapted for syngas combustion are available. For small-scale (<100 

MWbiomass) biofuel production, gas engines could be a competitive option for a top 

cycle. The limited exhaust temperatures from gas engines would still be useful for 

pre-heating the boiler feed water.     

In the serial configuration, the penalty for using oxygen as gasification agent is too 

large to be overcome by the integration synergies. A parallel configuration with two 

different gasifiers is therefore more suitable for combined fuel and power 

production.  

The study of hybrid plants indicates that gas turbines may have a role in biofuel 

production when using natural gas as fuel. It could also be interesting to use natural 

gas as a co-feedstock to supply additional hydrogen to the fuel production process. 

The most promising result from the hybrid study is that the natural gas to electricity 

efficiency in the hybrid plant is in the same range as a large scale combined cycle, 

56-58%. 
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5. Methane production via pyrolysis 

Upgrading of gases from the pyrolysis process is a novel thermal route for biofuel 

production and an alternative to the well-known gasification process.  Methane 

production has been investigated both in a stand-alone fast pyrolysis process (Paper 

IV) and a slow pyrolysis process when integrated in charcoal production (Paper V) 

where it can add a valuable by-product.  

Methane production via pyrolysis has several advantages; among other things the 

low final temperature will allow feedstock with high alkali content to be used since 

it will remain in the solid char. The temperature will also prevent unnecessary 

cleavage of short hydrocarbon chains (methane) but at the same time favour 

formation of solid charcoal. The suggested plant is a poly-generation plant 

producing methane, charcoal and heat from biomass and electricity. The plant 

evaluation and comparison with other production routes are complex due to the fact 

that several different types of inputs and outputs are involved. For the purpose of 

comparison, all energy streams have therefore been converted on common basis, 

biomass input and methane output (described in chapter 3).  

As mentioned earlier, two different systems were evaluated, for both fast and slow 

pyrolysis. The system boundaries are to some extent different since the fast 

pyrolysis is a full system while the simulations regarding slow pyrolysis were 

performed as integration in charcoal production (see Figure 16). The main 

difference between fast and slow pyrolysis is the pyrolysis product distribution 

while the upgrading process is mostly the same in both processes, as described in 

chapter 2.5. Another difference is that the fast pyrolysis process requires more pre-

treatment to achieve a high heating rate, drying and grinding to a particle size of a 

few millimetres. 
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Figure 16: System boundaries in grey for the system based on fast pyrolysis (top) and slow pyrolysis (bottom).  

5.1 Pyrolysis system simulations and results 

The results for the fuel synthesis were obtained from the Aspen Plus® simulation; 

heat surpluses and demands were matched by hand afterwards. The power demand 

is dominated by the compression effort to increase the pressure to 10 bar before the 

fuel synthesis. One should not forget that the power consumption includes 

compressing the product to 14 bar after the water scrubber. This saves compression 

power in the subsequent compression necessary for transport and storage. The 

simulations are based on literature values and can be found in corresponding 

papers.  

5.1.1 Fast pyrolysis production process 

The suggested system includes pre-treatment, fast pyrolysis, fuel synthesis and 

product upgrading. The size of the simulated plant is based on a biomass intake of 

23 MW, of which 20 MW is fed to the pyrolysis reactor and the remaining 3 MW used 

to provide process heat. Heat demands and surplus were integrated (see Figure 17) 

to minimise the amount of fuel burned for process heat. The pyrolysis products are 

immediately transferred to the fuel synthesis after char removal and sulphur 

cleaning, without intermediate condensation. The fuel synthesis consists of pre-

reforming followed by water gas shift (WGS) combined with methanation. The 

product is finally upgraded by removal of water and CO2 to fulfil the criteria for 

vehicle gas. 
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Figure 17 Sanky diagram showing methane production via fast pyrolysis (Paper IV) 

The overall results for the suggested fast pyrolysis plant can be found in Table 6. The 

product yield for bio-methane and bio-char amounts to 15.5 MW and 3.7 MW 

respectively, produced from the total input of 23 MW raw biomass and 1.4 MW of 

electricity. The pyrolysis gas to bio-methane efficiency (chemical energy) was 

calculated to be 90%, including the losses in CO2 cleaning but excluding the power 

and steam demand.    

 

Table 6: Overall results for bio-methane production via fast pyrolysis (Paper IV)  

Input [MWHHV] % of input  

Biomass 23 94  

Electricity 1.4 6  

    

Output [MWHHV] % of output Yield [%] 

Bio-methane 15.5 71 64 

Bio-char 3.7 17 15 

Heat >300 °C  1.3 6 5 

Heat >80 °C 1.3 6 5 

Total 21.8  89 

 

The overall yield is high, especially when including available excess heat, but the 

amount of methane is reduced by the formation of solid bio-char. The results are 

normalised on a biomass basis and compared with corresponding figures for the 

production routes via slow pyrolysis and gasification in chapter 5.2. 

 

5.1.2 Methane upgrading integrated in charcoal production (slow pyrolysis) 

The aim of this part was to evaluate the feasibility of bio-methane upgrading from 

pyrolysis gas generated during charcoal production. The pyrolysis gas is commonly 

burned to provide the process heat due to the technical and economic difficulties of 
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recovering and selling the by-product. Methane upgrading enables recovery, 

distribution and selling on an existing market, a potentially profitable by-product 

with the possibility to retrofit existing plants.   

There will be an energy deficit in the charcoal production process if the pyrolysis gas 

is upgraded instead of burned to supply heat. In the suggested process, this process 

heat demand is covered by reaction heat from the fuel synthesis and combustion of 

additional biomass (see Figure 16). Two types of integration possibilities were 

investigated: upgrading of the entire pyrolysis vapour stream and solely the non-

condensable fraction (syngas case). The stream before condensation of liquids will 

be denoted pyrolysis vapour, while syngas refers solely to the non-condensable 

fraction. The two cases are hereinafter denoted pyrolysis vapour and syngas, 

referring to the simulations of a plant with and without recovery of liquid products.  

Figure 18 shows the reference system and corresponding plant with integrated bio-

methane upgrading. The data for the charcoal production (outside the system 

boundary) are rough estimates and only included to give an idea of the size of the 

charcoal plant. The heat provided for the charcoal production differs between the 

cases (with and without bio-oil recovery) but is not affected by the integration of 

bio-methane upgrading. The combustion of syngas only supplies a sufficient amount 

of heat to run a charcoal plant on dry biomass, but if all pyrolysis gases are burnt 

there will be a net surplus of heat even with an integrated dryer.   

The simulation results from the fuel synthesis showed a net surplus of heat due to 

chemical reaction heat and addition of compression power. After matching the 

internal supply and demand, there is still an excess of high-temperature heat from 

the methanation process (>300°C). This heat may be used to partly meet the heat 

demand of the charcoal production (denoted “heat from methanation” in Figure 18). 

The integration of the methanation heat in the charcoal production is a valid 

assumption since the sum of the pyrolysis reactions is exothermic above 280°C; 

after that there is no need for external heating (Emrich, 1985). The excess of heat at 

lower temperature has not been taken into account in the calculations of the overall 

results, but this heat is available for drying or district heating production.   

As can be seen from Table 7, the pyrolysis vapour case is more efficient than the 

syngas case, especially when the electricity consumption is included in the total 

efficiency (ηtot). There are two main explanations for the higher overall efficiency in 

the pyrolysis vapour case: methane is produced with higher conversion efficiency 

when cleaved from long hydrocarbon chains and less specific compression effort is 

needed in the pyrolysis vapour case due to higher energy density. In the syngas case, 

more energy per unit of produced methane is also spent for removal of inert CO2, in 

addition to a higher specific steam demand.   
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Figure 18: System description and results for bio-methane upgrading in charcoal production (Paper V) 

  



Energy system evaluation of thermo-chemical biofuel production 

 

-46- 
 

Table 7: Overall results for bio-methane upgrading (Paper V) 

 Syngas Pyrolysis vapour 

Input to fuel synthesis (pyrolysis gas) [MWLHV] 2.71 8.90 

Heat from pyrolysis gasa [MW]  2.59 8.47 

Heat from methanation (credit) [MW] 0.27 0.64 

Net heat to be replaced [MW] 2.32 7.83 

Supplementary biomass (Qbio) [MWLHV] 2.57 8.68 

    

Bio-Methane production (QCH4) [MWLHV] 2.30 8.06 

Biomass to bio-methane efficiencyb HHV  0.81 0.85 

LHV 0.89 0.93 

Total efficiencyc  (ηtot) HHV  0.59 0.67 

 LHV 0.65 0.73 

a  Available heat when combusting the pyrolysis gas as in the conventional processes (alternative use). 
b Bio-methane yield compared to the requirement for replacement biomass (QCH4/Qbio). 
c The total efficiency includes the power demand by normalising the input on biomass basis assuming that 

electricity can be produced from biomass with 33% efficiency (LHV basis), ηtot=QCH4/(Qbio + Pel/0.33).   

The process could be further improved by replacing the produced steam for the fuel 

synthesis with vapour from the dryer. If the heat allocated to steam production is 

instead used to supply the pyrolysis processes, the total efficiency (ηtot) increases to 

80% and 75% for the pyrolysis vapour and the syngas cases, respectively. The steam 

demand can be met if the raw feed contains at least 0.4 kg water per kg of MAF feed. 

5.2 Conclusions and discussion regarding bio-methane production via 

pyrolysis 

The results for the pyrolysis routes can be compared on a common basis (biomass 

input and methane output), together with the competing thermal process: 

gasification. The assumptions used to convert and allocate the feeds and products on 

a common basis are described in chapter 3. As can be seen in Table 8, production of 

methane via pyrolysis has higher total energy efficiency than the presented 

gasification options (except in the syngas case). The higher efficiency is a result of 

lower losses due to lower process temperature and avoiding reaction losses when 

using syngas as an intermediate step. In gasification, a larger amount of the 

feedstock is converted into reaction heat but this heat can partially be recovered and 

converted to electricity. Improvements to the process by reducing the amount of 

reaction heat thus leads to reduced power generation, hence a larger power deficit 

in the pyrolysis cases. It is disputable to draw conclusions when comparing systems 

with different system boundaries. Comparisons with fuel production routes from 

bio-oil are even more difficult since additional inputs are used, e.g. blend-in of 

methanol to prevent bio-oil ageing. The total energy yield of hydrogen amounts to 
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44%, based on the input of biomass, methanol and natural gas (electricity balance 

excluded)(Sarkar and Kumar 2010).  

Table 8: Final results and comparison with the corresponding production route via gasification (Paper IV and V)  

 
 
 
Energy Balance 

O2 
gasifiera  

Indirect 
gasifiera 

Fast 
pyrolysis 

Slow 
pyrolysis  
(pyrolysis 
vapour)  

Slow 
pyrolysis 
(syngas) 

Input    
Biomass [MWLHV] 100 100 100 100c 100c 
Electricity  -2.7 -2.9 -5.1b -8.7 -12.5 
      
Output    
Bio-methane [MWLHV]  66.3 67 69.7 92.9 89.5 
Bio-char [MWLHV] 10.2 5 18.5 - - 
      
Normalised energy balance   
Input  
Biomass [MWLHV] 
 
Output  

 
96.2 

 
97.1 

 
93.8 

 
126.5 

 
137.7 

Bio-methane [MWLHV] 
 

66.3 67.0 69.7 92.9 89.5 

ηSNG 0.69 0.69 0.74 0.73 0.65 
a Based on Mozaffarian and normalised on biomass basis as described in chapter 3. 
b The excess high temperature (300°C) from the methanation is assumed to be used for internal power 

production, ηel=33%. 
c Replacement biomass 

The gross electricity consumption, including pre-treatment and compression, 

amounts to about 95 kW/MWmethane for the fast pyrolysis process and when 

upgrading pyrolysis vapour in a charcoal plant. The specific electricity consumption 

is significantly higher (+50%) in the syngas case due to an unfavourable gas mix 

with low specific energy density, which has a substantial negative impact on the 

normalised results. One hypothesis was that the electricity consumption would 

decrease in slow pyrolysis process using logs (instead of ground chips). This 

hypothesis was proven false since the savings in grinding were erased due to 

increased power demand for compression.  

A condition for choosing the pyrolysis is that the charcoal can be sold or efficiently 

used within the process. The existing charcoal production industry implies a retrofit 

potential for producing up to 100 TWh/y (Paper V). When integrated in charcoal 

production, a lower quantity of replacement biomass than estimated may be 

sufficient to cover the process demand, raising the efficiency even higher. The 

reason for this synergy is that combustion of all available pyrolysis gases gives a 

surplus of heat, but it is commonly carried out because exporting the by-products 

has traditionally not been economically viable. 
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6. Biofuels from renewable electricity 

It may seem controversial to use electricity to produce biofuels – normally it is vice 

versa. But, the vastly increasing share of renewables will cause production planning 

difficulties due to fluctuations in electricity production. Some areas in Denmark and 

Germany have already experienced negative electricity prices during peak 

production. Production of hydrogen via electrolysis is a commonly suggested 

method to store peak electricity production for later use, i.e. power to gas. 

Electricity, not only from peak production, combined with biomass will be an 

important cornerstone in the future transport energy system. Biomass can not 

provide the energy needed in the transportation sector, hence the boost needed 

from hydrogen produced via electricity. The origin of the electricity will vary 

depending on local conditions for renewable power generation, e.g. solar power in 

areas with high solar radiation.  

The infrastructure for hydrogen and its use is not very developed and it is therefore 

of interest to produce other more established fuels, e.g. methane. The separated CO2 

from conventional biofuel production could be used as a hydrogen carrier by 

converting CO2 and H2 into CH4 via the well-known Sabatier reaction.  

The research regarding the use of renewable electricity for SNG4 started with Paper 

VI, in which the potential for hydrogen enhanced methane (biogas) production was 

determined for both production via gasification and digestion. The great increase in 

fuel potential implied further studies of both different gasification concepts (Paper 

IX) and the process economy (Paper VII). 

6.1 Implementation with conventional biofuel production 

The potential for increased biogas production by integrating the Sabatier process to 

upgrade CO2 produced in the digestion and gasification process was estimated in 

Paper VI. A base case was used to quantify the potential including an average size 

digestion plant (output 5MWLHV) and gasification plant (100MWLHV). If the CO2 

                                                        
4 Also referred to as biogas and synthetic biogas in Papers VI, VIII and IX.   
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emitted from these plants were used to produce additional methane it would imply 

an increase of 44% for the digestion case and 110% for the gasification case without 

any additional biomass input. In addition, several integration synergies were 

identified by how the by-products (heat and O2) can be used within the biofuel 

production. Most significant synergies occur when integrating with gasification due 

to a high demand for O2 as gasification agent. It is also an advantage that the O2 is 

humid (from the electrolysis) in order to reduce the steam demand, as discussed in 

chapter 4.1 (Paper I).  

There are two different configurations for adding hydrogen into the gasification 

process; either as gasification agent in hydrogasification or to use the separated CO2 

in a separate Sabatier reactor (see Figure 19).   

Gasification WGS Methanation Upgrading

SNGCO2

Biomass

Oxygen

Sabatier 

reactor
Hydrogen

Hydro-

gasification
Methanation Upgrading SNG

Biomass

Hydrogen

Hydrogasification 

Gasification combined with Sabatier reactor 

 

Figure 19: Description of hydrogasification and gasification combined with Sabatier reactor (Paper IX) 

Both of the suggested methods would significantly enhance the SNG production 

without increasing the biomass input; on the other hand, hydrogen is needed for 

both processes. Table 9 shows the results from the studies of both possible uses of 

hydrogen compared to traditional oxygen gasification.  
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Table 9: Example of the efficiency of SNG production combined with additional hydrogen (O2 gasification and 
hydrogasification from (Mozaffarian et al., 2003), “Gasification + Sabatier” from Paper IX) 

Energy Balance O2 gasification  Hydro-
gasification 

Gasification + 
Sabatier 

Input  

Biomassa [MW] 100 100 100 

Hydrogen  - 94.8 117.7 
    

Output  

SNGb [MWLHV]  66.3 154 165.9 

Energy efficiencyc [%]  66.3 79.1 76.2 
Hydrogen efficiencyd [%] - 92.5 84.6 
a LHV, Moisture content 15%  
b The unreacted hydrogen in the product is included in the energy output (as opposed to the results from Paper 

VI).  
c Energy efficiency = (SNGLHV/(BiomassLHV+H2)) 
d The hydrogen efficiency refers to the increase in fuel production compared to amount added hydrogen (both on 

LHV basis). E.g. in the hydrogasification case, 94.8 MW hydrogen is added, which increases the output by 87.7 

MW compared to the oxygen-blown gasifier. The efficiency is obtained by dividing the increase (87.7MW) by the 

added hydrogen (94.8 MW), 87.7/94.8 = 0.925 

 

Hydrogasification has the highest hydrogen efficiency; 92.5% compared to 84.6% 

when hydrogen is feed to the Sabatier reactor. The CO2 removal process was 

identified as one of the main steam consumers during the initial energy screening of 

the production processes. Adding hydrogen was to begin with considered as a 

measure to avoid this demand. However, the amount of hydrogen (and in the end 

electricity) that is needed is quite large compared to the avoided steam 

consumption. Each kg of CO2 can form 20.2 MJHHV of methane using 25.9 MJ of 

hydrogen; 1 MJ of steam is needed to remove the corresponding amount of CO2 

(rough estimate based on (Ingman et al., 2006)).  

Although utilisation of the waste heat from the Sabatier reactor has not been 

considered, this might improve that option’s power balance. Heat from both the 

electrolysis and the Sabatier reaction could be used for power production in a steam 

cycle together with the excess heat from the production processes. Another 

advantage of the Sabatier reactor is that any pure stream of CO2 could be converted 

to methane.  
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6.2 Economic feasibility analysis 

The drawback of almost all renewable fuels is economic performance and the 

difficulty to compete with fossil alternatives. Often a plant investment is totally 

dependent on subsidies and tax reliefs, in the end political decisions. Due to the lack 

of long-term policies for renewable fuels, a techno-economic feasibility study is 

made from a Swedish perspective, with the current rules and tax legislation. The 

process chosen for this study is the most basic method; SNG syntheses using CO2 and 

H2 generated from electricity (see the flow sheet in  Figure 10, page 24). This 

process route is chosen because of the fact that most components are commercially 

available, even though hydrogasification has a higher yield it is still an unproven 

technology. The results are thus also applicable to the other processes.   

The case plant used to estimate the production cost and profitability is designed to 

produce 1.2 MW of SNG with 8,000 h of production per year, in total 9.6 GWh. All 

units in the plant are commercial and the costs can therefore be estimated. The size 

of the plant is set to reach economic feasibility in terms of specific investment costs 

for the electrolyser.  

The base scenario values are: 

 Total investment: 1.8 M€ 

 Expected plant lifetime: 15 years 

 Required rate of return: 10% 

 Electricity price: 0.047 €/kWh 

 Operation time: 8000 h/year 

 SNG price: 0.133 €/kWh 

 Oxygen price: 0.055 €/kg 

 District heating price: 0.031 €/kWh 

 

It is shown that the main influences as regards the profitability are the electricity 

price, SNG selling prices and the income from the by-products. The production cost 

(excluding capital cost and depreciation) for the SNG is 0.147 €/kWh, but decreases 

to 0.098 €/kWh, including the deduction for income from by-products. 

The base scenario generates a 16% annual return on investment assuming that 

biogas can be sold at the same price as petrol. A general number based on set 

conditions was that the biogas must be sold at a price about 2.6 times higher per 

kWh than when bought in the form of electricity.  

High electricity prices can be avoided if production is stopped during peak hours 

and instead concentrated to off-peak hours. The drawback is that the investment 

needs to be paid back in fewer hours of operation. The process could be profitable if 

a lower electricity price is obtained. The break-even electricity price as a function of 

the annual operation time can be seen in Figure 20. The sensitivity analysis indicates 
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that the running costs weigh more heavily than the yearly investment cost and off-

peak production can therefore still be economically profitable with only a moderate 

reduction of electricity price.  

 

Figure 20: Duration diagram of electricity prices 2011, and break-even electricity price as a function of annual 
operation time (Paper VII)  

6.3 Discussions and conclusions regarding biofuels from electricity 

It can be concluded that these production routes would vastly increase the potential 

for biofuels without increased stress on forest and food production. In an energy and 

exergy perspective the processes are more questionable, but the losses can be 

minimised through efficient use of the by-products and integration with 

conventional biofuel production. Hydrogasification seems to be the best integration 

option, but commercialisation of biomass gasification is preferred before 

considering hydrogen as a gasification agent.  

Transforming electricity into synthetic biofuels can only be considered during peak 

production of intermittent green electricity or in a fully renewable-based system. 

Methane, in contrast to electricity, can be stored and used at another time (or as 

vehicle fuel). There is no single solution to either the grid problems related to the 

increasing quantity of intermittent power production or the deficit of renewable 

fuels for the transport sector. Production of methane during periods of high 

electricity production could, however, be part of the solution. Negative electricity 

prices have occurred on several occasions in areas with high penetration of 



Energy system evaluation of thermo-chemical biofuel production 

 

-54- 
 

intermittent power production and limitations in grid capacity. It is therefore very 

positive that the sensitivity analysis indicated that the investment costs are rather 

small compared to the running (electricity) costs; a shorter annual production 

period can therefore still be economically profitable with only a moderate reduction 

in the price of electricity. 

There are several aspects to consider when evaluating the profitability of the 

process. A significant issue is how changes in policies and regulations would 

influence profitability due to the dependency on subsidies (e.g. tax reliefs). Further 

aspects that need to be considered are market movements, i.e. future prices on fossil 

fuels (the alternative cost for SNG) and the main feedstock; electricity. The 

suggested technology is not yet proven in full scale, hence the risk of technology-

related shortcomings or the development of competing technologies. To reduce the 

financial risk, clear long-term political decisions are essential to allow investments a 

pay-back time longer than the political terms of office. It is highly uncertain how 

long the current rules will apply and how they will change with a higher proportion 

of green fuels and electricity on the market since taxation is a significant source of 

revenue for the government.  
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7. Final discussion and conclusions 

The results from the research have been discussed separately in each chapter which 

leaves this part to final remarks to conclude this thesis. The final conclusions drawn 

from the results are: 

 Steam cycle is a given component in large biofuel production plants. 

Integration of the production process and the steam cycle must be 

considered at an early stage to ensure good steam management to avoid 

exergy losses.  

 Integration of biomass-fired gas turbines in the biofuel production is more 

questionable due to the limitations in feedstock, increased complexity and 

limited synergies. However, integration of natural gas fired gas turbines in 

hybrid cycles showed better potential whilst avoiding difficulties and 

uncertainties related to biomass as a fuel. 

 Methane production via pyrolysis showed improved efficiency compared to 

the competing route via gasification. The process benefits from lower thermal 

losses and less reaction heat when avoiding syngas as an intermediate step.  

 Upgrading of existing pyrolysis gas from charcoal plants may offer a shortcut 

to production of methane. 

 Several synergies were identified when integrating conventional biofuel 

production with hydrogen produced from sustainable electricity. Using 

electricity to produce methane could be economically feasible if the product 

was priced in parity to petrol.   

Co-generation, integration with other industries and process development will play 

an important role in regards to the overall efficiency and ultimately the plant 

economy. There is competition with the heat and power industry for both available 

biomass as well as district heating customers. However, most district heating plants 

today do not utilise co-generation, which implies a potential for replacing boilers 

with combined biofuel and district heating production facilities. The use of the 

pyrolysis process would also open up for a wide range of feedstock, less suitable for 

CHP use, such as annual crops with high alkali content.  
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There is no single source of energy or production route, hence several different 

energy sources, production routes and fuels are needed to replace today’s fossil 

fuels in the transport sector. In Sweden, there is a limited, but growing, market for 

cars adapted to ethanol and biogas. However, the blend-in of renewable additives in 

conventional petrol and diesel would reach a fast and large market penetration. 

Fuels adaptable to the existing infrastructure and cars have great advantages 

compared to new fuels in order to avoid the “chicken and egg” dilemma. The use of 

bio-methane as a hydrogen carrier may be easier than separate distribution and use 

of hydrogen. As mentioned earlier, backup fuels for biogas and ethanol (dual-fuel) 

have been essential during the introduction.  

Powerful and consistent policy instruments must be adopted to expand the biofuel 

production industry. Long-term governmental goals must be backed up by long-

term policies, longer than the length of office and payback time of investment. It is 

highly uncertain how long the current tax reliefs will last with an increasing share of 

renewable fuels and decreasing tax revenues from fossil fuels. The subsidies for 

renewable fuels must be weighed against other possible measures and use of 

taxpayers’ money. The lack of large initiatives to prove the technology in full scale 

could, however, be a sign of missing long-term policies. Hopefully, financial crises 

and credit crunches can be exchanged for confidence and willingness to invest in the 

future. Domestic production of biofuels could be an important industry, a 

supplement for decreasing activity within the paper industry, further refinement of 

available biomass sources. The fossil fuel import dependency could be constrained 

by focusing on the development of sustainable domestic production of biofuels.   

7.1 Recommendations for further studies 

The development of the second generation of biofuels has come far in a technical 

perspective with a few pilot plants running. However, there are a few technical 

difficulties to solve to ensure smooth operations. Long-term testing of catalyst and 

syngas cleaning are still needed to prove reliable operation. In the case of the 

synthetic fuel production process, most components are commercially available but 

need further testing as a system. No technological leaps, however, are needed to 

scale up production. In addition to full scale testing, there are some topics that need 

further research. Further studies are needed of long term effects and deactivation of 

catalyst for pyrolysis vapour pre-reforming. Life cycle analysis of the pyrolysis 

production route is needed to evaluate the sustainability performance, to ensure 

reduction of greenhouse gases. If production can be made sustainable, the next step 

is to proceed with an economic evaluation.  

Hydrogen has proven to be of interest for several reasons and can be efficiently 

integrated in first and second generation biofuel production, most probably also 

within the pyrolysis route. Hydrogen will most certainly be produced during peak 
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electricity production and it is therefore interesting to further evaluate how an 

intermittent flow of hydrogen can be integrated with other processes and the power 

ramp behaviour of the electrolysis.  

Deeper studies of gas turbine integration in biofuel production are less interesting 

until the gasification production route is commercialised or initiatives are taken to 

adopt gas turbines to biomass-derived syngas. 
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