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Executive Summary 

 

A comprehensive technical and economic assessment of the current status and future prospects for 
biofuels product from biomass by thermal processing has been carried out.  These are known as 

Biomass To Liquids or BTL processes.  This report considers alternative thermochemical process 

routes from solid raw biomass to hydrocarbons or blendable alcohols including biomass supplies, 
pretreatment by fast pyrolysis and torrefaction, preparation, gasification, direct and indirect synthesis 

of hydrocarbons and incorporation of products into transport fuel infrastructures.  The technical and 

economic performance of these BTL processes has been analysed and areas where further RD&D are 

needed has been identified.  Particular attention has been paid to the trade off between pretreatment by 
fast pyrolysis and the impact on gasification showing that although there is a small increase in overall 

capital cost with addition of multiple decentralised fast pyrolysis units, these may be justified by the 

logistical and environmental advantages.     
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1 SCOPE 

The report examines processes from solid biomass to liquid transport fuels utilising the thermal 

processes shown in Figure 1.  The scope was limited to conventional hydrocarbon products as these 
can be readily incorporated and integrated into conventional markets and supply chains while alcohols 

(ethanol, methanol, mixed alcohols or fuel alcohol) and ethers (such as DME – dimethyl ether) have 

more limited short term prospects in the UK and European transport fuel infrastructures. 
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Figure 1   Process routes to hydrocarbons 

 

2 FEEDSTOCKS 

The feedstocks covered by the study are listed in Table 1.  The significance of the different feedstocks 

is in: 

 Delivered cost 

 Reception, handling, storage and preparation costs (RHSP) in the conversion plant 

 Effect on primary process performance. 

 
The notable impacts of each feed on RHSP cost and primary process performance are summarised in 

Table 2, compared to clean wood as the base case.  Although most attention is focussed on single 

relatively high quality biomass types, it is likely that feedstocks will vary with time and quality and 
will invariably include some low quality materials.  Some process flexibility and versatility will 

therefore be required. 

Table 1   Feedstocks considered 

Wood 
UK forest residues 

Short rotation forestry 

Timber (long rotation forestry) 
Short rotation coppice 

Waste wood: 

Clean wood processing waste 

Chipboard 
MDF 

Demolition waste e.g. pallets 

Miscanthus 
Bales  

Chips 

Switchgrass 
Bales 

MSW (generalised number) 

Presorted and partially densified 

Commercial waste e.g. bulk packaging as cardboard 
Bales 

Straw 

Bales 
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Table 2   Impact of feedstock on process costs and performance 

 Difference to 

clean white 

wood chips 

Impact on RSHP 

cost 

Impact on Gasifier cost 

(solid, pressure, oxygen 
entrained flow gasifier)  

Impact on 

Pyrolysis 

Clean white 

wood as chips 

Standard (no 

bark) 

Standard Standard Standard 

Forest residues, 
chipped 

Higher bark 
and branches  

No change No change Lower liquid 
yield ~10% 

Short rotation 

forestry (10-15 

year rotation) 

Some bark No change No change Lower liquid 

yield ~5% 

Timber (long 

rotation 

forestry) 

Some bark No change No change Lower liquid 

yield ~5% 

Short rotation 
coppice 

Higher bark 
and branches 

No change No change Lower liquid 
yield ca -5% 

Waste wood as 

clean wood 

processing 
waste 

Bark free and 

partially 

comminuted 

No change No change No change 

Waste 

chipboard or 
MDF 

Dry with up to 

5% resin 

No drying, lower 

comminution cost.  – 
40% cost reduction 

No change Lower liquid 

yield ~5% 

Demolition 

waste e.g. 

pallets 

Dry with metal 

inclusions, 

preservatives 
and coatings 

Less drying. – 25% 

cost reduction 

No change No change 

Miscanthus 

bales 

Higher ash; 

large and 
heavy bales 

Higher handling and 

comminution cost; 
lower drying cost.  

No change 

Ash management + 10% 

cost increase 

Lower liquid 

yield ~15% 

Miscanthus 

chips 

Higher ash Lower drying cost.  – 

20% reduction 

Ash management + 10% 

cost increase 

Lower liquid 

yield ~15% 

Switchgrass 

bales 

Higher ash; 

smaller bales 

possibly 

Higher handling and 

comminution cost; 

lower drying cost.  

No change 

Ash management + 10% 

cost increase 

Lower liquid 

yield ~15% 

Straw bales Higher ash; 

Chlorine; bales 

large or small 

Higher handling and 

comminution cost; 

lower drying cost; 
low bulk density.  No 

change 

Ash management 20% 

cost increase 

Contaminant removal in 
gas cleaning ~20% cost 

increase 

Lower liquid 

yield ~15% 

MSW 

(generalised 
number) 

High 

contamination 
with metals, 

chlorine and 

sulphur. 

Depends on feed 

preparation before 
delivery.  Assuming 

dry pellets, dry 

storage, no drying.  
No change.   

Ash management + 20% 

cost increase  
Contaminant removal in 

gas cleaning ~40% cost 

increase 

Lower liquid 

yield ~15% 

Commercial 

waste as 

cardboard 

Clean and dry 

requiring dry 

storage 

Dry storage, no 

drying, more 

comminution, low 
bulk density.  No 

change 

 Higher liquid 

yield ~5%.  

Lower char 
yield ~5% 
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3 PROCESS STEPS 

An integrated biofuel production process consists of several discrete steps which are discussed below: 

 Reception storage and handling 

 Preparation including comminution, screening, drying 

 Pretreatment as torrefaction or fast pyrolysis (optional) 

 Gasification of solid biomass (fresh or torrefied) or liquid bio-oil from fast pyrolysis 

 Gas cleaning to derive correct gas quality 

 Gas conditioning to derive correct gas composition 

 Synthesis of hydrocarbons (or methanol or alcohols) 

 Conversion of methanol to gasoline or diesel (optional) 

 Synthesis product refining 

 Oxygen for gasification 

 Offsites including power and heat provision 

 
The nature and form of the biomass depends on the particular biomass under consideration as listed in 

Table 1 and Table 2 above. 

 

3.1 Reception storage and handling 

After harvesting, the biomass has to be transported to the processing site where it is weighed, stored, 

and reclaimed for preparation and pretreatment.  Storage can be a simple concrete pad with a front end 

loader for small capacity plants through to complex and substantial automated bulk handling systems 
analogous to those found on pulp and paper mills for large plants.  This step is significant with capital 

cost ranging from 5% to 21% for capacities from 5 to 20 MWe (1) and 10-15% for a large 

gasification-Fischer Tropsch synthesis as shown in Table 9 below.  There is not a standard formula for 
this and costs depend on the type of biomass and the sophistication of the step – high capital cost 

usually means low labour costs.  Fast pyrolysis systems have a significant additional cost due to more 

extensive drying and lower particle sizes (see Figure 2). 
 

A key feature of biomass is that most types cannot be harvested all round and/or are only available for 

limited periods.  Examples include wheat straw which is produced from July to October, miscanthus 

which is usually harvested from March to April while senescent, and deciduous trees which are 
usually only harvested when dormant from November to March.  Therefore either substantial storage 

is required or multi-feed gasifiers are needed which increases the demand on the gas cleaning system.   

 

3.2 Preparation 

The biomass will require several preparation steps as summarised in Figure 2 which include: 

 Drying to reduce moisture to the preferred level for subsequent conversion 

 Comminution to produce material or the optimum size and shape for subsequent conversion 

 Screening or sieving to separate the required feed particle size, which may include rejection of 

oversize for recycling to a re-chipper or rejection of undersize for utilisation elsewhere in the 
process such as combustion for heating the drier.  

 Optional steps dependent on the particular biomass being processes such as magnets for ferrous 

metal removal. 

 

Preparation can be partly carried out at source such as chipping in forest to minimise transport and 
handling costs, but there will always be a requirement to monitor and control biomass characteristics 

for optimum operation of the conversion plant.  This applies particularly to particle size and shape and 

moisture content when the economies of scale and the availability of heat and power make operation 
in the conversion plant more effective and more efficient. 
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3.3 Pretreatment 

There has been considerable interest in both torrefaction and fast pyrolysis as methods of pretreatment 

for biomass to reduce costs and environmental impact and improve efficiency. 
 

3.3.1 Fast pyrolysis 

Fast pyrolysis is a moderate temperature (around 500C) process that devolatilises biomass into high 
yields of a liquid known as bio-oil (up to 75% wt., 70% of the energy in the biomass), with some char 

(typically 13 % wt. and 25% energy) and gas (typically 12% wt and 5% energy).  As a liquid, bio-oil 

is easier and lower cost to handle, transport and subsequently process in upgrading processes 

compared to biomass.  The char retains virtually all the alkali metals and thus acts to upgrade the bio-
oil as well as being a valuable product for soil conditioning, fertilisation and carbon sequestration.  

There is some interest in combining the char with the bio-oil to form a slurry, notably at FZK, in order 

to maximise the energy yield of the process, with reported figures of 85-90% energy yield in the slurry 
compared to the biomass input.  This has also been investigated by Dynamotive.   

 

Solid 

biomass

Liquid bio-oil

Reception 

Storage & 

Handling

Preparation

Pretreatment

Magnet

ShredChip

Store & reclaim in stacksStore & reclaim in piles

Dry (optional

Gasification

Grind

Dry to <10% water

Torrefaction

Fast pyrolysis

Reception 

Chips

Reception 

Chunks

Reception 

Bundles

Reception 

Bales

Re-shredScreenRe-chip Screen

 

Figure 2   Biomass reception storage handling, preparation and pretreatment 

 

This approach has not been thoroughly developed or tested sufficiently for evaluation, other than to 

note that if all the char is incorporated into the product slurry, an additional source of heat will be 

required for the fast pyrolysis process.  It is also important to note that not all fast pyrolysis processes 
produce a solid charcoal byproduct as in some cases the char is entirely consumed within the fast 

pyrolysis process for process heat such as Ensyn and BTG. 

 
The energy for the process can be met from around 15% of the energy in the feed material.  The 

byproduct char contain 25% and the byproduct gas contains around 5% of the energy in the feed 

material, so the gas is insufficient without supplementation such as with natural gas as practiced by 
Dynamotive.  The alternative is combustion of half to two thirds of the char.  The char is potentially 

valuable so could be recovered and sold, although careful handling and storage is needed as it is 

pyrophoric.  Some processes such as Ensyn and BTG combust all the char to reheat sand for 

recirculation to provide the heat, so there is potentially a significant source of waste heat at around 
700-800C.   
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The handling and transportation of bio-oil is becoming increasingly controlled and a thorough review 

of requirements and recommendations has been published (2). 

 
The interest in fast pyrolysis as a pretreatment step arises from the following considerations: 

 Bio-oil from fast pyrolysis has a density of 1200 kg/m
3
 compared to some biomass with a bulk 

density as low as 100 to 150 kg/m
3
.  The energy content of bio-oil is about the same as biomass.  

Transport costs are thus much lower since most solid biomass transportation is constrained by 
volume rather than weight. 

 The alkali metals in biomass which can cause severe problems in gasification and gas cleaning 

are almost entirely retained in the char almost all of which is separated in the fast pyrolysis 

process. 

 Handling, storing and transporting liquids is much easier and hence lower cost in both financial 

and energy terms than solids.  This applies to both the bio-oil production site and the reception 
at the biofuel production site. 

 Feeding liquid to a gasifier is easier and thus lower cost than solids, particularly for pressurised 

operation. 

 The gasifier products will have lower tars and much lower alkali metals thereby reducing gas 

cleaning and maintenance requirements 
 

These considerations have led to the concept of multiple decentralised and relatively small fast 

pyrolysis units collecting biomass from a smaller area and delivering a liquid to a central processing 
plant for gasification and synthesis of biofuels.  The challenges facing this concept include: 

 Provision of several smaller fast pyrolysis plants have a diseconomy of scale, thus increasing 

capital cost of the system. 

 Inclusion of an additional step of fast pyrolysis reduces overall process efficiency. 

 

This brief summary cannot properly consider all aspects of biomass fast pyrolysis, but identifies some 
of the criteria for consideration in it specification and selection. Extensive reviews of fast pyrolysis are 

available (e.g. 3, 4, 5, 6). 

 
3.3.2 Torrefaction 

Torrefaction is low temperature slow pyrolysis around 300C that completely dries and partially 

devolatilises the biomass through decomposition of some of the hemicellulose to give a dry and friable 

form of biomass that can be crushed and ground.  This makes the biomass easier to process with coal 
in coal fired PF power stations and in feeding biomass into entrained flow gasifiers as are likely to be 

preferred in large scale biofuel production. 

 
The process requires heat input above 300C to drive the drying and devolatilisation process.  Unlike 

fast pyrolysis where there are two byproducts – char and gas - that can supply the heat, torrefaction 

only has an offgas which will contain some volatiles.  The concentration of the volatiles may be very 
low depending on the process design.  These will require satisfactory disposal as well as some fines 

that will require removal.  The main proponents of torrefaction, ECN, claim that the process can be 

heated by burning the offgas (7), but there is no evidence or experience of this claim: at the high yields 

claimed it is questionable whether there is sufficient energy in the offgas and also whether the gas 
quality is sufficiently high to sustain combustion.  The energy source thus has to be either additional 

fresh biomass or torrefied product.  The energy input has to be sufficient to completely dry the 

biomass and heat it to torrefaction temperature of 300C.  It is estimated that this will require from 5% 
of the output (dry) biomass with 0% water content feed to 40% of the output (dry) biomass for 50% 

water content feed.  Estimates are given in Table 3.  A typical figure for the energy demand of 

torrefaction plant a partially air dried wood feed is believed to be around 15% of the biomass feed 
input. 
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Table 3   Energy requirement for torrefaction 

Water content in feed 50% 40% 30% 25% 20% 10% 0%

Water to be evaporated 1.00 0.67 0.43 0.33 0.25 0.11 0.00 kg/kg dry biomass

Heat for raising temperature of biomass to 300C 688 688 688 688 688 688 688 kJ/kg dry feed

Heat for raising temperature of water to 100C 314 210 135 105 79 35 0 kJ/kg dry feed

Heat for evaporation of water at 100C 2257 1505 967 752 564 251 0 kJ/kg dry feed

Heat for raising steam to 300C 405 270 174 135 101 45 0 kJ/kg dry feed

Total heat required ignoring reaction 3664 2672 1963 1680 1431 1018 688 kJ/kg dry feed

Energy in dry wood 18 18 18 18 18 18 18 MJ/kg

Wood required to theoretically provide energy 0.204 0.148 0.109 0.093 0.080 0.057 0.038 kg biomass/kg dry feed

Wood required to provide energy at 50% efficiency 0.407 0.297 0.218 0.186 0.159 0.113 0.076 kg biomass/kg dry feed

Wood required to provide energy at 75% efficiency 0.271 0.198 0.145 0.124 0.106 0.075 0.051 kg biomass/kg dry feed  
 
The technology of torrefaction is not yet commercial, but seems likely to be based on rotary kiln or 

screw or auger reactors.  Temperature control will be important to avoid excessive pyrolysis and loss 

of volatiles, so small temperature differences between heating medium and biomass would be 
preferred and hence relatively long residence times.  Emissions control will be needed to dispose of 

pre-pyrolysis products, possibly by combustion with biomass for reactor heating.  In addition 

particulates control is likely to be needed. 
 

3.3.3 Summary 

Conversion of biomass into a high energy density liquid that is cleaner i.e. less contaminated than the 

original biomass, is an attractive proposition in terms of transport and subsequent processing, but there 
is a modest cost and performance penalty which is discussed and quantified later.  Torrefaction has a 

similar cost and performance penalty and delivers a more friable and dry material that can more easily 

be ground for entrained flow gasification and for co-firing in PF power stations.  However it is still a 
solid and is thus less attractive than liquid for processing.  It is not clear that the cost of torrefaction 

justifies the added value. 

 

3.4 Thermal gasification 

There are several process routes to biofuels from biomass as summarised in Figure 1, based on either 

solid or liquid (bio-oil) gasification.  Gasification can either be indirect or steam or pyrolytic 

gasification, of which the best example is the plant in Guessing in Austria; or oxygen gasification such 
as Texaco, Shell, or Varnamo.  Air gasification is not suitable because the product gas contains around 

50% nitrogen, which while inert, will increase the size of the plant and reduce the efficiency and 

effectiveness of the unit operations, all of which will increase costs to an unacceptable level. 
 

Solid biomass has to be prepared for feeding into a suitable gasifier as summarised in Figure 2.  The 

choice of gasifier depends mostly on the scale of operation and the method of gasification.   

 
Liquefied biomass as bio-oil from fast pyrolysis will be easier and hence lower cost to feed than solid 

biomass particularly for pressurised operation.  Bio-oil has much lower levels of alkali metals than 

solid biomass which will impact on the design and performance of the gasifier + gas cleaning system.   
 

There is, however, interest in using bio-oil – charcoal slurries to maximise the energy recovery from 

the fast pyrolysis process and minimise inefficiencies from using fast pyrolysis as a pretreatment 
method which is promoted by FZK in Germany and Dynamotive in Canada.  There is still a need to 

fuel the fast pyrolysis process however so if all the char is recovered for blending with the liquid, an 

additional energy resource is needed for the fast pyrolysis reactor.  In addition the slurry will contain 

nearly all of the alkali metal content of the original biomass thus obviating the advantage of only using 
the liquid bio-oil.  Further complications arise if the liquid is not homogenous and phase separates 

which has an impact on handling storage and transportation. As well as in subsequent oxygen 

gasification.   
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3.4.1 Gasifiers 

The types of gasifier available have been reviewed (3) and comprise entrained flow and fluid bed 

systems.  Both oxygen blown and pressurised systems would normally be preferred. The choice of 
entrained flow or fluid bed (including circulating fluid bed) is mostly based on throughput and 

characteristics of the feed.   

 
Entrained flow gasifiers requires small particle sizes which is costly for raw biomass, hence the 

interest in torrefaction which produces a much more friable material which is easier and less costly to 

grind, as well as reducing the cost of transportation of solid.  Entrained flow systems would usually be 

specified for larger throughputs of above around 100 t/h, equivalent to 200 MWe or 150,000 t/y 
biofuel.   

 

Circulating fluid beds are more tolerant of particle size, but would tend to be chosen for smaller 
throughputs of 20 to 100 t/h biomass on a dry basis, equivalent to 30 to 200 MWe or 30,000 to 

150,000 t/y biofuel.  Bubbling fluid beds are usually specified for the next size class down, from 5 to 

20 t/h, 7 to 30 MWe, or 8,000 to 30,000 t/y biofuels if synthesis technology can be successfully scaled 

down to this level.  
 

Steam or indirect gasification at atmospheric pressure has also been proposed to avoid the need for 

oxygen as well as pressurised gasification although a compression stage would be necessary for 
biofuel synthesis.   It has been suggested that lower cost atmospheric pressure gasification 

compensates for the additional cost of a multistage compressor. Indirect gasification gives a higher 

methane content gas thus increasing the process complexity and cost if the preferred product is 
biofuels as the lower hydrocarbons need to be reformed to syngas.  However, for SNG production, this 

route has advantages.   

 

Solid biomass feeding to a pressurised gasifier can be complex and costly.  For example, the 
pressurised lock hopper system of a demonstration pressurised oxygen blown system in France some 

years ago cost more to build than the entrained flow gasifier itself. 

 
Liquid feeding to a pressurised gasifier is potentially much easier, less complex and hence less costly, 

since in principle only a pump is required.  There is some experience in Germany at the SVZ waste 

processing plant in Schwartze Pumpe (now part of Siemens) which produces methanol from biogenic 
waste (8).  Future Energy, now part of Siemens, has conducted trials of pressurised oxygen blown bio-

oil and bio-oil-char slurry gasification. 

 

Few feedstocks are available all year round, which means that either substantial biomass storage is 
required and/or omnivorous gasifiers are required.  Different feed materials have different 

requirements for preparation and feeding which places additional requirements on the gasification 

system design.  One option is multiple feed points to a gasifier to allow different types of biomass to 
be gasified simultaneously rather than feedstock blending which is difficult for biomass.  Multiple 

feeding may also be dictated for fluid beds and circulating fluid beds at larger scales of operation.  In 

addition, as feedstock prices increase due to completion resulting in lower quality biomass, there will 

be an impact both on gasifier design and specification and gas cleaning.  
 

3.4.2 Pressure 

Pressurised operation results in more compact and smaller sized plant from reduced equipment sizes, 
but at a higher cost due to the additional cost of building pressure vessels.  The overall effect is an 

increase in capital cost as pressure increases (9).  Pressurised oxygen gasification is often specified as 

the preferred route to synthesis gas to avoid nitrogen which acts as an inert diluent and increases 
capital costs from larger equipment sizes and less effective processes; and increases operating costs 

from additional utilities requirements.  
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3.4.3 Oxygen 

The use of oxygen results in much higher gasification temperatures of up to 1300-1400C which can 

only otherwise be obtained in plasma gasifers.  These high temperatures result in much more extensive 
tar cracking and thus lower gas cleaning requirements.  The higher temperatures also result in melting 

or slagging of the ash which can be collected on water cooled screens or as a slag and reduces reliance 

on hot gas filtration.   
 

Oxygen is costly to produce in energetic and economic terms and places stringent requirements on 

materials of construction and health and safety requirements , but is usually justified by: 

1 Lower overall capital costs from more compact and efficient process designs resulting from the 
absence of diluents nitrogen. 

2 Higher reaction temperatures giving lower tars. 

3 Higher reaction temperature causes ash to slag or melt which can be collected on cooled wall 
gasifiers like the Noell gasifier or removed as molten slag as from a blast furnace in gasifiers 

like the BG-Lurgi fixed gasifier at Siemens in Schwartze-Pumpe. 

4 Extensive experience is available from coal gasification plants that have been developed to 

substantial commercial scale units. 
 

3.4.4 Status 

Biomass gasification has not been proven at the scales conventionally required for large scale biofuel 
synthesis and this is another challenge to be addressed.  However if the concept of downscaling 

biofuel synthesis to match local biomass arisings can be successfully developed, this aspect will not be 

such a problem. 
 

3.5 Gas cleaning 

The product gas contains particulates, tars, nitrogen compounds including ammonia, sulphur in 

various forms, chlorine and many other minor contaminants.  The contaminants have to be reduced to 
the level demanded by the downstream operations and particularly by the catalyst.  This is an area 

where no experience has been gained at large scale based on biomass feedstocks, and while it is 

claimed there are no insuperable problems, there is no large scale or long term experience.  The gas 
cleaning design has to handle the extreme values of each contaminant that may be encountered and if 

lower grade feedstocks and/or several feedstocks have to considered, the impact on the design and 

specification of the gas cleaning train will be significant.  It is preferable for early plants to be matched 
to well defined feedstocks to minimise cost and uncertainty. 

 

This area is seen as presenting one of the bigger challenges to development of a successful BTL plant.  

Attention should also be paid to modification of downstream processes and catalysts to match the 
syngas quality achievable in order to optimise an integrated system. 

 

3.6 Conditioning of the synthesis gas 

In addition to gas cleaning, the gas has to be “conditioned” i.e. the composition has to be adjusted to 

the required H2:CO ratio for the catalyst and synthesis, which is typically 2.0 for hydrocarbons 

according to the basic equation: 

CO + 2H2 → CH2 + H2O 

This is achieved by reforming methane and higher hydrocarbons to CO, H2 and CO2; changing the 

H2:CO ratio by the shift or reverse shift reaction; and scrubbing out CO2.   

 
These are all well established and proprietary processes, the selection of which depends on scale, 

impurities, extent of component removal and tolerances of downstream equipment and catalysts. 
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3.7 Product synthesis 

The final step is synthesis of the required biofuel, which can be diesel, gasoline, aviation fuel, or 

methanol as an intermediate for production of these hydrocarbons.  For all of these products there are 
proprietary and well established processes. 

 

Most proposals and considerations are given to state of the art BT plants that are analogues of GTL 
(gas to liquids) and CTL (coal to liquids) plants being built or considered around the world.  The 

conventional view of GTL and CTL is that the minimum economic size is 25,000 bbl/d or nearly 1 

million t/y hydrocarbons.  Such plants would require 5 million t/y biomass on a dry basis, which is 

currently difficult to imagine.  Choren are considering plants of 1 million t/y biomass producing 
200,000 t/y biofuels, but this would not happen before thorough testing of their beta plant is 

considered, which has already been significantly delayed.  The extent to which downscaling of FT 

synthesis is both feasible and viable is unclear but will almost certainly be required in order to match 
biomass availability and accessibility.   

 

It is also important to note that there is very little practical experience of coupling biomass gasification 

and gas cleaning to hydrocarbon synthesis at any scale of operation.  The importance of the gas 
cleaning processes in a successful BTL plant should not be underestimated as gasification only 

requires scale up and/or multiple units and hydrocarbon synthesis is sufficiently well understood that 

these are unlikely to hinder successful implementation of BTL processes.  
 

The extent to which the products should be fully refined for direct introduction into the market place, 

or whether a semi-refined product for introduction into a conventional refinery has not been 
established.  An obvious conclusion is that advantage should be taken of the economies of scale of a 

conventional refinery as well as utilising the facilities, experience and know-how of the refinery 

operators.  This is confirmed by the results of the DENA report which showed that a capital cost 

saving of around 30% would be expected for integration of upgrading in a conventional refinery (10). 
 

3.8 Product refining 

The final product has to conform to established norms and standards.  This can be carried out in the 
biorefinery or the crude product can be shipped to a conventional refinery to take advantage of 

established know-how and experience as well as the economies of scale and an established distribution 

chain.  
 

3.9 Offsites 

Offsites are required for all stand alone facilities and include power and heat provision, cooling water 

and waste disposal.  Power can be provided on-site for a self-sufficient process, or it can be partly 
provided from waste heat or it can be imported.  There is insufficient information to make a judgement 

on the merits of different approaches, but the life cycle performance and environmental credits will 

have a significant impact. 
 

Depending on the method of gasification, oxygen may be required either by provision of an on-site 

oxygen production plant or by purchase of bulk oxygen if a local supply is available. 

 
Power requirements can be met by purchase or by self generation from biomass to improve the 

sustainability and reduce the carbon impact of the process.  Heat requirements can probably be mostly 

met by careful integration of the process operations.   There will be significant water requirement for 
cooling and heating, and process water for steam reforming.  Waste disposal facilities may be required 

and these will depend on the process and local requirements. 
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3.10 Overall process configurations 

The full range of processing options to the biofuel products covered in this report are summarised in 

Figure 3. This includes several decentralised fast pyrolysis processes feeding either solid biomass or 
bio-oil from decentralised fast pyrolysis plants to a central gasification plant that feeds clean and 

conditioned syngas to a close coupled synthesis plant for hydrocarbons or alcohols.  Biomass 

availability and price and economies of scale will dictate the optimum plant sizes. 
 

Gasoline, Diesel, Kerosene

Syngas

Liquid 

bio-oil

Gasification, Cleaning, Conditioning

Biomass preparation 

& pretreatment (P&P)

Refining

Hydrocarbons Alcohols

Blending

Biomass 1, 2, 3, etc

Fast pyrolysis P&P

Conversion Offsites

Fast pyrolysis P&P

Fast pyrolysis P&P

Biomass

Bio-oil 

storage

 

Figure 3  Overall process options and configurations 

 

3.11 Choices 

A complete process chain has to consider all steps from planting, growing, harvesting and transporting 
biomass through conversion and upgrading to delivery of a marketable product.  There is currently no 

obvious choice of feed, pretreatment method, conversion technology or product.  There are several key 

aspects to the choice: 

 Feedstock 

 Process route 

 Product 

 
3.11.1 Feedstock 

There are finite amounts of biomass in the UK.  One recent estimate suggested that there was only 100 

million tonnes biomass per year on a dry basis could be made available for exploitation, equivalent to 
about half the UK annual transport fuel usage.  Considering the already extensive use of biomass for 

heat and power, and the stated ambitions for expansion of these applications, biomass will become a 

scarce resource.  This means that lower grades of biomass will have to be used supplemented by 

imported biomass.  This places technical constraints on the conversion technology in terms of biomass 
quality and mix; and locational constraints on the sites for construction. 

 

3.11.2 Process route  

Until quite recently, the conventional view was that large scale Fischer Tropsch synthesis of 

hydrocarbons was the preferred route as epitomised by Choren who advocate 1 million t/y fuel 

production plants, backed up by the process industry who assert that the minimum economic size of 
FT plant is 25000 bbls/day or nearly 1 million t/y. 
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Promotion of Fischer Tropsch synthesis requires large scale production of syngas by gasification.  

This technology has not progressed beyond relatively small scale heat and power applications and 

even then has a poor track record of success.  The only exception is the indirect gasifier at Güssing of 
2MWe, which would need to be scaled up by a factor of 1000 to meet the throughputs referred to 

above.  This is improbable in the short to medium term and represents the first major challenge. 

 
An interesting and increasingly relevant option is to consider developing small scale gasification-FT 

systems of around 200 000 t/y biomass input delivering around 40 000 t/y biofuels as a relatively 

crude product for refining in a conventional refinery that has all the infrastructure and expertise to 

produce a marketable product.  This would not require much scale up for gasifiers, but would still 
have to meet gas quality requirements for the FT catalyst, which is the second major challenge for any 

BTL process based on gasification.  This is being addressed by Oxford Catalysts who are developing a 

microreactor (11). 
 

Gas cleaning to meet the demands of modern catalyst for hydrocarbons or alcohols is claimed to be 

feasible but there is little experience and no long term operation.  This is the third major challenge.  

An important development step will be the adaptation of FT and similar catalysts to be more compliant 
with biomass derived syngas. 

 

Fast pyrolysis as a pretreatment method for concentrating the energy in biomass is analysed in more 
depth in Section 7.3.3 based on decentralised fast pyrolysis delivering a liquid energy carrier to a 

central processing plant.  The analysis concludes that overall capital costs will be higher and that 

overall performance will be lower.  However there are potentially significant logistical, socioeconomic 
and other factors that might justify the modest penalties associated with use of the technology.  This is 

evidenced in a recent SMI conference in London (May 2009) when four speakers advocated the use of 

fast pyrolysis – M Morgan of Nexant (12), M Kessler of Xynergo linked to Statoil Norway (13) and G 

Evans of NNFCC (14) proposed use of bio-oil as an energy carrier and R Graham of Envergent 
Technologies (15) a joint venture of UOP and Ensyn, advocated upgrading fast pyrolysis liquid to 

hydrocarbon fuels.   

 
Fast pyrolysis for production of energy carriers and for production of hydrocarbons is discussed 

above.  It seems to offer sufficient versatility and advantages that it needs to continue to be considered 

as a potential major player in the biofuel perspective. 
 

3.11.3 Product 

The products considered in the associated Life Cycle Assessment by North Energy Associates are 

hydrocarbons as diesel, gasoline and/or aviation fuel for integration into a conventional transport fuel 
chain or refinery. In all cases there will be co-products which will have an equivalent fuel value and 

may include some high added value commodity or speciality products i.e. the process will act as a 

biorefinery, of which naphtha is likely to be a significant candidate in the case of Fischer-Tropsch 
synthesis.  Other possible products are summarised in Table 4 including primary, secondary and 

derived products, the processing route and applications for the product. 

 

Conventional hydrocarbons as gasoline, diesel and aviation fuel have a high energy density; are very 
well established worldwide with sophisticated production systems and a well developed distribution 

infrastructure; and industries that understand very well how to optimise their utilisation in engines and 

turbines.  It is therefore difficult to imagine any substantial replacement of these fuels in the 
foreseeable future (such as at least before 2050) due to the logistical problems associated with 

introducing any new fuel and the need for backwards compatibility with the worldwide vehicle fleet.  

Other fuels will, no doubt, be introduced including electric vehicles but there are such a well 
established hydrocarbon fuel based industries and infrastructure that substantial replacement is 

considered unlikely.  There are other drivers including the relative ease of processing coal to 

hydrocarbons in analogous processes as practiced by Sasol in South Africa. 
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It is therefore considered that conventional hydrocarbon fuels as gasoline diesel and aviation fuel 

should be the focus of any biofuel system for the foreseeable future 

 
 

Table 4  Products from thermal biomass processing 

Primary products Process Applications 

Synthesis gas (syngas) Solid biomass gasification;  
Liquid bio-oil or bio-oil – char slurry 

gasification 

Production of synthetic 
hydrocarbons and alcohols 

Bio-oil Solid biomass fast pyrolysis Energy carrier 

Heat by combustion 
Power by engines (dual fuel 

mode) and turbines 

Torrefied biomass Solid biomass partial (low 
temperature) pyrolysis to give a 

friable dry material 

Energy carrier 
Co-firing 

Gasification 

Secondary products   

Hydrocarbons including 
diesel, gasoline, 

aviation fuel, naphtha, 

methane (Synthetic 

Natural Gas – SNG) 

Fischer-Tropsch synthesis from 
syngas 

Methanol to Gasoline and Methanol 

to Diesel synthesis  

Bio-oil upgrading with hydrogen 
Bio-oil upgrading with catalysts and 

without hydrogen 

Refinery blending stock 
Transport fuels 

Synthetic Natural Gas 
(SNG) 

Fischer-Tropsch synthesis from 
syngas 

Anaerobic digestion 

Natural gas 
Transport fuel 

Methanol Alcohol synthesis from syngas Diesel replacement 

Feed for gasoline and/or diesel 
production by MTG, MOGB 

or MTsynfuel processes 

Ethanol Alcohol synthesis from syngas 

Bioethanol by fermentation as 1
st
 or 

2
nd

 generation processes 

Blending stock for gasoline 

Transport fuel 

Butanol Alcohol synthesis from syngas 

Biobutanol by fermentation as 1
st
 or 

2
nd

 generation processes 

Blending stock for gasoline 

Possible transport fuel by itself 

Fuel alcohol (mixed 

alcohols) 

Mixed alcohol synthesis from syngas 

 

Transport fuel 

Ethers including Dimethyl 
Ether (DME) 

Dehydration of methanol (see above) Transport fuel 

Hydrogen Separation from syngas from 

gasification 

Hydrogenation processes 

Fuel cells 

Engines 
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4 INTEGRATED PROCESSES 

A complete process is made up of a series of a series of steps or process modules as listed in Section 3 

above and reproduced below in Table 5.   
 

Although there are many processes proposed and evaluated, there is little detailed information on 

process layout or design and no consistency in layout, specification or costing. Some of the reports are 
analysed below. 

Table 5   Process steps or process modules 

Reception storage and handling 

Preparation including comminution, screening, drying 

Pretreatment as torrefaction or fast pyrolysis (optional) 
Gasification of solid biomass (fresh or torrefied) or liquid bio-oil from fast pyrolysis 

Gas cleaning to derive correct gas quality 

Gas conditioning to derive correct gas composition 
Synthesis of hydrocarbons or methanol or alcohols 

Conversion of methanol to gasoline or diesel 

Synthesis product refining 
Oxygen for gasification 

Offsites including power and heat provision 

 

 

5 BTL PROCESSES 

Many studies have been carried out on Biomass To Liquids (BTL) processes including those listed in 

Section 6.  There is usually considerable variation in the detail provided and the scope of the processes 

that makes comparison difficult beyond simple performance measures as analysed in Section 6.  
Examples of the uncertainty in reported data include extent of energy self sufficiency and scope of 

capital cost estimates.  Only one recent and robust set of comparative analyses have been found and 

this is described below and used as the basis for subsequent performance analysis - the DENA study. 
 

5.1 DENA 

The Deutsche Energie-Agentur GmbH (DENA) commissioned and published a report in 2006 that 

compared nine options for production of renewable hydrocarbon fuels based on five processing 
options, four of which were additionally considered as integrated into a refinery (10).  This is one of 

the few reports publically available (at least in part) that provides a thorough and consistent 

comparison of routes to biofuels.  Contributions came from BASF, BP, Choren, FNR, Lurgi, Total and 
VDA as well as several German Government Departments.  The report was compiled by Ludwig 

Bölkow Systemtechnik GmbH, Ottobrunn (Part 1); Fichtner GmbH & Co. KG, Stuttgart (Part 2); Rödl 

& Partner GbR, Nuremberg (Part 3); NORD/LB, Hanover (Part 4).  It is considered to be the most 
reliable, consistent and recent document.  It is therefore used as the basis for much of this work.  It is 

regretted that the full report could not be made available. 

 

Five process concepts were evaluated as summarised in Figure 4.  Cases 1, 2, 4, 5 were also 
considered when integrated into a refinery which would provide much of the necessary utilities and 

infrastructure.  These are analysed later including, for example, capital cost analyses which are shown 

in Figure 6.   
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Figure 4   The five basic technology options studied in the DENA report (10) 

The performance and economic analyses are based on: 

 7000 h/y operation 

 1 million t/y (wet biomass at 30% moisture, either 700000 dry t/y on a 30% wet basis or 770000 

dry t/y on a 30% dry basis – it is not known which approach is used, but the former is assumed)  

 Processes deliver between 106400 and 118300 t/y hydrocarbons (mass yields of 15% to 17% 

respectively) 

 Products range from 60 to 90% diesel,   

 All processes are understood to be self sufficient in power and heat 

 

Estimates have been derived of the output and performance of the five routes and are shown in Table 6 

Table 6   Outputs and performance of the 5 DENA concepts (10) 

 
 

Unfortunately in spite of extensive efforts to obtain full copies of the reports, these have still not been 

made available.  However capital costs have been derived which are presented below in Section 7.3.1. 

 
 

 

 
 

 

 
 

 

 

 
 

Output Yield, weight 

 

114000 16.3 wt.% 
 

106400 15.2 wt.% 

 
104000 16.3 wt.% 

 

118300 16.9 wt.% 

 

118300 16.9 wt.% 
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6 PROCESS PERFORMANCE OR CONVERSION EFFICIENCY 

There are two main measures of conversion efficiency – mass and energy.  Data have been collected 

from a variety of sources and are summarised in Table 7 and Figure 5. 

Table 7   Conversion efficiencies to liquid biofuels 

 Mass to 

fuel 

Energy to 

fuel 

Ref. Notes 

Bioliq current 12.3% 30.0% 16  

DENA 3 14.9% 36.3% 10 Includes power and heat from biomass 

Ader via FT 15.0% 39.0% 17  

DENA 2 15.2% 37.2% 10 Includes power and heat from biomass 

DENA 1 16.3% 39.8% 10 Includes power and heat from biomass 

Lurgi 16.8% 41.1% 18  

DENA 4 16.9% 41.3% 10 Includes power and heat from biomass 

DENA 5 16.9% 41.3% 10 Includes power and heat from biomass 

Bioliq future 17.2% 42.0% 16  

Ader via FT 18.0% 48.0% 17  

Ader via MTG 18.8% 46.0% 17  

Ader via MTG 19.0% 52.0% 17  

Choren 20.0% 53.9% 19  

Choren 20.0% 48.9% 19  

Flambeau River 20.0% 48.9% 20  

Norway 20.5% 50.1% 21  

Faaij 21.5% 52.5% 22  

Choren 22.2% 54.2% 19  

ECN 22.5% 55.1% 23  

Choren 23.1% 56.4% 19  

ECN 23.2% 56.8% 23  

Lurgi 23.5% 57.5% 18  

Mean 19.1% 47.4%   

NOTE   Where data is not available, conversion between mass and energy is based on LHVs of 
biomass and diesel. 

 

0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0%

Energy to fuel

Mass to fuel

 

Figure 5   Conversion efficiencies from biomass to biofuels 
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7 CAPITAL COSTS 

Capital costs of processes that have not yet been built are very uncertain.  An example is the escalation 

in costs of the Choren 1 million t/y biofuel plant which has increased in cost from 500 million euros in 
early 2007 to 1000 million euros in early 2008 (24).  Thus any capital cost estimate either requires a 

large contingency allowance or patent explanation of the high degree of uncertainty. 

 

7.1 Fast pyrolysis units 

An analysis of several plants around the world has been carried out and updated to 2008 using 

exchange rates of 1.6 USD/GBP and 1.3 Euro/GBP as representative of the approximate purchasing 

power of the currencies rather than to current distorted and volatile figures quoted publicly.  The 
capital cost includes all design, equipment, construction, civils and commissioning.  Capital cost is 

estimated by the following equations: 

 
Capital cost fast pyrolysis plant, GBP million 2008 = 4.64 * (biomass feed rate dry t/h)

0.67 

Capital cost fast pyrolysis plant, euros million 2008=6.03 * (biomass feed rate dry t/h)
0.67

 

 

Capital cost estimates for different plant sizes are given in Table 8. 

Table 8   Capital cost of fast pyrolysis plants 

Biomass feed rate Capital cost,  

Dry t/hour Dry t/year @8000 h/y Million GBP 2008 Million € 2008 at 1.3/GBP 

0.25 2,000 1.8 2.3 

0.5 4,000 2.9 3.8 

1 8,000 4.6 6.0 

2 16,000 7.4 9.6 

3 24,000 9.7 12.6 

4 32,000 11.8 15.3 

5 40,000 13.6 17.7 

10 80,000 21.7 28.2 

15 120,000 28.5 37.1 

20 160,000 34.5 44.9 

 

Operating costs will be relatively small at around 40 kWh/t biomass processed and a relatively small 

labour requirement except for smaller plants.  Labour requirements will typically be 2 persons per shift 

to cover health and safety requirements.  Labour costs can be shared with other facilities where 
possible. 

 

7.2 Torrefaction  

Capital costs are not available and the capital cost is estimated at 75% of the equivalent fast pyrolysis 

process throughput in which the absence of a liquids collection system is countered by the larger 

equipment sizes from longer residence times and emissions control requirements.  The total plant cost 
on a Greenfield site from reception of feed to storage of liquid bio-oil can be estimated from the 

following equation: 

 

Capital cost torrefaction plant, GBP million 2008 = 3.5 * (biomass feed rate dry t/h)
0.67

 

Capital cost torrefaction plant, euros million 2008 = 4.5 * (biomass feed rate dry t/h)
0.67

 

 

Operating costs will be relatively small at around 40 kWh/t biomass processed and a relatively small 
labour requirement except for smaller plants.  Labour requirements will typically be 2 persons per shift 

to cover health and safety requirements.  Labour costs can be shared with other facilities where 

possible. 
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7.3 BTL processes 

As complete BTL processes have not yet been built, reliance is placed on cost estimates.  This gives 

rise to a number of problems: 

 Capital cost estimates are published either by the technology or project developer, or by 

independent consultants.  The former will tend to be “optimistic” such as using a limited scope 

(e.g. omit support facilities or utilities or offsites), and the latter will rely on other published 

data and orthodox process economic assumptions such as standard economies of scale which are 
only reliable over relatively narrow size ranges.  Use of data from different sources is highly 

likely to be incompatible in size, scope, currency, time and location. 

 Production cost estimates depend mostly on capital costs and feedstock costs, with other costs 

such as labour, utilities and other operating costs being a relatively small percentage of the total 

production cost of typically up to 15%.  

 Feedstock costs are often quoted either on limited supply chain information or “theoretical” cost 

estimates as large scale supply chains have not yet been developed in free market conditions.  

Use of data from the pulp industry does not help as there is greater reliance on quality of the 

supplies.  
 

7.3.1 DENA case studies 

Nine process configurations were specified and costed as described above (Table 6).  Module costs 
were derived as shown in Table 9 from the capital costs for each of the processes, reproduced in 

Figure 6. 

Table 9   Capital cost data for each step in the 9 DENA case studies, derived from (10) 

Million Euros 2006

CASE 1  1 Ref 2 2 Ref 3 4 4 Ref 5 5 Ref

Storage & preparation 55 55 60 60 55 50 50 50 50

Pyrolysis 0 0 86 86 0 90 90 90 90

Gasification and cleaning 90 90 79 79 97 90 90 90 90

Gas conditioning 33 27 30 26 68 31 30 31 30

Fischer Tropsch & conditioning 84 88 78 79 0 84 80 0 0

Lurgi Mt synfuel 0 0 0 0 96 0 0 84 81

Oxygen production 47 0 45 0 54 45 0 45 0

Power plant 24 0 21 0 28 23 0 23 0

Auxiliary plant infrastructure 81 43 131 90 110 89 57 89 56

Planning cost 74 60 90 71 82 71 57 71 57

Contingency 37 35 38 32 39 39 34 39 34

TOTAL 525 398 658 523 629 612 488 612 488

Dry biomass input 700,000 700,000 700,000 700,000 700,000 700,000 700,000 700,000 700,000

Product output, hydrocarbons, t/y 114,000 114,000 106,400 106,400 104,000 118,300 118,300 118,300 118,300

NOTES Ref = integrated into a refinery  
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RAF = Refinery or chemical plant location, integration of Option 3 into refinery location not worth 

while 

Figure 6   Cost of Investment in the Technology Options from DENA (10) 

There are some apparent small inconsistencies such as one large pyrolysis plant (Cases 4 and 5) costs 

more than several small pyrolysis plants (Case 2), belying the belief in economies of scale.  The 
advantage of a liquid bio-oil feed to gasification is identifiable in Case 2 of 11 million euros but this is 

not apparent in Cases 4 and 5, which are also fed with bio-oil.   It would be unreasonable to read too 

much into the data as it is believed the overall quality and internal consistency are of a high standard 

overall. 
  

7.3.2 Other BTL capital cost data 

Capital costs of 23 sets of data from round the world for BTL plants for hydrocarbons over the last 5 
years, including the DENA data, have been collated, updated to a 2008 basis and converted to GBP 

and euros using exchange rates of 1.6 USD/GBP and 1.3 Euro/GBP as representative of the 

approximate purchasing power of the currencies rather than to current distorted and volatile figures 
quoted publicly.  The results are summarised in Figure 7.  This shows an economy of scale factor of 

0.574, a little lower than might be expected, but reasonable considering the scatter of the data. The 

scatter also serves to emphasise the uncertainty in the estimates as well as the inevitable optimism of 

process developers. This results in capital cost correlations as follows: 
 

Capital cost, million euros, 2008 = 0.535 * (liquids product, t/y)
0.574 

 

Capital cost, million GBP, 2008 = 0.412 * (liquids product, t/y)
0.574 
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Figure 7   Capital costs of BTL plants for hydrocarbons 

 

7.3.3 Trade-off of fast pyrolysis for pretreatment 

There are several justifications for using fast pyrolysis as a pretreatment method as listed in Section 

3.3.1.  The impact of these on performance and capital cost has not been fully evaluated, but Table 10 
summarises the potential impact in both cost and performance terms. 

 

The DENA report provides some evidence of lower costs when bio-oil is used as gasifier feed which is 
more than counterbalanced by the additional cost of pyrolysis, but there are insufficient details to 

derive meaningful conclusions. 

 

7.3.4 Impact of trade-off on capital costs 

The impacts summarised in Table 10 have been arbitrarily translated into capital cost increases and 

reductions and related to the DENA Case 1 based on solid biomass gasification which processes 

700000 t/y dry biomass.  This has been estimated for 0 to 10 decentralised fast pyrolysis plants taking 
the same amount of biomass each.  0 represents the DENA Case 1 with no fast pyrolysis; 1 represents 

a single large fast pyrolysis plant; 2 represents 2 fast pyrolysis plants of 350000 t/y dry biomass feed 

and so on up to 10 fast pyrolysis plants of  70000 t/y dry biomass feed.  The results are summarised in 
Figure 8. 

 

This shows that there is a small cost penalty for combining one fast pyrolysis plant with a bio-oil 

gasification plant.  In addition there will be small but currently unquantifiable loss in performance or 
yield.  As the number of decentralised fast pyrolysis plants increases, the cost increases due to the 

diseconomies of scale from building more smaller plants. 

 
However there may be additional benefits from pursuing the fast pyrolysis pretreatment route that are 

more difficult to define at present but which relating to environment, socioeconomics and politics 

aspects.  The cost penalty is not so large that this processing route should be discarded due to slightly 
higher capital costs. 
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Table 10   Impact of fast pyrolysis as a pretreatment method 

Impact Effect on 

capital cost 

Effect on 

performance 

Effect on 

product 

cost 

Transport costs for liquid bio-oil are much lower than 

solid biomass due to higher energy density. 

Small 

reduction 

Small increase Modest 

reduction 

The alkali metals in biomass are almost entirely 
removed in the char (see item 5) so gasifier design and 

gas cleaning requirements are less onerous with lower 

capital and maintenance costs. 

See item 5 See item 5 See item 5 

Handling and transporting liquids is much easier; and 
handling and storage of liquids at the gasifier site is 

much easier and both give lower capital costs.  There 

will also be an effect on operating cost. 

Modest 
reduction 

None Small 
reduction 

Feeding liquid to a gasifier is easier and thus lower 
capital cost and maintenance and operating than solids, 

particularly for pressurised operation. 

Modest 
reduction 

for 

atmospheri
c operation;  

Significant 

reduction 
for pressure 

operation 

Small 
improvement 

Modest 
reduction 

The gasification products will have lower gas cleaning 

requirements and thus lower capital costs from the much 
lower alkali metals in the liquids compared to solid 

biomass.  Maintenance costs will be lower 

Modest 

reduction 

Modest 

improvement 

Small 

reduction 

A fast pyrolysis plant increases capital and operating 

costs which are increased further if several smaller fast 
pyrolysis plants are used in a decentralised way.  

However, it is possible that larger fast pyrolysis plants 

(above around 250 t/d dry biomass) will be based on 
multiple modules, thus reducing this effect.  There will 

be additional labour costs for multiple distributed 

pyrolysis plants compared to a centralised system. 

Some 

increase 

Modest 

reduction 

Modest 

increase 

Inclusion of an additional processing step reduces 
overall process efficiency. 

None Significant 
reduction 

Small 
increase 
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Figure 8  Effect of number of fast pyrolysis plants on total system capital cost for DENA Case 1 

 

 

8 LEARNING 

All new technologies suffer from and benefit from the learning phenomenon shown in Figure 9.  New 

technologies are invariably underestimated in capital cost due to a relatively poor understanding of the 

technical challenges and an understandably optimistic view of the prospects.  The final achieved cost 
may be 2 to 4 times higher than initial or early estimates.  An example is the Choren estimate of their 

Gamma BTL plant which was estimated as 500 million Euros in early 2007 and had risen to 1000 

million Euros by the end of that year (24).   

 

Initial 

estimate

Final 

cost

Subsequent 

plants

Capital 

cost

Time

Under estimate 

due to insufficient 

information and 

excessive 

optimism 

Reduction 

In costs from learning 

and technology 

development

 

Figure 9   Learning curve 

Once the first plant is built and successfully operated, subsequent plants will benefit from the 

experiences of building earlier plants, from the increased knowledge and understanding of the 
processes and from competition.  This cost reduction is well appreciated and often follows the rule that 

capital costs reduce by 20% for every doubling of the number of plants built.   All costs reported here 

are either first plant costs or are understood to be as in the case of the DENA data. 
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9 PRODUCT COST 

9.1 Structure 

The product cost is made up of: 

 Capital costs and interest repayments 

 Capital related costs such as insurance, maintenance, etc 

 Feedstock cost, delivered 

 Other variable costs such as labour and utilities. 

 

The capital and related costs include depreciation and interest, or amortisation; and capital related 

costs such as maintenance and taxes.  Policies vary from country to country and from industry to 
industry, but a typical global figure for capital repayment, interest payment and capital related costs is 

about 18% of the capital cost.  In the workbook, the capital charge is set at 16% which gives product 

costs the same as in the DENA report which includes a return on investment, all of which is based on 

German conditions and expectations in 2006. 
 

Feed cost is a relationship between product output and process conversion efficiency.  There is limited 

data on other variable costs such as utility and labour requirements.  Diebold estimated power 
requirements at120 kWh per dry t feed for an integrated biomass to gasoline plant via pyrolysis (25).  

This is broadly in line with data for combustion and similar conversion processes (1).  Water 

consumption estimates vary considerably and 20 m
3
/dry t biomass processed appears reasonable.  

None of this data is specifically included as all other variable costs are relatively small in the context 

of large scale BTL plants and have been approximated as 12% of the capital charges.   

 

9.2 Workbook 

A spreadsheet has been provided based on the DENA case studies, the front sheet of which is shown 

in Figure 10. This enables the following variables to be modified: 

 Plant capacity as dry biomass feed rate t/y 

 Capital charges as % of capital cost per year 

 Feed cost, £/dry t 

 Scale factor 

 Exchange rate euros/£ 

 Product heating value, GJ/t 

 Utilities and labour cost as % of capital charges. 

 
Production costs are then calculated for each of the 9 DENA cases (10) as indicated in Figure 10. 

 

9.3 Sensitivity  

To illustrate the sensitivity of the system to changes in each parameter, a number of cases are given 

below in Table 11.  For simplicity and clarity, only DENA Case 1 sensitivities are shown here which 

is solid biomass gasification and Fischer Tropsch synthesis of hydrocarbons – the first example in 

Figure 10.  The workbook includes all the other cases.  The most sensitive cost element is yield which 
has the greatest effect on production cost, and which thus suggests that improving process 

performance should be an early priority. 
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VALUE 

INPUT

DEFAULT 

VALUE
NOTES

Capacity = 500,000 700,000 t dry biomass per year

Capital charges = 16% 16% Capital cost /y

Feed cost = £40 £40  £/dry t  conditions (DENA)

Scale factor = 0.5744 0.5744

Conversion rate = 1.25 1.25 Euros/GBP

Heating value hydrocarbon product = 44.5 44.5 MJ/kg

Utilities and labour = 12% 12% Annual capital charges

Diesel density = 850 850 kg/m3

Output,       t/y 

hydrocarbons

Product cost, 

£/t

Product 

cost, £/GJ

Product cost, 

£/litre

81,430 £1,007 £22.6 £1.19

81,430 £823 £18.5 £0.97

76,000 £1,286 £28.9 £1.51

76,000 £1,076 £24.2 £1.27

84,500 £1,093 £24.6 £1.29

84,500 £919 £20.7 £1.08

74,285 £1,270 £28.5 £1.49

84,500 £1,093 £24.6 £1.29

84,500 £779 £17.5 £0.92

16% gives acceptable return for German

Centralised pyrolysis, liquid bio-oil gasification, methanol synthesis, 

diesel synthesis, greenfield site
Centralised pyrolysis, liquid bio-oil gasification, methanol synthesis, 

diesel synthesis, refinery location

Centralised pyrolysis, liquid bio-oil gasification, Fischer Tropsch 

synthesis of diesel and naphtha, refinery location

Solid biomass gasification, Fischer Tropsch synthesis of diesel and 

naphtha, greenfield site

Centralised pyrolysis, liquid bio-oil gasification, Fischer Tropsch 

synthesis of diesel and naphtha, greenfield site

Decentralised pyrolysis, liquid bio-oil gasification, Fischer Tropsch 

synthesis of diesel and naphtha, refinery location

Decentralised pyrolysis, liquid bio-oil gasification, Fischer Tropsch 

synthesis of diesel and naphtha, greenfield site

Solid biomass gasification, Fischer Tropsch synthesis of diesel and 

naphtha, refinery location

Solid biomass gasification, methanol synthesis, diesel synthesis, 

 

Figure 10   Front sheet of production cost estimation work sheet based on DENA case studies 

 

Table 11   Sensitivity to changes in scale, capital charges, capital cost (capex), yield and feed cost 

for DENA Case 1 

Input t/y dry 

biomass

Output t/y Base case, 

GBP/GJ

Scale 

0.65    

Capital 

charges 

+10%

Capital 

charges      

- 10%

Capex 

+10%

Capex      

- 10%

Yield 

+10%

Yield       

-10%

Feed 

+10%

Feed        

-10%

50,000 8,143 £51.14 £42.88 £55.70 £46.57 £55.21 £47.06 £46.49 £56.82 £51.69 £50.58

100,000 16,286 £39.48 £34.84 £42.88 £36.09 £42.51 £36.45 £35.89 £43.87 £40.03 £38.93

300,000 48,857 £26.80 £25.48 £28.93 £24.67 £28.70 £24.90 £24.36 £29.78 £27.35 £26.25

500,000 81,429 £22.64 £22.21 £24.35 £20.93 £24.17 £21.11 £20.58 £25.16 £23.19 £22.09

700,000 114,000 £20.36 £20.36 £21.84 £18.87 £21.68 £19.03 £18.51 £22.62 £20.91 £19.80

1,000,000 162,857 £18.27 £18.61 £19.54 £16.99 £19.40 £17.13 £16.61 £20.30 £18.82 £17.71

5,000,000 814,286 £11.95 £12.97 £12.59 £11.30 £12.52 £11.37 £10.86 £13.27 £12.50 £11.39  
 

The effect of scale is shown graphically in Figure 11 with a correlation to estimate production cost at 

any scale.  
 

The DENA Report included its own sensitivity analyses which are shown in Figure 12.  It could be 

assumed that the variations represent a consistent and reasonable view of the extent of the 

uncertainties. 
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Figure 11  Effect of scale on FT hydrocarbons product cost for DENA Case No. 1 of solid 

biomass gasification and FT synthesis 

 

 

Figure 12   Sensitivity analyses from DENA (10) 

Biomass feed rate, 
kt /y dry basis 

Biomass feed rate, 

kt /y dry basis 
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10 OTHER CONVERSION TECHNOLOGIES 

There are a number of complementary processes and products from thermochemical biomass 

conversion that are summarised in Figure 13. 
 

Centralised

Decentralised

Gasoline, Diesel, Kerosene

Syngas

Liquid bio-oil

Biomass 3 etc

Gasification, Cleaning, Conditioning
Liquid 
bio-oil

Fast 
pyrolysis 
vapours

Reception, Storage, Preparation (RSP) 

Refining

Zeolite cracking

Natural 
Gas Grid

HydrocarbonsAlcoholsSNG

Biomass 2Biomass 1

Fast pyrolysis RSP
Fast pyrolysis RSP

Fast pyrolysis

ConversionOffsites

Torrefaction RSP
Torrefaction RSP

Torrefaction RSP

Bio-oil storage

Hydrotreating

RSP

Blending

 

Figure 13   Full range of processes for production of hydrocarbons 

 

 

11 TIMELINE 

The first large scale commercial BTL plant is unlikely to become operational until 2020 based on the 

following development phases.  These are somewhat optimistic and ignore issues such as planning.  
These are mostly, but not necessarily entirely cumulative as some phases could overlap with a sound 

development plan 

Table 12   Cumulative timeline for implementation of BTL 

Demonstration plant  

Design 1 years 

Construction  1.5 years 

Operation  2 years 

Resolution of design uncertainties  1 years 

Full scale plant  

Design 2 years 

Construction  2 years 

Commissioning 1 year 

 
Thus a full scale commercial plant is unlikely to operational until about 11 years after the start of a 

serious effort on construction of a demonstration plant and assumes that finance, licences and planning 

etc are all in place. 
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12 TECHNICAL CHALLENGES 

Technical challenges include: 

 Identification of likely feedstocks and testing in a suitable gasifier to establish the effects of 

different feed materials and the feasibility of multiple feeds and multiple feed systems if 
required. 

 Demonstration of large scale biomass gasification.  A substantial integrated demonstration plant 

would be needed to prove the system at a scale in excess of that currently available.   

 Demonstration of an effective gas cleaning train.  A substantial integrated demonstration plant 

would be needed to prove the system.  

 Experience in gasification of bio-oil (fast pyrolysis liquid) and possibly bio-oil – char slurries if 

either process route is selected. 

 Upgrading of fast pyrolysis vapours and liquids to hydrocarbons avoids the challenges of 

gasification and orthodox biofuel synthesis and needs to be more thoroughly evaluated. 

 Development of syngas catalysts more suited to biomass based processes with particular 

consideration of biomass derived contaminants. 

 
 

13 CONCLUSIONS 

 Conventional hydrocarbon fuels are firmly believed to be to the most acceptable choice of 

biofuel. 

 Fast pyrolysis pretreatment for production of liquid for subsequent processing are widely 

viewed as a viable and attractive process even though there are somewhat higher costs and 

lower efficiencies. 

 The cost and efficiency penalty for both fast pyrolysis and torrefaction are similar, but the 

advantages of a liquid that is cleaner than the original biomass in terms of alkali metals are 
considered substantial. 

 Gasification technology needs to be demonstrated at a sufficient scale to be technically and 

financially acceptable. 

 Associated gas cleaning technologies that meet the needs of fuel synthesis catalysts need to be 

demonstrated at a sufficient scale to be technically and financially acceptable. 

 Catalyst development is needed that is better suited to convert biomass derived synthesis gas. 

 Upgrading of fast pyrolysis vapours and liquids to hydrocarbons needs to be more thoroughly 

evaluated. 

 Small scale hydrocarbon production is an attractive concept for decentralised operation and 

there is increasing interest in this area. 

 Although there are substantial cost reductions as scale increases, there are limits to this effect as 

above certain physical sizes of equipment multiple items are required leading to modular 

construction of process plant.  This could not be analysed or estimated, but the cost estimates at 
both higher and lower capacities are likely to be higher than those indicated in the estimates 

provided. 

 BTL processes are capital intensive so economies of scale are important especially at smaller 

scales of operation below around 500 000 t/y dry biomass feed.  Capital cost is the most 
sensitive item in production costs. 

 Feedstock cost is the second most cost sensitive cost item in production costs. 

 

 

14 ATTRIBUTION  

This work was carried out by AV Bridgwater in his capacity as Director of COPE Ltd.  He can be 

contacted by email: tbridgwater@copeltd.co.uk.  All views are expressed as fair comment based on 

information in the public domain and no liability can be accepted for the accuracy or interpretation of 
any material and no warranties are offered on any part or the whole of this report. 
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