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1. Introduction 

Background 
The use of biomass for the production of transportation fuels, gaseous energy carriers, and to a 
lesser extends power, CHP and heat is still more costly than the use of conventional fossil fuel 
derived resources. Biorefineries aim to use biomass for synthesis processes – for (co-) 
production of base chemicals, platform chemicals, transportation fuels, gaseous energy carriers 
– and energy production (power, CHP, heat). By means of co-production of relatively (high) 
added value chemicals the production costs of secondary energy carriers potentially could 
become market competitive. A schematic presentation of a biorefinery concept is shown in 
figure 1.1. 
 

A Biorefinery is an integrated facility for efficient co-production of 
materials, chemicals, transportation fuels, green gasses, power and/or 

heat from biomass (analogeous to today’s petroleum refineries)
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Figure 1.1 Schematic presentation of a biorefinery concept 

Problem definition 
Biorefinery concepts are and can be applied in a variety of constitutions, to produce a range of 
final product mixtures. Both a general vision and a structural overview of applicable concepts 
(including general technical, economic and ecological data) for Europe as well as worldwide are 
lacking at the moment.  
 
Objective 
The objective of this report on the world wide status of biorefinery at the beginning of 2006 is to 
provide information on the status of biorefinery ideas as well as technologies worldwide. The 
report is written within the framework of the recently formed Dutch Network on Biorefinery, 
Biorefinery.nl (www.biorefinery.nl). 
 
Results 
The report provides an overview of: 
·  Currently applied biorefinery processes in the Netherlands and the EU as well as worldwide 
·  Currently involved industries and (research) institutes 
·  Ongoing Dutch, European and global R&D projects on feedstock, primary refinery, 

secondary thermochemical (syngas platform) and biochemical refinery (sugar platform), 
product upgrading, … 

·  Prospective R&D concepts  
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2. Ongoing R&D projects 

2.1 Feedstock 

2.1.1 Potential availability 
Biomass has great potential to provide renewable energy, as in addition to the many benefits 
common to renewable energy, biomass is particularly attractive because it is the only current 
renewable source of liquid transportation fuel. A key question, however, is how large a role 
could biomass play in responding to the world’s energy demands. When evaluating the future 
global biomass availability it can be concluded [Faaij 2005] that a major contribution to global 
energy supply is possible, although major transitions are required. In order to exploit potentials, 
food production systems and rate of deployment in developing countries should be improved 
and marginal/degraded land and biomaterials have to be used. The overall picture in 2050 of 
potential bioenergy supply1 will be between 250 and 500 EJ2. The growing bioenergy demand 
and international supply chains create unique opportunities for biomass producing regions. 
Overexploitation should, however, be avoided and fair-trade principles implemented. 
 
In a recent study on biomass as feedstock for a bioenergy and bioproducts industry [Perlack 2005] it 
was determined whether the land resources of the United States are capable of producing a 
sustainable supply of biomass sufficient to displace 30 percent or more of the U.S. present 
petroleum consumption, i.e. the goal set by the Advisory Committee in their vision for biomass 
technologies. Accomplishing this goal would require approximately 1 billion dry tons of 
biomass feedstock per year. It was concluded that over 1.3 billion dry tons per year of biomass 
potential is available, enough to produce biofuels to meet more than one-third of the current 
U.S. demand for transportation fuels. The full resource potential could be available roughly 
around mid-21st century when large-scale bioenergy and biorefinery industries are likely to 
exist. This annual potential is based on a more than seven-fold increase in production from the 
amount of biomass currently consumed for bioenergy and biobased products. About 368 million 
dry tons of sustainably removable biomass could be produced on forestlands, and about 998 
million dry tons could come from agricultural lands. 
 
Forestlands in the contiguous United States can produce 368 million dry tons annually. This 
projection includes 52 million dry tons of fuel wood harvested from forests, 145 million dry 
tons of residues from wood processing mills and pulp and paper mills, 47 million dry tons of 
urban wood residues including construction and demolition debris, 64 million dry tons of 
residues from logging and site clearing operations, and 60 million dry tons of biomass from fuel 
treatment operations to reduce fire hazards. All of these forest resources are sustainably 
available on an annual basis. For estimating the residue tonnage from logging and site clearing 
operations and fuel treatment thinning, a number of important assumptions were made: 
 
�  All forestland areas not currently accessible by roads excluded; 
�  All environmentally sensitive areas excluded; 
�  Equipment recovery limitations considered;  
�  Recoverable biomass allocated into two utilization groups (i.e. conventional forest products 

and biomass for bioenergy and biobased products). 

                                                
1  Based on expectable scenario’s, not considering the most pessimistic (i.e. no land available for energy farming, 
 only utilisation of residues) as well as most optimistic scenario (i.e. intensive agriculture concentrated on the better 
 quality soils)  
2 Some 100–300 EJ from agricultural land, 60–150 from marginal lands, 15–70 from residues agriculture, 30–150 
 from Forest residues, 5–55 from dung and 5–50 from organic wastes 



8  BioRef 0603 

From agricultural lands, the U.S. can produce nearly 1 billion dry tons of biomass annually and 
still continue to meet food, feed, and export demands. This projection includes 428 million dry 
tons of annual crop residues, 377 million dry tons of perennial crops, 87 million dry tons of 
grains used for biofuels, and 106 million dry tons of animal manures, process residues, and 
other miscellaneous feedstock’s. Important assumptions that were made include the following: 
 
�  Yields of corn, wheat, and other small grains increased by 50%; 
�  The residue-to-grain ratio for soybeans increased to 2:1; 
�  Harvest technology capable of recovering 75% of annual crop residues; 
�  All cropland managed with no-till methods; 
�  55 million acres of cropland, idle cropland, and cropland pasture dedicated to the production 

of perennial bioenergy crops; 
�  All manure in excess of that which can applied on-farm for soil improvement under 

anticipated EPA restrictions used for biofuel; 
�  All other available residues utilized. 
 
The biomass resource potential identified can be produced with relatively modest changes in 
land use, and agricultural and forestry practices. This potential, however, should not be thought 
of as an upper limit. It is just one scenario based on a set of reasonable assumptions showing 
that in the context of the time required to scale up to a large-scale biorefinery industry, an 
annual biomass supply of more than 1.3 billion dry tons can be accomplished with relatively 
modest changes in land use and agricultural and forestry practices. 

2.1.2 Sustainability of supply 
When applying crop residues as feedstock for biobased products the actual sustainability should 
be investigated as biomass harvest for biofuel production can degrade the long-term 
productivity and function of the nation’s soils. Therefore the U.S. Department of Agriculture 
(USDA) is involved in an ARS national program 202 that focuses on the construction of 
algorithm(s) to determine the amount of corn stover that must remain on the land for sustainable 
production and develops management strategies supporting sustainable harvest of residue. The 
outcome should be a bioenergy and biobased product production system that significantly 
contributes to U.S. energy independence, reduces greenhouse gas emissions, and supports rural 
communities without degrading soil resources. 

2.1.3 Cost of supply 
There’s a broad variety in research projects focusing on feedstock production for biorefineries. 
Considering the renewable raw materials a difference can be made between residual biomass 
and non-food crops, as they have different research strategies (see also appendix A.2.7[WS 2005]).  
 
Residual biomass relates to existing organic components, which composition is not flexible. The 
focus in research is on identification of outputs and improvement of processes (added value), 
whereby the raw material conditions the final process. Research specifically focuses on 
increasing knowledge on available resources and physicochemical characteristics, improving 
logistics and pre-treatment as well as trying to understand socio-economic and environmental 
impacts. In case of non-food crops the focus is on cost reduction of raw materials supplied to 
industries. Research priorities are (i) improving knowledge on crops biochemistry, molecular 
biology and genetics to increase mass yield, energy or valuable components contents, (ii)  
agronomic practices (soil protection, environmental impacts, farmers income, CO2 balance, pest 
and diseases), (iii) improving pre-treatment methods to increase chemical and energy densities 
and (iv) trying to understanding socio-economic, agricultural policy and environmental impacts. 
 
The overall research objectives are to reduce feedstock price supplied at the factory gate to 
reduce environmental impact and to ensure reasonable income for feedstock producers.  
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In order to fulfil these objectives the main orientations are on increase of biomass yield through 
crops management (i.e. fertilization, irrigation, plant density, genotypes comparison, sowing 
time, harvesting period), on lignocellulose plants followed by oil plants and on considerable 
activity to adapt new crops to the Mediterranean area conditions (i.e. climate, soil). 
Furthermore, a lot of work is done on the reduction of harvesting cost (e.g. improve logistics 
and mechanical harvesting of forest products and lignocellulose crops and GIS to improve 
residual biomass main supply and analyse land availability/competition) and reduce 
environment impact (e.g. CO2 balance calculation and waste water for irrigation).  
 
The U.S. feedstock assembly for a billion tons of biomass plant [Perlack 2005] is evaluated with the 
goal to deliver biomass at the cost of 30–35 $/ton. The assembly contains harvest and collection 
steps, as well as transportation, storage and biomass pre-processing. Within the feedstock 
assembly transportation has been identified as a key factor: it is one of the largest cost elements.  
 

2.2 Biobased chemicals and materials 
Biobased chemicals and materials are commercial or industrial non-food/feed products derived 
from biomass feedstocks. These products can include green chemicals, renewable plastics, 
natural fibres and natural structural materials, many of which can replace their fossil fuel based 
equivalents, but will require new and improved processing technologies. Currently already 
different bioproducts are produced, roughly dividable into five categories [Paster 2003], (i) sugar and 
starch bioproducts, (ii)  oil- and lipid-based bioproducts, (iii)  gum and wood chemicals, (iv) 
cellulose derivatives, fibres and plastics and (v) industrial enzymes. Within this paragraph an 
overview of industrial bioproducts as well as bioproduct opportunities will be given. 

2.2.1 Current bioproducts 
It has been estimated [Paster 2003] that within the U.S. about 12 billion pounds of domestic biomass 
goes into industrial and consumer products every year, depending on the precise definition of 
what should be included as a bioproduct (e.g. industrial proteins, products that are not entirely 
biomass derived), and whether to include products made from imported biomass. The value of 
these bioproducts is estimated to be around 8 billion dollars. The major producers of 
bioproducts are presented in table 2.1. 

Table 2.1 Major producers of bioproducts in the U.S. 
 
Bioproduct category Producer Product 

Starch and sugar products ADM; Arkenol; Cargill; Cargill Dow; Cargill Corn Milling; 
Minnesota Corn Processors; Midwest Grain Products; 
DuPont; Grain Processing Company; Tate & Lyle; Tate & 
Lyle - A.E. Staley; Williams Bio-Energy 

Citric acid; Ethanol; Sorbitol; Ethyl lactate; 
PLA; Sugar; 1,3-propanediol; Starch 

Cellulose Dow Chemical; Celanese Cellulose derivatives 
Wood chemicals Westvaco; Hercules; Norit America; Arizona Chemical; 

Georgia Pacific; Akzo Nobel Resins 
Activated Carbon; Wood chemicals; Gum 
rosin 

Oils and lipids Cambrex; Vertec Biosolvents, Inc.; AG Environmental 
Products LLC; West Central Soy; Lonza  

Caster oil derivatives; Soy products;  
Lubricants; Cleaners; Glycerin; Fatty acids 

 

2.2.2 Existing biorefineries 
The biorefinery is similar in concept to the petroleum refinery, except that it is based on 
conversion of biomass feedstocks rather than crude oil. Biorefineries in theory would use 
multiple forms of biomass to produce a flexible mix of products, including fuels, power, heat, 
chemicals and materials. In a biorefinery, biomass would be converted into high-value chemical 
products and fuels (both gas and liquid). By-products and residues, as well as some portion of 
the fuels produced, would be used to fuel on-site power generation or cogeneration facilities. 
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The biorefinery concept has already proven successful in the U.S. agricultural and forest 
products industries [Paster 2003], where such facilities now produce food, feed, fibre, or chemicals, 
as well as heat and electricity to run plant operations. The Archer Daniels Midland (ADM)  
complex in Decatur is a prototype for an expanded biorefinery, where a large corn wet-milling 
plant produces industrial enzymes, lactic and citric acids, amino acids and ethanol. Enzymes are 
used to convert starch to maltodextrins and syrups, and the chemical products are used in foods, 
detergents and plastics. The ethanol is used as a solvent or for transportation fuels. Arkenol is 
marketing a biorefinery technology based on acid hydrolysis that can produce a variety of 
biobased chemicals and transportation fuels. The company is currently developing several 
biorefineries throughout the world, including a facility that will produce 90 million pounds/yr of 
citric acid along with 4 million gallons of fuel ethanol. The new starch-based Cargill Dow PLA 
facility is a good example of an emerging biorefinery as well. Cargill Dow is also exploring the 
use of lignocellulosic biomass such as corn stover or wheat straw to produce lactic acid, PLA, 
ethanol and other industrial products. Residual biomass can be used to generate power. 
 
Within the production of chemicals and materials, whether the feedstock is fossil energy or 
biomass, energy is an important factor. Breaking down fossil feedstocks into the desired 
products requires high pressures and temperatures, resulting in the consumption of large 
amounts of heat and power. In contrast, the bonds of plant materials are easier to break, and 
many bioconversions occur at or near room temperature, atmospheric pressures, and neutral 
conditions. The result in some cases is lower energy requirements for conversion of feedstock to 
products. 
 
In today’s bioprocesses, energy is required for preparation of the feedstock, separation of 
products, cooling and drying operations, and machine-driven equipment (i.e. mixers, grinders, 
conveyors, pumps, compressors). About 90% of the energy consumed in production of 
bioproducts is fuel (i.e. natural gas, coal, oil) used primarily for process heating and cooling. 
Biomass and the products of biomass processing can also be used to generate power and heat for 
manufacturing processes. In the biorefinery concept, by-products that are difficult to convert to 
chemicals or materials could be used as a process energy resource. 

2.2.3 Future bioproducts 
The success of new bioproducts will largely depend on whether they can be produced 
economically as well as their performance in targeted applications. Potential markets for 
bioproducts are wide-ranging, and include polymers, lubricants, solvents, adhesives, herbicides, 
and pharmaceuticals. While bioproducts have already penetrated most of these markets to some 
degree, new products and technologies are emerging with the potential to further enhance 
performance, cost-competitiveness, and market share.  
 
Many of the commodity organic chemicals serve as monomers for plastics (polymers), which 
represent a tremendous opportunity for bioproducts with an annual production of over 100 
billion pounds. Almost all of the polymers produced today are petroleum-based, with the only 
major exceptions being cellulose polymers and natural rubber. Advances in biotechnology, 
chemicals processing, chemistry and separations are already opening up new avenues for 
biobased polymers such as polylactide and polytrimethylene terephthalate. Other major organic 
chemicals markets for bioproducts include organic acids, alcohols, and solvents. Biomass-based 
ethanol is an established industry. There are emerging markets for other alcohols and bio-
derived acids. Lubricants and greases are now also mostly petroleum-based, although originally 
they were plant based because they could be made from vegetable oils with little modification. 
With energy prices on the rise, and growing environmental concerns over the impacts of 
petroleum-based products, vegetable oil-based lubricants and greases are making an entrance 
back in the market. With new chemistries and processes making them more economical, they 
could regain significant market share. 
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To demonstrate the potential opportunities for new bioproducts, potentially interesting 
chemicals, including the technology platform used to convert the biomass feedstock and the 
potential market size in the U.S., are summarized in table 2.2 [Paster 2003].  

Table 2.2 Summary of industrial biobased product opportunities 
 
Technology 
platform 

Chemical Applications Current U.S. 
market size 
(million lb) 

Potential 2020 
market size 
(million lb) 

Lactic Acid 
(Currently biobased) 

Acidulant (food, drink), electroplating bath 
additive, mordant, textile/leather auxiliary  

<5 
(Industrial 

uses) 

Expect GDP-
like growth 

Polylactide  
(Currently biobased) 

Film and thermoformed packaging, fibre and 
fibrefill applications 

Packaging: 
21,289 

Fiber/fiberfill: 
2,769 

8,000 

Ethyl Lactate 
(Currently biobased) 

Solvent (blending with methyl soyate), 
chemical intermediate 

8,000-10,000 >1,000 

1,3-Propanediol Apparel, upholstery, specialty resins, and other 
applications 

Small 500 

Succinic Acid Surfactants/detergents, ion chelator 
(electroplating), food, pharmaceuticals, 
antibiotics, amino acids, and vitamin 
production 

US: small 
World: 33 

GDP-like 
growth 

Succinic Acid Derivatives 
(tetrahydro-furan, 1,4-butanediol, 
g-butyrolactone, Nmethyl 
pyrrolidone, 2-pyrrolidone, 
succinate salts) 

Solvents, adhesives, printing inks, magnetic 
tapes, coating resins, plasticiser/emulsifier, de-
icing compounds, herbicide ingredient, 
chemical and pharmaceutical intermediates 

1,395 >90 

Bionolle 4,4 polyester Thermoplastic polymer applications 25,000-60,000 >4,000 
3-Hydroxypropionic acid & 
derivatives (1,3-propanediol, 
acrylic acid, acrylamide, 
acrylonitrile) 

Acrylates, acrylic fibres, polymers, resins 5,336 Technology 
now just being 

developed 

N-Butanol Solvent, plasticiser, polymers, resins 1,850 Significant? 

Sugars 
fermentation 

Itaconic Acid Current: aluminium anodising reagent, reactive 
co monomer  
Potential: methyl methacrylate applications, 
acrylic pressure sensitive adhesives 

1,808 
(itaconic acid 

and 
derivatives) 

Significant if 
technology is 

successful 

Sugars 
fermentation & 
thermochemical 

Propylene Glycol  Solvents, heat-transfer fluids, humectants, 
plasticisers, polyurethane chain extenders, 
antifreeze 

1,100 >500 

Isosorbide  
(Currently biobased) 

Current: active ingredient in diuretic and 
antianginal drugs 
Potential: polymer additive 

Small If technology 
successful, 
100-300 

Sugars 
thermochemical 

Levulinic Acid & Derivatives 
(methyl tetrahydrofuran, d-amino 
levulinic acid, diphenolic acid, 
tetrahydrofuran, 1,4-butanediol) 

Oxygenates for fuels, biodegradable herbicide, 
bisphenol A alternative, co monomer, solvent 

Oxygenate: 
30,800 
Others: 
2,845 

Oxygenate: ? 
Others: 300-

500 

Lubricants & Hydraulic Fluids Lubricants and Hydraulic Fluids 20,000 Significant 
Solvents  Solvents  8,000-10,000 Significant 
Polymers (Polyurethanes are 
most significant) 

Polyurethanes  5,327 Significant 

Oils & lipids 

Proteins  Unknown  Unknown Unknown 
Biomass 
gasification 

Fischer-Tropsch & Gas-to-
Liquids 
Products 

Fuels (transportation, heating), solvent, 
aerosols, oxygenate, chemical intermediates 

Very large 
markets 

Will require 
better 

economics 
Biomass pyrolysis Phenol-Formaldehyde Resins Plywood, oriented strand board (OSB), and 

other wood composites 
3,900 Significant 

Bio composites Unknown Unknown Unknown Bio composites 
Guayule Natural rubber applications 2,184 Not projected 

Plants as factories Polyhydroxyalkanoates (PHAs) Thermoplastic polymer applications 30,000 If successful, 
could be 
>4,000 

Photosynthesis, 
anaerobic 
digestion 

Lignin, methane, carbon dioxide, 
other chemicals  

Unknown Unknown Unknown 
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The ease with which the biomass can be converted to useful products or intermediates as well as 
the functionality of the final product will be strongly determined by the composition of the 
biomass feedstock. Biomass contains a variety of components, some of which are readily 
accessible and others that are much more difficult and costly to extract (i.e. starch/glucose, 
lignocellulosic biomass, cellulose, hemicellulose, oils and protein, vegetable oils, proteins) and 
need more R&D work on the conversion technology e.g. technology platforms. The technology 
platforms mentioned in table 2.2 will be discussed briefly within eight subparagraphs, giving an 
indication of the market potential and market price of specific bioproducts. A summarization is 
given in appendix b. 
 

2.2.3.1 Sugars fermentation 
Biomass sugars represent the most abundant renewable resource available. While there are 
many ways to transform sugars into bioproducts, many of the products we are familiar with 
today (citric acid, ethanol, lactic acid) are produced through fermentation. With the vast range 
of micro organisms available and many being newly discovered and exploited, the fermentation 
of sugars holds great potential for new bioproducts. Two types of sugars are present in biomass: 
6-carbon sugars or hexose’s (e.g. glucose), and 5-carbon sugars or pentose's (e.g. xylose). 
Glucose derivatives are the most promising, and include lactic acid, succinic acid, butanol, 3-
hydroxypropionic acid, 1,3-propanediol polyhydroxyalkanoates (PHAs), and L-lysine.  
 
Lactic acid is commercially produced today through the fermentation of glucose. 
Approximately 72 million pounds are used annually in the U.S., primarily in food and 
beverages. Lactic acid has also been used to some degree in biodegradable polymers, and as an 
electroplating bath additive, mordant, and textile and leather auxiliary. There are many potential 
derivatives of lactic acid, some of which are new chemical products, and others that represent 
biobased routes to chemicals currently produced from petroleum. Possible lactic acid derivatives 
are polylactide (PLA)3, ethyl lactate, acrylic and pyruvic acid, lactic amide, lactide, propylene 
glycol, 1-Amino-2-propanol, lactonitrile and 2,5-dimethyl-1,4-dioxane. 
 
Succinic acid and its salts form a platform from which many chemicals can be produced. 
Industrial succinic acid is currently produced from butane through maleic anhydride, and food-
grade succinic acid is produced through older fermentation and separation technology. Both 
routes are costly and this has limited use of succinic acid to specialized areas. Succinic acid can 
also be produced through the fermentation of glucose. Advances in fermentation and especially 
separation technology for the biobased route have already reduced the potential production costs 
to about $0.50 per pound. Commercialisation of these low-cost routes would have a significant 
impact on the demand for succinic acid and expand current markets as well as open up new 
markets for the acid and its derivatives such as THF, BDO, GBL, NMP, 2-pyrrolidone and 
succinate salts and make these (nearly) cost competitive with their fossil-based counterparts.  
 
Butanol is a platform chemical with several large volume derivatives, used as a solvent and in 
plasticisers, amino resins and butylamines. Butanol can also be used as a biobased 
transportation fuel and is more fuel-efficient than ethanol on a volume basis in this application. 
During the early 20th century the primary butanol production method was glucose fermentation, 
producing a mixture of acetone, butanol, and ethanol. The yields were low (15 wt%) and the 
process was complex and difficult to control, leaving the door open for development of 
petrochemical routes to butanol. The primary petrochemical route used today involves the 
hydrogenation of n-butyraldehyde. Ongoing R&D, however, is focusing on improving the 
biobased routes in order to make biobased butanol more cost-competitive. 

                                                
3  In 2002, Cargill Dow LLC started up their first large-scale PLA plant with a 300 million pound capacity. The 
 demand for NatureWorks™ PLA has been so strong that Cargill Dow is likely to begin construction of a second 
 plant within a few years. Cargill Dow projects a possible market of 8 billion pounds by 2020 
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PHAs are a family of natural polymers produced by many bacterial species for carbon and 
energy storage. They are extremely versatile and can be used in a broad range of applications. 
Their performance exceeds that of PLA, and PHAs could capture a large share of the plastics 
market if they could be produced at a competitive cost. Metabolix4 has developed a low cost 
fermentation technology for PHAs and claims this advanced fermentation technology would 
permit large-scale commercial production for under $1.00 per pound. Production at this cost 
could open up a significant market for fermentation-based PHA. A still lower-cost route to 
PHAs is genetic modification of plants to produce the final polymer directly in plants.  
 
L-lysine is an amino acid used as an animal feed additive, raw material for pharmaceutical salts 
and peptide drugs, and in diagnostic aids. The U.S. imports most of its supply from China where 
L-lysine is produced from cornstarch and molasses. Markets for L-lysine are relatively small. 
An improved process is necessary to make production in the U.S. economically competitive 
with imported lysine. 
 
Fermentation of 5-Carbon Sugars (Xylose) to bioproducts has thus far been less investigated. 
The micro organisms researched extensively in the past have preferred glucose over xylose and 
it is only recently that progress has been made in developing micro organisms capable of 
utilizing both pentose and glucose sugars. It is much easier and less costly to hydrolyse biomass 
pentose sugars. By developing micro organisms that utilize pentose sugars alone or in 
combination with glucose, the overall economics of biobased products will improve by enabling 
greater utilization of the available biomass. There is active research in this area. Improvements 
in C5 and C6 metabolism will further reduce the cost of biomass sugar fermentation and have a 
significant impact on the economics of the production of lactic and succinic acid as well as other 
biobased products. Some potential xylose derivatives are itaconic acid and furans.  
 
Use of itaconic acid has been limited by the high costs of production from petroleum, but it can 
be fermented from xylose offering a lower cost route and the potential for expanded use. With 
lower-cost production processes, itaconic acid could compete with methyl methacrylate (MMA) 
and other acrylates as well as in the pressure-sensitive adhesives (PSA) market and other 
applications. MMA is dependent on the housing and automotive sectors, which have been 
experiencing steady growth in the U.S.  
 
Furans such as furfural, furfuryl alcohol, and 2-hydroxymethyl tetrahydrofuran can be 
fermented from xylose. Production of furans in the U.S. is minimal or non-existent, primarily 
due to cost and cheap imports from countries such as China where they are produced from 
corncobs. As technologies for pre-treatment and pentose-utilizing micro organisms improve, the 
cost of producing furans domestically may again become competitive with imported products. 
 

2.2.3.2 Sugars thermochemical 
In addition to fermentation, biomass sugars can be upgraded using thermochemical methods. 
Some technologies such as the production of sorbitol from glucose have been in use for over 50 
years. In recent years, the production of higher value-added products from biomass sugars has 
been advancing rapidly due to the development of new and improved catalysts. Much of the 
focus on sugar thermo chemistry has been on sorbitol, levulinic and d-gluconic acid, and xylose. 
 
Sorbitol is produced through the hydrogenation of D-glucose. Over 616 million pounds are 
produced in the U.S. each year. The markets for sorbitol are well developed and growth is 
projected to be low. However, new catalysts and technologies for the conversion to glycols are 
creating new opportunities. Propylene glycol (PG), ethylene glycol (EG) and glycerol are often 
collectively referred to as glycols, used in many industrial and consumer applications. Glycol 
derivatives include numerous polyester resins and copolymers, polyethers, and alkyd resins. 

                                                
4  Metabolix launched its first commercial fermentation-based PHA product in 2002 
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Glycols represent the largest market for sorbitol derivatives. The antifreeze market is essentially 
flat, but others such as non-ionic detergents and polyesters are growing rapidly. Current 
production of propylene and ethylene glycol is petroleum-based, where as glycerol is the by-
product of many processes involving animal or vegetable lipids. For both ethylene and 
propylene glycol there is a lack of new capacity. This could be fortuitous for the entrance of 
biobased glycol into the market. The Pacific Northwest National Laboratory (PNNL) is 
developing a cost competitive biobased route to propylene glycol, which could also be modified 
for the production of ethylene glycol and glycerol. This process is based on the catalytic 
hydrogenolysis of sorbitol. Another derivative of sorbitol that is currently produced, although in 
very small amounts, is isosorbide. Current production uses aqueous mineral acids to catalyse the 
dehydration of sorbitol. Yields and catalyst specificity are low and the use of aqueous acids 
requires a very energy-intensive and expensive separation process to recover the product. The 
use of a batch process rather than a continuous process also contributes to higher operating 
costs. PNNL are developing a continuous process for isosorbide using solid acid catalysts. The 
solid catalyst has a higher specificity and gives higher yields, creating a more economical 
process. Thus far, isosorbide has been limited to specialty applications, but lower costs and 
continuous production could lead to applications in larger markets, such as polymer additives. 
Another chemical that could be made from sorbitol through dehydration is D-1,4-sorbitan. The 
potential of this chemical has yet to be explored. 
 
Levulinic acid has been well explored as a platform intermediate. Current production is fossil-
based and due to high costs (4–6 $/pound), the use of levulinic acid and its derivatives has been 
limited to high-value specialty applications such as a chiral reagent, biologically active material, 
corrosion inhibitor, and others. The Biofine5 process converts lignocellulosic material such as 
paper mill sludge, municipal solid waste, paper and wood wastes, and agricultural residues and 
to levulinic acid using high temperature, dilute-acid hydrolysis. Co products include furfural, 
formic acid, and a solid residue that can be used as fuel. Levulinc acid can be used in existing or 
new applications or converted to other chemicals. Chemicals that might be derived from 
levulinic acid include methyl tetrahydrofuran (MTHF), d-amino levulinic acid (DALA), and 
diphenolic acid (DPA). MTHF is manufactured by the hydrogenation of furfural and is currently 
used to produce primaquine an antimalarial drug, but might also be used as a transportation fuel 
extender6. MTHF will however have to compete with ethanol’s $0.80 per gallon production cost 
in order to penetrate the transportation fuel additive market. DALA is the active chemical in a 
herbicides and pesticides, but has also been found to be useful in a photodynamic therapy as a 
cancer treatment. Diphenolic acid (DPA) is an alternative to bisphenol A (BPA), which is used 
in polymers such as polycarbonates and as a co monomer in phenolic resins, offering a large 
potential market for diphenolic acid, but only if it is cost-competitive with BPA, which is selling 
for just under a dollar per pound. Other potential derivatives of levulinic acid include 
tetrahydrofuran (THF), 1,4-butanediol (BDO), g-butyrolactone (GBL) and n-methyl pyrrolidone 
(NMP).  
 
D-gluconic acid is used as a sequestrant in alkaline dairy and brewery cleaners and its 
derivatives include dietary and animal feed supplements, an anaemia treatment drug, and food 
additives. It is produced from glucose through anaerobic fermentation with Aspergillus niger to 
form sodium gluconate which is then acidified to yield gluconic acid. Selling prices range 
between $0.45 and $0.56 per pound, but a more direct route through oxidation may reduce 
production costs. This route has yet to be explored. 
 

                                                
5  Biofine is a commercialised technology that uses two-step dilute mineral acid hydrolysis to break down biomass 
 containing lignocellulose into intermediate chemicals that can be further transformed into MeTHF and chemical 
 products. The process is developed by the New York State Energy Research & Development Authority 
 (NYSERDA) and EPA. A pilot plant was built in the U.S. and has been operating since 1998. A commercial plant 
 is near completion in Italy (http://www.bdi-us.com) 
6  MTHF can be blended in gasoline up to 70% by volume without adverse engine performance and the fuel does not 
 exhibit decreased miles per gallon efficiency 
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The thermo chemistries of xyloses are the same as those used on glucoses. Hydrogenation of 
xylose yields xylitol, the 5-carbon counterpart of sorbitol. From sorbitol glycols and glycerol 
can be manufactured. With the help of a catalyst xylitol can be converted into important 
commodity chemicals, e.g. ethylene glycol, propylene glycol and glycerol. Archer Daniels 
Midland (ADM), a company with abundant supply of corn fibre, is interested in such catalysts 
as a way to extract more value from the products of corn milling. Corn fibre has a high 
hemicellulose content, which can be relatively easily hydrolysed to xylose and other C5 sugars. 
In fact, catalysts have been shown to produce greater yields of glycols from xylose than from 
glucose. Xylitol can also be converted to xylitan through dehydration and although applications 
have not yet been explored, it could prove to be a valuable derivative as well. Other derivatives 
of xylose include D-xylonic and D-xylaric acid, which are produced through oxidation.  
 

2.2.3.3 Oils & lipids 
Due to the versatility of vegetable oil-based products, they can be utilized in a broad variety of 
markets, e.g. lubricants and hydraulic fluids, solvents, polymers, resins, plasticisers, printing 
inks, adhesives, surfactants, cosmetics, pharmaceuticals and numerous niche applications.  
 
The U.S. lubricant and hydraulic fluids market is nearly 20 billion pounds per year. Lubricants 
were originally manufactured from vegetable oils and animal fats but were displaced by 
petroleum-based lubricants, exhibiting a wide range of characteristics. Some of the properties 
used to characterize lubricants are viscosity, specific gravity, vapour pressure, boiling point, 
flash point, pour point and lubricity. These characteristics depend on the oil formulation, 
tailored to meet the demands of the application. The main components of a lubricant are base 
oil, thickeners, solid lubricants and additives. Of particular interest is the base oil, which can be 
a mineral, synthetic or vegetable oil and is used to impart lubricity to the product. Vegetable oil-
based lubricants are lower cost alternatives to petroleum-based lubricants and show the potential 
to outperform conventional lubricants with a higher viscosity index, lower evaporation loss, and 
higher lubricity. They are also more readily biodegraded and less toxic to the environment. 
Although they exhibit lower thermal, oxidative, and hydrolytic stability than conventional lubes, 
these problems can be overcome by additives or by modification of the vegetable oil (e.g. 
certain fatty acid composition to optimise performance at different conditions). 
 
The vegetable oil-based solvents might substitute a substantial part of the eight to ten billion 
pounds of solvents used in the U.S. each year. Methyl soyate is an excellent biobased solvent 
and is produced by transesterifying soy oil with methanol resulting in a mixture of soy fatty acid 
methyl esters. The properties of methyl soyate are potentially shared by other vegetable oil 
derivatives. Methyl soyate exhibits superior solvency, is readily biodegradable, and has a low 
toxicity compared with many other common chemicals. It is safer to store and handle than most 
conventional solvents due to its high flash and boiling points. Its only drawbacks are slow 
evaporation and insolubility in water. These can be overcome by blending with surfactants or 
co-solvents such as ethyl lactate. Vertec Biosolvents blends ethyl lactate, methyl soyate, and d-
limonene (from citrus fruits) to formulate VertecBio Gold and VertecBio Citrus solvents, used 
as a replacement for methylene chloride (used for metal cleaning and finishing), methyl ethyl 
ketone (used in ink cleaners) and N-methyl-pyrrolidinone (used in many applications).  
 
The diversity of structure and inherent functionality of vegetable oils make them prime 
candidates for use in polymers, resins and plasticisers. The fatty acid chains in vegetable oils 
can be manipulated with a host of old and new chemistries to yield high performance products 
with desirable properties. Considering the 100 billion pound polymer market in the U.S., there is 
a strong impetus for developing vegetable oils for this purpose. The chemistries that are being 
used to functionalise vegetable oils to improve or enable their use in polymers include 
transesterification, epoxidation, hydroformylation and metathesis (see figure 2.1). Metathesis 
and hydroformylation are well developed for use on petroleum feedstocks; transesterification 
and epoxidation are already being used to modify soy oil for use in industrial products.  
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 (a) transesterification and epoxidation (b) hydroformylation and subsequent chemistries 

(c) generic metathesis reaction 

 
 
Figure 2.1 Transesterification, epoxidation, hydroformylation and metathesis reactions 

Vegetable oils can also serve as the basis for many adhesives, offering a potentially lower cost 
alternative. Adhesives are non-metallic substances (usually polymers) used to bond materials 
through adhesion and cohesion. They are used in a range of industries including the electronics, 
automotive, construction, packaging, and medical sectors. Most adhesives are petroleum-based 
polymers and in the past few years have been affected by high feedstock prices that cut into 
profit margins. As vegetable oils can be chemically modified to contain functional groups 
capable of forming polar attractions with any surface, numerous polar functional groups can be 
added, creating the potential for many different adhesive formulations. The addition of 
functional and reactive groups is enabled by the presence of double bonds in unsaturated fatty 
acids. Pressure sensitive adhesives (used in applications such as tape, sticky labels, diaper tapes, 
and medical products) show early promise as biobased alternatives. This specific market, 600 
million pounds per yr in the U.S., includes both rubber- and acrylic-based adhesives. Products in 
both groups can be water-based, solvent-based, or hot melt adhesives.  
 
Surfactants are perhaps the most widely applied group of compounds in the chemical industry. 
They are the active ingredients in soaps and detergents, and are also important in the 
stabilization of emulsions, fabric softening, oil well drilling, and many other applications. 
Vegetable oils have long been a source of fatty acids for detergents and soaps, but they compete 
with petroleum-based surfactants such as linear alkylbenzene sulfonates (LAS). The fatty acids 
primarily consumed are medium-length chains such as lauric acid found in coconut oil and palm 
kernel oil and produced in countries such as Indonesia. Today, new chemistries, crops and 
technologies are enabling the production of surfactants from other crops. Methyl ester sulfonate 
(MES), an anionic surfactant derived from methyl esters, represents an opportunity for growth 
in vegetable oil-based surfactants7. The methyl esters can be derived from lauric acid as well as 
fatty acids found in soy and other oils. Biodiesel made from soy oil, for example, is a type of 
methyl ester, which demonstrates that the technologies needed to perform this type of chemistry 
on vegetable oils are already available. 
 
Other niche markets for oils and lipids might be the pharmaceutical, cosmetics and personal 
care industries (e.g. oils such as sweet almond oil, apricot kernel, jojoba). Although these niche 
markets are often characterised by their high-value products, the overall demand for oils and 
lipids from these industries will be limited.  
 
 

                                                
7  Huish Detergents Inc. brought a 164 million lb/yr plant online in the U.S in 2002 (http://www.huish.com) 
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2.2.3.4 Biomass gasification 
The gas produced through gasification is synthetic gas or syngas (a mixture of CO, CO2, H2 and 
CH4) that can serve either as a fuel to produce power and/or heat or is upgraded to a valuable 
chemical or fuel. Current methanol production is based on syngas derived from natural gas, 
naphtha, or refinery light gas. Nearly 12.2 billion pounds of methanol are produced annually in 
the U.S. and while some is used as is, most of the methanol is converted into higher value 
chemicals such as formaldehyde (37%), methyl tertiary butyl ether (28%), and acetic acid (8%). 
An increase in natural gas prices may encourage the development of alternative processes such 
as biomass gasification to syngas and subsequent conversion to methanol. The syngas may also 
serve as a source of hydrogen for hydrogen fuel cells or as feedstock for ethanol production. 
Fischer-Tropsch chemistry is another approach for converting syngas to valuable chemicals and 
fuels. The chemicals that can be produced include paraffin’s, monoolefin's, aromatics, alcohols, 
aldehydes, ketones and fatty acids. Fischer-Tropsch (FT) chemistry utilizes either cobalt (fixed-
bed) or iron (fixed- and fluid-bed) catalysts at high temperature and pressures to convert the 
syngas to chemicals and fuels. Similar to FT synthesis, the syngas might with the help of 
methanation catalyst be converted to CH4 or more specific synthetic natural gas (SNG) as well. 
Both FT synthesis and methanation have been demonstrated for coal-derived syngas, e.g. by 
Sasol (FT synthesis) and by the Dakota Gas Company (methanation).  
 
In fact, the “Great Plain Synfuels”8 plant is a good example of how co-products can make a 
refinery process more interesting. In addition to the main product natural gas, the plant produces 
numerous products from the coal gasification process that have added great diversity to the 
plant’s output. These products include ammonium sulphate and anhydrous ammonia, which are 
fertilizers that supply valuable nitrogen and sulphur nutrients for agricultural crops. Other 
products include phenol for the production of resins in the plywood industry, cresylic acid for 
the chemical industry, liquid nitrogen for refrigeration and oil field services, methanol for 
solvents, naphtha for gasoline blend stocks, and krypton and xenon gases for the nation’s 
lighting industry.  
 
In Europe several initiatives are underway demonstrating the feasibility of biomass gasification 
for the production of a clean syngas to be used in among others FT synthesis or methanation 
facilities. The Chrisgas project (i.e. the Värnamo gasifier), Choren (i.e. Carbo-V gasifier) and 
Repotec (i.e. the Güssing gasifier) all aim for the production of a clean syngas to be used for the 
production of among others FT diesel, SNG, H2, cellulosic ethanol, methanol/DME and H2. 
 

2.2.3.5 Biomass pyrolysis 
Pyrolysis is similar to gasification regarding the direct thermal decomposition of organic 
components in biomass in the absence of oxygen to an array of useful products such as liquid 
and solid derivatives and fuel gases, except that the mixture produced consists mostly of liquid 
with some gas and solids. The gas could be used for its fuel value to produce power. The solids 
are very similar to powdered coal. The liquid could be used as a fuel to replace petroleum in 
applications such as home or commercial heating. Depending on pyrolysis conditions and 
feedstock, the liquid could also contain many valuable chemicals and chemical intermediates. 
The technology closest to commercialisation is the pyrolysis of high lignin-containing 
lignocellulosics, which yields a replacement for phenol in phenol-formaldehyde resins. Phenol-
formaldehyde resins are used in plywood, oriented strand board (OSB), and many other 
applications. Phenolformaldehyde resins sell at $0.43-0.45 per pound. Initial cost estimates 
suggest that pyrolysis of bark and other wood wastes could compete favourably in this market. 
 

                                                
8  The Great Plains Synfuels Plant was part of an American dream. The 1970s energy crisis spawned a vision of 
 greater U.S. energy independence. Abundant lignite resources underlying the North Dakota plains held promise as 
 a vast synthetic fuel source. The Synfuels plant began operating in 1984 and today produces more than 54 billion 
 standard cubic feet of natural gas annually, as well as fertilizers, solvents, phenol, carbon dioxide and other 
 chemicals (http://www.dakotagas.com) 
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2.2.3.6 Bio composites 
Composites are composed of strong load-carrying materials with reinforcement embedded in a 
weaker material referred to as the matrix, maintaining the position and orientation of the 
reinforcement, balancing the load between the reinforcements, protecting the reinforcement 
from environmental degradation and giving shape and form to the structure. Over the past few 
decades, high performance composites have replaced metals in some applications, and wood in 
many applications. Biobased materials have the potential to replace one or both parts of a 
composite system while maintaining or improving performance (e.g. mouldable board, 
consisting of as much as 70-80% wood flour and the rest is a conventional plastic). 
 
Car manufacturer Ford started using a polypropylene and kenaf fibre composite in the interior 
door panels of several of their cars in 2000. The plant fibre is very ductile and does not splinter, 
hence produces panels that are not only more shatter resistant than traditional composites made 
with wood flour or saw dust, but also weigh considerably less. The John Deere Company is 
using a composite that replaces conventional binders with a soy oil based resin on some of its 
tractors. The composite panel could be 100% biobased if the fibreglass was replaced with 
natural fibres. Fibres that could be used include kenaf, jute, sisal, coir, flax, and straw.  
 

2.2.3.7 Plants as factories 
In addition to being processed and converted into sugars or other components for industrial 
products, plants can also produce bioproducts directly within their tissue, e.g. lumber, paper, 
and cotton fibre as well as starch, used almost directly from corn grain in paper coatings and 
other industrial products. Furthermore, antioxidants such as vitamin E and other tocopherols are 
produced naturally by certain plants and can be extracted and purified for use in health care 
products. Through advances in separation technology and genetic modification of plants, there 
could be many cases where plants directly produce a final product or at least an intermediate 
that requires fewer processing steps to reach the final product. Plants that can be considered are 
for example switch grass, guayules and milkweed.  
 
Switch grass might be genetically modified to produce polyhydroxyalkanoates (PHAs) directly 
within the plant. PHAs are a polymer family with great potential for commercial success. They 
are polyesters produced naturally by many bacterial species for carbon and energy storage and 
can be produced through fermentation. The material of the genetically modified plant remaining 
after PHA extraction can be used to produce fuels, power, or other products, creating the 
opportunity for a “plants as factories” biorefinery.  
 
Guayule is another emerging plant, able to produce natural rubber latex primarily in the cells of 
the bark. Natural rubber currently on the market comes from rubber trees and is commonly used 
in medical device components. As natural rubber latex allergy has become a serious health issue 
due to the proteins found in this rubber, guayule rubber (being allergen free) might gain 
popularity. Guayule also contains a resin that shows promise as a coating for wood to protect it 
from termites and wood rot. 
 
In case of milkweed, the fibre can be used as a filling in comforters and pillows, whereas the 
leftover seed meal can be used as an alternative to methyl bromide to control nematodes. As 
methyl bromide contributes to destruction of the ozone layer any alternative is pretty welcome. 
A mandated methyl bromide phase-out will create an annual demand within the U.S. of 
approximately 55 million pounds for methyl bromide alternatives. 
 

2.2.3.8 Photosynthesis and anaerobic digestion 
There are feedstocks and technology options that could have significant promise for 
bioproducts, but have not yet been the focus of much research. Two of interest are 
photosynthetic organisms and anaerobic digestion. 
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Photosynthesis is the process by which plants combine sunlight with carbon dioxide and water 
to generate carbohydrates. Photosynthetic organisms have been considered for the production of 
fuels, chemicals, and hydrogen but to date very little research has been conducted in this area. 
One process used industrially is the photosynthetic production of the pink food colouring used 
to colour salmon. The cost effectiveness and scalability of photosynthetic systems is a major 
hurdle for commodity chemical production. As biotechnology advances, photosynthetic 
organisms may begin to play a role in the bioproducts industry. 
 
Anaerobic digestion is a process that utilizes anaerobic bacteria to produce methane and carbon 
dioxide gas from organic matter. It is currently used to reduce the organic matter in domestic, 
municipal, agricultural, and industrial wastes and wastewaters to a usable fuel gas referred to as 
biogas. The gas could also be upgraded to fuels and chemicals, e.g. by using Fischer-Tropsch 
chemistry (biodiesel) or CO2 removal techniques (SNG). 
 

2.3 Biofuels 

2.3.1 Current and future fuels 
Within this paragraph both current and future fuels will be discussed on issues of production 
technology, green house gas emissions, costs, quality, etc. The current 1st generation biofuels 
involve available biofuels that can be used when blended to a certain extend with fossil fuels 
(i.e. RME/biodiesel and bioethanol from rapeseed). The 2nd generation biofuels are still 
currently under development (i.e. ethanol and ETBE from lignocellulosic biomass, FT- and 
HTU-diesel, bio hydrogen and bio methane), however seem to have some major advantages. 
 

2.3.1.1 DME [Kavalov 2005] 
DME (CH3OCH3) is a synthetic fuel, not occurring naturally in petroleum and is still at an 
experimental stage. DME is gaseous at ambient conditions, but liquefies at moderate pressure 
(5-8 bar) hence DME could be mixed with LPG. It is suggested that low-concentration blends 
with LPG (up to 10-20%) require none or only minor system modifications. DME can also 
exploit the already existing LPG infrastructure (where available), which could become a prime 
factor for its market penetration. By analogy with LPG, DME might potentially be used for non-
transport purposes as well, e.g. as a household fuel. DME handling is somewhat safer than that 
of LPG, for safety reasons however, the addition of an odour component is necessary. 
 
As DME has a higher cetane number than oil-based diesel it is more suitable for application in 
diesel engines rather than in petrol engines. Owing to its oxygen content that improves 
combustion and to the lack of carbon-to-carbon bonds, DME burns cleaner and quieter in diesel 
engines. Conversely, DME contains only about half of the energy of oil-based diesel, which 
increases fuel consumption. Combined with a mandatory 80-85% filling rate (as a safety 
margin) a more than twice larger fuel storage tank aboard the vehicle is required. The use of 
DME in diesel engines also requires some engine modifications, i.e. replacement of plastics and 
rubbers with metal-to-metal seals from non-sparking metals and more sophisticated injection 
system. As a result simultaneously running a diesel engine on DME and diesel (dual-fuel) is not 
possible. Furthermore, due to poor lubricity and viscosity also lubricating additives are needed. 
All these technical and technological drawbacks, combined with the prevailing high production 
cost, make DME more a medium- to long-term alternative, rather than a fuel of tomorrow.  
 
Owing to its high hydrogen-to-carbon ratio (3:1), DME could be in theory considered also as a 
hydrogen carrier for on-board reforming for fuel cells. Due to the complications with the on-
board storage of gaseous fuels and considering the availability of other, more suitable liquid 
hydrogen carriers (e.g. methanol and GTL naphtha), the option of using DME as a hydrogen 
carrier for fuel cell does not appear promising. 
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Originally DME has been manufactured via methanol de-hydration, but more recently the direct 
DME production from syngas has been examined. The direct production route appears to be 
more energy and cost efficient. At present, the annual world output of DME is only 100-150 
ktonnes. Currently the largest application of DME is in aerosol spray cans, but not as a fuel.  
 

2.3.1.2 ETBE [Kampman 2005] 
Ethyl-Tertiary-Butyl-Ether (ETBE), which can be used to replace MTBE as a constituent of 
petrol, can be obtained from either (fossil) isobutylene or ethanol conversion, i.e. bioethanol as 
well. The environmental and cost performance of ETBE and its potential availability hence will 
benefit from any improvements in the ethanol production process.  
 
While the percentage of MTBE in petrol is usually between 1 and 5 vol.%, up to 15% of ETBE 
can be blended. Compared with ethanol, ETBE has the advantage that it can be blended with 
petrol without changing the vapour pressure, as in the case of low-percentage ethanol blends. In 
a number of EU countries (e.g. France, Spain and Italy) ETBE is already added to petrol as an 
alternative to MTBE. To assess the green house gas reduction potential of ETBE compared with 
both MTBE and petrol a difference has to maid between ETBE from sugar beet bioethanol and 
ETBE from ethanol from lignocellulosic biomass. As MTBE is generally blended with petrol at 
concentrations between 1 and 5%, a comparison with MTBE is therefore valid for ETBE 
percentages of up to 5%. For higher concentrations, the replaced product is petrol.  
 
Compared with ethanol production, the additional step in the production process causes 
additional green house gas emissions. First, fossil isobutylene is added. Only part of the ETBE 
is therefore of biological origin and the emissions of the isobutylene need to be added to the 
total. Second, ETBE production at the refinery requires energy, causing additional emissions. 
The result is that the GHG emissions of ETBE are higher that those of ethanol. This effect is 
compensated only partly by the fact that MTBE causes higher emissions than petrol. Isobutylene 
can in principle also be produced from biomass. While this is likely to improve the green house 
gas balance of the ETBE, it will also increase its cost. When comparing ethanol as replacement 
for petrol with conversion to ETBE that replaces either MTBE or petrol, the highest green house 
gas reduction can be achieved if ethanol is used directly in petrol. If it is converted to ETBE, 
reduction is greater if it replaces MBTE than if it replaces petrol, because of the higher 
emissions of the MTBE.  
 
The current cost of ETBE have been estimated to be about 19% higher than that of MTBE, i.e. 
0.45 €/litre (16.6 €/GJ) if ethanol from residues is used, 0.46 €/litre (17.0 €/GJ) if ethanol from 
sugar beet is used and 0.48 €/litre (17.7 €/GJ) if the ETBE is produced from ethanol from wheat. 
Using lignocellulosic biomass as an ethanol feedstock may reduce costs significantly, by 40-
60%. Assuming that ethanol costs account for about 60% of ETBE costs, the latter can be 
expected to fall to approximately 0.29-0.35 €/litre (10.7-12.9 €/GJ). This would be lower than 
current MTBE costs. The cost effectiveness of the ETBE ranges from approximately 80 to 210 
€/ton CO2 equivalent. 
 
Although ETBE synthesis causes additional green house gas emissions, the result of this extra 
process step is a high-quality fuel component with excellent blend characteristics very similar to 
those of its fossil counterpart MTBE. According to current CEN fuel specifications, ETBE (and 
MTBE) can be added to petrol up to a maximum of 15%. If 15 % of all petrol sold in 2020 in 
the Netherlands is replaced by ETBE and all MTBE is replaced by the ETBE as well 0.1–0.2 
Mtonne CO2 equivalent is reduced (0.3–0.5% of total road transport emissions in 2020). 
Assuming 20 % of all road transport fuel in the Netherlands is replaced by ETBE the possible 
reduction increases to 0.2–0.7 Mtonne CO2 equivalent. In both cases no vehicle adaptations are 
required. 
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2.3.1.3 Ethanol [Kampman 2005] 
Ethanol can currently be synthesized from a wide variety of biomass, as long as it contains 
readily fermentable sugars or starch. In Europe, bioethanol is commonly produced from sugar 
beet and cereals. It can be produced from biomass grown specifically for bio ethanol production 
(i.e. sugar cane, sugar beet or cereals), or by converting by-products from the sugar and cereal 
industry. In Brazil sugar cane is used as a feedstock. Further development of bio ethanol 
production processes are investigated in order to enable lignocellulosic biomass9 to be used as a 
feedstock.  
 
ETHANOL FROM SUGAR BEET, WHEAT OR RESIDUAL C-STARCH 
 
If sugar beet is used to produce bio ethanol (E100), the beets are cultivated and transported to an 
ethanol plant, where the biomass is broken down by fermentation into sugar beet pulp, the by-
product, and a water-ethanol mixture. The latter is converted into pure ethanol via distillation. 
The beet pulp can be used as animal fodder or fuel. Ethanol can be produced from wheat grains 
by milling, hydrolysis, fermentation and distillation. The process is more complex and 
expensive than with sugar beet. Milling and distilling are the most energy consuming of the unit 
operations. In addition, ethanol can be produced from residual organic biomass, for example 
from by-products of the wheat and sugar beet industry, as long as these contain sufficient 
amounts of readily convertible sugars (C6 sugars such as glucose).  
 
With regards to green house gas reduction potential energy use and emissions have to be 
associated with farm equipment use, fertilizer and pesticide use, field N2O emissions, energy 
use for feedstock-to-fuel conversion and co-product10 values. Ethanol green house gas emissions 
are found to be 41-86% of those associated with petrol production, depending mainly on use of 
the by-product. The greatest reduction is achieved with the by-product used as a process fuel, 
but with selling the beet pulp as animal fodder being economically more attractive, this scenario 
is unlikely.  
 
The choice of reference crop is less important for the results, although in a worst case scenario 
the green house gas emissions associated with bioethanol from wheat may exceed those of 
petrol. An ethanol production facility running on C-starch, a by-product of the wheat industry, 
would lead to green house gas emissions of about 50% of those associated with the petrol 
substituted. However, the contribution of biomass cultivation to total emissions is somewhat 
less than in the case of biodiesel, and ethanol production also leads to considerable emissions. 
Furthermore, when residue streams are used, such as C-starch, these products are effectively 
removed from the cattle feed market. Their use will then have to be compensated by growing 
additional cattle feed such as cereals, causing additional green house gas emissions. 
 
The costs of ethanol are estimated at 0.55 €/litre (26.0 €/GJ) for residues, with 0.59 €/litre (27.9 
€/GJ) and 0.63 €/litre (29.8 €/GJ) for sugar beet and wheat. A wide range of values however can 
be found, most likely because of large deviations in supposed feedstock costs, yields and 
conversion efficiencies. If the ethanol content of the fuel exceeds about 5%, the additional costs 
of vehicle adaptation, although relatively low, need to be taken into account. Taking the ranges 
in cost and emission data into account, the cost effectiveness of the ethanol is between 450 and 
1,500 €/tonne CO2 equivalent. Ethanol from sugar beet is slightly more cost effective than 
ethanol from wheat.  
 
 
 

                                                
9  The advantages are access to a much wider array of potential feedstock’s, less conflict with land use for food and 
 fodder production, greater net green house gas reduction potential and more fossil fuel replaced 
10  Green house gas allocations concerning heat credits, sugar beet pulp replacing animal fodder or ethanol being 
 produced as by-product in a sugar refinery might be in place 
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ETHANOL FROM LIGNOCELLULOSIC BIOMASS 
 
Ethanol production from lignocellulosic biomass has several advantages compared with the 
conventional technology, i.e. it uses cellulosic feedstock for fuel production, and therefore a 
better green house gas balance, and lower feedstock costs because of higher feedstock yields. 
The production, however, requires additional pre-treatment of the feedstock, to enable 
fermentation of the sugars contained in the biomass. The fermentation process itself needs to be 
adapted, furthermore, new kinds of enzymes being required to convert the C5 sugars into 
ethanol. The process consists basically of four steps, i.e. pre-treatment, hydrolysis of cellulose, 
fermentation of C5 (xylose) and C6 sugars (glucose) and distillation. Today’s research is directed 
mainly towards (i) improvement of the pre-treatment stage, (ii) integration of hydrolysis and 
fermentation in fewer reactors to cut costs and (iii)  improvement of the C5 fermentation process.  
 
Ad (i): Pre-treatment is necessary to improve fermentation efficiency, i.e. by making the 
 material accessible to enzymes for hydrolysis (by reducing its volume and opening up 
 the fibrous material), mobilizing lignin and (hemi)cellulose biopolymers and achieve 
 further break-down of structural components to optimise enzymatic access in the 
 following steps. Possible pre-treatment options are the state-of-the-art dilute acid 
 hydrolysis, as well as steam explosion, alkaline pre-treatment, and liquid hot water pre-
 treatment. Improving pre-treatment will be the key to reducing the costs of bioethanol. 
 
Ad (ii): Process configurations for ethanol recovery using enzymatic hydrolysis of cellulose 
 differ in their degree of integration. The current state-of-the-art is separate hydrolysis 
 and fermentation, although simultaneous saccharifcation and (co-)fermentation as well 
 as direct microbial conversion or consolidated bio processing are also considered. The 
 current dilute acid hydrolysis process has a number of drawbacks, i.e. inorganic side-
 streams, high capital costs, small particle sizes and high temperatures and pressures. 
 
Ad (iii): Although currently used enzymes are produced commercially, they are not effective 
 enough and too costly for use in large-scale production. Furthermore, pentose can only 
 be converted partially nowadays. To address these issues, several different approaches 
 have been tried, i.e. genetic modification of baker’s yeast, co-culture of different strains 
 of Zymomonas mobilis and transfer of pentose-converting genes into ethanol-resistant 
 strains of E.Coli. Progress is reported, however experience at industrial scale is missing. 
 
The ethanol from lignocellulosic biomass processes have a far greater greenhouse gas reduction 
potential than ethanol from sugar beat or wheat, especially if woody residues are used as the 
biomass feedstock. This feedstock cannot be used as fodder and its use does not therefore need 
to be compensated by additional cereal cultivation. The GHG emissions of ethanol from woody 
biomass crops are estimated to be 20-30% lower than for ethanol from sugar beet or cereals. 
The costs of cellulosic ethanol are still uncertain, as this technology is not yet mature, and will 
depend very much on improving the activity of the enzymes used for biomass hydrolysis.  
 
The cost calculations currently reported in the literature lead to an estimate of 0.35 €/litre (16.5 
€/GJ), with a future estimated cost price of 0.23 €/litre (10.9 €/GJ), which is comparable to the 
average cost of petrol in the years 2002-2004. Again, if the ethanol content of the fuel exceeds 
about 5%, the additional costs of vehicle adaptation need to be taken into account. As a 
comparison: the current cost price of ethanol is around 0.6 €/litre, while the current average 
price of petrol (excluding taxes) is about 0.36 €/litre. If the lowest future cost estimate proves 
correct, the ethanol would by definition be cost effective. If the higher estimate proves correct, 
the cost effectiveness of the production of cellulosic ethanol is between 70 and 120 €/tonne CO2 
equivalent, depending on the green house gas emissions reduction achieved. 
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BIOETHANOL QUALITY AND OPERATIONAL ASPECTS 
 
Ethanol is both as a low-percentage blend as well as an 85% mixture a proven vehicle fuel. In 
the USA ethanol is used as octane enhancer in petrol (to 10%), although current petrol standards 
allow only 5% ethanol, hence specific labelling at the sales point is required. To avoid problems 
with the blends, the ethanol is mixed with the petrol just before transport to refuelling stations. 
In Europe standards for ethanol blends are currently in development. 
 
The application of ethanol has some operational disadvantage. Being hygroscopic, the fuel must 
be kept water-free to avoid fuel systems malfunctions and when ethanol is mixed with petrol at 
low percentages (<20%) the vapour pressure of the petrol increases, first rising as the ethanol 
concentration increases to around 5% and then falling as the ethanol concentration rises further 
and might exceed the EU-limits, in which case the product can no longer be sold. As it is 
common practice for petrol from various oil companies to be mixed, this currently poses a 
serious technical obstacle to market introduction of low-percentage blends 
 
Furthermore, ethanol has a much lower energy density than petrol; hence larger fuel tanks will 
be required. There is, however, some evidence that the fuel efficiency of low-percentage ethanol 
blends is higher than to be expected on the basis of energy content alone, this evidence derives 
only from small-scale trials, with no large-scale scientific testing yet performed. Given the high 
octane number of ethanol, vehicle fuel efficiency can be optimised by adjusting injection timing 
and compression ratio. Certain newer vehicles detect the higher octane number automatically. 
However, it is as yet unclear how great the potential efficiency improvements will be. 
 

2.3.1.4 Fischer-Tropsch diesel [Kampman 2005] 
Fischer-Tropsch (FT) hydrocarbons can be produced by gasification of biomass, followed by 
downstream gasification. The Fischer-Tropsch process itself is well known. In South Africa, 
FT-liquids have been produced from coal (Sasol) for many years and Malaysia has a plant 
producing FT-liquids from natural gas (Shell). Using biomass as a feedstock for FT-synthesis is 
relatively new, however, and brings with it several problems that still need resolving, most of 
them in the gas cleaning phase (i.e. removal of organic (BTX) and inorganic impurities and tars 
as well as impurities that can deactivate the FT and other catalysts). 
 
Overall process efficiencies vary with plant design from 40% to 65%, depending on whether or 
not electricity and heat are produced as by-products. The FT technology is one of the options 
available for utilizing cellulosic biomass for fuel production. This reduces the amount of land 
needed for biomass production compared with current biofuels. It also leads to cost reductions 
and, thus, to more cost effective GHG reduction. By using pressurized (oxygen) gasifiers 
efficiencies might be increased, however, these still require further development. As yet, only 
small-scale atmospheric gasifiers have proved reliable.  
 
Due to relatively high capital investments compared with other options, the scale of production 
considered is big, i.e. typically 50 PJ/yr. The resulting product from such a large-scale plant is 
two to three times more expensive than mineral diesel hence without support mechanisms the 
economic viability of this route is therefore (under current economic conditions) in doubt. In the 
short-term, the costs of biomass Fischer-Tropsch diesel are estimated at € 0.76 per litre (11.1 
€/GJ). This is the figure cited by Choren Industries, which is building a biomass-fed pilot plant 
in Germany. A longer-term estimate is € 0.40 per litre (21.1 €/GJ), based on a large-scale FT 
plant fed with biomass at € 2 per GJ, a lower-bound estimate of the biomass costs reported in 
the literature. Average costs for biomass are about 4 €/GJ, with an upper bound of around 6 
€/GJ. The cost effectiveness of the green house gas reduction associated with biomass Fisher-
Tropsch diesel depends very much on technical developments (i.e. gas purification and 
efficiencies) and scaling benefits. In the short-term the cost effectiveness is expected to be 
around € 147 per ton of CO2 equivalent, increasing in the longer term to about € 22 per ton. 
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Compared with conventional fuels, biomass FT-fuels have the advantage of containing no 
sulphur or aromatics. They can be used directly in conventional diesel vehicles at any blending 
grade or as a neat fuel. As the cetane number of FT-diesel is higher, it can be used to improve 
the ignition quality of conventional diesel. A major advantage of FT-diesel is that it is a “design 
fuel”, i.e. can be designed to meet future fuel specifications. This might yield a synergy 
advantage between vehicle technology and fuel development. 
 

2.3.1.5 HTU diesel [Kampman 2005] 
The Hydro Thermal Upgrading (HTU) process is based on depolymerisation and deoxygenation 
of biomass by means of hydrolysis and decomposition. The process converts biomass into a 
“bio crude” using highly pressurized water (100–200 bar) at 300-360°. This bio crude is non-
miscible with water and has a relatively high-energy content, to be used in either power 
generation or diesel fuel production. The HTU process is well suited to converting both dry and 
very wet biomass, such as residues from food processing, agriculture and forestry.  
 
Given this capacity to process wet biomass, a low-cost feedstock, it is likely that this is the type 
of biomass that will be used in the HTU process. The HTU technology however is still in the 
experimental phase. In particular, upgrading of the bio crude to create a transport fuel and actual 
use of the fuel in vehicles are still to be proven. Hydrodeoxygenation of bio crude, until now 
demonstrated at laboratory scale only.  
 
With the HTU process is still in a relatively early stage of development, cost estimates are very 
difficult to make. First analysis show that the cost of HTU diesel will initially amount to around 
0.58 €/litre (16 €/GJ) with estimated future costs to be about 0.25 €/litre (7 €/GJ), which are 
below the average price of diesel in the period 2002-2004. A comparative advantage of the HTU 
process is that it can process biomass streams with otherwise limited application potential (i.e. 
wet biomass) and that are therefore low-priced. In view of the uncertainties regarding future 
costs (as well as green house gas reduction11), the costs (effectiveness) however cannot yet be 
reliably calculated.  
 
The fuel quality of HTU diesel is as yet unclear. Several tests have been planned, but the results 
are not yet available. A sample of HTU-diesel was tested back in 1983 and from this test it 
appeared that the ignition properties were better than those of average petroleum diesel from 
that time, therefore it does not seem that fuel quality will give rise to any problems. Additional 
tests are however necessary to reproduce the 1983 tests. 
 

2.3.1.6 Hydrogen [Kavalov 2005] 
Hydrogen (H2) is not available independently in the atmosphere, but is always combined with 
other elements. Hence, before being used, it has to be extracted from various compounds, e.g. 
via the syngas route. Currently, hydrogen is produced mainly from natural gas and to a lesser 
extent from oil derivates, while its production from biomass is at an experimental stage.  
 
About 60% of world hydrogen production is used in ammonia production, followed by 23% in 
oil refining and 9% in methanol synthesis. In such a way, only 8% of global hydrogen 
production is left as merchant hydrogen that potentially can be used as an automotive fuel. In 
principle, it is more correct to consider hydrogen as an energy carrier but not as a fuel. Unlike 
all other automotive fuels, hydrogen is carbon-free that makes it the fuel with the cleanest 
combustion in engines, as well as the most appropriate fuel option for fuel cells. Another 
advantage of hydrogen is the high octane number, which favours its use in petrol engines. 
Nevertheless, hydrogen is regarded as a more viable energy option for fuel cells, due to the 
much higher efficiency of fuel cells.  

                                                
11  Green house gas reductions will depend on the final application of the bio crude (i.e. heat and electricity versus 
 HTU diesel) as well as the biomass feedstock used for the production of the bio crude 
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Despite these advantages, at present the application of hydrogen as an automotive fuel faces 
some techno-economic constraints, i.e. low volumetric energy density, complicated storage and 
handling, higher cost per kW of fuel cells compared to internal combustion engines, etc. Due to 
these constraints, the application of hydrogen in petrol engines (either pure or blended with 
petrol) and/or in fuel cells is currently at an experimental stage. However, a significant amount 
of work to improve the performance of hydrogen technologies is undergoing.  
 

2.3.1.7 Methanol [Kavalov 2005] 
Methanol (CH3OH), known also as “wood alcohol”, is a commodity chemical, one of the top ten 
chemicals produced globally. It is liquid at ambient conditions, which facilitates transportation 
and handling. The main application of methanol, i.e. 65% of world methanol production, is as 
feedstock for producing formaldehyde (H2CO). 
 
With regard to the automotive application, because of its high octane and low cetane number, 
methanol is better suited for petrol engines than for diesel engines. Besides the higher octane 
number, methanol has another advantage over petrol, i.e. the content of oxygen that improves 
combustion and thus, reduces local-polluting emissions. However, methanol contains only half 
of the energy of petrol, i.e. on equal terms a methanol tank would have to be twice as large as a 
petrol tank to give the same driving range. 
 
Owing to its advantages, at the end of ‘80s / beginning of ‘90s methanol was widely used in the 
USA as an automotive fuel (mixed with petrol in up to 85%, concentrations) or converted into a 
petrol additive (methyl-tertio-butyl-ether, MTBE). At present the automotive application of 
methanol in internal combustion engines is completely abandoned, while the use of MTBE is 
negligible and continuously declining, because of a number of serious health and safety 
concerns. Low blends (up to 5%) of methanol with petrol would reduce to a large extent (but not 
avoid completely!) these safety and health concerns. Nonetheless, low methanol blends appear 
to be difficult and costly for market implementation, due to the need to overcome consumers’ 
resistance and the bad experience from the past. 
 
Although methanol is not regarded as a feasible automotive fuel for internal combustion engines 
anymore, it is presently employed as ingredient in the production of biodiesel from oilseeds. It 
is considered (especially in Europe) that methanol could be a suitable hydrogen carrier for on-
board reforming for fuel cells in the future, as methanol has one of the highest hydrogen-to-
carbon ratios (4:1) amongst all hydrocarbons12. Another key advantage of methanol is its low 
reforming temperature. The low processing temperature simplifies the layout of the reformer 
and reduces its cost. The infrastructure for conventional automotive fuels can be also relatively 
easily retrofitted (at a reasonable cost) to handle methanol.  
 
In addition, the application of methanol as a hydrogen carrier for fuel cells could be facilitated 
by the mature status of methanol production from fossil feedstock. Methanol manufacturing 
from synthesis gas is a well-established technology that already earned large economies of 
scale. In 2002 there were about 38 million tonnes of methanol production capacities worldwide, 
operated at 80% utilization rate. The near-term expansion of methanol capacities is projected to 
bring the world production potential up to 39-41 million tonnes per year. This large-scale 
production is a key factor for methanol to be one of the few alternative fuels, which are cost-
competitive to conventional fuels.  
 
Despite that currently biomass is not used in industrial methanol manufacturing, the availability 
of such refined production technologies and distribution infrastructure, along with the growing 
security of energy supply concerns, could facilitate the penetration of biomass as a feedstock for 
methanol synthesis.  

                                                
12  For comparison, the hydrogen-to-carbon ratio of ethanol is 3, of naphtha – 2.22 to 2.4, of petrol – 2.16 to 2.5. 
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Besides the on-board reforming to hydrogen, methanol could also be employed directly in fuel 
cells, in the so-called direct methanol fuel cells (DMFC). In DMFC, methanol is injected 
straight to the cell’s anode and reacts to form electricity and CO2. Nevertheless, the direct 
application of methanol in fuel cells is regarded mainly as a long-term option.  
 

2.3.1.8 RME / Biodiesel[Kampman 2005] 
Biodiesel is the general name given to methyl esters produced from organic feedstock. In 
Europe, the biodiesel is commonly produced from rapeseed oil, hence Rapeseed-Methyl-Esther 
(RME), although other oils like palm oil can be used as well. In a processing plant the oil is 
extracted with hexane, refined and esterified with methanol. The esterification process yields 
glycerine as a by-product. Biodiesel is currently widely available and marketed in several 
European countries. 
 
Biodiesel green house gas emissions are reported to be 21-73% of diesel emissions, depending 
on the assumptions made on, among others, rapeseed growth, fertilizer consumption and the use 
of by-product glycerine. Most of these emissions occur during cultivation of the rapeseed. 
Emissions of particularly nitrous oxide are, however, highly variable, depending on the soil 
type, climate and fertilizer input. In view of the uncertainties involved, the broad range in green 
house gas emissions can easily be clarified. If fertilizer use is limited and the glycerine can be 
sold to the chemical industry, emissions will be low. As mentioned earlier, biodiesel can also be 
produced from other types of vegetable oil. The final green house gas reduction potential will 
then strongly depend on requirements regarding fertilizer and energy use for that plant. In case 
of palm oil methyl ester (PME) these requirements might even be that high that substitution of 
diesel by PME would lead to an increase in greenhouse gas emissions. 
 
Similar to green house gas emissions, the costs of RME/biodiesel depend very much on 
rapeseed costs and yield, conversion factors, the price of glycerine, etc. It has been reported that 
costs range from 0.49 to 0.95 €/litre (15.1–29.3 €/GJ), with a best estimate of 0.73 €/litre (22.5 
€/GJ). With such substantial ranges in estimates of both cost and net green house reduction, the 
resultant range in cost effectiveness is even larger, approximately 90 to 900 €/ton CO2 
equivalent. Using the best cost estimate and the assumptions of glycerine being used as a fuel 
and average fertilizer use, the cost effectiveness will be approximately 320 €/ton CO2 
equivalent. 
 
Biodiesel is currently available in blends or as neat fuel in several EU countries. As biodiesel is 
more aggressive to some coatings and elastomers than conventional diesel it can only be 
blended with conventional diesel up to a certain point. Low percentages can be used without 
difficulty, to run on blends containing over about 20% biodiesel vehicles will require 
modification. A number of car manufacturers have specified which components of their cars and 
engines are compatible with biodiesel, all other vehicles will need to be adapted, generally at 
marginal costs. The European Committee for Standardization (CEN) has produced a standard 
for FAME (Fatty Acid Methyl Ester), laying down technical specifications for biodiesel. The 
new (fossil) diesel standard limits the volumetric content of FAME in diesel to 5% by volume. 
Therefore, blends over 5% require specific labelling at the sales point. 
 

2.3.1.9 Methane [Linné 2005, Mozaffarian 2003 & 2004] 
As a vehicle fuel methane gas offers several advantages. Due to a high octane rating, higher 
efficiencies in an Otto engine are possible. In addition methane offers cleaner combustion than 
what is possible with liquid fuels, and thus also lower emissions. The great advantage, however, 
is that it is an already established fuel used for a variety of different applications within 
industry, electricity production and heating. The limitations for methane, used as a vehicle fuel 
is the fact that it is a gaseous fuel, which must either be compressed to a high pressure (CNG) or 
condensed (LNG) in order to provide vehicles with a sufficient operating range.  
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Globally there are substantial investments in gas driven vehicles with natural gas as the most 
important fuel, with more and more vehicle manufacturers offering gas driven vehicles. 
Internationally there is, furthermore, a well-developed infrastructure for the distribution of 
natural gas, which also facilitates the use of biogas. Natural gas mainly consists of methane gas, 
which means that the natural gas vehicles (NGV) can be run on biogas as well as natural gas. 
And with large natural gas investments made within Europe in order to fulfil the political EU 
alternative fuel directives, there is even an expansion of the refuelling infrastructure. 
 
In general renewable methane can be produced of organic substances in two different ways; 
biologically (i.e. anaerobic digestion of organic substances producing biogas or upgrading of 
landfill gas) and thermochemically (i.e. gasification with subsequent methanation producing 
synthetic natural gas, SNG), Whereas biogas consists mainly out of CO2 (25–45 vol.%) and CH4 
(55–75 vol.%), SNG can be produced at the natural gas quality. Upgrading of biogas to natural 
gas quality, however, is also a well-known, already (commercially) demonstrated, technique. 
 
BIOLOGICAL PROCESSES 
 
The biological route comprises upgrading of landfill gas, or biogas produced from anaerobic 
digestion of organic wastes (e.g. vegetable, fruit, and garden waste, organic wet fraction of 
municipal solid wastes, manure and sewage sludge). Anaerobic digestion is a biological process 
in which organic wastes in absence of air are converted to biogas, i.e. a mixture of CH4 (55-75 
vol.%) and CO2 (25-45 vol.%). During anaerobic digestion, typically 30-60% of the solid input 
is converted to biogas; the co-products consist of an undigested residue and various water-
soluble substances. Anaerobic digestion is a proven technology, generally available on a 
commercial basis, and being applied for small-scale decentralized treatment of “wet” organic 
wastes at their origin.  
 
The produced biogas can be used to generate heat and power through prime movers. The 
simultaneous demand for heat and power is the crucial factor for an efficient use of biogas in 
co-generation. Otherwise upgrading, injection into the natural gas grid, and transport as “Green 
Gas” to customers, would be more advantageous. In order to obtain pipeline quality gas, the 
biogas must pass through two major processes, i.e. (i) a cleaning process to remove trace 
components harmful to the natural gas grid, appliances or end-users (e.g. H2S, H2O, particles, 
halogenated hydrocarbons, NH3, O2 and organic silicon compounds) and (ii) an upgrading 
process in which the calorific value, Wobbe-index and other parameters are adjusted in order to 
meet the pipeline specifications (basically separation of methane and carbon dioxide). 
 
In 2001 27 landfill projects in the Netherlands delivered 20 million mn³ natural gas equivalent to 
the gas distribution net, while the contribution of biogas from digestion projects was about 30 
million mn³ natural gas equivalent. Compared to annual Dutch gas consumption of 40 billion 
mn³, the contribution of landfill gas and digestion gas was, therefore, 0.1%. Taking into account 
the additional potential for digestion gas, a total contribution of about 0.5% of the annual Dutch 
gas consumption can be achieved. 
 
If biogas is distributed in a closed biogas network or in a town gas network, only cleaning of 
biogas is necessary. This option has been demonstrated in Sweden and Denmark. Utilisation of 
the natural gas grid, as a transporting system for biogas, plays an important role in promoting 
the use of biogas as a vehicle fuel, as it will be possible to produce biogas in any place along the 
gas grid, with the possibility to trade 100% of the gas as vehicle fuel. In Switzerland gas as a 
fuel for vehicles is becoming more and more popular. Both natural gas and biogas are utilised as 
vehicle fuel. Also in Sweden biogas has become very popular as a fuel for vehicles (end 2000 
about 4000 vehicles operated on biogas).  
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During the last years many upgrading plants with capacities between 10-700 mn³/hr have been 
started, producing vehicle fuel mainly from sewage sludge. Biogas as a vehicle fuel is free from 
fuel tax and thus competitive to the traditional fuels. The Laholm co-digestion plant with a 
capacity of 250 mn³/hr is producing natural gas quality from biogas since 2000, by upgrading 
biogas and adding propane to correct the heating value and Wobbe-index. In France two 
upgrading plants, with a capacity of 100 respectively 200 mn³/hr are in operation since 1994 
respectively 1995, making vehicle fuel from sewage sludge or landfill gas.  
 
The costs for production of biogas in Sweden for vehicle use (upgraded and pressurized) are 
estimated as 0.25 to 0.54 €/litre gasoline equivalent. The costs for the refuelling station, which 
may vary depending upon execution, location, public/non public, amortization plan etc, are 
additional. Svensk Biogas AB estimates a cost range for the production of biogas used in 
vehicles, reflecting different production conditions, in the order of 0.38 to 0.48 €/mn³. This 
range also includes crop-based biogas, where higher feedstock costs are (partially) compensated 
by lower treatment costs in the biogas plant. This cost-range is considered to be sufficient to 
guarantee a price that does not exceed the price of taxed gasoline. Today’s market price for 
biogas used as a vehicle fuel is about 70 % of the price of gasoline (including tax). 
 
THERMOCHEMICAL PROCESSES 
 
The thermochemical route comprises biomass gasification in supercritical water, co-production 
of Fischer-Tropsch (FT) diesel and SNG from biomass, and biomass gasification with 
downstream methanation. While supercritical gasification processes are applied for conversion 
of wet biomass (70–95 wt.% water), the gasification/methanation processes are applied for 
conversion of relatively dry biomass streams (10–25 wt.% water). 
 
Supercritical gasification, i.e. gasification in hot compressed water (above 375°C and 220 bar), 
is considered as a promising technique to convert such wet streams into a medium calorific gas, 
rich in either hydrogen or methane and is an alternative route for wet biomass streams, which 
are converted via anaerobic digestion. Contrary to digestion, supercritical water gasification of 
biomass can lead to complete conversion of the feedstock. Supercritical water gasification is in 
an early stage of development. Due to its potential with respect to possible conversion of waste 
materials to a valuable gas, the laboratory research is developing rapidly. At present there are 
two pilot plants being operated in the world. The largest plant is the 100 l/hr plant at FzK, 
Germany. The 2nd one is the 5–30 l/hr process development unit at the University of Twente, the 
Netherlands. As there is a strong shift from CH4 towards H2 and CO while increasing the 
temperature, CH4-rich gas can be produced up to temperatures of about 500°C, higher 
temperatures favour the production of H2. Based on expected market and technology 
development, the first commercial products of supercritical gasification of biomass would be 
electricity and SNG. Later on, mixtures of CH4/H2 could be added to the natural gas grid and in 
long-term, pure H2 could be produced, contributing to a potential future hydrogen economy. 
 
In the FT transportation fuels and SNG co-production concept the off-gases from FT synthesis, 
already containing significant amounts of C1–C4 SNG compounds are used for SNG production 
through methanation. This concept can be considered as an alternative route to stand-alone FT 
synthesis, in which amounts of off-gases would be recycled to the gasification step, requiring a 
large amount of auxiliary power. Where normally entrained flow (EF) gasification would be 
preferred in combination with FT synthesis, as EF has the highest yield towards for FT synthesis 
desired CO and H2 and (almost) no CH4, co-generation has the advantage that more efficient 
gasification concepts like pressurized O2-blown Circulating Fluidised Bed (CFB) gasification 
and atmospheric indirect steam-blown gasification become more attractive, as the CH4 and C2 
compounds within the product gas of these gasifiers now also can be considered as high-value 
product. As a result, the co-production of FT transportation fuels and SNG (SNG) from biomass 
is economically more feasible than the production of both energy carriers in separate processes.  
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When considering biomass gasification for the sole production of SNG (hence, no FT products) 
from dry biomass (hence, no supercritical gasification) the following gasification-based SNG 
production routes can be considered: (i) pressurized O2-blown CFB gasification with 
downstream methanation, (ii) atmospheric indirect steam-blown gasification with downstream 
methanation and (iii) pressurized Bubbling Fluidised Bed (BFB) hydrogasification with 
downstream methanation. The main pre-conditions for the alone gasification concepts are 
production of a tar-free, low-nitrogen, and high methane content product gas, and the up-scaling 
potential of the technology to a commercial scale. Air-blown CFB gasification due to a high 
nitrogen content of the produced gas, and entrained-flow gasification due to zero methane 
content of the produced gas are, therefore, not suitable. In all cases the product gas from gasifier 
has to be cleaned and to pass a methanation step in order to convert the CO and H2 present. 
Further conditioning consists of gas cooling and drying, followed by partial removal of CO2 (if 
necessary), in order to bring the Wobbe-index within the Dutch natural gas specification.  
 
Atmospheric steam-blown indirect gasification and pressurized oxygen-blown gasification with 
downstream methanation routes are the most promising options for SNG production from 
relatively dry biomass. In combination with downstream methanation, SNG production 
efficiencies up to approximately 70% (on LHV basis) can be achieved. SNG production costs, 
based on a 100 MWth system and biomass costs of 2.3 €/GJ, range from 7.8 to 8.5 €/GJSNG, 
while based on the Dutch stimulating measures that were valid in 2002 the actual market price 
for “Green Gas” was calculated to be 8.7 €/GJSNG. The CO2 emission reduction costs range from 
83 to 95 €/ton. With respect to biomass hydrogasification, although higher SNG production 
efficiencies (up to 80% LHV) and lower SNG production costs (5.6 €/GJSNG) can be achieved, 
compared to biomass gasification/methanation routes, CO2 emission reduction costs are 
significantly higher (115 €/ton)13. However, the limited availability, as well as the origin (fossil-
based) of the applied hydrogen result in lower SNG production potential and CO2 emission 
reduction, and higher). Fossil-based hydrogen lowers the market price for SNG from 
hydrogasification process, as only a part of the produced SNG can be considered green. For 
hydrogasification, the availability of a sustainable and economically attractive hydrogen source 
is the key to a successful implementation of the process. 
 

2.3.2 Major biofuels demonstration projects 
At present there are in contrast to Coal-To-Liquid (CTL) and Gas-To-Liquid (GTL) no 
commercially operated Biomass-To-Liquid plants in the world. There are however some major 
BTL R&DD activities performed, most of them as a part of the European project RENEW14. In 
this paragraph the major demonstration projects at Choren, Güssing, Södra Cell, Chemrec and 
Värnamo and will be discussed. They all play a (significant) role within the RENEW project. 
Furthermore the 170 kton/yr Neste Oil synthetic biodiesel production plant will be highlighted. 
 

2.3.2.1 Choren [Kavalov 2005] 
The BTL demonstration activities of Choren GmbH began in 1998 with the construction of a 
1 MW pilot plant (the a-plant) in Freiberg (Germany) based on high-temperature oxygen-blown 
slagging entrained flow gasification, the Carbo-V process. Within the process biomass is 
transformed into very pure, tar-free, low-methane synthetic gas. The claimed thermal efficiency 
of this process is 95-98%, while the gasification efficiency is stated as 82% for capacities larger 
than 10 MW. The experiments started with pre-gasification of clean wood, waste and coal. 
More recently the use of pyrolysis slurry from herbaceous biomass has been investigated. The 
BTL automotive fuels option was added to the plant in 2002.  
                                                
13  The hydrogasification case has been evaluated on the basis of hydrogen being available as residue gas. Due to the 
 limited availability as well as the origin (fossil-based) of this hydrogen the SNG production potential is limited.  
14  The Renew consortium consists of 31 partners, more than half industrial enterprises, remaining are R&D institutes, 
which comprise of the special expertise needed to perform the individual R&D tasks (http://www.renew-fuel.com/).
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With the support of the German Ministry of Economics and with the cooperation of 
DaimlerChrysler and Volkswagen, the first quantities of BTL fuels from wood chips were 
produced in 2003-2004. Under the methanol program, totally 11,000 litre were produced in the 
beginning of 2003, while the first quantities of FT liquids were produced in the summer of 
2003. In October 2003 Choren began the construction of its first industrial plant for 
manufacturing 15,000 tonnes of BTL fuels per year (the b-plant). The 45 MWth b-plant is still 
under construction and should be on-stream at the end of 2006. By then it will produce 16,5 
million litres of SunDiesel a year. A 750 MWth plant is foreseen at the end of 2009. In 2005 
Shell Deutschland Oil GmbH has purchased a minority holding in Choren Industries GmbH and 
will join forces in the further construction of the b-plant.  
 
Shell will provide the technology required for turning the Carbo-V gas into synthetic fuel by 
using the Shell middle distillate process, which catalytically converts natural gas into synthetic 
oil products. Shell is leading the world in gas-to-liquid technology, and has unique experience in 
this field from its production facility in Bintulu (Malaysia), the first manufacturing plant of this 
type to operate on a major industrial scale. Besides the co-operation of large corporations such 
as DaimlerChrysler, Volkswagen and Shell, the BTL activities of Choren are strongly driven by 
the exemption from fuel tax of all renewable automotive fuels in Germany, which will be valid 
until 2009 so far. 
 

2.3.2.2 Güssing [Kavalov 2005] 
The combined heat and power demonstration plant in Güssing (Austria), build in 2000-2001, 
employs a steam-blown circulating fluidised bed process, developed by Vienna University of 
Technology. The Fast Internal Circulating Fluidised Bed (FICFB) gasification process is an 
allothermal gasification process to produce a high-grade synthesis gas from solid fuels. The 
fundamental idea of this gasification system is to physically separate the gasification reaction 
and the combustion reaction in order to gain a largely nitrogen-free product gas. Biomass 
entering the stationary fluidised bed gasification reactor is heated up, dried, devolatilised and 
converted to CO, CO2, CH4, H2, H2O as well as char. A chute connects the gasification with the 
combustion section, operating as a circulating fluidised bed. Bed material together with any 
non-gasified carbon is transported through this chute into the combustion section, where the 
remaining carbon is fully combusted. The heated bed material is separated by a cyclone and fed 
back into the gasification section. The gasification section is fluidised with steam, the 
combustion section with air, resulting in two different gas streams, a nearly N2-free product gas 
and a flue gas from the combustion section. The product gas is cleaned and combusted in a gas 
engine. The combined heat and power (CHP) plant has a fuel capacity of 8 MW and an 
electrical output of about 2 MWe (he �  25%).  
 
The innovative process for CHP production based on steam gasification has been demonstrated.  
The product synthesis gas can however be used for many other applications15. Within the EC-
project RENEW a slipstream of about 10 mn³/h of product gas will be evaluated for Fischer-
Tropsch (FT) conversion to diesel fuels. The start up of the FT-synthesis was in the beginning 
of June 2005. At present the first litre of FT diesel are produced and analysed. Furthermore, the 
conversion of the synthesis gas to produce methane, as substitute natural gas, is investigated in 
corporation with the Paul Scherrer Institute (PSI). A test rig for methanation was designed to 
perform experiments on a 2 kW scale. In the initial tests with synthesis gas, it was observed that 
after more than 180 hours on stream, the methanation catalyst demonstrated outstanding 
performance. More than 98% CO and 99% tar were converted to methane. The chemical 
efficiency of the methanation reaction was about 85%. In a third research project experiments 
are conducted with a high temperature fuel cell. The work as to this project focuses on the 
removal of dust, chlorine and sulphur components from the producer gas.  
 

                                                
15 More information on the Güssing plant and ongoing activities can be found on http://www.repotec.at 
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2.3.2.3 Södra Cell 
The objective of one of the subprojects of RENEW is to cover the full technical and commercial 
impact of locating a plant producing DME/methanol from black liquor at a Södra Cell pulp mill 
located in Mörrum (Sweden). This pulp initially delivered 140 ktons of pulp per year. Today, 
after years of steady growth, Mörrum produces 420 ktons of pulp annually. There are three key 
scientific activities planned16, i.e. (i) generation of plant data which is to become a basis for 
simulation of the commercial and demo plant concepts, (ii)  generation of laboratory data from 
pulp cooking tests with the new type of cooking liquor produced through gasification applied to 
the pulp mill which shall hose the demonstration plant and (iii)  generation of engine test results 
when run with DME of such a quality which can be expected from real DME producing plant.  
Results will provide input data for the preliminary engineering design of an integrated demo 
plant at the Södra Cell Mörrum pulp mill (see figure 2.2) for which the pulp tests are carried out. 
The engineering will both address technical plant features in syngas handling and conversion 
and investigate impact on the pulp mill when the demo plant is linked to the mill operation. 
Activities will address the fuel logistics, handling and trading for both DME and methanol and 
will also focus on LCA aspects. 
 

 
Figure 2.2 Black Liquor Gasification (BLG) for DME/methanol production (RENEW / Södra) 

2.3.2.4 Chemrec [Kavalov 2005] 
The Chemrec gasification technology is designed to run on black liquor, which is a residual 
product from the production of chemical pulp and paper. The system was originally conceived 
for power generation, employing air-blown entrained flow gasification. Recently the option of 
producing BTL transport fuels (methanol, DME and hydrogen) has however also been 
investigated. The comparison between the black liquor gasification approach of Chemrec and 
the biomass gasification approach of Choren (§2.3.2.1) indicates many similarities. The black 
liquor gasification combined cycle (BLGCC) system, based on oxygen-blown entrained flow 
gasification at 15 bar, which increases the electricity output and aims at replacing the black 
liquor recovery boilers, is still in a development phase, as well as the system for black liquor 
gasification for producing alternative motor fuels and hydrogen (BLGAMF/H2), based on 
oxygen-blown entrained flow gasification at 30 bar. The first plant BLGAMF/H2 plant for 
methanol, DME and hydrogen, situated at the Kappa Kraftliner mill in Piteå (Sweden) started in 
the spring of 2005. The efficiency of biomass to methanol conversion of the plant is predicted to 
be 65-75%, which is slightly higher than that of FT synthesis. 

                                                
16  More information on the Södra Cell pulp mill and ongoing activities can be found on http://www.renew-fuel.com  
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Chemrec plans to develop a second project17 for more than 10 times scale-up of the first 
BLGAMF/H2 plant capacity to 275-550 tonDS/day. This plant will include all key equipment in 
the full BLGCC concept including power-island. Even though the combined cycle is a well-
studied alternative, reciprocating engines may be a technically and economically feasible 
alternative in the scale considered. Site alternatives for the plant are currently being evaluated. 
Within the RENEW project a further feasibility study will be made for the construction of a 350 
tonDS/day pressurized BLGMF plant.  
 
This “RENEW-study” involves the hosting pulp mill operator in southern part of Sweden as 
well as Volvo, who are to test the new diesel fuel, DME, in a state-of-the-art heavy-duty truck. 
The production capacity will be divided on methanol, being an intermediate species in the 
production of DME, as well as DME as final products. The total capacity is projected to be 
approximately 100 tons/day of methanol equivalents. After finalizing the RENEW project, 
financing should be sought for the construction of a third BLGAMF plant, which will be the 
first demonstration in near-commercial scale of the BLGMF concept.  
 

2.3.2.5 Värnamo [Kavalov 2005] 
The Värnamo demonstration Integrated Gasification Combined Cycle (IGCC) plant was built by 
Sydkaft A.B. in 1991-1993 and was fully commissioned in 1995. It uses pressurized air-blown 
circulating fluidised bed gasification (at 22 bar) with 18 MWth woody biomass fuel input. The 
IGCC demonstration program began in 1996 with power and heat generation, and was 
successfully concluded in 2000.  
 
With the newly started Chrisgas project18, this 18 MWth IGCC plant will be refurbished to an O2 
gasification plant in order to produce an H2-rich gas. This gas can be the feedstock for several 
2nd generation biofuels (e.g. cellulosic ethanol, methanol/DME, FT fuel and H2). The objective 
is to demonstrate the production of a clean hydrogen-rich synthesis gas (within a 5 year period 
at 18 MWth or 3500 mn³/hr H2 equivalent) based on steam/O2-blown gasification of biomass, hot 
gas cleaning and steam reforming of tar and light hydrocarbons, including CH4. The plant 
rebuild is scheduled for 2006–2007. Raw syngas production is foreseen in 2007, with syngas 
and potential GTL products for fleet tests after 2007. It is hoped that the results from the project 
can be used in the next challenging stage of development, i.e. to demonstrate production of 
motor fuel, first in the Värnamo pilot plant, and then later at commercial scale at competitive 
costs throughout Europe. 
 

2.3.2.6 Neste Oil [Sipilä 2005] 
Neste Oil has decided to build an 170,000 tons a year biodiesel plant at its Porvoo oil refinery, 
with an existing diesel fuel production capacity of 4 million tonnes a year. The total budgeted 
cost of the investment is approximately 100 M€ and with construction already started the plant 
is due to commence production in summer 2007.  
 
Production of biodiesel will be based on Neste Oil's proprietary NExBTL technology in which 
high-quality biodiesel fuel is produced from renewable raw materials, such as vegetable oils and 
animal fats. The technology uses isomerisation and selective hydrogenation (rather than 
esterification) to produce a product with a cetane of 99 and low cloud point ideal for the 
Scandinavian market.  The company claims that the new fuel combines the advantages of 
biodiesel and FT diesel from biomass. NExBTL is sulphur-free, aromatic-free, contains no 
oxygen and has excellent oxidation stability. Cold properties can be tailored from -5 to -30 °C. 
The tests with a MAN Euro 4 Common Rail research engine showed significant benefits in 
regulated emissions (i.e. particulates, NOx, HC and CO) when compared to sulphur-free EN590 
diesel fuel.  

                                                
17  More information on this and future Chemrec plants and ongoing activities can be found on http://www.chemrec.se   
18  More information on the Chrisgas project and the Värnamo plant can be found on http://www.vxu.se/chrisgas  



 

BioRef 0603  33 

 

 
Figure 2.3 Neste Oils NExBTL process  

Furthermore, Neste Oil and Total19 have signed a Memorandum of Understanding (MoU) to 
evaluate possibilities to jointly build a large-scale production plant for next generation biodiesel 
fuel in Europe. The companies plan to locate the biodiesel plant to one of Total's oil refineries, 
and aim to commence production in 2008. 
 

2.3.2.7 Others [Kampman 2005] 
Currently 3 technologies for ethanol from lignocellulosic biomass appear to be in demonstration 
phase or on the brink of being demonstrated on a commercial scale. BC International is trying to 
construct a commercial-scale ethanol from wood facility by adding a wood hydrolysis facility to 
a mothballed ethanol plant in the USA. The combined facility will have an annual production 
capacity of 30 million gallons of ethanol. Iogen is operating a biomass demonstration facility in 
Ottawa (Canada), designed to prove the feasibility of Iogen’s EcoEthanol™ process by 
validating equipment performance and identifying and overcoming production problems prior to 
the construction of larger plants. The plant can handle all functions involved in the production 
of cellulose ethanol, including receipt and pre-treatment of up to 40 tonnes per day of feedstock. 
Availability of highly active and cheap enzymes for hydrolysis of cellulose and fermentation of 
pentose is the crucial parameter for rapid further development of the lignocellulose to EtOH 
technology up to industrial scale. Although papers from Genencor and other producers of GMO 
enzymes seem to indicate that such enzymes are currently available or will be available in the 
short term, thus far, no large-scale demonstration facilities have been built. 
 
With regards to production of chemicals, there are several practical examples using feedstocks 
other than gas, oil or coal. The Rheinbraun-Uhde High Temperature Winkler (HTW) process is 
a commercially mature, pressurized bubbling fluidised bed technology. The process was used to 
demonstrate production of 80 ktons/yr of ammonia in the 1980’s in Oulu (Finland) based on 
pressurized gasification of peat. It has operated successfully with biomass (i.e. sawdust), though 
not extensively. The plant was shut down at the beginning of the 1990’s following a decline in 
the world market price of ammonia. Additional testing would be needed to fully demonstrate the 
performance of the HTW process using biomass. 
 
Ebara has demonstrated the feasibility of gasifying waste plastics in a two-stage gasification 
process (EUP technology) and has constructed a 100 ktons/yr processing plant that supplies 
medium-calorific syngas to an ammonia production plant. The plant has been in operation since 
the summer of 2003. These historical examples make it hard to understand why biomass 
gasification would require another 10 to 15 years of development before construction of the first 
large-scale biomass-fed FT production facility could start.  

                                                
19  More information on the MoU on the companies websites http://www.nesteoil.com and http://www.total.com  
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3. Conclusion & recommendations 

3.1 Ongoing R&D projects 

 
Ongoing R&D projects mainly focus on feedstock, on biobased chemicals & materials and on 
biofuels. In case of the feedstock a key question is how large a role biomass could play in 
responding to the world’s energy demands. When evaluating the future global biomass 
availability it can be concluded that a major contribution to global energy supply is possible, 
although major transitions are required.  
 
In order to exploit potentials, food production systems and rate of deployment in developing 
countries should be improved and marginal/degraded land and biomaterials have to be used. The 
overall picture in 2050 of potential bioenergy supply will be between 250 and 500 EJ.  
 
Overall research objectives are to reduce feedstock price supplied at the factory gate to reduce 
environmental impact and to ensure reasonable income for feedstock producers. In order to 
fulfil these objectives the main orientations are on increase of biomass yield through crops 
management, on lignocellulose plants followed by oil plants and on considerable activity to 
adapt new crops to the Mediterranean area conditions. Furthermore, a lot of work is done on the 
reduction of harvesting cost and reduce environment impact.  
 
With regards to biobased chemicals & materials already different bioproducts are currently 
produced, some of them evan in existing biorefineries. They can roughly be divided into five 
categories, (i) sugar and starch bioproducts, (ii)  oil- and lipid-based bioproducts, (iii)  gum and 
wood chemicals, (iv) cellulose derivatives, fibres and plastics and (v) industrial enzymes. It has 
been estimated that within the U.S. about 12 billion pounds of domestic biomass goes into 
industrial and consumer products every year. The value of these bioproducts is estimated to be 
around 8 billion dollars.  
 
Existing biorefinery concepts have already proven successful, where such facilities now produce 
food, feed, fibre, or chemicals, as well as heat and electricity to run plant operations (e.g. 
ADM’s large corn wet-milling plants producing industrial enzymes, lactic and citric acids, 
amino acids & ethanol or Cargill Dow’s PLA facility using lignocellulosic biomass such as corn 
stover or wheat straw to produce lactic acid, PLA, ethanol and other industrial products). The 
success of new biobased chemicals & materials will largely depend on whether they can be 
produced economically as well as on their performance in targeted applications.  
 
Potential markets for bioproducts are wide-ranging, and include polymers, lubricants, solvents, 
adhesives, herbicides, and pharmaceuticals. For the production of new bioproducts and 
potentially interesting chemicals, several conversion technologies (e.g. fermentation, digestion, 
gasification and pyrolysis) can be used, although some alternatives are also interesting (e.g. 
straight use as bio composites or oils & lipids as well as photosynthesis).  
 
The ease with which the biomass can be converted to useful products or intermediates as well as 
the functionality of the final product will be strongly determined by the composition of the 
biomass feedstock. Biomass contains a variety of components, some of which are readily 
accessible and others that are much more difficult and costly to extract and need more R&D 
work on the conversion technology.  
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The biofuels can be divided into the current 1st generation biofuels, involving available biofuels 
that can be used when blended to a certain extend with fossil fuels (i.e. RME/biodiesel and 
bioethanol from rapeseed) and the 2nd generation biofuels still currently under development (i.e. 
ethanol and ETBE from lignocellulosic biomass, Fischer-Tropsch- and HTU-diesel, bio 
hydrogen and bio methane).  
 
The 2nd generation biofuels seem to have some major advantages. Ethanol production from 
lignocellulosic biomass has for example several advantages compared with the conventional 
technology, i.e. it uses cellulosic feedstock for fuel production, and therefore a better green 
house gas balance, and lower feedstock costs because of higher feedstock yields. The 
production, however, requires additional pre-treatment of the feedstock and the fermentation 
process itself needs to be adapted. At present there are in contrast to Coal-To-Liquid (CTL) and 
Gas-To-Liquid (GTL) no commercially operated Biomass-To-Liquid plants in the world. There 
are however some major demonstration projects at Choren, Güssing, Södra Cell, Chemrec and 
Värnamo. They all play a (significant) role within the RENEW project. Furthermore there’s the 
Neste Oil synthetic biodiesel production plant. 
 

3.2 The 1st international biorefinery workshop 
The workshop analysed current progress, barriers, and policies related to the development of a 
biorefinery in both the U.S. and Europe. Many similarities were found in terms of goals and 
technical barriers. However, strategies to achieve goals differ in some ways. Although 
individual process steps are improving independently, better integration is necessary in the 
future.  
 
Furthermore, better coordination is needed with respect to fuels standards and 
gasification/clean-up processes and with regard to feasibility analysis. Integration between U.S. 
biorefineries (primarily focusing on production of ethanol) and E.U. biorefineries (focusing on 
syngas fuels and biodiesel) has to be improved and further integration in the production of 
products and power is needed.  
 
Concerning the deployment paths to commercial markets, there is a need to have a balance 
between R&D focus and deployment focus to create a sustainable industry. When attempting to 
bring new technologies to the market, identifying investment-grades engineers and possible 
sources of financing are difficult but critical early on. Developers need to focus the development 
of products or intermediates on what the customer wants, targeting niche markets. There needs 
to be long-term networking for demonstrating whole chain systems including social, economic, 
and environmental aspects and public acceptance.  
 
Furthermore, there needs to be long-term incentives for thermochemical production and 
investments in technologies. At the moment several prospective concepts are presented, 
however actual RD&D of these concepts is lacking. 
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Appendix A The 1st international biorefinery workshop 

A.1 Background  

On July 20th and 21st the 1st international biorefinery workshop [WS July 2005], organized by the 
United States Department of Energy and the European Commission, was held in Washington, 
US. This first-of-a-kind workshop intended to (i) provide a forum for a technical review of 
state-of-the-art research leading to the development of biorefinery technologies, (ii) evaluate 
biorefinery markets and opportunities, (iii) foster domestic and international partnerships for the 
development and deployment of Biorefineries and (iv) disseminate information on successful 
research and demonstration occurring in the U.S. and internationally.  
 
Invitees included members of the United States Department of Energy, European Commission 
Directorate General for Research and United States Department of Agriculture as well as 
researchers from academia and laboratories, state and local government and several major 
industrial companies discussing the potential biorefinery has to revolutionize rural economies 
and broaden the use of biobased energy and products in world markets.  
 
In total approximately 75 presentations could be attended, relating to one of the main subjects of 
the various sessions: (i) strategy for future transport systems, (ii)  existing biorefineries, (iii)  
biorefinery deployment, (iv) the analysis underlying the biorefinery concept, (v) establishing 
biomass R&D priorities, (vi) opportunities of biorefineries and (vii) technical R&D overviews 
(i.e. thermochemical, production & feedstock’s, sugars platform). An overview of all 
presentations, including links to the presented work, can be found on the website of the 
workshop20.   

A.2 Various sessions 

A.2.1 Strategy for future transport systems 
This session focused on future transportation systems and the energy resources that will supply 
those systems. The speakers were from fuel companies BP and Abengoa Bioenergy as well as 
from the automobile industry (GM and Daimler Chrysler).  
 

 The options considered by BP for future transportation fuels can be divided into three 
categories, viz. alternative oil sources, alternative fossil fuels and renewable fuels. The 
alternative oil sources include heavy oil / tar sands (potential 2 trillion barrels Canadian and 
Venezuelan resource) and shale oil (1.2 trillion barrels U.S. resource). Coal and gas are 
considered for FT-liquids and DME production (1 million BSD announced GtL project in Qatar, 
FT and DME from coal in China). Renewable fuels options include biomass (either direct 
conversion to liquids or gasification), food crops (sugar based ethanol and oil based biodiesel) 
and hydrogen (work with U.S. DOE and European governments).  
 
Until renewable or low carbon hydrogen is available, BtL fuel is the most feasible option for the 
transport sector. The application of sugar and starch crops is a positive first step in use of 
biomass, although producing not ideal fuel molecules causing implementation problems related 
to issues around quality, handling, co-mingling, vapour pressure, water (e.g. ethanol) as well as 
stability, deposits in high pressure injection systems (e.g. FAME). As a result application is 
restricted to low concentration (terminal) blends (e.g. B2, B5, E10).  

                                                
20  The 1st international biorefinery workshop: http://biorefineryworkshop.com 
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 Abengoa Bioenergy owns and operates five facilities throughout the 
United States and Europe with a total production capacity of 175 million gallons; one additional 
plant (50 Mgallon) is under construction in Spain. All R&D efforts and resources are focused on 
biomass and fuel cell activities to further advance the research, development and production of 
bioethanol products worldwide. The current activities are related to ethanol production from 
cereals (i.e. ETBE, direct blending (E5) and – in the future – hydrogen) with DGS21 (animal 
feed) and CO2 (industrial applications) as co-products.  
 
It’s attended to not only use cereals but also different types of biomass in the (near) future (i.e. 
gasification (EU), enzymatic hydrolysis (U.S.)), hence delivering different co-products as well. 
Commercial production of ethanol from lingo-cellulose is foreseen after a massive introduction 
of higher blends (i.e. E10, E85 and E-diesel). In the long term, ethanol (from both cereals and 
lignocellulosic biomass) should be considered as a source of hydrogen.  
 

 The development of bio power engine technology at GM is among other things driven by 
the ACEA22 commitment to reduce specific CO2 emissions to 140 g CO2/km at 2008. 
Continuous engine development based on conventional fossil fuels application will not 
accomplish this commitment; hence a shift to different fuels is necessary. Bioethanol (i.e. E85) 
is considered to be a renewable, eco-friendly fuel that can be introduced with limited cost 
penalties for the vehicles and limited changes to infrastructure (e.g. tank stations). It, 
furthermore, has the advantage of being a quick solution for short-term perspective and enabling 
parallel development of technologies for long-term perspectives (e.g. fuel cells, hydrogen). 
 
Due to the higher octane number of E85 (104 compared to 98 in case of gasoline) the risk of 
knocking is reduced, hence a more efficient and optimal combustion of the fuel can be realised. 
In Sweden the purchase of bio powered engine vehicles is promoted by providing a 20% tax 
relief for bio power company car owners, free parking in cities and congestion charges relief. 
 

 DaimlerChrysler supports the use of biofuels and is participating in 
demonstration programs to highlight the benefits of renewable fuels. Already their vehicles are 
compatible with spark ignition fuels (e.g. gasoline) with up to 10% ethanol and compression 
ignition fuels (e.g. diesel) with up to 5% biodiesel, provided that the biofuels meet applicable 
specifications. The current quality standards are not yet sufficient with ASTM D6751 
specification for biodiesel (although a good start) not specifying oxidation stability limits and an 
ASTM specification for 20% biodiesel still missing. The National Biodiesel Board BQ9000 
program is an excellent framework to guarantee biodiesel quality.  
 
The Mercedes Car Group is working in cooperation with government and academic institutions 
in India on the use of Jatropha to produce biodiesel for a demonstration fleet. Furthermore they 
are working in cooperation with Volkswagen and Choren in Germany on the development of 
Biomass-to-Liquids (BTL) diesel fuel. The BTL-process is a process that produces high cetane, 
zero sulphur, zero aromatics Fischer-Tropsch diesel fuel. The feedstock to the process can be 
virtually carbon source, such as forestry waste, municipal waste, or purpose-grown crops.  
 
DaimlerChrysler emphasises that although they are working on biofuels, the biorefinery should 
not be constrained solely on the production of biofuels, but should also consider biomaterials to 
be used during car manufacturing.  

                                                
21  Distiller Grains with Solubles (DGS) 
22  The European automobile manufacturers association (ACEA) 
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A.2.2 Existing biorefineries 
This session dealt with the lessons learned from existing biorefineries such as wet and dry corn 
millers, forest products industry, and biomass applications in conventional petroleum refineries. 
The speakers were from Archer Daniels Midland (ADM), Broin Associates23, Arkema Inc., 
Weyerhauser, STFI, Total and Shell. 
 

 Archer Daniels Midland Company (ADM) is one of the world's largest agricultural 
processors of soybeans, corn, wheat and cocoa. With starch and its products still being the core 
product of the industry, ADM focuses on making the production of starch more attractive by 
looking at & developing of markets for co-products of the wet milling process. 
 
 

   
 

Figure A.1 The ADM corn wet milling process 

Beside the current main co-product bioethanol ADM is looking at high-value products from the 
relative inexpensive pure starch stream as well (e.g. chemicals like PLA, 3HP, PHA, polyols or 
succinic, lactic, citric, gluconic and amino acids). Like Cargill and DuPont, ADM is working on 
a new wet mill process, based on the removal of the pericarp and the separation of the germ 
prior to grinding and wetting of the remaining corn. The separated germ and pericarp could be 
further processed for oil and other valuable components prior to incorporation into animal feed. 
 

 Arkema is a world chemical player, operating in Europe, North America and in 
Asia through its 90 industrial facilities and 6 research centres. They are strongly committed to 
sustainable development, which includes the use of renewable raw materials and the 
involvement in biorefineries research. Although renewable raw materials are already used in the 
chemical industry (e.g. castor oil for polyamide 11, glucose for sorbitol & surfactants, glycerol 
for glycerol carbonate, fatty acids for fatty amines, wood for activated carbon, green solvents…) 
a large amount of other chemical products can be obtained from biorefineries based on either 
thermochemical (e.g. biomass gasification or pyrolysis) or biochemical conversion (e.g. 
bioconversion of starch, cellulose or lignin’s).  
 
High value chemicals could be obtained through fermentation (e.g. propane diol, lactic and 
acrylic acid, chiral alcohols, succinic or other di-acids, PHA). Furthermore, conversion targeting 
at highly oxygenated compounds within these biorefineries, in contrast to making biobased 
olefins and reoxiding these olefins, makes sense.  
 

                                                
23  No presentation or further information reported in this memo 
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The to be developed biorefineries should focus on the production of polyfunctional molecules, 
that can easily be transformed into other chemicals, but which are difficult to obtain by a 
conventional petrochemical route. The biorefinery concepts require the development of 
separation methods to obtain the right products hence distillation and membrane technologies 
have to be developed. Due to these separation methods high separation and purification costs 
are probable.  
 

 Existing pulp mills should be evolved into Integrated Forest Biorefineries 
(IFB) that export substantial amounts of renewable, sustainable energy and chemical products 
while continuing to meet the growing demand for traditional pulp, paper and wood products. 
Before the end of the decade, have in place one or more facilities that demonstrate the large-
scale production of power, chemicals and transportation fuels. The IFB consists of three 
important pieces: 
 
�  Sustainable forest productivity 
�  Extracting value prior to pulping  
�  New value from residuals and spent liquors 
 
The forest productivity vision is based on (i) plantations of genetically improved seedlings (e.g. 
the Veracel pulp mill project in Brazil), (ii)  high growth potential and properties tailored to end 
use, (iii)  closeness to biorefineries to minimize transportation and GHG emissions, (iv) 
optimised practices to protect water quality while achieving high productivity, (v) diversity of 
forest types to support landscape, wildlife, recreation and aesthetics and (vi) advanced 
information systems controlling flows to specific processes ensuring full utilization. 
 
By using hot water vessels (LP digesters) to extract soluble hemicelluloses value is extracted 
prior to pulping. Acetic acid is separated, and sugars fermented to fuel grade ethanol24 with 
known processes. Removing the “sugars” improves the throughput potential of existing 
operations. Development of further value includes a “fermentation system” to produce high-
value chemicals as well as ethanol. 
 
By either high (e.g. Weyerhauser mill in New Bern, USA) or low temperature gasification (e.g. 
Georgia Pacific mill in Big Island, USA), new value from residuals and spent liquors can be 
created. Other promising techniques are pyrolysis, hydro treating and hydro cracking. Products 
currently considered are FT liquid fuels, DME/MEOH, mixed alcohols and sulphur. 
  

 Due to steady drop in market pulp prices STFI has been economically optimising the pulp 
mill, initially by introducing co-production of energy and currently co-production of chemicals 
as well. Ongoing activities at STFI include: 
 
�  Lignin separation and utilization  
 (i.e. precipitation, membrane separation, washing, dewatering, fractionation, lignin, phenols, carbon fibres and   
 high quality fuel) 
�  Hemicellulose separation and utilization  
 (i.e. chip leaching, membrane separation, derivatisation, hydro gels, films & specialty chemicals) 
�  Bark and extractives utilization 
�  BLG-CC and BLG-MF25 
�  Upgrading of forest residues 
 
 

                                                
24  Ethanol is at the low end of potential products 
25  Black Liquor Gasification (BLG) with either Combined Cycle (CC) or Motor Fuel (MF) production 
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In the development of pulp mill biorefineries STFI focuses on (i) application of normal wood to 
fibre products, (ii) possible integration with kraft and mechanical pulp mills (iii)  technically and 
economically viable and environmentally sound technical solutions. Possible co-products from 
such a pulp mill biorefinery, and as investigated within the EU-project WaCheUp26, include 
suberin, extractives, carbohydrates and lignin, which can be upgraded to (high-)valuable end 
products, as shown in the figure below. 

 
 

Figure A.2 The pulp mill biorefinery concept considered within the EU-project WaCheUp 

 Total started in 1992 with the production of biofuels and has currently 7 ETBE production 
units in France, Germany and Spain with a capacity of 575 ktonnes/yr. In 2005 in total 900 
ktonnes/yr of biofuels, both ETBE and FAME, were blended. The philosophy of Total is similar 
to that of STFI: bio R&D priorities should focus on broad spectrum of feedstock’s and 
technologies, but have synergies with existing activities. Therefore bio and thermochemical 
processes considered by Total in their “from bio blending to bio refining” strategy include only 
those which: 
 
�  Have end products already existing in their refinery processes 
�  Are technically close to typical refinery processes 
�  Have the potential to produce large volumes 
�  Are technical mature 
�  Apply available feedstock’s 
�  Have economic potential 
 
Current activities include, among others, an unit-feasibility study on hydrotreated biodiesel 
(together with Neste), an R&D partnership with Sofiproteol and the development of gasification 
technology in Germany. 
 

 Shell Global has different bio strategies regarding the short and 
the medium/long term application. On the short term they focus on the production of bioethanol 
(via fermentation, from sugar cane-, corn- or starch-containing crops) and the use of vegetable 
oils to make FAME for diesel applications. On the medium to long term (i) enzymatic 
hydrolysis of lignocellulosic material, (ii) BTL via gasification (black liquor, residuals, MSW), 
(iii) residual biomass (forestry, agriculture) liquefaction and upgrading and (iv) energy crops 
(i.e. switch grass, willow) are considered. All applications fit within the overall bio-refining 
concept presented in the figure below. 
 

                                                
26 The partners within the project are STFI-Packforsk, VTT, Åbo Akademi, University of Aveiro, University of Lund, 
 Chalmers University of Technology, Amorim and University of Minho, with as industrial stakeholders M-Real, 
 Södra Cell, Borregaard, Kemira, Sveaskog, Perstorp, UPM-Kymmene, Korsnäs, Frantschach, Kemira, Raisio Life 
 Sciences and Bakelite 
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Figure A.3 Overall bio refining concept (Shell Global Solutions) 

A.2.3 Biorefinery deployment 
In this session the focus lie on how to overcome non-technical barriers to deployment of 
biorefinery technologies (i.e. financing, permitting, strategic partnerships, technology 
validation). The speakers were from Harris Group, JP Morgan, Hamburg University27 and the 
Austrian Biofuel Institute. In general the financial risks of investing in new technologies in 
general and biorefineries more specific are discussed, considering all kinds of economic as well 
as social aspects.  
 

 In the development of biodiesel worldwide some key development 
areas can be observed. The main key areas are related to the following topics: 
 
�  Feedstock availability: a broader basis and lower costs of feedstock is needed and can be 

obtained by looking at both food and non-food fuels within strategic international 
partnerships  

�  Process efficiency: as only efficient biodiesel producers will succeed production has to 
become sustainable and profitable, hence by utilizing existing and proven process 
technologies for quick implementation and selecting optimal production sites 

�  Fuel quality: accurate biodiesel quality assures market acceptance, hence adopt existing 
and already accepted standards, but by keeping in mind that further improvements are 
needed as well as can be expected 

�  Production development: with European biodiesel production growing fast (e.g. in Germany 
over 1200 Mtonnes in 2004 whereas in 2000 and 2002 it was only 200 and 600 ktonnes) 
quick commercial development will be required  

�  Marketing strategy: appropriate marketing, e.g. aiming at typical market segments like city 
transport, smog regions, drinking water areas etc., provides the opportunity to obtain 
legally enforced usage and hence assures long-term profitability  

�  Diesel engine warranties: up till now engine/car manufacturers show broad acceptance but 
also fierce resistance, hence close co-operation with the car industry is necessary to obtain 
all required support 

�  Legal framework: when legislation is pushing local markets, it creates import opportunities 
for others with feedstock potential, hence legislation cab create attractive market conditions 

�  Information basis: learn from previous experiences, communicate what you learn 
 
In all area barriers have to be overcome simultaneously in order to be able to succeed in the 
final (and fast) development of biodiesel plant. 

                                                
27  No presentations or further information reported in this memo 
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A.2.4 The analysis underlying the biorefinery concept 
In this session the analyses supporting R&D and business investments in biorefinery 
technologies are reviewed. The focus was on both products (including competitiveness of 
biobased products and biorefinery outputs) as well as biorefinery systems (including the overall 
techno-economic analysis of the integrated biorefinery relative to alternative strategies for 
delivery of fuels, power and products). The speakers focusing on products were from 
Novamont, Genencor, Dartmouth Collage, IMAG (WUR) and NREL, those focusing on 
systems from Joanneum Research, NREL, Biorefinery and ECN. 
 
PRODUCTS 
 

 Novamont develops new generations of products deriving from renewable raw 
materials of agricultural origin. An example is the starch-based bio plastic Mater-Bi, which 
includes complex, destructurised, and thermo plastically processable starch. Applications for the 
materials include tires, films, foams, injection moulding etc., for use in composting, packaging, 
hygiene, agriculture, catering etc. As renewable resources are, however, not necessarily at low 
environmental impact, Novamont focuses on the “cradle to grave” approach to evaluate the 
environmental impact.   
 
Hence, the biopolymers from renewable origin not only lead to low environmental impact in 
terms of GHG emissions and energy content as well as reduction of fossil fuels, but are also 
designed to minimize toxicity and disposal problems (i.e. composting, incineration, recycling, 
etc. can be used). Currently Novamont produces 
approximately 35 ktonnes of biodegradable polymers (BDP) 
a year, which is approximately 15% of the worldwide 
production of BDP’s. It should be taken into consideration 
that the current worldwide production of fossil fuel based 
polymers is still approximately 150 Mtonnes/yr, 62% of 
which is polyethylene and polypropylene.  
 

 Genencor International considers biorefinery to be the upgrading of all kinds 
of enzymes to fuel, chemical, polymer and specialty products, however mainly focuses on 
improvements of the grain milling process. The main feedstock and end product remain starch 
grains and ethanol. By both front- and back-end improvements (as shown in the encircled parts 
of the milling process in the figure below), the economics of existing grain mills should be 
improved (e.g. by means of energy savings, capacities increase, valuable co-products, cost 
reductions, …).  

 
Figure A.4 Biorefinery based on the grain milling process 

 
AVERAGE DISTRIBUTION 
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Ad I. At the front-end waste streams from the existing process might be (pre-)treated and, 
after separating possible valuable co-products, converted into bioethanol again 

Ad II. By separating the general ground corn/starch feedstock into more specific feedstock’s 
(starch, oil, protein, fibre) further upgrading to ethanol might become more efficient 

Ad III. At the back-end there’s a potential to transform the existing ethanol industry by avoiding 
the cook, hence reducing the amount of process steps as well as avoiding some side 
reactions 

 

 At Darthmouth Collage, in association with Princeton and Michigan 
State university, several paths by which biomass can make a large contribution to future demand 
for energy services are identified and evaluated. A distinction is drawn between paths with 
either 1 or multiple thermochemical products as well as both (multiple) biological & 
thermochemical products: 
 

Process Scenario Status (07-2005)  Process Scenario Status (July 2005) 
Power (Rankine Cycle) Done  Ethanol / Power (Rankine) Done 
Power (GTCC) Done  Ethanol / Power (GTCC) Done 
Power (GTCC) – no dry Begun (July)  Ethanol / Hydrogen Done 
Hydrogen Done  Ethanol / Power (GTCC) / Protein Done 
   Ethanol / Power / Protein (1 extract.) Not begun (July) 
Process Scenario Status (July 2005)  Ethanol / FT liquids / Power Done 
FT liquids / GTCC Power Done  Ethanol / FT liquids / Protein Done 
FT liquids / Power / Protein Done  Ethanol / FT liquids / CH4 Done 
DME / GTCC Power Done  Ethanol / FT - purchased power Begun (July) 
GTCC Power / Protein Not Begun (August)  TBD (dilute acid pre-treatment) Begun (July) 

 
The following working hypotheses are supported by the results obtained so far: 
�  The most cost-effective scenarios feature biological processing  
 �  One cannot afford not to biologically process the carbohydrate fraction of biomass 
�  However, post biological thermochemical processing is very important  
 �  Responsible for processing ~ 40% of the energy in the original feedstock 
 �  Adds substantially to efficiency, revenues, greenhouse gas displacement 
 �  Strong thermodynamic synergies with biological processing 
�  Production of ethanol with (several) co-products can be cost-competitive with gasoline 
 

 To develop technologically sustainable routes, the whole chain from 
biomass, its (pre-)treatment and conversion to products should be examined. Products include 
transportation fuels and energy as well as defined chemical intermediates and products. The 
latter ones might specifically be interesting as biomass has the advantage that it can be 
converted to fictionalised chemicals, without major enthalpy differences as can be observed 
when obtaining the chemicals from naphtha (e.g. diamines).  
 
Economical production routes of chemicals from biomass require large-scale substitution of 
bulk chemicals and connection to current approaches of the petrochemical industries to convert 
crude oil into chemical building blocks. Some examples of so called fictionalised chemicals that 
are the first candidates for substitution are 1,2-ethanediamine (feedstock for rubber chemicals, 
pharma, lubricants and detergents) and 1,4-butanediamine (feedstock for polymers e.g. nylon-
4,6). Genetic modification of plants will increase the potential of biomass to chemicals because 
of increase of the concentration of the actually present biochemical’s but even more so of 
chemicals new to the plant.  
 
It should also be addressed that small scale (pre) processing of the biomass, despite the 
disadvantage of economy-of-scale, can give advantages over large scale processing because of 
less transportation costs but also because of the opportunity to use integrations that can not be 
used on large scale. These integrations will have high efficiencies of energy utilization but and 
can improve social or organizational levels. 
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SYSTEMS 
 

 The green biorefinery concept investigated at 
Joanneum Research (see figure) applies sustainable 
technologies for gaining valuable products (e.g. lactic 
& acetic acid (LA & AA), fibres) from biomass before 
processing the remaining biomass for energy 
production. The R&D focuses on implementation of 
decentralized, flexible small-scale units including 
“conventional” energy production processes (e.g. 
biogas production). 
 
The preliminary economic evaluations for a pilot scale plant are positive and on a technical 
point of view the processing of the liquid fraction obtained from pre-treatment & pressing of the 
biomass on a lab scale has been demonstrated, with yields for LA and crude protein of up to 105 
and 113 kg/tonneDM (maximum recovery rates of 86 and 58%). Optimisation, however, will be 
necessary.  
 

 The integrated biorefinery concept NREL focuses on consists of a biochemical and a 
thermochemical route, biochemical for processing carbohydrates and thermochemical for non-
fermentables. The mid- and long-term biorefinery pathways consider: 

 
Figure A.5 Mid- and long-term biorefinery pathways (NREL) 

They mainly examine potential pathways to an integrated biorefinery from current technologies 
hence their main focus is on: 
 
�  Evolving from dry mill to fully integrated cellulosic biomass to fuel & chemical biorefinery 
�  Introduction of cellulosic conversion steps 
�  Building the bridge from corn to cellulosic biomass conversion through the farmers 
�  Positioning the current industry to be the flagship of the future 
 

 The development of biorefineries at Biorefinery.de is done by means of two current 
demonstration projects in North and Middle Europe, i.e. the 25 ktonnes/yr green biorefinery in 
Brandenburg, Germany (costs 5 M€ incl. R&D) and 20 ktonnes/yr lignocellulose feedstock 
(LCF) biorefinery in Mývatn, Iceland (costs 10 M€ incl. R&D). These biorefineries, presented 
graphically in the two figures below, combine necessary technologies between biological raw 
materials and the industrial intermediates and final products.  
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Figure A.6 Green (G) and Ligno Cellulose Feedstock (LCF) biorefineries (Biorefinery.de) 

With an annual production of 7 million litres ethanol the Icelandic ethanol-oriented biorefinery 
(demonstration plant) is profitable. This small scale ethanol-oriented LCF-biorefinery can be 
profitable as the European Commission supports the R&D, but also because Iceland has a very 
efficient and low price non-fossil energy market (geothermic energy). Hence, energy-intensive 
processes (e.g. acid recovery) are so economically and environmental-friendly. 
 
In order to enter the phase of development of industrial biorefinery technologies and biobased 
products, some progresses still have to be made. For example the production of substances on 
the base of biogenic raw materials in the ordinary plants of production of cellulose, starch, 
protein, sugar and oil has to be increased. Furthermore, the commitment of the chemistry, 
particularly the organic chemistry, for the concept of biobased products and biorefinery systems 
has to be obtained. It will be necessary to force the combination of biological and chemical 
conversion of substances as well as to introduce and establish biorefinery demonstration plants. 
 

 Based on current country reports it can be concluded that Europe will not reach 
the directive goal of replacing 2% diesel and gasoline consumption by the end of 2005. At the 
end of 2005 the substitution will be about 1.5%, mainly because some large consumers reach 
the 2% target. In the Netherlands there are only a few small-scale demonstration projects, 
producing some 4 million litres of diesel and Straight Vegetable Oils (SVO). The focus is more 
on second-generation biomass transportation fuels, in which gasification-based biosynfuels (i.e. 
Biomass-to-Liquids, BTL) will become very important. 
 
According to ECN it’s essential to focus on woody and grassy biomass (i.e. 70-90% of the 
biomass globally available) and, after specific pre-treatment, convert them in large-scale 
biosyngas plants, based on modified coal technology (e.g. slagging entrained flow gasification). 
At ECN several biomass conversion chains have been identified and modelled, based on several 
pre-treatment (i.e. direct milling, torrefaction, flash pyrolysis, low-temperature gasification) as 
well as transportation/import options (i.e. wood chips or pellets, pyrolysis oil/char slurry, 
torrefied wood pellets and Fischer-Tropsch crude). 
 
The (preliminary) modelling results of these chains demonstrate that the chain with the highest 
overall energetic efficiency does not produce biosyngas at the lowest costs, mainly because of 
the transportation costs of biomass. Due to the relatively high costs of transportation, 
densification of the biomass at the cost of overall energetic efficiency (e.g. torrefaction, 
pyrolysis) makes sense. For example, based on large-scale (i.e. 8 GWth biosyngas) entrained-
flow (EF) gasification of wood chips the total biosyngas costs are estimated at approximately 
10.7 €/GJ, whereas with densification of the biomass before transportation costs can be reduced 
to approximately 8.7 €/GJ. 
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A.2.5 Establishing biomass R&D priorities 
In this session methods used by U.S. and European industry on identifying biomass R&D 
priorities and R&D investment decisions are presented. The speakers were from DuPont, UPM-
Kymmene, EuropaBio and UOP28.  
 

 DuPont has evolved from its heritage as a premier chemical and materials company 
to a science company that also uses biology across its different platforms. It has set a 2010 
objective of having 25% of their global revenues from non-depletable resources and 10% of the 
energy needs from renewable sources.  As part of this transformation, DuPont has an integrated 
corn biorefinery (ICBR) platform technology program that is under development via a 
collaboration with the DOE, NREL, John Deere, MSU, and Diversa along with other 
downstream opportunities including DuPont's biobased, Sorona® Polymer. 
 

 Biorefinery concept is largely integrated already in the present forest industry, where 
multiple products portfolio is one of the key assets for modern European forest industry. Several 
hundreds of various products are on the market today. Concern on fibre availability, climate 
change implications and competitiveness are the mega trends for the European forest industry. 
The global competence is challenging the European forest industry, which calls for development 
of the existing way to operate and development of totally new business concepts. 
 
Meeting the future challenges has created a new RTD activity that is called the European Forest 
Industry Technology Platform. The target of the vision paper for 2030, which has recently 
published, is to integrate forest industry related industry for the future challenges. New 
businesses like biorefinery and advanced bioenergy opportunities will also be included to the 
platform. Biorefinery approach calls for significant transformation for forest industry. The 
successful realizations can be done only by intensive co-operation in European and global forest 
industry linked stakeholders. The international co-operation includes also the global markets 
and raw materials for the biomass based industry, in harmony with various industrial sectors and 
public bodies. Horizontal integration to possible co-operation partners outside the traditional 
forest industry is an important prerequisite.  

A.2.6 Opportunities of biorefineries 
This session focused on the opportunity of biorefineries, the core of biorefineries in long-term 
industrial strategies, and how to resolve misconceptions surrounding biomass. The speakers 
were from Utrecht University, the Natural Resources Defense Council (NRDC), Argonne 
National Laboratory28 and VTT.  
 

 When evaluating the future global biomass availability it can be concluded that 
a major contribution of bioenergy to global energy supply is possible, although major transitions 
are required in order to exploit potentials, food production systems & rate of deployment in 
DC’s should be improved and marginal/degraded land & biomaterials have to be used. The 
overall picture in 2050 of potential bioenergy supply29 will be somewhere between 250 and 500 
EJ30. The growing bioenergy demand and international supply chains create unique 
opportunities for biomass producing regions. Overexploitation should, however, be avoided and 
fair-trade principles implemented, as is discussed within IEA Task 40 on Sustainable 
International Bioenergy Trade (http://www.fairbiotrade.org). 
                                                
28  No presentations or further information reported in this memo 
29  Based on expectable scenario’s, not considering the most pessimistic (i.e. no land available for energy farming, 
 only utilisation of residues) as well as most optimistic scenario (i.e. intensive agriculture concentrated on the better 
 quality soils)  
30 Some 100–300 EJ from agricultural land, 60–150 from marginal lands, 15–70 from residues agriculture, 30–150 
 from Forest residues, 5–55 from dung and 5–50 from organic wastes 
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The current key markets for biomaterials in Western Europe are pulp and paper (34 Mton), 
chemicals (e.g. 20 Mton ethylene, 34 Mton biobased polymers, 2 Mton fibre-reinforced 
composites, 4 Mton acids & solvents and 5 Mton lubricants) and construction materials (e.g. 80 
Mton sawn timber, 1 Mton engineered wood products, 52 Mton insulation and 40 Mton 
fibre/boards). 
 

As an example of a biorefinery plant the 
Utrecht University presents a multi-
functional Poly Lactic Acid (PLA) 
biorefinery system in Poland. As biomass 
it uses wheat or SR wood, while producing 
bioenergy (heat and electricity), by-
products (gypsum, fodder and products 
(PLA packaging or fibres). In general, the 
key concepts for large-scale bio refining 
are:  
(i) Improved systems connected to 

forestry and paper & pulp industry  
 (i.e. transport fuels, paper, power  
 and construction),  
(ii)  Biochemical systems with ethanol as 

key output  
 (i.e. transport fuels, plastics, power 
 and chemicals), 
(iii)  C1-chemistry based on gasification  

(i.e. co-use with fossil fuels, transport  
 fuels, chemicals and power). 

 
When developing bio refining focus should be on large scale and flexible concepts (with respect 
to feedstock and outputs). The costs on shorter term are perhaps less important… Furthermore, 
combination of biomass and fossil fuel fed conversion platforms offer strong flexibility and can 
respond to CO2 price up to negative emissions with climate change solutions. 
 

 The main drivers in Europe for implementing bioenergy are the EU White Paper (i.e. 
6 �  12 % renewable by 2010), directives on RES-electricity, CHP and biofuels and the landfill 
directive for urban and industrial waste. When looking at the renewable energy penetration in 
the UE15 in 2010, woody & agro biomass as well as waste will be the main contributors to the 
amount of bioenergy (far more than the other options like wind, solar, hydro and geothermal). 
 
In the future it will be necessary to have integrated biomass processing plants, and therefore 
VTT is performing RTD&D on several biorefinery concepts, with as criteria for successful 
RTD&D that there should be (i) market demand (ii)  novel innovations (iii)  convincing road map 
to markets. The biorefinery concepts focus on multiple products (i.e. fuels, power, heat, 
chemicals, fibre products and/or material products) from renewable sources by numerous 
conversion steps (i.e. gasification, pyrolysis, hydrolysis, extraction, refining, fractionation, 
catalysis and biotechnology). 
 
In case of biorefinery concepts for transportation fuels there are several active business sectors 
(e.g. agro-industry[a], utility power plant[b], biomass import[c], urban waste[d], forest industry[e], 
oil refinery[f ]) as well as several (business relatable) products (i.e. EtOH[a,c,d,e], RME 
biodiesel[a], biogas[a,d], FT-diesel[b,c,e,f ], MeOH[b,c,e], SNG[b,d,f ], biodiesel[d], H2

[b,c] and synthetic 
biodiesel[f ]). 
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Figure A.7 Pathways of fuels & energies in transport use (VTT) 
 
The options for the forest industry are benefit of raw material; biorefinery and large-scale 
operation, hence produce from (initially) forest biomass (and in the future in future also urban 
waste and straw) products that can be used in the existing (conventional) industry (i.e. pellets, 
bio crude, EtOH/MeOH, SunDiesel) while producing co-products (e.g. paper and market pulp, 
bio power) as well. 
 
Integrated Biorefinery concepts give opportunities to reduce biofuels production costs. Biomass 
availability and competition to power generation however set limits to future capacities. In 
Southern hemisphere forest plantations offer additional opportunities for local synfuels 
production at mills producing market pulp. For both solid biomass and black liquor, the co-
production of IGCC power with feedstock cost (10 – 15 €/MWh) becomes profitable when 
bioelectricity reaches value of 35 – 40 €/MWhe. Co-production of pyrolysis oil and pellets is 
competitive at the current oil price. For a biomass feedstock price in the range 10 – 15 €/MWh, 
co-production of syngas-derived transportation fuels is estimated to be competitive provided 
that the liquid biofuels are granted exemption from excise duty (the CO2 abatement costs are, 
however, fairly high > 50-100 €/t of CO2). 

A.2.7 Technical R&D overviews 
These (multiple) sessions were related to the technology advances in thermochemical and 
sugar’s platform, the opportunities for biorefinery integration (with a focus on both industry as 
well as R&D and policy) as well as to the technology advances and capabilities to sustainably 
meet the combined U.S. DOE and Department of Agriculture goal of supplying 1 billion tons of 
biomass feedstock at $35/ton cost target (without taking away biomass from competing 
demands for food and other uses).  
 
The speakers focusing on thermochemical aspects were from Växjö University, Choren 
Industries, NREL, Volvo, Volkswagen, UOP and Navigant31, those focusing on production and 
feedstock’s from the Center for Novel Agricultural Products (CNAP), USDA, the Centre for 
Renewable Energy Sources (CRES), SUNY–ESF, MeadWestvaco Corporation31, the Idaho 
National Laboratory (INL) and the Centre Wallone de Recherches agronomiques (CRA-W). 
Speakers from the Danish Center for Biofuels (Biocentrum), Elsam, Tecnia, Lund University, 
USDA-FPL, Purdue University and NREL 31 emphasized on the sugar platform subject. 
 

                                                
31  No presentations or further information reported in this memo 
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THERMOCHEMICAL 
 

 The Växjö University is involved in the Chrisgas project32, in which the existing 18 MWth 
biomass-fuelled pressurized air-blown gasification combined cycle CHP plant at Värnamo will 
be refurbished to an oxygen gasification plant in order to produce a hydrogen-rich gas. This 
hydrogen-rich gas can be the feedstock for several second-generation biofuels (e.g. cellulosic 
ethanol, methanol/DME, Fischer-Tropsch fuel and hydrogen). The objective is to demonstrate 
the production of a clean hydrogen-rich synthesis gas (within a 5 year period at 18 MWth, 3 500 
mn³/hr H2 equivalent) based on steam/oxygen-blown gasification of biomass, hot gas cleaning 
and steam reforming of tar and light hydrocarbons, including CH4. The plant rebuild is 
scheduled for 2006–2007. Raw syngas from the VBGC plant is foreseen in 2007, with syngas 
and potential GTL products for fleet tests after 2007. The VVBGC should act as a training 
centre and perform customer RTD work on i.e. gas cleaning, liquid fuels, fuel cells and H2. 
 

 Not all biofuels considered by the EU are equally suitable for 
automotive applications. Bioethanol and bio ETBE use as blends in conventional fuels is limited 
to 5 and 15%, whereas ester biodiesel blending in diesel is also restricted to 5%. Choren 
Industries focuses on the production of biodiesel from the Biomass-To-Liquid (BTL) 
technology, which can substitute up to 100% of conventional diesel in diesel fuel. This synthetic 
BTL diesel furthermore has a significantly lower overall CO2 emission than conventional 
(bio)diesel. 
 

 
 

Figure A.8 Overall CO2 emission conventional diesel, biodiesel and synthetic BTL diesel 
 
The BTL diesel “SunDiesel” made by Choren doesn’t require changes to infrastructure, it can 
be used pure or as blend in all diesel vehicles. Furthermore it’s renewable, CO2 neutral and has 
no measurable sulphur or aromatic content, hence also less NOx & SOx emissions (< 30 – 50% 
compared to fossil fuel diesel). It furthermore has a 3 to 6 times higher yield per acre that 1st 
generation biofuels.  
 
The BTL process is based on a three-phase gasification process (low-temperature gasification 
followed by Carbo-V gasification), with gas treatment, Fischer-Tropsch synthesis and hydro 
cracking. With the first SunDiesel produced with the a-plant Carbo-V gasifier in corporation 
with DaimlerChrysler and Volkswagen, the currently constructed 45 MWth b-plant (on-stream at 
the end of 2006) should produce 16,5 million litres of SunDiesel a year. A 750 MWth plant is 
foreseen at the end of 2009. 

                                                
32  The Chrisgas partners are Växjö Värnamo Biomass Gasification Centre (VVBGC), AGA-Linde, Catator, KS 
 Ducente, Royal Institute of Technology (KTH), S.E.P. Scandinavian Energy Project, TPS Termiska Processer, 
 (Valutec),Växjö Energi, TK Energi, Valutec, FZ Jülich, Linde, Pall Schumacher, University of Bologna, Technical 
 University Delft and CIEMAT 
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 According to NREL the mature integrated biorefinery must include biological and 
thermochemical conversion and should focus on maximizing efficiency of biomass (and land) 
utilization. The thermochemical conversion of biomass can lead to a broad amount of fuels and 
chemicals, as shown in the figure below, but requires stringent gas cleanup for a complex and 
variable syngas. Techno-economic analysis has shown that cleanup and conditioning of 
biomass-derived syngas has the greatest impact on the cost of clean syngas. The gas cleanup and 
conditioning technologies and systems are unproven in integrated biorefinery applications. 
 

 
 

Figure A.9 Summary of Syngas-to-Liquids Processes (NREL) 
 
Chemical contaminants in biomass-derived syngas as ammonia, chlorine, sulphur, alkali metals, 
particulates and especially tars make further conversion difficult, hence sophisticate gas cleanup 
is required. Gas cleanup and conditioning strategies are often based on catalytic reforming to 
convert tars and produce a clean syngas from a range of biomass feedstock. Catalytic steam 
reforming of biomass gasification tars is being demonstrated using commercial and developing 
catalysts.  
 
NREL uses a 150 kWth thermochemical pilot development unit in order to demonstrate the 
removal of contaminants from raw biomass syngas to meet the gas cleanliness requirements of 
commercial and developing fuels, chemicals, and heat & power processes. Technical goals of 
current research project on gas cleanup and conditioning are the determination of deactivation 
kinetics and steady-state conversion efficiency. Bench and pilot-scale efforts are aligned to 
determine optimised reforming catalyst performance and provide technical data for design of 
regenerating tar reforming reactor and refined techno-economic analyses. 
 

 According to Volvo the drivers for change in energy supply are 
(i) climate change and greenhouse gas emissions, (ii) availability of energy resources (crude oil 
in particular) and projected increasing demand, (iii) security of supply, (iv) emissions, regulated 
and unregulated and (v) urbanization, congestion and noise. Looking at emission reductions 
over the past years, all gaseous emission components will soon reach “sustainable” levels except 
CO2, hence this should be our future challenge. Therefore fuel alternatives are evaluated on an 
well-to-wheel energy efficiency and CO2 emissions, as well as on availability of sustainable 
resources, well-to-wheel regulated and unregulated emissions, economy & infrastructure and 
some other considerations (e.g. energy density, safety and health, political environment, 
customer perceptions, …). The results of a broad ”Well-to-wheel” analysis by Volvo are 
presented in the figure below. It showed that black liquor to engine fuels are an ideal use of low-
grade biomass, as it can produce a good fuel (concerning driving distance per year and hectare) 
at low costs (i.e. below current pump price and well below costs of ethanol from wheat or wood 
and methanol by biomass gasification). 
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Figure A.10 Well-to-wheel analysis (Volvo) 
 
Therefore, within the RENEW project the technical and commercial impact of locating a small 
BLGMF plant at a pulp mill will be determined, based on the key input from work at four 
locations, being (i) Chemrec´s development plant under construction in Piteå (Sweden), (ii) 
Södra Cell’s pulp Mill in Mörrum (Sweden), (iii)  STFI laboratories and (iv) Volvo Engine 
Development Laboratories. The goal is to start production of DME and its delivery to vehicles 
at the end of 2008.  
 
 
PRODUCTION & FEEDSTOCK’S 
 

 At CNAP (York University) a difference is made between green and white 
biotechnology, with green biotechnology technologies applying to plants, building on the 
science of biology and post-genomic technologies (i.e. at the gene, protein, metabolite and 
cellular level) and white biotechnology relating to industrial-scale fermentation applications (i.e. 
involving microbial cells and their molecular components). Their goal: sourcing and optimising 
raw materials, providing new alternatives for agricultural land-use using plant-derived waste 
(farming, forestry and food) to build value designing and optimising enzymes for bio 
processing. The composition and organization of plant cell walls have evolved to resist precisely 
the processes needed for efficient, cost-effective bio refining (e.g. cellulose is partially 
microcrystalline, hence inaccessible, whereas lignin increases inertness, insolubility and 
resistance to microbial enzyme attack). 
 
Sustainable production of biofuels and biochemical’s can be improved by well-thought bio 
refining, hence combining (i) substrate generation (i.e. improving substrate accessibility by 
biomass pre-treatments and designer solvents), (ii) biocatalysis (i.e. enzyme discovery/design to 
force evolution) and (iii) product generation (i.e. microbial cell engineering and fermentation). 
 

 When applying crop residues as feedstock for biobased products the actual 
sustainability should be investigated as biomass harvest for biofuel production can degrade the 
long-term productivity and function of the nation’s soils. Therefore USDA is involved in an 
ARS national program 202 that focuses on the construction of algorithm(s) to determine the 
amount of corn stover that must remain on the land for sustainable production and develops 
management strategies supporting sustainable harvest of residue. The outcome should be a 
bioenergy and biobased product production system that significantly contributes to US energy 
independence, reduces greenhouse gas emissions, and supports rural communities without 
degrading soil resources. 
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 At INL the feedstock assembly for a billion tons33 of biomass plant (either on the 
syngas or sugar platform) is evaluated with the goal to deliver biomass at the cost of 30 – 35 
$/ton.   The assembly will contain harvest and collection steps, as well as transportation, storage 
and biomass pre-processing. All crops are multi-use. Furthermore multiple crop specific 
depots/refinery will have to exist, tailored to the specific crop and region as well as its specific 
market. The product of these specific depots/biorefineries is a common cellulosic feedstock 
with: 
 
�  Major feedstock classes (i.e. woody or herbaceous) 
�  No biomass segregation of similar composition or from different regions (i.e. blending) 
 
Within the feedstock assembly transportation has been identified as a key factor: it is one of the 
largest cost elements. However, the transportation infrastructure is considered to be fixed and 
must be used as is. Within the DOE feedstock roadmap no R&D on transportation infrastructure 
is performed. The R&D is restricted to optimising the utilization of the transportation 
infrastructure (i.e. collection, pre-processing, system integration). 
 
By system integration new and existing feedstock supply infrastructure subsystems should be 
modelled in detailed, including TEA and LCA. An overall feedstock supply system simulation 
tool to optimise feedstock assembly options for platform interface will be developed and market 
and policy barriers associated with establishment of the feedstock supply system on both the 
macro and micro scale will be identified. 
 

 In the EU there’s a broad variety in 
research projects focusing on feedstock 
production for biorefineries. Considering 
the renewable raw materials a difference 
can be made between residual biomass 
and non-food crops (as shown in the 
figure), as they have different research 
strategies. 

 
Residual biomass relates to existing organic components, which composition is not flexible. The 
focus in research is on identification of outputs and improvement of processes (added value), 
whereby the raw material conditions the final process. The short-term research specifically 
focuses on increasing knowledge on available resources and physicochemical characteristics, 
improving logistics and pre-treatment as well as trying to understand socio-economic and 
environmental impacts. 
 
In case of non-food crops the focus is on cost reduction of raw materials supplied to industries. 
First, traditional agricultural productions for non-food applications (sugar beet, cereals, oil 
plants) are considered, second, dedicated crops for non-food applications (oil, sugar, 
lignocellulose crops). The specific short-term research priorities are (i) improving knowledge on 
crops biochemistry, molecular biology and genetics to increase mass yield, energy or valuable 
components contents, (ii)  agronomic practices (soil protection, environmental impacts, farmers 
income, CO2 balance, pest and diseases), (iii) improving pre-treatment methods to increase 
chemical and energy densities and (iv) trying to understanding socio-economic, agricultural 
policy and environmental impacts. 
 
The overall research objectives are to reduce feedstock price supplied at the factory gate to 
reduce environmental impact and to ensure reasonable income for feedstock producers. 

                                                
33  1.3 billion tons of biomass a year should displace 30% of the fossil fuel consumption in the U.S. 
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In order to fulfil these objectives the main orientations are on increase of biomass yield through 
crops management (i.e. fertilization, irrigation, plant density, genotypes comparison, sowing 
time, harvesting period), on lignocellulose plants followed by oil plants and on considerable 
activity to adapt new crops to the Mediterranean area conditions (i.e. climate, soil). 
Furthermore, a lot of work is done on the reduction of harvesting cost (e.g. improve logistics 
and mechanical harvesting of forest products and lignocellulose crops and GIS to improve 
residual biomass main supply and analyse land availability/competition) and reduce 
environment impact (e.g. CO2 balance calculation and waste water for irrigation). 
 
It can be concluded that the biomass feedstock research mainly driven by energy markets (i.e. 
green electricity, green certificates, liquid biofuels directives, heat) and not yet by bioproducts 
markets (i.e. niche markets like bio lubricants, biopolymers, bio fibres). Extremely limited 
attention is paid to economic quantitative impact of research results obtained on new crops. 
There is (with the exception of oil plants) not enough research on plant fundamental 
biochemistry and genetics and on specific components increased content (e.g. understand lipids 
metabolism or influence of cell walls metabolism on fibre quality). 
 
 
SUGAR’S PLATFORM 
 
 

 

Biocentrum
 Within the bioethanol production the technical barriers are related to (i) pre-

treatment (e.g. high sugar recovery of high biomass concentration with low environmental 
burden), (ii) hydrolysis (e.g. high enzymatic hydrolysis with low enzyme loading at high 
biomass concentration), (iii) fermentation (e.g. high ethanol yields and productivity of all sugars 
at high sugar concentrations) and (iv) value-adding products (e.g. recovery of valuable products 
from non-carbohydrates left after bioethanol production). Considering the current 
lignocellulosic fermentation as presented in the figure below, the goals should be to 
reduce/eliminate the washing and detoxification steps by applying enzymatic hydrolysis instead. 
 

Lignucellulose

Organism??? 
Enzyme

Yeast
Zymomonas

  
 
Figure A.11 Improving current bioethanol process with the Maxifuel concept (Biocentrum) 
 
At the Danish Center for Biofuels (Biocentrum) they develop Maxifuels, a biorefinery designed 
to maximize the use of lignocellulosic raw material and the recycling of all materials. It requires 
a pre-treatment process for high dry matter concentrations of biomass whereby the original 
sugars get released when adding enzymes. The outcome of the pre-treatment is a glucose yield 
of up to 95% and a xylose yield of up to 90%. The SSF fermentation is based on mesophilic 
fermentation. No detoxification is required. The thermophilic fermentation is a process where 
all sugars are converted simultaneously into ethanol with high yield and productivity. The 
ethanol is removed in-situ. In the anaerobic treatment section bioethanol effluent is converted 
into biogas. Undigested fibres and lignin compounds are recycled back or taken out. 
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 Elsam are working on a EU project concerning the co-production of biofuels. The 
objectives are the development of a cost and energy effective production system for bioethanol 
and electricity based on integrated utilization of lignocellulosic feedstock’s and conventional 
sugar/starch feedstocks co-located with combined heat and power plant. The Integrated Biomass 
Utilization System (IBUS) is shown graphically in the figure below. 

 

 
 
Figure A.12 The Integrated Biomass Utilisation System IBUS (Elsam) 
 
The system should handle both whole grain crops and MSW as feedstocks and should have a 
continuous pre-treatment method for 20-25 t/h of straw. Thermophilic microorganisms are used 
for conversion of C5 and C6 sugars. Together with feasibility studies on different combinations 
of feedstock’s the pilot plant date should lead to the design of an IBUS plant with a capacity of 
over 100,000 t/y of bioethanol.  
 

 Tecnia is one of the partners in the – not yet granted but already started – 
European research and demonstration project ECOREFINE. The project is dedicated to biomass 
bio refining and transformation into several valuable and commercial products, from biofuels to 
many chemicals. Several issues as the difficult balance of emissions, the management of natural 
resources, and the preservation of environmental heritage are some of the long-term objectives 
and focus. 
 

 
 
Figure A.13 Basic LCF chemical tree considered within the ECOREFINE project (Tecnia) 
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 In a two-steps diluted acid- and enzymatic hydrolysis pilot plant (capacity of 2 tons of 
dry substance / 500 l ethanol per 24 hours) in Örnsköldsvik (Sweden), the Lund University is 
investigating the possibilities of using yeast as a feedstock’s in a biorefinery. Yeast is the oldest, 
“largest” and robust industrial organism used in, among others, bakeries, breweries, chemical 
industries, etc. Possible yeast products are acetaldehyde, acetate, amines, antioxidants, aromatic 
compounds, ethanol, flavour compounds, folate, glycerol, lactic acid, organic acids, probiotics – 
neokestone and xylitol. 
 

 At USDA’s Forest Products Laboratory (FPL) they’re working on bio refining sugars 
from hardwoods in order to add value to conventional pulping processes. By hydrolysing wood 
part of the wood will be converted into hemicellulose hydrolysate, which can be fractionated 
into lactic acid and hemicellulosic sugars, the latter ones being a suitable feedstock for ethanol 
and PHA. The remaining cellulose from the hydrolysis still can be used for kraft pulp or other 
(conventional) products.  
 
The novel (pre-)hydrolysis process developed, and which works on hardwoods and softwoods, 
uses a vapour phase reactant, which enables recovery of the hemicellulosic sugars in high yield 
and leaves the cellulosic fibre largely intact, hence does not create significant degradation 
products. The FPL process saves refiner energy, provides a fermentation feedstock and produces 
stronger pulps and by doing so has some major advantages above other bio refining pre-
treatment processes based on dilute acid, auto hydrolysis, ammonia/base, organosolv and 
sulphite (i.e. fibre degradation, slow reaction/ high temperature, degradation and condensation 
products, expense). 

A.3 Closing remarks 
The workshop analysed current progress, barriers, and policies related to the development of a 
biorefinery in both the U.S. and Europe. Many similarities were found in terms of goals and 
technical barriers. However, strategies to achieve goals differ in some ways. Following each of 
the sessions, participants were asked to describe major observations34.  

A.3.1 Observations on U.S. and E.U. R&D focus and future direction 
Although process steps (e.g. pre-treatment, enzymatic processes, etc.) are improving 
independently, better integration is necessary in the future. Sugars R&D priorities are similar 
between the U.S. and the E.U., there is a need for better integration between sugar and 
thermochemical pathways and increased technology transfer by scientific exchanges. The U.S. 
needs to learn from the process in the E.U. of making long-term multi-year R&D commitments. 
Better coordination is needed with respect to fuels standards and gasification/clean-up processes 
and with regard to feasibility analysis. There may be opportunities for the U.S. and the E.U. to 
jointly invest in capabilities that can accelerate biorefinery technology. 

A.3.2 U.S. and E.U. opportunities for coordination 
There needs to be more coordination between the U.S. wet and dry mills and the European 
Union chemical industries. Integration between U.S. biorefineries (primarily focusing on 
production of ethanol) and E.U. biorefineries (focusing on syngas fuels and biodiesel) has to be 
improved. Further integration in the production of products and power is needed. Future 
workshops should focus on specific research platforms and policy areas. More coordinated 
round robin testing of various stages in sugar production in lignocellulosic biorefineries and 
improvements of interaction on systems analysis is needed, specifically analysis in planning and 
budget and differences in perception of analysis between industry and government. 

                                                
34  From the feature article “Successful Biorefinery Workshop Held in Washington, D.C.” dated August, 2005 and 
 published by the Biomass Research & Development Initiative (http://www.bioproducts-bioenergy.gov) 
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A.3.3 Deployment paths to commercial markets 
There is a need to have a balance between R&D focus and deployment focus to create a 
sustainable industry. When attempting to bring new technologies to the market, identifying 
investment-grades engineers and possible sources of financing are difficult but critical early on. 
Developers need to focus the development of products or intermediates on what the customer 
wants, targeting niche markets. There needs to be long-term networking for demonstrating 
whole chain systems including social, economic, and environmental aspects and public 
acceptance. Furthermore, there needs to be long-term incentives for thermochemical production 
and investments in technologies.  
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Appendix B Biofuel/chemicals markets and prices35 

 
Chemical Uses Current market 

(Mlb/yr) 
Market price 

($/lb) 
2020 market 

(Mlb/yr) 

Lactic acid derivatives 
Lactic acid  Acidulant (food, drink), electroplating 

bath additive, mordant, textile/leather  
<5 (industrial uses) $0.70-0.85 Expect GDP-

like growth 
Polylactide Film and thermoformed packaging, 

fiber and fibrefill applications  
Packaging: 21,289 

Fibre/fibrefill: 2,769 
$0.30-1.50 8,000 

Ethyl lactate Solvent or as chemical intermediate 8,000-10,000 $0.30-1.80 >1,000 
Acrylic acid 
 

Acrylates (coatings, adhesives) 
co monomer, super absorbent 
polymers, detergent polymers 

2,000 
 

$0.48 Will require 
technology 

breakthrough 
Propylene glycol Unsaturated polyester resins (surface 

coatings, glass fibre reinforced resins), 
antifreeze, solvent, humectant, 
plasticiser manufacturing, hydraulic 
brake fluids, non-ionic detergents 

1,100 $0.39-0.48 Will compete 
against 

petroleum-
based as well as 

biobased PG 
Pyruvic acid  Ethyl pyruvate, sodium pyruvate Small High Not projected 
1-amino-2-propanol  Unknown Unknown Unknown Unknown 
Lactonitrile  Unknown Unknown Unknown Unknown 
Lactic amide Unknown Unknown Unknown Unknown 
2,5-dimethyl-1,4-dioxane  Unknown Unknown Unknown Unknown 

Succinic acid derivatives 
Tetrahydrofuran (THF) Solvent and key ingredient of printing 

inks, adhesives and magnetic tapes 
255 $1.55 >50? 

1,4-butanediol (BDO) 
 

THF, GBL, solvent, polybutylene 
terephthalate, coating resins and 
chemical/pharmaceutical intermediates 

680 $0.65-0.90 >30? 

g-butyrolactone (GBL) 
 

Solvent, 2-pyrrolidone, n-vinyl-2- 
pyrrolidone, polyvinylpyrrolidone, 
agrochemicals, pharmaceuticals, dyes, 
textiles finishing, printing, epoxies 

105   

n-methyl pyrrolidone (NMP) 
 

Chemical selective synthesis solvents 
(paint removers, polyimide coatings, 
aromatics/acetylene/butadiene extract.) 

80 
 

$1.34 (reclaimed) 
$1.85 (virgin) 

 

Could be 
displaced by 
ethyl lactate 

2-pyrrolidone  Plasticiser/emulsifier, selective solvent 
(acetylene, acrylonitrile production), 
process solvent (pharm. manufacture) 

>65 Unknown  

Road: 200 $0.02 Herbicide ingredient 
Airport: 10 $0.46-0.88 

100% of airport 
de-icers ? 

Succinate salts 

De-icing compounds Small Unknown Small 
Bionolle 4,4 polyester Thermoplastic polymer applications  25,000-60,000 $0.30-1.50 >4,000? 
Adipic acid Alkyd resin co monomer, food 

buffering agent, starch cross linking 
agent, polymers 

1,960 $0.625-0.775 
 

Will require 
technology 

breakthrough 
Succinamide  Unknown Unknown Unknown Unknown 
1,4-diaminobutane Polyamide 46 (automotive/electronic/ 

domestic appliance components) 
Small Unknown  

Ethylenediaminedisuccinate Replacement for EDTA (ethylene 
diamine tetraacetic acid) 

175 
 

$0.40 (~40% liq.) 
$1.40 (crystalline) 

 

dl-malic acid Aluminum anodising reagent, 
sequesterant, preservative, reagent 

20 0.81-0.84  

Maleic anhydride Unsaturated polyester resins, fumaric 
acid, 1,4-BDO, THF, GBL, lubricants, 
plasticisers, surface coatings, 
agrochemicals, malic acid 

546 0.32-0.45 Small 

Fumaric Acid  Polymers 35 $0.82-0.85  
Dibasic Esters Degreasers 50 Unknown  

Succinic acid derivatives 
Acrylic acid Acrylates (e.g., coatings, adhesives), 

co monomer, super absorbent 
polymers, detergent polymers 

2,000 
 

$0.48 
 

Technology 
just now being 

developed 
Acrylonitrile Acrylic fibres, acrylonitrile-butadiene-

styrene and styrene-acrylonitrile, 
nitrile rubber, adiponitrile, acrylamide  

3,130 $0.31-0.37 
 

Technology 
just now being 

developed 
     

                                                
35  All data from U.S. study on “industrial bioproducts: today and tomorrow” [Paster 2003] 
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3-hydroxypropionic acid derivatives 
Acrylamide Polyacrylamide, comonomers 

(styrenebutadiene latex, acrylic resins) 
206 

 
$1.76-1.86 

 
Just now being 

developed 
1,3-propanediol Polyethylene terephthalate, 

polybutylene terephthalate, nylon 
applications 

Small $0.30-0.50 
 

Technology just 
now being 
developed 

Malonic acid Blowing agent (foamed plastics), silver 
plating brightening agent, tanning 
auxiliary 

<1 High 
 

Technology just 
now being 
developed 

Butanol derivatives 
n-butanol Direct uses: solvent, plasticiser 

Derivatives: Polymers and resins 
(butyl acrylate, methacrylate), solvents 
(glycol ethers, butyl acetate), amino 
resins, butylamines 

1,850 $0.55 Could be 
significant 

Xylose derivatives 
Current: carboxylated tyrenebutadiene 
copolymers, reactive co monomer, 
aluminum anodising reagent 

~7.5 High 

Potential: MMA  1,500 $0.48-0.56 

Itaconic acid 

Potential: Acrylic PSA  300 $2.00-4.00 

Significant if 
technology is 

successful 

Furfural Co monomer, selective solvent 
(butadiene/aromatics extraction),  
solvent (fatty acid/wood rosin 
separation), numerous derivatives 

68 $0.79 Not projected 

Furfuryl alcohol Gel retarder (casein/protein glues), 
nonreactive epoxy resin diluent, resins 

19 $0.38-0.44 Not projected 

2-hydroxymethyl tetrahydrofuran Unknown  Unknown Unknown Unknown 
Sorbital derivatives 

Ethylene glycol  5,950 $0.16-0.275 Small 
Propylene glycol 1,100 $0.68-0.71 >500 
Glycerol 

Solvents, surface coatings, printing 
inks, pharmaceuticals, cosmetics, heat 
transfer fluids, humectants, antifreeze, 
plasticisers 

428 $0.90-1.10 Small 

Isosorbide  Diuretic and anti-anginal drugs  Small Unknown 100-300 ? 
Levulinic acid derivatives 

Methyl tetrahydrofuran Fuel extender 30,800 
(oxygenates) 

$0.13-0.18 
($0.80/gal) 

 

d-amino levulinic acid Biodegradable herbicide Unknown Unknown 200-400 
Diphenolic acid Monomer (Bisphenol A alternative) 1,910 $0.94 35 
Tetrahydrofuran  Co monomer, solvent 255 $1.55 >50 
1,4-Butandiol  Monomers 680 $0.65-0.90 >30 

Syngas derivatives 
Methane (SNG) Uses: heating fuel, fuel gas (steam / 

electricity generation) 
Derivatives: multiple 

7 x 1010 

(18,987 Gcf) 
$0.11-0.19  

Propane Uses: Aerosol propellant, fuel gas, 
refrigerant, process solvent  
Derivatives: ethylene, propylene  

397 
(93.6 Mgal) 

$0.06-0.12  

Butane Process solvent 
Derivatives: 1,4- butanediol, maleic 
anhydride, acetic acid, acetone, formic 
acid, acetylene, n-butyric acid, methyl 
formate, isobutene, propionic acid 

15,6541 
(3,242 Mgal) 

 
 

$0.15  

Methanol Uses: solvent 
Derivatives: formaldehyde, methyl 
tertiary butyl ether, acetic acid, other 
chemicals 

12,180 $0.08-0.11  

Ethanol  Fuel, solvent  11,682 $.012-.018  
Isobutanol  Use: extraction agent  

Derivatives: multiple  
116 $0.30-0.50  

Dimethyl ether  Aerosols  10-80 ~$1.00-25.00  
Methyl acetate  Derivatives: multiple  645 $0.60>  
Dimethyl carbonate  Methylation/phosgenation reagent 95> >$0.74  
Gasoline  Fuel  804,043 (127 Ggal) $0.10-0.192  
Diesel  Fuel  393,634 (56 Ggal) $0.09-0.142  
Paraffin waxes Casting wax, electrical insulation, 

barrier/antiblocking/heat sealing agent, 
floor/shoe/car polish, plastics, rubber 
compounding processing lubricant 

666 $0.23-0.25  

Lignin derivatives 
Phenol-formaldehyde Plywood, oriented strand board, other 

wood composites 
3,900 $0.30 Significant 

 


