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Executive Summary 
 

Creating a viable, commercial-scale lignocellulosic-to-bioethanol industry is an endeavour that will 
require the coordination of technical expertise within certain political, economic and 
environmental realities.  A view describing where the industry is going and the challenges that 
must be faced along the way may be a helpful contribution.  Building on lessons learned at the 
25th Symposium on Biotechnology for Fuels and Chemicals, the authors present this document as 
a first step towards fulfilling this need. 
 
An economical technology for bioconversion of lignocellulosic biomass, such as forest and 
agricultural residues, will greatly extend the potential of the ethanol industry to become a 
substantial contributor to the fuel and energy requirements of North America and Europe.  The 
successful development of this technology will require the continued efforts of a range of 
participants in the areas of research, government, and industry, and an extended degree of 
cooperation between these parties.  A greater chance of success in commercialization may be 
realized by linking participants with complementary characteristics.   
 
Industrial participants in the commercialization of fuel ethanol from lignocellulosics may be 
characterized according to a number of factors, including the size of the organization, their 
interest in the process, and the policies under which they must operate.  Small, entrepreneurial 
companies are often leaders in developing the technology and processes required for 
bioconversion.  Larger companies have access to the resources required to support long-term 
development goals, and are connected to the marketplace and able to introduce new products 
more effectively than an entrepreneurial venture.  Some industrial participants may be organized 
according to their interest creating products related to the bioconversion process; others focus on 
creating the technology and improving the process.  Government participants view ethanol 
technology as a tool to achieve priorities in the areas of economics, the environment, or security.  
Reflecting these priorities are the policies of the state, province or nation in which the 
organization is based; these policies are instrumental in creating an atmosphere in which the 
industry can survive and thrive.  A significant difference in the levels of subsidy, incentive and 
mandated use exists between different nations according to their political priorities, and these 
political realities must be incorporated in a commercialization plan.  
 
To illustrate the different challenges faced by various participants in the lignocellulosic-to-ethanol 
industry, the report provides two case studies.  British Sugar is an established sugar-producing 
firm based in the United Kingdom.  They are currently seeking ways in which they might use the 
agricultural residues associated with sugar beet production, and they have identified ethanol as a 
possible product from the process.  Lignol is an entrepreneurial venture based in Canada.  This 
organization is attempting to create a process capable of generating a stream of value-added, 
lignin-based products from sawmill or forestry residues.  Ethanol is a by-product of this process.  
These two examples will be called upon to illustrate the various strategies and concepts that 
different roadmaps to commercialization might entail. 
 
The participation of government in the commercialization process is essential to facilitate the 
growth of the industry.  To a large extent, the future of the liquid fuel from lignocellulosics industry 
is dependent upon national and supra-national priorities in the realms of economics, the 
environment, and security.  To meet priorities in these areas, governments will continue to 
develop policy, which in turn may support the ethanol industry.  The industry’s challenge is to 
clearly describe the potential benefits of lignocellulosic-to-ethanol technology within the context of 
national priorities, and to explore the opportunities that these priorities may provide the industry.     
   
The ability of ethanol to contribute positively to the environmental performance of a country 
makes the nascent industry a valuable tool for policymakers, and connects the potential 
performance of the industry to the influence of environmental policy.  The issue of climate change 
has become a major concern for all people, but the sectors most closely linked to ethanol 
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production – including energy producers, farmers, and foresters – will feel the impact of this issue 
more closely.  Climate change is the driver behind many new policies that influence the actions 
taken by these sectors.  Perhaps the best-known of these is the Kyoto Protocol, which has been 
ratified by many European nations and by Canada in North America.  The Clean Skies Initiative in 
the U.S. is another example of these policies.   Because the use of ethanol has the potential of 
reducing net greenhouse gas emissions significantly over petroleum products, an expansion of 
ethanol production may become a significant part of national climate change strategies.  Indeed, 
Canada has recently announced a commitment of $100 million over five years to boost ethanol 
production, and an additional $30 million to fund research into biofuels.  These funds represent a 
significant portion of the overall Canadian budget for meeting Kyoto Protocol requirements, and 
hints that the Canadian political perspective on ethanol is indeed predominantly environmental.  
   
Another point of view realizes that ethanol production can be a tool for economic development, 
which in turn may or may not be utilized to bring about social change.  This perspective targets 
employment and economic diversification.  Social diversification can be engineered, 
predominantly in rural areas.  Local level governments are more likely to utilize ethanol 
production facilities in this manner.  For example, the government of Minnesota has instituted 
incentives for the construction of ethanol production facilities that are smaller than 15 million tons 
per year.  By instituting this cap on plant size, the government has spurred the creation of multiple 
mills where a single facility might otherwise have been built.  Major political support has come 
from elected state and federal government officials, who have a mandate to support their 
electorate and thus have crafted incentives to develop the industry in agricultural regions.  As a 
result, major centres of biofuel production have developed in the Midwest, with the majority of 
production centred in Illinois, Minnesota, Nebraska and South Dakota.   Since 1976, over 70 new 
ethanol production facilities have been built in the U.S., with thirteen additional plants slated to 
open in the next two years.  When one considers increased employment on the farm and the 
secondary jobs created to provide equipment and services for these operations, this can be 
translated into an estimated 200,000 new jobs and $500 million in annual tax receipts.  This has 
led to the creation of both direct and indirect employment, and has had the added benefit of 
improving ethanol technology significantly.  The U.S. perspective on ethanol would seem to be 
predominantly economic and social. 
 
Finally, ethanol production can be viewed as a tool for increasing energy security.  This outlook 
reflects the need to provide a renewable energy source to replace existing fuels, as the existing 
reserves of fossil oil are being consumed at an increasing rate, and the discovery of new reserves 
is in decline.  It also recognizes that ethanol may be an important tool in reducing reliance upon 
foreign-owned oil supplies, which are subject to political uncertainty.  Many pundits have argued 
that access to oil reserves played a role in the conflict and destruction currently seen the Middle 
East, particularly in countries such as Iraq.  The European Union has embraced the security 
doctrine by including it as a major point in their Directive on the use of biofuels for transport.   
 
With an idea of the national priorities that are shaping the industry in place, it is possible to 
identify some of the challenges that the ethanol industry will face in different political climes.  It 
must be recognized that the industry can satisfy each of these three perspectives, but that some 
policies will be better suited to one or two particular goals.  For instance, environmental policy to 
reduce greenhouse gas emissions will indirectly support ethanol production.  This type of policy 
can be applied across the full range of the ethanol supply chain, and can be brought to influence 
biomass generation, biofuel use, or the bioconversion process itself.  Policy designed from the 
environmental perspective will likely focus on maximizing the effectiveness of greenhouse gas 
reduction, within the most basic economic constraints.  The onus will be on the industry to prove 
the effectiveness of the bioconversion process at reducing greenhouse gas emissions, and to 
lobby their government for recognition of this service.   Industrial participants working under an 
environmental perspective will be best suited to establishing partnerships along the supply chain, 
in order to maximize the potential benefits associated with the policy. 
 
Some industrial requirements may be difficult to achieve under an environmental policy 
perspective; such a policy would not necessarily support the creation of pilot or demonstration 
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plants, which is a necessary stage in the creation of a viable industry.  On the other hand, 
economic policies designed to support the creation of a sector are much more likely to be directly 
applicable to technology development and demonstration.  This is likely to be true even when 
social concerns, such as economic diversification and employment, are the highest priority.  
Under this type of scenario, it must be recognized that the most effective social strategy will be to 
focus on small to midsize plants that optimize employment at the local level, and that large plants 
where economies of scale can be brought into play may be precluded.  In fact, the experience 
that Minnesota has had with smaller ethanol production facilities indicates that a series of smaller 
facilities may be the most effective way to evolve and improve the bioconversion process. 
 
Policy designed with a strong security perspective may have the largest effect on bioconversion 
of lignocellulosics to ethanol in the future, although it is difficult to forecast the effectiveness of 
this approach.  A component of this type of policy is the inclusion of rising mandates for biofuels 
within the fuel supply.  These mandates are designed to reduce the requirement for foreign oil, 
and have the potential to be independent of the normal pricing structure applied to fuel, although 
it is unlikely that the political fallout of rising fuel prices could be offset by the security argument 
for an extended period.  It should be noted that these types of policies are not likely to be applied 
in isolation of economic or environmental policies designed to support the industry.  The only 
current example of this type of policy exists with the European Union’s directive on biofuels, 
which is only now coming in to effect.  Despite the evolution of the biorefinery concept, ethanol 
has yet to play a major role in the fuel supply of any nation outside of Brazil.  It has not been 
demonstrated that a significant proportion of the fuel supply can be supplied by ethanol 
sustainably, in North America or Europe.   
 
The cost of ethanol manufacture remains relatively high.  Because of this, these fuels presently 
have significant potential only in those locations where governments provide policies and 
incentives that encourage their use.  The positive social and environmental aspects of ethanol will 
always make this technology an attractive policy option, but the long-term success of the ethanol 
industry will require technological breakthroughs and refinements as well as political support.   
The outlook for commercialization is thus divided into two distinct phases.  In the short term, 
governmental policies and incentives allow the infrastructure for biofuels to be established, and 
they start the transition from a petroleum-only economy. At the same time, governments must 
continue to sponsor research and development efforts to reduce the cost of biofuels so they can 
compete more effectively in the marketplace.  In the long term, the viability of biofuels will be 
dependent upon the availability economically competitive processes for bioconversion 
 
The first step in the road to commercializing ethanol from lignocellulosics should be to identify 
winning strategies that have been employed by the sugar- and starch-based portions of the 
industry.  In this case, the two most dominant producers and consumers of ethanol fuel – the 
United States and Brazil – have each achieved success primarily through policy-based initiatives.  
In the short-term, policy is identified as the principle tool for successful commercialization.  As 
immediate political and technical concerns are surpassed, a pattern of growth for the 
lignocellulosic-to-ethanol industry may be discerned.  A review of residue availability illustrates 
the obvious locations for future industrial facilities.  In the medium-term, issues regarding biomass 
availability will be of paramount concern to the industry.  Finally, there are technological options 
for the lignocellulosic-to-ethanol process which affect the future development of the industry.  The 
choice of product diversification or biorefining has many benefits for ethanol producers.  The 
biorefinery concept allows for the production of bioproducts, biofuels and bioenergy within the 
same facility.  As with petroleum refineries, some of the products of the process can be very high 
value, which means that the concept of biorefineries has great economic potential.  In the long-
term, the biorefinery concept will make the manufacture of ethanol economically and 
environmentally sustainable, and will make energy security through renewable fuel use an 
attainable goal.  Thus, the biorefinery strategy is presented as a path for ethanol producers to 
follow.   
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1. Introduction 

1.1. Report Overview 
This report describes a strategy that the lignocellulosic-to-ethanol industry might employ as it 
moves towards demonstrating and commercializing the bioconversion technology that is currently 
under development.  The report is limited to a consideration of North America (Canada and the 
United States) and Europe.  Two case studies are used to illustrate the relation between industrial 
priorities and government policies.  British Sugar is a UK-based sugar manufacturer with an 
interest in utilizing agricultural residues for ethanol production.  Lignol is a Canadian-based 
biotechnology company that is seeking to commercialize a method for creating lignin derivatives 
with ethanol as a coproduct.   
 
The report is divided into three primary sections.  The first section examines the policy choices 
and identifies best governance practices for the development of ethanol capacity.  The second 
section introduces the physical limitations of biomass and suggests logical locations for the 
expansion of the industry.  The third section proposes the biorefinery approach as a long-term 
strategy for lignocellulosic-to-ethanol bioconversion.  This approach is favoured due to its ability 
to produce a variety of valuable coproducts.   
 
The report is to be submitted to the Task 39 of IEA Bioenergy.  Initial findings were presented at 
the Task 39 workshop in Copenhagen, November 2003.  It will be reviewed by policymakers in 
Europe, Canada and the United States, and will hopefully provide valuable information to the 
industry at a crucial time in its development.  Parts of this report are being prepared for peer-
reviewed publication.      
 

1.2. Task 39 Liquid Biofuels 
The International Energy Agency was founded in 1974 as an autonomous body within the OECD 
to implement an international energy programme in response to the oil shocks. Membership 
consists of 25 of the 29 OECD member countries. Activities are directed towards the IEA member 
countries' collective energy policy objectives of energy security, economic and social 
development, and environmental protection. One important activity undertaken in pursuit of these 
goals is a programme to facilitate co-operation to develop new and improved energy 
technologies.  A key commitment is to affordable, renewable energy (IEA 2002). 
 
IEA Bioenergy was created in 1978 by the parent organization with the aim of improving 
cooperation and information exchange between countries that have national programmes in 
bioenergy research, development and deployment.  Activities operating under IEA Bioenergy are 
set up under Implementing Agreements. These are independent bodies operating in a framework 
provided by the IEA. There are 40 currently active Implementing Agreements, one of which is IEA 
Bioenergy.  
 
IEA Bioenergy Task 39, “Liquid Biofuels,” is currently composed of 9 countries/regional 
associations (Austria, Canada, Denmark, European Union, Finland, The Netherlands, Sweden, 
USA and UK) interested in working together to successfully introduce biofuels for transportation 
into the marketplace. This Task reviews technical and policy/regulatory issues and provides 
participants with comprehensive information that will assist them with the development and 
deployment of biofuels for motor fuel use.  
 
Biofuels are presently the only renewable source of liquid transportation fuels and offer many 
potential environmental and economic benefits. The production of the raw biomass material and 
its subsequent conversion to fuels creates local jobs, provides regional economic development, 
and can increase farm and forestry incomes. Biofuels also offer many environmental benefits 
including reduction of carbon dioxide emissions associated with global climate change and 
improved waste utilization. The chemical composition of many biofuels also leads to improved 
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engine performance and reduces unwanted pollutants such as carbon monoxide and unburned 
hydrocarbons.  Billions of litres of ethanol are used annually for transportation fuels, and biodiesel 
is gaining in popularity in some regions. 
 
Because the costs of biofuels are relatively high, these fuels presently have significant impact 
only in those locations where biomass is abundant, and where governments provide policies and 
incentives that encourage their use.  Ethanol from starch and grain crops is used extensively in 
Brazil, Canada, United States, and to a lesser extent in Sweden.  Biodiesel has attracted 
increasing interest throughout Europe, and to a limited extent in North America.  In the short term, 
governmental policies and incentives allow the infrastructure for biofuels to be established, and 
they start the transition from a petroleum-only economy.  At the same time, governments are also 
sponsoring research and development efforts to reduce the cost of biofuels so they can compete 
more effectively in the marketplace.  The long-term viability of biofuels will require both that the 
infrastructure for biofuels exists and that economically competitive processes are available.  To 
achieve this goal, it will be necessary to deal with both the technical and the non-technical issues 
(i.e., policy, regulatory, legislative) relating to biofuels in a comprehensive manner. 
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2. Case studies  

2.1. Frameworks for a Policy Study 
It can be assumed that it will take a large group of participants working in concert to successfully 
commercialize the lignocellulosic-to-ethanol process.  These participants may include 
government, industry from a variety of sectors, industry associations, public and private research 
institutions, marketing associations and consumer groups.  For the purpose of characterizing the 
strengths of individual participants, and identifying potential linkages between different 
organizations, two simple frameworks are proposed.   
Framework for characterizing participant strengths 
A framework that characterizes the strengths associated with each participant is illustrated in 
Figure 2-1.  The diagram is a modified radar chart, which in this case is used to score various 
aspects of an organization on a 3-level qualitative scale, ranging from low to medium to high as 
indicated in the figure.  The four quarters delineated in this figure represent these aspects as 
sector participation, technical expertise, product goals, and challenges and incentives associated 
with the jurisdictions in which the organization operates.   Taken together, the diagram represents 
the requirements of the global lignocellulosics-to-ethanol industry.   

 
To begin, the industry must engage 
the participation and cooperation of 
three heretofore separate sectors, 
each with their own priorities, as 
indicated in the lower left (red) 
quadrant of the figure.  These include 
participants involved in the production 
of biomass, the creation and provision 
of bioconversion technology and 
expertise, and the distribution of the 
products of bioconversion.   
 
Researchers and suppliers who focus 
on biomass production can be found 
in both the forestry and agricultural 
sectors.  In Europe and North 
America, the agricultural and forestry 
sectors are well organized and able to 
provide a regular supply of biomass 
raw material.  In North America, forest 
biomass has the potential to equal 
agricultural biomass as a source of 
raw material for the bioconversion 
process.  In Europe, the potential for 

forest biomass is somewhat less, although Scandinavia may be an exception.  Champions will 
include the major farming cooperatives on the agricultural side, as well as major forest products 
companies.   

LOW 

MED 

HIGH 

Figure 2-1:  Conceptual framework for 
characterizing participant strengths 

 
At the other end of the process are the distributors and retailers who can sell the final fuel 
products.  If the primary product is energy and fuels, existing providers should be engaged to 
distribute the final products.  Major petrochemical companies, including Royal Dutch Shell, 
Suncor, and so on are already involved in blending and distributing ethanol-gasoline products.  
Other major petroleum suppliers should be approached and invited to become part of the industry 
at an early stage.   
   
Bioconversion technology requires expertise in process elements that can be broadly divided into 
the areas of pretreatment, hydrolysis, and fermentation, as shown in the lower right (yellow) 
quadrant of the figure.  Participants who are developing and providing technology necessary for 
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lignocellulosics-to-ethanol bioconversion to operate are currently the key figures in the emerging 
industry.  Research and technology development necessary for the biorefinery is currently being 
carried out in Europe and North America in various government, industry and academic 
laboratories.  These groups are already collaborating through a variety of mechanisms, chief of 
which are the International Energy Agency’s Bioenergy collaboration, the American biotechnology 
symposia series hosted by the U.S. National Renewable Energy Laboratory (NREL) and held 
annually in the U.S.A., and the European Union’s Clear Data for Clean Energy (VIEWLS) project.  
These mechanisms are well placed to help coordinate development of a larger network of 
partnerships in the future.   
 
The goals of the bioconversion industry must be balanced between the products of biofuel, 
bioproducts, and bioenergy, as shown in the upper left (green) quadrant of the figure.  Bioenergy 
is currently generated in pulp and paper facilities and sawmills through the combustion of waste 
material.  Gasification technology has the potential of making power production more efficient; the 
growing prevalence of electrical utilities to purchase power from alternate suppliers makes energy 
an attractive product for any lignocellulosic processing facility.  Bioproducts can include 
commodities, specialty chemicals and polymers, or niche biopharmaceuticals among others.  
Cargill-Dow has recently introduced what is perhaps the most successful example of a new 
bioproduct, polylactic acid (PLA) polymer, which is derived from starch.  Similar new products can 
and must be identified for lignocellulosics.       
 
Finally, the industry must operate under the challenges and incentives placed upon it by policy.  
These are in fact external inputs to most participants as they reflect government goals; they may 
be dominated by goals in the area of environment, security, or economy as shown in the upper 
right (blue) quadrant of Figure 2-1.  There are differences between European, Canadian and 
American outlooks on biofuels and the subsequent treatment that these products receive in terms 
of incentives and subsidy.  As the roadmap will show, the lignocellulosic-to-ethanol industry will 
depend heavily upon political decisions in the short term, it is essential that government 
participants be aware of successful policy strategies in other jurisdictions when preparing new 
policy.            

Framework for identifying potential partnerships 
Once the strengths associated with individual organizations have been arranged within the 
framework, gaps in these strengths can be identified, and the challenges that these gaps 
represent can begin to be addressed.  Many of these challenges can be met through 
collaborative partnerships with other participants in the industry.  In order to facilitate the 
development of these partnerships, a second framework is proposed.  This framework is shown 
in Figure 2-2. 
 

MARKETING PRODUCTS 

PUBLIC 

PRIVATE 

LARGE/ESTABLISHED 

SMALL/ENTREPRENEURIAL 

DEVELOPING TECHNOLOGY 
The participants in the 
lignocellulosic-to-ethanol industry 
lend themselves to arrangement 
within a set of axes.  One axis is the 
size of the organization, from large 
and established to small and 
entrepreneurial.  For the ethanol 
industry, the participation of large 
organizations is essential because 
of their ability to lever resources and 
absorb the cost of product 
development.  For these 
organizations, however, it is noted 
that ethanol is merely one of many 
options, and that the potential 
returns from an ethanol industry 
may not be high enough to warrant 

their participation.  The industry’s approach must also include an aggressive stance on 

Figure 2-2:  Conceptual framework for 
identifying  



 
 Mabee et al. Ethanol from Lignocellulosics:  Views to Implementation  T39-P1    07 January 2004

technology development through smaller entrepreneurial start-ups.  These organizations tend to 
focus wholly on a single piece of technology or process, an approach that can incubate 
technology at great speed.  A model that the industry should look to emulate is shown in the 
successful partnership Cargill and Dow Chemical, who worked together to create Cargill-Dow.  
This spin-off organization was given the resources to incubate and develop innovative new 
products in a process that could eventually include ethanol production.    
 
Another axis describes the overall goal of the company.  Within each group of participants, it is 
possible to identify two types of organizations: those companies that are engaged in marketing 
and using products, as well as organizations that are developing technology and focus on 
knowledge development.  Participants interested in marketing products range from biomass 
producers, including farmers and major international forestry companies, to energy producers 
including the major petroleum companies.  This group also includes industry associations, 
consumer groups and marketing concerns.  Participants involved in developing technology 
include industry, government and private research interests.   
 
The third axis in the diagram shows the range of public and private interests that must be 
engaged in the creation of the lignocellulosic-to-ethanol industry.  Private industry must work in 
partnership with government and government-sponsored groups to move the industry into full 
commercialization. 
 
There is a growing consensus in both North America and in the European Union that bio-based 
industry development requires a multidisciplinary, focused, coordinated approach.  A closer 
working relationship across the supply chain is required, between farmers, plant biotechnologists, 
process engineers, and biochemists (Crawford 2001).   

2.2. Lignol Innovations, Inc. 
The first case study under consideration is Lignol Innovations, based in Vancouver, British 
Columbia, Canada.  This small, relatively new organization is actively pursuing the 
commercialization of a wood bioconversion process.  As such, they can be classified as 
entrepreneurial and technology-focused.  As a Canadian company, they are subject to Canadian 
incentives, but must compete within the larger arena described by the North American Free Trade 
Agreement (NAFTA).  Canadian products for export to the United States must be able to compete 
in that marketplace, which increases the challenge for an organization like Lignol.  In addition, 
Canada has not yet followed the U.S. or some European nations in establishing an advisory 
committee that can coordinate the efforts of different federal ministries, provincial governments, 
universities and industry.   
 
The business plan created by Lignol focuses on utilizing wood residues from the Canadian forest 
industry, specifically from the province of British Columbia.  As will be shown in a subsequent 
section, this is a wise decision due to the large amount of residue generated within this forest-rich 
province on an annual basis.  The company is planning to use this low-priced wood waste as a 
raw material to supply a solvent-based pulping process.  The three major components of the 
wood (cellulose, lignin and hemicellulose) are fractionated using this process.  The cellulose-rich 
ethanol pulp can be used for paper and cellulose derivatives; if hydrolyzed further to glucose, it 
can also be potentially fermented to ethanol.  The lignin, with a relatively low molecular weight 
and high reactivity, has been used in the past for adhesives and lignin co-products.  In addition, 
important chemicals such as acetic acid, furfural and sugar derivatives from hemicellulose can be 
obtained from the process.   
 
The system that Lignol has chosen to commercialize is the Alcell process, which was designed 
convert biomass waste to valuable fuels and chemicals. The Alcell process was originally 
developed by Repap Technologies Inc. in Pennsylvania, a wholly owned subsidiary of the 
Montreal based paper producer, Repap Enterprises. This $200 million research project resulted in 
the construction and operation of a demonstration plant in Miramichi, New Brunswick which 
produced up to 20 tons per day of pulp and 4.5 tons per day of dry hardwood lignin.  Due to a 
number of corporate changes, the plant at Miramichi was mothballed. Lignol Innovations 
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purchased this plant and has moved it to BC Research in Vancouver, British Columbia, where it 
serves as their pilot facility.  
 
Using this facility, Lignol intends to produce lignin-based bioproducts in conjunction with ethanol 
and other extractives from British Columbia’s forest sector biomass (softwood).  This will lead to 
the development of small-scale processing plants for the commercial market.  The fact that their 
approach focuses on bioproducts first, and ethanol or biofuels second, is important for this 
roadmap.  Biorefining technologies that convert biomass into multiple value-added co-products 
are needed for woody biomass to economically compete with fossil carbon resources.  Many 
currently proposed technologies for the production of ethanol and other chemicals from woody 
biomass are not economic because they rely on a single revenue stream. 
 
The results of Lignol’s pilot plant scale studies on softwood residues have been presented at 
technical meetings, including the 25th Symposium on Biotechnology for Fuels and Chemicals 
(Arato and Pye 2003).  Indications from this presentation are that Lignol is now working towards 
their first commercial-scale plant, which will be commissioned in 2005.  As a small, 
entrepreneurial start-up, however, Lignol faces significant challenges in reaching this stage of 
commercialization.  
 

Some of the challenges that Lignol faces 
can be identified by examining their 
strengths, as shown in Figure 2-3.  When 
placed into the framework described in 
Section 2.1.1, it can be seen that Lignol’s 
strengths are dominated by their focus on 
the creation of bioproducts through 
bioconversion, and particularly their 
expertise on the pretreatment and 
hydrolysis stages of the process.  They 
operate under Canadian policy, which 
focuses primarily on the environment.   
 
As a potential provider of bioconversion 
technology for the lignocellulosic-to-
ethanol industry, Lignol lacks expertise or 
focus on the fermentation end of the 
process. The company has moved to 
address this need for expertise through 
their partnership with Forest Products 
Biotechnology at the University of British 
Columbia, which is intended to explore 
sugar fermentation and production of 
biofuels using the outputs of their process.   

Figure 2-3:  Characterizing Lignol's strengths 

 
Lignol may also face challenges in the future due to a lack of focus or connection to the 
generation of biomass or the distribution of fuel products, and may be hampered by the position 
that Canadian policy takes in regards to ethanol production.  The impacts of this policy will be 
discussed in far greater detail in the next sections. Some of these challenges could be overcome 
through strategic partnerships, particularly with other primary, market-based industries that might 
provide biomass or distribute products for the start-up.  As a potential provider of bioconversion 
technology for the lignocellulosic-to-ethanol industry, Lignol has the potential to offer a great deal 
in such a partnership.     

2.3. British Sugar  
British Sugar is the leading sugar supplier in the United Kingdom, possessing more than 50% of 
the total market in that country.  The company’s high production efficiency has brought about a 
considerable level of profitability and it is continuously growing.  In addition to the manufacture of 
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its current products, British Sugar is greatly interested in developing a British bioethanol industry 
and the investigation of the feasibility of establishing such a sector is already underway. 
    
The UK sugar industry began commercial operations in the early 1900’s.  In 1936, the Sugar 
Industry Act brought about the consolidation of a number of existing factories into a single 
organization, British Sugar.  Currently, this company operates six factories, which produce around 
1.4 million tonnes of white sugar each year.  Their process is completely domestic, and utilizes 
sugar beet as a feedstock.  British Sugar supports approximately 23,000 jobs in farming, 
processing, and transport industries within the UK.  It is estimated that British Sugar pays around 
300 million pounds (approximately US$500 million) annually to about 7,000 farmers for providing 
nine million tonnes of sugar beets.  These crops are all of which are grown under contract to 
British Sugar, in order to guarantee farmers both a market and an agreed price for their crops.   
       
Aside from the primary production of sugar, British Sugar manufactures several value-added co-
products in order to fully utilize the substrate and maximize profits.  For instance, the molasses 
left over from the sugar extraction process is used to manufacture about 700,000 metric tonnes of 
high-energy animal feed per year.  This material is estimated to supply more than 20, 000 
livestock farmers across the country.  The company also manufactures a liming product, which is 
used to assist in balancing soil acidity and returning valuable nutrients to the land for conditioning. 
 
In addition to its current products, British Sugar has taken the initiative in developing bioethanol in 
the UK.  Relatively speaking, the European market for biofuels such as ethanol is still 
undeveloped, but recent developments indicate that growth in the short- to mid-term may be 

dramatic.  The UK lags behind such 
countries as France, Sweden and Spain in 
biofuel production, as there is no 
commercial production of any biofuel at 
the moment within the country.  
Consequently, British Sugar is positioning 
itself to be at the leading edge of ethanol 
production in the UK and a significant 
contributor to the European market for this 
fuel.   
 
Some of the challenges that British Sugar 
will face as it struggles to attain this goal 
can be identified by examining their 
strengths, as shown in Figure 2-4.  It can 
be seen that the company’s greatest asset 
is their supply of biomass and expertise in 
generating value-added products.  This is 
an important characteristic when it is 
considered in light of British and European 
energy policy, which has a strong focus on 
security.  British Sugar has a natural 
advantage in its ability to provide a secure 
supply of biomass.  In addition, as an 

established company with a mature market for its primary products, British Sugar does not 
require partners to facilitate fuel production.   

Figure 2-4:  Characterizing British Sugar's 
strengths 

Where British Sugar lacks capacity is in the bioconversion process itself, and in the distribution of 
fuel products.  This company will be a potential user of commercial bioconversion technology, for 
both the sugar- and lignocellulosic-based processes, and should look for strategic partnerships 
with technology providers.  In addition, the fuel being generated must be distributed, which will 
require the partnership of one or more petrochemical companies. 
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2.4. Summary of the case studies 
The case studies considered in this roadmap each have strengths and weaknesses, and 
represent opposite ends of the spectrum in terms of policy-related challenges, technical 
expertise, and inherent capacity.  By placing these companies within the second proposed 
framework, as shown in Figure 2-5, it can be seen that the two companies are relatively 
complementary.  Each represents a specific range of assets, and enters the industry with a 
different goal.  Each will require one or more strategic partnerships as they move down the road 
towards commercialization of the 
lignocellulosic-to-ethanol process.   

MARKETING PRODUCTS 

 
While both of the case studies 
represent private interests, public 
partners – including governments, 
research laboratories, and 
universities – will also be integral to 
the success of each venture.   
 
It should be stated that the choice of 
case studies used in this roadmap is 
not intended to be an implicit 
recommendation that a partnership 
be formed between the two 
ventures.  Ultimately, the 
frameworks utilized here are only 
intended to provide a basis for 
comparison.   
 
 
 
 
 
 
 
 
 
  
 
 

PUBLIC 

PRIVATE 

LARGE/ESTABLISHED 

SMALL/ENTREPRENEURIAL 

DEVELOPING TECHNOLOGY LIGNOL 

BRITISH SUGAR 

Figure 2-5:  Applying the partnership framework 
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3. Policy Challenges:  Views to 2006 
Lignocellulosics in the form of forest and agricultural residues are a logical feedstock for the 
ethanol industry as it grows to the point where starch- and sugar-based sources of material are 
insufficient to supply production.  Despite significant research commitments within the United 
States, Canada, and Scandinavia, however, there are no commercial-scale lignocellulosic-to-
ethanol plants in North America or Europe.  The primary short-term challenge for the 
lignocellulosic-to-ethanol industry is to demonstrate that the process is effective in commercial-
scale facilities.  The requirements for commercializing this technology can be expected to be 
similar to previous experiences with sugar- or starch-based processes.   The primary short-term 
challenge for the ethanol industry as a whole is to expand production to a significant level in a 
number of countries, and to develop markets and ensure that consumption of product rises 
accordingly (Yancey 2003).  To meet these challenges, continued government support is 
required. 
  
The experiences gained in commercializing sugar- and starch-based ethanol production facilities 
contain many lessons for the lignocellulosic-based industry, and offer suggestions as to the best 
political strategies for moving the industry forward.  Ethanol from all sources can be seen as a 
political tool that can be used to respond to a variety of domestic issues, including the need to 
diversify local economies, increased concerns over environmental damage associated with fossil 
fuel use, and a growing security rationale for a shift to domestic fuel sources.  The emerging 
industry, including the lignocellulosic-based sector, may in turn find opportunities for strategic 
linkages and partnerships that capitalize upon these political issues.   

3.1. Lessons for the roadmap: Brazil 
Currently, ethanol production for use in transportation fuels is limited to a few countries around 
the world.  Brazil produces ethanol from sugar- or starch-based material in the form of sugar cane 
and sugar cane residues.  The world leader in ethanol use for fuel, Brazil has a production 
capacity of almost 13 billion litres ethanol in 2003 (UNICA 2003).  Brazil has invested heavily in 
fuel alcohol as an alternative to petroleum, primarily as a means of increasing fuel security and 
saving foreign currency on petroleum purchases.   In 1975, a diversification program for the sugar 
industry called Proálcool was created with large public and private investments supported by the 
World Bank, allowing expansion of the sugarcane plantation area and construction of alcohol 
distilleries, either autonomous or attached to existing sugar plants (AFTA 2000).  Ethanol as a 
transportation fuel was implemented in two stages.  Initially, it was used as a gasoline additive, 
first at a level of 20%, and then at 22% (or E22).  Starting in 1980, hydrous ethanol (or E100) was 
also used as a pure fuel for vehicle engines that had been adapted from gasoline models.  Two 
related financing schemes were organized to guarantee fuel sale price; the FUPA program 
guaranteed US$0.12/litre ethanol for anhydrous (E22) gasoline blends, while the FUP program 
provided US$0.15/litre for hydrous (E100) fuel.  By 1996/97, the total subsidy was about US$2 
billion/annum (AFTA 2000).   
 
With the considerable progress in domestic engineering after the second oil shock, successful 
engines appeared that had been specially designed for E100 fuel.  By 1984, E100 vehicles 
accounted for 94.4% of domestic automobile manufacturers' production, and in 1988 participation 
in the E100 program reached 63% of total vehicle use in the country (UNICA 2003).  The upward 
trend ended, however, when high global sugar prices led to a crash in availability of fuel alcohol.  
As a result, the fraction of E100 vehicles in the national fleet began to decline, dropping from 63% 
in 1988 to 47% in 1989, 10% in 1990, 0.44% in 1996, and 0.06% in 1997.  Since 1997, there has 
been a slight rebound in E100 vehicle production, to 1.02% in 2001.      
 
The rapid decline of E100 vehicle availability depressed growth in hydrous alcohol use and 
resulted in a flat ethanol market throughout the early 1990’s.  Other factors also contributed to 
this trend, including the continued global demand for sugar.  From 1989 to 1996, the sugar export 
market was very strong, and thus the cost of sugar to the ethanol industry soared and fuel 
ethanol shortages resulted.  In response, the Brazilian government made a failed attempt to 
restrict sugar exports, and then announced that the fuel market would be deregulated as of 1997.  
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While deregulation began with E100 fuels, anhydrous subsidies remained in place for an 
additional period, which had the effect of increasing overall alcohol production for a short period.  
When price controls on E22 were removed in 1999, however, the prices for ethanol collapsed. 
 
Faced with an excess of ethanol and collapsed prices at home, major producer groups joined 
together to form Brasil Alcool SA in March 1999, and made the decision to export excess ethanol 
at any price.  Later that year, a mechanism to create a monopoly on fuel ethanol named Bolsa 
Brasileira de Alcool Ltda was created by the founders of Brasil Alcool.  This monopoly drove a 
dramatic increase in ethanol export prices for a period after its inception, with prices doubling 
within a year (Afta 2000).  Since 1999, the total production of ethanol in Brazil has risen; this 
trend has been driven by the expansion of export markets for ethanol, rising world prices for oil, 
and an increase in domestic oil supply (Viera de Carvalho 2003).   
 
Today, the primary destinations for ethanol exports are Korea and Japan, which together 
accounted for 38% of total exports in 2002.  The domestic market still comprises the single 
largest portion of Brazil’s fuel ethanol capacity, consuming approximately 40% of total production 
or about 12.6 billion litres of anhydrous and hydrous ethanol (Nastari 2003).  All Brazilian gasoline 
has a legal alcohol content requirement of 20% to 24%, with a variation of + or – 1%.  The actual 
content is defined by the Inter-ministerial Council for Sugar and Alcohol (CIMA - Conselho 
Interministerial de Açúcar e Álcool), with the aim of balancing supply and demand.  Brazil has 
developed a unique distribution infrastructure for this fuel, with a network of more that 25 
thousand gas stations with hydrated alcohol pumps, to supply about 3 million vehicles, or 20% of 
the national fleet (Vieira de Carvalho 2003). 
 
Brazil provides many lessons for the emerging lignocellulosic-to-ethanol industry.  Creation and 
growth of the industry was only possible with the combination of a ready source of sugar for 
fermentation and significant government subsidy, which included refinery establishment but also 
put a major focus on biomass generation.  The spread of incentives was also extended to the 
automobile industry, creating a mechanism for using the fuel being generated, which in turn 
sparked more widespread consumer use of E100.  The incentives were in place long enough for 
a significant ethanol industry to establish itself and for the public to become used to utilizing this 
product.  In Europe and North America, the ethanol industry has yet to reach any of these 
milestones, and governments would do well to observe the level of political commitment that was 
required for Brazil to achieve this state.  
 
If Brazil’s ethanol industry has suffered since its nadir in the mid 1980’s, it is because external 
factors including sugar and oil prices have created industrial scenarios that in turn have been 
acerbated by the wavering levels of government commitment.  This experience is a cautionary 
tale for the emerging lignocellulosic-to-ethanol industry, as it demonstrates the importance of the 
biomass sector that supplies feedstock to the industry, as well as the need for long-term, 
committed participation by host governments in order to maintain the industry after its 
establishment through varying global market conditions.   

3.2. Identifying successful strategies for ethanol commercialization 

Current ethanol production in the study areas 
To create successful strategies for commercializing the lignocellulosic-to-ethanol process, it is 
useful to identify places where ethanol production from starch-based feedstocks has reached 
significant levels, and then to review the policies used to achieve this production.  In Figure 3-1, 
the production of ethanol for use in transportation fuels is documented for both North America 
and Europe.   
 
The production of ethanol in 2001 is indicated by the yellow circles shown in Figure 3-1.  Note 
that the figure is based upon production capacity, not consumption of ethanol.  Actual production 
levels have been slightly lower than capacity in some years but general trends can be discerned.  
In Europe, national level production data is all that is currently available.  In the United States and 
Canada, the production of ethanol is reported at the state or provincial level.  Of the countries 
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considered in this study, the United States is the dominant producer of ethanol, with a production 
capacity of over 11 billion litres in 2001 (Renewable Fuel Association 2003).  Production of 
bioethanol in other administrations is at much lower rates; Canada has a production capacity of 
240 million litres annually, Spain 225 million litres, and France 115 million litres (Berg 2001, 
Canadian Renewable Fuels Association 2003, Platts Global Energy 2003).   
 
In the countries under consideration, starch-based processes currently dominate the ethanol 
industry.  Thus, national production of ethanol is closely linked to the agricultural sector in order to 
access biomass required for the process.  In the United States, most of the production of ethanol 
is concentrated in the Midwest, where state and federal government incentives have combined to 
make an attractive environment for ethanol production.  Over half of U.S. production is found in 
just four states, all of which have focused significant resources on the ethanol industry.  The U.S. 
states with the highest ethanol capacities include Illinois (annual ethanol production capacity, 4.8 
billion litres), Minnesota (1.5 billion litres), Nebraska (1.2 billion litres) and South Dakota (1.1 
billion litres) (Renewable Fuel Association 2003).  These states are primarily agricultural, and the 
predominant crop in the region is corn, which is ideal feedstock for the bioconversion process as 
it has high starch content.  These states are not traditional energy providers, however, and as 
such do not enjoy strong ties to the fuel and energy distribution sectors.  The challenge this poses 
will be addressed in later sections.  
    
What is considered a significant level of production may vary, but a common blend for ethanol in 
gasoline is 10% ethanol by volume, or E10 fuel.  Figure 3-1 illustrates the current ability of the 
ethanol industry provide ethanol as a percentage of gasoline consumption within individual 
jurisdictions.  This second measure of ethanol production is important because it provides a more 
accurate estimate of per capita supply of ethanol based on current measures of fuel use.  The 
shading in the figure grows darker depending upon the potential level of substitution of ethanol for 
gasoline.  Five individual U.S. states (South Dakota, Nebraska, Minnesota, Iowa, and Illinois) now 
produce enough ethanol to provide an E10 option to their entire local population.  However, the 
majority of states and all of the Canadian provinces do not come close to this production 
capability.       
 
What the figure illustrates clearly is that no country within the study area yet has sufficient ethanol 
production capacity to provide E10 fuel blends to every consumer.  The United States comes 
closest with the ability to substitute 2.2% of its national gasoline demand with ethanol, followed by 
Spain (1.8%), Sweden (1.4%) and Canada (1.1%).  The ethanol industry cannot claim to be a 
significant part of the fuel supply unless this capacity can be extended.  Lignocellulosic 
feedstocks are an important part of the strategy for growing ethanol capacity, both within existing 
facilities and in new facilities.   
 

Report to IEA Bioenergy Task 39 Page 11 of 70 



 
 Mabee et al. Ethanol from Lignocellulosics:  Views to Implementation  T39-P1    07 January 2004

 

0                          1000 km 

 

 

8.75% +           
7.5% 
6.25%            
5.0%            
3.75%          
2.5%        
1.25%              
0%  

Current Ethanol Supply
 

% of Gasoline Consumption 
0                          1000 km 

Total Production (litres) 

 
5 billion litres+       
100 million litres 
50 million litres 

 
Figure 3-1:  Current domestic supply of ethanol 
(Total, Percentage of gasoline consumption) 
Canadian Sources:  Canadian Renewable Fuels Association 2003, Statistics Canada 2002, Statistics Canada 2003a 
European Sources:  Berg 2001, Novem 2003a, Platts Global Energy 2003, UNSD 2003a, UNSD 2003b 
Mexican Sources:  UNSD 2003a, UNSD 2003b 
U.S. Sources:  Renewable Fuel Association 2003, U.S. Census Bureau 2003, U.S. Department of Energy 2003a 
 
For reference statistics, refer to Tables A-1, A-2, and A-3 in Appendix A.
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Ethanol consumption in North America 
It is important to emphasize that ethanol consumption does not yet come close to the potential 
that is described by production capacity.  While no figures are available for Europe, some data is 
available or can be estimated for North America.  That data is presented in Figure 3-2.  
 
American statistics on ethanol use are reported by the Federal Highway Administration.  
Canadian statistics are estimated, based on production figures for ethanol provided by the 
Canadian Renewable Fuels Association (2003) and on the number of retailers based within 
different provinces that can provide E10 fuel (YellowPages.ca 2003).  This figure clearly shows 
that actual ethanol consumption is more geographically scattered than is production, and that 
internal trade of this product ensures a more even distribution than production figures might 
imply.   
 
This figure is important for the roadmap because it highlights the actual role that the ethanol 
industry plays in providing transportation fuel for the general public.  When consumption figures 
are examined, it can be seen ethanol consumption is still highest in the Midwest area of the 
United States.  Three states in particular, including Minnesota, Iowa, and Illinois, have levels of 
ethanol consumption that begin to approach 10% of total local gasoline consumption.   
 

 

0                          1000 km 

 
Figure 3-2:  Current consumption of ethanol  
(Percentage of gasoline consumption) 
 
Canadian Sources:  Canadian Renewable Fuels Association 2003, Statistics 
Canada 2002, YellowPages.ca 2003  
US Sources:  Federal Highway Administration 2002, U.S. Department of Energy 
2003a 
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3.3. Political incentives for ethanol production 
There are a variety of incentives that can be offered for ethanol production and/or consumption.  
Some of these incentives can be applied on a per-unit basis, while others can be assigned to the 
construction of a facility.  Some incentives can be cash or cash rebates, while others can be in 
the form of tax exemptions.  Discerning a winning strategy from these incentives can be very 
difficult. 
 
In order to clarify matters for the purpose of this review, it was decided to focus on two types of 
incentives, and to compare these incentives to ethanol production and consumption.  In this way, 
it was hoped that successful strategies would be identified and highlighted.  This study focuses 
on excise tax exemptions, which is currently the source of much dispute in Europe, and direct or 
indirect production incentives, which can take on a variety of forms. 
 

Excise tax exemptions for fuel ethanol 
One of the most common instruments of policy as related to transportation fuels, excise taxes are 
designed to fill the gap between property and income taxes.  These types of taxes can be 
imposed on the sale or use of certain articles, including fuels, and on certain transactions and 
occupations.   Normally, these taxes cannot be deducted and result in a hidden cost to the 
consumer (U.S. Department of Energy 2001).  The excise tax rates for the countries under 
consideration range considerably, as shown in Table 3-1. 
 
Excise tax exemptions could be a source of important cost savings to the emerging ethanol 
industry, particularly in facilities based in European countries.  This is due to the high level of 
excise tax that is currently levied on petroleum and diesel in these countries.  When compared to 
North American countries, European taxes are very high.  Thus, a reduction of even a few 
percent can mean cents per litre, which translates into large cost savings.  For instance, in 
Austria, a ten percent reduction in excise taxes on biodiesel reduces the cost by 2.8 US ¢/L.  This 
sum is almost equivalent to the federal excise taxes paid for diesel fuel in Canada.  A similar 
percentage reduction in the US federal excise tax for diesel would result in a selling price of 5.8 
¢/L and a savings of only 0.6 ¢/L (OECD 2001, CEC 2002).   
 
Despite their potential to support the ethanol industry, European governments have not always 
utilized excise tax exemptions to the same extent as their Canadian and US counterparts.  This 
may be because national control over excise tax rates are somewhat complicated by the rules of 
the European Union.  One of the precepts of the EU and its predecessor, the European Economic 
Community, is that trade between borders should be facilitated, and unfair advantages should not 
be provided by one member of the union over another.  To this end, a directive was issued by the 
EEC on October 16, 1992 which was intended to harmonize the structures of excise duties 
among all member nations (OJL 1992, OJL 1994).  When France decided to create an aid 
scheme for biofuels that would exempt these fuels from national excise taxes, objections were 
raised and an appeal to the Commission of the European Communities was made by BP 
Chemicals Ltd (OJC 2001).  Ultimately, however, the Commission decided to validate the French 
decision, allowing an exemption amounting to 6 US ¢/L to be extended through December 31, 
2003 (OJL 2003, EBB 2003).  This move has created the precedent within the EU to allow excise 
tax exemptions for biofuels, freeing a powerful policy tool for decision-makers within the nations 
of the Union.  It may be expected that other countries will make the decision to grant excise tax 
exemptions as ethanol production becomes more widespread within Europe.    
 
In North America, excise taxes have been used as a tool to support renewable biofuels for some 
time.  The federal governments of both Canada and the U.S. offer an exemption on ethanol which 
results in a slightly reduced tax rate for E10 blends.  In addition, some state and provincial 
governments also offer exemptions.  The largest North American exemption on excise taxes is 
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currently offered in Manitoba, although that status is dependent to a large degree upon the 
strength of the Canadian dollar. 

Table 3-1:  Excise tax rates for study area (2003) 

Country  

Leaded 
Gas1 

(US ¢/L) 

Unleaded 
Gas1 

(US ¢/L) 
E102  

(US ¢/L) 

 
Diesel1  
(US ¢/L) 

Biodiesel2
(US ¢/L) 

Canada*  8.0 7.3 6.6  3.1 n/a 
Mexico***  n/a 66.6% 78.9%  43.5% n/a 
United States**  4.9 4.9 3.5  6.4 n/a 
Austria  49.2 41.8 41.8  29.0 26.2 
Belgium  56.6 50.6 50.6  29.8 29.8 
Czech Republic  30.3 30.3 30.3  22.8 22.8 
Denmark  53.7 44.9 44.9  30.9 30.9 
Finland  65.3 57.5 57.5  33.4 33.4 
France  n/a 60.1 54.1  39.9 39.9 
Germany  66.1 60.8 60.0  42.0 42.0 
Greece  35.5 30.5 30.5  25.8 30.5 
Hungary  39.8 36.8 36.8  29.8 29.8 
Ireland  47.1 38.4 38.4  22.8 22.8 
Italy  57.1 57.1 57.1  30.9 30.9 
Luxembourg  43.5 38.2 38.2  33.4 33.4 
Netherlands  66.4 59.5 59.0  29.8 29.8 
Norway  76.0 78.6 78.6  52.7 78.6 
Poland  38.4 34.5 34.5   34.5 
Portugal  56.3 34.3 34.3  25.2 25.2 
Russia(3)***  30.0% 30.0% 25.0%  30.0% 25.0% 
Spain  41.5 38.1 34.3  27.2 27.2 
Sweden  61.3 53.4 53.4  34.9 34.9 
Switzerland  n/a 46.7 46.7  48.5 46.7 
United Kingdom  86.6 77.3 77.3  77.3 77.3 

 Sources:  1OECD 2001, 2CEC 2002, 3IEA 2003a.  Conversion factors:  $1.000 USD = $1.366 CDN = € 0.920 EUR 
*Canadian Federal excise tax rate is shown.  Provincial rates are variable, ranging from 4.5 US ¢/L (Yukon Territory) to 
12.1 US ¢/L (Newfoundland and Labrador).  Provincial excise tax exemptions range from 0.7 US ¢/L (Alberta) to 1.8 US 
¢/L (Manitoba). 
**US Federal excise tax rate is shown.  State rates are variable, ranging from 2.0 US ¢/L (Georgia) to 7.7 US ¢/L (Rhode 
Island).  State excise tax exemptions range from 0.1 US ¢/L (Florida) to 0.7 US ¢/L (Idaho). 
***Mexican and Russian rates are ad valorem and vary on a monthly basis, depending on world petroleum prices 
 
 
In Figure 3-3, the excise tax exemptions are shown for North America and Europe, and related to 
ethanol production capacity as a percentage of gasoline consumption.  The federal and state 
exemptions are illustrated by the red and yellow portions of the pie graphs respectively, and the 
pie graphs themselves are sized according to the total amount of the exemption. In the United 
States, Idaho offers the largest combined exemption on E10 fuels at 2.1 US ¢/L.  Total ethanol 
production capacity in Idaho is about 22 million litres per year, which is significant but low when 
compared with that of other states, particularly Illinois, Minnesota, Nebraska and South Dakota.  
Of the four largest ethanol-producing states, South Dakota is alone in offering an exemption on 
state excise taxes.  It may be concluded that excise tax exemptions provide a benefit for 
producers, but are not the deciding factor in determining where to install capacity for production. 
   
Similarly, exemptions on excise taxes cannot be simply related to ethanol production in Canada 
or Europe.  In Canada, Manitoba offers combined exemptions that are higher than any offered in 
the United States.  Combined federal and provincial excise tax exemptions on E10 reach as high 
as 2.56 US ¢/L in Manitoba, as compared to 1.81 US ¢/L in Ontario.   At the current time, 
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however, Ontario continues to lead Canada in the amount of ethanol produced, while Manitoba 
lags behind jurisdictions such as Saskatchewan (has individual incentives) and fuel Quebec, 
where exemptions are limited to the federal level.  In Europe, high excise taxes mean that 
exemptions for ethanol (and other biofuels) are very significant and orders of magnitude larger 
than those found in North America.  France offers the largest incentive in the form of tax 
exemptions, but produces less ethanol than Spain, which offers a significantly lower excise 
exemption. 
 
The data presented in this figure makes it clear that, while excise tax exemptions may play a role 
in the continued economic performance of the industry, there is no clear cause-and-effect 
relationship between the level of these exemptions and the establishment of the industry within 
individual jurisdictions.  Evidently, while the benefits that can be accrued due to excise tax 
exemptions are significant, particularly in Europe, they are not sufficient to lead to the creation of 
capacity.  In likelihood, this type of incentive will play a more important role in maintaining the 
profitability of ethanol production after it has been established.         
 

Direct and indirect funding for fuel ethanol 
Another common policy instrument used to support the ethanol industry is government program 
funding, in the form of direct or indirect subsidies, loans, or grants.  For the purpose of this study, 
direct funds are considered to be funds earmarked for ethanol production, while indirect funds are 
those intended to support biofuels or biomass production for general energy purposes.  When 
different funding sources were considered, the only real criteria applied to warrant their inclusion 
in this study was that the funds be applied to the construction or modification of production 
facilities, and that ethanol is accounted as an eligible product.  Indirect sources of funding were 
included because ethanol can often be created as a coproduct of bioproduct or bioenergy 
generation.    Estimates of the total funding available to support the ethanol industry in both North 
America and Europe are shown in Figure 3-4.   
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Figure 3-3:  Excise tax exemptions (E100) and ethanol production capacity 
(Production capacity shown as a percentage of gasoline consumption) 
Canadian Sources:  Canadian Renewable Fuels Association 2003, Department of Finance Canada 2003, NRCan 2003, 
Statistics Canada 2002, Statistics Canada 2003a 
European Sources: Berg 2001, CEC 2002, Europa 2003, European Biodiesel Board 2003, Novem 2003a, OECD 2001, 
Platts Global Energy 2003, UNSD 2003a, UNSD 2003b 
Mexican Sources:  UNSD 2003a, UNSD 2003b 
US Sources:  DSIRE 2003, Federal Highway Administration 2002, National Biodiesel Board 2003, Renewable Fuel 
Association 2003, U.S. Department of Energy 2003a, U.S. Census Bureau 2003 
 
For reference statistics, refer to Tables B-1, B-2, and B-3 in Appendix B. 
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Figure 3-4:  Direct and indirect funding for ethanol and ethanol production capacity 
(Production capacity shown as a percentage of gasoline consumption) 
Canadian Sources:  Canadian Renewable Fuels Association 2003, Department of Finance Canada 2003, NRCan 2003, 
Statistics Canada 2002, Statistics Canada 2003a 
European Sources: Berg 2001, CEC 2002, Europa 2003, European Biodiesel Board 2003, Novem 2003a, OECD 2001, 
Platts Global Energy 2003, UNSD 2003a, UNSD 2003b 
Mexican Sources:  UNSD 2003a, UNSD 2003b 
US Sources:  DSIRE 2003, Federal Highway Administration 2002, National Biodiesel Board 2003, Renewable Fuel 
Association 2003, U.S. Department of Energy 2003a, U.S. Census Bureau 2003 
 
For reference statistics, refer to Tables B-1, B-2, and B-3 in Appendix B. 
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In Figure 3-4, federal funds available in each nation are represented by the orange circles, which 
are sized according to the total amount of funds available.  In North America, the state or 
provincial funds are also illustrated by the yellow circles.  It should be noted that, because the 
figure includes funding targeted at renewable projects including biomass-based initiatives, certain 
jurisdictions, including California and Portugal, are indicated as having large funds available with 
no corresponding ethanol production.  As in other figures, the production capacity as a 
percentage of gasoline consumption is also included in the shading applied to the map.     
 
The figure clearly shows that the financial commitment that the U.S. has made to biofuels dwarfs 
the contribution that other governments have made.  In 2002, the funding for national or state 
programs that could apply to ethanol topped US $422 million.  The largest amount of funds was 
offered by the federal government.  Total program spending by all government agencies, primarily 
the U.S. Department of Agriculture and the U.S. Department of Energy, topped US $253 million in 
1998 and have risen since to top US $300 million (Chum 2001, Renewable Fuel Association 
2003).  In 1998, over US $150 million of this funding went to research and development of the 
biofuels and bioproducts industry.  This has resulted in improving the technology that is utilized by 
the industry, and has broadened the potential number of coproducts that can be generated from 
the ethanol production process.  The remainder of federal funds went to support a number of 
incentive programs, including the Alcohol Fuel Credit (a corporate tax credit designated for 
industry producing ethanol), deductions for both clean-fuel vehicles and refuelling properties, and 
the Renewable Energy Systems and Energy Efficiency Improvements Program.  The latter 
program is designed to aid in the construction of new facilities, and will cover up to 25% of 
construction costs.  Maximum grants for a single project under this program are US $500,000, 
and the fund generally pays out between US $3-5 million in any given year (DSIRE 2003). 
 
The U.S. model for the ethanol industry has evolved to see the federal government taking a 
leadership role in funding research and development, with the state governments putting the 
majority of their resources towards incentives for the creation of new production facilities.   Each 
of the four major ethanol producing states, including Minnesota, Illinois, Nebraska and South 
Dakota, have followed a different approach in creating these incentives.  Each approach 
represents a successful strategy for attracting the industry and expanding ethanol production 
capacity. 
 
In Minnesota, the chief incentive is the Ethanol Production Incentive.  Originally, this incentive 
provided direct payments to producers at a rate of approximately 5.2 US ¢/L ethanol, although the 
passage of SF 905 (2003) has reduced this amount to 3.4 US ¢/L.  In 2007, the original incentive 
will be restored and producers may be reimbursed for lost incentive if funds are available.  The 
total fund available is US $37,000,000, although there is a cap of US $3,000,000 per producer.  
This essentially means that producers of more than 15 million litres per year are ineligible for 
extra incentive.  Due to this restriction in funding, the program has resulted in the establishment 
of 15 individual facilities by 2003, the most of any state in the Union, with a total production 
capacity of 1.5 billion litres per year (Renewable Fuel Association 2003).  The Ethanol Production 
Incentive expires in 2010 (DSIRE 2003). 
 
In Illinois, the primary incentive offered to ethanol producers is the Illinois Renewable Fuels 
Development Program, which offers up to US $15 million a year in grants for the construction or 
retrofitting of renewable fuels plants.  While the wording of program is broad, ethanol production 
facilities are currently the primary recipient of these funds (DSIRE 2003).  In addition, the 
Renewable Energy Resources Program offers funding at various levels to promote the 
development and adoption of renewable energy within the state.  Applicable funds within this 
program include US $150,000 for dedicated crops that may be dedicated towards biofuels.  With 
two new plants under construction in 2003, the total funding available to the ethanol industry is 
estimated at approximately US $30,150,000.  Currently, Illinois has 5 operating facilities with a 
capacity of 4.9 billion litres per year, while 2 new facilities are under construction (Renewable 
Fuel Association 2003). 
 
In Nebraska, the main program is the Ethanol Production Incentive, which offers a tax credit of 
4.8 US ¢/L ethanol for up to 60 million litres of annual production per facility.  This credit, which 
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will expire in 2012, is limited to a total of US $22,500,000.  As a tax credit, these funds can be 
considered to be defrayed costs in direct support of the industry (DSIRE 2003).  Nebraska 
currently has a production capacity of 1.1 billion litres annually in 7 facilities, with 3 new 
installations currently under construction (Renewable Fuel Association 2003). 
 
In South Dakota, the Ethanol Production Incentive is designed as a direct payment of 5.2 US ¢/L, 
with a maximum of $1,000,000 annually or $10,000,000 in total to any single facility.  Unlike the 
incentives described for Minnesota, Illinois or Nebraska, this particular program is targeted 
specifically at ethanol from cereal grains; the program is set to expire in 2006 (DSIRE 2003).  
While this level of support is lower than the other three states under consideration, it is important 
to recall that South Dakota also has an excise tax exemption on ethanol, which provides 
additional financial incentive for production.  Currently, South Dakota has 8 operating facilities, 2 
plants under construction, and a total production capacity of 1.0 billion litres per year (Renewable 
Fuel Association 2003). 
 
As these examples demonstrate, significant production capacity can be achieved through a 
variety of political mechanisms.  The tools of tax exemptions, direct payments, or grants are 
shown to be effective in attracting capacity to individual jurisdictions, and the tools are shown to 
be flexible in achieving different results.  The Minnesota example, in particular, shows the 
potential impacts of small changes to policy.  By limiting the capacity to which the incentive 
applied, the state government was able to spur the creation of many individual facilities, which will 
have a direct impact on jobs and the local economy.  It is important to remember, however, that 
each of these strategies build upon the U.S. federal governments strong commitment to research 
and development.  Without that commitment, the rapidly improving technology that makes these 
facilities possible would not exist. 
 
In other countries, the dual funding model which has worked well in the U.S. does not exist.  For 
instance, the total French commitment to biofuels is just under US $200 million, of which about 
$180 million is devoted to investment subsidies for biofuels, and a further US $11 million is put 
towards wood energy programs.  This leaves only about US $9 million for research and 
development into renewables, a sum that will not be fully devoted to ethanol or biofuel research 
(CEC 2002).  The American government commitment to research is part of the success story; 
although the incentives that the French government offer are dramatic, they may lack the cutting 
edge in technology.  This may in part explain the relatively low level of bioethanol production in 
France, currently at about 115 million litres per year (Platts Global Energy 2003).  In Spain, the 
total investment is much lower at approximately US $30 million per year, but over half of this 
amount (US $17 million) is available for research and development into various renewables, while 
the other half may be used for commercial facilities or demonstration plants (CEC 2002).  The 
balance between research and production incentives that is present in both Spain and the United 
States, and the resultant human capital, may in part account for the success that these nations 
have had in nurturing the ethanol industry. 
 

3.4. Short-term technological challenges 
Research funding has been identified as an important part of government programs to support 
the ethanol industry.  For the bioconversion of lignocellulosics-to-ethanol, research funding is 
crucial because much of the technology required for various process stages is still in the 
development stage.  Commercializing this process will require the resolution of several short-term 
challenges.    
 
Existing literature lends credence to the notion that the primary goal of short-term research 
should be the validation of lignocellulosic-to-ethanol processing technology on an industrial scale 
(Hettenhaus et al. 2000).  The demonstration scale called for is in excess of 40 tonnes per day 
feedstock.  Potential sites for demonstration plants include existing fermentation mills, wet and 
dry corn mills, or existing pulp mills.  Even as demonstration facilities are prepared, however, 
research continues to focus on key parts of the bioconversion process.   
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Bioconversion has previously been divided into a number of process stages or subprocesses, 
including feedstock preparation, pretreatment, fractionation, hydrolysis, and fermentation (Gregg 
and Saddler 1995).  In the short term, research needs to focus on the pretreatment and 
subsequent fractionation of the components of the lignocellulosic matrix, which includes lignin, 
cellulose, and hemicellulose.  Although pretreatment technology is well understood, the 
preparation of an ideal feedstock for the hydrolysis element of the process has not yet been 
achieved.  In addition, the hydrolysis of the cellulose and hemicellulose fractions needs to be 
improved to be more efficient, either through improvements in acid-based processes, or through 
the greater development of enzyme-based systems.  Finally, work needs to be done on the 
fermentation of pentose sugars, which comprise a portion of the hemicellulose fraction of 
lignocellulosics.     
 
The pretreatment subprocess remains a significant concern due mainly to the heterogeneous 
nature of lignocellulosic feedstocks, particularly in comparison to starch-based biomass.  The 
need for improved pretreatment has been identified for some time, as this subprocess has been 
considered an area in which economic and technical savings can be made (Boussaid et al. 2000, 
BRDTAC 2002a, Yang et al. 2002).  Part of the goal in improving pretreatment technology is to 
optimize the characteristics of the outcome of this subprocess for fractionation and hydrolysis.  
Existing pretreatments, including steam explosion, ammonia steam explosion, dilute acid and 
concentrated acid treatments, have been studied extensively for application to agricultural 
residues, but are less well understood when applied to forest residues.  In the latter material, the 
characteristically high lignin content of variable chemical composition can lead to lignin deposits 
on the surface of the pretreated biomass, which inhibits the hydrolysis subprocess and reduces 
ethanol yield.  In order to resolve this problem, enzymatic pretreatment methods that provide a 
relatively clean output are now considered to be viable options.  Other interesting alternative 
pretreatments that have been identified as promising for further development include mild alkaline 
pretreatment at low temperature, and weak acid hydrolysis using CO2 in pressurized hot water 
(de Jong et al. 2003).  
 
Fractionation or separation of the chemical components of lignocellulosics is essential for short-
term improvements in process efficiency, and for the medium- to long-term development of 
coproducts and niche products from the unused fraction of the feedstock.   
Improved fractionation technology would provide industry with the ability to utilize more variable 
biomass sources of lignocellulosics, including urban waste, agricultural and mill residues, as well 
as traditional agriculture and forest crops and residues (BRDTAC 2002a).  The primary approach 
in researching this subprocess is the development of new methods that are low-cost and robust, 
although there has been some focus on improving older technologies.  It has been suggested that 
useful approaches may include engineering as well as biological approaches to product 
purification (BRDTAC 2002b). 
 
The subprocess of hydrolysis remains an issue when dealing with lignocellulosics, in large part 
due to the variety of sugars that are contained in the hemicellulose fraction of the material.  It is 
necessary to achieve the bioconversion of multiple sugar streams including both six- and five-
carbon carbohydrates, as opposed to the homogenous quality of starch.   While both chemical 
and enzymatic conversion processes are effective in producing fermentable sugars from 
lignocellulosics, the economy and efficiency of the process still leaves much to be desired.  
Complicating matters further is the fact that lignocellulosics are highly variable chemically, both 
between species and within individual plants.   
 
The fermentation subprocess faces unique challenges when dealing with lignocellulosics.  The 
highly variable chemical composition of both forest and agricultural residues makes it necessary 
to address the problem of inhibitory substances in sugar streams (BRDTAC 2002a).   The primary 
requirements for this subprocess are faster and more economical fermentation, which enables 
production of base chemical and chemical intermediates from a wide variety of feedstocks.  It is 
necessary to optimize mass transfer of oxygen and nutrient s for bioorganisms and the fermentor 
environment (BRDTAC 2002a).   
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The final short-term challenge is to improve the integration between the three subprocesses of 
pretreatment, hydrolysis and fermentation (Hettenhaus et al. 2000).  It is anticipated that this area 
will become a very important focus as the industry moves towards constructing the first 
demonstration and commercial-scale facilities.  Today, there are several organizations that are 
engaged in researching and developing the subprocesses and integrating them into a cohesive 
bioconversion process for lignocellulosics.  The organizations with the most experience are 
currently based in Sweden (von Sivers and Zacchi 1995) the United States (Schell et al. 1998), 
New Zealand (Clark and Mackie 1987) and Canada (Gregg et al. 1998).  
 
It should be noted that research options within each of these subprocesses will be greatly varied.  
In Box 1, some of the research avenues that can be followed in exploring the enzymatic 
hydrolysis subprocess are described, as well as some of the political factors that might be 
considered in decided upon a research program. 

Box 1 – Avenues for enzymatic hydrolysis research  
 
In creating research programs for various bioconversion subprocesses, there are a number of 
optional routes that the roadmap for lignocellulosic commercialization could take.  An illustrative 
example is the enzymatic hydrolysis subprocess, which offers some of the most promising 
avenues for research in the area of lignocellulosic bioconversion.  While starch-based ethanol 
production only requires a single family of enzymes, the amylases, a much greater variety of 
enzymes have the potential for successful application to lignocellulosic bioconversion, including 
β-glucosidase, xylanase, endo- and exocellulases, and cellobiohydrolase.  Each of these 
enzymes has a specific role to play in the bioconversion process, as they are effective for the 
bioconversion of specific sugars or complexes of carbohydrates.   
 
One research avenue might be to focus on improving understanding of those enzymes closest to 
commercial application.  Many of the enzymes most commonly used in bioconversion can be 
expressed from Trichoderma reesei.  The genome of this fungus is currently being sequenced in 
order to determine if new enzyme-expressing genes may be identified; early reports from this 
study have identified several promising candidate strains of the organism (Bashkirova and Berka 
2003).  In addition, the role of enzymes in inducing improved enzyme production is being 
considered.  As an example, hydrolysis using enzymes derived from Trichoderma reesei can be 
improved by the addition of sophorose, which in turn induces cellulase production. This inducer is 
produced by adding small amounts of cellulase to high amounts of glucose; the resulting 
sophorose can be used to induce cellulase production without purification (England and Kelley 
2003).  Finally, recycling of enzymes would increase the usefulness of this material (Gregg and 
Saddler 1996).   
 
A second avenue for research is a focus on exploring new fungi for enzyme expression, and 
broader combinations of different enzymes within the bioconversion process.  The abilities of 
enzymes expressed from different fungi have not yet been fully explored, and have the potential 
to improve the hydrolysis process to a significant extent.  For instance, β-glucosidases expressed 
from Saccharomyces cerevisiae have been shown to greatly improve the conversion of cellulosic 
materials into glucose (Li et al. 2003).  There are a wide variety of fungi available for enzyme 
expression.  Endo- and exocellulases may be expressed from Thermobifida fusca (Jeoh and 
Walker 2003), while β-galactosidases can be produced by Scopulariopsis sp. (Pastore and de 
Almeida 2003).  Indeed, genetic engineering is creating the potential for improved enzyme 
expression through the transformation of fungi with exception abilities to produce enzymes.  Thus, 
xylanase from Lentinula edodes can be expressed from Pichia pastoris (Lee et al. 2003, Zhu et 
al. 2003), while cellobiohydrolase from Penicillium funiculosum can be expressed in transformed 
Aspergillus awamori (Chou et al. 2003).  Each of these examples represents a range of potential 
options for improving the enzyme hydrolysis pathway.  Improving the understanding of enzyme 
mixes and loadings on hydrolysis efficiency could provide long-term payoffs.    
 continued… 
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 Box 1 – Avenues for enzymatic hydrolysis research (continued) 
 
A third avenue for research is to explore new uses for enzymes.  For example, one of the 
difficulties in hydrolysing lignocellulosics is the density and complexity of the ultrastructure of the 
material; enzymes cannot penetrate into the heart of the material reducing the efficiency and rate 
of bioconversion.  Recent work has suggested that some enzymes may facilitate electron transfer 
from the lignin molecule, resulting in oxidation of the molecule without direct enzyme contact.  
One promising enzyme in this regard is laccase (Decker et al. 2003). 
 
A final option for research is to focus on enzyme production for hydrolysis, which in itself is a 
significant bottleneck to the bioconversion process.  The enzymes must be produced, utilized, 
and recycled as efficiently as possible.  Enzyme production from Trichoderma reesei can be 
improved by monitoring and optimizing the substrate medium, and particularly the balance 
between cellulose and glucose content in the substrate (Szijártó et al. 2003).  It has also been 
shown that temperature and pH, carbon-source amount and quality, and rate of aeration have 
significant impacts on enzyme production rates (Juhász 2003). 
 
Choosing the correct option for research should connect to the business plan of the organization, 
but should also relate to the political realities of the jurisdiction in which the organization is based.  
Currently, U.S. support for research makes longer-term studies more appealing to industry.  In 
other nations, faster research paths might be preferable due to reduced levels of support and lack 
of domestic infrastructure.  Finally, strategic linkages and collaborations can reduce the risk 
associated with research and create options for the organization for future process development. 
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3.5. Political goals and ethanol-related policy 
The ability of ethanol to contribute positively to the environmental and economic performance of a 
country, and to improve energy security in the long term, makes the nascent industry a tool that 
policymakers can employ to meet national priorities in these areas.  A review of the priorities that 
governments are pursuing when designing ethanol-related policy illustrates some issues that the 
emerging ethanol industry might consider.  These issues may have particular relevance to the 
commercialization of the lignocellulosic-based component of the industry.  
 
In the United States, the primary political drivers that support research and development into 
ethanol for fuel are related to the economy and to energy security.  Two agencies have become 
the primary implementing bodies for U.S. policies related to ethanol.   The Department of 
Agriculture (USDA) has a mandate to increase rural employment, diversify agricultural economies 
and stimulate rural development by harnessing crops and crop residues and identifying new uses 
for this material.  The Department of Energy (DOE) has a mandate to diversify the energy supply, 
expand the availability of renewable energy sources, and develop new technologies to exploit 
renewables in all forms.     
 
From an economic perspective, ethanol policy in the U.S. has been highly successful.  While no 
new oil refineries have been built in the U.S. since 1976, more than 70 ethanol production 
facilities have been built during this time, adding critical volume to the gasoline market.  Today, 
there are 73 ethanol plants in the United States, producing about 11 billion litres per year, with an 
additional 13 plants and 2 billion litres of capacity under construction (Renewable Fuels 
Association 2003).  Within ten U.S. states, the ethanol industry alone can be credited with 
creating an estimated 200,000 new jobs, and generating $500 million in annual tax receipts 
(Evans 1997).  These figures include direct employment within biorefineries, but also reflect 
increased employment on the farm and the creation of secondary jobs to provide equipment and 
services for these operations.  In Minnesota, for instance, the use of a cooperative approach 
means that about 8,000 farmers have shares in ten ethanol plants (Morris 2000).     
 
Urbanchuk (2001) reports that continuing to promote biorefineries through mandatory renewable 
fuel use, such as a Renewable Fuels Standard, would encourage growth of the U.S. ethanol 
industry to approximately 19.0 billion gallons of production by 2012.  This level of growth would 
require an estimated US $5.3 billion investment in new facilities and would increase demand for 
crops by 1.6 billion bushels per year.  The author anticipates that the ethanol industry could 
reduce the U.S. trade deficit by US $34 billion per year, create 214,000 new jobs within the 
U.S.A., and generate US $51.7 billion in new U.S. household income (Renewable Fuels 
Association 2003, Urbanchuk 2001).  
 
From a security perspective, ethanol policy has been less successful.  Demand for petroleum in 
the U.S. continues to outpace domestic supply, resulting in growing petroleum imports. A rising 
trend in oil imports is anticipated to place American dependence on foreign oil supplies at nearly 
70% by 2020 (Renewable Fuel Association 2003).  The impact of the biomass on the nation’s 
energy and fuel supplies has been very small; only about 3% of that nation’s total energy needs 
supplied by biomass (EIA 2003), and only about 0.7% of American total transportation fuel 
consumption is derived from biofuels (Renewable Fuel Association 2003).  Currently, the United 
States has the potential capacity to supply more ethanol as a fuel to its population than any other 
country included in this study.  From the perspective of energy security, however, the U.S. could 
benefit from continued expansion of the ethanol industry and increased utilization of the industry’s 
potential.  
 
The issue of climate change has become a major concern for all people, but the sectors most 
closely linked to ethanol production – including energy producers, farmers, and foresters – will 
feel the impact of this issue more closely.  Climate change is the driver behind many new policies 
that influence the actions taken by these sectors.  Perhaps the best-known of these is the Kyoto 
Protocol, which has been ratified by the members of the European Union and by Canada in North 
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America.  The Clean Skies Initiative in the U.S. is another example of these policies.   Because 
the use of ethanol has the potential of reducing net greenhouse gas emissions significantly over 
petroleum products, an expansion of ethanol production may become a significant part of national 
climate change strategies.  It must be noted, however, that significant amounts of ethanol must 
be substituted for petroleum products in order for these reductions to make a significant impact 
on total greenhouse gas emissions.  It is unlikely that capacity can be built to produce the 
required amounts of ethanol in the short-term segment of the roadmap. 
 
In Canada, much of the funding being made available to fund research and development in 
ethanol is dependent upon the government’s environment strategy.  On August 12, 2003, the 
Prime Minister’s Office announced that the government would invest CDN $1 billion towards the 
implementation of the Climate Change Plan for Canada, which builds upon a further CDN $1.7 
billion the Government of Canada has invested in climate change over the past five years 
(Environment Canada 2002).  The investments that will be made include catalysts for improving 
individual behaviour by promoting better consumer choices, and incentives for the development 
and use of environmentally-friendly technologies including ethanol.  Canadian production of 
biopower is among the highest in the world, with 6% of primary energy generation derived from 
biomass (NRCan 2002).  However, ethanol at most comprises about 1% of Canadian gasoline 
consumption (Statistics Canada 2003b, PRA and CANUC 2002).   
 
For the European Union, the primary political drivers behind the development of an ethanol 
industry are described in the Directive on the promotion of the use of biofuels for transport as 
being partly to improve the security of energy supply, and partly to reduce the environmental 
impact of the transportation sector (CEC 2001).  The proposed Directive will see the share of 
biofuels rise from 2% of total fuel supply in 2005 to 5.75% of total fuel supply in 2010 in order to 
meet these priorities.  Due to relatively slow growth in the industry, it is currently anticipated that 
renewable fuels will occupy about 4.8% of the market by 2010, which is significantly less than the 
existing policy target (Europa 2003).  
 
The overriding priorities of the EU will impact the behaviour of each member nation in setting 
national policies relating to biofuels.  It can be expected that, while economic factors are not the 
political priority of the EU, the member nations will have a strong interest in utilizing the proposed 
Directive to meet national goals of employment and economic diversification.  From an economic 
standpoint, it is anticipated that a biofuel contribution of 1% of the total EU fossil consumption will 
create between 45,000 and 75,000 new jobs (CEC 2001). 

3.6. Implications for the case studies 
The two case studies are well positioned to support the growth of the ethanol industry, by taking 
lessons learned from successful and unsuccessful commercial ethanol ventures and lobbying 
their local governments to employ the strategies which have been successful elsewhere.  Each of 
the case studies is in a position to act as ethanol pioneers within their own discrete regions.   
 
Lignol has domestic access to the Canadian ethanol industry, which already has a relatively 
substantial capacity and, with ongoing government support, is poised for further development.  
Currently, Canadian governments have not announced specific plans for incentives to the ethanol 
industry, at either the provincial or federal levels.  As a company that is devoted to improving the 
bioconversion of lignocellulosics, Lignol is well positioned to advise the Canadian government’s 
position and aid in policy development aimed at supporting the conversion of forest and 
agriculture residues to ethanol.  Eventually, this strategy could help the ethanol industry grow 
within Canada by opening up new sources of biomass.  Lignol should take advantage of this 
focus on environmental policy by incorporating to the fullest extent the benefits associated with 
biomass recovery and use.  This may mean entering into partnerships with producers of biomass. 
 
British Sugar has the potential to supply sugar- and starch-based ethanol to a domestic UK 
renewable fuel program.  The British government, also in the early stages of biofuel policy 
development, has a great opportunity to create innovative policy that supports the growth of the 
industry.  British Sugar could play a leading role in advising their government on successful 
strategies for establishing and building the ethanol industry.  As a provider of biomass, British 
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Sugar can positively contribute to the reduction of greenhouse gas emissions by producing 
renewable fuels; this would contribute to the UK and EU strategies for combating climate change. 
 
In advising governments on the creation of ethanol-friendly policy, the U.S. experience offers 
some valuable lessons that the case studies might wish to consider.  The U.S. goals behind 
policies supporting the ethanol industry are dominated by economic and security-based concerns.  
Of these priorities, the ethanol industry has really been most successful in meeting certain social 
or economic criteria.  The starch-based segment of the ethanol industry has enjoyed particular 
success in the United States, particularly in Minnesota, Illinois, and Iowa.  In the past, these 
jurisdictions have utilized a number of schemes, including direct payments, grants, corporate tax 
breaks and excise tax exemptions, as incentives to lure the industry and build ethanol capacity.  
Direct funding, despite the form, was found to be effective in building large amounts of local 
capacity.  The success observed would likely have been lessened were it not for the significant 
commitment made by the U.S. federal government to researching and developing new ethanol 
technology.  This commitment ensured that cutting edge process technology, as well as human 
capital in the form of skilled personnel, was available to the emerging industry.  For the case 
studies, the implication is that social or economic programs have great potential for success 
within the short-term, and thus recommendations to local governments should emphasize the 
suitability of this policy approach. 
 
The ability of the industry to increase energy security in the United States, on the other hand, has 
been limited by the relatively small capacity of their production facilities at the current time.  This 
should serve as a cautionary measure for governments in both Canada and the European Union, 
which have invested ethanol-related policy with more emphasis on the environment and on 
energy security than they have upon social or economic concerns.  Improved energy security 
through ethanol production can only be achieved when enough capacity is brought on-line.  Thus, 
security-related policy geared to the short-term cannot succeed to any great extent.  
Policymakers must realize that, in the immediate future, the goals of most successful policies will 
be related to the economy, or perhaps to the environment.  The implication for the case studies is 
that security-related policy, such as mandated renewable fuel use, is likely to take the form of 
long-term programs that have very little immediate reward.       
 
The importance of environmental performance to the ethanol industry is likely to rise in the short 
term, particularly as the relative advantages and disadvantages of biofuels compared to 
petroleum are explored and quantified.  The Clear Data for Clean Energy (VIEWLS) project 
recently launched in the EU is dedicated to comparing and collating various measures of biofuel 
performance, including life cycle assessment, energy balances, and techno-economic reviews.  A 
comprehensive understanding of the relation between the ethanol industry and the environment 
will allow industrial participants to access the full range of incentives and programs that 
governments utilize to achieve goals of improving environmental performance.  Accessing these 
funds may mean partnering with the forestry and agricultural resource sectors.  It should be noted 
that a detailed understanding of the emissions related to ethanol use will likely be necessary for 
the fuel to be introduced under increasingly strict environmental regulations.  The Bellagio 
Memorandum on Motor Vehicle Policy (Energy Foundation 2001) makes it clear that content 
standards for environmental performance should be introduced at the beginning of a fuel’s 
introduction.  The data being gathered through various studies, and collated by the VIEWLS 
project, will support development of these standards.  Finally, the actual contribution of ethanol to 
reductions in greenhouse gas emissions will likely not take place until significant capacity is 
installed, and corresponding amounts of fossil-based fuel can be substituted for.  This will likely 
be a long-term endeavour.  The nature of environmental policy, however, makes it more likely 
that short-term benefits could be reaped by ethanol producers.   
 
It has been shown that the remaining technical challenges for the lignocellulosic-to-ethanol 
bioconversion process are related primarily to process efficiency.  The implication is that 
commercial lignocellulosic-based ethanol may be attainable in the short- to medium-term.  It is 
important that the case studies lobby for the creation of open-ended policy that supports ethanol 
from a variety of biomass sources.  Neither case study has the full range of expertise that is 
required to develop the industry; instead, each concentrates on certain components that reflect 
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their interests and priorities.  In the short-term, each case study should have a focus on building 
the strategic partnerships that will provide the expertise and knowledge that is missing within their 
own organizations.  The IEA should play a role here in identifying prospective partnerships and 
facilitating contact between interested participants.   
 
Both case studies are well positioned to provide guidance to their local governments in the 
creation of ethanol policy that nurtures the industry during its early stages.  During the short-term, 
economic and environmental policy will likely provide immediate incentives to the case studies.  
To a large extent, the onus is on these companies to request their governments reward the 
positive role that the ethanol industry can play in achieving short-term policy goals.  The role of 
the IEA, in turn, should be to provide both governments and industry with independent data that 
supports the economic and environmental benefits of the industry.        
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4. Growing the Industry:  Views to 2010 
Currently, there are no commercial facilities capable of utilizing agricultural or forest residues.  
Most commercial facilities are starch-based, although a few mills use residues from potato 
processing or breweries (Renewable Fuels Association 2003).  Only the Tembec plant in Quebec, 
Canada produces ethanol from forest-derived lignocellulosic waste.  It may be anticipated, 
however, that the growing demand for renewable fuels, and policy challenges such as the 
European Union target of 5.75% biofuels by 2010, will result in commercial production of 
lignocellulosic-based ethanol in the short- to medium-term.  Accessing lignocellulosics for 
bioconversion will extend the secure and sustainable supply of biomass available to support the 
ethanol industry, and will provide new opportunities for the industry’s growth.   
 
Today, the major centres of ethanol production currently can be seen to map very closely to 
agricultural production of corn.  These centres of production will likely be the first to expand to 
utilize lignocellulosics in the future.  As the industry develops, however, establishment of new 
centres for production can be expected in areas where a sufficient supply of biomass is available.  
These locations will include forest-dependent communities and jurisdictions.  The diversification 
of biomass sources suitable for ethanol production will improve the sustainability of supply, and 
increase the ability of the industry to serve political goals of energy security.   
 
It should be noted that a third source of biomass is not considered within the scope of this study, 
but may be of immediate importance.  Waste or residues from urban sources, such as parks or 
processing facilities, may be particularly significant in European nations with limited access to 
natural resources (de Jong et al. 2003).  Currently, however, little data is available to describe 
these sources.   

4.1. Supply of agricultural residues 
Many studies have been conducted on the amount of residue or straw left behind in typical cereal 
agriculture.  One North American study noted that the crop under consideration will dictate the 
total amount of residue left behind, with residues of 36, 23 and 18 kilograms produced per bushel 
of wheat, barley, and oats respectively (Shanahan et al. 1999).  These figures can be converted 
using standard crop densities to show that total straw production is in the order of 1.3, 1.0 and 1.2 
tons per ton of wheat, barley and oats respectively (Bowyer and Stockmann 2001).    
 
It must be noted, however, that the amount of straw that can be removed and utilized in an 
industrial process is significantly lower than these figures indicate.  It should be assumed that soil 
conservation requirements will account for between 50% or more of the total residues in many 
areas, and it may be expected that particularly dry conditions will result in mandating that 100% of 
residues remain on the field (Lindstrom et al. 1979, Shanahan et al. 1999).  Furthermore, a 
proportion of straw will be utilized for livestock feed.  Finally, variation in year-to-year crop yields 
will result in a reduction in residue production, as shown by Russell (1996).  After accounting for 
the factors of soil conservation, livestock feed and season variation, Bowyer and Stockmann 
(2001) suggested that only 15% of the total residue production would be available on average for 
industrial purposes.  This report utilizes this figure in estimating available agricultural residues.   
 
Based on the assumptions described above and on agricultural production statistics provided by 
the Food and Agriculture Organization of the United Nations (FAO), estimates of total agricultural 
residues were created for both North America and Europe.  These estimates are shown in Figure 
4-1.  The pie charts illustrate the amount of available residues from total grain production for each 
country, state or province.  The size of the pie charts increases logarithmically with total residue 
production as indicated in the legend.  The red segments of the charts indicate residues from 
maize (or corn) production.  The yellow segments indicate residues from other grains, including 
wheat, barley, rye, and rice. 
 
Figure 4-1 also indicates the per capita availability of total agricultural residues, as illustrated by 
the degree of orange shading applied to individual states, provinces and countries.  This is an 
important measurement because it provides insight into the potential ability of agricultural 
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residues to satisfy local demand for transportation fuel.  In some jurisdictions, such as the 
Canadian prairie provinces of Alberta, Saskatchewan, and Manitoba, the total production of 
residues is quite low, but the per capita availability of these residues is above 350 kg per year.  
While these jurisdictions might have difficulty competing with larger producers, the opportunity to 
create a renewable domestic supply of fuel based on lignocellulosic ethanol still exists.      
 
Figure 4-1 clearly demonstrates the fundamental linkage between biomass supply and ethanol 
production.  As the amount of total residue available is simply a fixed percentage of total crop 
production, the figure reveals that the four notable centres of corn production in the United States 
are Illinois, Minnesota, Nebraska and Iowa.   As discussed in the previous section, these states 
contribute a significant portion of total U.S. ethanol production.  The large amount of corn 
produced in these states, combined with considerable incentives, has permitted the growth and 
expansion of the starch-based portion of the industry within these jurisdictions.   
 
The figure can also be used to reinforce the notion of the overriding importance of financial 
incentives in establishing and growing the industry.  Several states, including Kansas and Ohio, 
produce large amounts of corn, which means that biomass should be available for ethanol 
production.  As these states lack incentive programs, however, ethanol production levels remain 
low, or in the case of Ohio, non-existent.  Much the same situation is found in Europe, where Italy 
is second only to France in the production of maize.  Despite the availability of feedstock, Italy 
has not yet achieved a fuel ethanol industry due to the lack of incentives for research or 
production.   

Opportunities for the industry 
As lignocellulosic-based ethanol production becomes feasible, new opportunities for the 
expansion of the ethanol industry will present themselves.  Figure 4-1 highlights the fact that grain 
residue availability in most countries is dominated by a variety of non-corn species, including 
wheat, barley, rice and rye.  Agricultural residues from these types of grain production are 
suitable for lignocellulosic-based ethanol production.   In the United States, this will have the 
effect of extending the biomass availability within those states where the starch-to-ethanol 
industry is already well established.  In almost all cases, the expanded industry will be able to 
take advantage of the existing incentives for production and development of their facilities.  In 
other states, the new utility of non-corn agricultural residues will mean that the industry has the 
potential to expand into these states, including Kansas, North Dakota and Texas.  Of these 
states, North Dakota has the most potential for early growth, as it has a strong incentive program 
in place and boasts a fledgling ethanol industry already.  Kansas and Texas are jurisdictions that 
have the opportunity to develop new incentive programs to attract the industry as it develops.   
 
Canadian levels of total agricultural residue production are quite low in comparison with the 
United States.  As might be expected, most Canadian agricultural residues come from wheat, 
barley and rye production in the three Prairie provinces.  With new federal production incentives 
in place and proximity to an established industry in the U.S., Canada should expect to see the 
ethanol industry develop in Alberta, Saskatchewan and Manitoba.   
 
In Europe, primary producers of non-corn agricultural residues include the United Kingdom, 
Russia, Poland, the Ukraine, and Italy, as well as France, Germany and Spain.  With the 
exception of the latter three, these nations do not have ethanol production incentives in place, 
and thus face challenges in developing capacity to utilize lignocellulosic residues.  With more 
advanced incentive programs, it can be assumed that France and Spain, and to a lesser extent 
Germany, will have the early advantage in growing the industry.   
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Figure 4-1:  Estimated agricultural residues (2001), total and per capita 
Canadian Sources:  FAO 2002a, Statistics Canada 2003a, Statistics Canada 2003c, Bowyer and Stockmann 2001 
European Sources: FAO 2002a, UNSD 2003b, Bowyer and Stockmann 2001 
Mexican Sources:  FAO 2002a, UNSD 2003b, Bowyer and Stockmann 2001 
US Sources:  FAO 2002a, USDA 2002, U.S. Census Bureau 2003, Bowyer and Stockmann 2001 
 
For reference statistics, refer to Tables C-1, C-2, and C-3 in Appendix C. 
 

 
Movement away from a single, starch-based crop to the variety of grain-based residues that are 
comprised of lignocellulosics is good news for the industry, particularly from an energy security 
standpoint.  By increasing the variety of crops that can be used for biofuel production, the spatial 
distribution of farming for fuel is expanded and the vulnerability of these crops to climate change 
reduced.  Some of these residue-producing crops are more resistant to drought and other 
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climate-related phenomena, which improves the security of the fuel supply even further.  Finally, 
the use of lignocellulosic-based residues does not compete with the human food chain.  Starch-
based residues currently utilized for ethanol production have competing uses within the food 
chain, primarily as livestock feed.  Diversifying the industry beyond these residues greatly 
reduces the chance of fuel supplies being interrupted due to food requirements.   
 
It may be possible to increase agricultural production with the purpose of extending the potential 
fuel supply.  For instance, there are claims that approximately 40 million ha of excess cropland is 
available in the United States today, either idled by farmers or through various Federal programs 
(Shapouri 2003).  Extending farming in a responsible way may be beneficial for the environment.  
It has been shown that long-term soil carbon can be increased through responsible harvest 
procedures, including low- or no-till, even under high residue removal regimes (Dale and Kim 
2003). 

4.2. Agricultural feedstocks and drought 
An important aspect of the industry’s diversification of agricultural feedstocks, and the expansion 
of the industry into new countries, is the increased level of fuel security that is associated with 
these developments.  By reducing dependence upon a single crop, the industry moves closer to 
fulfilling the mandate of improving energy security, which will in turn increase the suitability of the 
industry for fulfilling political objectives.  The industry should not advance the security argument, 
however, without considering the implications of drought for agricultural production feedstock 
supply.     
 
There have been remarkable advances in defining recent changes in climate in the past decade 
through the study of marine, continental and ice-core records.  From these records, it is clear that 
abrupt climate changes have been common in the past, and that the impact of these changes 
was felt over much of our planet.  Moreover, it is evident that some severe weather events, such 
as drought, are cyclical and can be expected to recur in the future.  
    
 

 
 

 
Figure 4-2:  Historical precipitation in New Mexico based on tree-ring analysis 
Source:  Grissino-Mayer 1996. 

The recurrence of drought on a cyclical basis is illustrated by an analysis of tree-ring growth 
conducted in north-western New Mexico, as shown in Figure 4-2.  This figure indicates that less 
than average rainfall occurred about half the time between 1700 and 2000.  More significantly, 
the analysis reveals that significant, extended drought periods occur about once every fifty years 
and that these periods may last for over a decade.  Some periods of drought have been 
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especially severe; for instance, the data shows that a catastrophic, fifty year drought was 
experienced in the early 1700’s (Grissino-Mayer 1996).    
 
It is evident from this data that historical climate trends are characterized by cyclical, repeating 
events.  Future patterns may not be so easy to predict, however.  A rise in greenhouse gasses 
within the atmosphere due to industrial activities will likely exacerbate the severity and duration of 
drought events.  In the Great Plains region of the United States, for instance, models suggest that 
doubling the concentration of CO2 in the atmosphere will result in a marked increase in the 
occurrence of extreme droughts (Woodhouse and Overpeck 1998). 
   
During periods of drought, certain areas are generally affected to a greater extent than others.  In 
the Great Plains region of the United States, the most severe impact of drought is often felt in the 
south-central states of Colorado, Nebraska, Kansas, Missouri, Iowa, Oklahoma, New Mexico and 
Texas, with lower but significant impacts felt in neighbouring jurisdictions.  During one drought 
period, in the 1950’s, these states were subjected to repeated years of less-than-normal rainfall, 
from 1953-1956.  The extent of drought in successive years is shown in Figure 4-3. 
 
A large-scale disturbance, such as the drought of the 1950’s, will impact different crops to 
different degrees.  For instance, it is estimated that total production of corn in South Dakota was 
diminished by up to 60% in that particular drought (as presented by Waltman and Peake 2003).  
In 2003, severe droughts in Europe reduced wheat production by 10%, and corn production by 
20%, under 2002 figures (USDA 2003).   Advances in irrigation and breeding of drought-tolerant 
crops will help reduce the impact of minor droughts, but severe weather events will still reduce 
agricultural production to a significant extent.     
 
It is important to note that, despite improvements in agricultural practices, crop production is still 
fundamentally dependent upon water supply.  In most cases, groundwater is the only available 
tool available to the agricultural sector when responding to drought conditions.   Unfortunately, 
this resource has been significantly depleted throughout the Great Plains and Prairie regions of 
the United States and Canada, despite the last 45 years being relatively drought-free.  Therefore, 
the possibility of mounting a defence against the next significant drought has been diminished 
(Woodhouse and Overpeck 1998).  It can thus be argued that the area has become more 
vulnerable to future climate change, which serious implications for agriculture and by extension 
for the production of bio-based fuels such as ethanol from agricultural residues. 
 
The ethanol industry should not make the mistake of becoming too dependent upon a single crop, 
nor should it focus on biomass that is generated in areas with low water supplies.  It should be 
recalled that ethanol production uses an incredible amount of water.  For instance, a 25 million 
litre/year ethanol producing facility uses about 187,500,000 litres of water per year, or about 7.5 
litres of water per litre of product (SAC Inc. 2002).  This water must be supplied in addition to the 
water required for biomass production, which in agricultural operations can be significant.  For 
these reasons, it is recommended that biomass supply be diversified beyond agricultural material.   
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Figure 4-3:  Drought severity in the US, 1950-1958 
Source:  Cook et al. 1996 
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4.3. Supply of forestry residues 
Fortunately, lignocellulosic-to-ethanol facilities will have access to a much greater variety of 
feedstocks than their industrial counterparts in the sugar- or starch-based sectors.  In addition to 
agricultural residues, wood residues from forestry or forest product processes will also be suitable 
feedstock for the industry.  In order to identify future locations for the growth of the industry, data 
on forest residue availability was examined.     
 
The Food and Agriculture Organization of the United Nations (FAO) tracks forest residue 
generation on a national basis through a voluntary program of statistical reporting.  Countries that 
have engaged in this process include Canada in North America, and most European nations 
including Sweden, Germany, and France.  The available statistics describe two categories of 
residues.  One category is the generation of residual chips and particles, which are utilized in the 
creation of value-added products including particleboard, oriented strand board and paper 
products.  The second category is the generation of other wood residues, which include industrial 
remainders from both forestry and forest products processing (FAO 2002b).  Other residues may 
be generated in the forest, but are not included in the current study.  As with agricultural residues, 
the environment itself will place some restrictions on the total amount of residue that can 
ultimately be retrieved from forest operations.  The issues of biodiversity conservation and soil 
and water protection will ultimately limit residue removals (Skog and Rosen 1997).   
 
For countries that have not provided measures of wood residues to the FAO, estimates were 
created using average generation rates from countries were data existed.  An effort was made to 
match nations with similar forestry and forest industry practices.  Accordingly, an estimate for the 
United States was created using average generation rates from Canada.  A weighted average 
generation rate for Europe was applied to those countries without reported figures, including 
Russia, Hungary, and Finland.   
 
The estimates of forest residue availability are shown in Figure 4-4.  The total residue generation 
is illustrated by size of the pie charts as indicated in the legend.  The red segment of the chart 
illustrates the estimated available (unused) residue, while the yellow segment indicates residues 
that are generated but reused, either in other processes or in energy generation for mill 
operations.  The figure also illustrates the per capita availability of the unused residue portion 
through the degree of green shading applied to each jurisdiction.  The residues that are reported 
include waste from logging operations as well as from the processing of wood and paper products 
(FAO 2002b). 
 
As shown in Figure 4-4, estimates of provincial and state forest residue availability have been 
developed for North America, based on subnational forest removal and processing data (CCFM 
2003, Smith et al. 2001) in combination with reported national rates of residue generation.  In 
Canada, it was possible to construct estimates on a provincial basis; in the United States, 
estimates are made at the forest region level.  These estimates of subnational residue generation 
were made by applying a weighted distribution, based on state or provincial forest production 
levels, to national generation rates.   
 
It is recognized that subnational estimates of wood residue availability used in this report are 
likely inaccurate to some degree, due to the variation that is observed within the forestry sector 
over changing forest types and jurisdictions.  These estimates may be used effectively to 
examine relative differences in total residue availability, however, and are thus intended to reflect 
relative differences in waste generation rates rather than accurate estimates of total residue 
availability.  A description of the factors that may affect residue availability within the provinces or 
states of North America is found in Box 2. 
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Figure 4-4:  Estimated Forest Residues (2001), total and per capita 
(US figures by forest district) 
 
Canadian Sources:  CCFM 2003, FAO 2002b, Statistics Canada 2003a, Panshin and de Zueew 1980 
European Sources: FAO 2002b, UNSD 2003b, Panshin and de Zueew 1980 
Mexican Sources:  FAO 2002b, Panshin and de Zueew 1980 
US Sources:  Smith et al. 2001, FAO 2002b, USDA 2002, U.S. Census Bureau 2003, Panshin and de Zueew 1980 
 
For reference statistics, refer to Tables D-1, D-2, and D-3 in Appendix D. 
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It should be noted that Figure 4-4 describes the amount of residues in measures of mass rather 
than volume.  As most harvest data is provided using volumetric measures, it was necessary to 
introduce a conversion factor, as measures of mass or weight are more relevant for the purposes 
of this study.  A simple conversion factor was used to reduce confusion and increase the 
transparency of this operation.  The average density, or specific gravity, of wood species 
commonly utilized in North America and Europe is approximately 0.5 (Panshin and de Zeeuw 
1980).  Thus, the generation rates of wood residues are reported in metric tonnes, using 0.5 as a 
conversion factor.  It should be noted that the amounts of wood residue generated also include a 
great deal of moisture, which will be discussed further in Section 4-5. 

Opportunities for the industry 
Perhaps the most important message for the ethanol industry that can be taken from Figure 4-4 is 
that the lignocellulosic-to-ethanol sector has several natural avenues for growth as forest 
residues are accessed.  These opportunities will provide the industry with a way forward in the 
next decade, as competition for agricultural sources of biomass increases.   
 
It is clear from the figure that several new centres of ethanol production could be developed using 
a woody lignocellulosic feedstock.  In continental Europe, France and Spain are already firmly 
supporting the development of this sector and have developed commercial capacity in starch-to-
ethanol.  It may be expected that the industry within these countries will grow to access new 
supplies of lignocellulosic material.  The industry will also have the opportunity to expand to 
include Germany, Austria, and the Baltic states, particularly Sweden and Finland.  These nations 
also have high levels of total and per capita forest residue availability, but provide varying levels 
of support for research or the creation of new facilities.  Sweden and Finland have a greater 
immediate opportunity for commercializing lignocellulosic-to-ethanol pathways due to the 
relatively high level of commitment that these nations have shown to the technology.  In Sweden 
in particular, the federal government has placed a great deal of emphasis upon the role of 
biofuels in the national energy strategy.  
 
In the United States, forest residues are not widely available in those states that currently have a 
strong ethanol program.  The availability of high levels of forest residues in the south-east may 
invite expansion of the ethanol industry into that region, but currently there is little local support in 
terms of incentive programs for producers.  An opportunity exists for the expansion of the industry 
and the development of new strategic partnerships in this area.  In Canada, the greatest levels of 
available forest residues are found in the west, where the British Columbia forest industry 
accounts for almost half of Canadian production of these materials.  Again, there is an opportunity 
for expansion of the industry, but the level of support that has incubated the U.S. industry is not 
present in this jurisdiction.   
      
By growing and expanding to take advantage of forest residues, the lignocellulosic-to-ethanol 
industry also continues the task of diversifying and securing a long-term supply of material for 
bioconversion.  The diversification of biomass sources beyond agricultural materials reduces the 
chance of catastrophic, multi-year climate events interrupting the availability of biofuels, since 
forests are more resilient to drought.  Forests are also less integral to the human food supply, 
which reduces competition for the use of residues.  
 
Like agricultural biomass, forests are subject to a variety of climate-related events that could 
interrupt biofuel supplies.  Fire and insect outbreaks currently claim large amounts of material 
every year in North America.  For this reason, ultimate growth of the lignocellulosic-to-ethanol 
industry must be built upon a diverse, resilient system of biomass supply that includes both 
agricultural and forest residues. 
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Box 2 – Understanding discrepancies in reported residue production  
 

An effort was made to validate the estimates of wood residue generation provided, particularly 
those estimates for provinces (Canada) or states (United States) which necessarily required 
the combination of information from a variety of spatial scales.  Where available, literature 
detailing the availability of these residues in individual jurisdictions was examined.  In British 
Columbia, for instance, a recent report by McCloy & Associates Inc. (2003) examined the 
surplus availability of wood residues in order to assess the potential of developing a bio-based 
energy sector.  In this study, total residue availability in 2003 was reported to be 2.3 million 
bone-dry tonnes.  This figure is significantly higher than the estimate arrived at in this study, 
which was 1.64 million tonnes of residue before drying (2002 values).        Statistics Canada 
provided a similar value for 2001, reporting approximately 3,850,000 cubic metres of other 
residue in British Columbia (Statistics Canada 2001).  This is approximately 1.95 million tons 
of material before drying. 
 
One explanation for the discrepancies in the figures is that the amount of secondary 
processing of material is lower in British Columbia than in other Canadian provinces, meaning 
that the average wood residue availability is greater than in other provinces.  The primary 
mechanism for increasing forest industry revenue in B.C. has typically been through 
increasing productivity and capacity. In other parts of Canada, particularly in the east, more 
emphasis has been placed on mill productivity; because of this, the industry has significantly 
improved lumber conversion efficiency, reducing residues to a significant extent.  It has been 
reported that the forest products industry in Eastern Canada can produce a thousand board 
feet of lumber with four cubic metres or less, instead of the five cubic metres of roundwood it 
used to require (Forintek 2003).  The presence of the pulp and paper sector in B.C. is also 
lower than the Canadian national average.   
   
A second explanation may be definitional; in the McCloy study, the definition of wood residues 
included shavings, bark and chip fines, as well as waste from pulp and paper operations.  The 
latter category of residues is not included in the FAO definition, and therefore may be 
considered as an addition to the FAO figure. 
 
Ultimately, it is recognized that subnational estimates of wood residue availability used in this 
report are likely inaccurate, due to the variation that is observed within the forestry sector over 
changing forest types and jurisdictions.  A conscious decision was made to utilize low 
estimates in order to avoid over-estimating the potential of the industry.  These estimates may 
be used effectively to examine relative differences in total residue availability, and are 
intended to reflect relative differences in waste generation rates rather than accurate 
estimates of total residue availability.       
 

4.4. Costs associated with residue procurement 
The cost of biomass is a significant factor in assessing the viability of an ethanol-producing 
facility.  One of the primary drivers in moving towards a lignocellulosic biomass source is that 
costs for this material are lower, due to less competition from other end uses (Novem 2003b).  
Biomass costs that are too high or too volatile can lead to the disruption of supply and limit the 
economic performance of an ethanol plant.  The importance of cost was raised in 2000, when 
NREL organized a series of colloquies to determine the prospects for commercializing 
lignocellulosic-to-ethanol processes.  One issue of concern identified in these meetings was that 
collection, storage, and delivery of biomass must be between US$25-40 per dry tonne 
(Hettenhaus et al. 2000).   

Agricultural residues  
Reports have indicated past prices for agricultural residues at about US$30/ton in the US and 
Canada ((S&T)2 Consultants Inc. 2000, Sheehan 2000).  Feedstock costs account for 50-75% of 
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all costs in a grain-based plant ((S&T)2 Consultants Inc. and Meyers Norris Penny 2001, McAloon 
et al. 2000).  A list of reported costs for agricultural residues is presented in Table 4-1. 

 

Table 4-1: Reported costs of agricultural crops and residues 

Country Feedstock Price (US$) Comment Source 
Shelled corn $1.94-$3.24 

$0.68-$1.14 
$0.40-$0.86 

Price per bushel 
Gross $ p. gal.  
Net $ p. gal. 

McAloon 2000 
 

Corn stover $35/tonne Long term cost 
unknown 

McAloon 2000

United 
States 
 

Bioenergy crops Up to 
$50/tonne 

 Sheehan 
2000 

Agricultural residue $21-$28/tonne* ($30-40 CDN$) (S&T)2 2000 Canada 
 Bioenergy crops $35-$69/tonne* ($50-100 CDN$) (S&T)2 2000 

* Figures originally reported in Canadian currency.  Conversion factors:  $1.000 USD = $1.366 CDN 
 
In the above table, residues tend to come from crops which are currently plentiful given current 
agricultural practices, such as corn, wheat, and other grains.  Bioenergy crops, such as 
switchgrass, are grown specifically for energy production and thus have a higher intrinsic cost.  
One estimate for switchgrass ranges between $58 to $80 per ton, depending on land quality and 
resultant yield and with the caveat that land is not taken out of production for more valuable cash 
crops (Duffy and Nanhou 2003).   
 
Between 16 and 32% of delivered costs of the cost of agricultural residues is associated with the 
collection and transport of residues from the farm gate to the mill gate, which leaves relatively 
little behind for the farmer.  In their review of the life cycle of ethanol production, Sheehan et al. 
assign a fairly arbitrary net profit of US$10/ton for corn stover, which results in about US$27/acre 
income for the average farmer involved in continuous corn production (Sheehan et al. 2002).  
Compare this figure with the 1998-2002 average returns for wheat, corn, soybean and cotton 
production, which range from US$67 (wheat) to US$150+ (cotton) per acre (Shapouri 2003).  It is 
obvious that sales of excess lignocellulosic material could return significant amounts of cash for 
the farmer.  However, these values do not reflect the very real cost involved in upgrading and 
replacing equipment, and the resulting changes that must be made in agricultural practices.   
 
Part of the problem is the fact that business plans continue to focus on ‘waste’ materials.  The 
development of a large-scale ethanol industry will effectively transform waste lignocellulosic 
material into a commodity, much as the paper recycling industry has changed scrap paper from a 
liability to an asset.  In the paper industry, commoditization has raised prices for waste paper on 
average, although that experience has also shown that prices are highly volatile.  The cost of 
these residues plays an important role, both in the economic plan of a mill but also in meeting 
political goals related to economic development.   
 
In some jurisdictions, employment and economic diversification at the local scale may be more 
important than the creation of large processing capabilities.  An example of policy that has 
successfully achieved this goal is found in Minnesota, where implementation of cooperative 
ethanol production facilities has afforded farmers some control over the ultimate process, and 
some input into the biomass procurement policies developed by these installations.  In other 
jurisdictions, the contribution of the ethanol industry to the total energy supply may supersede 
local economic concerns; in these areas, the preference may be towards large facilities that will 
necessarily minimize all costs.  Ultimately, the balance between social and economic goals will 
determine the trends that residue prices follow in the future.  High profit margins for farmers may 
be politically and socially desirable, but it is difficult to believe that these margins will remain 
constant.  Because farmers tend to operate individually, they are at a disadvantage in 
negotiations with corporations to maintain high prices.  
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Forest residues 
Less economic data is available for forest residues than for agricultural waste.  This is in part due 
to the lack of demand for these materials, but also is partly due to the fact that these residues are 
owned by a relatively small number of companies who tend to utilize the material for their own 
purposes.  Recent prices for forest and mill residues have been reported at about US$30/ton in 
the United States, and at about half that value in Canada ((S&T)2 Consultants Inc. 2000, Sheehan 
2000).  A short list of reported residue prices is provided in Table 4-2. 

Table 4-2: Reported costs of forest residues, from forest operations and wood mill 

Country Feedstock Price (US$) Comment Source 
Forest residue $30/tonne  Sheehan 2000 United States 

 Mill residue $30/tonne Most utilized today. Sheehan 2000 
Canada Mill residue $14/tonne* ($20 CDN$) (S&T)2 2000 

*Figures originally reported in Canadian currency.  Conversion factors:  $1.000 USD = $1.366 CDN 
 
In this table, forest or logging residues refer to materials removed from growing stock in the 
process of timber harvest, which are then left unutilized at the harvest site.  These residues tend 
to be more expensive on average due to the added cost of transporting the material to a 
processing facility.  As discussed earlier, the availability of these residues is limited by 
environmental factors (Skog and Rosen 1997), and thus these materials are not generally 
included in this study.  Much of the available portion of these residues is already being brought to 
the mill gate; since 1986, the proportion of softwoods left as logging residues has decreased from 
16% to 11% in the Pacific Coast region, and is as low as 8% in the southeastern United States 
(Smith et al. 2001).  Hardwood forest operations result in a greater percentage of residue material 
than softwood operations.   In the eastern part of the United States, hardwood logging residues 
totalled 2.0 billion cubic feet, and accounted for 27% of total hardwood removals (Smith et al. 
2001). 
 
Mill residues, on the other hand, are waste materials that are separated from the lignocellulosic 
matrix within the processing facility.  These materials have an advantage over logging residues or 
agricultural residues in that they are already collected and available for utilization.  Other end 
uses compete for these materials, however, including heat and energy generation and advanced 
wood products processing.   The residues that the ethanol industry wishes to utilize will become 
useful, and therefore commodities which can be exchanged just like any other component of the 
tree.  One report indicates that lignocellulosic feedstock costs accounted for about one-quarter of 
all fixed and operational costs ((S&T)2 Consultants Inc. and Meyers Norris Penny 2001).   

Lessons from the recycled paper sector 
It has been suggested that the emergence of organized biomass suppliers might help to stabilize 
and reduce costs of biomass (Hettenhaus et al. 2000).  The lessons learned in the recycled paper 
sector, which also relies upon wastepaper residues as feedstock, do not necessarily support this 
argument.  Since the early 1980’s, the average price for wastepaper has declined slightly to just 
under US$100/tonne, but has shown dramatic fluctuations from year to year, as shown in Figure 
4-5.  Over the same time period, production, imports and exports of recycled paper have all 
increased significantly in both Europe and North America, in terms of both total raw material and 
percentage of overall wastepaper recovery (FAO 2002b).   
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Figure 4-5: Wastepaper purchase cost and total production, 1980-2001 
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It can be seen from the figure that sharp fluctuations in the price of wastepaper cannot be easily 
related to the availability of the material, which has been greatly increased by the emergence of 
recycling programs and wastepaper suppliers in major urban centres.  In 1995, both European 
and North American prices of wastepaper spiked by more than 100%, a phenomenon that had 
little to do with availability of the material, but was more the result of tremendous increases in 
paper recycling capacity.  Biomass supplied to the ethanol industry will more than likely be 
characterized by similar fluctuations in price as the industry expands, even with the emergence of 
organized biomass suppliers.   
  
It is important to emphasize that the supply of biomass is critical for the ethanol industry to grow.  
In order for the industry to obtain more than a small fraction of the market for transportation fuels, 
suppliers of lignocellulosic materials must be identified and a market for these materials 
established.   An international market would serve several purposes, including increasing the 
supply of raw material to individual suppliers, introducing competition to control price-setting and 
gouging, and providing a cushion against local shocks in supply.     

4.5. Technical challenges associated with biomass harvest 
As the lignocellulosic-based ethanol industry moves into the mid-term, process-related challenges 
faced by researchers will be joined by specific issues related to the collection and storage of 
biomass.  Harvesting herbaceous or woody material in a fashion that collects both the desired 
primary products (agricultural crops or wood), as well as excess or ‘waste’ material, without 
degrading or destroying either fraction is difficult.  This difficulty is compounded by the fact that 
years of research have been geared towards removing these fractions as efficiently as possible, 
early in the course of harvesting and processing.  Indeed, significant capital investment has been 
made in harvest and collection devices that do not facilitate collection of the excess material.  In 
both the forest and agricultural sectors, this investment will serve as a barrier to the 
implementation of an ethanol industry.   
 
When the goal of collecting residues is considered, significant improvements are deemed to be 
possible in the harvest, transport, and storage of biomass (Hettenhaus et al. 2000).  In the 
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agricultural sector, it will be necessary to separate and collect starch-based and cellulose-based 
components.  This can be handled at the farm level in a few ways.  One approach is to collect 
residues left in the field by existing equipment, such as combines or threshers.  Adding a 
collection stage requires capital investment by farmers into new technology, and creates 
additional work, as a second pass over the field is generally needed with this approach.  More 
technically advanced solutions can be created to combine food and residue removal into a single 
stage, but these options require increasing levels of capital investment that may be difficult to 
recoup for the farmer.   
 
One option is to collect the entire plant for future processing, allowing the subsequent separation 
of grain and residue to occur elsewhere on the farm, or at a centralized processing facility.  
Separation of edible components from the residues can be done through mechanical shredders; 
hydrodynamic processing is also currently under investigation (Savoie and Shinners 2003).  
Centralized processing of whole grain plants is not an ideal solution, however, as it involves 
increased transportation of residues and thus higher costs for the ethanol producers.  More 
effective would be collectors that mechanically separate residue from grain at the point of harvest 
(Steffler et al. 2003), but this type of equipment is still in the development stage and would involve 
high direct costs for the farmer.  Ultimately, the collection of residues will involve added costs to 
the farmer, food producers, or ethanol producers; the technical challenge is to choose the option 
that has the lowest capital and operating costs, and to share these costs across the integrated 
grain processing industry.   
 
When considering forest residues, a portion of the available supply of residues is currently 
generated at the sawmill.  For the ethanol industry, mill residues have an advantage over 
agricultural residues, in that the mill serves as a centralized collection point for wood waste.  
Thus, the sawmill can be considered an ideal locations for the establishment of ethanol producing 
facilities.  As discussed in Section 4.4, however, the availability of these residues is affected by 
their usefulness in other forest products.  In order to access these materials, it is likely that the 
ethanol industry will be expected to pay a portion of the harvest and transportation cost 
associated with their collection.   In addition, forest residues also include a portion of material that 
is left within the forest during harvest operations.  In order to fully exploit the available forest 
residues from both harvest and mill operations, additional gathering of material during harvest will 
be required.  It may be expected that the price of residues will increase to reflect the added cost 
of harvest, transport, and storage of biomass.   

4.6. Potential ethanol production from lignocellulosics 
The potential contribution of lignocellulosic residues to future ethanol production can be estimated 
by extrapolating reported yields from the hydrolysis and fermentation subprocesses, and applying 
these yields to known residue availability.  The composition of most biomass contains high 
proportions of lignin and extractives which are not hydrolysable and therefore do not feed the 
fermentation process or contribute to ethanol production.  As most current studies utilize pre-
treated or ideal feedstocks with little or no lignin content, it is first necessary to relate these 
feedstocks to the chemistry of realistic forest or agricultural residues.  It is known that the amount 
of cellulose, hemicellulose, and lignin can vary between different plant and tree species.   
 
In agricultural residues, the range of chemical variation between the various species being 
considered for ethanol production is relatively low.  For instance, in European and American 
straw samples from corn, wheat, oats, barley and rye, cellulose content was reported to range 
between 35-40%, lignin content between 15-20%, and hemicellulose content between 26-27% 
(Ruth and Thomas 2003, Misra 1993).  The balance of the mass is made up of non-organic ash 
and silica.  Within a single species, low but statistically significant chemical variation may be 
observed within the specified ranges, a fact which can be attributed to both environmental and 
genetic factors (Sluiter et al. 2003).  The data reported is for oven-dried samples; when collected, 
agricultural residues typically contain about 50% water (Misra 1993).  Therefore, availability of 
cellulose in agricultural residues is approximately 50% · 35%, or 17.5% of total mass.  Availability 
of holocellulose can be conservatively estimated as 50% · 60%, or 30% of total mass.    
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In some ways, herbaceous lignocellulosics are less suited both physically and chemically to the 
bioconversion process than their woody counterparts.  For instance, it has been shown that straw 
residues have high surface area fines and small pore areas, as compared to similar woody 
lignocellulosics (Houghton et al. 2003).  This has implications for the pretreatment and hydrolysis 
subprocesses.  Chemically, forest residues may contain a higher percentage of sugars than 
herbaceous waste, which under perfect hydrolysis conditions would provide greater yields of 
ethanol.  Surprisingly, cotton gin waste has lower sugar content than some woody biomass 
feedstocks, with total carbohydrates ranging between 30 and 50% (Agblevor et al. 2003) 
compared to the figures presented below.  
 
For forest residues, the interspecies variation in basic chemistry is more significant than in 
agricultural wastes, and is most dramatic when comparing softwood and hardwood species.  
Softwood cellulose content tends to be around 40% of total dry weight, while hardwood cellulose 
content may be slightly higher at 41-42%.  Reported hemicellulose content can range between 
18% and 28% for softwoods, and between 24% and 33% in hardwoods.  Lignin contents range 
between 27-34% for softwoods, and 23-30% in hardwoods.   Note that these values are for oven-
dried materials; in its natural state, wood tends to be about 50% water (Panshin and de Zeeuw 
1980).  Therefore, availability of cellulose in forest residues is approximately 50% · 40%, or 20% 
of total mass.  Availability of holocellulose (combined cellulose and hemicellulose) can be 
reasonably estimated as 50% · 65%, or 32.5% of total mass.  
 
It has been suggested that plant science can improve biomass yields by developing hybrids 
where cellulose is increased and lignin is decreased (Hettenhaus et al. 2000).  In the American 
roadmap for biomass technologies, it is stated that a better understanding of plant biochemistry 
and enzymes is needed, as well as an improvement in methods for producing and preparing 
plants and residues so that they meet specifications for end-use applications (BRDTAC 2002a).  
This may include improving growth rates, and changing chemical properties through genetic 
manipulation.  As an example, there have been efforts to lower lignin content in cereal crops 
through attenuation of cin-amoyl CoA reductase (CCR) via genetic transformation (Lacey et al. 
2003).  The ultimate usefulness of this approach must be evaluated, both in the face of technical 
capabilities and political considerations with regards to the utilization of genetically modified 
organisms.      
 
According to Gregg et al. (1998), hydrolysis of C6 sugars can result in yields of between 0.5-0.75 
g/g cellulose, for softwoods and hardwoods respectively; fermentation of these sugars can result 
in ethanol yields of 95%, or 0.48-0.72 g/g cellulose (Gregg et al. 1998).  In another study, it was 
demonstrated that variations in subprocess design has a large impact on total yields.  The 
bioconversion of C6 sugars through separate hydrolysis and fermentation (SHF) and 
simultaneous saccharification and fermentation (SSF) yielded 0.61 and 0.86 g/g cellulose 
respectively (Wingren et al. 2003).  Finally, it has been shown that process ethanol yields from 
hydrolyzed feedstock containing both C6 and C5 sugars (i.e. both cellulose and hemicellulose) 
can range from 0.32-0.47 g/g for agricultural residues to 0.48-0.50 g/g for hardwood residues 
(Lawford et al. 2001, Lawford et al. 1999).  These yields are based on the fermentation of a 
hydrolyzed feedstock using recombinant Zymomonas yeast, which is capable of hydrolyzing both 
glucose and xylose effectively.       
 
When these figures are reconciled with the basic chemistry of agricultural and forest residues, 
estimates of ethanol yield per gram of raw feedstock can be established.  Given that the density 
of 100% ethanol is 0.79 g/ml (0.79 metric tonnes/m3) (ORNL 2003), it can be expected that 
ethanol yields from agricultural residues will range between 0.11-0.19 ml/g dried feedstock.  For 
forest residues, due to the characteristically higher cellulose content of these materials, it is 
estimated that ethanol yields will range between 0.12 and 0.22 ml/g dried feedstock.   Therefore, 
a country that produces in excess of 350 kg of lignocellulosic residue per capita per year has the 
potential to supply approximately 40-75 litres of ethanol to each inhabitant per year.    
 
Estimates of the total contribution of ethanol to fuel supply were created for each jurisdiction 
covered in the study.  These contributions are presented in Figure 4-6 as a percentage of per 
capita gasoline consumption.  The red shading in the figure indicates the percentage of gasoline 
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that could be offset by ethanol derived from lignocellulosic sources.  In creating this figure, low 
estimates of ethanol yield and residue availability were used in order to provide a conservative 
outlook for the industry.  If high estimates were used, the number of jurisdictions able to supply 
10% or more of fuel requirements with lignocellulosic-based ethanol would increase.  Note that 
existing ethanol production from starch-based sources is not included in this figure. 
 
Figure 4-6 provides an estimation of where the ethanol industry might expand to utilize available 
residues and to supply significant portions of the fuel supply.  In North America, likely areas for 
industrial growth include the agricultural states of the American Midwest, where the ethanol 
industry is already established.   It might be expected that the industry will expand southward as 
far as Texas and into Mexico, and northward into the Canadian provinces of Alberta, 
Saskatchewan and Manitoba, in order to take advantage of lignocellulosic supply in these areas.  
In addition, forestry-intensive areas, such as the Pacific Northwest, parts of eastern Canada, and 
the southeastern states of the U.S., also are potential locations for expansion.  It is clear from the 
figure that the Midwest states and the Prairie provinces are most likely to be able to offset 
significant portions of their fuel requirements with ethanol from lignocellulosic sources.  Other 
areas, particularly in the more densely populated states of the American northeast and 
southwest, will have less ability to provide a significant, locally-sourced ethanol fuel for transport.   
 
In Europe, the figure indicates that significant portions of fuel requirements might be supplied 
through lignocellulosic ethanol in many countries, particularly in Scandinavia and in Eastern 
European nations.  Overall, the potential of ethanol to act as a significant portion of fuel is greater 
in Europe than in North America.  This has less to do with residue availability, and more to do 
with the lower levels of fuel consumption that is typical of European citizens.  The industry is likely 
to grow first in countries where the ethanol industry has been established, including Sweden, 
France, and Spain.  Expansion into Eastern European nations might be expected as economic 
development in these areas continues. 
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4.7. Implications for the case studies 
An analysis of residue availability illustrates the need to expand beyond starch-based biomass if 
the ethanol industry is to grow.  Lignocellulosics represent the majority of residues from the 
agricultural industry, whereas the amount of corn starch available for ethanol production is 
restricted by the physical availability of this material.  Lignocellulosic residues can also be 
obtained from forest operations, which extends the potential ethanol industry into a variety of 
regions where agriculture is not prevalent.  Lignol and British Sugar each are working to access 
material that up until now has been of little value to the industry, which again puts the case 
studies into the role of pioneers for the ethanol industry.   
 
Expanding the amount of biomass available and diversifying the sources of this biomass 
increases the chances of the ethanol industry contributing significantly to the fuel supply.  
Localized disruptions in supply, due to environmental or economic factors, can to some extent be 
ameliorated through the diversification of biomass sources.  It must be noted that all biomass is 
subject to natural disturbances, including drought, fire, and insect damage; the only way to 
guarantee a steady supply of material is to increase the area of supply.  Developing a market 
devoted to supplying biomass to the ethanol industry would further increase security of supply.   
 
These findings may have both positive and negative ramifications for the case studies.  For 
instance, when the ethanol industry can demonstrate that it is a significant and stable provider of 
energy, governments can begin providing security-related incentives and subsidies to the 
industry.  This will create new opportunities for the lignocellulosic-to-biomass industry.  On the 
other hand, biomass from lignocellulosics may become commoditized as suppliers realize the 
value of the material.  The case studies should consider the impacts that increasing cost and 
competition for biomass will have upon their business plans.  In particular, British Sugar has the 
potential to reap significant rewards from security-related incentives, as this company already 
controls a large supply of biomass; the impact of commoditization would likely be positive for this 
company.  Lignol, as a technology provider, must consider this eventuality when evaluating the 
economics of their process.  If biomass costs are critical to the success of their process, then 
immediate action should be taken to ensure that costs are controlled.  A useful strategy might be 
to develop specific products in partnership with biomass providers in order to ensure that 
lignocellulosic material is provided in a timely and cost-effective manner. 
 
It can be anticipated that the technical issues relating to process efficiency and economy will 
continue to be resolved in the medium-term.  The challenges that may become more prevalent 
include harvest-related issues and distribution of products.   As a whole, the ethanol industry 
must create strategic partnerships with both biomass providers, and with energy and fuel 
distributors, in order to ensure that feedstock is available and that product can reach consumers.  
Both the IEA and local governments can play a strong role in facilitating these linkages.       
 
Finally, a forecasting exercise reveals that lignocellulosic residues cannot provide 100% of E10 
fuel in every jurisdiction.  This will affect both environment- and security-related policy goals, and 
may serve to deter decision-makers.  There will be a need to develop trade of fuel ethanol in 
order to address shortfalls in supply in some jurisdictions.  Europe has a better chance of 
achieving a significant biofuel industry using ethanol, in part due to the lower pattern of per capita 
fuel consumption that is observed within European countries.  In North America, ethanol from 
lignocellulosics cannot meet 100% of E10 fuel requirements; other sources of biomass will 
continue to be important to the ethanol industry unless there is a reduction in per capita fuel 
consumption.         
 
If ethanol is to become a factor in the fuel supply of North America and Europe, then there must a 
secure feedstock to supply ethanol production.  Bioconversion of lignocellulosics allows for 
increased diversification of biomass feedstocks, to include both agricultural and forest residues, 
and a corresponding rise in ethanol production.  Even with 100% bioconversion of lignocellulosic 
residues, the industry will face challenges in producing a significant portion of transportation fuels.  
In the long term, this will have serious implications for the case studies and for the ethanol 
industry as a whole.     
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5. Biorefineries:  Views to 2020 
In the long term, ethanol is only one of a variety of value-added products that may be extracted 
from lignocellulosics.  A full range of biofuels, bioproducts, and bioenergy may be generated from 
biomass; the biorefinery strategy combines the manufacture of these various products within the 
same process.  The advantage of the biorefinery approach to the conversion of lignocellulosics is 
that this pathway can lead to higher-valued products (Hettenhaus et al. 2000).  Ethanol 
production must compete as a low-value, high-volume industry; applying the biorefinery concept 
allows the creation of high-value, low-volume products that can improve profitability and increase 
efficiency of the whole operation.     
 
There is a great opportunity for developments in the combined production of bioproducts, 
bioenergy and biofuels from the biorefinery, and therefore this is the strategy for the 
lignocellulosic-to-ethanol industry that this study endorses.  In this endeavour, a strategic move of 
greatest possible advantage would be to incorporate the petrochemical industry in developing the 
concept.  Currently, this type of partnership is not seen anywhere, primarily because ethanol 
production is being conducted in highly agriculture-dependent jurisdictions like the American 
Midwest.  In the long term outlook of this study, however, this is a logical development; strategic 
partnerships in the petroleum industry will have developed with the growth of ethanol as a fuel 
substitute.   

5.1. The biorefinery approach  
A biorefinery is a facility that can convert biomass into its base chemical components, and use 
these components to produce materials, power, and fuel.  The biorefinery concept has in the past 
been used to describe more complete waste utilization within existing food- or wood-processing 
plants; however, the concept has been expanded to incorporate more efficient use of chemicals 
and materials at all stages in the supply chain, including growth and harvest, production and 
conversion, and final disposition of products (Gravitis 1998).  A schematic description of a 
biorefinery is shown below in Figure 5-1. 
 
The conversion of biomass can follow two platforms, as shown in the figure.  The sugar platform 
generally combines process elements of pretreatment, hydrolysis, and separation to create a 
variety of sugar and non-sugar chemical components.  This platform is currently being utilized by 
researchers and developers for lignocellulosic-to-ethanol bioconversion.  The syngas platform 
combines process elements of pretreatment, gasification, and cleanup and conditioning to 
produce a clean gas of primarily carbon monoxide and hydrogen.  The chemical building blocks 
created through each platform can then be utilized in the creation of biofuel, bioenergy, and 
bioproducts (OBP 2003a).  Each of these product streams is discussed in detail, in Sections 5-2 
through 5-4. 
 
As indicated in the figure, both agricultural and forestry biomass can be used to supply a 
biorefinery, and it is anticipated that this will eventually include both residue streams and 
dedicated biorefinery crops or trees.  Currently, biorefineries are being developed in the United 
States and Europe, but are focused on the processing of starch-based products rather than 
lignocellulosics.   Lignocellulosic refining is more challenging, as it requires the hydrolysis of five 
sugars (glucose, galactose, mannose, xylose, arabinose), whereas starch processing requires 
the hydrolysis of a single sugar (glucose) (Wyman 2003). 
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Figure 5-1:  Biorefinery pathways, platforms and products 
 
The term ‘biorefinery’ is chosen deliberately, as the concept is analogous to that of the petroleum 
refinery.  The petroleum refinery has been in existence for over a century; during that time, the 
process has become increasing sophisticated, with the number of products moving from a 
handful of oils and lubricants to a full suite of over 2,000 materials, chemical products, and fuels 
(Jechura et al. 2002).  Many of these products can be produced through the biorefinery approach 
(National Research Council 2000), making better use of our renewable natural resources and 
increasing the competitiveness and effectiveness of our agricultural and forest industries 
(Youngquist and Hamilton 1999).   
 
The development of the biorefinery concept will likely parallel that of the petroleum refinery, 
meaning that significant changes in the technology and approach can be expected.  For instance, 
petroleum refineries have evolved beyond simple distillation to thermal and catalytic cracking 
processes and reforming processes.  Much of the evolution of this industry has come as a result 
of major societal upheavals such as war, or from major changes in political focus such as the 
Clean Air Act (Jechura et al. 2002).  The lessons learned in the petroleum refinery will be applied 
in the biorefinery, however, so the time required for this industry to develop may be significantly 
shorter. 
 
In the agricultural sector, wet-mill grain processing installations produce a number of products 
and act as a nascent biorefinery.  In the forest sector, older pulp and paper mills, particularly 
using the sulphite process, were examples of the biorefinery concept at work.  These mills 
produce pulp or paper materials, but often are capable of producing chemical co-products, and 
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burn waste biomass in a recovery boiler to generate power for internal use.  For instance, the 
Tembec mill in Temiscaming, Quebec, Canada was built using sulphite pulping technology.  This 
facility still produces a variety of chemical coproducts which include ethanol.   
 
Ironically, the drive for efficiency in the pulp and paper industry, and advancements such as the 
Kraft pulping process, have significantly reduced the potential for pulp mills to adapt the 
biorefinery approach without major modification; almost all chemicals and waste are fully utilized 
in the modern Kraft mill.  The availability of cheap fuels such as natural gas has also limited 
interest in the generation of biofuels and bioenergy in tandem with primary product manufacture 
(de Hoop et al. 1997).   Rising costs for fossil fuels, as well as new technology, may combine to 
increase the possibilities of retrofitting these mills to act as biorefineries.  For instance, 
gasification technology can replace the recovery boiler to produce significantly higher amounts of 
power with the same amount of biomass; when applied at high pressures, this technology can 
also provide syngas for the production of high-value bioproducts.     

5.2. Biofuels  
Of the biofuels most commonly being pursued today, bioethanol and biodiesel remain the most 
common.  Biodiesel is particularly important within the biorefinery concept, as it holds a large 
portion of the European market and is identified as a fuel of interest in both Canada and the 
United States.  Other potential biofuels include liquid natural gas, methanol, and hydrogen.  
 
The biorefinery concept is important to the lignocellulosic-to-ethanol industry as a means of 
improving economic performance and creating added value.  It is recognized that the cost of 
petroleum will be highly competitive with that of ethanol for the foreseeable future, making it 
essential that short-term subsidies and support continue for the renewable fuel.  In the long term, 
the biorefinery concept is an option that will allow the industry to generate value-added 
coproducts in the form of chemicals or materials (BRDTAC 2001).  Thus, from the ethanol-
producers perspective, the development of biorefineries should emphasize the long-term 
development of other value-added bioproducts, particularly those that combine high value with 
strong potential demand.  Some possible products will be discussed in Section 5-4. 
 
Ethanol producers will be aware that the biorefinery concept can also allow other fuels to be 
created within the same facilities, provided that the feedstock is suitable for their production.  For 
instance, biodiesel is derived from oils found in certain agricultural crops, and can be used in a 
diesel blend or as a neat fuel.  Biodiesel production requires the collection, extraction, and 
refining of these oils.  There is less opportunity for large-scale biodiesel production in areas that 
have limited agricultural production potential for oil-rich plants, which include most northern 
nations such as Canada, Russia, and the Scandinavian countries. 
 
The biomass material of choice for biodiesel production is primarily canola and soybean, although 
rapeseed and sunflower are also used.  The primary use of biodiesel is as a blend with petroleum 
diesel, which is desirable because of the ability of biodiesel to reduce wear and tear on fuel 
injectors and pumps.  An addition of only 1-2% biodiesel can reduce engine wear by up to 40%, 
and boost engine efficiency by 6-7% (Crawford 2001).  Biodiesel is oxygenated, and therefore 
burns well with lower CO2 emissions and virtually no sulphur dioxide (SOx) emissions (Crawford 
2001).   Like ethanol-gasoline blends, biodiesel-diesel blends can be utilized within existing diesel 
engines without major refits.   
 
The biodiesel market in the U.S. is currently 132 million litres per year, but could rise to 
approximately 3 billion litres by 2016 if a Renewable Fuels Standard is introduced (Renewable 
Fuels Association 2003, PRA and CANUC 2002).  Current market demand for biodiesel in the 
U.S. is attributed to the 1998 ASTM standard for biodiesel, which can be used in policy to boost 
use of the fuel.  The blend that is currently most referred to in U.S. legislation and planning is B20 
(20% biodiesel, 80% petroleum diesel) (Crawford 2001).   
 
In Europe, biodiesel production far exceeds that of ethanol.  Biodiesel fuel production from 
oleaginous plants such as rape seed has developed from 55 000 tonnes in 1992 to more than 
700 000 tonnes in 2000.  France alone is responsible for 47% of the production of EMHV (methyl 
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ester from vegetable oil) with a production output of 328 600 tonnes per year.  Germany holds the 
second European position with 246 000 tonnes per year.  Three other countries of the European 
Union produce biodiesel fuel: Italy (78 000 tonnes per year), Austria (27 600 tonnes per year) and 
Belgium (20 000 tonnes per year).  It is anticipated that future projects will expand European 
production to approximately 4.8 million tonnes.   
 
In Canada and other northern countries, biodiesel fuel may become desirable, although the ability 
of these countries to produce it in large amounts is in part limited by suitable biomass availability.  
As an example, it has been predicted that the Canadian market for biodiesel could rise to 400 
million litres per year by 2010, if significant incentives are provided to the industry.  An example of 
such an incentive is a mandatory 2% biodiesel fuel standard (PRA and CANUC 2002).  The 
ability of northern countries to produce biodiesel locally will be limited, however; Canada currently 
has a single pilot plant in Foam Lake, Saskatchewan, although a commercial plant is planned for 
Oakville, Ontario (PRA and CANUC 2002).   
 
Key requirements for biodiesel research include a focus on catalytic and chemical processing to 
improve the efficiency of conversion and reduce costs, in order to compete more equally with 
petroleum-based diesel fuels (BRDTAC 2001).  Policy requirements include more consistent 
long-term policies that support continued growth of the biodiesel industry, as well as a 
coordinated federal effort on research, and the development of standards and incentives that 
reward positive environmental and economic performance (BRDTAC 2001). 

5.3. Bioenergy 
One biorefinery product can be generated with any feedstock is bioenergy, which refers to heat or 
electricity generated through the combustion of biomass.  Humans have traditionally used wood 
and other lignocellulosic materials as a fuel source, and burning excess biomass has been used 
as a source of heat and power in industrial plants such as pulp and paper mills for many years.  
In recent decades, however, combustion technology has been refined greatly.  Several 
commercial pathways now exist for efficient power generation that can provide excess power to 
the electrical grid.  Three technologies currently dominate research and development efforts in 
biopower generation: co-firing, direct combustion and biomass gasification (BRDTAC 2002a).  
Other avenues for generating power from biomass include harnessing anaerobic fermentation 
gases, which are generated from landfill gases, animal manure, grain products and by-products, 
wastewater treatment, sludge and sewage treatment, and so on (BRDTAC 2002b).   
 
Co-firing, or the combustion of biomass in conjunction with traditional feedstocks such as coal, oil, 
or gas, has been identified as the technology with the greatest potential for increasing biopower 
production in the United States, particularly in the short-term (BRDTAC 2001).  In the medium to 
long term, gasification technology is expected to be one of the most important biopower 
generation options.  Gasification can be used in conjunction with co-firing for increased efficiency 
(BRDTAC 2001).   
 
The potential of agricultural and forest biomass for energy generation can be seen in Table 5-1 
below, which compares biomass residue production to total primary energy supply for the world’s 
top fifteen energy producers.  Total primary energy supply, as listed in the second column, is a 
measure of the total amount of energy from all sources utilized within a nation on an annual 
basis.  The table illustrates the contribution that renewable energy sources has towards total 
energy supply, and further breaks renewable energy down into combustibles, hydroelectric, and 
other sources.  Finally, the estimated residues figure combines agricultural and forest residues to 
give an annual figure of residue production.  These figures were calculated as described in 
Section 4.   
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Table 5-1:  Total energy supply vs. total residue production (annual)  

Country 

Total 
Primary
Energy 
Supply 
(Mtoe)* 

Renewabl
es  
(%) 

Combustible
Renewables 
& Residues 

 (%) 

Hydro-
electric 

(%) 

Geothermal, 
Solar, Wind, 

Tide, and Other
(%)

 

Estimated  
Residues 

(Mt) 

Residues/
TPES 
(·1000) 

U.S.A. 2281.4 4.3 2.9 0.8 0.6 20,514,224 9.0 
China 1139.4 21.0 18.9 2.1 - 19,225,208 16.9 
Russia 629.7 3.0 0.6 2.4 0.0 13,513,496 21.5 
India 531.5 39.8 38.6 1.2 0.0 12,281,173 23.1 
Japan 520.7 3.0 0.9 1.4 0.7 547,843 1.1 
Germany 351.1 2.6 1.8 0.5 0.3 8,355,590 23.8 
France 265.6 7.0 4.5 2.4 0.1 10,472,513 39.4 
Canada 248.2 15.8 4.2 11.6 0.0 9,637,738 38.8 
U.K. 235.2 1.1 0.9 0.2 0.0 3,163,947 13.5 
Korea 194.8 1.1 0.9 0.2 0.0 102,947 0.5 
Brazil 185.1 35.9 23.4 12.5 - 4,310,141 23.3 
Italy 172.0 5.6 1.4 2.3 1.9 1,446,581 8.4 
Indonesi
a 

152.3 33.8 31.5 0.6 1.7 2,546,507 16.7 

Mexico 152.3 10.2 5.4 1.6 3.2 829,710 5.4 
Ukraine 141.6 0.9 0.2 0.7 0.0 5,511,440 38.9 

*Million tons of oil equivalent 
Sources:  IEA 2003b, FAO 2002a, FAO 2002b 
 
From the table, it can be seen that several European and North American countries have 
favourable biomass production to primary energy supply ratio.   In particular, France, Canada, 
and the Ukraine have fairly high ratios, which indicate that these countries could develop a 
significant portion of their TPES from residue combustion within the biorefinery.  The extent of 
energy currently produced from residue combustion in selected countries such as India, 
Indonesia, China and Brazil provides a measure of how significant a contribution bioenergy can 
make to the total primary energy supply.   
 
The advanced technology utilized in bioenergy platform is highly compatible with the biorefinery 
process and should be explored by the ethanol industry, particularly in light of its growing use 
within the forestry sector.  Currently, there is a trend towards the replacement of conventional 
boiler systems in pulpmills and sawmills with advanced bioenergy production systems; this trend 
has the potential to turn wood processing facilities into net energy providers, but also provides an 
opportunity for the ethanol industry (Crawford 2001).  The choice of technology is the critical 
issue.  For instance, low pressure gasification systems offer an economic approach to simple 
power generation.  High pressure systems, while more expensive, could allow chemical 
separation of the black liquor stream in Kraft pulp mills, allowing for the differentiation of chemical 
products from syngas.  Ethanol is only one of a variety of products that could be derived utilizing 
this approach. 
 
For ethanol producers, embracing a bioenergy strategy may provide additional economic 
opportunities.  One example is the development and marketing of the technology necessary for 
portable power generation market.  Biopower generation lends itself to small, modular use 
because of the existence of ‘pockets’ of biomass in rural areas that can be exploited for use in 
these facilities.  Opportunities exist for the sale and use of this type of technology in developing 
countries around the world.  Biomass gasification technologies for use in ‘off-grid’ markets are 
currently being developed in both North America and Europe, with the principle goals of offering 
electricity in remote domestic markets and in developing markets such as China and India 
(Crawford 2001, BRDTAC 2002a).   
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Bioenergy offers several key opportunities for policymakers.  In particular, it can be used as a 
development tool in rural areas, making use of local forest or agricultural operations and 
expanding economic opportunities.  The United States has utilized gasification plants for this 
purpose; full-scale commercial biomass gasification plants exist in Hawaii (processing sugar cane 
waste), Vermont (using wood residues), and Minnesota (using alfalfa residues) (Crawford 2001).  
Due to their portability and scalability, these facilities lend themselves well to rural settings that 
currently have low or non-existent levels of electrical service.  Excess power generated in these 
facilities can be used to entice investment and development, creating jobs and opportunities in 
these areas.   
 
Certain research and development challenges exist for bioenergy.  In the short term, research is 
necessary in the areas of thermochemical conversion, co-firing, and direct combustion.  Particular 
needs are for demonstration plants as well as life cycle analyses showing the ultimate impact of 
this technology on the surrounding environment.  Long term objectives will focus on gasification 
technology, modular systems for harnessing rural and dispersed biomass sources, and the 
harnessing of non-traditional biomass derivatives, including low-pressure methane emissions 
from landfills and agricultural operations (BRDTAC 2001).  Because biopower can be generated 
from so many sources, an integrated approach to research must be followed.  This will involve 
traditional sectors including oil and gas, as well as non-traditional sectors including forestry and 
agriculture.   

5.4. Bioproducts  
A biorefinery is characterized by its ability to create high-value coproducts and niche products 
from residual biomass, while reserving the bulk of the material for low-value commodities.  As an 
example, biorefineries operating with corn as a feedstock continue to provide starch for a variety 
of purposes, but can derive high-value protein for use in food or feed products.  Today, 
lignocellulosics are used to produce a variety of commodity products, such as lumber, structural 
panels, and pulp & paper products from wood, and strawboard from agricultural residues.  The 
biorefinery concept will not reduce production of these products, but will instead add a variety of 
coproducts and niche market products to the output of a facility.  Bioproducts derived from 
agricultural biomass are currently more developed than those from forest biomass, as there has 
been significant investment into their development in the United States.  In the future, forest 
biomass may be exploited for its unique chemical properties. 
 
Chemical coproducts from biomass processing have the most economic potential and are the 
subject of the greatest interest.  The potential market size for chemical bioproducts is very large, 
and include the general categories of platform chemicals, adhesives and resins, plastics, paints, 
inks, soaps, coatings, cleaning compounds, lubricants and hydraulic fluids, greases,  pesticides, 
toiletries, fragrances, and cosmetics (PRA and CANUC 2002, Crawford 2001).  Some chemical 
bioproducts are specific to certain agricultural biomass; for instance, zein can be extracted from 
corn gluten meal, which in turn is a coproduct of ethanol production.  It is a high-value product 
used in biodegradable plastic films and packaging (Crawford 2001).  Currently, coproducts at the 
pilot- and demonstration-scale from forest biomass include lignin-derived composites, levulinic 
acid, furfural, acetic acid, cell matter, and carbon dioxide (McAloon et al. 2000).    
 
Many chemical coproducts can be created from the most basic chemical building blocks of sugars 
and alcohols, and therefore are not related to specific biomass feedstocks.  For instance, polyols 
can be derived from xylose and arabinose and used in a variety of products, including antifreeze, 
plastic bottles, brake fluid, synthetic fibres, resins, autobodies, and sweeteners (Crawford 2001).  
Using genetically modified microorganisms, glucose can be converted into 3G (1,3-propanediol), 
which can then be used to develop a polymer called 3GT.  This polymer has unique properties, 
such as stretch recovery, resiliency, toughness, and easy dye capability.  It can be manufactured 
in existing facilities (Crawford 2001).   
 
Using genetically modified bacteria, succinic acid can be produced from sugars.  This chemical 
acts as a precursor in many industrial processes, and can be used in the manufacture of 
butanediol, tetrahydrofuran, and pyrrolidinones used in the manufacture of plastics, paints, inks, 
and food.  This chemical could replace the benzene class of commodity petrochemicals 
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(1 Crawford 2001).  Other interesting coproducts include lactate acid and ascorbic acid (vitamin 
C).  Once manufactured, ethanol may be dehydrated for production of ethylene, which is the 
largest petroleum-based commodity chemical.  Ethylene is used as a precursor in a variety of 
industrial processes.  Bio-based ethylene is projected to cost about US$0.14 per pound, as 
opposed to US$0.10 per pound for petroleum-based ethylene.  It has been projected that bio-
based ethylene may become cost competitive around 2005 (National Research Council 2000).   
With significant development, a variety of niche products can also be created.  Health-related 
chemicals, which can include nutraceuticals, essential oils, pharmaceuticals, drugs, and 
medicines, have a potential market size of CA$260 million in Canada (Crawford 2001).  The 
extraction of chemicals and substances with specific healthcare applications continues to be a 
growth industry.  Niche environmental products are another area that is expected to grow 
significantly in the future.  Products designed for bioremediation and phytoremediation of 
contaminated soils, as well as biocontrols designed to contain and control chemical spills, can be 
generated in the biorefinery.  It should be noted, however, that the long-term viability of such a 
market will probably be limited.  

5.5. Lessons learned in biorefinery development – North America 

United States of America 
The American vision for developing the biorefinery for the agricultural and forestry sectors was 
released late in 2002.  It provides a detailed roadmap for the implementation of bioenergy and 
bio-based products.  This roadmap builds on an earlier document prepared by the National 
Renewable Energy Laboratory (NREL), which promotes the idea of ‘Stage Gate Management’ in 
developing biorefineries for biofuels (NREL 2001).  The Stage Gate approach is designed to 
manage the biofuels program, and is composed of five discrete stages:  Preliminary investigation, 
Detailed investigation, Development, Validation, and Commercial launch.  A diagram detailing the 
Stage Gate approach is found below. 

Figure 5-2:  Framework for Stage Gate Management  
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The American vision promotes a strong research approach over the first three years, with major 
development goals targeted in the categories of feedstock production, biomass processing and 
bioconversion (particularly of lignocellulosics), and product uses, distribution, and markets.  From 
year four until year ten, a period of testing and demonstration of biorefinery technology is 
anticipated.  The planned result is widespread implementation and commercialization of 
biorefineries in about ten years (BRDTAC 2002a, BRDTAC 2002b).  Of course, early adoption of 
the biorefinery concept has already begun, with Archer Daniels Midland operating a prototype 
biorefinery in Decatur, Illinois.        

Report to IEA Bioenergy Task 39 Page 52 of 70 



 
 Mabee et al. Ethanol from Lignocellulosics:  Views to Implementation  T39-P1    07 January 2004

 
Desired products from U.S. biorefineries have always included biofuels, and particularly ethanol, 
with a stated mandate of reducing dependence on foreign oil.  Today, it could be argued that this 
focus has expanded to include bioproducts, with increasing attention being paid to plastics and 
polymers that can be derived from biomass.  For example, Cargill Dow LLC has developed a 
process to derive polylactic acid (PLA) from corn starch.  PLA is a bioplastic that can replace 
many traditional, petroleum-derived polymers in industrial and consumer packaging; it has the 
added advantages of being economically competitive on a cost basis, and environmentally 
friendly as a 100% biodegradable product.  Cargill Dow LLC has begun commercial production at 
a 140,000 tonnes per year operation in Blair, Nebraska (Cargill Dow LLC 2003, Crawford 2001), 
and anticipates opening future plants about every two years, with eventual production in excess 
of 450,000 tonnes per year.  Cargill Dow LLC has used extensive global strategies in the 
marketing of polylactic (PLA) plastics made from corn starch (Crawford 2001).  The broader 
vision of products reflects the flexibility of the biorefinery concept, but also is indicative of stronger 
private sector investment in research, which in turn has emphasized the economic realities 
associated with ethanol production.     
 
The U.S. government has demonstrated support for creation of value-added bioproducts.  In 
2000, the President called for a tripling of U.S. bioproducts by 2010 (Crawford 2001).   The 
budget in the United States for bio-based research was US$196 million in 2000 and US$438 
million in 2001.  Also, US$250 million over 5 years was approved for additional research and 
development funding aimed at both bioenergy and biochemicals from lignocellulosics (Crawford 
2001). 
 
The technology required for biorefineries are primarily being developed through public-private 
partnerships.  The U.S. government, through the Departments of Energy and Agriculture, have 
led many of these partnerships as well as instigating their own research programs dedicated to 
the biorefinery.  Federal and state budgets encourage public-private partnerships, with the 
allocation of research and development funds varying between states and governments.  Public 
sector involvement has traditionally ranged from 20-100%, depending on the degree of public 
interest involved (Crawford 2001).  An example of the types of public-private partnerships, and 
the level of government support, are shown in Table 5-2 on the following page (OBP 2003b). 
 
The United States has established private sector advisory councils which provide direct 
connections between senior executives and various branches of government.  The Office of the 
Biomass Program was established in 2002, and this office has released a multiyear plan detailing 
the U.S. approach to biomass technology research and development (OBP 2003a).  As stated 
above, this approach focuses on advanced research and development in the early stages, and 
systems integration in later stages.   
 
The research focus in the United States addresses the variability and supply logistics of biomass, 
the technical feasibility of conversion of biomass to fuels, chemicals and power, and the 
sustainability of these processes in an environmental sense.  As systems are integrated, the 
focus will shift to addressing technical and financial risk as well as performance validation to 
confirm reliability and minimize costs (OBP 2003a).   
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Table 5-2: Public-private partnerships in U.S. biorefinery development 

Partners Amount 
(US$) 

Comments 

 DOE, NREL 
 Broin and Associates 

 

$5.4 million A Second Generation Dry Mill Biorefinery – 
separate bran, germ and endosperm from corn 
kernels, produce ethanol with remaining starch, 
and then investigate high-value products 

 DOE, PNNL 
 Cargill Inc. 
 Codexis Inc. 

 

$6 million A New Biorefinery Platform Intermediate – 
develop fermentative organisms to ferment 
carbohydrates to 3-hydroxpropionic acid (3-HP), 
and produce products from 3-HP 

 DOE 
 Cargill-Dow LLC 
 Iogen Inc. 
 Shell Global Solutions 
 CNH Global NV 

$26 million Making Industrial Biorefining Happen – build a 
pilot-scale biorefinery to produce sugars and 
chemicals such as lactic acid and ethanol from 
grain 

 DOE, NREL 
 duPont 
 Diversa 
 Deere & Co. 
 Michigan State University 

$18.2 million Integrated Corn-based Biorefinery – 
Development of a biorefinery to convert starch 
and lignocellulose (corn stover) to fermentable 
sugars, for production of value-added products 
such as 1,3 propanediol and ethanol 

 DOE, NREL 
 High Plains Corp. 
 Novozymes Inc. 
 VTT-Finland 

$17.7 million Advancing Biorefining of Distillers’ Grain and 
Corn Stover Blends - Pretreatment of distillers 
grain and stover for production of ethanol and 
high-protein animal feed 

 DOE, PNNL 
 National Corn Growers 
Association 

 Archer Daniels Midland 

$2.4 million Separation of Corn Fibre and Conversion to 
Fuels and Chemicals – Pilot-scale test of 
process to separate hemicellulose, protein and 
oil from corn fibre.  

Source:  OBP 2003b 
 
There are several examples of ongoing or future biorefinery demonstrations in the United States.  
An operating example of a biorefinery can be seen in the Archer Daniels Midland installation in 
Decatur, Illinois.  The federal government recently issued a US$4.3 million solicitation aimed at 
creating an integrated pilot-scale biorefinery, with the intention of testing a wide variety of 
products and processes.  Finally, the U.S. Department of Energy is currently involved in six major 
public-private partnerships with the goal of developing pilot projects in biorefining, as shown in 
Table 5-2 (OBP 2003b).   

Canada 
Canada is currently a world leader in biorefinery research, with significant efforts underway in 
Saskatchewan, Ontario, British Columbia, and Quebec.  However, the country lacks a cohesive 
vision for use of the biorefinery concept, and there is a danger of different jurisdictions duplicating 
their efforts or working at cross-purposes to each other. 
  
The primary biorefinery products being investigated in Canada are biopower and biofuel (in the 
form of ethanol).  Canada is already a world leader in biopower production, with 6% of the 
nation’s energy needs met by biomass, compared to 3% for the European Union and 3% for the 
United States (Crawford 2001).  Ethanol production is the focus of research in several provinces, 
including Quebec, British Columbia, and Saskatchewan.  Biorefineries are the preferred 
mechanism in ethanol production because of the need to integrate biofuel production with other, 
value-added products; the economic situation in Canada does not currently support ethanol 
without by-products (SAC Inc. 2002).   
 
Ethanol production in Canada has historically been combined with bulk commodity production.  
Tembec Ltd. produces ethanol through its sulphite pulp mill in Temiscaming, Quebec.  Pound-
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Maker AgVentures Ltd. in Saskatchewan uses the strategy of combining ethanol production with 
feedlots, and utilizing the processed biomass as cattle feed.  Saskatchewan’s Hibernia (Ethanol) 
Strategy (SAC Inc. 2002) relies heavily upon this strategy.   
 
Some coproducts or niche products are currently under development.  Lignol Innovations in 
British Columbia is focusing strongly on lignin and lignin derivatives as a coproduct of 
lignocellulosic bioconversion.  Iogen Ltd. in Ottawa has focused their coproduct strategy on using 
the biomass as a substrate for enzyme production.  These types of high-value coproducts have 
potential in a variety of industrial applications.  In Ontario, massive investment by the University of 
Toronto is targeted at incubating the development of pharmaceutical products from biological 
pathways.  
 
Iogen Ltd. in Ottawa is considered to be one of only a few companies that are on the verge of 
commercializing ethanol production from lignocellulosic feedstocks (Crawford 2001).  Iogen has 
worked closely with Petro-Canada to build a demonstration plant for their process, and is 
currently working with Royal Dutch Shell to commercialize lignocellulosic-to-ethanol technology 
(Iogen 2003, Crawford 2001).  Lignol Innovations has developed a pilot plant for their technology 
in Vancouver.  Forest Products Biotechnology at the University of British Columbia is in the 
process of building a Process Development Unit (PDU) to test and develop lignocellulosic-to-
ethanol bioconversion pathways.   
 
Canada lacks significant direction in biorefinery research at the federal level, and provincial 
strategies tend to be developed in isolation of one another.  As a result, policy initiatives 
supporting biorefinery research in Canada are falling behind those of the European Union and of 
the United States.  In the former, a directive has been issued which has much the same effect as 
a renewable fuels standard, which will increase European demand for ethanol and biodiesel.  In 
the United States, high gas prices and a wide range of financial incentives for renewable fuel 
production have resulted in record ethanol outputs for 2002.   
 
The lack of strategy and communication between various industries, universities and 
governments has created an atmosphere of uncertainty.  For instance, although provincial 
governments can legally mandate renewable fuel use, there is growing legal opinion which 
suggests that the federal government can also do so.  Without a strategy for the implementation 
of such policy, it is impossible to discount a unilateral move on the part of Ottawa or one of the 
provinces.  There is the potential for disagreement and argument which will adversely affect the 
development of biorefineries in Canada.   
 
A significant leadership role must be taken by the governments of the Canadian federation.  
Ottawa must provide better financial support if the ethanol industry is to survive.  Currently, 
Canadian incentives are only about 40% of American incentive levels.  A more aggressive 
approach would see the federal government support development of ethanol-producing facilities, 
through loan guarantees, attractive interest rates, tax credits to blenders and distributors, and 
even a Venture Capital mechanism for the ethanol industry (SAC Inc. 2002).   Negotiation of 
carbon credits to meet Kyoto Protocol obligations is also in the federal government’s hands, and 
should be done to include and support biopower, biofuels, and bioproducts.  Finally, it is 
necessary for the federal government to step in with education and promotion to increase public 
support of bio-based products.   
 
Perhaps due to the lack of clear national directives in biorefinery development, full 
implementation of the biorefinery concept has not happened beyond the pilot scale.  However, 
vision documents such as the Saskatchewan Hibernia (Ethanol) Strategy do describe the key 
players that must be involved in launching the concept.  In the public sector, all levels of 
government – First Nations, municipal, provincial, and federal – must be involved in supporting a 
biorefinery approach.  At the local level, governments must work to make industry welcome.  
These governments should be proactive in identifying partners and making strategic connections.  
At the provincial level, it is necessary to make connections with neighbouring jurisdictions, as well 
as with the federal government.  An open inter-provincial border for trade of ethanol across the 
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country has been identified as essential for the ethanol industry’s long-term viability.  It is 
necessary for one or more provinces to take the lead on eliminating existing barriers.   
 
In the private sector, necessary partners include ethanol producers and technology providers, 
many of whom are represented through the Canadian Renewable Fuels Association.  Iogen and 
Lignol in particular are examples of Canadian companies that are developing highly relevant 
technology for the biorefinery approach in Canada.  The petroleum industry must also be included 
as a partner in these ventures; although this industry has historically shown strong opposition to 
ethanol fuels, many individual companies are currently developing other alternative energy 
sources, including wind and solar power (SAC Inc. 2002).   

5.6. Lessons learned in biorefinery development – European Union 
Member nations of the European Union have invested a combined US$1.2 billion between 1988 
and 2002 on research and development programs supporting the biorefinery concept.  A major 
collaborative effort, VIEWLS, has been launched in the Europe and is collecting life cycle 
assessments of technologies and products that are associated with biorefineries, in order to 
support the rapid European adoption of the biorefinery concept.  Many nations have emphasized 
the development of public-private partnerships, using this mechanism to leverage an additional 
US$3.5 billion in private sector funds.  Important states within the EU also have national budget 
line items supporting bio-based research and development (Crawford 2001).  The United 
Kingdom, France, Germany, and Denmark have all established goals for increasing bioenergy 
and bioproducts.   In terms of research focus, the strongest trend has been towards chemical 
products; since the mid-1990’s, more than half the bio-based research funding in the UK, 
Germany, France and Denmark has been targeted at biochemicals.  A second area of great 
interest is biopower.  Research leadership in these countries has been provided through private 
sector advisory councils, which provide a formal connection between industry and various 
branches of government.  Some examples of particular biorefinery development in the EU are 
given below. 

Sweden 
The primary product focus of Sweden is biofuels, and particularly ethanol.  Agriculture is only 
anticipated to provide 6-7% of renewable raw materials for biofuel production, but new technology 
for lignocellulosic-to-sugar and then sugar-to-ethanol bioconversion has increased the potential 
for this product to be produced from wood and forest residues.   
 
Sweden is currently working to develop the pathways for the conversion of lignocellulosics to 
ethanol.  This involves developing and improving several key technologies, including the 
pretreatment, hydrolysis, and fermentation stages of ethanol production.  Ongoing research is 
dedicated in these areas in several institutes throughout Sweden.  One technology that is 
becoming popular is simultaneous saccharification and fermentation (SSF), which combines the 
stages of hydrolysis and fermentation to harness synergies between the two stages.   
 
Sweden has created the Bioalcohol Foundation (BAFF), which is designed to promote the 
development and use of ethanol as a biofuel.  Perhaps because of the national level approach 
that Sweden is taking, the use of ethanol fuelled vehicles has increased by a factor of greater 
than 10 since 1990.  Between 1998 and 2004, about 9 billion SEK has been spent on research, 
development, research and implementation (IEA 2001).   
 
Currently, industrial production of ethanol is about 10,000 cubic metres per year from Spent 
Sulphite Liquor (SSL), 50,000 m3/year from wine conversion, and 50,000 m3/year from wheat.  
This production has virtually exhausted non-lignocellulosic sources for ethanol production, and so 
research efforts have moved towards creating a viable process for wood bioconversion.  A pilot 
plant has been built at Lund University in order to foster process development (IEA 2001).  
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The Netherlands 
The primary product focus of the Netherlands is biopower.  The New Gas initiative has been 
designed to encourage the contribution of sources other than existing gaseous energy sources to 
the transition to energy efficiency and renewable energy.  New Gas sources include micro 
heat/energy production, improvement of the efficiency of existing processes (including using 
natural gas as an air conditioning energy supply), fuel cells, and hydrogen as a fuel derived from 
natural gas.  A second program, Sustainable Rijnmond, reviews renewable system innovations, 
with respect to energy-intensive industry in the Rijnmond area of the country.  Themes have 
included capture and more efficient use of residual heat, steam, and residues from industrial 
activities.  A third program is the Sustainable Industrial program, a supply-chain, market-driven 
approach to the transition to energy efficiency and renewable energy.   
 
As a secondary product, the Netherlands is exploring the market for biomass and the role that the 
country may play in creating a commodities market for this material. 
 
Necessary steps here include developing a clear objective with specific intermediate targets, 
restriction and detailed analysis of a select number of production chains, and charting the 
government framework for transition by means of experiments. 
 
The way forward for the Netherlands has been focused on creating public-private partnerships 
between government development agencies and industry.   It is difficult to ascertain how these 
partnerships will develop; however, it is observed that government is taking a strong lead in the 
Netherlands towards creating this industry (Ministerie van Economische Zaken 2003). 

Germany 
Germany has focused heavily on the development of biopower, as part of the national strategy to 
shift their energy reliance to renewable sources.  The German government has produced a Vision 
document, which describes a pathway for future energy use.  The roadmap that is proposed 
focuses heavily upon the development of biomass in the short term (2000-2015), wind in the 
medium term (2010-2040) and solar power in the long term (2030-2100) (German Advisory 
Council on Global Change 2003).  Of equal importance in developing biopower is the creation of 
high-value chemicals or bioproducts from the process; nearly half of all German funding for 
research into bio-based products is earmarked for chemical bioproducts. 
 
The technology required for biorefineries is expected to be created through direct government 
investment as well as private-public partnerships.  The government has proposed a ten-fold 
increase in direct state expenditure for research and development in the energy sector, following 
the argument that the creation of new, renewable energy systems must be funded sufficiently in 
order to compete with, and eventually supplant, traditional fossil systems (German Advisory 
Council on Global Change 2003).  Where possible, the government will partner with industrial 
concerns in these programs. 
 
Germany has a strong manufacturing sector and has the expertise required to develop the 
facilities, and therefore is positioning itself to be a global provider of biorefinery systems.  
Therefore, in addition to the mobilization of public- and private-sector capital, the German vision 
for creating the technology includes boosting development cooperation funding for the creation of 
sustainable energy systems.   
 
The German government has highlighted the need for model or demonstration projects to 
catalyze new energy partnerships, and suggest the formation of strategic partnerships in turning 
energy systems towards sustainability.  International cooperation through strategic partnerships 
may in part be realized by a framework or program operated by the United Nations, which could 
draw together strands of national-level energy research activities.  In order to capitalize 
international development projects, innovative mechanisms have been proposed, including 
strengthening international funding for environmentally-friendly technology.  One proposal is that 
the Global Environment Facility be resourced to serve as an international financing institution.   
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Political mechanisms to encourage development of the sustainable energy sector are also being 
explored.  The Kyoto Protocol is a successful example of legislation that supports the renewable 
energy sector.  Other examples might include a World Energy Charter, a Multilateral Energy 
Subsidies Agreement to enforce global removal of subsidies for fossil and nuclear energy, and 
the commitment of a critical number of countries to renenewable energy quotas (German 
Advisory Council on Global Change 2003). 

5.7. Biorefineries and the environment 
The biorefinery concept can be considered as a small part of a larger strategy to shift the 
economy to a renewable, sustainable basis.  The primary political drivers for this shift have been 
identified in Section 3 as the key factors behind the growth of the ethanol industry:  improved 
environmental performance, economic and social benefits, and increased energy security.  Of 
these goals, improved environmental performance can be considered to be one of the more 
challenging long-term objectives that may be met through improved use of biomass. 
 
Biorefineries have the potential to provide significant environmental benefits in two ways.  First of 
all, products created in the biorefinery may have significantly lower greenhouse gas (GHG) 
emissions when compared to equivalent petroleum-based products, and these products may be 
substituted for their petroleum equivalents.  Until now, most research on the extent of these 
impacts has been focused on the bioenergy and biofuel streams, but it can be expected that the 
production of bioproducts such as advanced polymers and chemicals will also lead to lower GHG 
emissions through these mechanisms.  
 
It has been reported that the combined benefits of biopower and biofuel from corn stover are 
estimated to reduce GHG emissions by 113%, when compared to the production and use of 
gasoline (Sheehan et al. 2002).   In Canada, the transportation sector accounts for about 25% of 
total GHG emissions; 70% of these emissions arise from people driving cars and goods being 
transported by trucks (Environment Canada 2002).  The Canadian federal government’s Climate 
Change Plan calls for an increase in ethanol production to support ethanol blending in 25% of the 
gasoline supply (Environment Canada 2002), which would in turn reduce emissions significantly.   
 
In addition to these fossil fuel substitutes, several developed countries and large corporations are 
seeking to develop petrochemical substitutes such as biodiesel and biolubricants from renewable 
plant materials (BRDI 2002, Biomat 2002, U.S. Department of Energy 2003b).  It is generally 
recognized that the development of these products requires a supportive government policy 
framework, as well as research and development support in order to overcome the existing 
technological barriers.  Mitigation of climate change provides a strong long-term driver for the 
development of a comprehensive biorefinery industry that includes biodiesel and ethanol 
production. 
 
Biorefineries also provide the benefit of encouraging carbon sequestration. Demand for biomass 
provides an impetus to increase carbon stocks in agricultural soils and forests, both of which play 
an important role in the global carbon cycle.  The stocks of these carbon reservoirs may be 
significantly increased by human activity, and in many cases the Kyoto Protocol permits the 
inclusion of these increases in the national carbon accounts.  For example, between 2008 and 
2012 the use of low tillage agriculture and other practices are expected to create an increased 
agricultural soil carbon stock.  Over the same period, it is anticipated that forest carbon stocks 
may also increase through improved harvest practices and increased control over fire and insect 
damage (Environment Canada 2002).  At present the carbon trading market is valuing carbon in 
the range $US 35-70 per tonne C, resulting in these stocks having a significant commercial value.  
An effective biorefinery industry would give a strong incentive to further increase the carbon 
stocks of agricultural soils and forests. 
 
Biorefineries will be supported in the future as the world moves towards a carbon-constrained 
economy (Aon 2003, AETF 2003, Carbon Trust 2003).  In such an economy, the use of fossil 
fuels will be minimized and there will be an increased demand for renewable products from plant 
materials. Consequently, biorefineries and bioproducts will play an increasingly important 
economic role. 
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5.8. Implications for the case studies 
In the long term, each of the case studies will have to determine their place in the emerging 
biorefinery industry.  They may choose to follow the concept immediately, to adopt it when the 
technology matures, or ignore the concept in order to focus on core products and strengths.  
Ultimately, the development of the biorefinery requires a long-term commitment from both 
government and industry.  The decisions of each case study will be conditional upon many 
factors, including their respective government’s interest in the biorefinery concept. 
 
Lignol, as a technology provider, is working towards the biorefinery concept today.  To be 
successful, this company must identify a range of unique products as candidates for the 
biorefinery, a process which is already under way at the company.  As a small company, Lignol’s 
challenge, from the short- to long-term, is to access resources to aid in development and 
evolution of their technology.  In the end, they must identify potential markets for their technology 
in the form of businesses that can provide biomass and distribute the products of their process.       
 
British Sugar, as a major controller of biomass and a producer of refined food products, has the 
potential to build on in-house expertise and to become a participant in the biorefinery at a very 
early stage.  As a large company with significant resources, British Sugar has the ability to lead 
biorefinery development in the UK; all that is required is some consideration of the range of 
potential products that the operation might produce.  This company also has the option of simply 
becoming a provider of biomass to other industrial entities, including partners and spin-offs, which 
in turn could develop biorefineries.   
 
In the U.S., the spin-off approach has been used successfully with the Cargill-Dow LLC 
subsidiary.   Cargill-Dow Polymer LLC is a joint creation of Cargill Inc. and the Dow Chemical 
Company.  The combination of an agricultural or biomass-based company with a major chemical 
producer brought together the skills and capacities necessary to successfully pursue the 
biorefinery concept.  The successful model that this company provides should serve as a 
template for future industrial ventures.  Policy that encourages these linkages should be explored.      
 
Cargill-Dow is already marketing successful products from the biorefinery.  These products, 
based on polylactic acid converted from corn starch, take advantage of consumer demand for 
ecologically-friendly products.  NatureworksTM PLA Packaging is being marketed as a food 
packaging product, while IngeoTM Fibers are targeted at the textiles industry.  Each of these 
products is biodegradable and has physical properties that approach the performance of their 
synthetic counterparts.   
 
For each of the case studies, ethanol may only be an intermediate product in the road to the 
biorefinery.  Development of the biorefinery has the potential to provide significant rewards to 
both industry and government participants.  For the industry, significant revenues can be 
achieved through some product streams, allowing other products, including ethanol, to be 
produced at a discounted rate.  Governments can influence this rate through several policy tools, 
including those already discussed in Section 3.  New mechanisms might also be used; 
regulations stipulating a set percentage of fuel from biomass processing might be effective in 
ensuring that adequate fuel was provided from year to year.    
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6. Summary and Conclusions 
The views presented in this document looks forward from the present day towards short-term, 
medium-term and long-term goals.  Within each time horizon, certain steps should be taken in 
order to ensure the successful commercialization of the lignocellulosic-to-ethanol industry.  It is 
hoped that both industry and government find these inputs to be useful. 

6.1. Short-term strategies (Views to 2006)  
The first step in the road to commercializing ethanol from lignocellulosics should be to identify 
winning strategies that have been employed by the sugar- and starch-based portions of the 
industry.  In this case, the two most dominant producers and consumers of ethanol fuel – the 
United States and Brazil – have each achieved success primarily through policy-based initiatives.  
In the short-term, the roadmap identifies policy as the principle tool for successful 
commercialization.     

1. Policy that supports ethanol may be directly influenced by economy-, environment-, or 
security-related political goals.  It is important to recognize the relative importance of 
these goals within individual nations.  Canada has primarily relied upon environmental 
policy to further the ethanol agenda.  The United States has focused more closely upon 
the goals of economic diversification and energy security.  The European Union has 
introduced policy that reflects both energy security and the environment.   

2. Of these priorities, the ethanol industry has really been most successful in meeting 
certain social or economic criteria.  The starch-based segment of the ethanol industry has 
enjoyed particular success in the United States, particularly in Minnesota, Illinois, and 
Iowa.  It should be recognized that economic goals are more realistic in the short-term, 
while environmental and security goals can only be achieved with significant ethanol-
producing capacity.   

3. In the past, successful ethanol-producing regions have utilized a number of schemes, 
including direct payments, grants, corporate tax breaks and excise tax exemptions, as 
incentives to lure the industry and build ethanol capacity.  Direct funding, despite the 
form, was found to be effective in building large amounts of local capacity.     

4. Major breakthroughs in the U.S. industry have come about due to strong funding for 
research applied in combination with direct incentives.  Research funding has been 
necessary for the development of improved process efficiency and new technological 
solutions.  Without both streams of funding, the industry has not developed to any great 
extent.  

5. Research must continue into improving the technical efficiency of ethanol conversion.  
The ongoing work in this area is commendable.  Certain process elements are now ready 
for commercialization; others need to be developed further for commercial application, 
including enzymatic hydrolysis and pentose fermentation.  As each subprocess is 
improved, the industry will become more competitive and attractive to investors.   
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6.2. Medium-term outlooks (Views to 2010) 
As the roadmap looks beyond immediate political and technical concerns, a pattern of growth for 
the lignocellulosic-to-ethanol industry can be discerned.  A review of residue availability illustrates 
the obvious locations for future industrial facilities.  In the medium-term, issues regarding biomass 
availability will be of paramount concern to the industry. 

1. An analysis of residue availability illustrates the need to expand beyond starch-based 
biomass if the ethanol industry is to grow.  Lignocellulosics represent the majority of 
residues from the agricultural industry, whereas the amount of corn starch available for 
ethanol production is restricted by the physical availability of this material.   

2. Lignocellulosic residues can also be obtained from forest operations, which extend the 
potential ethanol industry into a variety of countries where agriculture is not prevalent.  If 
local governments wish to attract the ethanol industry, it would be useful for these areas 
to consider policy options today that will attract a growing industry in the future. 

3. Expanding the amount of biomass available and diversifying the sources of this biomass 
increases the chances of the ethanol industry contributing significantly to the fuel supply.  
Localized disruptions in supply, due to environmental or economic factors, can to some 
extent be ameliorated through the diversification of biomass sources.  It must be noted 
that all biomass is subject to natural disturbances, including drought, fire, and insect 
damage; the only way to guarantee a steady supply of material is to increase the area of 
supply.  

4. Developing a market devoted to supplying biomass to the ethanol industry would further 
increase the security of supply.  This means, however, that biomass from lignocellulosics 
may become commoditized and more expensive as suppliers realize the value of the 
material.  If biomass costs are critical to the success of their process, then immediate 
action should be taken to ensure that costs are controlled.   

5. It can be anticipated that the technical issues relating to process efficiency and economy 
will continue to be resolved in the medium-term.  The challenges that may become more 
prevalent include harvest-related issues and distribution of products.    

6. As a whole, the ethanol industry must create strategic partnerships with both biomass 
providers, and with energy and fuel distributors, in order to ensure that feedstock is 
available and that product can reach consumers.   

7. A forecasting exercise reveals that lignocellulosic residues cannot provide 100% of E10 
fuel in every jurisdiction.  This will affect both environment- and security-related policy 
goals, and may serve to deter decision-makers.  There will be a need to develop trade of 
fuel ethanol in order to address shortfalls in supply in some jurisdictions.   

8. Europe has a better chance of achieving a significant biofuel industry using ethanol, in 
part due to the lower pattern of per capita fuel consumption that is observed within 
European countries.  In North America, ethanol from lignocellulosics cannot meet 100% 
of E10 fuel requirements; other sources of biomass will continue to be important to the 
ethanol industry unless there is a reduction in per capita fuel consumption.         
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6.3. Long-term goals (Views to 2020) 
As the lignocellulosic-to-ethanol process begins to mature, technology will begin to offer many 
options for the future development of the industry.  While one option is to focus on process 
efficiency and capacity, the choice of product diversification or biorefining has many benefits for 
ethanol producers.  The biorefinery concept allows for the production of bioproducts, biofuels and 
bioenergy within the same facility.  As with petroleum refineries, some of the products of the 
process can be very high value, which means that the concept of biorefineries has great 
economic potential.  In the long-term, the biorefinery concept will make the manufacture of 
ethanol economically and environmentally sustainable, and will make complete energy security 
through renewable fuel use an attainable goal.   

1. The development of the biorefinery requires a long-term commitment from both 
government and industry.  In the United States, a significant contribution to the concept 
has already been made and demonstration plants utilizing starch-based material are 
current under construction.   

2. Biofuels are only a single product from the biorefinery.  Chemical coproducts, including 
polymers, pharmaceuticals, and specialty materials such as microfibrils, each have the 
potential to become high-value outputs from the process.   

3. Successful coproducts from a biorefinery are already being developed.  Cargill-Dow 
markets two such products, based on polylactic acid converted from corn starch.  
NatureworksTM PLA Packaging is being marketed as a food packaging product, while 
IngeoTM Fibers are targeted at the textiles industry.  Each of these products are 
biodegradable and have physical properties that approach the performance of their 
synthetic counterparts.   

4. Cargill-Dow Polymer LLC is a joint creation of Cargill Inc. and the Dow Chemical 
Company.  The combination of an agricultural or biomass-based company with a major 
chemical producer brought together the skills and capacities necessary to successfully 
pursue the biorefinery concept.  The successful model that this company provides should 
serve as a template for future industrial ventures.   

5. Policy supporting ethanol production should be written to favour the biorefinery concept.  
Successful policy will act as a catalyst, bringing together companies from different sectors 
with the specialized skills and capacity required to make the biorefinery concept a 
success.  
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Appendix A – Ethanol Production 
Table A-1:  Ethanol Production – Europe (Total and % of Gasoline Consumption) 

Fuel Ethanol Production3,4,5 

Country 

Gasoline 
Consumption1  

(000 L) 1998 
Litres1,2  

(per capita) (000 L) 2000 (%) 
Albania 242,724 77.5   
Austria 2,888,280 354.8   
Belarus 1,726,188 167.3   
Belgium 3,410,340 336.2   
Bosnia 176,280 47.9   
Bulgaria 1,090,224 130.7   
Croatia 999,372 223.0   
Czech Republic 2,462,496 239.5   
Denmark 2,781,156 527.7   
Estonia 400,020 279.9   
Finland 2,817,768 546.7   
France 22,734,696 387.2 114,840 0.5% 
Germany 42,823,836 522.8   
Greece 4,253,772 401.3   
Hungary 1,879,416 185.8   
Ireland 1,791,276 486.6   
Italy 25,957,908 452.3   
Latvia 474,600 195.8   
Lithuania 859,704 232.7   
Luxembourg 740,376 1,754.5   
Macedonia 286,116 65.4   
Moldova 2,512,668 111.8   
Netherlands 12,892,848 822.4   
Norway 2,488,260 562.5   
Poland 6,716,268 173.5   
Portugal 2,749,968 278.7   
Romania 772,920 143.8   
Russia 33,091,824 224.5   
Slovakia 1,080,732 542.3   
Slovenia 1,350,576 224.5   
Spain 12,258,240 309.3 225,000 1.8% 
Sweden 5,451,120 614.2 75,720 1.4% 
Switzerland 5,239,584 714.7   
Turkey 6,160,308 95.5   
Ukraine 4,489,716 88.3   
United Kingdom 30,834,084 525.7   
Yugoslavia 1,044,120 98.2   

Sources:  1UNSD 2003a, 2UNSD 2003b, 3Platts Global Energy 2003, 4Berg 2001, 5Novem 2003a. 
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Table A-2:  Ethanol Production – Canada and Mexico (Total and % of Gasoline 
Consumption) 

Ethanol Production3 

Country 

Gasoline 
Consumption1  

(000 L) 2001 
Litres1,2  

(per capita) (000 L) 2001 (%) 

Canada 36,555,380 1,164 238,000 1.1% 
 Alberta 4,646,200 1,492 26,000 0.6% 
 British Columbia 4,460,565 1,077   
 Manitoba 1,322,522 1,149 10,000 0.8% 
 New Brunswick 1,041,519 1,376   
 Newfoundland  580,576 1,092   
 Northwest Terr.  32,936 796   
 Nova Scotia 1,182,025 1,251   
 Nunavut Terr. 9,482 330   
 Ontario 14,342,128 1,188 173,000 1.2% 
 Prince Edward I. 200,192 1,431   
 Quebec 7,621,810 1,022 17,000 0.2% 
 Saskatchewan 1,054,694 1,042 12,000 1.1% 
 Yukon Terr. 60,731 2,031   
     
Mexico 30,942,5644 3234,5   

Sources:  1Statistics Canada 2002, 2Statistics Canada 2003a, 3Canadian Renewable Fuels Association 2003, 4UNSD 
2003a, 5UNSD 2003b 
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Table A-3:  Ethanol Production – United States (Total and % of Gasoline Consumption) 

Ethanol Production3 

Country 

Gasoline 
Consumption1  

(000 L) 2001 
Litres1,2  

(per capita) (000 L) 2001 (%) 

United States 492,155,382 1,710 11,032,518 2.2% 
 Alabama 8,938,565 1,992
 Alaska 1,098,006 1,706
 Arizona 8,970,836 1,644
 Arkansas 5,293,224 1,953
 California 54,509,223 1,552 34,065 0.1%
 Colorado 7,538,993 1,673 5,678 0.1%
 Connecticut 5,553,299 1,605
 Delaware 1,430,571 1,772
 Florida 28,350,074 1,696 15,140 0.1%
 Georgia 17,664,587 2,064
 Hawaii 1,476,672 1,186
 Idaho 2,446,866 1,824 22,710 0.9%
 Illinois 19,074,015 1,514 4,875,080 25.6%
 Indiana 11,744,386 1,907 359,575 3.1%
 Iowa 5,842,624 1,989 855,410 14.6%
 Kansas 5,070,189 1,867 278,198 5.5%
 Kentucky 7,775,541 1,900 15,140 0.2%
 Louisiana 8,662,116 1,932
 Maine 2,595,662 2,005
 Maryland 9,086,248 1,665
 Massachusetts 10,337,660 1,608
 Michigan 18,783,895 1,869
 Minnesota 9,716,246 1,936 1,512,486 15.6%
 Mississippi 5,785,077 2,014
 Missouri 11,740,252 2,070
 Montana 1,837,534 2,020 227,100 12.4%
 Nebraska 3,252,049 1,881 1,143,070 35.1%
 Nevada 3,507,355 1,614
 New Hampshire 2,535,889 1,989
 New Jersey 15,059,069 1,753
 New Mexico 3,377,636 1,821 56,775 1.7%
 New York 21,116,144 1,102
 North Carolina 15,552,512 1,869
 North Dakota 1,353,153 2,134 39,743 2.9%
 Ohio 19,282,584 1,688
 Oklahoma 6,728,405 1,926
 Oregon 5,721,171 1,625
 Pennsylvania 18,763,865 1,521
 Rhode Island 1,505,128 1,407
 South Carolina 8,431,769 2,053
 South Dakota 1,638,027 2,152 1,025,735 62.6%
 Tennessee 10,946,992 1,888 246,025 2.2%
 Texas 39,713,726 1,823
 Utah 3,798,588 1,640
 Vermont 1,334,394 2,164
 Virginia 13,612,283 1,866
 Washington 10,023,535 1,652 2,650 0.0%
 West Virginia 3,087,833 1,714
 Wisconsin 9,251,100 1,700 299,015 3.2%
 Wyoming 1,239,807 2,486 18,925 1.5%

Sources:  1U.S. Department of Energy 2003a, 2U.S. Census Bureau 2003, 3Renewable Fuel Association 2003. 

Appendices:  Page 3 of 12 



 
 Mabee et al. Ethanol from Lignocellulosics:  Views to Implementation  T39-P1    07 January 2004

Appendix B – Incentives for Biofuels 
Table B-1:  Incentives for Biofuels – Europe (Total and per capita) 

Biofuel Incentives 

Country 

Ethanol 
Production1,2,3  

(000 L) 2000 

Biodiesel 
Production4  
(000 L) 2002 Direct Support (US$)5 Excise Tax (US¢/L E10) 

5,6,7  
Albania     
Austria  29,400 $2,163,528  
Belarus     
Belgium     
Bosnia     
Bulgaria     
Croatia     
Czech Republic     
Denmark  11,760   
Estonia     
Finland   $33,703,200  
France 114,840 430,416 $196,647,480 6.0¢ 
Germany  529,200 $11,089,440 0.8¢ 
Greece   $83,660,040  
Hungary     
Ireland     
Italy  246,960   
Latvia     
Lithuania     
Luxembourg     
Macedonia     
Moldova     
Netherlands   $4,435,776 0.5¢ 
Norway     
Poland     
Portugal   $103,718,880  
Romania     
Russia    0.1¢ 
Slovakia    3.8¢ 
Slovenia     
Spain 225,000  $29,571,840  
Sweden 75,720 1,176 $33,920,640  
Switzerland     
Turkey     
Ukraine     
United Kingdom  3,528   
Yugoslavia     

Sources:  1Platts Global Energy 2003, 2Berg 2001, 3Novem 2003a, 4European Biodiesel Board 2003, 5CEC 2002, 6OECD 
2001, 7Europa 2003.  Conversion factors:  $1.000 USD = $1.366 CDN = € 0.920 EUR 
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Table B-2:  Incentives for Biofuels – Canada and Mexico (Total and per capita) 
 

Biofuel Incentives 

Country 

Ethanol 
Production1,2  

(000 L) 2001 

Biodiesel 
Production1  

(metric tons) 2001 
Direct/Indirect Support 

(US$)2 Excise Exemption  
(US¢/L E10)3  

Canada 238,000 0 $199,836,000 Variable 
 Federal   $199,836,000 0.73¢ 
 Alberta 26,000   0.66¢ 
 British Columbia     
 Manitoba 10,000   1.83¢ 
 New Brunswick     
 Newfoundland      
 Northwest Terr.      
 Nova Scotia     
 Nunavut Terr.     
 Ontario 173,000   1.08¢ 

 
Prince Edward 
I.     

 Quebec 17,000    
 Saskatchewan 12,000  $? 
 Yukon Terr.     
     
Mexico 0 0   

Sources:  1Canadian Renewable Fuels Association 2003, 2NRCan 2003, 3Department of Finance Canada 2003. 
Conversion factors:  $1.000 USD = $1.366 CDN = € 0.920 EUR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B-3 Sources:  1Renewable Fuel Association 2003, 2National Biodiesel Board 2003, 3DSIRE 2003, 4Federal Highway 
Administration 2002.  Conversion factors:  $1.000 USD = $1.366 CDN = € 0.920 EUR 
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Table B-3:  Incentives for Biofuels – United States (Total and per capita) 

Biofuel Incentives 

Country 

Ethanol 
Production1  
(000 L) 2001 

Biodiesel 
Production2  
(000 L) 2002 

Direct/Indirect Support 
(US$)3 Excise Exemption  

(US¢/L E10)4  
United States 11,032,518 132,475 $2,585,095,502 Variable 
 Federal  $2,416,121,442 1.4¢
 Alabama  $75,000
 Alaska  $1,000,000
 Arizona  
 Arkansas  $50,000
 California 34,065 $817,560
 Colorado 5,678 $400,000
 Connecticut  0.3¢
 Delaware  
 Florida 15,140 0.1¢
 Georgia  
 Hawaii  $4,500,000
 Idaho 22,710 0.7¢
 Illinois 4,875,080 $30,150,000
 Indiana 359,575 $5,000,000
 Iowa 855,410 $6,400,000 0.3¢
 Kansas 278,198 
 Kentucky 15,140 
 Louisiana  $1,500
 Maine  
 Maryland  
 Massachusetts  
 Michigan  
 Minnesota 1,512,486 $37,000,000
 Mississippi  
 Missouri 227,100 $3,125,000
 Montana  $6,000,000
 Nebraska 1,143,070 $22,500,000
 Nevada  
 New Hampshire  
 New Jersey  
 New Mexico 56,775 
 New York  
 North Carolina  
 North Dakota 39,743 $1,500,000
 Ohio  $5,000
 Oklahoma  
 Oregon  
 Pennsylvania  $600,000
 Rhode Island  
 South Carolina  
 South Dakota 1,025,735 $10,000,000 0.5¢
 Tennessee 246,025 
 Texas  
 Utah  
 Vermont  
 Virginia  
 Washington 2,650 
 West Virginia  
 Wisconsin 299,015 $15,000,000
 Wyoming 18,925 
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Appendix C – Agricultural Residues 
Table C-1:  Estimated Agricultural Residues – Europe (Total and per capita) 

Estimated Residues1,2,3 

Country 

Total Cereal 
Production1  
(metric tons) 

2002 

Total Maize 
Production1  

(metric tons) 2002 (metric tons) 2002 (kg per capita) 2002 
Albania 533,500 197,300 80,025 41.45 
Austria 4,962,800 2,000,000 744,420 25.45 
Belarus 5,523,900 16,000 828,585 92.19 
Belgium 2,737,000 515,000 410,550 81.66 
Bosnia 1,338,500 912,000 200,775 38.35 
Bulgaria 7,400,007 1,206,000 1,110,001 49.37 
Croatia 3,722,150 2,501,774 558,323 141.10 
Czech Republic 6,777,208 616,234 1,016,581 119.94 
Denmark 8,922,000  1,338,300 99.08 
Estonia 543,335  81,500 250.95 
Finland 3,947,800  592,170 59.19 
France 69,158,075 16,013,000 10,373,711 114.36 
Germany 43,391,328 3,738,448 6,508,699 174.49 
Greece 4,591,200 2,014,000 688,680 79.37 
Hungary 11,682,200 6,087,000 1,752,330 64.83 
Ireland 1,964,400  294,660 176.70 
Italy 21,886,557 10,937,365 3,282,984 76.71 
Latvia 1,044,000  156,600 57.09 
Lithuania 2,539,100  380,865 65.09 
Luxembourg 160,000 3,000 24,000 103.24 
Macedonia 555,663 140,151 83,349 54.30 
Moldova 2,543,467 1,192,770 381,520 40.78 
Netherlands 1,584,000 158,000 237,600 89.04 
Norway 1,191,240  178,686 14.92 
Poland 26,833,198 1,967,694 4,024,980 39.81 
Portugal 1,567,000 851,000 235,050 104.34 
Romania 14,006,733 8,500,000 2,101,010 23.43 
Russia 84,729,000 1,541,000 12,709,350 93.85 
Slovakia 3,193,359 753,840 479,004 87.85 
Slovenia 485,923 255,000 72,888 88.66 
Spain 21,567,160 4,394,500 3,235,074 36.72 
Sweden 5,470,800  820,620 81.04 
Switzerland 1,191,700 199,500 178,755 92.90 
Turkey 31,940,180 2,500,000 4,791,027 24.93 
Ukraine 37,973,100 4,171,000 5,695,965 70.84 
United Kingdom 23,115,000  3,467,250 115.98 
Yugoslavia n/a n/a n/a n/a 

Sources:  1FAO 2002a, 2UNSD 2003b, 3Bowyer and Stockmann 2001 
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Table C-2: Estimated Agricultural Residues – Canada and Mexico (Total and per capita) 

Estimated Residues1,2,3,4 

Country 

Total Cereal 
Production1,2  

(metric tons) 
2002 

Total Maize 
Production1,2  

(metric tons) 2002 (metric tons) 2002 (kg per capita) 2002 
Canada 35,439,900 1,535,468 5,315,985 169.22 
 Alberta 9,943,706 16,929 1,491,556 479.05 
 British Columbia 206,400 12,029 30,960 7.48 
 Manitoba 4,648,827 65,032 697,324 605.95 
 New Brunswick 61,752 2,484 9,263 12.24 
 Newfoundland  403 138 60 0.11 
 Northwest Terr.      
 Nova Scotia 4,768 5,783 4,557 4.82 
 Nunavut Terr.     
 Ontario 2,571,562 939,837 385,734 31.96 

 
Prince Edward 
I. 108,252 2,571 16,238 116.07 

 Quebec 1,446,423 487,748 216,963 29.10 
 Saskatchewan 16,422,197 2,917 2,463,330 2,434.60 
 Yukon Terr.     
     
Mexico 27,733,7621 17,500,0001 4,160,064 134.44 

Sources:  1FAO 2002a, 2Statistics Canada 2003a, 3Statistics Canada 2003c, 4Bowyer and Stockmann 2001 
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Table C-3:  Estimated Agricultural Residues – United States (Total and per capita) 

Estimated Residues1,2,3,4 

Country 

Total Cereal 
Production1,2  

(metric tons) 
2002 

Total Maize 
Production1,2  

(metric tons) 2002 (metric tons) 2002 (kg per capita) 2002 
United States 785,416,358 187,180,628 44,811,688 155.71 
 Alabama 1,788,979 444,774 102,070 22.75
 Alaska  
 Arizona 1,003,212 135,903 57,238 10.49
 Arkansas 15,300,222 469,484 872,949 322.11
 California 9,873,981 1,186,064 563,357 16.04
 Colorado 20,247,097 3,014,579 1,155,192 256.34
 Connecticut 158,142 79,071 9,023 2.61
 Delaware 1,289,844 420,064 73,592 91.15
 Florida 370,645 160,613 21,147 1.27
 Georgia 5,016,061 654,806 286,190 33.43
 Hawaii  
 Idaho 11,292,315 432,419 644,280 480.40
 Illinois 58,759,575 27,180,628 3,352,509 266.06
 Indiana 30,763,529 14,331,604 1,755,204 284.98
 Iowa 59,130,220 28,910,304 3,373,656 1,148.77
 Kansas 85,787,003 8,524,833 4,894,551 1,802.19
 Kentucky 8,747,220 2,965,159 499,070 121.94
 Louisiana 6,266,370 778,354 357,526 79.76
 Maine 434,890 69,187 24,813 19.17
 Maryland 3,676,798 1,210,773 209,779 38.43
 Massachusetts 108,723 54,361 6,203 0.97
 Michigan 14,138,868 5,436,126 806,689 80.26
 Minnesota 45,105,016 16,802,570 2,573,453 512.67
 Mississippi 4,917,223 988,386 280,551 97.69
 Missouri 20,168,026 6,671,609 1,150,680 202.85
 Montana 32,888,559 160,613 1,876,447 2,063.27
 Nebraska 52,186,805 20,014,826 2,977,502 1,721.92
 Nevada 108,723 7,413 6,203 2.85
 New Hampshire 74,129 37,064 4,229 3.32
 New Jersey 721,522 197,677 41,166 4.79
 New Mexico 3,953,546 321,226 225,568 121.60
 New York 6,251,544 2,545,095 356,680 18.62
 North Carolina 7,328,886 1,729,676 418,147 50.26
 North Dakota 61,368,915 2,174,450 3,501,385 5,521.73
 Ohio 22,021,250 8,401,285 1,256,416 110.01
 Oklahoma 32,888,559 617,742 1,876,447 537.09
 Oregon 5,633,803 111,193 321,435 91.28
 Pennsylvania 9,394,613 3,706,449 536,007 43.45
 Rhode Island 9,884 4,942 564 0.53
 South Carolina 2,658,760 642,451 151,695 36.93
 South Dakota 37,138,621 9,389,671 2,118,933 2,784.17
 Tennessee 5,979,738 1,680,257 341,172 58.85
 Texas 57,533,976 3,953,546 3,282,583 150.72
 Utah 1,383,741 148,258 78,949 34.08
 Vermont 864,838 222,387 49,343 80.03
 Virginia 3,691,623 1,161,354 210,624 28.88
 Washington 15,147,022 284,161 864,209 142.40
 West Virginia 306,400 123,548 17,482 9.70
 Wisconsin 19,397,084 8,401,285 1,106,695 203.39
 Wyoming 2,139,857 222,387 122,089 244.81

Sources:  1FAO 2002a, 2U.S. Department of Agriculture 2002, 3U.S. Census Bureau 2003, 4Bowyer and Stockmann 2001 
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Appendix D – Forestry Residues 

Table D-1:  Estimated Forestry Residues – Europe (Total and per capita) 

Available Residues 
(Reported/Estimated) 1,2,3 

Country 

Industrial 
Roundwood1  

(m3) 2002 

Chips and 
Particles1 
(m3) 2002 

Other Wood
Residues1 

(m3) 2002 (metric tons) 2002 
(kg per capita) 

2002 
Albania 78,000   5,167 1.64 
Austria 10,562,000 3,631,000 2,302,000 1,151,000 142.54 
Belarus 5,538,000 210,000 1,300,000 650,000 64.06 
Belgium 3,665,000 305,000 475,000 237,500 22.18 
Bosnia 2,958,000   195,960 48.18 
Bulgaria 2,356,890 500 1,300 650 0.08 
Croatia 2,721,000 32,000 180,000 90,000 19.33 
Czech Republic 13,364,000 770,000 890,000 445,000 43.37 
Denmark 1,168,000  480,000 240,000 45.00 
Estonia 8,320,000 1,592,000 644,000 322,000 233.84 
Finland 47,727,000 11,590,000  3,161,793 610.62 
France 37,471,000 5,033,000 7,841,000 3,920,500 65.94 
Germany 36,502,000 3,320,000 4,980,000 2,490,000 30.36 
Greece 514,940  52,540 26,270 2.47 
Hungary 3,492,000   231,336 23.33 
Ireland 2,423,000 508,930 213,420 106,710 27.78 
Italy 2,949,000 480,000 200,000 100,000 1.74 
Latvia 11,261,000 1,746,000 2,106,000 1,053,000 437.66 
Lithuania 4,220,000 500,000 1,000,000 500,000 135.54 
Luxembourg 135,430 766,000 1,197,000 598,500 1354.07 
Macedonia 135,000  4,932 2,466 1.21 
Moldova 27,300  24,700 12,350 2.88 
Netherlands 729,000 29,100 1,253,000 626,500 39.33 
Norway 7,884,540 1,606,000 1,086,000 543,000 120.99 
Poland 23,375,000  1,807,000 903,500 23.42 
Portugal 8,346,000 487,000 1,040,000 520,000 51.83 
Romania 9,806,000 1,000 316,000 158,000 7.06 
Russia 118,700,000 4,400,000  2,200,000 54.36 
Slovakia 5,519,900 507,000 104,000 52,000 9.62 
Slovenia 1,962,000 74,000 155,000 77,500 39.04 
Spain 13,276,000 2,605,000 1,388,000 694,000 17.38 
Sweden 57,300,000 11,403,000 4,688,000 2,344,000 265.37 
Switzerland 4,540,000  1,000,000 500,000 69.74 
Turkey 213,800   14,164 0.21 
Ukraine 5,801,300  930,000 465,000 9.47 
United Kingdom 7,325,000 1,573,000 524,000 262,000 4.38 
Yugoslavia 1,207,400 2,000 4,500 2,250 0.21 

Sources:  1FAO 2002b, 2UNSD 2003b, 3Panshin and de Zueew 1980 
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Table D-2:  Estimated Forestry Residues – Canada and Mexico (Total and per capita) 

Available Residues 
(Reported/Estimated) 1,2,3 

Country 

Industrial 
Roundwood  

(m3) 2002 

Chips and 
Particles 
(m3) 2002 

Other Wood
Residues1 

(m3) 2002 (metric tons) 2002 
(kg per capita) 

2002 
Canada 186,410,000 76,363,000 8,774,000 4,147,623 133.73 
 Alberta 23,383,000 n/a n/a 520,272 167.10 
 British Columbia 73,638,000 n/a n/a 1,638,446 395.64 
 Manitoba 2,136,000 n/a n/a 47,526 41.30 
 New Brunswick 11,804,000 n/a n/a 262,639 347.08 
 Newfoundland  2,132,000 n/a n/a 47,437 89.23 
 Northwest Terr.  3,000 n/a n/a 67 1.61 
 Nova Scotia 6,119,000 n/a n/a 136,148 144.10 
 Nunavut Terr.  n/a n/a - 0.00 
 Ontario 24,002,000 n/a n/a 534,045 44.25 

 
Prince Edward 
I. 408,000 

n/a n/a 
9,078 64.89 

 Quebec 38,650,000 n/a n/a 859,963 115.35 
 Saskatchewan 4,124,000 n/a n/a 91,759 90.69 
 Yukon Terr. 11,000 n/a n/a 245 8.19 
      
Mexico 7,420,000 n/a n/a 164,924 1.64 

Sources:  1CCFM 2003, 2FAO 2002b, 3Statistics Canada 2003a, 4Panshin and de Zueew 1980 

 
Table D-3:  Estimated Forestry Residues – United States (Total and per capita) 

Available Residues 
(Reported/Estimated) 1,2,3 

Country 

Industrial 
Roundwood1  

(m3) 2001 

Chips and 
Particles1 
(m3) 2001 

Other Wood
Residues1 

(m3) 2001 (metric tons) 2001 
(kg per capita) 

2001 
United States 400,390,692 n/a n/a 8,908,693 31.16 
 Northeast 36,944,377 n/a n/a 822,012 13.20
 North Central 38,526,714 n/a n/a 857,219 14.46
 Southeast 106,096,247 n/a n/a 2,360,642 52.47
 South Central 138,551,621 n/a n/a 3,082,774 62.01
 Great Plains 737,272 n/a n/a 16,404 2.81
 Intermountain 13,842,634 n/a n/a 307,999 16.16
 Alaska 3,771,711 n/a n/a 83,921 44.43
 Pacific 46,123,906 n/a n/a 1,026,257 107.01
 Pacific 15,796,211 n/a n/a 351,466 10.01

Sources:  1Smith et al.  2001., 2FAO 2002b, 2U.S. Department of Agriculture 2002, 3U.S. Census Bureau 2003, 4Panshin 
and de Zueew 1980 
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