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Disclaimer 
 
This report was produced for the Agricultural Utilization Research Institute 
(“AURI”).  Informa Economics, Inc. (“Informa”) has used the best and most 
accurate information available to complete this study.  Informa is not in the 
business of soliciting or recommending specific investments.  The reader of this 
report should consider the market risks inherent in any financial investment 
opportunity.  Furthermore, while Informa has extended its best professional 
efforts in completing this analysis, the liability of Informa to the extent permitted 
by law, is limited to the professional fees received in connection with this project. 
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I. Executive Summary  
 
Based on demand/market potential, economic feasibility, stage of development and 
strength of institutional support, Informa Economics, Inc. (“Informa”) narrowed down 
a list of more than 100 emerging corn products and technologies to 8 of the most 
promising, considered to have the greatest potential to add significant value to 
Minnesota’s corn commodity production.  However, as with the potential of any 
biobased product or technology, the development of these emerging corn products 
and technologies will be heavily reliant on future market price environments 
(especially for petroleum) and government policies.  The following are what Informa 
considers to be the top 8 products and technologies for corn at this point in time, 
listed in alphabetical order.  
 
1. Anaerobic Digestion 
Anaerobic digestion uses bacteria to convert the thin or whole stillage by-product of 
ethanol production into biogas – a mixture of methane (50-80%), CO2 (20-50%), and 
trace amounts of H2, NH3, and H2S, which can be burned for energy as a substitute 
for natural gas. This process reduces energy costs and greenhouse gas emissions 
and helps to conserve water relative to traditional corn-to-ethanol production.  
Furthermore, if collected, the struvite, a sludge that builds up in the digester, could 
be sold as a valuable fertilizer or a livestock feed additive. 
 
It is estimated that anaerobic digestion using thin stillage can reduce the energy 
needs of an ethanol facility by 43-66%, and if using whole stillage, energy needs 
could be entirely met by the biogas. However, currently, it is not widely used by the 
ethanol industry at any significant scale, as current capital costs are significant.  
 
2. Butanol  
Butanol is currently produced mainly via petrochemical feedstocks and is used 
primarily as an industrial solvent.  However, fermentation processes are currently 
being developed to produce “biobutanol”, and if cost competitive, it can also be used 
as a renewable fuel, greatly expanding its market potential.  Butanol offers several 
key advantages over ethanol, including a higher energy content, the ability to 
transport it via pipeline, a lower reid vapor pressure which makes it safer to use and 
means that it generates fewer volatile organic compound emissions, and the ability 
to be blended with gasoline at higher levels.  Additionally, several researchers are 
going one step further and are looking at ways to make higher valued products from 
butanol that can serve as gasoline, diesel and jet fuel replacements (not blends).   
 
There have been many advancements made to the biobutanol production process 
over the last several decades and many of the challenges previously preventing 
butanol production from being economically viable have largely been resolved. The 
technology appears to be currently cost competitive with petrochemical based 
butanol (said to be economical at $60/bbl crude oil) and also competitive or nearly 
competitive with ethanol.  Of those companies currently pursuing its development, 
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the earliest stated year for expected commercial production is 2010, but many do not 
expect to see commercial scale production until 2011/2012.  
 
3. Cellulosic Ethanol – Biochemical Platform 
Over the past few years, there has been significant research and development effort 
given toward improving the high production cost areas of biochemical cellulosic 
ethanol production: pretreatment, hydrolysis, and fermentation.  There are 
essentially three key challenges involved in these processing steps.  The first is the 
development of cost efficient pretreatments, which are necessary in order to open up 
the structure of the biomass sufficiently to allow for effective hydrolysis.  Once the 
sugars are hydrolyzed, broken down into 5-carbon and 6-carbon sugars, they can 
then be fermented using biological agents (e.g., microorganisms, yeast) to produce 
ethanol.  However, it is far more difficult, and thus more costly, to hydrolyze 
cellulosic biomass than it is to hydrolyze the starch from the traditional corn-to-
ethanol process, and while hemicellulose is relatively easy to hydrolyze compared to 
cellulose (fractions of the lignocellulosic biomass), it is more difficult to ferment.  
Therein lie challenges two and three: hydrolyzing the cellulose and fermenting the 
xylose sugars released from the hemicellulose.  
 
There are numerous companies and research institutions developing their own 
approaches and unique technologies to improve upon current pretreatment, 
hydrolysis and fermentation processes.  However, the bottom line is that a cost 
efficient process has yet to be commercialized.  There are several companies that 
are expecting to reach commercialization by 2011/2012. Yet, the tight capital market 
is inhibiting many from obtaining the capital needed to go forth with their 
commercialization efforts.  
 
4. Ethanol Distillation 
Energy costs currently account for about 12% of overall operating costs of traditional 
corn-to-ethanol production, the second largest operating cost expenditure next to 
feedstock costs. Of the overall energy consumption, distillation and dehydration 
consume about 50% (McAloon et al., 2004; Kim and Dale, 2005 – cited by 
Vaperma). It is also one of the key cost components in the biochemical cellulosic 
ethanol platform. However, several alternative ethanol distillation technology 
developers claim to achieve a 40% reduction in energy costs over traditional 
distillation methods; this would equate to an approximate 6 ¢/gal cost savings, or $3 
million per year for a 50 million-gallon-per-year (mmgy) ethanol facility (using current 
natural gas prices).  Additionally, according to one technology developer, Vaperma, 
overall fuel production could also be increased by 20% using their process. 
  
Traditionally, the separation of ethanol and water is performed through a 
combination of steam distillation and a molecular sieve. However, there are various 
processes being developed whereby ethanol is removed during fermentation, 
reducing product inhibition and energy costs, and thereby also reducing greenhouse 
gas emissions. Alternative ethanol distillation technologies currently being developed 
include: vacuum stripping, gas stripping, membrane separation, solvent (liquid) 
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extraction, and supercritical CO2.  While each of these methods has its own pros 
and cons, the leading technology at this time appears to be membrane separation.  
This technology uses membranes, which are vapor phase separation units, to allow 
the preferred permeation of water over other vapor components in a gas mixture.  
The removed ethanol is then distilled and the remaining fermentation broth is 
recycled.   
 
These technologies are largely in the late development/early commercialization 
stage, and are expected to reach commercial status within 3-5 years, if not sooner. 
 
5. Front-End Fractionation 
There are several front-end fractionation processes that separate the corn entering 
into the dry-mill ethanol facility into three fractions: pericarp (bran/fiber), germ (the 
oil-bearing portion of the kernel) and endosperm.  Revenue streams generated from 
this process include corn oil; high protein, low fat and fiber distillers grains; fiber and 
ethanol.  Additionally, according to some technology developer claims, front-end 
fractionation can reduce energy consumption and lower volatile organic compound 
emissions.  Another benefit of fractionation comes in the form of risk mitigation, as 
producers are not relying solely on the revenues from two product markets and they 
have increased flexibility.   
 
Front-end fractionation technologies can generally be classified as either wet 
fractionation processes or dry fractionation processes.  In general, wet fractionation 
technologies tend to be more costly.  However, they also produce higher-valued co-
products and have less starch loss than dry fractionation technologies.  In a new 
twist, the company MOR Technology claims to have developed a unique 
fractionation process known as MOR FRAC+ with costs similar to those generally 
associated with dry fractionation technologies but with the higher valued co-products 
and the lower starch loss generally associated with wet fractionation technologies.  
However, this technology is not yet proven at commercial scale.  
 
6. 3-Hydroxypropionic Acid 
3-Hydroxypropionic acid (3-HPA) is a building block chemical that can be used to 
produce many other commodity and specialty chemicals used in a wide array of 
product applications including solvents, plastics and moldings, fibers and resins, 
composites, adhesives, coatings, aliphatic polyesters and copolyesters and 
disinfectants.  One of the most promising aspects of this building block chemical is 
not only the current petrochemical products which it could potentially replace, but 
also the new and unique chemical properties it would bring to the market.  Given its 
potential, it was identified by the U.S. Department of Energy (DOE) in 2004 as one 
of the top 12 chemicals from biomass sugars and syngas. 
 
Cargill, along with Codexis and the Pacific Northwest National Laboratory, have 
already developed a bioprocess to produce 3-HPA which converts glucose or other 
carbohydrate sources into 3-HPA.  3-HPA can then be converted into a variety of 
high-value chemicals, including acrylic acid, 1,3-propanediol, malonic acid, and 
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acrylamide.  In early 2008, Cargill announced a joint agreement with Novozymes to 
develop a technology enabling the production of the derivative acrylic acid.  At the 
time of the announcement, the companies said they expected their technology to be 
ready in 5 years.  However, through personal communication, Cargill has revealed 
that they no longer plan to pursue the development of 3-HPA, as they do not feel 
that the product has the ability to “bring profitability in a reasonable time.”  This 
would indicate that this product/technology is more likely a long-term prospect, as 
the market potential still exists despite recent developments.  
 
7. Succinic Acid 
Succinic acid is a building block chemical produced by converting the glucose and/or 
five carbon sugars from a variety of possible feedstocks, including corn, using a 
specific succinic acid fermenting microorganism and CO2.  This building block 
chemical can be used to produce many other commodity and specialty chemicals 
used in a wide array of product applications, including solvents, coatings, adhesives, 
plastics, fibers, lubricating oils, diesel fuel oxygenates, personal care products and 
cosmetics. In addition to the many market applications for which succinic acid and its 
derivative chemicals can be applied, another promising attribute is that its production 
requires CO2, leading to what some claim to be a carbon negative process.   
 
Its potential has been recognized by many countries and was identified by the DOE 
in 2004 as one of the top 12 chemicals from biomass sugars and syngas.  
Furthermore, this chemical can be used to produce other top 12 chemicals.  If a 
technology is developed to produce biobased succinic acid that is cost competitive 
with similarly functioning petrochemicals, the potential world market is in excess of 
$1 billion per year.  And, according to one technology developer, Bioamber, 
commercial biobased succinic acid production is expected by 2011/2012. 
 
8. Zein Extraction 
Various processes have been developed to extract zein protein from corn and corn 
by-products (e.g., distillers grains).  Zein is a high-value protein which can be used in 
a wide range of applications. Zein is not used extensively in human food products, 
despite being edible, due to its negative nitrogen balance and poor water solubility. 
However, this insolubility is what makes zein and its resins form tough, glossy, 
hydrophobic grease proof coatings that are resistant to microorganisms, heat and 
humidity.  Zein applications include: specialty coatings for pharmaceutical tablets, 
candies, nuts, and paper products, chewing gum, adhesives and binders, ink, 
cosmetics, fibers and textiles, resins and biodegradable plastics and high-value bio-
medical applications.   
 
Currently, zein can be extracted from corn gluten meal, a by-product of the wet 
milling process.  However, current extraction and purification technologies are such 
that the price of zein limits current market applications.  Yet, there are several 
technology companies/institutions currently working to develop an economically 
viable extraction and/or purification process.  
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II. Introduction 
 
The Agricultural Utilization Research Institute (“AURI”) commissioned Informa 
Economics, Inc. (“Informa”) to assess and identify those existing and emerging 
products and technologies (both domestic and international) associated with the 
biobased economy that will boost economic opportunities for the corn and soybean 
agricultural sectors in the United States and the State of Minnesota.  The 
overarching objective of the project was to specify eight products or technologies for 
each commodity which would likely add value to the corn and soybean complexes 
over the next ten years.  This project has been achieved by conducting a blend of 
desk research (review of the literature) and targeted interviews, by phone and in-
person, with the companies that are producing the biobased products and the 
scientists and technology leaders that are conducting ground-breaking research in 
the ever-evolving biobased economy.  In the end, this study provides AURI with 
recommendations regarding which products and technologies show the most 
promise, thereby laying the foundation as a roadmap which will serve as valuable 
input to AURI in their strategic planning processes.   
 
 

A. Report Layout 
 
This introductory section precedes two distinct reports that have been prepared for 
AURI.  The two distinct reports are the analyses, findings and recommendations for 
the biobased products and technologies for the respective commodities of corn and 
soybeans.  The “corn report” and “soybean report” are distinct and stand alone from 
each other.  The role of this introductory section is to “set the stage” for each of the 
reports by discussing the project methodology and process flow and presenting a 
general overview of the biobased and energy economies.  This overview should 
provide the reader a framework from which to better appreciate the opportunities 
and complexities of the technologies and products that are discussed in the corn and 
soybean reports.    
 
 

B. Project Methodology and Process Flow 
 
The biobased economy is a rapidly changing environment where government 
policies combined with volatile commodity prices can dramatically affect the returns 
to the participants in said markets.  Given this ever-changing context, it was 
important to provide solid fundamental research with both quantitative (when 
available) and qualitative analyses to ascertain the top promising corn and soybean 
products and technologies.  It should be noted that the final so called “top eight 
winners” for each commodity should not be viewed as a list that is “set in stone” 
because of the uncertain nature of the markets surrounding energy and agricultural 
commodities.  The products and technologies that have been identified as the top 
eight in both reports actually have the potential to move up or down in relative 
importance as policies change and technological breakthroughs occur over time.  
The study team took into consideration the issues of market and political uncertainty 
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when conducting the research.  In the end, the goal was to provide 
recommendations to AURI regarding those products and technologies that have the 
highest probability of market success and can impact the State of Minnesota’s 
economy.      
 
The project could be characterized as being a continual flow process where 
feedback loops were put into place in order to test and retest the justification for 
including a product or technology in the study.  Ultimately, the study was carried out 
in three Phases, which are summarized in Figure 1.  The flow diagram highlights the 
use of multiple check points or “Phases” in order to “funnel” the products and 
technologies down to the two top eight lists.  In Phase I, Informa conducted desk 
research that was extremely broad, identifying over 100 products and technologies  
each for corn and soybeans.  Each product or technology was catalogued in a large 
matrix in which there was with a brief description of said product or technology, 
identification of the companies or institutions that are engaged in the respective 
“space,” and also special notes.1  In order to further refine the list in Phase I, four 
criteria were used by the research team in order to select a limited number of 
products and technologies that were deemed worthy for moving on to Phase II for 
more in-depth evaluation.  The four criteria are based on those factors that are key 
characteristics for determining potential success in the marketplace.  The four 
criteria were as follows:   
 

1. Demand/Market Potential:  
This addresses the potential size (in value and volume) of the 
marketplace for a respective product or technology.  Some biobased 
products or technologies, for example, may show significant promise 
regarding market penetration into existing markets or market adoption; 
however, the overall market may be extremely small and highly 
specialized.  This means that the introduction of the product or 
technology would have very little impact to the economy at large.  The 
economic returns or benefits would be confined to a very narrow sector 
of the economy because of the small market size.  The ambition of the 
study team was to identify those products and technologies which are 
associated with bigger demand markets and thus potentially larger 
economic impacts.    

 
2. Economic Feasibility: 

Just because a product can be produced or a technology can be used 
says nothing regarding the cost of producing the product or utilizing the 
technology.  Some products or technologies have highly desirable 
results or characteristics; however, the cost associated with the 
product or technology is beyond what the marketplace will likely bear.  
It should be noted that economic feasibility can be accomplished by 
either public support (e.g., the 45 cent per gallon tax credit for ethanol 
production) or the ability of the product or technology to be produced in 

                                            
1 Note: Appendices at the end of each report display the large product and technology lists developed 
in Phase I. 
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such a manner that real economic returns are achieved without the aid 
of government support (or a blend of both the marketplace and 
government support as is the case for ethanol and biodiesel).  The 
study team focused on specifying those products or technologies that 
would likely become commercially and economically viable over the 
next ten years.    

 
3. Development Stage:  

The development stage is important in the context of the expected 
planning time horizon of AURI.  AURI has established the objective for 
Informa to identify those products or technologies that will likely have a 
material economic impact over the next ten years.  This means that 
some products or technologies that might have been identified as 
being very promising would not be considered for inclusion in the final 
list because they are too early in the development cycle.  Many 
products or technologies display significant promise from a technical 
perspective, meaning the mechanical or chemical execution of said 
technology or product can be achieved in the laboratory or at the pilot 
scale of operation.  Success at the pilot scale level is desirable; 
however, the more significant hurdle, is the ability to transfer the 
technology or product to a commercial scale such that they can be 
introduced into the marketplace and expected to compete with other 
more traditional products or technologies.   
 

4. Strength of Institutional Support:  
The level of institutional support is critical for influencing the success or 
failure of launching a new product or technology.  Institutional support 
can come in the form of either public or private support or a blend of 
both.  Launching a new product on a “shoe string” budget out of 
someone’s garage is the exception rather than the rule regarding the 
probability of success.  Those products or technologies which have 
deep funding sources and access to production and distribution 
infrastructure and systems generally have a higher likelihood of 
achieving market penetration and the necessary traction to remain 
economically viable in the long-run.  Large corporations such as 
DuPont or Cargill are generally advantaged relative to much smaller 
capitalized companies regarding the ability to invest in the 
development of new products and technologies and bring them to 
market on a significant scale.  U.S. Federal agencies such as the U.S. 
Department of Energy (DOE) have also played a vital role in the 
discovery process of new products and technologies.  The DOE has 
spent billions of dollars helping to fund the discovery of new products 
and technologies playing the role of a basic research benefactor and 
even a venture capital firm, investing in emerging products and 
technologies where often the private sector has deemed the initiatives 
as being too early-stage or risky to fund completely on their own.  The 
study team evaluated all of the products and technologies in light of the 
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perceived extent of public and private support for the respective 
product or technology.    
 

In Phase I quantitative scores were generated for each of the 100 products and 
technologies for corn and approximately 140 products and technologies for 
soybeans, where they were awarded a score of 10 (being the lowest), 20, 30 or 40 
(being the highest) for each of the four criteria.  Each of the four criteria was given 
different “weights” of importance, as follows: Demand/Market Potential 40%, 
Economic Feasibility 15%, Stage of Development 20% and Institutional Support 
25%.2  The combination of the criteria weights multiplied by the scores awarded 
each of the criteria generated a “weighted score” for each of the respective products 
or technologies.  The Informa team independently scored and then ranked the 
products and technologies for corn and then soybeans.  The scoring process was 
further refined to reflect an enhanced consensus of the team.  The ranked scores led 
to a “Top 30” list for corn and a “Top 30 list” for soybeans.  This concluded Phase I 
of the project.   
 
Phase II began the process of refining the “Top 30” down to a “Top 20 list,” each for 
corn and soybeans.  The study team then began to strategically engage a broad 
cross section of academic and industry experts with interviews (site visits and 
telephone interviews) in order to reduce the top 30 list down to top 20.  Examples of 
interviews and trips are as follows:  trip to the National Renewable Energy 
Laboratory (NREL), trip to the National Corn to Ethanol Research Center (NCERC), 
trip to the USDA Agricultural Research Service Laboratory in Peoria, IL, phone 
interviews with Oak Ridge National Laboratory, MBI International (Michigan 
Biotechnology Institute), and numerous other private sector researchers.  The 
experts were asked to comment on the top 30 list to identify a number of key points, 
(1) specify if there were any omissions from the list, and if so, what 
products/technologies should be included, (2) identify what products or technologies 
should be removed from the list, (3) provide an opinion on what product/technologies 
should be included in the top 20, and (4) distinguish what their preferred top ten 
products/technologies were and explain in depth why.  The Informa research team 
analyzed the findings from the interviews and constructed a product/technology top 
20 list for each of the commodities.   
 

 

                                            
2 It is acknowledged that the reader of this report might perceive the weights given to each of the 
criteria should be changed depending on their point of reference.  Informa, however, spent a 
significant amount of time developing this quantitative framework in order to remain sensitive to 
AURI’s expectations and needs as an organization.   
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The Informa research team then conducted more detailed desk research based on a 
consensus of the expert interviews and prepared brief position papers for each of 
the top 20 product/technologies for each commodity.  The findings in Phase II 
formed the foundation for the final Phase III and the selection of the two “Top 8” lists.  
In Phase III highly targeted interviews were conducted for specific 
products/technologies.  For example, succinic acid (a corn-based chemical) was a 
product that received significant attention and interest in the early stages of the 
project and was a logical product to move through Phase I and to Phase II and then 
into Phase III.  Moving into Phase III, the team sought those individuals or firms that 
had special knowledge of succinic acid, such as MBI International and Bioamber (a 
firm that is dedicated to making succinic acid competitive with maleic anhydride).  
The highly targeted interviews and desk research in Phase III ultimately yielded the 
identification and selection of the “Top 8” products/technologies for corn and 
soybeans.   
 
The selected top 8 products/technologies for corn and soybeans were then given 
detailed write-ups (more detailed than the top 20 write ups).  Each of the detailed 
product/technology write ups includes an overview of the product/technology, an 
analysis of its market potential, profiles of the companies and research institutions 
that are involved in the space and SWOT analyses (Figure 2).  SWOT analysis is a 
widely used and versatile paradigm for strategic planning where the acronym stands 
for Strengths, Weakness, Opportunities and Threats.  The application of the SWOT 
model provided the framework to distill the key findings of research and analysis into 
a summary matrix which is easily understood and identifies the key aspects and 
issues for each products/technologies.  Figure 2 displays the SWOT and how each 
product/technology was filtered through the grid structure.  In the end, the key 
decision and policy makers at AURI have an authoritative reference tool to guide 
them in their strategic planning processes. 
 

Figure 2:  SWOT Grid 
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C. Energy Markets:  A Foundation for Biobased Products and 
Technologies 

 
Petroleum is defined in Greek as being "rock oil" or more commonly known as crude 
oil.  Crude oil or crude petroleum oil is a naturally occurring, flammable liquid found 
in rock formations in the Earth consisting of a complex mixture of hydrocarbons of 
various molecular weights, plus other organic compounds.  Crude oil has always 
been a substance in plentiful supply; the demand for oil, however, has changed 
dramatically over time given the advent of the combustion engine and the rise of 
geopolitical tensions surrounding who owns the oil and where is the oil located.  
Initially, oil was not used as a fuel; in the 1860’s oil was in fact hailed as a 
disinfectant, a vermin killer, hair oil, boot grease, and a cure for kidney stones.  In 
1933, the U.S. paid $275,000 to Saudi Arabia’s King Ibn Saud for an oil concession.  
The King actually thought he had sold the Americans sand, since the British did not 
think there was oil there.  After five years of disappointment, the Americans struck oil 
in Saudi Arabia.  One expert at the time described Saudi Arabia’s oil as “the single 
greatest prize in all history,” a prophetic statement for the ages.   
 
The true importance of oil worldwide was not understood until World War I and 
especially, World War II.  World War II brought to light the notion of national security 
and the importance of the U.S. government having a safe supply of oil.  After World 
War II, and the beginning of widespread economic recovery, it became clear that the 
world was going to need a lot more oil than the companies of Socal and Texaco in 
Saudi Arabia could provide.  Since World II, the global landscape of the supply and 
demand for oil has become even more complex as synchronistic global expansion of 
developing countries coupled with continued Middle East conflicts has placed a new 
premium on petroleum.   
 
Interest in the area of biofuels and biobased products (based on renewable 
carbohydrate feedstocks such as corn) has increased dramatically over the last ten 
years as energy prices, primarily crude oil, reached record highs.  As described in 
this section, consumption of crude oil and refined products is on a very large scale, 
and as a result the potential market for biofuels and certain biobased replacements 
for petrochemicals is large.   
 
The recent price shock of 2008, quickly reminded U.S. consumers of their 
vulnerability and dependence on foreign sources of oil.  Crude oil prices, as 
benchmarked by West Texas Intermediate (WTI) averaged only $19.09/barrel from 
1986 to 1999, ranging from a low of $10.25/barrel to a high of $41.07 during this 
period of time.  As global economies rapidly expanded and the infrastructure to 
supply oil increased at a much slower pace, nominal oil prices for the WTI crude 
reached record high levels on July 3, 2008, at $145.31/barrel (Figure 3).  Adjusted 
for inflation, oil prices were actually in a long run decline since 1919 (Figure 4), with 
only brief price spikes.  The 2008 jump in oil prices, however, elevated real prices to 
levels not experienced since the oil shock experienced in the late 1970’s and early 
1980’s.   
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Figure 3: Crude Oil Price, West Texas Intermediate: January 02, 1986 to June 
16, 2009 (daily prices, nominal dollars) 
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Source: U.S. Department of Energy, Energy Information Administration and Informa Economics. 
 
 

Figure 4: U.S. Real Gasoline Pump Price: Annual Average 1919-2008 
(consumers price index-urban, 1982-84=1.00) 
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The higher real petroleum prices, concern over a slowdown in the development of 
new supplies of oil and the September 11, 2001, terrorist attacks and subsequent 
wars in Afghanistan and Iraq have renewed an interest of the American public in 
finding ways to reduce this country’s dependence on foreign imports of petroleum 
and develop new technologies that consume less gasoline, such as the upcoming 
Chevy Volt, with claims of achieving 230 miles per gallon (mpg.).  In 2006, the Bush 
administration acknowledged the need to find alternative, and preferably renewable, 
sources of energy.  President Bush outlined in his 2006 State of the Union Address, 
the announcement of The Advanced Energy Initiative, which is designed to “help 
break America’s dependence on foreign sources of energy.”  Former President Bush 
set as a national goal the replacement of more than 75% of the oil imports from the 
Middle East by 2025.  The Advanced Energy Initiative provided for a 22% increase 
in clean-energy research at the U.S. Department of Energy.  The intent of the 
funding increase was to accelerate breakthroughs in two critical areas, how we 
power our homes and businesses, and how we power our automobiles, thus 
stimulating a reduction in our country’s demand for fossil based energy sources.  
The new Obama administration has followed through with a clear mandate to 
continue the country’s need to address the energy predicament with new solutions.  
President Obama’s comprehensive energy plan calls for some of the following 
initiatives: 
 

•  Help create five million new “green” jobs by strategically investing $150 billion 
over the next ten years to catalyze private efforts to build a clean energy 
future. 

•  Within 10 years save more oil than we currently import from the Middle East 
and Venezuela combined. 

•  Put 1 million plug-in hybrid cars (cars that can get up to 150 miles per gallon) 
on the road by 2015; cars that will be built in America. 

•  Ensure 10% of our electricity comes from renewable sources by 2012, and 
25% by 2025. 

•  Implement an economy wide cap and trade program to reduce greenhouse 
gas emissions 80% by 2050. 

 
Statistics are very clear and impartial regarding the trends of oil consumption and 
production in the U.S.  Since the mid-1950s, the U.S. has imported more energy 
than it has exported.  Consumption of petroleum, the most prominent U.S. energy 
resource, has expanded from 6.2 million barrels/day in 1950 to almost 20 million 
barrels/day in 2007, or an annual total of 7.5 billion barrels (Figure 5).  During this 
period, petroleum imports have grown from being insignificant to surpassing U.S. 
domestic supplies.  Most oil imports have been met by North American countries, 
with Canada and Mexico providing over 29.2% of U.S. petroleum needs in 2008 
(Table 1).  The U.S. is faced with the continual concern of consistent supplies in the 
future from politically sensitive regions such as the Middle East.  In 2008, OPEC 
countries accounted for over 46% of U.S. oil imports.  Saudi Arabia represented 
11.9%, Venezuela 9.2% and Nigeria 7.7% of total U.S. oil imports in 2008.    
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Figure 5: US Petroleum Situation: 1949-2007 
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Source: U.S. Department of Energy, Energy Information Administration. 
 

Table 1: U.S. Imports of Crude Oil, by Country of Origin for 2008 

Thousand Percent
Country of Origin Barrels Total

1 Canada 899,935     19.1%
2 Saudi Arabia 560,705     11.9%
3 Mexico 475,545     10.1%
4 Venezuela 435,769     9.2%
5 Nigeria 362,263     7.7%
6 Iraq 229,300     4.9%
7 Algeria 200,192     4.2%
8 Angola 187,761     4.0%
9 Russia 169,415     3.6%

10 Virgin Islands (U.S.) 117,191     2.5%
Rest of World 22.8%

Total 4,711,238  100.0%

Non OPEC Countries 2,530,488  53.7%
Persian Gulf 868,516     18.4%
Total  OPEC Countries 2,180,750  46.3%  

 
Source: U.S. Department of Energy, Energy Information Administration. 
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The global supply of and demand for energy is being challenged not just by the level 
of U.S. consumption and political instability in certain oil-producing countries, but 
also by growing demand in emerging economies such as China and India.  World 
consumption of petroleum rose from just over 20 million barrels/day in 1960 to 85.9 
million barrels/day in 2007, a compound annual growth rate of 3.12% (Figure 6).  
 
 

Figure 6: World Daily Consumption of Petroleum, 1960-2007 
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Source: U.S. Department of Energy, Energy Information Administration. 
 
 
The U.S. is the most significant petroleum-consuming economy in the world (Figure 
7).  The former Soviet Union was second in importance until its breakup in the early 
1990s; now China is the second-largest petroleum consuming economy.  Since 
1960, China has increased its consumption of petroleum faster than any country 
(over 3,000%), while India has increased consumption by almost 1,500% (Figure 8).  
More mature economies such as the U.S. and Canada actually exhibit growth rates 
that are below the world trend, this is also true for most of the major and mature 
economies in the European Union.  
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Figure 7: Leading Petroleum Consuming Countries, Average Daily 
Consumption, 1960-2007 
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Source: U.S. Department of Energy, Energy Information Administration and Informa Economics. 
 

Figure 8: Indexed Growth of Petroleum Consumption for Key Countries, 1980-
2007 (Barrels of Oil Consumed Daily) 
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In recent years, the rate of growth for China, for example, has increased significantly 
(Figure 9).  From 2000 to 2007, China’s consumption of oil increased at an average 
annual rate of 7.2%; this was almost twice as fast as India’s annual growth rate and 
significantly ahead of the U.S. annual growth rate of only 0.9%.  
 

Figure 9: Indexed Growth of Petroleum Consumption for Key Countries, 2000-
2007 (barrels of oil consumed daily) 
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Source: U.S. Department of Energy, Energy Information Administration and Informa Economics. 
 
 
As previously mentioned, many European Union countries have generally fallen in 
their level of consumption of petroleum globally as emerging economies have rapidly 
increased their share of total petroleum demand (Table 2).  From 1960 to 1969, the 
U.S. consumed, on average, 37.6% of the total global use of petroleum; the next 
largest oil consumer was the Former Soviet Union (FSU) at 11.6% (Table 3).  Now 
the FSU has been dissolved and numerous developing countries have significantly 
expanded their economies, while the U.S. share of global oil consumption has 
actually declined to 25.7%, still extremely large; however, the impact of growing 
foreign economies is palpable.  For example, often overshadowed by China and 
India, Brazil has also experienced rapid consumption in petroleum over the last 20 
years (Table 4).  Spain and Russia have also exhibited strong recent relative growth 
in oil consumption from 2000 to 2008.  
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Table 2: Petroleum Consumption, Daily Average Barrels Consumed, Key 
Countries, 1960-2008 (million barrels) 

 
1960-69 Rank 1970-79 Rank 1980-89 Rank 1990-99 Rank 2000-08 Rank

WORLD 30.74 57.03 61.84 70.26 81.62
Total OECD 22.47 40.41 39.11 44.66 48.65

Total Non-OECD 8.27 16.62 22.72 25.60 32.97
United States 11.56 (1) 16.98 (1) 16.27 (1) 17.878 (1) 20.17 (1)
China 0.24 (12) 1.28 (9) 1.93 (5) 3.294 (3) 6.25 (2)
Japan 1.69 (3) 4.65 (3) 4.69 (3) 5.564 (2) 5.26 (3)
Russia 3.068 (4) 2.73 (4)
Germany 1.45 (4) 3.13 (4) 2.73 (4) 2.862 (5) 2.67 (5)
India 0.24 (13) 0.51 (13) 0.88 (13) 1.524 (13) 2.47 (6)
Brazil 0.36 (9) 0.86 (10) 1.15 (11) 1.767 (12) 2.23 (7)
Canada 1.10 (6) 1.76 (8) 1.63 (9) 1.829 (9) 2.21 (8)
South Korea 0.05 (14) 0.33 (14) 0.61 (14) 1.772 (11) 2.17 (9)
Mexico 0.35 (10) 0.75 (12) 1.48 (10) 1.858 (8) 2.04 (10)
France 1.05 (7) 2.33 (5) 1.87 (6) 1.935 (6) 2.00 (11)
Italy 0.97 (8) 1.93 (7) 1.80 (7) 1.900 (7) 1.78 (12)
United Kingdom 1.42 (5) 2.07 (6) 1.66 (8) 1.810 (10) 1.76 (13)
Spain 0.25 (11) 0.83 (11) 0.94 (12) 1.177 (14) 1.55 (14)
Former  USSR 3.56 (2) 7.16 (2) 8.94 (2)

 
Source: U.S. Department of Energy, Energy Information Administration, and Informa Economics. 
 
 

Table 3: Percent Share of World Petroleum Consumed by Key Countries, 1960-
2008 

1960-69 Rank 1970-79 Rank 1980-89 Rank 1990-04 Rank 2000-08 Rank

WORLD 100% 100% 100% 100% 100%
Total OECD 73.1% 70.9% 63.3% 63.6% 59.6%

Total Non-OECD 26.9% 29.1% 36.7% 36.4% 40.4%
United States 37.6% (1) 29.8% (1) 26.3% (1) 25.4% (1) 24.7% (1)
China 0.8% (12) 2.2% (9) 3.1% (5) 4.7% (3) 7.7% (2)
Japan 5.5% (3) 8.1% (3) 7.6% (3) 7.9% (2) 6.4% (3)
Russia 4.4% (4) 3.3% (4)
Germany 4.7% (4) 5.5% (4) 4.4% (4) 4.1% (5) 3.3% (5)
France 0.8% (7) 0.9% (5) 1.4% (6) 2.2% (6) 3.0% (6)
Canada 1.2% (6) 1.5% (8) 1.9% (9) 2.5% (7) 2.7% (7)
South Korea 3.6% (14) 3.1% (14) 2.6% (14) 2.6% (8) 2.7% (8)
Mexico 0.2% (10) 0.6% (12) 1.0% (10) 2.5% (9) 2.7% (9)
Brazil 1.1% (9) 1.3% (10) 2.4% (11) 2.6% (10) 2.5% (10)
Italy 3.4% (8) 4.1% (7) 3.0% (7) 2.8% (11) 2.4% (11)
United Kingdom 3.1% (5) 3.4% (6) 2.9% (8) 2.7% (12) 2.2% (12)
India 4.6% (13) 3.6% (13) 2.7% (13) 2.6% (13) 2.2% (13)
Spain 0.8% (11) 1.5% (11) 1.5% (12) 1.7% (14) 1.9% (14)
Former  USSR 11.6% (2) 12.5% (2) 14.5% (2)

 
Source: U.S. Department of Energy, Energy Information Administration, and Informa Economics. 
 



Top 8 Corn Products/Technologies: Page 19 

© 

 

                      AURI Corn Report 

Table 4: Annual Growth Rate of Petroleum Consumption in Key Countries, 
1960-2008 

Anl Rate Anl Rate Anl Rate Anl Rate Anl Rate
1960-69 Rank 1970-79 Rank 1980-89 Rank 1990-99 Rank 2000-08 Rank

WORLD 7.5% 3.4% 0.8% 1.5% 1.5%
Total OECD 7.6% 2.4% 0.3% 1.6% 0.2%

Total Non-OECD 7.4% 5.9% 1.7% 1.3% 3.5%
China 11.4% (7) 10.9% (1) 4.0% (3) 7.0% (1) 6.8% (1)
India 8.3% (8) 5.1% (7) 6.2% (1) 6.4% (3) 4.1% (2)
Brazil 6.1% (11) 8.5% (4) 2.5% (5) 4.8% (4) 1.8% (3)
Canada 6.0% (12) 2.6% (8) -0.5% (12) 2.0% (6) 1.7% (4)
Russia -8.4% (14) 1.5% (5)
Spain 18.6% (2) 6.0% (5) -0.5% (11) 3.6% (5) 1.2% (6)
Mexico 4.9% (13) 8.6% (3) 2.7% (4) 0.8% (10) 1.0% (7)
South Korea 26.1% (1) 10.8% (2) 4.9% (2) 6.5% (2) 0.4% (8)
United States 4.1% (14) 2.5% (9) 0.8% (6) 1.7% (7) 0.4% (9)
United Kingdom 7.9% (9) -1.8% (14) 0.3% (7) 0.0% (13) 0.0% (10)
France 11.5% (6) 1.5% (11) -2.0% (14) 0.9% (9) -0.3% (11)
Germany 12.6% (5) 1.4% (12) -1.0% (13) 0.5% (11) -1.2% (12)
Italy 13.1% (4) 1.0% (13) -0.1% (9) 0.4% (12) -1.6% (13)
Japan 16.1% (3) 2.4% (10) 0.1% (8) 1.0% (8) -1.7% (14)
Former  USSR 7.6% (10) 5.4% (6) -0.2% (10)

 
Source: U.S. Department of Energy, Energy Information Administration, and Informa Economics. 
 
 
Since 1949, fossil fuel as a percentage of total U.S. energy consumption has risen 
considerably relative to nuclear electric power and renewable energy sources 
(Figure 10).  The U.S. consumed almost 30 quadrillion Btu of fossil fuels in 1949; 
this has increased significantly to approximately 85 quadrillion Btu of fossil fuels in 
2008.  Just as the U.S. relies heavily on petroleum as a primary source of energy, 
other sources play a significant role in the intricate energy balance (Figure 11).  The 
U.S. uses an extensive amount of natural gas, coal, and nuclear electric power, with 
renewable energy growing more popular.  In 2008, fossil fuel-based energy sources 
(coal, natural gas and petroleum) accounted for 84.2% of total U.S. energy 
consumed, with the remainder being nuclear electric power (8.5%) and renewable 
energy (7.3%).   
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Figure 10: Energy Consumption by Source, 1949-2008 

0

10

20

30

40

50

60

70

80

90

100

19
49

19
52

19
55

19
58

19
61

19
64

19
67

19
70

19
73

19
76

19
79

19
82

19
85

19
88

19
91

19
94

19
97

20
00

20
03

20
06

Q
u

ad
ri

lli
o

n
 B

tu
Fossil Fuels

Renewable Energy
Nuclear Electric Power

 
Source: U.S. Department of Energy, Energy Information Administration 
 
 

Figure 11: Percent Energy Consumption by Source, 2008 
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Source: U.S. Department of Energy, Energy Information Administration 
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There are four primary energy consuming sectors in the U.S.  The four sectors are: 
residential, which accounts for 21.9% of the total energy consumption; commercial, 
which accounts for 17.9% of the total energy consumption; industrial, which 
accounts for 32.1% of the total energy consumption; and transportation, which 
accounts for 28.1% of the total energy consumption (Figure 12).  Highlights of the 
supply/demand balance flow diagram are as follows: 
 

•  Transportation uses the largest share of petroleum at 71%, while the 
industrial sector uses 23% of petroleum and the remaining 6% goes to 
residential/commercial and electric power.   

•  The consumption of natural gas is evenly distributed between three sectors, 
with industry using 34%, residential/commercial using 34% and electric 
power using 29%; the remainder is consumed by transportation at only 3%.  

•  The consumption of coal primarily linked to two sectors, the generation of 
electricity at 91% and industrial consumption at 8%. 

•  Nuclear electric power is used exclusively, at 100% consumption, by the 
electric power demand sector. 

•  The use of renewable energy is divided across all four demand sectors with 
electric power using the most at 51% and industrial demand the second 
largest sector using 28%. 
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Figure 12: U.S. Primary Energy Consumption by Source and Sector, 2007 
(Quadrillion Btu) 

 
 
Source: USDOE, Energy Information Administration, Annual Energy Review 2007. 
 
1  Excludes 0.6 quadrillion Btu of ethanol, which is included in "Renewable Energy.” 
2  Excludes supplemental gaseous fuels. 
3  Includes 0.1 quadrillion Btu of coal coke net imports. 
4  Conventional hydroelectric power, geothermal, solar/PV, wind, and biomass. 
5  Includes industrial combined-heat-and-power (CHP) and industrial electricity-only 
plants. 
6  Includes commercial combined-heat-and-power (CHP) and commercial electricity-
only plants. 
7 Electricity-only and combined-heat-and-power (CHP) plants whose primary 
business is to sell electricity, or electricity and heat, to the public. 
 
 
Briefly, the renewable energy sources can be segmented into the following general 
categories:  
 

•  Hydroelectric: Renewable energy from hydroelectricity. 
 

•  Wood: Wood, black liquor, and other wood waste. 
 

•  Waste: Municipal solid waste, landfill gas, sludge waste, tires, and agricultural 
byproducts, including animal waste, and other biomass (plant material and 
residue) 
 

•  Biofuels: Ethanol blended into motor gasoline and biodiesel. 



Top 8 Corn Products/Technologies: Page 23 

© 

 

                      AURI Corn Report 

 
•  Geothermal: Geothermal electricity net generation, heat pump, and direct use 

energy. 
 

•  Solar: Solar thermal and photovoltaic electricity net generation, and solar 
thermal direct use energy. 

 
Hydroelectric power and wood-based power contribute the largest amount of 
renewable energy by a wide margin (Figure 13).  However, their growth has 
remained flat since the 1980s.  In general, other renewable energy sources have 
shown greater increases in their rate of adoption.  Alcohol (ethanol) and wind based 
renewables have grown the most significantly from 1990 to the present (Figure 14).   
 
 

Figure 13: U.S. Renewable Energy Consumption by Source - Part I, 1949-2008 
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Source: U.S. Department of Energy, Energy Information Administration, Monthly Energy Review. 
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Figure 14: U.S. Renewable Energy Consumption by Source - Part II, 1949-2008 
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Source: U.S. Department of Energy, Energy Information Administration, Monthly Energy Review. 
 
 
Today’s marketplace is making a concerted effort to find larger supplies of 
renewable energy feedstocks and substitutes in order to replace the traditional fossil 
fuel (hydrocarbon based) sources of energy, as evidenced by such strong growth in 
the biofuels and wind sectors.  Global economies are concerned that the supplies of 
conventional oil are declining rapidly and that the supplies of conventional oil might 
have passed what is called “peak oil.”  Peak oil is defined as the point in time when 
the maximum rate of global petroleum extraction is reached, after which the rate of 
production enters terminal decline.  The concept is based on the observed 
production rates of individual oil wells, and the combined production rate of a field of 
related oil wells.  The aggregate production rate from an oil field over time usually 
grows exponentially until the rate peaks and then declines, sometimes rapidly, until 
the field is depleted.  Given the recent record prices for crude oil, the peak oil debate 
has gained significant attention with strong arguments both for and against the 
concept.  Some experts have now estimated that total world reserves of 
conventional oil are now less than 30% of total oil supplies which include heavy oil, 
oil sands and extra heavy oil (Figure 15).  The heavier oils are not easy to use 
(require special refining procedures) and are more expensive to extract compared to 
conventional oil.  In addition to concerns over peak oil, energy security and 
mitigation of climate change are important reasons for the move toward biofuels and 
wind energy. 
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Figure 15:  Total World Oil Reserves 

 
 

Source:  Alboudwarej, Husswin, Highlighting Heavy Oil, Oilfield Review, Summer 2006. 
 
 
One of the reasons that conventional oil has become such a vital link and input in 
global economies is because of its chemical versatility which provides a plethora of 
uses.  When refined, one barrel of crude oil yields about 19 gallons of finished motor 
gasoline, 9 gallons of diesel fuel, as a well as other petroleum based derivatives 
used in products such as ink, crayons, bubble gum, dishwashing liquids, deodorant, 
eyeglasses, records, tires, ammonia, and heart valves, etc. (Figure 16).   
 

Figure 16:  Products Made from a Barrel of Crude Oil3 

Other Products
5.0% Residual Fuel Oil
4.2% Still Gas
4.0% Petroleum Coke
2.6% Feedstocks
1.1% Lubricants
0.7% Other
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Other Products
5.0% Residual Fuel Oil
4.2% Still Gas
4.0% Petroleum Coke
2.6% Feedstocks
1.1% Lubricants
0.7% Other
0.4% Kerosene

 
Source: USDOE, Energy Information Administration and American Petroleum Institute. 
 

                                            
3 Note: Percentages total 105% because of “processing gain.”  A 42 gallon barrel of oil actually yields 
44 gallons of products. 
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In general, each barrel of oil in the U.S. is fractionated into fairly consistent 
components as described below.4 
 

•  Gasoline: Of all the crude oil refined for use in the United States, almost half 
(47%) becomes gasoline for automobiles, boats and other gasoline-driven 
motors.  

 
•  Jet Fuel: Airplanes utilize approximately 10% of a refined barrel of oil in the 

form of jet fuel.  
 

•  Diesel Fuel and Home Heating Oil: 23% becomes distillate, two-thirds of 
which is refined for diesel fuel for trucks, buses and other diesel engines, 
while the remaining one-third is used as home heating oil. 

 
•  Boiler Oil: Boiler oil, or residual fuel oil, makes up 5% of refined crude oil and 

is used on ships, in industrial boilers and in power plants to produce 
electricity.  

 
•  Asphalt and Road Oil: Asphalt and road oil accounts for 3% of crude oil 

consumption.   
 

•  Other: Approximately 9.4% of the crude oil is refined into non-energy related 
feedstocks for manufacturing products such as lubricants, wax, coke for steel 
making, and napthas that are used in the drycleaning process.  

 
•  Petrochemical Feedstocks: Petrochemical feedstocks, products of the 

refining process, make up the remaining 2.6% of all refined crude oil.  Half of 
this is used to make plastics (approximately 1.3% of the total) for thousands 
of items such as tableware, furniture, aircraft and automobile parts, luggage, 
surfboards, helmets, medical supplies and packaging.  The remaining 1.3% is 
used to make products such as solvents, synthetic fibers for wearing apparel, 
synthetic rubber, paints and coatings.  

 
From a scientific and chemical perspective these refined crude oil products can be 
described as follows: 
 

•  Petroleum gas - used for heating, cooking, making plastics small alkanes (1 
to 4 carbon atoms) commonly known by the names methane, ethane, 
propane, and butane, which is often liquified under pressure to create LPG 
(liquified petroleum gas).  

 

                                            
4  It should be noted that this crude oil fractionation recipe does vary by country, where differing 
economies require different input streams depending on the structure of their economies. 
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•  Naphtha or Ligroin - intermediate that will be further processed to make 
gasoline mix of 5 to 9 carbon atom alkanes, and a motor fuel liquid mix of 
alkanes and cycloalkanes (5 to 12 carbon atoms). 

 
•  Kerosene - fuel for jet engines and tractors; starting material for making other 

products as a liquid mix of alkanes (10 to 18 carbons) and aromatics.  
 

•  Gas oil or Diesel distillate - used for diesel fuel and heating oil; starting 
material for making other products liquid alkanes containing 12 or more 
carbon atoms.  

 
•  Lubricating oil - used for motor oil, grease, other lubricants; consists of liquid 

long chain (20 to 50 carbon atoms) alkanes, cycloalkanes, and aromatics. 
 

•  Heavy gas or Fuel oil - used for industrial fuel; starting material for making 
other products liquid long chain (20 to 70 carbon atoms) alkanes, 
cycloalkanes, and aromatics.  

 
•  Residuals - coke, asphalt, tar, waxes; starting material for making other 

products solid multiple-ringed compounds with 70 or more carbon atoms.  
 
 
Consistent with the nomenclature or breakdown of how a barrel of oil is used in the 
U.S. as previously discussed, the DOE’s, Energy Information Agency (EIA) 
estimated the volume of oil consumption per respective product category in 2007, as 
shown in Table 5.  The average daily oil consumption for all refined oil products in 
the U.S. was approximately 20.5 million barrels in 2007.  Annually, total oil 
consumption in the U.S. is a staggering 7.5 billion barrels of oil.  Keep in mind that 
volumetrically a barrel of oil is approximately 42 gallons.  Finished motor gasoline 
consumption was approximately 3.4 billion barrels in 2007; multiplying a barrel of oil 
times 42 gallons makes the volume of finished motor gasoline consumed in the U.S. 
even more imposing at an estimated level of 143 billion gallons.  Even with this 
comprehensive list of petroleum products, a barrel of crude oil can be reduced into 
more specialized products; that is why the term feedstock is used to explain the 
potential to further add value to the crude stream.   
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Table 5:  Volume of U.S. Petroleum Products Consumed in 2007 
Annual (Thousand 
Barrels Per Day)

Annual (Thousand 
Barrels Total)

Finished Motor Gasoline 9,286 3,389,390
Distillate Fuel Oil 4,196 1,531,540
Liquefied Refinery/Petroleum Gases 2,085 761,025
Kero-Type Jet Fuel 1,622 592,030
Petroleum Coke 490 178,850
Still Gas 697 254,405
Residual Fuel Oil 723 263,895
Asphalt and Road Oil 494 180,310
Other Oils for Feedstocks 350 127,750
Naptha for Feedstocks 294 107,310
Lubricants 142 51,830
Miscellaneous Products 63 22,995
Kerosene 32 11,680
Special Napthas 41 14,965
Finished Aviation Gasoline 17 6,205
Waxes 11 4,015

Total 20,543 7,498,195  
 
Source: U.S. Department of Energy, Energy Information Administration. 
 
 
The final markets for value-added refined crude oil product streams are extremely 
large and diverse in the U.S.  Table 6 highlights the estimated value of the major 
markets that use both petroleum and biobased feedstocks (i.e., corn and soybeans).  
The markets range in value from the largest market; that is gasoline at $298 billion in 
2006, down to the high emerging growth market for wood substitutes at $3.4 billion.  
All of these markets use hydrocarbon based petroleum feedstocks as an input to 
their manufacturing activities.  The petroleum content level varies significantly across 
markets.  Gasoline and diesel are exclusively petroleum based; however, the 
petroleum input stream is much smaller as a percent share of the total product 
volume for cosmetics and personal care products.   
 
Biobased feedstocks continue to make inroads into these different markets at a 
significant rate.  Many companies are espousing the virtues of being green and not 
using petroleum based feedstock; rather, they are focused on increasing their use of 
renewable sources of inputs.  It is unclear just how far renewable feedstocks from 
corn and soybeans have penetrated these markets.  The easiest markets to 
estimate are the gasoline and diesel markets where ethanol and biodiesel  
production volumes are closely tracked by the industries.  Less clear is an adequate 
understanding, for example, of the actual percent share of the sanitary cleaning 
products market that is biobased.  Many market estimates are bantered about with 
little clear empirical supporting evidence, compared to such reliable surveys as the 
U.S. Census of Manufacturing.   
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Table 6:  Major U.S. Markets for Petroleum and Biobased Feedstocks, 2006 

 
Value of Shipments/Markets

Sector ($1,000)

Gasoline 298,589,184

Diesel (on highway) 87,703,231

Pharmaceuticals 163,005,621

Textiles (clothing, carpets, bedding linens, auto) 38,028,266

Lubricants (motor oil, transformer fluid, hydraulic fluids, etc.) 11,308,102

Solvents 5,500,000

Sanitary Cleaning Products (hand cleaners, 34,267,288
        janitorial cleaners, household, food service, laundry)

Cosmetics and Personal Care Products 5,900,000

Adhesives/binders 9,230,331

Paints and Coatings (inks, paints, etc.) 22,558,703

Plastics (films, containers, polymers, insulations, foams) 203,496,075

Resins and Synthetic Rubber Manufacturing 93,499,662

Fertilizers 12,652,957

Sorbents 3,280,000

Wood Substitutes Composite Panels 3,380,000
 

 
Source: U.S. Department of Commerce: 2006 Census of Manufacturing, Freedonia Group, DOE: EIA, 
Informa Economics. 
 
 

1. Conclusion 
 
The biobased corn and soybean products and technologies will ultimately be 
challenged by two basic obstacles relative to petroleum; the first is economic and 
second is performance (attributes).  The first challenge relates to the simple 
question:  is the biobased product or technology cost competitive with traditional 
petro based feedstocks or related technological processes?  In general, as 
petroleum prices rise, the easier it is to justify substituting a crude oil feedstock with 
a biobased corn or soybean feedstock.  As petroleum prices fall the inverse is true; 
biobased feedstocks face inflection points in pricing where they become more costly 
relative to petroleum.  The record high prices of crude above $100/barrel in 2008 
provided significant opportunities for biobased products to gain interest from those 
manufactures that were looking to replace their high cost oil feedstocks.   
 
The second question relates to how well the respective biobased product or 
technology performs relative to traditional petroleum manufacturing platforms.  For 
example, in the world of lubricants, specifically motor oil, a significant amount of 
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research has been conducted regarding the use of soybean oil as a potential 
replacement for motor oil.  The challenge for soybean researchers has been to try 
and replicate the same qualities and characteristics of petroleum based motor oil 
regarding its ability to withstand high temperatures without experiencing any loss in 
lubricity.  It is within this context that the Informa research team “set out” to indentify 
those corn and soybean based products and technologies that could successfully 
compete in terms of their relative economics and attributes compared to traditional 
hydrocarbon based petroleum products and technologies.  It should be noted that 
petroleum markets have certainly played a major role in the recent interest and 
developments in biobased products and technologies; the growth however, has not 
been confined to only the large fuel markets.  Significant advancements have 
occurred in numerous other markets because of the desirable environmental 
properties of renewability and biodegradability.  These attractive properties are 
creating new and exciting opportunities for feedstocks that are based on corn or 
soybeans.  Beyond biobased products/technologies, significant advances are also 
emerging in other fields like health with soy isoflavones or in more traditional ones 
like animal feed.  Results and recommendations of this endeavor can be found in the 
individual commodity reports (i.e., for corn and soybeans).   
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III. Overview of Top 20 Corn Products and Technologies 
 
After assessing the products/technologies listed in Appendix A:  Phase I – Corn 
Products/Technologies based on the criteria previously discussed (i.e., 
demand/market potential, economic feasibility, development stage and strength of 
institutional support), the top 20 products/technologies were identified.  These 
products/technologies are briefly reviewed within this section and are listed in Table 
7.  Upon further analysis and interviews, this list was then further refined down to the 
top 8, which are each presented in more detail within the next section (IV.Top 8 Corn 
Products/Technologies).  
 

Table 7: Top 20 Corn Products and Technologies 

Product/Technology Name
Product/Technology 

Timeframe

Ethanol Process Improvements and Co-Product Utilization

Anaerobic Digestion Medium

Back-End Corn Oil Extraction Short

CO2 in Algae Production Long

Ethanol Distillation Medium

Front-End Fractionation Short

Microwave Drying of Distillers Grains Short

Reactive Distillation Short

Supercritical Carbon Dioxide Corn Oil Extraction Medium

Zein Extraction Medium

Second Generation Biofuels

Butanol Medium

Cellulosic Ethanol - Biochemical Platform Medium-Long

Cellulosic Ethanol - Thermochemical Platform Medium-Long

Value Added Chemicals

3-Hydroxypropionic Acid Long

Itaconic Acid Long

Levulinic Acid Long

Lignin - Aromatics Long

Polylactic Acid Short

1,3-Propanediol Short

Sorbitol/Isosorbide Short-Long*

Succinic Acid Medium

Short term: 0-3 years
Medium term: 3-5 years
Long term: > 5 years

*The commercial production of sorbitol is well established .  However, technology developments to 
improve the sorbitol production process and to produce derivative chemicals such as isosorbide 
are under development. 
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It is important to keep in mind that this list is ever changing, as new developments 
are brought forth and as new information about these technologies is realized.  
These products and technologies have the potential to move in either direction, up or 
down the list of top prospects.   
 
Each of the 100+ products and technologies were assessed based on their 
demand/market potential, their economic feasibility, their stage of development, and 
their strength of institutional support.  The distribution of the assessed potential for 
the reviewed products and technologies is presented within Figure 17.  As 
illustrated, 11 of the top 20 were assessed as having a high degree of promise; 
however, the decision regarding which of the other 9 to include in the top 20 was 
more subjective.  This is where the value in the interviews with generalists in the 
field of biobased products and technologies was truly realized.  These interviews 
helped to provide confirmation and insight into the finalization of the top 20 list.   
 

Figure 17:  Distribution of Corn Products/Technologies Based on their 
Estimated Potential 
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While the process utilized to reach the top 20 was designed to identify those 
products and/or technologies which are considered to have the greatest potential to 
add significant value to Minnesota’s corn commodity production, the value in many 
of the remaining products and technologies (listed in that Appendix A:  Phase I – 
Corn Products/Technologies) should not be entirely overlooked.  For instance, there 
is often a trade-off between “big bang” technologies – those with potentially large 
demand effects - and those products and technologies that may not have the “big 
bang” effect but are less capital intensive.  Based on the review process and the 
scoring weights that were placed on products and technologies considered to have 
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potentially large demand effects, many of the products and technologies deemed to 
have a smaller demand impacts did not make the top 20 list.  Yet, many of these 
smaller demand impact products and technologies are less capital intensive and 
they may be more obtainable/suitable for certain companies or institutions, 
particularly in the short-term.   
 
Many of the identified top 20 products and technologies are energy related 
products/technologies.  These could constitute either technologies that improve 
upon the economics of existing corn-to-ethanol production processes (these are 
presented in Appendix B:  Traditional Corn-to-Ethanol Production Processes) or 
“new” energy products such as butanol and cellulosic ethanol.  Energy markets are 
large and energy prices have been high.  These high prices, along with 
environmental concerns have driven governments around the world, and the U.S. in 
particular, to push for the development of renewable fuels.  This push has come in 
the form of mandates as well as increased funding for research and development.   
 
One additional thing to keep in mind when reviewing the products and technologies 
identified throughout all phases of this report is that many are centered around the 
utilization of the sugar components within corn.  Depending on the individual 
technology, this sugar can be from the 6-carbon sugar glucose that is produced from 
starch found within the corn kernel; the glucose and 5-carbon sugars, such as 
xylose, that are found in the lignocellulosic biomass of corn (e.g., corn fiber, corn 
stover and corn cobs); or from other sugars such as sucrose or fructose.  The caveat 
that should be kept in mind throughout all of this is that corn is not the only source of 
sugar, and many of the reviewed technologies can also utilize sugar from other 
feedstocks.  Which feedstock is utilized by the given technology will come down to 
regional economics - which is the cheapest sugar source within a given area.   
 
 

A.  Ethanol Process Improvements and Co-Product Utilization 
 
Given the large and growing ethanol market and its impact on corn demand, as well 
as the existing infrastructure already established within the state of Minnesota, 
products/technologies designed to improve the production economics of traditional 
corn-to-ethanol processes were generally weighted favorably throughout the review 
of emerging products and technologies in phase I.  Throughout the remainder of this 
report, when discussing the benefits of these new technologies, references are often 
made in relation to how said technology differs or improves upon the traditional corn-
to-ethanol production process.  This being the case, Appendix B:  Traditional Corn-
to-Ethanol Production Processes provides an overview of current ethanol production 
processes.  
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1. Anaerobic Digestion 

 
Anaerobic digestion uses bacteria to convert the thin5 or whole stillage by-product of 
ethanol production into biogas – a mixture of methane (50-80%), CO2 (20-50%), and 
trace amounts of H2, NH3, and H2S, which can be burned for energy as a substitute 
for natural gas. This process reduces energy costs and greenhouse gas emissions 
and helps to conserve water relative to traditional corn-to-ethanol production. 
Furthermore, if collected, the struvite, a sludge that builds up in the digester, could 
be sold as a valuable fertilizer or a livestock feed additive, as it is composed of 
magnesium, phosphate, and ammonia.  Additionally, if the final rulemaking for the 
Renewable Fuel Standard established under the Energy Independence and Security 
Act of 2007 (only the proposed rulemaking has been issued as of the writing of this 
report), anaerobic digestion will provide a mechanism for an ethanol facility to 
reduce the greenhouse gas “score” associated with its ethanol output. However, 
these benefits should be weighed against a possible reduction in revenues from the 
co-product sales of distillers grains, depending on whether whole or thin stillage is 
utilized.   
 
It is estimated that anaerobic digestion using thin stillage can reduce the energy 
needs of an ethanol facility by 43-66%, and if using whole stillage, energy needs 
could be entirely met by the biogas.  
 
According to an August, 2008 article in Technology Review, University of Minnesota 
research fellow Douglas Tiffany says that the challenge with anaerobic digesters is 
the expertise required to maintain a stable bacterial community at high temperatures 
and avoid system crashes.  Additionally, according to Otter Tail Ag Enterprises’ CEO 
Kelly Longin, the up-front costs of the technology would be at least $20 million for 
their 55 mmgy dry-mill ethanol facility (2008).  Yet, despite its drawbacks, its 
potential has spurred the interest of several large companies and research 
universities, and research and development efforts to improve the anaerobic 
digestion process of corn ethanol thin and whole stillage are ongoing.  
 
POET recently began using an anaerobic digester at its cellulosic ethanol pilot plant 
in Scotland, SD, which uses corn cobs as its primary feedstock.  The anaerobic 
digester is being used to power the cellulosic plant and offset natural gas usage at 
its attached grain ethanol plant.  Another cellulosic ethanol company looking to 
incorporate an anaerobic digester is BioGasol; Canadian ethanol producer Kawartha 
Ethanol is doing so as well. 
  
 

                                            
5 Thin stillage is the solubles portion of whole stillage (the liquid fraction that remains after the ethanol 
has been removed), which is generally evaporated to produce condensed distillers solubles and is 
often added back to the distillers grains to become distillers grains with solubles. 
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2. Back-End Corn Oil Extraction 
 
The basic corn oil extraction technology involves a centrifuge process to separate 
the oils from the corn stillage. By removing the oil from the distillers grains, the 
ethanol facility not only captures an additional revenue stream from the extracted 
corn oil, but also reduces their distillers grains drying costs and associated 
greenhouse gas emissions, while still producing a marketable co-product in the form 
of low fat distillers grains6. However, in comparison to front-end oil extraction 
processes (see Section III.A.5 “Front-End Fractionation”), the oil extracted from the 
back-end is a lower-value product, as it cannot be used in food applications. The 
trade-off is that the technology is ready now and is already being used in several 
commercial ethanol facilities and the capital cost requirements are much lower.   
 
GreenShift and Primafuel are two companies currently offering back-end corn oil 
extraction technologies to ethanol facilities. Both companies are offering packages 
where they supply the capital for building the process in return for an oil buy back 
agreement.  Greenshift prices the oil off of an index which is based on the price of 
diesel fuel.  They then use the oil they purchase to supply their biodiesel refinery in 
Adrian, Michigan.  
 
A recent analysis conducted by the U.S. Environmental Protection Agency showed 
that the process increased the yields of biofuel from corn by 7% (e.g., when oil is 
used for biodiesel production) and reduces the amount of fossil fuel used in the 
ethanol production process by 10%.  Based on USDA economic analysis, the capital 
cost to install the GreenShift corn oil extraction system in a 50 mmgy facility would 
be $6 million.  
 
While this technology is already commercialized, process developments are 
ongoing.  For example, Iowa State University is researching ways to increase the 
quantity of oil removed via centrifugation, and Primafuel Solutions announced in an 
August 2008 Ethanol Producer article that they were planning on introducing 
additional bio-separation innovations in 2009.  
 
 

3. CO2 in Algae Production 
 
CO2 is a current by-product of ethanol production that only a limited number of 
ethanol facilities are able to sell it due to the geographic concentration and size of 
the ethanol industry relative to the gas industry’s needs.  In some cases, it is used 
by the soft drink industry as a source of carbonation, or by other food processors 
(e.g., quick freeze applications), but in many cases ethanol facilities simply release it 
into the atmosphere.  Any further value that could be received from this product 
stream would improve the economics of ethanol production, if the value were to 
justify the costs associated with its capture.  Additionally, with legislation under 
                                            
6 Yet, while low fat, high protein distillers grains may be desirable for some markets, it is not desirable 
for all (e.g., it is more beneficial for beef, dairy and possibly swine than for poultry).  
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consideration for cap-and-trade implementation, there may be even greater 
economic incentive in the future for ethanol producers to reduce the amount of CO2 
that is released into the atmosphere. 
 
One potential use of CO2 is in the production of algae.  The CO2 emitted from the 
ethanol production process can be captured and used as a key input (via 
photosynthesis) in the production of algae, which is in turn used to produce oil.  , 
Many algae technology developers are targeting the production of “biocrude”, which 
is essentially algae oil that can be cracked or refined just like crude oil into traditional 
petroleum products such as gasoline, diesel, jet fuel, heating oil, or other chemicals.   
 
Today, there are many companies/institutions developing algae production systems 
and there is strong financial backing from both the public and private sectors.  There 
is also a wide array of distinct process technologies being developed.  Furthermore, 
according to the National Renewable Energy Laboratory (NREL) representatives, 
off-take of CO2 from an ethanol facility would be of a quantity complimentary to the 
needs of a commercial scale algae operation.  However, algae production is not yet 
commercially viable, and is not likely to be commercialized within the next 5 years.    
 
 

4. Ethanol Distillation 
 
Energy costs currently account for about 12% of overall operating costs of traditional 
corn-to-ethanol production, the second largest operating cost next to feedstock 
costs. Of the overall energy consumption, distillation and dehydration consume 
about 50% (McAloon et al., 2004; Kim and Dale, 2005 – cited by Vaperma). It is also 
one of the key cost components in the biochemical cellulosic ethanol platform.  
However, several alternative ethanol distillation technology developers claim to 
achieve a 40% reduction in energy costs over traditional distillation methods, this 
would equate to an approximate 6¢ per gallon cost savings or $3 million per year for 
a 50 mmgy ethanol facility (using current natural gas prices).  Additionally, according 
to one technology developer, Vaperma, if using their process, overall fuel production 
could also be increased by 20% through reductions in process bottlenecks that 
increase plant throughput/capacity. 
 
Traditionally, the separation of ethanol and water is performed through a 
combination of steam distillation and a molecular sieve. However, there are various 
processes being developed whereby ethanol is removed during fermentation, 
reducing product inhibition and energy costs, and thereby also reducing greenhouse 
gas emissions. Alternative ethanol distillation technologies currently being developed 
include: vacuum stripping, gas stripping, membrane separation, solvent (liquid) 
extraction, and supercritical CO2.   
 
While each of these methods has its own pros and cons, the leading technology at 
this time appears to be membrane separation, currently being pursued by Vaperma 
(Siftek) and Whitefox Technologies.  This technology uses membranes, which are 
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vapor phase separation units, to allow the preferred permeation of water over other 
vapor components in a gas mixture.  The removed ethanol is then distilled and the 
remaining fermentation broth is recycled.   
 
Another ethanol dewatering technology is MOR Supercritical’s supercritical CO2 
process, which has the added benefit of CO2 utilization.  The company claims that 
their process is economically competitive with proposed membrane technologies. 
 
These technologies are largely in the late development/early commercialization 
stage, and are expected to reach commercial status within 3-5 years, if not sooner. 
 
 

5. Front-End Fractionation 
 
There are several front-end fractionation processes that separate the corn entering 
into the dry-mill ethanol facility into three fractions: pericarp (bran/fiber), germ (the 
oil-bearing portion of the kernel) and endosperm.  Revenue streams generated from 
this process include corn oil; high protein, low fat and fiber distillers grains; bran/fiber 
and ethanol.  Additionally, according to some technology developer claims, front-end 
fractionation can reduce energy consumption and lower volatile organic compound 
emissions.  And while there are also back-end fiber and oil extraction technologies 
that are either currently available or being developed that are less expensive, these 
processes do not produce the high value co-products that are generated from front-
end fractionation. Additionally, there are ethanol production efficiencies that are 
gained when the starch fraction is separated out at the beginning of the process.   
 
Front-end fractionation technologies can generally be classified as either wet 
fractionation processes (e.g., Quick Germ Quick Fiber, Enzymatic Milling, CVP's 
HydroMill) or dry fractionation processes (Cereal Process Technologies, Delta-
T/Ocrim Milling, Crown Fractionation System, Renessen-Extrax Processing System, 
POET’s BFRAC system).  While there are numerous companies, each with slightly 
different technologies, there are a few basic pros and cons that can be identified 
between the wet and dry fractionation technologies for modified dry-mill ethanol 
plants.  In general, wet fractionation technologies tend to be more costly.  However, 
they also produce higher-valued co-products and have less starch loss than dry 
fractionation technologies.  The germ extracted by wet fractionation technologies 
has an oil content of approximately 40+% compared to 20-25% from typical dry 
fractionation technologies.  This low oil germ produced by dry fractionation is 
sometimes referred to as “dirty germ,” and often oilseed processing facilities or wet 
mills are not geared to take germ with this low of an oil content.  Yet, because corn 
oil extraction equipment is currently considered cost prohibitive and many 
companies do not want to handle hexane, ethanol producers typically do not want to 
extract the oil themselves.  Additionally, the higher starch loss associated with the 
dry fractionation technologies is a revenue factor for the ethanol producer, as 
ethanol yields are compromised.  Nonetheless, dry fractionation technologies are 
more prevalent in current plant installations, primarily due to cost differences.  
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The company MOR Technology claims to have developed a unique fractionation 
process known as MOR FRAC+, with costs similar to those generally associated 
with dry fractionation technologies, but with the higher valued co-products and the 
lower starch loss generally associated with wet fractionation technologies.  MOR is 
currently working with a number of customers, design-build firms and financing 
institutions to install the technology in corn-based ethanol plants.  While unproven at 
a commercial scale, this process appears to have promise.   
 
  

6. Microwave Drying of Distillers Grains 
 
Microwave drying technology is an alternative to conventional rotary drum gas 
dryers used to dry the ethanol by-product, distillers grains.  There are several 
companies currently pursuing the development and commercialization of this 
technology.  The most commonly reported company supplying this microwave drying 
technology is Cellencor.  Yet, based on an interview with John Caupert, director of 
the National Corn-to-Ethanol Research Center (NCERC), there have been multiple 
other companies interested in pursuing the development of this technology.  
However, the names of these companies were withheld due to non-disclosure 
agreements with NCERC.  
 
Microwave drying technology works by vibrating the water molecules within the 
distillers grains, creating friction which converts radio energy to heat energy and 
vaporizing the water molecules; because the protein and fiber in distillers grains do 
not readily absorb microwave energy, they do not heat up as much and the product 
is kept cooler.  Additionally, according to technology developer Cellencor, microwave 
dryers typically have a 90% energy efficiency compared to about 50% for gas rotary 
dryers.   
 
Cellencor claims that their microwave drying system significantly reduces process 
energy consumption, enhances the value of animal feed co-products, reduces air 
emissions, potentially reduces water usage, and is safer and more reliable that 
current drying systems.  Animal feed co-product value is enhanced as microwave 
drying systems avoid the protein and amino acid damage that results from the high 
temperatures of conventional gas dryers.  The company also has a patented 
enzyme enhancement process whereby the activity of enzyme additives is enhanced 
when the structure of the cellular walls is broken down by the microwave energy, 
resulting in an animal feed with higher available energy.  Additionally, the system is 
electrically powered and uses one-half to one-third of the BTUs per pound of water 
removed than conventional gas dryers.  An added benefit of electric powered drying 
systems is that they avoid the price volatility of natural gas. The company claims that 
the system could save ethanol producers 20% or more in operating costs and that 
the payback period for installation would be 2-5 years.   
 



Top 8 Corn Products/Technologies: Page 39 

© 

 

                      AURI Corn Report 

The Cellencor system has been field tested in both wet and dry mill ethanol facilities, 
including at Corn Plus in Minnesota in the spring of 2008.  Additionally, according to 
a May, 2009 article in “Biofuels Canada”, Kawartha Ethanol, Inc, plans to use a 
microwave drying process in their 80 mmgy plant in Havelock, Ontario. 
 
 

7. Reactive Distillation 
 
While inorganic catalysts have long been known as a method to produce valuable 
chemicals in the petroleum industry, their application on corn-based feed streams 
has up until now been cost prohibitive due to challenges associated with separating 
the mixture of chemicals that are derived from such a feed stream with multiple 
compounds.  However, the reactive distillation process can successfully separate a 
mixed stream of different chemicals by treating that stream with a reactive chemical 
in the presence of a catalyst, resulting in a mixture of chemicals that can be easily 
separated.  
 
One of the challenges facing both corn starch-based ethanol and cellulosic ethanol 
producers is that while the fermenting agent is producing ethanol, other unwanted 
acid by-products are also being produced.  These by-products are often difficult to 
separate out of the mixture. And while many current research efforts are focused on 
minimizing the production of these acids, this technology is designed to separate out 
these acids from the ethanol in such a way that would allow an ethanol or cellulosic 
ethanol facility to produce a valuable co-product.  For example, Michigan State 
University (MSU) researchers are currently focusing on the production of ethyl 
lactate from lactic acid and ethanol.  Ethyl lactate is a general, all-purpose solvent as 
well as a common input in pharmaceuticals, food additives, and fragrances. Today, 
ethyl lactate is not commonly used due to its high production costs.  In 2007, the 
cost of producing ethyl lactate was $1.30-1.60 per pound (Carl Lira, MSU). However, 
researchers claim that they have cut this cost in half using reactive distillation.  The 
National Corn Growers Association is currently seeking ethanol companies 
interested in purchasing a license for this technology to be retrofitted into an existing 
dry-grind ethanol plant. 
 
 

8. Supercritical CO2 Corn Oil Extraction 
 
Rather than using hexane, MOR Supercritical's technology uses carbon dioxide as 
the only solvent in their process to extract corn oil from germ and vegetable oil from 
oilseeds.  As opposed to conventional supercritical processes, MOR Supercritical 
claims that their technology greatly reduces operating costs which have prevented 
other supercritical systems from replacing petrochemical extraction using hexane.  
MOR Supercritial claims that their technology is energy efficient; automated, 
modular and scalable; has a small environmental footprint (1/6 of a typical solvent 
extraction plant); produces safe, solvent-free, non-degraded, high-quality products 
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including undegraded meal with high protein digestiblity; and can be paired with an 
accompanying refining technology to extract and refine the oil in one step. 
 
This system can be coupled with MOR Technology's fractionation system (MOR-
FRAC Plus+) to provide added value for ethanol facilities or installed as a stand 
alone facility to produce high quality specialty oils, bioactive ingredients, or 
nutraceuticals.  It can also be used to extract oil from algae.  Additionally, the 
technology can be applied to ethanol dehydration.  While the success of separating 
alcohol and water via supercritical fluids has been demonstrated for many years, 
these previous demonstrations have not been able to compete with the economics 
of traditional steam distillation methods or other methods such as membrane 
separation.  However, MOR Supercritical claims their process is scalable and cost-
efficient relative to other proposed dehydration technologies. 
 
MOR Supercritical is currently building a 15 ton/day oil extraction plant in 
Pennsylvania that is expected to be completed by the 3rd quarter of 2009.  
Afterward, they plan to offer their technology to commercial plants at initial volumes 
of up to 300 tons/day.  Meanwhile, MOR is also working with a number of 
customers, design-build firms and financing institutions to install their fractionation 
technology (which can be coupled with the CO2 oil extraction technology) in corn-
based ethanol plants around the country. 
 
 

9. Zein Extraction 
 
Various processes have been developed to extract zein protein from corn and corn 
by-products (e.g., DDGS).  Zein is a high-value protein which can be used in a wide 
range of applications. Zein is not used extensively in human food products, despite 
being edible, due to its negative nitrogen balance and poor water solubility. 
However, this insolubility is what makes zein and its resins form tough, glossy, 
hydrophobic grease proof coatings that are resistant to microorganisms, heat and 
humidity.  Zein applications include: specialty coatings for pharmaceutical tablets, 
candies, nuts, and paper products; chewing gum; adhesives and binders; inks; 
cosmetics; fibers and textiles; resins and biodegradable plastics and high-value bio-
medical applications.   
 
Currently, zein can be extracted from corn gluten meal, a by-product of the wet 
milling process.  However, current extraction and purification technologies are such 
that the price of zein limits current market applications.  Zein is currently a high value 
product.  According to various sources, purified zein prices range from $4.54-$32 
per lb, depending on the level of purification and quality.  With a cited yield of 0.8 lbs 
of zein per bushel of corn, zein revenues could potentially exceed that of ethanol if 
implemented into a corn-to-ethanol facility.  However, the big question is cost.  While 
a December 2008 article in Ethanol Producer Magazine stated that there is currently 
no cost-effective way to recover and purify zein protein, there are several companies 
and research institutions currently working to develop technologies to bring these 
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extraction and purification costs down, including the University of Nebraska, Lincoln; 
Purdue University; University of Illinois; Iowa State University; Prairie Gold; USDA, 
Agricultural Research Service (ARS); Global Protein Products, Zea Fuels and Bio 
Process Innovations.  
 
 

B.  Second Generation Biofuels 
 
The demand for cellulosic ethanol is in part supported by the Renewable Fuel 
Standard established by the Energy Independence and Security Act of 2007, which 
contained a 21 billion gallon mandate for advanced biofuels by 2022, including 16 
billion gallons of cellulosic biofuel.  Some cellulosic biofuel companies are focused 
on feedstocks other than corn which offer greater environmental benefits and less 
impact on prices of major agricultural commodities; yet, corn biomass (e.g., corn 
stover, corn cobs, and corn fiber) will likely have a place in the mix of future 
feedstocks.  Given the volume of ethanol that can be produced from corn starch and 
the interest in corn biomass as a cellulosic feedstock, this emerging technology has 
the potential to have a large demand impact on the corn industry.   
 
Butanol is another second generation biofuel that is currently being developed which 
could potentially be used as an ethanol replacement, an ethanol substitute, or in the 
manufacture of traditional petrochemically based fuels, such as gasoline, diesel, and 
jet fuel. 
 
 

1. Butanol 
 
Butanol is a 4 carbon alcohol currently produced via petrochemical feedstocks and 
used primarily as an industrial solvent. In 2007, the worldwide butanol market was 
estimated at about 350 mmgy, with the U.S. accounting for 220 mmgy (Ethanol 
Today, March 2007).  Yet, if cost competitive, butanol could also be produced via 
fermentation of sugars (including sugars derived from corn starch) and could 
function as an alternative renewable fuel, expanding the market to several billion 
gallons.  Butanol has several key advantages over ethanol, including its higher 
energy content, its ability to be transported via pipeline, its lower reid vapor pressure 
which makes it safer to use and means that it generates fewer volatile organic 
compound emissions, and higher allowable blend levels with gasoline. 
 
While there are several different butanol production processes being developed, 
essentially the process is very similar to the ethanol production process, as any 
ethanol facility can be retrofitted to produce biobutanol, and cellulosic ethanol 
technology developments currently underway can also be applied to butanol 
production.  Rather than using the ethanol producing yeast, a butanol producing 
microorganism is used to ferment the sugars from corn (or any sugar feed source, 
including cellulosic biomass) to produce butanol.  However, more recent challenges 
facing developers have been largely in the area of reducing distillation costs and 
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there will likely have to be alterations made to an ethanol facility’s distillation process 
in order to produce butanol. There have been many advancements made to the 
biobutanol production process over the last several decades and many of the 
challenges previously preventing biobutanol production from being economically 
viable have largely been resolved. The technology appears to be currently cost 
competitive with petrochemical based butanol (said to be economical at $60/bbl 
crude oil) and also competitive or nearly competitive with ethanol.   
 
There are many companies and research institutions working on the development of 
commercial biobutanol production, including BP and DuPont.  Of those companies 
currently pursuing its development, the earliest stated year for expected commercial 
biobutanol production is 2010, but many do not expect to see commercial scale 
production until 2011/2012.  
 
 

2.  Cellulosic Ethanol – Biochemical Platform (Pretreatment, 
Hydrolysis, and Fermentation) 

  
There are two main technology pathways currently being developed for the 
production of cellulosic ethanol from lignocellulosic feedstocks: biochemical and 
thermochemical.  There have been significant investments made in the development 
of both of these production routes, and commercial scale facilities have been 
proposed and are beginning to be built 
 
Over the past few years, there has been significant research and development 
efforts given toward improving the high production cost areas of biochemical 
cellulosic ethanol production: pretreatment7, hydrolysis, and fermentation8.  There 
are essentially three key challenges involved in these processing steps.  The first is 
the development of cost efficient pretreatments, which are necessary in order to 
open up the structure of the biomass sufficiently to allow for effective hydrolysis.  
Once the sugars are hydrolyzed, broken down into 5-carbon and 6-carbon sugars, 
they can then be fermented using biological agents (e.g., microorganisms, yeast) to 
produce ethanol.  However, it is far more difficult, and thus more costly, to hydrolyze 
cellulosic biomass than it is to hydrolyze the starch from the traditional corn-to-
ethanol process, and that while hemicellulose is relatively easy to hydrolyze 
compared to cellulose (fractions of the lignocellulosic biomass9), it is more difficult to 
ferment.  Therein lies challenges two and three: hydrolyzing the cellulose and 
fermenting the xylose sugars released from the hemicellulose.  
 
                                            
7 The pretreatment of biomass is currently one of the single largest cost components in the overall 
cellulosic ethanol production process via the biochemical platform, accounting for 19% of the overall 
cost, second only to raw material costs (NREL, May 2007 presentation).   
8 Distillation costs are another large cost component to the overall process, and distillation and 
dehydration technology developments being made for the traditional corn-to-ethanol process will also 
apply to cellulosic ethanol processes.   See section III.A.4 ”Ethanol Distillation” for more details.  
9 Corn stover is composed of approximately 36.0% cellulose, 23.4% hemicellulose, and 18.6% lignin 
(Dien et al., 2006).   
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There are numerous companies and research institutions developing their own 
approaches and unique technologies to improve upon current pretreatment, 
hydrolysis and fermentation processes.  However, the bottom line is that a cost 
efficient process has yet to be commercialized.  There are several companies that 
are expecting to reach commercialization by 2011/2012. Yet, the tight capital market 
is inhibiting many from obtaining the capital needed to go forth with their 
commercialization efforts.  
 
 

3.  Cellulosic Ethanol – Thermochemical Platform 
 
Pyrolysis/gasification technologies are used to produce pyrolysis oil/syngas, from 
which a wide range of long carbon chain biofuels and chemicals can be reformed.  In 
contrast to the biochemical platform, the thermochemical platform is largely based 
on existing technologies used within the petroleum industry and there appears to be 
fewer technical hurdles.  Although, being a more mature technology, there may also 
be fewer opportunities for cost reductions.   
 
Gasification is the process of heating biomass by partial oxidation or in the presence 
of steam to produce a mixture of carbon monoxide and hydrogen called synthesis 
gas or syngas.  The syngas is then cleaned before being passed through the 
Fischer-Tropsch process to create fuels or chemicals.  Research and development 
efforts are focusing on perfecting the gasification of biomass so that it is more 
reliable and cost efficient. One of the major technical challenges is that much of the 
syngas produced from biomass tends to be more heterogeneous than petroleum-
based syngas, leading to variations in product quality.  Also, the number of inhibitory 
substances vary by biomass feedstock and gasifier design.  This variation in syngas 
composition creates problems for the Fischer-Tropsch process, including low 
product selectivity and unavoidable co-products, as well as contaminants which can 
inhibit the catalytic reaction.  Additionally, the large quantity of biomass required to 
reach a scale where the process is economical remains a concern.  Larger scale 
requires feedstocks to be brought in from greater distances, which erodes economic 
competitiveness. 
 
Pyrolysis is the process of heating biomass in the absence of added oxygen to 
decompose the biomass and produce a liquid called pyrolysis oil. This oil is 
generally quite unstable to viscosity changes and oxidation, which makes its use as 
a chemical or a fuel problematic.  Therefore, it must first be pre-treated and 
stabilized prior to its incorporation into petroleum refinery processes.  Research 
efforts focus on preconditioning the oil before stabilization, catalyst and process 
developments to stabilize the pyrolysis oil, and validation of the compatibility of the 
stabilized oil with current petroleum conversion catalysts and processes.   
 
Both gasification and pyrolysis could be incorporated into a thermochemical 
biorefinery or a biochemical biorefinery.  There are several companies currently 
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pursuing the commercial development of cellulosic ethanol via the thermochemical 
platform; however, commercial viability is yet to be proven.   
 
 

C.  Value-Added Chemicals 
 
There are many chemicals that can be produced from corn and other sugar sources.  
These chemicals can then be used in the production of a wide array of biobased 
products.  In general, the biobased product industry is growing as more and more 
consumers are showing preference for non-petroleum based products and as the 
general product markets grow, driven by the steadily increasing world population 
and rising income levels.  Additionally, programs such as LEED10 and USDA 
BioPreferred11 also help stimulate biobased product demand.   
 
However, in order for a biobased chemical to gain any significant share of the 
petroleum based chemical market, it must also be cost competitive with similarly 
functioning petroleum based chemicals.  There are currently significant research and 
development efforts underway to find biobased production routes that are 
economically competitive with traditional petrochemicals. 
 
In 2004, a U.S. Department of Energy (DOE) report identified 12 of the top value 
added chemicals that can be produced from sugars and synthesis gas, beginning 
from a list of more than 300 candidates.  These 12 were identified by examining the 
potential markets of the chemicals and their derivatives, as well as the technical 
complexity of their synthesis pathways.  The value added chemicals presented in 
this top 20 list were in part identified based on further analysis of these top 12 
chemicals.  However, other chemicals were also included based on information 
gathered from desk research and interviews with industry experts, as it related to the 
previously established evaluation criteria.   
 
 

1. 3-Hydroxypropionic Acid  
 
3-Hydroxypropionic acid (3-HPA) is a building block chemical that can be used to 
produce many other commodity and specialty chemicals used in a wide array of 
product applications, including solvents, plastics and moldings, fibers and resins, 
composites, adhesives, coatings, aliphatic polyesters and copolyesters, and 
disinfectants.  One of the most promising aspects of this building block chemical is 
not only the current petrochemical products which it could potentially replace, but 
also the new and unique chemical properties it would bring to the market.  Given its 

                                            
10 LEED (Leadership in Energy and Environmental Design) is third-party certification program for the 
design, construction and operation of high performance green buildings.  Qualifying for LEED credits 
can qualify a company for tax rebates, zoning allowances and other financial incentives.   
11 USDA’s BioPreferred program includes a preferred procurement program for Federal agencies and 
their contractors, and a voluntary labeling program for the broad scale consumer marketing of 
biobased products. 
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potential, it was identified by the U.S. DOE in 2004 as one of the top 12 chemicals 
from biomass sugars and syngas. 
 
There is currently no commercially viable production route for 3-HPA using 
petrochemical feedstocks.  However, many of the derivative chemicals that can be 
produced from 3-HPA are commercially produced from fossil fuel feedstocks.  
Cargill, along with Codexis and the Pacific Northwest National Laboratory (PNNL), 
have already developed a bioprocess to produce 3-HPA which converts glucose or 
other carbohydrate sources into 3-HPA using a multi-step enzymatic reaction within 
the cells of a microorganism.  3-HPA can then be converted into a variety of high-
value chemicals, including acrylic acid, 1,3-propanediol, malonic acid, and 
acrylamide.  In early 2008, Cargill announced a joint agreement with Novozymes to 
develop technology enabling the production of acrylic acid via 3-HPA, supported by 
a $1.5 million matching cooperative agreement from the DOE.  At the time of the 
announcement, the companies said that they expected their technology to produce 
3-HPA and its derivatives, such as acrylic acid, to be ready in 5 years.  According to 
a 2005 DOE presentation, acrylic acid production via this biochemical route could 
result in an advantage of more than 5 ¢/lb over propylene oxidation for a Midwest 
plant (West Texas Intermediate crude oil 2005 average = $56.5/bbl).  
 
However, through personal communication, Cargill has revealed that they no longer 
plan to pursue the development of 3-HPA, as they do not feel that they have the 
expertise required to “bring profitability in a reasonable time.”  This would indicate 
that this product/technology is more likely a long-term prospect.  
 
 

2. Itaconic Acid 
 
Itaconic acid is a building block chemical that can be produced by sugar 
fermentation and used to derive many other high-value chemicals.  Itaconic acid 
derivatives include 3- & 4-Methyl-γ-Butyrolactone, 3-Methyl Tetrahydrofuran, and 2-
Methyl-1,4-Butanediol, among others.  These derivatives yield new properties for the 
butanediol (BDO), γ-butyrolactone (GBL), and tetrahydrofuran (THF) family of 
polymers.  Applications of itaconic acid include paper coatings, carpet backings, 
medicines, cosmetics, lubricants, herbicides, solvents, acrylic fibers and rubbers, 
reinforced glass fiber, artificial diamonds and lenses, and as a potential component 
of P-series fuels12.  Itaconic acid was also identified by the DOE in 2004 as one of 
the top 12 chemicals from biomass sugars and syngas.  
 
The base technology for the fermentation of itaconic acid is commercialized, but 
research efforts on efficient, low cost methods for the production of itaconic acid and 
its derivatives are ongoing.  According to a 2001 study, the itaconic acid market was 
15,000 tons/year and the selling price was $4/kg.  According to a Netherlands 
company, TNO Quality of Life, the production potential of itaconic acid has been 

                                            
12 According to the DOE a “P-Series fuel is a blend of natural gas liquids (pentanes plus), ethanol, and the 
biomass-derived co-solvent methyltetrahydrofuran 
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inhibited by the fact that the genes involved in the biosynthesis of itaconic acid have 
not been well-known.  However, the company claims to have identified three genes 
crucial to the microbial production of itaconic acid.  Additionally, in a USDA, ARS 
project aimed at finding new microbial processes for using glycerol and the effect of 
various reaction parameters to produce new compounds, a new fungal strain was 
incidentally found that can use glucose or maltose sugars (but not glycerol) to 
produce itaconic acid.  This process has since been patented.  
 
 

3. Levulinic Acid 
 
Levulinic acid is another building block chemical from which many other high-value 
chemicals can be derived, and was also identified by the DOE in 2004 as one of the 
top 12 chemicals from biomass sugars and syngas.  Potential applications from 
levulinic acid and its derivative chemicals include, but are not limited to, 
food/beverage acidulants, synthetic rubbers and plastics, pharmaceuticals, solvents, 
coatings, herbicides and pesticides.  In addition to being a building block chemical 
for many other high-value chemicals, levulinate esters (85%) mixed with other 
alcohols (e.g., ethanol, methanol, butanol) produce a desirable fuel product.  
Levulinate esters produce a clean burning fuel (burns cleaner than pure hydrocarbon 
products) that can be transported via pipeline, has a low cloud point in diesel blends 
(lower than biodiesel), has a higher fuel efficiency than ethanol, reduces soot, and 
exceeds ASTM D-975 standards.   
 
Maine BioProducts' Biofine process is a thermochemical process using acid 
hydrolysis to produce levulinic acid and other co-products (e.g., furfural, formic acid, 
and char) from cellulose.  The company intends to focus on the fuel market, stating 
that the high value, low volume chemicals do not yield the profit needed to justify the 
construction of a full sized plant.  For this reason, the strategy of Maine BioProducts 
is to co-locate their Biofine process along with existing/future bio-alcohol supplies 
(e.g. ethanol, cellulosic ethanol, butanol).  The company claims that even with co-
location, the initial investment will be in excess of $120 million.  
 
Processes are still being developed to produce derivatives from levulinic acid, and 
some of these processes are further along than others. The PNNL and NREL have 
developed and patented a process ready for licensing to produce methyl 
tetrahydrofuran (ME-THF) from levulinic acid.  ME-THF is a potential component of 
P-series fuels12 and has been demonstrated to be a useful replacement for the 
solvent tetrahydrofuran.  They are also developing, although at a less advanced 
stage, a process to produce delta-amino levulinic acid, an active chemical in a new 
group of herbicides and pesticides.  
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4. Lignin - Aromatics 
 
Lignin accounts for 18.6% of corn stover biomass (Dien et al., 2006), and currently, 
the proposed value of lignin in a cellulosic biorefinery is largely limited to its value as 
a boiler fuel to supply power for the plant.  However, conceptual and early stage 
research is exploring cost efficient methods to produce high-value chemicals from 
lignin, which would help increase the overall revenues of the cellulosic biorefinery.  
According to the PNNL, "lignin is the only renewable source of an important and 
high-volume class of compounds - the aromatics."  U.S. demand for three of the 
largest aromatics; BTX (benzene, toluene, and xylene), phenol, and terephthalic 
acid, is approximately 27.9 million metric tons per year.  This class of chemicals can 
be found in a wide range of consumer products, including pharmaceuticals, synthetic 
rubbers, upholstery, clothing, plastics, various car parts (e.g., body, bumpers, 
lighting, dashboard, seats, upholstery, fuel systems, under-the-bonnet components) 
and CDs/DVDs. Yet, despite its demand potential, this long-term technology has 
some significant technical barriers it must first overcome and is not likely to be 
commercialized within the next 5 years. 
 
 

5. Polylactic Acid 
 
Polylactic Acid (PLA) is a thermoplastic derived from lactic acid, a fermentation 
product produced from biomass sugars.  PLA is currently commercially produced 
from corn feedstocks at Cargill’s 140,000 MT/yr facility in Blair, Nebraska.  However, 
full market penetration has not been reached and Cargill projects a possible market 
of 3.6 million metric tons by 2020.  Yet, they are not the only ones that are optimistic.  
A recent (August 2008) study by the Freedonia Group estimated that PLA demand 
will expand by nearly 20% between 2008-2012.   
 
Cargill markets their PLA as Ingeo™ through the company NatureWorks.  Ingeo 
biopolymers and biofibers have many market applications, including packaging (e.g, 
high-value films, rigid thermoformed food and beverage containers, and coated 
papers and boards), apparel, carpet, furnishings (e.g., drapery, panel and wall 
covering, and bedding), non-wovens (e.g., diapers, baby and facial wipes and 
feminine products), and industrial textiles (e.g., geotextiles, agrotextiles and 
specialist filtration media).  
 
Cargill claims that their PLA production technology is cost competitive with 
conventional polymers, and that the PLA produced has many performance 
properties equal to or greater than conventional polymers such as polyethylene 
terephthalate (PET) and nylon. Additionally, PLA is biodegradable.  Since its 
commercial launch in 2002, the company has made improvements to its process 
that have further reduced CO2 emissions and reduced process energy requirements.  
According to the Institute for Energy and Environmental Research in Heidelberg, 
Germany, the new Ingeo resin emits 77 percent less CO2 than PET.  The company 
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is also looking to develop fermentation organisms to convert 5-carbon sugars as well 
as glucose into PLA. 
 
 

6. 1,3-Propanediol 
 
1,3-propanediol (PDO) is a commercially produced building block chemical 
commonly used in the production of polymers.  DuPont Tate&Lyle BioProducts is the 
primary producer of this bio-chemical, producing Zemea™ propanediol and 
Susterra™ propanediol from corn glucose.  Their Bio-PDO plant is located in 
Loudon, TN, and has an annual production capacity of 100 million pounds.  
However, the market potential for Bio-PDO is estimated to be quite a bit higher.  
Currently, PDO is primarily produced from chemical feedstocks (e.g., ethylene oxide 
or propylene) and is a chemical precursor to polytrimethylene terephthalate (PTT).  
PTT is a replacement chemical for PET and nylon, two common polymers used to a 
make a wide range of consumer products, with several enhanced properties.   
 
According to DuPont Tate&Lyle’s website, “Susterra™ propanediol provides low 
toxicity and biodegradability to applications such as deicing fluids, anti-freeze and 
heat transfer fluids. In deicing applications, it significantly reduces energy use and 
emissions over other propylene glycol formulations. Susterra™ propanediol is also a 
key ingredient for DuPont™ Sorona® polymer and DuPont™ Cerenol™ polyols.”  
Sorona® is a polymer used in apparel, built-in stain protection carpet, and 
thermoplastic elastomers used in an array of functional applications for the 
automotive industry.  Cerenol™ is used in a variety of market applications, including 
personal care products, functional fluids, and specialty polymers.  Examples of 
applications for Zemea™ propanediol include cosmetics and personal care products, 
as well as liquid detergents.  
 
DuPont Tate&Lyle also claim that their Bio-PDO process consumes 40% less 
energy and reduces greenhouse gas emissions by 20% compared to petroleum 
based PDO. 

 
 

7. Sorbitol / Isosorbide 
 
Producing sorbitol from corn syrup is a well established industry, and at times the 
industry has been characterized as having excess capacity.  In 2006, the production 
of sorbitol was dominated by four companies, producing approximately 1.2 billion 
pounds per year (CRADA 223 Report).  Major sorbitol players include Roquette, 
ADM, Cerestar/Cargill, and SPI Polyol.  Yet, while the production of sorbitol is well 
established, new production technologies are emerging to produce new chemical 
derivatives from sorbitol, such as isosorbide.  Isosorbide is a new biochemical 
intermediate which can be used to produce new polymers, solvents, and placticizers 
with unique properties.  When isosorbide is added to PET, it makes the co-polymer 
stronger and more rigid.  This would allow manufacturers to use less material to 
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manufacture their products while maintaining product strength and durability.  
Another unique property that isosorbide can add to the traditional PET market is 
increased heat tolerance, making it uniquely positioned for use in hot-fill container 
applications.   
Several companies and research institutions, including Roquette (the world’s leading 
producer of sorbitol) and a consortium comprising of PNNL, the Iowa Corn 
Promotions Board, the New Jersey Institute of Technology, and General Electric 
Global Research, have been developing cost effective ways to produce isosorbide 
from sorbitol.  In June of 2008, Roquette launched their 100 MT/yr deomonstration 
plant for the production of isosorbide diesters (POLYSORB ID®) in Lestrem, France.   
 
Additionally, PNNL is trying to develop a more environmentally benign sorbitol 
production process that would not use mineral acid catalysts, which create 
separation and waste disposal issues. On another front, PNNL is working to develop 
a cost efficient production process to produce propylene glycol from sorbitol.  
Propylene glycol is a commonly used chemical with a wide range of product 
applications. Yet, it can also be derived from glycerin, a relatively low value by-
product of biodiesel production. 
 
 

8. Succinic Acid 
 
Succinic acid is a building block chemical that can be used to produce many other 
commodity and specialty chemicals used in a wide array of product applications, 
including solvents, coatings, adhesives, plastics, fibers, lubricating oils, diesel fuel 
oxygenates, personal care products and cosmetics. In addition to the many market 
applications for which succinic acid and its derivative chemicals can be applied, 
another promising attribute is that its production requires CO2, leading to what some 
claim to be as a carbon negative process.  Its potential has been recognized by 
many countries and was identified by the DOE in 2004 as one of the top 12 
chemicals from biomass sugars and syngas.  Furthermore, this chemical can be 
used to produce other top 12 chemicals.   
 
While succinic acid is currently commercially produced via petrochemical production 
routes in small quantities (15,000 MT/yr – 50,000 MT/yr), commercially viable 
biobased production routes are currently being pursued by numerous companies 
and research institutions. The three leading companies/partnerships currently 
pursuing the commercialization of succinic acid are Bioamber (DNP Green 
Technology and Agro Industrie Recherches et Développments), Roquette and DSM, 
and BioEnergy International (now Myriant Technologies).   
 
Biobased succinic acid is produced by converting the glucose and/or five carbon 
sugars from a variety of possible feedstocks, including corn, using a specific succinic 
acid fermenting microorganism and CO2.  If a technology is developed and proven at 
commercial scale to produce biobased succinic acid that is cost competitive with 
similarly functioning petrochemicals, the potential world market for this four carbon 
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dicarboxylic acid is in excess of $1 billion per year.  And, by one account, Bioamber 
expects to see commercial biobased succinic acid production being reached in 
2011/2012. 
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IV. Top 8 Corn Products/Technologies 
 
Upon further analysis, the top 20 list was refined down to the top 8 considered to 
have the greatest potential to add significant value to Minnesota’s corn commodity 
production.  This analysis was based on information gathered from more in-depth 
desk research and interviews with general experts within the field of biobased 
product and technologies and with product/technology specific representatives.   
 
This section reviews the top 8 products and technologies, which are listed in Table 
8, in more detail than was presented in the previous section.  
 

Table 8: Top 8 Corn Products and Technologies 

Product/Technology Name
Product/Technology 

Timeframe
Anaerobic Digestion Medium
Butanol Medium
Cellulosic Ethanol - Biochemical Platform Medium-Long
Ethanol Distillation Medium
Front-End Fractionation Short
3-Hydroxypropionic Acid Long
Succinic Acid Medium
Zein Extraction Medium

Short term: 0-3 years
Medium term: 3-5 years
Long term: > 5 years  

 
 

A.  Anaerobic Digestion 
 

1. Product/Technology Overview 
 
Anaerobic digestion uses bacteria to convert the thin or whole stillage by-product of 
ethanol production into biogas – a mixture of methane (50-80%), CO2 (20-50%), and 
trace amounts of H2, NH3, and H2S, which can be burned for energy as a substitute 
for natural gas. This process reduces energy costs and greenhouse gas emissions 
and helps to conserve water relative to traditional corn-to-ethanol production.  
Furthermore, if collected, the struvite, a sludge that builds up in the digester, could 
be sold as a valuable fertilizer or a livestock feed additive, as it is composed of 
magnesium, phosphate, and ammonia.  Additionally, if the final rulemaking for the 
Renewable Fuel Standard established under the Energy Independence and Security 
Act of 2007 (only the proposed rulemaking has been issued as of the writing of this 
report) continues to conclude that the greenhouse gas savings from ethanol relative 
to gasoline is less than the 20% threshold that the Act requires for new facilities, 
anaerobic digestion will provide a mechanism for an ethanol facility to reduce the 
greenhouse gas “score” associated with its ethanol output. However, these benefits 
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should be weighed against a possible reduction in revenues from the co-product 
sales of distillers grains, depending on whether whole or thin stillage is utilized.   
 
There are essentially three ways in which an ethanol plant can turn their distillers 
grains into fuel: direct burning, gasification, or anaerobic digestion.  Direct burning of 
the distillers grains is the simplest of these three options, but in this case, the 
ethanol facility sacrifices the value of the distillers grains and net energy benefits are 
weakened by the fact that energy is used in the process.  The second, gasification, 
is a rather promising technology receiving a lot of recent attention; however, this 
technology is the least developed of the three.  The third, anaerobic digestion, can 
use either thin or whole stillage to generate energy, requires relatively little energy to 
operate, and the base technology is ready now (i.e., it is already used in other 
industries).   
 
Anaerobic digestion is considered an “off-the-shelf” technology because it has been 
around for awhile. It is currently used in many food and ag-processing industries, 
such as the brewery industry and for municipal wastewater treatment.  However, 
currently, it is not widely used by the ethanol industry at any significant scale.  
 
Anaerobic digestion refers to a decomposition process that occurs regularly in 
nature and that can be recreated using “digesters” or airtight tanks/ponds, where a 
variety of microorganisms are utilized to turn the organic material into biogas.  One 
set of microorganisms converts the organic material to a form that another set of 
microorganisms can utilize in order to form organic acids that can then be utilized to 
produce biogas using anaerobic bacteria in an environment absent of oxygen.  For 
every percent of methane in the resulting biogas, 10 BTUs of heat energy can be 
produced when the biogas is burned.  One of the key factors that impacts 
productivity rates is temperature.  While anaerobic bacteria can endure 
temperatures below freezing to above 135°F, they thrive best under mesophilic 
(98°F) and thermophilic (130°F) conditions, preferring the thermophilic range.  
However, processes operated in the mesophilic range are less sensitive to changes 
in feed materials or temperatures. Yet, due to longer decomposition time 
requirements, these processes also require larger digesters.  
 
According to an August 2008 article in Technology Review, University of Minnesota 
research fellow Douglas Tiffany says that the challenge with anaerobic digesters is 
the expertise required to maintain a stable bacterial community at high temperatures 
and avoid system crashes.  Additionally, capital cost requirements are not 
insignificant.  Yet, despite its drawbacks, its potential has spurred the interest of 
several large companies and research universities, and research and development 
efforts to improve the anaerobic digestion process of corn ethanol thin and whole 
stillage are ongoing.  
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2. Market Potential 
 
It is estimated that anaerobic digestion using thin stillage can reduce the energy 
needs of an ethanol facility by 43-66%, and if using whole stillage, energy needs 
could be entirely met by the biogas.  
 
According to a study conducted by Rein and Associates, funded by AURI, anaerobic 
digestion could add as much as $10 million to the bottom line of a 50 mmgy ethanol 
plant (2008).  The study reported that if whole stillage is used, the digester could 
generate enough biogas to replace all the plant’s natural gas needs, but that using 
thin stillage may be more attractive to ethanol producers because it allows for the 
maintained production of distillers grains (minus the solubles).  According to the 
study, if using thin stillage, a 50 mmgy ethanol plant could produce enough biogas to 
displace approximately 2/3 of the plant’s natural gas needs.  The economics of this 
trade-off between using thin and whole stillage will depend on the value of distillers 
grains versus the cost of natural gas.   
 
Dr. Largus Angenent and his team at Washington University13 have developed an 
anaerobic digestion system, and he estimates that if the production rates were 
scaled up to industrial levels, the process could reduce the power needs of an 
ethanol plant by 50%. 
 
In a February 2008 article published in the journal Water Environment Research, the 
results of a study evaluating anaerobic digestion of corn ethanol thin stillage at 
thermophillic temperatures in stirred tank reactors were published.  The results 
indicated that anaerobic digestion could reduce an ethanol facility’s natural gas 
consumption by 43-59%.  
 
According to Otter Tail Ag Enterprises’ CEO Kelly Longin, the up-front costs of the 
technology would be at least $20 million for their 55 mmgy dry-mill ethanol facility 
(2008 AURI article).  
 
 

3. Profiles - Companies & Research Institutions 
 

 POET - POET recently began using an anaerobic digester at its cellulosic 
ethanol pilot plant in Scotland, SD, which uses corn cobs as its primary 
feedstock, producing approximately 20,000 gallons per year. The anaerobic 
digester is being used to power the cellulosic plant and offset natural gas usage 
at its attached grain ethanol plant.  The intention is that once this process has 
been refined, it will be installed in their 25 mmgy cellulosic ethanol demonstration 
facility (Project LIBERTY) at Emmetsburg, IA, which is on schedule to begin 
production in 2011 (6/17/09, Poet press release).  

 
                                            
13 Dr. Angenent has recently become an assistant professor of Biological and Environmental 
Engineering at Cornell University.  
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 BioGasol - Denmark based BioGasol is a cellulosic ethanol developer that is 
incorporating the use of an anaerobic digester.  According to a March 2009 
article in Ethanol Producer Magazine, BioGasol has received $13.4 million from 
the Danish Energy Agency’s Energy Technology Development and 
Demonstration Program to fund the $45 million project of building a 1.3 mmgy 
cellulosic ethanol demonstration facility in Aakirkeby, Denmark.  Additionally, in 
the U.S., the company is collaborating with Pacific Ethanol and the Joint 
BioEnergy Institute to build a demonstration scale plant in Boardman, OR, for 
which it received $24 million from the DOE in January of 2008.  According to this 
March 2009 article, the company intends to have this U.S. plant completed by the 
fourth quarter of 2009.  

 
 Washington University - Dr. Largus Angenent and his team at Washington 

University have developed an anaerobic digestion technology that uses bacteria 
and cobalt to break down the thin stillage.  Their research found that adding 
cobalt increased process yields.  Dr. Angenent estimates that if the production 
rates were scaled up to industrial levels, the process could reduce the power 
needs of an ethanol plant by 50%. 

 
 Richard Kohn - A patent application is currently filed for the “Process for rapid 

anaerobic digestion of biomass using microbes and the production of biofuels 
therefrom”, with Richard Allen Kohn listed as the inventor.  According to the 
patent application, it is claimed that this process is at least twice as fast as 
conventional anaerobic digestion processes. 

 
 Eisenmann AG. – Eisenmann AG has a patent-pending anaerobic digestion 

process called EtOH-TS that can produce biogas and a clean effluent that can be 
recycled back into the fermentation process from thin stillage.  According to a 
June 2009 article in Biomass Magazine, the process can produce as much as 24 
million BTU/hr of biogas in a 50 mmgy ethanol facility producing 80 gal/min.  
Eisenmann has developed a specialized ammonia adapted microorganism to be 
used in an anaerobic digester so that ammonia, a product ethanol producers 
already have on hand, can be used as a pH neutralizer. The ammonia can then 
be recycled and reused to provide nutrition for the yeast during fermentation.  

 
 Kawartha Ethanol – Canadian ethanol producer Kawartha Ethanol has 

announced plans to install an anaerobic digester in their recently completed 21 
mmgy ethanol facility in Ontario, Canada. 

 
 

4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to anaerobic digestion technology development for the Minnesota corn industry.  
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Table 9: SWOT – Anaerobic Digestion 

Strengths 
 Large market potential 
o Size of ethanol industry 
o Strong potential impact on 

ethanol margins 
 Well established technology 
 Moderate institutional support 
 Can reduce the energy needs of an 

ethanol facility by 43-66% 
 Reduces greenhouse gas emissions 
 Under the RFS, as amended in 2007, 

this technology would help new or 
expanding ethanol facilities meet 
greenhouse gas reduction 
requirements. 

Weaknesses 
 High capital costs 
 Well established technology leaves 

marginal room for process 
improvement. 

 Potential reduction in distillers grains 
revenues 

 Cost advantage is reliant on natural 
gas prices. 

 Not yet proven at commercial scale - 
currently being tested in several 
commercial and demonstration scale 
facilities. 

 Expertise is required to maintain a 
stable bacterial community at high 
temperatures and avoid system 
crashes. 

Opportunities 
 High energy prices 
 A cap and trade system would further 

improve process economics relative 
to the traditional ethanol facility. 

 Technology offers a potential 
advantage for existing ethanol 
producers – helps keep already 
existing infrastructure investments 
profitable.  

 Could help ethanol utilization in 
California relative to other traditional 
Midwestern ethanol plants once the 
Low Carbon Fuel Standard goes into 
effect in 2011. 

 Could help provide an alternative use 
of distillers grains, particularly as 
distillers grains markets become 
saturated. 

 If the EPA grants an allowance for an 
ethanol blending rate of up to 15%, 
this will facilitate an increase in 
ethanol production. 

Threats 
 Low energy prices 
 High distillers grains prices 
 Tight capital markets 
 If the EPA does not grant an 

allowance for an ethanol blending rate 
of up to 15%, ethanol production 
volumes will be constrained by the 
current 10% “blend wall” 
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B.  Butanol 
 

1. Product/Technology Overview 
 
Butanol is a 4 carbon alcohol.  Other chemical compounds in the alcohol family 
include methanol (1 carbon), ethanol (2 carbon), and propanol (3 carbon).  It is 
currently produced mainly via petrochemical feedstocks and is used primarily as an 
industrial solvent. Yet, if proven commercially cost competitive, butanol could also be 
produced via sugar fermentation and could function as an alternative renewable fuel.  
Table 10 lists the derivative chemicals that can be produced from butanol, their 
applications, and the institutions/companies involved in its development. 
 

Table 10: Butanol – Derivatives, Applications, and Institutions/Companies 
Involved 

Derivatives1  Applications/End Uses1 

(Product and Derivatives) 
Institutions/Companies 

Involved1  

-  Butyl Acrylate 
- Methacrylate 
- Glycol Ethers 
- Butyl Acetate 

- -Fuel  
- Solvents 
- Coatings - paint, varnish, and inks 
- Agricultural chemicals  

insecticides and herbicides 
- Synthetic resins and adhesives 
- Textiles  (e.g., scatter rugs, 

bathmats) 
- Sealants 

- BP and DuPont 
- ButylFuel LLC 
- TetraVitae BioScience 
- Gevo 
- Cobalt Biofuels 
- Green Biologics 
- Syntec 
- METabolic Explorer 
- University of Illinois 
- University of California 
- Caltech 
- Ohio State University 

Research Foundation 
- Joint BioEnergy Institute 
- USDA, ARS 

Source: Informa Economics 
1/ Not an exhaustive list 
 
While butanol has traditionally been produced via petrochemical routes, the 
technology to produce biobutanol from non-petrochemical feedstocks such as corn 
has been around for several decades. It has just not been cost competitive.  The 
most common process for producing biobutanol in the past has been acetone-
butanol-ethanol (ABE) fermentation, using Clostridium acetobutylicum as the 
fermenting bacterium.  This process was common during World War II, but was 
phased out as petrochemical routes became more economical.  Then, as the 
interest in renewable fuel production gained momentum, biobutanol once again 
entered into the discussion.  Yet, despite its many benefits over ethanol, which 
include a higher energy content and the ability to transport it in existing pipelines, 
low yield and low concentrations prevented it from being economically competitive, 
and the ethanol market took off.   
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“Traditional” ABE fermentation yielded butanol, acetone, and ethanol at a ratio of 
6:3:1.  One bushel of corn would produce 1.3 gallons of butanol, 0.7 gallons of 
acetone and 0.13 gallons of ethanol. This 1.3 gallons per bushel was much lower 
than the ethanol production process that then produced 2.5 gallons per bushel.  
According to David Ramey of ButylFuel, other limitations of the “traditional” ABE 
fermentation process include:  
 

 Toxicity - At alcohol concentrations of 1-2%, the fermenting bacteria are killed.  
 Low final concentration - 1-2%, relative to 10-15% for ethanol. 
 A high boiling point of 117°C, and at the 1-2% final batch concentration, there is 

a lot of water to boil off. 
 
However, over the past 20 years, research and development efforts have focused on 
improving various aspects of the ABE process. Molecular biology research has 
focused on developing various microbial strains with improved tolerance to butanol 
toxicity, which has resulted in significant yield increases.  In 1990, the bacterium 
Clostridium beijerinckii was developed by Hans Blaschek from the University of 
Illinois, doubling butanol production over its parent strain, Clostridium 
acetobutylicum. Additionally, the development and application of in-situ gas stripping 
to remove the solvent from the fermenter, which minimizes product inhibition (the 
problem whereby the butanol becomes toxic to the fermenting agent), has enabled 
much higher feed concentrations.  With this process, butanol, acetone, and ethanol 
production in a fed-batch mode reached a ratio of 65:35:1 (Argonne National 
Laboratory), a drastic improvement over the 6:3:1 ratio yielded via “traditional” ABE 
fermentation methods.  A yield of 2.5 gallons of butanol and little to no acetone and 
ethanol per bushel of corn is now commonly reported.   
 
The following is a description of the ABE fermentation process developed by 
Qureshi and Blaschek (from 1999 and 2001 studies) and reported within the 
Argonne National Laboratory November 2007 report, “The Life-Cycle Assessment of 
Corn-Based Butanol as a Potential Transportation Fuel”.  In this process, acetone, 
butanol and ethanol are produced from the bacterium Clostridium beijerinckii.  The 
description and visual illustration (Figure 18) below serve as a basis for 
understanding the biobutanol production process.  However, there are many 
variations on this theme and other production technologies are being developed by 
various companies and research institutions, many of which will be profiled in 
section IV.B.3, “Profiles - Companies & Research Institutions”.   
 

 “Corn is fed into a conventional corn dry mill for conversion to glucose through 
liquefaction and saccharification. The glucose is fermented to ABE through a 
fed-batch system. After fermentation, the ABE compounds are removed by 
means of in-situ gas stripping. ABE products are recovered through molecular 
sieve adsorption and a three-stage distillation that separates the acetone, 
butanol, and ethanol. Solids and biomass that are removed from grain 
processing and fermentation undergo centrifugation and proceed to drying, 
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along with syrup from distillation; DDGS generated from drying is used as 
animal feed.”  

(Argonne National Laboratories) 
 

Figure 18: ABE Fermentation Process 

Grain Receiving

•Fine particles and foreign 
objects are separated using 
blowers and screens.

•Clean, dry corn is ground in a 
hammer mill and weighed.

Corn

Liquefaction

•Ground corn is mixed with water, 
alpha-amylase, ammonia, and lime in a 
slurry tank.

•Steam injection heater is used to 
gelatinize the starch.

•Starch is then hydrolyzed by the 
amylase into oligosaccharides.

•The product stream is then cooked.

Saccharification

•Oligosaccharides are converted 
to glucose by glucoamylase at 
61°C (142° F).

Evaporator

•The sugar is concentrated to 430 
g/L

•Cooled to 35°C (95°F)

Fermentation

•Oxygen free fermentation 
vessel, inoculated with C. 
beijerinckii.

•Temperature is controlled at 
35°C, no pH adjustments are 
applied. 

ABE Recovery

•In-situ gas stripping removes ABE 
products

•Condenser (located above the 
fermenter) - ABE vapors are cooled to 
10°C (50°F) and condensed to liquids. 

•Uncondensed CO2 and H2 are 
recirculated, excessive CO2 and H2 are 
vented into atmosphere after passing 
through a CO2 scrubber. 

Downstream Processing

•A three stage distillation 
process separates the 
acetone, butanol and ethanol 
products. 

•Solids and biomass undergo 
centrifugation and proceed to 
drying  and are combined with 
syrup to produce the animal 
feed by-product, DDGS.

Alpha-Amylase Glucoamylase

CO2 and H2  
Source: Argonne National Laboratory and Informa Economics 
 
It was noted in the text of the Argonne National Laboratory report that condensing 
the sugars to 430g/L (refer to the evaporator step in Figure 18) is a concentration 
eight times higher than that required in ethanol production, and that while there are 
alternative technologies available, this step requires a large amount of heat and 
additional capital for the necessary equipment. 
 
 

2. Market Potential 
 
In 2007, the worldwide butanol market was estimated at about 350 mmgy, with the 
U.S. accounting for 220 mmgy (Ethanol Today, March 2007). According to a 
September 2008 presentation by Cobalt Biofuels, the worldwide chemical butanol 
market is estimated at $864 million.  By February 2009, the price of butanol had 
reached $3.64-$3.92 per gallon (ICIS).  
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If butanol were to become cost competitive in the fuel market, the market potential 
becomes much larger, likely several billion gallons. Butanol possesses many 
positive properties that make it worthy of consideration as a potential biofuel. 
Benefits include:  
 

 High energy content – the energy content of butanol is 99,840 BTU per gallon – 
86% of gasoline and 30% higher than ethanol. (Argonne National Laboratory, 
Nov. 2007) 

 Low water solubility (not as hydroscopic as ethanol) – reduces corrosion in fuel 
tanks and pipelines, enabling butanol to be stored and transported via 
traditional petroleum infrastructure, as opposed to ethanol which cannot be 
transported through existing pipelines. 

 Less evaporative than both gasoline and ethanol – it is safer to use and 
generates fewer volatile organic compound emissions.  
○ Low Reid Vapor Pressure (RVP) - the RVP of butanol is 0.33 pounds per 

square inch (psi) versus ethanol’s 2 psi and gasoline’s 4.5 psi. This makes 
butanol 6 times less evaporative than ethanol and 13.5 times less than 
gasoline.  

 Can be blended at higher concentrations. 
○ Currently, biobutanol can be blended up to 10% by volume in European 

gasoline and 11.5% in U.S.   
○ With the results of recent trials, there is potential to increase this to 15-16%. 
○ Some studies have shown that butanol can even be used between 85-100% 

without the need for any engine modification.  However, at this level, fuel 
mileage is compromised relative to gasoline.  

 Can be produced from the same feedstocks as ethanol (e.g., corn, wheat, 
sugar beet and sugar cane). 

 The production process is similar to ethanol, allowing for the possibility of 
retrofitting existing ethanol facilities.  

 Can be upgraded to higher valued molecules for use in a wide array of 
industrial applications. This four carbon building block chemical can be used to 
make gasoline, diesel, or jet fuel using traditional refinery reactions.  

 Can benefit from many of the same technologies as those being developed for 
cellulosic ethanol.  

 Blending butanol with ethanol allows for higher ethanol usage.  
 Relatively low carbon footprint – A 2007 study, “Life-Cycle Assessment of Corn-

Based Butanol as a Potential Transportation Fuel”, conducted by Argonne 
National Laboratory concluded that the production of corn-based butanol 
achieves energy benefits and reduces greenhouse gas emissions, but that the 
results varied depending on the method used to treat the co-product acetone14.  

 
 

                                            
14 According to a February 2008 press release, BP and DuPont have commissioned a full 
environmental life cycle analysis of their proposed biobutanol process. 
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3. Profiles - Companies & Research Institutions 
 
Many of the companies currently pursuing biobutanol production are planning on first 
marketing their product to the chemical solvent market and later into the fuel market.  
As biobutanol production grows, the current premium price will be reduced to 
commodity levels.  While these industrial applications of butanol give new biobutanol 
market entrants a high-valued product outlet, its growth potential in this market is 
limited.  In order for biobutanol to grow beyond the current market estimate of 350 
mmgy, it must eventually be competitive in the fuel market.  
 
The discussion thus far has focused on the general term butanol (or biobutanol if 
specifically noting that it was produced from non-petrochemical feedstocks), which 
typically refers to the straight chain butanol isomer, n-butanol.  However, there are 
companies pursuing the development of other butanol isomers, which include sec-
butanol, iso-butanol, and terc-butanol.  According to Gevo, a company currently 
pursuing the development of isobutanol, the key production process difference 
between the various isomers is the fermenting agent itself.  As a fuel, Gevo states 
that isobutanol has a higher octane level than n-butanol but is similar to n-butanol in 
other performance characteristics such as RVP and water solubility.  Additionally, 
the company states that since you are starting out with a longer chain alcohol, it is 
“easier/simpler” to then derive higher valued fuel products that target jet and diesel 
fuel markets.   
 
In general, it is assumed that unless otherwise stated, the companies/institutions 
profiled below are referring to the standard, straight chain isomer, n-butanol.  
However, many companies do not specify and could be using the generic term 
“butanol” to refer to any of the four isomers, as the terminology is not consistent 
within the industry. 
 
BP and DuPont (also working with British Sugar) 

 DuPont scientists have genetically modified E.coli to make butanol. The company 
is now looking to extend the technology to make the butanol isomers 2-butanol 
and 2-methylpropanol (isobutanol).  These other butanol isomers differ from 
butanol in their chemical structures and they have somewhat different melting 
and boiling points.  Nonetheless, they are all less hydroscopic than ethanol and 
more so than longer carbon chain alcohols.  

 A $400 million demonstration facility in the UK is expected to begin producing 5 
mmgy in 2010.  They are then expecting to have their first commercial plant 
operational by 2013.  

 BP and DuPont have commissioned a full environmental life cycle analysis of 
their proposed biobutanol process, according to a February 2008 BP press 
release. 

 Recently (July 2009), BP and DuPont announced the commencement of their 
butanol commercialization venture, Butamax Advanced Biofuels.  Butamax, 
based out of Wilmington, Delaware, will complete the ongoing biobutanol 
research and development program and eventually expects to license the 
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technology to other biofuel producers as well as work with fuel blenders and 
distributors to bring biobutanol to the global fuel market.  

 
ButylFuel LLC 

 ButylFuel, LLC (formerly Environmental Energy Inc.) has developed a patented 
process which it claims makes butanol production more economically viable and 
competitive with current petrochemical processes and with the production of 
ethanol.   

 Process improvements made under a federal Department of Energy Small 
Business Technology Transfer (DOE/STTR) grant include: 
o A recovery process whereby the solvents are continuously removed.  This 

essentially prevents alcohol accumulation to levels that are lethal to the 
fermenting microbe.  

o A gravity driven process, whereby the costly recovery problem associated 
with the high boiling point is resolved.  

o A continuous process which eliminates the need to clean up every 4-5 days 
and having to restart the fermentation, thus reducing associated costs. 

 The process produces 2.5 gallons of butanol per bushel of corn with no acetone 
or ethanol.  Also, it produces hydrogen as a by-product. 

 Preliminary cost estimates suggest that their biobutanol production process 
produces butanol at costs much lower than that of petro-butanol and slightly less 
than ethanol.   
o Cost estimates suggest that they can produce biobutanol at $1.20 per gallon 

(not including a credit for the hydrogen), compared to $1.28/gal for ethanol 
with gasoline at $1.35/gal and corn at $2.50/bu.  Another way to view this is 
the energy that is produced per dollar - 105,000 BTU/$ for butanol versus 
84,000 BTU/$ for ethanol. 

o While these prices are somewhat dated given commodity market 
developments over the last few years, they may still be indicative of relative 
prices among commodities.  

 ButylFuel is currently completing testing at their 50 gal/week pilot plant, and is 
working on designs of a 1,000 gal/week demonstration plant.  

 ButylFuel expects commercialization to be reached in one year. 
 According to an interview with a ButylFuel founder and technical director, David  

Ramey, their competitive advantage relative to their competition is that “we have 
a higher yield ~2x with about 42% more energy out with Bu100 (100% 
biobutanol) production, we are less expensive to produce and recover and we 
are continuous.”  Additionally, the representative pointed out that some of its 
competitors will have “to overcome the stigma of genetically modified organisms 
such as e-coli…”  

 In terms of current barriers/hurdles/threats to their commercialization process 
and to butanol in general, Ramey responded that the company had resolved all 
problems associated with the production and recovery of biobutanol, but that 
acceptance, governmental testing, and funding were current barriers.  
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TetraVitae BioScience 
 TetraVitae BioScience has patented a mutant strain of Clostridium beijerinckii, 

developed by company co-founder Hans Blaschek from the University of Illinois 
that produces higher butanol yields.  TetraVitae BioScience claims that their 
bacterium is more genetically stable, robust, and responsive to genetic 
modification and improvement, than previous strains. 

 The process results in high final product concentration and reduced product 
inhibition. 

 The company is currently enhancing strains, developing more efficient process 
engineering, and looking for the ability to use low-cost feedstocks.  

 TetraVitae is currently working on scaling up their biobutanol production process.  
They are currently producing biobutanol in a 300 liter reactor.   

 
University of Illinois, Hans Blaschek 

 Recent research has focused on producing a second generation of the strain. 
 Dr. Blaschek’s work has funding from the Department of Energy, Illinois Corn 

Marketing Board, Illinois-Missouri Biotechnology Alliance, Council for Food 
and Agricultural Research, Mitsubishi Chemical and the USDA Value-Added 
Non-Foods program.  

 According to Dr. Blaschek, distillation is one of the largest differences between 
ethanol and butanol production, as it is currently a very energy intensive 
process.  However, Blaschek points out that there are a lot of people working 
on this issue and believes the issue can be solved within the next two years.  

 Dr. Blaschek says that sensitivity analysis suggests that biobutanol will be 
economically competitive at crude oil prices around $60/bbl.  

 Dr. Blaschek believes that TetraVitae’s biobutanol production process will be 
commercialized within the next two years.   

 Current barriers to commercialization include scaling up the production 
process and all the “unique issues” that that entails.  

 
Gevo  

 Gevo has developed a process known as “Gevo’s Integrated Fermentation 
Technology” (GIFT).  GIFT enables the production of isobutanol and 
hydrocarbons from retrofitted ethanol plants. No acetone or ethanol is produced.  
They are planning to focus initially on isobutanol development and then later add 
on a hydrocarbon component and cellulosic, fractionation and biorefinery 
concepts.  

 The company was founded in 2005 by Drs. Frances Arnold, Matthew Peters and 
Peter Meinhold of the California Institute of Technology.  

 In December 2007, Gevo acquired an exclusive license for the method 
developed by Dr. James Liao at the University of California, Los Angeles (UCLA) 
for modifying the metabolic pathway of E.coli bacteria for the non-fermentative 
synthesis of higher alcohols.   

o Liao was quoted in January of 2008 as saying, “We should be in the initial 
stages of commercial scale biobutanol production in two to three years.” 
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 In May 2008, it closed a $17 million third round of financing to add to the $30 
million it had already raised since January, 2007. 
o Gevo is backed by venture capitalists Richard Branson (Virgin Green Fund), 

Vinod Khosla (Khosla Ventures), Burrill and Company, the Malaysian Life 
Sciences Capital Fund and Total. 

 In November of 2008, Gevo entered into an exclusive partnership with the 
engineering and construction firm ICM to commercialize the technology.  

 Gevo also has a joint agreement with Bye Energy to explore opportunities for the 
marketing and distribution of renewable aviation fuels to small and medium sized 
airports.  

 Gevo claims that GIFT yields economic concentrations and a simple, inexpensive 
way to separate butanol from water, a current challenge to biobutanol production 
technology development.  

 The isobutanol process unit would cost about $30 million to retrofit an existing 
100 mmgy ethanol facility.  Then, to add on the hydrocarbon unit it would cost an 
additional $18 million.  

 Production costs are expected to be 50% of the cost of petrochemical based 
butanol production processes (assuming February 2009 oil prices).   

 Gevo is now operating a 10,000 gal/yr pilot plant.   
 The company expects to be operating at 1 mmgy by the end of August 2009 at 

ICM’s St. Joseph, MO, biofuels research center, by retrofitting an existing ethanol 
facility.   

 Gevo then expects to have its first commercial scale plant on-line, producing 20-
50 mmgy of isobutanol and other hydrocarbons by 2011. 

 
Caltech, Frances Arnold 

 Frances Arnold, co-founder of Gevo and professor at Caltech, is currently 
working on developing cellulases (an array of enzymes) that can metabolize 
cellulose and create fuel in one step.   

 
Cobalt Biofuels 

 Cobalt Biofuels has made advances in microbial strain fermentation reaction 
management and separation technology. 
o This fermentation reaction management technology allows their continuous 

fermentation process to operate at peak production rates for extended 
periods of time. 

o They have patented a vapor compression distillation (VCD) fluid separation 
technology that removes alcohol from the fermentation vessel using 25-50% 
of the energy required by typical separation techniques.  The water used by 
the VCD process is then recycled. 

o The company is now developing and patenting a high-throughput process to 
identify the optimal microbe for any selected feedstock. They are also 
engineering a bioreactor where biomass enters the bioreactor, the bacteria 
processes this biomass, and butanol and water flow out.  

 Cobalt had raised a total of $38 million to accelerate the commercialization of 
their biobutanol production process as of September 2008.  Investors include 
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Pinnacle Ventures LLC, Vantage Point Venture Partners, The Malaysian Life 
Sciences Capital Fund, @Ventures, LSP, and Harris and Harris.  

 They expect to build a 35,000 gal/yr pilot plant in 2009, a 2.5 mmgy 
demonstration scale plant in 2010, and a commercial scale facility producing 25 
mmgy in 2012. 

 Pamela Contag, company founder and CEO, says, “Our models tell us it is a very 
low-cost process that can be competitive with anything on the market today” 
(October 2008). 
 

Green Biologics / EKB Technology 
 Green Biologics is based in Oxfordshire, UK, and is working with EKB 

Technology. 
 The company has developed their own heat-tolerant thermophilic bacteria and 

thermostable enzymes for producing biobutanol from biomass.  
 Their technology can be used to retrofit existing commercial scale ethanol 

facilities. 
 Their process produces higher yields and is tolerant to butanol concentrations up 

to 4%. 
 The goal is to achieve a two-to-three fold increase in butanol yield and a two-to-

three fold decrease in cost. 
 In 2008, they installed a 300 liter/yr lab scale operation at their Milton Park 

headquarters.  
 The company is currently working with existing biobutanol producers to 

incorporate their technology into existing facilities.  They have signed a letter of 
intent for a strategic partnership with a Chinese biobutanol producer and plan to 
build a 1,000 metric ton/yr demonstration scale facility in India with biochemical 
partner, Laxmi Organic Industries.  The goal is to have the plant fully operational 
in 2010.  This particular plant will run on molasses produced from the sugarcane 
industry. 

 
METabolic EXplorer 

 METabolic Explorer is based in Clermont-Ferrand, France. 
 The company is using their expertise in molecular biology, metabolic engineering 

and bioinformatics to design high-performance microorganisms to transform plant 
material to existing bulk chemicals, including butanol.  

 
Agriculture Research Service (ARS), USDA 

 The ARS is in the process of refining an integrated method for producing 
cellulosic biobutanol that could make biobutanol more competitive with ethanol 
and gasoline.  

 Key researchers include: Nasib Qureshi, Bruce Dien, Michael Cotta, and Badal 
Saha. 

 They have consolidated three of the four steps into a simultaneous 
saccharification, fermentation and recovery process using wheat straw as a 
feedstock.  After the wheat straw has been pretreated with dilute sulfuric acid or 
other chemicals, the material is fermented in a bioreactor containing different 
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types of enzymes and the C.beijerinckii bacteria.  These enzymes and bacteria 
do their jobs simultaneously. Throughout this process, gas stripping is used to 
remove the acetone, butanol and ethanol as they are produced.  

 Early trials showed a two fold increase in productivity above traditional glucose-
based fermentation, but the pace of fermentation outran the pace of hydrolysis 
and they changed to fed batch system. 

 The process, if scaled up, could produce 99 gallons of alcohol per ton of wheat 
straw.  In comparison, Dr. Richard Bain at NREL says the current expected 
yields for cellulosic ethanol from a biochemical process is about 90 gal/ton of 
biomass.  Dry-mill corn ethanol yields about 102 gal/ton of grain.  

 Currently, they are using a strain of C.beijerinckii which produces acetone 
butanol and ethanol, but efforts are underway to develop a bacterium to produce 
only butanol.  

 
Joint BioEnergy Institute (JBEI) 

 The JBEI has “engineered the common industrial yeast Saccharomyces 
cerevisiae with an n-butanol biosynthetic pathway, resulting in a ten-fold 
improvement in n-butanol production from one of the strains to 2.5 mg/L.” (Steen 
et al., December 2008). 

 Steen et al. point out that while Clostridia strains are commonly used as the 
fermenting agent in butanol production, Clostridia has several drawbacks: 

o Relative lack of genetic tools to manipulate their metabolism 
o Slow growth 
o Intolerance to n-butanol above 1-2%, and  
o Production of butyrate, acetone, and ethanol as by-products. 

 
 

4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to butanol technology development for the Minnesota corn industry.  
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Table 11: SWOT – Butanol 

Strengths 
 Very large market potential 
 Several advantages over ethanol, 

including:  
o Higher energy content  
o Can be transported via traditional 

infrastructure. 
o Can be blended with gasoline at 

higher blend levels. 
o Less evaporative than both 

gasoline and ethanol – it is safer 
to use and generates fewer 
volatile organic compound 
emissions. 

 Its development is further along than 
many other advanced biofuel 
technologies and its implementation 
requires less capital investment.  

 Appears to be cost competitive with 
current petrochemically produced 
butanol, and based on some 
company claims, it may be close to 
being competitive with ethanol.   

 Strong institutional support   

Weaknesses 
 Not yet proven at a commercial 

scale.  
 Not yet cost competitive with 

ethanol.  
 Moderate-high capital costs 
 Lack of access of retrofitted ethanol 

plants to pipeline origins 
 Marketing issues associated with 

penetrating a well established 
market. 

 Benefits from this technology are not 
limited to corn; other sugar 
feedstocks can also be utilized – will 
depend on regional economics. 

 

Opportunities 
 High crude oil prices 
 Can benefit from cellulosic ethanol 

technology developments.   
 Ability to utilize current ethanol 

infrastructure – current ethanol 
facilities can be retrofitted to 
produce butanol.   

 First mover advantage – ability to 
capture higher prices initially from 
high value, non-fuel markets.  

  “Green product” marketability for 
chemical product applications (e.g., 
solvents) – may command small 
premium in niche markets/products. 

 Could be used to make any type of 
traditional fuel using traditional 
refinery reactions. 

Threats 
 Low crude oil prices 
 High feedstock costs 
 Tight capital markets 
 Favorable economic competitiveness 

of non-corn based butanol. 
 If the EPA grants an allowance for 

an ethanol blending rate of up to 
15%, this might moderately 
counteract the blending rate 
advantage for butanol. 
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C.  Cellulosic Ethanol – Biochemical Platform 
 

1. Product/Technology Overview 
 
There are two main technology pathways being developed for the production of 
cellulosic ethanol from lignocellulosic feedstocks: biochemical and thermochemical.  
There have been significant investments made in the development of both of these 
production routes, and commercial scale facilities have been proposed and are 
beginning to be built.  Yet, there are still significant research and development efforts 
needed for this technology to become commercially viable.   
 
While the “winner” of these two routes is yet to be determined, Informa has chosen 
to focus on the biochemical platform based on information gathered from interviews 
and desk research.  While the base technology for the thermochemical platform is 
more developed, its application in the world of cellulosic ethanol would reportedly 
require very large facilities in order to reach economies of scale.  This larger scale 
requires feedstocks to be brought in from greater distances, which erodes economic 
competitiveness. Additionally, given that the biochemical approach is “newer”, there 
is more room for process improvements.  Also, several interviewees expressed 
statements to the effect that the biochemical platform produces a product that can 
be used today, whereas the thermochemical platform produces a product that has to 
undergo additional processing to reach a usable product form.  Furthermore, the 
biochemical platform allows for multiple value-added product streams to be carved 
out – sometimes referred to as a biorefinery concept. 
 
In terms of the biochemical platform, research and development are focused on the 
high production cost areas of pretreatment, hydrolysis, and fermentation15,16.  
Whereas the main carbohydrate in traditional corn-to-ethanol production is starch, 
lignocellulosic biomass is composed of cellulose (35-50%), hemicellulose (20-35%), 
and lignin (10-25%)17.  The cellulose is composed of glucose (a 6 carbon or hexose 
sugar); while the hemicellulose contains primarily xylose (a 5 carbon or pentose 
sugar), yet it also contains a mixture of other 5 carbon sugars such as arabinose and 
small amounts of glucose. One of the key challenges presented by the biochemical 
platform over traditional corn-to-ethanol technology is that it is far more difficult, and 
thus more costly, to hydrolyze cellulosic biomass than it is to hydrolyze starch, and 
that while hemicellulose is relatively easy to hydrolyze compared to cellulose, it is 
more difficult to ferment.   
 
                                            
15 Distillation costs are another large cost component to the overall process, and distillation and 
dehydration technology developments being made traditional corn-to-ethanol production processes 
will also apply to cellulosic ethanol processes.   See section III.A.4 ”Ethanol Distillation” for more 
details.  
16 Logistical costs and considerations are another large part of the overall economic viability of 
cellulosic ethanol production technologies.  However, these issues and costs are not discussed within 
this study.  
17 Corn stover is composed of approximately 36.0% cellulose, 23.4% hemicellulose, and 18.6% lignin 
(Dien et al., 2006).   
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The following discussion outlines the general cellulosic ethanol production process 
currently being developed for the biochemical platform. It is also illustrated in Figure 
19.  However, as discussed below, there are differences between individual 
processes, as some of these steps can be combined.  Additionally, the order along 
the production chain in which the lignin is separated out differs between processes.  
In some processes, the lignin is removed during pretreatment, in others it is removed 
after hydrolysis, and in others it goes along with the sugars until the end and is 
removed after fermentation.  
 

Figure 19: Cellulosic Ethanol – Biochemical Process Diagram 
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Source: International Energy Agency, “From 1st-to 2nd - Generation Biofuel Technologies” 
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Step 1 - Pretreatment 
The pretreatment of biomass is currently one of the single largest cost components 
in the overall cellulosic ethanol production process via the biochemical platform, 
accounting for 19% of the overall cost, second only to raw material costs (NREL, 
May 2007 presentation).  However, this step is necessary in order to open up the 
structure of the biomass sufficiently to allow for effective hydrolysis.   
 
There are many pretreatment methods currently being developed by numerous 
companies and research institutions.  At this time, there is not a clear front-runner in 
emerging pretreatment processes, as each process has its own benefits and 
disadvantages.  There are physical pretreatment processes, generally involving 
some type of grinding, shredding or chopping, and there are chemical pretreatment 
processes.  Chemical pretreatments can be alkalines18 (e.g. sodium hydroxide, 
ammonia, ammonium sulfite), acids (e.g., sulfuric acid, hydrochloric acid, phosphoric 
acid), or even water heated to high temperatures.  In general, the stronger the acid 
the greater the hydrolysis yield and the more fermentation inhibitors created.  
Whereas, the more alkaline approaches tend to result in less effective hydrolysis but 
fewer inhibitors are produced.  According to Dien and Bothast (2007), most 
pretreatments encompass multiple mechanisms.  And according to personal 
communications with Bruce Dien19, the more common approaches currently being 
pursued are that of dilute acid and steam explosion, or a combination thereof.  
 
A brief description of select chemical pretreatment processes is provided in Table 
12, including, but not limited to, those identified by the Consortium for Applied 
Fundamentals Innovation (CAFI).  CAFI was formed in early 2000 to compare 
leading pretreatment technologies (indicated by the red text). 
 
 

                                            
18 Not a viable option for woody crops, more appropriate for herbaceous crops. 
19  Bruce Dien is a chemical engineer in the Fermentation Biotechnology Research department of the 
USDA, ARS, at the National Center for Agricultural Utilization Research.  



Top 8 Corn Products/Technologies: Page 70 

© 

 

                      AURI Corn Report 

Table 12: Chemical Pretreatment Processes 

Technology1 Description of Technology 
Institutions / 

Companies Involved 
1 

Dilute Acid 
(Sulfuric Acid) 

A high pressure/temperature reactor mixes biomass and dilute acid, 
converting the hemicellulose to xylose and making the cellulose 
enzyme digestible without the need for explosive decompression.  
CAFI found the process to achieve a 91.1% conversion of corn 
stover at 72 hours for an enzyme loading of 15 filter paper unit 
(FPU) per gram of cellulose. This process released mostly xylose 
sugars. However, process limitations include: limitations in solids 
concentrations to about 30%, expensive construction materials due 
to the corrosive environment of the process, separation of the liquid 
hydrolyzate from the pretreated solids, acid neutralization costs, 
costs associated with the removal of product inhibitors produced 
from the process, energy costs associated with the high 
temperature/pressure, and yield losses during hydrolyzate 
conditioning.  All of these limitations make this a relatively high cost 
process.  

- NREL 
- Netherlands 

Organization for 
Applied Scientific 
Research, Techno 
Invent, and 
Wageningen 
University and 
Research Centre 
(BioSulfurol Process) 

- University of 
California, Riverside - 
Charles Wyman 

Steam Explosion 
& Sulfur Dioxide 

Steam explosion requires high pressure and high temperature, 
which is then suddenly reduced, causing the materials to undergo 
explosive decompression.  Sulfur dioxide has been used in steam 
explosion to achieve similar yields to dilute sulfuric acid. One 
advantage over dilute sulfuric acid is the more rapid penetration of 
the sulfur dioxide and possible recyclability.  However, there are 
safety concerns, and costs are projected to be similar to dilute 
sulfuric acid.  

- Lund University, 
Sweden 

- Iogen (modified 
steam explosion 
process) 

- University of British 
Columbia 

- Budapest University 
of Technology and 
Economics 

- ENEA-National 
Agency for New 
Technology, Energy, 
and Environment 
(Italy) 

Controlled pH By monitoring and controlling the pH at near neutral conditions, 
hydrolytic reactions are minimized, while physical changes are 
maximized.  This process helps to enhance the susceptibility of 
cellulose to enzymes and avoids formation of the inhibitory products 
which later interfere with cellulose hydrolysis or ethanol 
fermentation. It also helps maximize physical changes that improve 
enzymatic hydrolysis of cellulose, decrease cellulose crystallinity, 
and lowers the association of cellulose with lignin.  CAFI found the 
process to achieve a 85.2% conversion of corn stover at 72 hours 
for an enzyme loading of 15 FPU/g of cellulose.  

- Purdue University - 
M. R. Ladisch and N. 
Mosier 

- USDA, ARS - B. Dien 
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Technology1 Description of Technology 
Institutions / 

Companies Involved 
1 

Ammonia Fiber 
Expansion 
(AFEX) 

A patented process whereby lignocellulosic material is treated with 
liquid ammonia under pressure and then by rapidly releasing that 
pressure cellulose and hemicellulose are converted  to fermentable 
sugars at very low enzyme levels.  CAFI found the process to 
achieve a 96.0% conversion of corn stover at 72 hours for an 
enzyme loading of 15 FPU/g of cellulose. An added advantage is 
that the ammonia is recyclable and there is no need to wash or 
detoxify the pretreated material, as is the case with acid 
pretreatments. Construction costs for the process are lower than for 
the dilute sulfuric acid, the hydrolyzate is compatible with 
fermentation organisms without conditioning, and the process does 
not produce inhibitory products. The AFEX process is more 
effective on biomass that does not contain high levels of lignin.  

- Michigan State 
University - Bruce 
Dale  

Fiber Extrusion 
(FIBEX) 

Similar to AFEX, only it is a continuous process as opposed to a 
batch process.  The added advantage is that this process reduces 
the time and ammonia levels required, while giving similar results.  

 

Ammonia Recycle 
Percolation (ARP) 

An ammonia solution is passed through a reactor with biomass at 
80°-180°C. Then, the ammonia is separated and recycled.  This 
process fractionates the biomass into three components (pentose, 
cellulose, and lignin).  At high temperatures, the ammonia breaks 
down the lignin. By removing the lignin, microbial activity and 
overall enzyme efficiency is increased, thus reducing enzyme 
requirements and costs. CAFI found the process to achieve a 
90.1% conversion of corn stover at 72 hours for an enzyme loading 
of 15 FPU/g of cellulose.  The disadvantage of this process is the 
challenge in reducing liquid loadings to keep energy costs low.   

- Auburn University - 
Y.Y.Lee 

- Kyungwon 
University, Korea 

- - Iowa State 
University-– K. Tae 
Hyun 

Soaking in 
Aqueous 
Ammonia (SAA) 

A process being developed to reduce the liquid loading and energy 
costs of the ARP process.  

- Auburn University 
- NREL 
- Iowa State University 

- K. Tae Hyun 

Lime Lime is a relatively low cost, safe to handle and available chemical 
that removes lignin and improves cellulose digestion by enzymes. 
Lime can then be recycled by using water and carbon dioxide.  
CAFI found the process to achieve a 93.0% conversion of corn 
stover at 72 hours for an enzyme loading of 15 FPU/g of cellulose. 
However, the process is slower than that of ammonia or other more 
expensive bases.  Therefore, low cost pretreatment containment, 
such as treatment in piles, is needed in order to be cost effective.  

- Texas A&M 
University - Mark 
Holtzapple 

Organosolv An organic or aqueous organic solvent is used to remove or 
breakdown the lignin and part of the hemicellulose, leaving reactive 
cellulose in the solid phase. An additional catalyst can also be used 
to reduce operating temperatures or to enhance the delignification 
process. This process does not produce inhibitory products and 
does not use corrosive acids which require washing/detoxing and 
high cost construction materials.   

- Lignol Innovations, -
Kendall Pye 

Solvent-Based 
Clean 
Fractionation 

This process uses a solvent-based pretreatment to 
separate/fractionate cellulose, hemicellulose, and lignin.  This 
process allows the lignin and the hemicellulose to be used as a 
feedstock in higher-valued products, as opposed to other 
pretreatment technologies which use these products as fuel and 
fermentation feedstocks, respectively.  

- NREL 
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Technology1 Description of Technology 
Institutions / 

Companies Involved 
1 

Cellulose Solvent-
Based 
Lignocellulose 
Fractionation 

Virginia Tech has developed a pretreatment process they claim to 
be cost effective.  The process, licensed by Mascoma, uses a 
combination of three technologies: a cellulose solvent pretreatment, 
concentrated saccharification and organosolv.  This process does 
not use corrosive chemicals, high pressure or high temperature. 
Products produced from this process include amorphous cellulose, 
hemicellulose sugars, lignin, and acetic acid.  Amorphous cellulose 
is a form of cellulose that is more accessible to further hydrolysis 
and is hydrolyzed by adding a special enzyme developed by 
Genencor International. Results have shown a 97% conversion of 
corn stover cellulose after 24 hours at an enzyme loading level of 
15 FPU/g of cellulose.  

- Virginia Tech - 
Percival Zhang 

- Dartmouth College - 
Lee R. Lynd 

- Mascoma 

Ionic Liquid  An ionic liquid solvent is used along with a co-solvent such as 
acetone and an anti-solvent such as ethanol and/or water to break 
apart the crystalline plant cell walls and loosen lignin and 
hemicellulose materials.  Results have shown 95% cellulose 
recovery in less time relative to other processes and under reduced 
temperatures and pressures relative to dilute acid and ammonium 
explosion techniques, which reduces energy requirements/costs.  
Additionally, the solvent can be recycled at 94% efficiency and does 
not produce inhibitory products.  However, some reports indicate 
that more cost effective recovery techniques are required. 

- University of Toledo 
- Joint BioEnergy 

Institute  

Carbon Dioxide 
Explosion 

Supercritical carbon dioxide is used as an extraction solvent along 
with co-solvents such as ethanol-water or acetic acid-water to 
increase lignin removal.  The process has the potential to reduce 
costs over ammonia explosion and since it is operated at lower 
temperatures, it does not cause degradation of sugars, such as 
those treated by steam explosion.  However, another study 
concluded that despite its numerous advantages, it may be cost 
prohibitive for industrial applications. 

- Purdue University 
- Seoul National 

University, Korea 

IBUS Process – 
Continuous 
Hydrothermal 
Solution 

At a high dry matter content, biomass is pretreated by steam and 
afterwards washed to remove potassium chloride, part of the 
hemicelluloses, and produced inhibitors with no additional 
chemicals which otherwise have to be recovered or neutralized.  
This reduces capital and operational costs as well as problems with 
corrosion.  

- Inbicon (Denmark) 

Wet Explosion A combination of wet oxidation and steam explosion is used to 
pressure boil the biomass. 

- BioGasol 

* Red = Identified by the Consortium for Applied Fundamentals Innovation (CAFI) 
1/ Not an exhaustive list 
 
 
Step 2 – Hydrolysis 
After the cellular structure has been opened up, enzymes or acids can then be used 
to break down the bonds and release fermentable sugars.  The enzymatic hydrolysis 
of lignocellulosic biomass is far more challenging that that of the starch used in 
traditional corn-to-ethanol production.  The hydrolysis of starch requires a single 
family of amylases, whereas, the hydrolysis of lignocellulosic material requires a 
number of different cellulases to deal with the interconnected matrix of cellulose, 
hemicellulose, and lignin.  In this step, the hemicellulose is more easily hydrolyzed 
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than the cellulose, releasing mostly xylose sugars.  However, the glucose sugars 
released from the cellulose are far easier to ferment (the next process step) than the 
xylose sugars.   
  
Both acid hydrolysis and enzymatic hydrolysis methods are currently being 
developed. However, enzymatic hydrolysis is more suitable to homogeneous 
feedstock mixtures, whereas concentrated acid hydrolysis is more suitable for 
heterogeneous mixtures such as municipal solid wastes.  Brief descriptions of a few 
of the hydrolysis processes currently being developed are provided below.  
 

•  Dilute Acid Hydrolysis - The dilute acid process is conducted under high 
temperatures and pressure and reaction time occurs in seconds to minutes, 
aiding in continuous processing.  One drawback of this process is that despite 
process improvements, sugar degradation still occurs and yields are limited. 
 

•  Concentrated Acid Hydrolysis - Concentrated acid processes use lower 
temperatures and pressure, but reaction times are longer.  There is little sugar 
degradation and the yield potential is higher than in the dilute acid hydrolysis 
process. However, in order to make this process more economical, sugar 
recovery and acid recycling must be optimized.  
 

•  Enzyme Hydrolysis - Enzymes, which are purchased or produced, are used to 
hydrolyze the pretreated biomass.   
 

•  Direct Microbial Conversion (DMC) - A hydrolysis process in which a single 
microorganism produces both ethanol and enzymes.  DMC is further away from 
commercialization because researchers are still searching for a microorganism 
that produces sufficient ethanol and enzyme yields, but it has an advantage in 
that a dedicated process step for the production of cellulase enzymes is not 
needed, thus reducing overall process costs.   

 
There have been significant advancements made over the past few years in regard 
to cellulase enzyme development, which has reduced the cost of these enzymes by 
a factor of 10-30, reducing overall costs down to 20-30 ¢/gal (figures cited from 
various sources within an EPA report20).  However, it is estimated that these costs 
need to be reduced even further.  Some analyses have suggested that these costs 
need to get down to 3-4 ¢/gal.  However, developing these enzymes for a single, 
homogeneous feedstock may be easier than developing one for multiple feedstocks.  
This factor favors the development and use of abundant cellulosic biomass materials 
such as corn stover, at least in the short-term.  
 
Combined Pretreatment and Hydrolysis 
Some of the more advanced pretreatments are done under conditions that would be 
amenable to enzyme stability and activity.  This would enable the possibility of 

                                            
20 EPA, 2009, “Draft of Regulatory Impact Analysis: Changes to Renewable Fuel Standard Program” 
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incorporating hydrolyzing enzymes into pretreatment stages, thereby combining the 
pretreatment and hydrolysis stages of cellulosic ethanol production. One of the more 
commonly reported approaches to cellulosic ethanol production using corn stover or 
corn fiber is that of using an acid pretreatment, whereby some of the hemicellulose 
is hydrolyzed, and then later, enzymes are used to hydrolyze the cellulose fraction.  
 
Step 3 – Fermentation 
Once hydrolyzed, the glucose and xylose sugars can be co-fermented to ethanol.  
However, it is more difficult to effectively ferment the xylose sugars, and hence, 
there has been a great deal of effort directed toward the development of improved 
yeast strains/microorganisms that can efficiently co-ferment both xylose and 
glucose.  While significant progress in this area has been achieved over the last few 
years, other issues such as microorganism sensitivity to inhibitors and the 
production of unwanted by-products continue to thwart the efficacy of these 
fermenting agents.  Additionally, technology developers are also looking to lower the 
required dosage of the fermenting agent.   
 
Combined Hydrolysis and Fermentation 
There are efforts underway by technology developers to combine hydrolysis and 
fermentation into a single step.  Such efforts could significantly reduce capital costs 
by requiring fewer reactors and less supporting equipment and piping.  The process 
could also reduce processing costs.   
 
Step 4 – Product Separation and Distillation 
Once fermented, the ethanol is separated from the water and other by-products.  
Technology developments in this area are explored in more detail in Section III.G 
”Ethanol Distillation”. 
 
 

2. Market Potential 
 
The demand for cellulosic ethanol is in part supported by the Renewable Fuel 
Standard expanded by the Energy Independence and Security Act of 2007, which 
contained a 21 billion gallon mandate for advanced biofuels by 2022, including 16 
billion gallons of cellulosic biofuel.  Some cellulosic biofuel companies are focused 
on feedstocks other than corn, which offer greater environmental benefits and less 
impact on prices of major agricultural commodities; yet, corn biomass (e.g., corn 
stover, corn cobs, and corn fiber) will likely have a place in the mix of future 
feedstocks.  Given the volume of ethanol that can be produced from corn starch and 
the interest in corn biomass as a cellulosic feedstock, this emerging technology has 
the potential to have a large demand impact on the corn sector.   
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3. Profiles - Companies & Research Institutions 
 
There are numerous companies and research institutions developing their own 
approaches and unique technologies to cellulosic ethanol production via the 
biochemical platform, each with their own advantages and disadvantages.  However, 
the bottom line is that a cost efficient process has yet to be commercialized.  There 
are several companies that are expecting to reach commercialization by 2011/2012. 
Yet, the tight capital market is inhibiting many from obtaining the capital needed to 
go forth with their commercialization efforts.  
 
Table 13 lists operational, under construction, and planned biochemical cellulosic 
ethanol facilities, as reported within a May 2009 EPA report21.  Brief comments on a 
few of these companies and their technologies, along with a few other technology 
developers are included below.  
 
BioGasol 
BiolGasol, along with its international partner Tate & Lyle, is working on a 
demonstration plant in Denmark, demonstrating the conversion of a wide array of 
feedstocks, including wood chips, garden waste, wheat and barley straw, energy 
crops and grass clippings.  According to a March 2009 article in Ethanol Producer 
Magazine, BioGasol received $13.4 million from the Danish Energy Agency’s Energy 
Technology Development and Demonstration Program to fund the $45 million 
project of building a 1.3 mmgy cellulosic ethanol demonstration facility in Aakirkeby, 
Denmark.  Additionally, in the U.S., the company is collaborating with Pacific Ethanol 
and the Joint BioEnergy Institute to build a demonstration scale plant in Boardman, 
OR, for which it received $24 million from the DOE in January of 2008.  According to 
this March 2009 article, the company intends to have this U.S. plant completed by 
the fourth quarter of 2009. 
 
BioGasol's cellulosic ethanol technology process is said to improve ethanol yields by 
7.5%.  The pretreatment process uses wet explosion, a combination of wet oxidation 
and steam explosion, essentially pressure boiling the biomass.  Then, in the first 
bioreactor, enzymes from Novozymes hydrolyze the cellulose and hemicellulose into 
glucose and xylose, where the glucose is simultaneously fermented using industrial 
yeast.  The xylose then goes to a second bioreactor, while the lignin is separated 
and pelleted as a fuel.  In the second reactor, their novel thermophilic bacterium 
converts the xylose to ethanol and hydrogen.  Any remaining organic material goes 
through a second anaerobic digester and is converted to methane.  The company 
then uses its proprietary desalination technology so that the process water can be 
reused, minimizing water requirements.   
 
BlueFire 
While the EPA reported wood chips, grass cuttings, and yard waste as the 
feedstocks for the BlueFire cellulosic ethanol process, the company’s website 
expands this list to include other feedstock forms as well, including agricultural 
                                            
21 EPA, 2009, “Draft of Regulatory Impact Analysis: Changes to Renewable Fuel Standard Program” 



Top 8 Corn Products/Technologies: Page 76 

© 

 

                      AURI Corn Report 

residues such as corn stalks and corn cobs, dedicated energy crops and paper. The 
company has been operating their pilot plant in California for roughly five years (not 
included in Table 13).  According to the International Energy Agency, this pilot plant 
is at a 300 liter/day scale.  
 
Their process uses a patented concentrated acid hydrolysis system and several 
other “improvements” that they claim make ethanol production more economical 
relative to older acid hydrolysis methods. According to the May 2009 EPA report, 
“Bluefire’s stated improvements include a more efficient acid recovery system; 
higher sugar purities and concentrations; use of more efficient microbes to ferment 
C6 (6 carbon) and C5 (5 carbon) sugars into ethanol; the processes ability to use 
biomass feedstocks containing silica.” 
 
Mascoma 
In February 2009, Mascoma began production at its 20,000 gal/year demonstration 
plant in Rome, NY.  The facility can utilize numerous feedstocks, including 
woodchips, grasses, corn stover and sugarcane bagasse.  
 
Mascoma announced in May 2009 that they had made a major breakthrough in their 
consolidated bioprocessing (CBP) system.  They have engineered microorganisms 
to produce cellulases and ethanol at a high yield in a single step.  The Vice 
President of Mascoma’s Development and Operations division said that "these 
advances enable the reduction in operating and capital costs required for cost 
effective commercial production of ethanol, bringing Macoma substantially closer to 
commercialization." 
 
POET 
Poet, formerly Broin, has decided to use corn cobs as their primary cellulosic ethanol 
feedstock.  Reasons for focusing on corn cobs over stover include: the collection will 
require minimal additional effort; it will not adversely affect soil quality, as the cob is 
only 15% of the above ground stover; it has higher carbohydrate content and it is a 
denser feedstock.   
 
In January 2009, POET started-up operations at its 20,000 gal/year pilot scale plant 
in Scotland, S.D.  The company now plans to expand production at its 50 mmgy 
grain-to-ethanol facility in Emetsburg, IA, to 125 mmgy, 25% of which is expected to 
be produced from corn fiber and corn cobs.  This facility is expected to begin 
production in late 2011. 
 
Vercipia (Verenium / BP) 
Verenium is focusing on grasses, energy cane, and bagasse as their key 
feedstocks.  The company’s proprietary technology is capable of fermenting both 5-
carbon (C5) and 6-carbon (C6) sugars. Verenium uses dilute acid steam explosion 
to hydrolyze the hemicellulose to C5 sugars.  The C5 sugars are then washed and 
separated from the cellulose and are sent to the C5 fermentation process while the 
C6 sugars are sent to the C6 fermentation process. Then, the C5 and C6 beers are 
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blended together and run through a three stage distillation process to produce fuel 
grade ethanol.  
 
Verenium and its joint venture partner, BP, have announced plans to build a 36 
mmgy plant in Highlands County, FL.  The companies intend to break ground in 
2010 and begin production in 2012. They are calling the joint venture “Vercipia.” 
 
ZeaChem 
ZeaChem uses a unique process that combines elements of biochemical and 
thermochemical cellulosic technologies.  This hybrid process fractionates the 
biomass at the front-end, separating off the lignin.  Glucose and xylose sugars are 
fermented into acetic acid (not ethanol), without releasing CO2 as a by-product. 
Then, the acetic acid is converted to an ester and then reacted with hydrogen to get 
ethanol.  This hydrogen stream comes from the gasification of the lignin separated 
out at the front-end, while the remaining syngas is burned to create steam and 
power for the system.  
 
The company plans to begin construction of its 1.5 mmgy facility in Boardman, OR, 
this year, with an expected completion date in mid 2010.  
 
Qteros 
Qteros, formerly known as SunEthanol, has announced “unprecedented” lab results 
from its proprietary conversion technology known as “C3” (Complete Cellulosic 
Conversion).  The company plans to open up a pilot plant in Springfield, MA, this 
year.  Lab results have shown that its Q Microbe can produce 70 grams of ethanol 
per liter of industrially pretreated biomass in a single step (combining hydrolysis and 
fermentation steps into one).  The company states that “these unprecedented yield 
results far surpass the 50 grams per liter considered to be the threshold for 
commercial production of cellulosic ethanol.  
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4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to biochemical cellulosic ethanol technology development for the Minnesota corn 
industry.  
 

Table 14: SWOT – Cellulosic Ethanol – Biochemical Platform 

Strengths 
 Very large market potential 
 Able to utilize C5 and C6 sugars.  
 Uses biomass - not limited to the 

corn kernel – averts food v. fuel 
debate.  

 Very strong institutional support 
 Relative to the thermochemical 

platform:  
o Ability to carve out more value-

added product streams – 
biorefinery concept. 

o Less developed technology – 
more room from process 
improvements. 

o Projected scale required is 
smaller. Larger scale requires 
feedstocks to be brought in from 
greater distances, which erodes 
economic competitiveness. 

Weaknesses 
 Depending on the biomass (e.g., corn 

cobs, corn stover) utilized, some 
argue that soil erosion and soil quality 
issues can result.  

 Logistical cost issues associated with 
transporting the biomass. 

 Currently high production costs. 
 Not yet proven at a commercial scale.  
→ Expected to approach commercial 
scale production in 2011/2012. 

 Does not allow for the production of a 
suite of traditional fuel products as 
does the thermochemical platform. 

 Very high capital costs relative to 
corn-based ethanol. 

 Benefits from this technology are not 
limited to corn; other sugar 
feedstocks can also be utilized – will 
depend on regional economics. 

Opportunities 
 High crude oil prices 
 Green funding – favorable policy 

environment 
  “Green product” marketability for 

chemical products produced from 
cellulosic ethanol biorefinery. 

Threats 
 Low crude oil prices 
 Economic competitiveness of 

alternative feedstocks 
 Tight capital markets 
 Over time, an EPA allowance for mid-

level ethanol blending rates above the 
current 10%, or low costs for 
cellulosic ethanol production sufficient 
to allow high-level blends (e.g., E85), 
is necessary for cellulosic ethanol 
volumes to reach levels envisioned in 
the Renewable Fuel Standard. 
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D.  Ethanol Distillation  
 

1. Product/Technology Overview 
 
The separation of alcohol and water is typically a costly, energy intensive process, 
representing a significant portion of the overall energy required by an ethanol facility. 
It is also one of the key cost components in the biochemical cellulosic ethanol 
platform. Traditionally, this separation is performed through a combination of steam 
distillation and a molecular sieve. However, there are various processes being 
developed whereby ethanol is removed during fermentation, reducing product 
inhibition and energy costs, and thereby also reducing greenhouse gas emissions. 
Alternative ethanol distillation technologies currently being developed include: 
vacuum stripping, gas stripping, membrane separation, solvent (liquid) extraction 
and supercritical CO2.  These technologies are largely in the late development/early 
commercialization stage, and are expected to reach commercial status within 3-5 
years, if not sooner. 
 
Vacuum Stripping - The fermenting vessel is coupled with a vacuum chamber 
which extracts, in-situ, the more volatile ethanol and allows for partial product 
removal. 
 
Gas Stripping - The fermenting broth overflowing from one stage to the next is 
contacted with a CO2 stream that entraps the ethanol.  The ethanol is then removed 
when this gas stream passes across a reactor and through an absorption tower 
where it is contacted with water.  The CO2 is then re-circulated. By using this 
process, the concentration of sugar in the product stream entering the fermenter is 
increased. 
 
Membrane Separation - Membranes are used to filter the water/ethanol mixture 
during fermentation.  The membranes are vapor phase separation units that allow 
the preferred permeation of water over other vapor components in a gas mixture.   
 
Solvent (Liquid) Extraction - This approach removes the product that causes 
inhibition through an extractive biocompatible solvent that favors the migration of 
ethanol to solvent phase, a process known as extractive fermentation. However, it 
has been noted in one publication that this approach lowers solubility and results in 
a poisonous effect on yeast, thus restricting the development of this method. 
 
Supercritical Fluids - While the success of separating alcohol and water via 
supercritical fluids has been demonstrated for many years, these previous 
demonstrations have not been able to compete with the economics of traditional 
steam distillation methods or other proposed methods such as membrane 
separation.  However, MOR Supercritical has applied their supercritical extraction 
technology to ethanol dehydration, and claims a process that is scalable and cost-
efficient relative to other proposed dehydration technologies. 
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2. Market Potential 

 
Approximately 9.3 billion gallons of corn-based ethanol were produced in 2008, and 
given the current Renewable Fuel Standard, this production volume is expected to 
continue to grow along with that of cellulosic ethanol production.  Yet, one of the 
areas in which technology can help improve the economic viability of this industry is 
in reduced energy consumption.  In reducing the ethanol facility’s energy 
consumption, not only are cost savings realized but greenhouse gas emissions are 
also reduced. And, while the outcome of a potential cap and trade system is 
uncertain, future economic incentives favoring lower carbon footprint facilities could 
further improve the economics of facilities implementing energy saving technologies.  
 
Energy costs currently account for about 12% of overall operating costs, the second 
largest operating cost next to feedstock costs. Of the overall energy consumption, 
distillation and dehydration consume about 50% (McAloon et al., 2004; Kim and 
Dale, 2005 – cited by Vaperma). If an alternative ethanol technology reduced energy 
consumption of the distillation process by 40%, as several of the current technology 
developers claim to achieve, this would equate to an approximate 6¢ per gallon cost 
savings or $3 million per year for a 50 mmgy ethanol facility (using current natural 
gas prices).  If a royalty fee of 2 ¢/gal is assessed, as is the case with one 
technology developer, the cost savings for the 50 mmgy facility is still $2 million per 
year.  These are broad generalizations; the economics of advanced ethanol 
distillation will vary by individual technology.  
 
 

3. Profiles - Companies & Research Institutions 
 
While each of these methods has its own pros and cons, the leading technology at 
this time appears to be membrane separation, currently being pursued by Vaperma 
(Siftek) and Whitefox Technologies.  Other technologies briefly reviewed below 
include Trans Ionics Corporation’s extraction technology (ESep) and MOR 
Supercritial’s supercritical CO2 extraction technology.  However, it is to be noted that 
there are also developments being made on gas and vacuum stripping technologies, 
as well as other solvent extraction methods. 
 
Vaperma 
Vaperma is a Quebec based company that specializes in the development, 
manufacturing and commercialization of advanced gas separation systems. Their 
Siftek™ membrane separation technology can be integrated into new or existing 
ethanol plants to reduce energy costs and increase plant throughput.  The Siftek™ 
membrane is a hydrophilic polymer membrane that can be used to dry ethanol in the 
vapor phase in a continuous process. The membrane system can replace both the 
rectification column and the molecular sieve unit in a conventional process. The feed 
gas flows into the membrane modules, which contain multiple hollow fibers packed 
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in a shell and tube configuration. The water vapor then permeates through the walls 
of the membrane and is vacuum pumped out (see Figure 20). 
 

Figure 20: Vaperma Siftek Distillation Technology Concept 

 
Source: Vaperma 
 
Vaperma claims that their technology can increase overall fuel production by 15-
20% and reduce energy consumption by up to 50% compared to traditional 
distillation and molecular sieves.  By reducing the energy consumption, costs are 
reduced along with CO2 emissions.  For example, the company estimates that for a 
40 mmgy ethanol facility, implementing the Siftek™ membrane system could reduce 
CO2 production by 21,000 tons/yr. The company also claims that the technology has 
proven to be low maintenance, predicting that the membrane cartridge would not 
need replacing until after three years of continuous operation. Their technology was 
recognized by Frost and Sullivan, receiving the 2008 North America Technology 
Innovation of the Year Award.   
 
The company has completed tests of its patented membrane separation technology, 
Siftek™, on a pilot scale (100K gal/yr) at a Greenfield Ethanol facility in Canada.  
Additionally, demonstration scale testing was just completed at a Greenfield Ethanol 
facility in Chatham, Ontario.  According to a company representative, this 
demonstration was 8,000 liters per day (740K gal/yr).  
 
Christian Roy, Vice President of Business Development for Vaperma, said that their 
membrane technology has immediate potential in ethanol market applications 
whereby the membrane is used as a replacement for molecular sieves for boosting 
or de-bottlenecking the current production process.  Roy said that they had been in 
serious discussions to implement this technology in several commercial applications 
prior to the economic downturn, but that these companies have currently put this on 
hold given economic conditions.  Several potential market applications for molecular 
sieve replacement by membrane technology are listed below.  

(1) Existing ethanol plants could use the membrane at the front end of current 
molecular sieve units (MSU) to boost the production capacity of a plant by 
roughly 16%, at half the expense of a new MSU. In this case, the payback 
period is estimated to be between 6 months and a year.   

(2) A new plant could use membranes in replacement of molecular sieves 
altogether.  In this case, the payback period is less than 6 months.  
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(3) Industrial ethanol production facilities could use membranes to help restore 
the 30% capacity that is lost when trying to increase the quality.  Again, the 
payback period is estimated at less than 6 months. 

 
As for replacing the rectification column, Roy estimated that it would be 2-4 years 
before the technology was commercially feasible, stating that while it is currently 
technically feasible it is not yet economically feasible.  Roy explained that while it 
would be ideal to use membranes at the top of the beer column to separate the 
ethanol and water, you need a certain pressure differential to achieve efficient 
separation and beer columns are typically kept at low pressures to keep the 
temperature low (temperatures are kept low for a variety of reasons).  And while 
there are ways to get around this problem, such as using a mechanical vapor 
compressor, these are expensive, and given current membrane costs, this route was 
said to be uneconomical at this point in time.  
 
Whitefox Technologies Limited 
Whitefox Technologies Limited, a London based company, has also developed an 
ethanol dehydration process using membrane separation.  The company claims their 
continuous process is capable of dehydrating aqueous ethanol with a water content 
of 50-99.95% at atmospheric or elevated pressures without membrane saturation. 
The company says that they do not plan to commercialize their technology until it 
has been demonstrated in full-scale operations for four years.  Currently, the 
company is testing their core technology in retrofitted and newly built plants, 
producing a combined total of 520 mmgy of ethanol.   
 
Trans Ionics Corporation 
Trans Ionics has developed a process they call ESep, which uses “proprietary 
extraction technology” to remove the ethanol from the water.  The beer produced 
from the fermentation step, containing 3-15% alcohol, is fed to the ESep unit where 
an extraction process selectively removes the ethanol, producing a product stream 
that is typically 97+% ethanol.  While a 60% reduction in energy consumption is 
estimated when incorporating the system into new ethanol and cellulosic ethanol 
plants, a 28% energy reduction and a 16 month payback period is estimated when 
retrofitting an existing ethanol plant. Additionally, the process is expected to reduce 
capital costs by eliminating the need for costly stainless steel distillation 
components. The company’s goals are to reduce capital costs and operating costs 
by 30% each versus their “next best competitor.”  Trans Ionics’ business model for 
their ESep technology includes an estimated selling price of skid-mounted units for a 
20 mmgy facility of $1.25 million, plus a 2¢ per gal processing fee.   
 
MOR Supercritical CO2 
Another ethanol dewatering technology is MOR Supercritical’s supercritical CO2 
process, which has the added benefit of CO2 utilization.  The company claims that 
their process is economically competitive with proposed membrane technologies.  
According to MOR’s website, the company is currently seeking technology and 
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project development partners.  They have already tested their technology in a small 
pilot unit are currently seeking a partner to install a large demonstration scale unit.  
 

4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to ethanol distillation technology development for the Minnesota corn industry.  
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Table 15: SWOT – Ethanol Distillation 

Strengths 
 Large market potential 
o Size of ethanol industry 
o Strong potential impact on 

ethanol margins 
 Moderate/strong institutional support 
 Moderate capital investment 

requirements  
 Increases plant throughput capacity 
 Reduces greenhouse gas emissions 
 Under the RFS as amended in 2007, 

this technology would help new or 
expanding ethanol facilities meet 
greenhouse gas reduction 
requirements. 

 Application as a molecular sieve 
replacement is deemed economical 
now – with a payback period of 6 
months to a year for an existing 
ethanol facility.  

Weaknesses 
 Not yet proven at a commercial scale. 
 Cost advantage is heavily reliant on 

volatile natural gas prices. 
 Unknown economic viability as a 

complete distillation and dehydration 
system – company claims vary.   

 

Opportunities 
 High energy prices 
 Technology offers a potential 

advantage for existing ethanol 
producers – helps keep already 
existing infrastructure investments 
profitable.  

 Technology is at an early stage of 
commercialization with opportunities 
for process improvements. 

 A cap and trade system would further 
improve process economics relative 
to the traditional ethanol facility. 

 Could help ethanol utilization in 
California relative to other traditional 
Midwestern ethanol plants once the 
Low Carbon Fuel Standard goes into 
effect in 2011. 

 If the EPA grants an allowance for an 
ethanol blending rate of up to 15%, 
this will facilitate an increase in 
ethanol production. 

Threats 
 Low energy prices – reduces cost 

advantage 
 Tight capital markets 
 If the EPA does not grant an 

allowance for an ethanol blending 
rate of up to 15%, ethanol production 
volumes will be constrained by the 
current 10% “blend wall.” 
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E.  Front-End Fractionation 
 

1. Product/Technology Overview 
 
Front-end fractionation separates the corn into three fractions including pericarp 
(bran/fiber), germ (the oil-bearing portion of the kernel)and endosperm prior to 
ethanol fermentation (see Figure 21).  Currently, in dry mill ethanol production 
facilities, these other fractions go along with the starch into the fermentation vessel, 
taking up space and reducing production efficiency.  A consequence of decreasing 
the unfermentable fraction of the corn during fractionation is to improve the 
fermentation efficiency and increase the ethanol yield (up to 12% according to some 
industry sources). Additionally, in the traditional ethanol process, the oil and the fiber 
end up in the distillers grains (DDGS) and are sold at feed ingredient prices of 
roughly 6.1¢/lb (March 2009).  Whereas, their combined value if sold as separate 
co-products could be significantly greater.  Another benefit of fractionation comes in 
the form of risk mitigation, as producers are not relying solely on the revenues from 
two product markets (i.e. ethanol and DDGS) and they have increased flexibility. 
Additionally, some technology developers claim, front-end fractionation can also 
reduce energy and water consumption, thus also reducing volatile organic 
compound emissions.   
 

Figure 21: Front-End Corn Fractionation 

 
Source: Informa Economics 
 
As a result of removing the pericarp and germ from the front-end of the ethanol 
production process, the resulting DDGS are lower in fiber and oil and higher in 
protein. The high-protein DDGS obtained through fractionation can become a 
differentiated higher-value product.  Yet, high-protein DDGS is a relatively new 
product and will require the development of a market.  For that reason and since the 
lower oil content should in theory result in a lower energy value, it is expected that 
high-protein DDGS will trade at a price close to that of DDGS until such a market is 
developed and the value of the higher protein is proven. 
 
Although the wet-mill industry benefits from large co-product value recovery, the dry-
mill industry has tended to believe that these benefits could not be achieved without 
unacceptable increases in capital costs.  However, over the years, there have been 
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numerous technological advancements that are moving front-end fractionation 
technologies for a dry-mill toward economical viability.  Examples of companies 
currently using fractionation include: 
 

- Lifeline Foods in St. Joseph, MO (50 mmgy)  
- Poet in Coon Rapids, IA, (54 mmgy)   
- Poet in Albert Lea, MN, (45 mmgy),  
- Poet in Laddonia, MO, (50 mmgy), and 
- Renew Energy in Jefferson, WI (130 mmgy). 

 
There are several modified dry-mill fractionation processes, each with their own 
unique advantages and disadvantages.  However, there are a few generalizations 
that can be made.  These processes can generally be classified as either wet 
fractionation or dry fractionation processes.   
 
In general, wet fractionation technologies tend to be more costly to implement.  
However, they also produce higher-valued co-products and there is less starch loss.  
The germ extracted by wet fractionation technologies has an oil content of 
approximately 40+% compared to 20-25% from typical dry fractionation 
technologies.  This low oil germ produced by dry fractionation is sometimes referred 
to as “dirty germ,” and often wet mills and other oil extraction facilities are not geared 
to take germ with this low of an oil content.  Yet, because corn oil extraction 
equipment is expensive and many companies do not want to handle hexane, most 
ethanol producers do not wish to extract the oil themselves.  Additionally, the higher 
starch loss associated with the dry fractionation technologies is a revenue factor for 
the ethanol producer, as ethanol yields are compromised.  Nonetheless, dry 
fractionation technologies are more prevalent in current plant installations, primarily 
due to cost differences.  
 
The company MOR Technology claims to have developed a fractionation process, 
MOR FRAC+, with the costs generally associated with dry fractionation technologies 
but the higher valued co-products and the lower starch loss generally associated 
with wet fractionation technologies.  While unproven at a commercial scale, this 
process appears to have promise.   
 

2. Market Potential 
 
Front-end fractionation offers the ethanol producer several ways in which to increase 
ethanol margins and reduce risk.  Estimates of net income increases range from 9-
28 ¢/gallon, while estimates of capital costs range from 17-70 ¢/gallon of capacity.  
These estimates range across the various technologies and depend on input cost 
and co-product value assumptions22.  Given these company-provided estimates, the 
payback period for front-end fractionation is generally less than 2 years.   

                                            
22 Most of the underlying value assumptions for the high protein DDGS behind the income estimates 
are significantly higher than traditional DDGS.  However, as discussed previously, high-protein DDGS 
is a relatively new product and will require market development, and for that reason, it is expected 



Top 8 Corn Products/Technologies: Page 88 

© 

 

            AURI Corn Report 

 
While there are also back-end fiber and oil extraction technologies that are either 
currently available or being developed that are less expensive, these processes do 
not produce the high revenue co-products that are generated from front-end 
fractionation.  For example, the oil that is extracted at the back end of the process 
typically cannot be used in food products and is thereby a lower valued product.  
Additionally, there are ethanol production efficiencies that are gained when the 
starch fraction is separated out at the beginning of the process.   
 
The following section profiles a few of the front-end fractionation technologies 
currently available, detailing where information is available, production parameters, 
net income impacts, and capital cost requirements.   
 

3. Profiles - Companies & Research Institutions 
 
As much quantifiable data as could be uncovered via desk research and personal 
interviews at the time of this report are provided in the profiles below.  Many of the 
following companies/institutions make claims on their websites or within press 
releases that are similar in nature; examples include: 
 

 lower capital cost requirements 
 reduced operational costs 
 increased protein and reduced fiber and oil content of DDGS 
 reduced energy and/or water consumption 
 reduced fermentation time 
 increased capacity 
 increased co-product value 

 
However, this information was only included in the profiles below if quantifiable 
claims were made.  
 
Modified Dry-Mill Wet Fractionation Technologies 

Wet fractionation technologies typically involve soaking/steeping the corn prior to 
fractionation.  In general, the capital costs are higher than that of dry fractionation 
technologies, but the starch loss is lower and the quality/value of co-products is 
higher.   
 

 Corn Value Products (CVP) / Quality Technology International Inc. – Quality 
Technology is heading the marketing efforts of CVP’s wet fractionation system, 
HydroMilling.  The system produces a suite of co-products marketed under the 
brands “Prairie Sky” and “Solaris”.  

 

                                                                                                                                       
that high-protein DDGS will trade at a price close to that of DDGS until such a market is developed 
and the value of the higher protein is proven. 
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 Maize Processing Innovators (MPI) / FCStone Carbon – The Quick Germ (QG) 
wet fractionation technology was originally developed by the University of Illinois.  
This process was later enhanced to fractionate both the germ and the pericarp 
fiber, and is known as the Quick Germ Quick Fiber (QGQF) process.  The license 
for the technology is now held by MPI which has an agreement with FCStone 
Carbon LLC to lead commercialization efforts.  According to an online presentation 
on MPI’s website, quantifiable claims include: 
○ The process yields approximately 3.1-3.7 lbs/bu of germ; 3.3-4.0 lbs /bu of 

fiber; and 10.3-11.6 lbs/bu of low fat, low fiber DDGS 
○ Minimum oil content of germ is 38% 
○ Maximum 3% starch loss 
○ Crude protein content of DDGS = 49.31%, fat content ~3.85%; ash = 3.24%; 

and ADF = 6.80%; compared to 28.5%, 12.7%, 5.32% and 10.80%, 
respectively, with traditional dry grind technology (no fractionation) 

 
 University of Illinois – The University of Illinois has since made process 
improvements to the QGQF process, developing what they call enzymatic milling, 
also known as E-Mill. In addition to recovering the germ and the pericarp fiber, the 
E-Mill process also recovers the endosperm fiber; this further reduces the quantity 
of DDGS produced to 65-70% of the conventional dry-grind process. However, the 
E-Mill process also adds an additional enzyme to the process.  Whereas the 
QGQF only requires amylase, the E-Mill process requires both amylase and 
protease.   
○ According to data from University of Illinois professor Vijay Singh: crude protein 

content of DDGS = 58.5%, fat content =4.5%; ash = 3.2%; and ADF = 2% 
○ In an Agriculture Research Service (ARS) study comparing the E-Mill process 

to conventional dry grind,  the E-Mill process:  
 increased fermentation capacity by 27%, 
 reduced fiber content of DDGS by 81%, and 
 increased the protein content of DDGS by 105%. 

 
 
Modified Dry-Mill Dry Fractionation Technologies 

Dry fractionation technologies typically separate the germ and fiber from the corn 
kernel mechanically without the need for soaking.  In general, capital costs are lower 
than that of wet fractionation technologies, but starch loss is higher and the 
quality/value of co-products is lower.   
 

 Renessen LLC. – Renessen is a joint venture between Cargill and Monsanto. 
Renessen is currently operating a pilot facility using their Extrax Processing 
System at Cargill’s BioProcessing Center in Eddyville, IA, processing 10,000 
bushels of corn per day.  Meanwhile, Monsanto is in the fourth and final stage prior 
to product launch of their high oil corn (7% compared to 3.5%) for use in 
Renessen's Extrax corn fractionation system. They are focusing on higher oil 
content as this is the most valuable fraction of the corn.  According to a 1st quarter 
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2009 issue of Distillers Grains Quarterly, company vice president Michael Morgan 
expects their first commercial facility to be in place within two years.  

 
 Cereal Process Technologies – Cereal Process Technologies has installed its 
patented dry fractionation technology in several dry-grind corn mills, including 
Renew Energy LLC’s 130 mmgy facility in Jefferson, WI. Quantifiable company 
claims include: 
○ 35% reduction in drying costs – reducing energy consumption to 21,000-

22,000 BTU/gal. 
○ Water consumption is reduced to 2.7 gallons per gallon of ethanol (33% 

savings). 
○ Each module processes 650-800 bu. of corn per hour, but 650 is the “sweet 

spot”.  
○ The use of their new “MarketFlex” enables producers to adjust the amount of 

oil versus starch they want in order to better respond to market price 
fluctuations. 

○ Resulting DDGS contain about 40% crude protein. 
○ Capital costs will vary, but are estimated at $30 million for a nine-module 

system such as the one installed at Renew Energy.  The estimated payback for 
this system was two years.  

○ The technology can add more than 20 ¢/gal to the producer’s net income. 
○ Yield: germ = 12.5%; bran = 7.5%; and endosperm = 80% 
 

 Delta-T Corp. / Ocrim Milling – Delta-T and Ocrim Milling have developed a dry 
fractionation technology known as “Dry Separation Technology.” The process 
works by using a degerminator to separate the germ from the corn kernel by 
forcing the kernel against a stationary screen, which contains holes large enough 
to push the germ fraction through but small enough to prevent the endosperm from 
passing through.  Then, the fiber and the endosperm are fractionated by using a 
series of roller mills and vibrating screens. Quantifiable company claims include:  
○ Guaranteed maximum starch loss of 4% 
○ Guaranteed minimum increase in throughput capacity of 10% for an existing 

Delta-T designed facility 
○ 6,000 BTU/gal reduction in energy use 
○ Neal Jakel, Fractionation Program Manager for Delta-T Corp, believes 

fractionation can reduce operational costs by 8-15 ¢/gal. 
 

 Crown Iron Works Co. – This Minnesota based company has developed a dry 
fractionation and corn oil extraction system (Crown solvent extraction and oil 
refining system).  The fractionation system is a combination of de-germinators, 
aspirators, screeners and roller mills in sequence to refine a germ and starch 
stream from whole corn.  ICM has recently agreed to have Crown Iron Works as 
their preferred technology provider.  
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 Poet-BFRAC / Satake Corp. – There are several ethanol facilities currently using 
Poet’s Bfrac system.  The resulting DDGS created from this system are marketed 
as Dakota Gold HP.  

 
 FWS Technologies – FWS Technologies is a Canadian based company that has 
developed and patented a dry fractionation system they call “FWS Fractionation 
System”.  
○ Yields: germ = 4.4 lbs/bu (8%); bran = 3.4 lbs/bu (6%); endosperm = 48.2 

lbs/bu (86%); DDGS = 12.5-13 lbs/bu 
○ Crude protein content of DDGS = 35-37%, fat content = 6.5%; ash = 3.8%; and 

NDF = 21% 
○ Starch loss = 5%; ethanol yield 2.66 gal/bu 
○ Capacity increase = 12% 
○ Capital cost ~ $10 million for a 57 mmgy ethanol facility 
○ Increased net income is estimated to be ~25¢/gal 

 
 
MOR Technology’s MOR Frac+ 

MOR Frac+ is promoted as a "second generation fractionation" process with the 
product separation and co-product quality advantages of wet fractionation 
technologies and the lower capital and operating costs typical of dry fractionation 
technologies. The process utilizes parts of MOR’s original dry separation technology 
at the front of the process and then uses various wet milling steps to further refine 
and separate the products.  In this way the original MOR technology is combined 
with Corn Value Products’ wet separation technology, HydroMilling.   
 
The company claims that rather than having to sell the “dirty germ” into the animal 
feed market and receive lower than typical DDGS prices, as is the concern with dry 
fractionation systems, their system produces a high quality germ that exceeds wet 
milling germ specifications (germ oil yield is 40-45%), which can be sold as food-
grade.  Additionally, the company claims that compared to the dry fractionation 
systems, their technology results in lower starch loss (less than 2%), near zero 
sugar loss, does not require additional water use, and requires fewer additional 
nutrients.  The DDGS produced also has a higher protein content (58+ %) than that 
produced from dry fractionation and even some wet fractionation systems. In 
comparison to wet fractionation systems, the company claims that their process 
produces a higher quality germ, uses less energy and water and requires less 
capital.  
 
The MOR system is 20-40% more expensive than the average fractionation system, 
at a cost of about $35 million for a 50 mmgy ethanol facility, but MOR claims that the 
payback period is shorter.  
 

 “In a recent analysis of a typical 55 mmgy plant operating over the past 
year, MOR’s fractionation design could have generated an additional $14 
million in net income over this span or an average of $0.28 per nameplate 
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gallon23.  Put another way, when ethanol sells for $1.60/gal, a producer’s 
breakeven price for corn may be close to $3.70/bu. With MOR’s system, 
however, the breakeven price is increased to $5.00/bu.” (Trade and 
Industry Development) 

 
MOR also offers an additional technology package whereby the CO2 produced from 
the ethanol facility is captured and converted to supercritical CO2, a solvent which is 
then used to remove the corn oil from the germ. As opposed to conventional 
supercritical processes, MOR Supercritical claims that their technology greatly 
reduces operating costs which have prevented other supercritical systems from 
replacing petrochemical extraction using hexane.  MOR Supercritical claims that 
their technology is energy efficient; automated, modular and scalable; has a small 
environmental footprint (1/6 of a typical solvent extraction plant); produces safe, 
solvent-free, non-degraded, high-quality products including un-degraded meal with 
high protein digestibility; and has an accompanying refining technology to extract 
and refine the oil in one step. 
 
MOR states that the $0.28/gal increase in profit generated from using MOR’s 
fractionation system could be increased by an additional $0.10/gal as food markets 
are maximized and the CO2 oil extraction process is added.  
 
According to an April 2009 article in Ethanol Producer Magazine, “MOR Technology 
doesn’t have its patent-pending system installed in any ethanol plants yet, but the 
company has a pilot fractionation plant in the SEMO Mill in Scott City, MO.  
 
 

4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to front-end fractionation technology development for the Minnesota corn industry.  
 

                                            
23 MOR claims that this 28 cent/gallon estimate is based off of fairly conservative values for co-
products, “recognizing that some are newer and it may take time to establish values (Ethanol 
Producer Magazine, April 2009). 
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Table 16: SWOT – Front-End Fractionation 

Strengths 
 Large market potential  
o Size of ethanol industry 
o Potential impact on ethanol 

margins 
 Strong institutional support 
 Certain individual technologies have 

already been proven at commercial 
scale.  

 Increases plant throughput/capacity 
 Reduces greenhouse gas emissions 
 Under the RFS as amended in 2007, 

this technology would help new or 
expanding ethanol facilities meet 
greenhouse gas reduction 
requirements. 

 Risk mitigation 
o More than two revenue sources 
o Increased flexibility 

 Corn oil is favored relative to other 
oils in certain foods as it does not 
require partial hydrogenation which 
results in trans fats. 

Weaknesses 
 Depending on the individual 

technology, capital costs could be 
17-70 ¢/gal. 

 Reduced yield due to starch loss – 
more so with dry than wet 
fractionation technologies 

 With dry fractionation – “dirty germ” 
may become a problem – extraction 
facilities don’t want it and on-site 
extraction costs can be 
uneconomical. 

 Need to find an oil extraction facility 
to extract the oil. 

 If oil is extracted on site - oil 
marketing issues may arise. 

 Greater marketing capabilities are 
required to handle multiple product 
streams – weakness for facilities 
lacking such skills or opportunities. 

Opportunities 
 High vegetable oil prices 
 There is still room for process 

improvements 
 There are several developments 

being made regarding new uses for 
fiber. 

 A cap and trade system would 
further improve process economics. 

 If EPA grants an allowance for an 
ethanol blending up to 15%, ethanol 
production has room to increase. 

 Growing vegetable oil demand 
stemming from population growth 
and biodiesel industry. 

 Benefit for facilities with the greater 
marketing capabilities required to 
handle multiple product streams. 

 Technology offers a potential 
advantage for existing ethanol 
producers – helps keep existing 
infrastructure investments profitable.  

Threats 
 Low vegetable oil prices 
 Tight capital markets 
 If the EPA does not grant an 

allowance for an ethanol blending 
rate of up to 15%, ethanol production 
volumes will be constrained by the 
current 10% “blend wall.” 

 If all ethanol facilities incorporated 
the technology, co-product values 
will be depressed. 

 High protein, low fiber, low fat DDGS 
may not be valued at a premium to 
traditional DDGS, particularly in 
monogastrics.   
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F.  3-Hydroxypropionic Acid (3-HPA) 
 

1. Product/Technology Overview 
 
3-Hydroxypropionic acid (3-HPA) is a building block chemical that can be used to 
produce many other commodity and specialty chemicals used in a wide array of 
product applications, including solvents, plastics and moldings, fibers and resins, 
composites, adhesives, coatings, aliphatic polyesters and copolyesters and 
disinfectants.  One of the most promising aspects of this building block chemical is 
not only the current petrochemical markets which it could potentially replace, but 
also the new and unique chemical properties it would bring to the market.  Given its 
potential, it was identified by the U.S. DOE in 2004 as one of the top 12 chemicals 
from biomass sugars and syngas. 
 
Unlike some of the other building block chemicals, there are no petrochemical 
production routes to 3-HPA. However, many of the derivative chemicals that can be 
produced from 3-HPA are now commercially produced from fossil fuel feedstocks.  
3-HPA can be converted into a variety of high-value chemicals, including acrylic 
acid, 1,3-propanediol, malonic acid, acrylamide, methyl acrylate, acrylonitrile, 
propiolactone, and ethyl 3-HPA.  Table 17 provides an overview of potential 
derivatives and applications of 3-HPA, as well as the companies/institutions involved 
in its development.  
 

Table 17: 3-HPA – Derivatives, Applications, and Institutions/Companies 
Involved 

Derivatives 1 Applications/End Uses1 

(Product and Derivatives) 
Institutions/Companies 

Involved1 

- 1,3-Propanediol 
- Acrylic Acid 
- Methyl Acrylate 
- Acrylamide 
- Malonic Acid 
- Ethyl 3-HP 
- Propiolactone 
- - Acrylonitrile 

- Solvents 
- Plastics and moldings 
- Fibers and resins  
- Composites 
- Adhesives  
- Laminates, floor polishes, paints 

and coatings 
- Aliphatic polyesters and 

copolyesters 
- Wastewater treatment, gel 

electrophoresis, papermaking, ore 
processing, and the manufacture 
of permanent press fabrics. 

- Vitamins 
- - Disinfectant; has been used to 

sterilize blood plasma, vaccines, 
tissue grafts, surgical instruments, 
and enzymes. 

- Cargill2 
- Codexis 
- Pacific Northwest National 

Laboratory 
- Novozymes 
- U.S. Department of Energy 
- Quingdao Institute of 

Biomass Energy and 
Bioprocess Technology 
(China) 

- - Perstorp 

Source: Informa Economics 
1/ Not an exhaustive list 
2/ Recently, Cargill has said that they have decided not to further pursue the development of 3-HPA 
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2. Market Potential 

 
The market potential for 3-HPA lies in the numerous applications for which its 
derivatives can be used.  Acrylic acid is the derivative that is currently receiving the 
most attention, as it is a high value, high volume chemical used in a wide array of 
products, such as plastics, fibers, coatings, adhesives, paints, and superabsorbent 
polymers24.  Currently, acrylic acid is primarily produced by oxidation of propylene, a 
petrochemical feedstock.  The acrylic acid market is approximately 3 million metric 
tons25, with almost half of this going toward the production of glacial acrylic acid for 
superabsorbents, which is largely used to produce personal care items such as 
diapers (more than 1 million tons annually)26.  Additionally, the acrylic acid market 
grows approximately 4% per year26.  According ICIS Pricing, the August 2008 acrylic 
acid price was $1.10-1.15/lb. 
 
According to an August 2008 ICIS market report, the acrylic acid market is growing 
at an average annual rate of 3.4% (2002-2007).  The report also stated that 55% of 
the acylic acid is used to produce acrylate esters, which are used primarily in 
architectural and industrial coatings, but also in adhesives, paper and leather 
coatings, polishes, carpet backing compounds, and tablet coatings.  Forty-two 
percent of the acrylic acid produced is used to make polyacrylic acid and salts, with 
approximately 83% of this being used to make superabsorbents (ICIS).  However, 
according to their market report, this market is now saturated.  Yet, they identified 
“soaker pads” used in food packaging for poultry, meat, fish, fruits and vegetables as 
a new market application.   
 
Acrylamide is another derivative that can be produced from 3-HPA.  Acrylamide, 
which is classified as a resin, is used to synthesize polyacrylamides which are used 
as water-soluble thickeners.  Applications include: wastewater treatment, gel 
electrophoresis, papermaking, ore processing, and the manufacture of permanent 
press fabrics.  According to a 2003 report by the DOE, cited on the Wisconsin 
Biorefining Development Initiative’s website, the market for acrylamide derivatives 
(e.g., polyacrylamide, styrenebutadiene latex, acrylic resins, and other comonomers) 
is 206 million pounds per year, at a market price of $1.76-1.86/lb.   

 
 

3. Profiles - Companies & Research Institutions 
 
Cargill, Codexis, Pacific Northwest National Laboratory and Novozymes 
Cargill, along with Codexis and the Pacific Northwest National Laboratory (PNNL), 
have developed a bioprocess to produce 3-HPA which converts glucose or other 
carbohydrate sources into 3-HPA using a multi-step enzymatic reaction within the 

                                            
24 Superabsorbent polymers were mentioned as a large potential market for starch derived products 
during an interview with USDA, Agricultural Research Service.  
25 2005 acrylic acid market estimates ranged from 2.99 million MT (DOE) to 3.1 million MT (Cargill). 
26 Source: Cargill. January 14, 2008 press release 
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cells of a microorganism.  Cargill already has patents related to its biobased 3-HPA 
production process.  
 
In early 2008, Cargill announced a joint agreement with Novozymes to develop 
technology enabling the production of acrylic acid via 3-HPA, supported by a $1.5 
million matching cooperative agreement from the DOE.  At the time of the 
announcement, the companies said they expected their technology to produce 3-
HPA and its derivatives, such as acrylic acid, to be ready in 5 years (2013).   
 
According to a 2005 DOE presentation, acrylic acid production via this biochemical 
route could result in an advantage of more than 5 ¢/lb over propylene oxidation for a 
Midwest plant (West Texas Intermediate crude oil 2005 average = $56.5/bbl).  
 
However, according to an interview with Bill Brady, director of media relations for 
Cargill, the company has recently decided not to further pursue the development of 
3-HPA.  According to Brady, this decision was not a result of recent economic 
conditions, nor a reflection on 3-HPA’s market potential, but rather, they did not feel 
that given their core area of expertise that they would be able to bring the technology 
to commercialization within a reasonable time frame.  Such a response may indicate 
that this product/technology may be more of long term prospect.  
 
Perstorp 
According to Chemical and Engineering News, Perstorp, a Swedish based specialty 
chemical firm, has a five year project to study the manufacture of natural raw-
materials based 3-HPA.  
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4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to 3-HPA technology development for the Minnesota corn industry.  
 

Table 18: SWOT – 3-Hydroxypropionic Acid 

Strengths 
 Large market potential 
 Technology to develop 3-HPA 

already exists.  
 Green process that provides an 

alternative to petrochemicals 
 

Weaknesses 
 The largest source of institutional 

support behind 3-HPA has recently 
decided not to further pursue its 
development. There is no word yet if 
their partners, Novozymes or PNNL, 
will continue.  

 Technology to develop derivatives 
from 3-HPA is still being developed.  

 Not yet proven at a commercial 
scale. 

 Benefits from this technology are not 
limited to corn; other sugar 
feedstocks can also be utilized – will 
depend on regional economics. 

Opportunities 
 High crude oil prices 
 Might be an opportunity for a 

company/institution to further build 
upon the intellectual foundation 
already established by Cargill.  

 In addition to acrylic acid, other high 
value, high volume chemical 
derivatives could also be developed.  

 First mover advantage allows early 
market entrants the opportunity to 
capture premium prices in higher 
value-added markets. 

  “Green product” marketability for 
chemical product applications (e.g., 
solvents) – may command small 
premium in niche markets/products. 

 Biobased products could help meet 
LEED certification requirements. 

 Growing world demand for plastics 
and other biobased products. 

 Biobased products may qualify for 
the USDA BioPreferred program. 

Threats 
 Low crude oil prices 
 High feedstock costs 
 Biobased 1,3-propanediol is already 

produced at a commercial scale.  It is 
unclear as to whether its production 
via 3-HPA could be economically 
viable in the future.  

 Tight capital markets 
 Cargill may be unwilling to share 

intellectual property – outside 
company/institution would have to 
“reinvent the wheel.” 

 Favorable economic competitiveness 
of non-corn based 3-HPA. 
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G. Succinic Acid 
 

1. Product/Technology Overview 
 
Succinic acid is a building block chemical that can be used to produce many other 
commodity and specialty chemicals used in a wide array of product applications, 
including solvents, coatings, adhesives, plastics, fibers, lubricating oils, diesel fuel 
oxygenates, personal care products and cosmetics (see Table 19). While succinic 
acid is currently commercially produced via petrochemical production routes in small 
quantities, biobased production routes are currently being developed by numerous 
companies and research institutions.  If a technology is developed and proven at 
commercial scale to produce biobased succinic acid that is cost competitive with 
similarly functioning petrochemicals, the potential world market for this four carbon 
dicarboxylic acid is in excess of $1 billion per year.   
 
In addition to the many market applications for which succinic acid and its derivative 
chemicals can be applied, another promising attribute is that its production requires 
CO2, leading to what some claim to be as a carbon negative process.  While there 
are various renditions of possible succinic acid biorefinery concepts, Figure 22 
illustrates one such concept.  Biobased succinic acid is produced by converting the 
glucose and/or five carbon sugars from a variety of possible feedstocks, including 
corn, using a specific succinic acid fermenting microorganism and CO2. Once 
succinic acid is produced, a variety of other chemicals can then be derived, each 
with their own list of potential market applications. 
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Table 19: Succinic Acid – Derivatives, Applications, and 
Institutions/Companies Involved 

Derivatives 1 Applications/End Uses1 

(Product and Derivatives) 
Institutions/Companies 

Involved1 

- 1,4-Butanediol 
(BDO) 

- Tetrahydrofuran 
(THF) 

- γ-Butyrolactone 
(GBL) 

- 2-Pyrrolidinone 
- N-Methyl 

Pyrrolidone (NMP) 
- Polytetra-

methylene Glycol 
(PTMG) 

- Poly-Butylene 
Succinate (PBS) 

- Diethyl and 
Dimethyl 
Succinate 
(Succinic Acid + 
Ethanol/Methanol) 

- Solvents 
- Food ingredients, flavors 
- Plastics and elastic fibers, 

including Nylon-4,6; films, sheets, 
filaments, laminates, molded 
foam products, and injection-
molded products 

- Paints and coatings, including as 
a resin solvent in wood stains and 
varnishes 

- Lubricating oils, engine coolants 
and deicers 

- Diesel fuel oxygenates 
- Personal care products and 

cosmetics 
- Detergents, air fresheners and 

household cleaners 
- Automotive and industrial 

cleaners 
- Paint strippers and graffiti 

removers 
- Chemical intermediate for 

herbicides, insecticides and 
fungicides 

- Agro Industrie Recherches et 
Développments (ARD), 
France 

- DNP Green Technology 
- Bioamber (JV: DNP and 

ARD) 
- US Department of Energy 
- National Research Council of 

Canada Biotechnology 
Research Institute 

- Rice University 
- Roquette and DSM 
- University of Georgia 
- Toyota Tsusho Company, 

Japan (shareholder of 
Bioamber) 

- Michigan State University, 
Michigan Biotechnology 
Institute 

- BioEnergy International 
(Myriant Technologies) 

- Mitsubishi Chemical 
Corporation 

Source: Informa Economics 
1/ Not an exhaustive list 

Figure 22: Succinic Acid Biorefinery Concept 
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2. Market Potential 

 
The potential of succinic acid has been recognized by many countries and was 
identified by the DOE in 2004 as one of the top 12 chemicals from biomass sugars.  
Furthermore, this chemical can be used to produce other top 12 chemicals.   
 
Succinic acid is currently commercially produced via petrochemical feedstocks (e.g., 
n-butane via maleic anhydride).  Worldwide market estimates for the current succinic 
acid market vary widely, from 15,000 MT/yr to 50,000 MT/year. Yet, while estimates 
of the current market size vary from one source to another, industry representatives 
consistently agree that the potential for this market is much larger.   

 In a 2007 article in Biomass Magazine, Susanne Kleff, a senior scientist for 
MBI International, stated that the market potential for biobased succinic acid 
was well over 100 times its current market of 15,000 MT/year.   

 A 2008 USDA report, “U.S. Biobased Products Market Potential and 
Projections Through 2025,” which Informa and MBI International were 
involved in writing, stated that the succinic acid market could “easily exceed 
$1 billion per year by 2015.”  

 Dilum Dunuwila, vice president for business development at Bioamber, a 
biobased succinic acid technology developer, believes that succinic acid 
could potentially become a $50-70 billion market in 10-20 years.  

 According to the website of BioEnergy International, another biobased 
succinic acid technology developer (which has recently formed Myriant 
Technologies to develop biobased products), the total immediate addressable 
market for succinic acid is in excess of $7.2 billion. 

 
Current petrochemical production processes for succinic acid and its derivatives are 
not cost competitive with other petrochemicals, and thus, succinic acid is currently a 
high cost chemical that serves only in niche market applications.  However, if a cost 
competitive biobased production route for succinic acid were developed, succinic 
acid could potentially serve as a replacement or partial replacement for many 
petrochemicals currently on the market.  One such chemical in which succinic acid 
could potentially serve as a partial replacement is maleic anhydride, a chemical with 
a current global market of about 1.65 million tons (Kleff, 2007).  However, succinic 
acid is not suitable for all maleic anhydride applications.  Succinic acid could also 
serve as a potential replacement for other petrochemicals, including 1,4-butanediol 
(BDO), a chemical with a 1.2 -1.4 million MT/yr market, as well as adipic acid, a 2.4-
2.8 million MT/yr market (Dunuwila, personal communication).  Other derivative 
markets include tetrahydrofuran (THF), γ-butyrolactone (GBL), 2-pyrrolidinone, N-
methyl pyrrolidone (NMP), polytetramethylene glycol (PTMG), poly-butylene 
succinate (PBS), and diethyl and dimethyl succinate (succinic acid + 
ethanol/methanol).  Potential market applications for these chemicals include, but 
are not limited to, solvents, coatings, adhesives, plastics, fibers, lubricating oils, 
diesel fuel oxygenates, personal care products and cosmetics (see Table 19).   
 



Top 8 Corn Products/Technologies: Page 101 

© 

 

            AURI Corn Report 

 
3. Profiles - Companies & Research Institutions 

 
There are several companies and research institutions currently developing 
biobased production routes to produce succinic acid and its derivatives from a 
variety of renewable feedstocks containing sugar (see Table 19).  The majority of the 
research focus has been concentrated on developing higher yielding 
microorganisms.  Yet, there has also been significant effort directed toward reducing 
downstream processing costs.  Many of the succinic acid producing microorganisms 
produce at least some quantity of by-products (e.g., acetic acid, formic acid, lactic 
acid and pyruvic acid) that must be removed/separated from the succinic acid.  In a 
2008 literature review of succinic acid, Bechthold et al. stated that the “downstream 
purification cost for fermentation-based processes normally amounts to more than 
60% of the total production costs.”  
 
DNP Green Technology and ARD - Bioamber 
DNP Green Technology has partnered with Agro Industrie Recherches et 
Développments (ARD) to form Bioamber, with Toyota Tsusho Corporation as a 
strategic shareholder.  The company also has ongoing relationships with the DOE, 
Oak Ridge National Laboratories, Michigan State University, and Biotechnology 
Research Institute of Montreal.  Bioamber is using a strain of E. coli developed by 
the DOE in the mid 1990s and has developed a technology for the separation and 
purification of succinic acid.  The current strain of E.coli can be used to produce 
succinic acid from glucose and 5-carbon sugars.  Additionally, if cellulosic ethanol 
technologies are developed to where 6-carbon sugars from wood chips can be 
economically produced, the E.coli strain will be able to use this sugar form as well.  
However, sucrose must first be hydrolyzed before it can be utilized.   
 
Bioamber claims to be the “first company to successfully develop a commercially 
viable technology for the production of succinic acid by fermentation of various 
renewable feedstocks,” claiming to be 2-3 years ahead of their competition.  
According to Dunuwila, Bioamber’s succinic acid technology is cost competitive with 
petrochemically produced succinic acid, and is close to being competitive with 
petrochemical alternatives at $65/barrel crude oil, at the demonstration scale.  The 
company currently has a pilot facility in France and construction of its 2,000 MT/yr, 
$27 million demonstration facility is already underway.  The facility will be integrated 
with a wheat refinery for glucose, utilities, and waste handling and can utilize CO2 
from the 90 mmgy ethanol plant and hydrolyzed sucrose from the sugar beet plant 
from the existing biorefinery in Pomacle, France.  Production from this facility is 
expected to come online in the fall of 2009.  Bioamber intends to license out its 1st 
turn-key solution packages in 2010 and claims that commercial-scale biobased 
succinic acid production will be reached in 2011/2012.  In terms of what feedstock 
will be used – whichever sugar source is most economical – the company is taking a 
regional approach.   
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The company’s development efforts are currently focusing on improving their current 
technology through yield improvements and through purification improvements, as 
well as developing direct fermentation routes to succinic acid derivatives.  Recently, 
as of May of 2009, DNP announced a scientific agreement with the National 
Research Council of Canada Biotechnology Research Institute (NRC-BRI) to 
develop a second-generation microorganism for biobased succinic acid production.  
 
Roquette and DSM – SUCCINIUM Project 
Roquette and its partner DSM are also focused on commercializing a biobased 
succinic acid production process.  Roquette and DSM have announced the 
SUCCINIUM project under the BioHub program.  BioHub, which is subsidized by 
OSEO Innovation, is a development program of new cereal bio-refineries led by 
Roquette and seven other industrial partners: Arkema Chemists (France), DSM 
(Netherlands), Solvay (Belgium), Cognis (Germany), the road designer Eurovia 
(Vinci group), the company Sidel (specializes in bottling systems of polymers), and 
Tergal Industries (producer of polyethylene terephthalate).  The SUCCINIUM project 
is related to the production of biosourced succinic acid by fermentation.  Roquette 
has obtained rights to an E. coli strain developed by Rice University which claims a 
succinic acid yield close to maximum theoretical yields.  Additionally, the company 
has licensed a succinic acid production technology using mircroorganisms from the 
University of Georgia.  The company plans to have a demonstration plant in France 
of several hundred MT/yr operational by the end of 2009, and expects to reach large 
scale production by 2011/2012.  
 
BioEnergy International 
BioEnergy International, which has recently announced the formation of Myriant 
Technologies to house their biobased chemicals business and related intellectual 
property, has developed a biocatalyst to manufacture succinic acid.  The company 
claims that its proprietary technology enables the derivation of five other DOE top 12 
chemicals.  According to the company’s website, the company plans to begin 
commercial scale production of succinic acid in early 2010.  However, according to 
2008 company presentations, the technology appears to be 3-6 years away from 
commercialization.  More detailed information was unavailable.  
 
 

4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to succinic acid technology development for the Minnesota corn industry.  
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Table 20: SWOT – Succinic Acid 

Strengths 
 Very large market potential 
 The process consumes CO2 
 Green process that provides an 

alternative to petrochemicals 
 Economics are such that biobased 

succinic acid is close to being 
competitive with petrochemical 
alternatives when crude oil is 
~$65/barrel.  

 Fermenting microorganisms can 
utilize 5 carbon sugars as well as 
glucose.  

 

Weaknesses 
 Not yet proven at a commercial scale 
→ expected to approach commercial 
scale production in 2011/2012.  

 High downstream processing costs – 
purification and separation of 
succinic acid and process by-
products. 

 Not all of the derivatives can be 
produced from succinic acid at a cost 
that is competitive with petrochemical 
alternatives 

 High capital cost requirements 
 Distance from traditional chemical 

industry – infrastructure, 
knowledgeable personnel, and 
potential investors. 

 Benefits from this technology are not 
limited to corn; other sugar 
feedstocks can also be utilized – will 
depend on regional economics. 
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Opportunities 
 High crude oil prices 
 Ability to co-locate with current corn 

processing facilities, including 
ethanol plants. 

 First mover-advantage allows early 
market entrants the opportunity to 
capture premium prices in higher 
value-added markets. 

 Technology is at an early stage of 
commercialization with opportunities 
for process improvements. 

 A cap-and-trade system would 
improve process economics. 

 “Green product” marketability – may 
command small premium in niche 
markets  

 The development of cellulosic 
ethanol technologies can provide 
additional sugar streams for succinic 
acid production. 

 Biobased products could help meet 
LEED certification requirements. 

 Growing world demand for plastics 
and other biobased products. 

 Biobased products may qualify for 
the USDA BioPreferred program. 

Threats 
 Low crude oil prices 
 High feedstock costs 
 Tight capital markets  
 Favorable economic competitiveness 

of non-corn based succinic acid. 
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H. Zein Extraction 
 

1. Product/Technology Overview 
 
Various processes have been developed to extract zein protein from corn and corn 
by-products (e.g., DDGS).  Zein is a high-value protein which can be used in a wide 
range of applications. Zein is not used extensively in human food products, despite 
being edible, due to its negative nitrogen balance and poor water solubility. 
However, this insolubility is what makes zein and its resins form tough, glossy, 
hydrophobic grease proof coatings that are resistant to microorganisms, heat and 
humidity.   
 
Applications include:  
- Specialty coatings for pharmaceutical tablets, candies, nuts, and paper products 

(e.g., glossy magazines) – serves as a water barrier 
- Chewing gum 
- Adhesives and binders 
- Printing ink 
- Cosmetics 
- Fibers and textiles 
- Paints and varnishes 
- Resins and biodegradable plastics 
- Edible moisture barrier on fruits and vegetables to extend shelf life 
- Food coatings that reduce fat absorption 
- Edible hay bale wrappers 
- Used to mimic fat to replace 50-100% of the fat in mayonnaise, ice cream, and 

spreads. 
- High-value bio-medical applications (e.g. tissue scaffolding used for skin 

regeneration).  Because it is of plant origin and not animal, there is less concern 
of disease or virus issues. Only the high purity zein can be used for these 
applications. 

 
Currently, zein can be extracted from corn gluten meal, a by-product of the wet 
milling process.  However, current extraction and purification technologies are such 
that the price of zein limits current market applications.  However, there are several 
technology companies/institutions currently working to lower extraction and 
purification costs.  
 
Approximately 75% of the proteins in corn are found within the endosperm (portion 
of the corn kernel that contains the starch used to make ethanol), and zein is the 
main protein within corn, accounting for 40-50% of the total corn protein.  The zein 
protein can be extracted from the corn prior to fermentation or from the resulting 
DDGS co-product.  The different companies/institutions pursuing the development of 
zein extraction technologies have varying approaches as to whether it is more 
economical for the dry grind ethanol facility to extract the zein prior to fermentation 
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or from the DDGS at the back-end of the process.  Each of their technologies and 
approaches are profiled in section IV.H.3.   
 
In addition to zein extraction, most of these processes also extract corn oil, and 
some processes are integrated fractionation technologies which combine the zein 
extraction technology with other corn fractionation technologies, thus producing a 
whole suite of co-products, including corn oil, bran/fiber, zein proteins, and ethanol.  
The combined value of these products is higher than the value of the DDGS 
produced from a typical dry grind ethanol facility.   
 
 

2. Market Potential 
 
Zein is currently a high value product.  According to zein extraction technology 
developer, Cheryan Munir of the University of Illinois, the current cost of purified zein 
is $9-32/lb.  Another technology developer based in the Netherlands quoted zein 
prices in a June 2009 presentation at $4.54-18.14/lb, and a U.S. technology 
developer (Bio Process Innovations) is using a price of $7/lb in its own economic 
analysis.  All sources note that this price range depends largely on the purity of the 
zein protein, and that at these current prices, it is uneconomical for the use in many 
market applications, such as biodegradable plastics.  Prices would likely come down 
toward the bottom end of the range if large-scale zein extraction at dry-mill began to 
take place.  
 
However, current zein prices, even at the low end, provide significant economic 
incentive for technology developers to create an economically viable process that 
corn-to-ethanol facilities can use to extract zein from corn or from DDGS.  According 
to Bio Process Innovations, the yield of zein proteins from their process is 0.8 lbs/bu.  
At a zein price of $7/lb, an ethanol price of $1.55/gal, and a ethanol yield of 2.7 
gal/bu, the revenues from zein exceed that of ethanol, and most certainly 
compensate for any loss in DDGS revenue (see Table 21).   
 

Table 21: Comparison of Potential Zein, Ethanol, and DDGS Revenues 

Product
 Gross 

Revenue 
Zein Protein* 7 $/lb 0.8 lbs/bu 5.60$      
Ethanol 1.55 $/gal 2.7 gal/bu 4.19$      
DDG 125 $/ton 17 lbs/bu 1.06$      
*Yield and price - Bio Process Innovations

Price Yield

 
 
The big question is cost.  While a December 2008 article in Ethanol Producer 
Magazine stated that there is currently no cost-effective way to recover and purify 
zein protein, there are several companies and research institutions working to 
develop technologies to bring these extraction and purification costs down.   
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3. Profiles - Companies & Research Institutions 
 
University of Nebraska, Lincoln 
University of Nebraska, Lincoln has patented a process to extract and isolate zein 
and oil (if desired) from DDGS or corn using an acidic extraction solution.  While 
either cereal grains or cereal grain by-products can be utilized, technology 
developers argue that using by-products is a less expensive production method.  
The zein obtained from this process is said to be suitable for fibers, films, and 
binders in paints.  They also claim that their new acidic extraction technique 
improves the quality of the zein product. 
 
Purdue University  
Purdue University has patented a technology which uses alcohol to extract the zein 
and oil from the corn prior to fermentation.  Then, the insoluble bran fiber and gluten 
meal are separated out before the remaining solution of starch and sugars is 
fermented into ethanol.  Developers claim that the process uses 1/3 less water than 
traditional dry grind ethanol plants and produces no wastewater streams, while 
increasing ethanol yields and reducing throughput time.  They also claim that the 
process reduces operational costs compared to a traditional ethanol plant.  
 
Prairie Gold / University of Illinois 
Prairie Gold is the developing and commercializing company for a corn oil and 
protein extraction process (COPE) developed by the University of Illinois which uses 
ethanol to extract oil and zein from corn prior to fermentation and then membrane 
technology to separate, isolate, and purify the zein.  This membrane technology also 
allows for the recycling of the ethanol solvent without substantial evaporation losses, 
which currently limit other zein extraction processes.  According to the extraction 
technology developer, Cheryan Munir, preliminary economic analysis shows a $2-
4/bu net income increase without any additional materials required (process requires 
corn and recyclable ethanol).  
 
Prairie Gold claims that because the zein has not been exposed to the steeping 
chemicals and processing steps used in wet corn milling, where it can be extracted 
from corn gluten meal, it is in a more “natural” state and has better functionality for 
certain applications. The process can produce several grades of zein ranging from 
50-90% protein (dry basis) and with varying amounts of color.   
 
The company has formed collaborations with KATZEN, an ethanol plant technology 
and design company, to integrate the process into dry grind ethanol plants.  
 
According to Munir, the insolubility of zein proteins limit their functionality in human 
food products.  However, the University of Illinois has developed a unique two phase 
process involving an organic phase enzyme reaction followed by an aqueous phase 
enzyme reaction to improve the water solubility of zein proteins from 0-99%.  
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USDA, ARS / Global Protein Products 
The USDA, ARS is also working to develop cost efficient methods to extract and 
purify zein from corn and corn by-products, as well as investigating new uses for 
zein. Recently, ARS researcher, David Sessa, has developed a cost effective 
method to purify zein.  Global Protein Products, which currently sells zein protein 
products, plans to use this process, taking it from pilot to commercial scale.  The 
company notes that there is industrial demand for the product.   
 
Prior to this ARS process, activated carbons were used to bind and trap the 
compounds causing zein’s color and odor (limiting its use in a variety of products, 
including biomedicines).  However, this process results in a 37% to 95% loss in zein, 
thereby making purified zein very costly.  ARS’s process uses zeolites, silicate, or 
clay-based particles to act as molecular sieves, reducing loss to 25%.  
 
Iowa State University 
Iowa State University has evaluated aqueous ethanol, alkaline-ethanol, and aqueous 
enzyme treatment methods for extracting oil and protein from distillers grains. Study 
results indicated that enzymatic and alkaline-ethanol extraction methods were 
equally effective, while the basic alcohol extraction method was less effective.  
 
Zea Fuels 
Netherlands based Zea Fuels is working to improve small scale bioenergy solutions 
with their ethanol and biogas system that isolates zein proteins using a proprietary 
process.  Lab studies indicate that their process can reduce the price of zein more 
than 400%, going from €5-45/kg to €1-5/kg. 
 
Bio Process Innovation, Inc 
Bio Process Innovation, Inc (BPI) is marketing a technology they refer to as “High 
Value Corn” (HV Corn), whereby the corn germ is separated out using Cereal 
Process Technologies’ front-end fractionation system and then extracted using a 
proprietary recovery system. Then, proprietary processes are to used extract the 
zein from the endosperm.  In the end, their process produces six products: corn 
germ/oil, corn bran, zein proteins, nutritional proteins27, corn fiber, and ethanol.  
According to the company’s website the HV Corn process increases gross sales by 
a factor of nearly 3.  
 
BPI is currently working on two projects, one in Iowa and the other in Indiana.  
However, both are still in the capital raising stages.  
 
Figure 23 illustrates the concept of the HV Corn process, integrated with other 
proprietary processes.  
 

                                            
27 The residual non-soluble proteins that remain after extraction of zeins. 
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Figure 23: Bio Processing Innovation’s HV Corn Process 

 
Source: Bio Processing Innovations, Inc. 
 
 

4. SWOT 
 
The following is a summary of the strengths, weaknesses, opportunities and threats 
to zein extraction technology development for the Minnesota corn industry.  
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Table 22: SWOT – Zein Extraction 

Strengths 
 Moderate market potential 
o Strong potential impact on 

ethanol margins, particularly for 
1st movers 

 Moderate institutional support 
 High zein prices  
 Some claim that the process reduces 

wastewater  
 Some claim that the process 

increases ethanol yields and reduces 
throughput time 

Weaknesses 
 Loss of distillers grains revenues 
 High purification costs 
 Current economic feasibility is 

questionable. 
 Not yet proven at a commercial scale 

Opportunities 
 Technology offers a potential 

advantage for existing ethanol 
producers – helps keep already 
existing infrastructure investments 
profitable. 

 First mover-advantage allows early 
market entrants the opportunity to 
capture premium prices in higher 
value-added markets. 

 Technology is at an early stage of 
commercialization with opportunities 
for process improvements 

 Risk mitigation 
o More than two revenue sources 
o Increased flexibility 

 Development of front-end 
fractionation technology. 

 Could help provide an alternative use 
of distillers grains, particularly as 
distillers grains markets become 
saturated. 

 “Green product” marketability 
 Biobased products could help meet 

LEED certification requirements. 
 Growing world demand for plastics 

and other biobased products. 
 Biobased products may qualify for 

the USDA BioPreferred program. 
 If the EPA grants an allowance for an 

ethanol blending rate of up to 15%, 
this will facilitate an increase in 
ethanol production. 

Threats 
 Tight capital markets 
 If the EPA does not grant an 

allowance for an ethanol blending rate 
of up to 15%, ethanol production 
volumes will be constrained by the 
current 10% “blend wall.” 

 If a number of ethanol facilities 
incorporated the technology, zein 
values will decrease. 

 



A
pp

en
di

x 
A

: P
ag

e 
11

1 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

A
p

p
en

d
ix

 A
: 

 P
h

as
e 

I –
 C

o
rn

 P
ro

d
u

ct
s/

Te
ch

n
o

lo
g

ie
s 

 In
iti

al
ly

, 
m

or
e 

th
an

 
10

0 
“e

m
er

gi
ng

” 
co

rn
 

pr
od

uc
ts

 
an

d/
or

 
te

ch
no

lo
gi

es
 

w
er

e 
id

en
tif

ie
d.

 
 

T
hi

s 
ap

pe
nd

ix
 

lis
ts

 
th

e 
pr

od
uc

ts
/te

ch
no

lo
gi

es
 w

hi
ch

 w
er

e 
ea

ch
 r

ev
ie

w
ed

 b
as

ed
 o

n 
th

ei
r 

de
m

an
d/

m
ar

ke
t 

po
te

nt
ia

l, 
ec

on
om

ic
 f

ea
si

bi
lit

y,
 s

ta
ge

 o
f 

de
ve

lo
pm

en
t, 

an
d 

st
re

ng
th

 o
f 

in
st

itu
tio

na
l 

su
pp

or
t. 

 W
hi

le
 I

nf
or

m
a 

at
te

m
pt

ed
 t

o 
be

 a
s 

co
m

pl
et

e 
an

d 
as

 a
cc

ur
at

e 
as

 
po

ss
ib

le
 i

n 
its

 e
va

lu
at

io
n 

of
 e

ac
h 

of
 t

he
se

 p
ro

du
ct

s/
te

ch
no

lo
gi

es
, 

it 
is

 a
ck

no
w

le
dg

ed
 t

ha
t 

gi
ve

n 
th

e 
la

ck
 o

f 
pe

rf
ec

t 
in

fo
rm

at
io

n 
ab

ou
t 

al
l f

ou
r 

as
se

ss
m

en
t 

cr
ite

ria
 f

or
 a

ll 
10

0+
 p

ro
du

ct
s 

an
d 

te
ch

no
lo

gi
es

, 
so

m
e 

pr
od

uc
ts

 a
nd

/o
r 

te
ch

no
lo

gi
es

 
m

ay
 h

av
e 

be
en

 u
nd

er
/o

ve
r 

es
tim

at
ed

. 
 H

ow
ev

er
, 

th
ro

ug
h 

in
te

rv
ie

w
s 

w
ith

 in
du

st
ry

 e
xp

er
ts

, 
co

nf
irm

at
io

n 
w

as
 g

iv
en

 t
o 

fin
al

 
se

le
ct

io
ns

. 
 P

ro
du

ct
s/

te
ch

no
lo

gi
es

 p
re

se
nt

ed
 w

ith
in

 th
is

 s
ec

tio
n 

ar
e 

gr
ou

pe
d 

in
to

 th
e 

fo
llo

w
in

g 
ca

te
go

rie
s:

 
 

Im
pr

ov
in

g 
C

ur
re

nt
 E

th
an

ol
 P

ro
du

ct
io

n 
E

co
no

m
ic

s 
 

S
ec

on
d 

G
en

er
at

io
n 

B
io

fu
el

s 
 

 
V

al
ue

-A
dd

ed
 C

he
m

ic
al

s 
fr

om
 S

ug
ar

s 
 

N
ew

 U
se

s 
of

 C
or

n 
C

ob
s 

 
N

ew
 U

se
s 

of
 D

is
til

le
rs

 G
ra

in
s 

 
N

ew
 U

se
s 

of
 C

O
2 

 
Li

gn
in

 D
er

iv
ed

 P
ro

du
ct

s 
 

O
th

er
 N

ew
 C

or
n 

U
se

s/
P

ro
du

ct
s 

 
N

ew
 C

or
n 

V
ar

ie
tie

s 
D

es
ig

ne
d 

fo
r 

N
on

-F
ue

l A
pp

lic
at

io
ns

  
 It 

is
 n

ot
ed

 t
ha

t 
so

m
e 

pr
od

uc
ts

/te
ch

no
lo

gi
es

 m
ay

 a
pp

ly
 t

o 
m

or
e 

th
an

 o
ne

 c
at

eg
or

y,
 y

et
 t

he
y 

ar
e 

on
ly

 l
is

te
d 

on
ce

. 
 F

or
 

ex
am

pl
e,

 s
om

e 
of

 t
he

 t
ec

hn
ol

og
ie

s 
lis

te
d 

un
de

r 
“I

m
pr

ov
in

g 
C

ur
re

nt
 E

th
an

ol
 P

ro
du

ct
io

n 
E

co
no

m
ic

s”
 m

ay
 a

ls
o 

be
 a

pp
lie

d 
to

 c
el

lu
lo

si
c 

et
ha

no
l 

pr
od

uc
tio

n 
pr

oc
es

se
s;

 n
ew

 u
se

s 
of

 d
is

til
le

rs
 g

ra
in

s 
an

d 
ne

w
 u

se
s 

of
 C

O
2 

ca
n 

al
so

 b
e 

co
ns

id
er

ed
 

te
ch

no
lo

gi
es

 u
nd

er
 “

Im
pr

ov
in

g 
C

ur
re

nt
 E

th
an

ol
 P

ro
du

ct
io

n 
E

co
no

m
ic

s”
; 

lig
ni

n 
de

riv
ed

 p
ro

du
ct

s 
co

ul
d 

al
so

 b
e 

cl
as

si
fie

d 
as

 c
el

lu
lo

si
c 

et
ha

no
l 

te
ch

no
lo

gi
es

; 
an

d 
bu

ta
no

l 
is

 l
is

te
d 

un
de

r 
se

co
nd

 g
en

er
at

io
n 

bi
of

ue
ls

, 
bu

t 
is

 a
ls

o 
a 

“V
al

ue
-A

dd
ed

 
C

he
m

ic
al

 fr
om

 S
ug

ar
”.

   
 



A
pp

en
di

x 
A

: P
ag

e 
11

2 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

N
ot

e 
th

at
 th

e 
st

ag
e 

of
 d

ev
el

op
m

en
t w

as
 d

iv
id

ed
 in

to
 fo

ur
 d

is
tin

ct
 p

ha
se

s 
as

 s
ho

w
n 

in
 T

ab
le

 2
3.

 
 

T
ab

le
 2

3:
  D

ev
el

o
p

m
en

t 
S

ta
g

e 

W
el

l E
st

ab
lis

he
d

In
iti

al
   

C
om

m
er

ci
al

iz
at

io
n

E
ar

ly
 D

ev
el

op
m

en
t 

S
ta

ge
R

es
ea

rc
h/

   
   

  
C

on
ce

pt
ua

l S
ta

ge

 
 T
ab

le
 2

4:
 Im

p
ro

vi
n

g
 C

u
rr

en
t 

E
th

an
o

l P
ro

d
u

ct
io

n
 E

co
n

o
m

ic
s 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

F
ee

d
 S

to
ck

 P
re

p
ar

at
io

n
 T

ec
h

n
o

lo
g

ie
s 

(M
ill

in
g

, L
iq

u
ef

ac
ti

o
n

, a
n

d
 S

ac
ch

ar
if

ic
at

io
n

) 
  

S
ta

ti
c,

 H
yd

ro
d

yn
am

ic
 

C
av

it
at

io
n

 

A
 p

at
en

te
d 

pr
oc

es
s 

de
si

gn
ed

 to
 im

pr
ov

e 
et

ha
no

l p
ro

ce
ss

in
g 

ef
fic

ie
nc

y 
an

d 
yi

el
d.

 
T

he
 g

oa
l i

s 
to

 im
pr

ov
e 

st
ar

ch
 r

ec
ov

er
y 

by
 2

-5
%

. G
ra

in
 a

nd
 li

qu
id

 m
ed

iu
m

 fl
ow

s 
th

ro
ug

h 
a 

co
nt

ro
lle

d 
flo

w
 c

av
ita

tio
n 

ap
pa

ra
tu

s 
at

 a
 v

el
oc

ity
 c

ap
ab

le
 o

f g
en

er
at

in
g 

a 
hy

dr
od

yn
am

ic
 c

av
ita

tio
n 

zo
ne

 w
he

re
 th

e 
gr

ai
n 

si
ze

 c
an

 b
e 

re
du

ce
d.

 P
ow

er
fu

l 
ca

vi
ta

tio
n 

fo
rc

es
 fr

ac
tu

re
 th

e 
pa

rt
ic

le
s,

 r
es

ul
tin

g 
in

 h
ig

h 
su

rf
ac

e 
ar

ea
 d

is
pe

rs
io

ns
. 

T
hi

s 
hi

gh
 s

ur
fa

ce
 a

re
a 

ca
us

es
 fa

st
er

 h
yd

ro
ly

si
s 

fr
om

 s
ta

rc
h 

to
 s

ug
ar

.  
T

hi
s 

is
 a

 
co

nt
in

uo
us

 fl
ow

 p
ro

ce
ss

 w
hi

ch
 a

ny
 e

th
an

ol
 fa

ci
lit

y 
ca

n 
be

 r
et

ro
fit

te
d 

to
 in

cl
ud

e.
  

C
om

pa
ny

 c
la

im
s 

in
cl

ud
e:

 h
ig

h 
th

ro
ug

hp
ut

, a
cc

el
er

at
ed

 r
ea

ct
io

n 
tim

es
; h

ig
h 

ca
pa

ci
ty

, 
sm

al
l f

oo
tp

rin
t s

ys
te

m
 a

nd
 s

im
pl

ic
ity

 o
f d

es
ig

n;
 s

ca
la

bl
e 

sy
st

em
; e

ne
rg

y-
sa

vi
ng

s;
 

hi
gh

 c
on

ve
rs

io
n 

ef
fic

ie
nc

y;
 a

nd
 lo

w
er

 c
ap

ita
l, 

m
ai

nt
en

an
ce

, a
nd

 s
pa

re
 p

ar
t c

os
ts

. 

- 
A

ris
dy

ne
 S

ys
te

m
s,

 In
c.

 
(C

on
tr

ol
le

d 
F

lo
w

 C
av

ita
tio

n™
) 

- 
D

el
ta

-T
 

 

E
th

an
o

l R
ea

ct
o

r 
T

o
w

er
  

T
he

 e
th

an
ol

 r
ea

ct
or

 to
w

er
 (

E
R

T
) 

is
 p

os
iti

on
ed

 n
ex

t t
o 

th
e 

liq
ue

fa
ct

io
n 

ta
nk

 s
o 

th
at

 
th

e 
sl

ur
ry

 p
as

se
s 

th
ro

ug
h 

th
e 

E
R

T
 p

rio
r 

to
 li

qu
ef

ac
tio

n.
  H

ig
hl

y 
at

om
iz

ed
 s

te
am

 is
 

us
ed

 to
 c

au
se

 c
el

l d
is

ru
pt

io
n 

an
d 

to
 a

ct
iv

at
e 

m
or

e 
st

ar
ch

.  
T

hi
s 

de
cr

ea
se

s 
liq

ue
fa

ct
io

n 
tim

e 
an

d 
he

at
, r

ed
uc

es
 a

m
yl

as
e 

re
qu

ire
m

en
ts

 b
y 

20
-5

0%
, a

nd
 

ul
tim

at
el

y 
pr

od
uc

es
 a

 r
ep

or
te

d 
10

%
 h

ig
he

r 
et

ha
no

l y
ie

ld
. T

he
 c

om
pa

ny
 c

la
im

s 
th

at
 

th
e 

te
ch

no
lo

gy
 c

ou
ld

 a
m

ou
nt

 to
 a

 $
50

0,
00

0 
a 

ye
ar

 s
av

in
gs

.  

- 
P

ur
su

it 
D

yn
am

ic
s 

 

U
lt

ra
so

n
ic

 P
ro

ce
ss

 
T

he
 u

ltr
as

on
ic

 te
ch

no
lo

gy
 is

 a
pp

lie
d 

to
 th

e 
co

ok
ed

 c
or

n 
sl

ur
ry

, r
es

ul
tin

g 
in

 a
 m

or
e 

ef
fic

ie
nt

 b
re

ak
do

w
n 

of
 s

ta
rc

h 
an

d 
ul

tim
at

el
y 

hi
gh

er
 e

th
an

ol
 y

ie
ld

s.
 

- 
F

C
S

to
ne

 C
ar

bo
n 

LL
C

 
- 

Io
w

a 
S

ta
te

 U
ni

ve
rs

ity
 

 



A
pp

en
di

x 
A

: P
ag

e 
11

3 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

E
n

zy
m

e 
D

ev
el

o
p

m
en

t 
 

R
es

ea
rc

h 
is

 o
ng

oi
ng

 to
 fi

nd
 a

nd
 d

ev
el

op
 e

nz
ym

es
 fo

r 
liq

ue
fa

ct
io

n 
an

d 
sa

cc
ha

rif
ic

at
io

n 
w

ith
 s

im
ila

r 
op

tim
al

 te
m

pe
ra

tu
re

 a
nd

 p
H

 r
eq

ui
re

m
en

ts
, s

o 
as

 to
 

re
du

ce
 th

e 
co

st
 a

nd
 ti

m
e 

cu
rr

en
tly

 a
ss

oc
ia

te
d 

w
ith

 h
av

in
g 

to
 m

ak
e 

te
m

pe
ra

tu
re

 a
nd

 
pH

 a
dj

us
tm

en
ts

 b
et

w
ee

n 
th

e 
liq

ue
fa

ct
io

n 
st

ep
 a

nd
 th

e 
sa

cc
ha

rif
ic

at
io

n 
st

ep
, w

he
re

 
op

tim
al

 p
H

 a
nd

 te
m

pe
ra

tu
re

s 
di

ffe
r 

be
tw

ee
n 

am
yl

as
e 

an
d 

gl
uc

oa
m

yl
as

e.
   

- 
N

at
io

na
l R

es
ea

rc
h 

La
bo

ra
to

ry
 

fo
r 

F
un

ct
io

na
l F

oo
d 

C
ar

bo
hy

dr
at

e 
an

d 
C

en
te

r 
fo

r 
A

gr
ic

ul
tu

ra
l B

io
m

at
er

ia
ls

 
- 

S
eo

ul
 N

at
io

na
l U

ni
ve

rs
ity

 

 

G
ra

n
u

la
r 

S
ta

rc
h

 
H

yd
ro

ly
zi

n
g

 E
n

zy
m

es
 

(G
S

H
E

) 
 

G
S

H
E

s 
he

lp
 fe

rm
en

t s
ta

rc
h 

ev
en

 w
he

n 
it 

is
 s

til
l c

ry
st

al
lin

e 
in

 n
at

ur
e 

an
d 

re
du

ce
s 

th
e 

us
e 

of
 h

ea
t i

n 
th

e 
dr

y 
gr

in
d 

pr
oc

es
s.

 C
on

ve
rt

s 
th

e 
st

ar
ch

 w
ith

ou
t t

he
 "

co
ok

in
g"

 s
te

p,
 

th
us

 r
ed

uc
in

g 
en

er
gy

 c
on

su
m

pt
io

n.
  M

ay
 a

ls
o 

re
su

lt 
in

 h
ig

he
r 

et
ha

no
l y

ie
ld

s,
 

re
du

ce
s 

m
ic

ro
bi

al
 c

on
ta

m
in

at
io

n,
 a

nd
 lo

w
er

s 
en

zy
m

e 
re

qu
ire

m
en

ts
. 

- 
U

ni
ve

rs
ity

 o
f I

lli
no

is
 

- 
P

O
E

T
 (

B
P

X
™

 P
ro

ce
ss

) 
- 

G
en

en
co

r 
(S

ta
rg

en
) 

- 
N

ov
oz

ym
es

 

 

F
er

m
en

ta
ti

o
n

 T
ec

h
n

o
lo

g
ie

s 
 

H
ig

h
 S

p
ee

d
/L

o
w

 
E

ff
lu

en
t 

P
ro

ce
ss

 

A
 p

at
en

te
d 

pr
oc

es
s 

th
at

 a
llo

w
s 

ne
ar

 c
om

pl
et

e 
fe

rm
en

ta
tio

n 
of

 1
8-

25
%

 g
lu

co
se

 to
 

et
ha

no
l i

n 
4-

10
 h

ou
rs

 in
 c

on
tin

uo
us

 c
as

ca
de

 o
r 

co
ns

ec
ut

iv
e 

ba
tc

h 
m

od
e 

ov
er

 
ex

te
nd

ed
 p

er
io

ds
 o

f s
ev

er
al

 to
 m

an
y 

m
on

th
s.

  B
io

 P
ro

ce
ss

 In
no

va
tio

n 
cl

ai
m

s 
th

at
 

th
e 

pr
oc

es
s 

in
cr

ea
se

s 
th

e 
pr

od
uc

tiv
ity

 o
f f

er
m

en
te

rs
 b

y 
a 

fa
ct

or
 o

f 6
-1

0 
tim

es
 w

ith
ou

t 
re

so
rt

in
g 

to
 c

en
tr

ifu
ga

l c
el

l r
ec

yc
lin

g,
 it

 d
ec

re
as

es
 e

ffl
ue

nt
 s

til
la

ge
 b

y 
us

in
g 

a 
hi

gh
 

de
gr

ee
 o

f b
ac

ks
et

, d
ec

re
as

es
 n

ut
rie

nt
 n

ee
ds

/c
os

ts
, p

ro
du

ce
s 

a 
cl

ea
n 

'b
ee

r' 
to

 ta
ke

 
to

 th
e 

di
st

ill
at

io
n 

co
lu

m
n,

 p
ro

du
ce

s 
a 

cl
ea

n,
 h

ig
h 

de
ns

ity
 y

ea
st

 p
as

te
 b

y-
pr

od
uc

t w
ith

 
no

 n
ee

d 
fo

r 
ce

nt
rif

ug
es

, r
ed

uc
es

 w
as

te
 w

at
er

/c
le

an
in

g 
ch

em
ic

al
s 

by
 e

lim
in

at
in

g 
th

e 
ne

ed
 fo

r 
“c

le
an

in
g 

in
 p

la
ce

” 
(C

IP
) 

of
 fe

rm
en

te
rs

 b
et

w
ee

n 
ba

tc
he

s,
 r

ed
uc

es
 

op
er

at
or

/la
b 

la
bo

r 
as

 th
e 

pr
oc

es
s 

is
 e

as
ily

 a
ut

om
at

ed
, a

nd
 e

lim
in

at
es

 th
e 

ne
ed

 fo
r 

ye
as

t p
ur

ch
as

e/
pr

op
ag

at
io

n.
  

- 
B

io
 P

ro
ce

ss
 In

no
va

tio
n,

 In
c 

 

H
ig

h
 G

ra
vi

ty
 

F
er

m
en

ta
ti

o
n

 

A
n 

ex
pe

rim
en

ta
l t

ec
hn

ol
og

y 
th

at
 w

ou
ld

 a
llo

w
 fo

r 
hi

gh
er

 e
th

an
ol

 c
on

ce
nt

ra
tio

ns
 

du
rin

g 
th

e 
fe

rm
en

ta
tio

n 
pr

oc
es

s 
by

 u
si

ng
 a

 h
ig

hl
y 

co
nc

en
tr

at
ed

 m
as

h.
  T

hi
s 

pr
oc

es
s 

w
ou

ld
 lo

w
er

 th
e 

w
at

er
 r

eq
ui

re
d 

in
 th

e 
et

ha
no

l p
ro

du
ct

io
n 

pr
oc

es
s 

(u
p 

to
 5

9%
),

 w
hi

ch
 

in
 tu

rn
 r

ed
uc

es
 e

ne
rg

y 
co

st
s 

by
 4

%
 (

B
el

ch
er

, 2
00

5)
, a

s 
th

er
e 

is
 le

ss
 fl

ui
d 

to
 h

ea
t, 

co
ol

 a
nd

 d
is

til
l. 

 A
dd

iti
on

al
ly

 th
e 

pr
oc

es
s 

w
ou

ld
 in

cr
ea

se
 p

la
nt

 th
ro

ug
hp

ut
.  

T
es

ts
 

ha
ve

 s
ho

w
n 

in
cr

ea
se

d 
fe

rm
en

ta
tio

n 
yi

el
ds

, b
ut

 c
ha

lle
ng

es
 s

til
l e

xi
st

 in
 o

ve
rc

om
in

g 
to

le
ra

nc
e 

is
su

es
.  

 

- 
U

ni
ve

rs
ity

, T
iru

pa
ti,

 In
di

a 
- 

U
ni

ve
rs

ity
 o

f S
he

ffi
el

d,
 U

K
 

- 
T

ec
hn

ic
al

 U
ni

ve
rs

ity
 o

f 
D

en
m

ar
k 

- 
N

ov
oz

ym
es

 
- 

U
ni

ve
rs

ity
 o

f S
as

ka
tc

he
w

an
 

 

Y
ea

st
/B

ac
te

ri
a 

D
ev

el
o

p
m

en
ts

 
  

  
  

M
or

e 
T

ol
er

an
t 

Y
ea

st
 

R
es

ea
rc

h 
is

 o
ng

oi
ng

 to
 fi

nd
 o

r 
de

ve
lo

p 
ye

as
t s

tr
ai

ns
 w

ith
 im

pr
ov

ed
 to

le
ra

nc
e 

to
 

hi
gh

er
 te

m
pe

ra
tu

re
s,

 e
th

an
ol

, a
nd

 o
sm

ot
ic

 p
re

ss
ur

e.
  T

hi
s 

w
ou

ld
 a

llo
w

 fo
r 

fa
st

er
 

th
ro

ug
hp

ut
 v

ia
 fa

st
er

 r
ea

ct
io

n 
tim

es
 a

nd
  h

ig
he

r 
et

ha
no

l c
on

ce
nt

ra
tio

ns
 (

lim
iti

ng
 th

e 
to

xi
ci

ty
 is

su
e)

.  
It 

w
ou

ld
 a

ls
o 

re
du

ce
 c

on
ta

m
in

at
io

n 
is

su
es

.  
H

ow
ev

er
, h

ig
he

r 
te

m
pe

ra
tu

re
s 

m
ea

n 
in

cr
ea

se
d 

en
er

gy
 u

se
 a

nd
 in

cr
ea

se
d 

et
ha

no
l v

ap
or

iz
at

io
n.

  

- 
M

as
sa

ch
us

et
ts

 In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

- 
B

er
lin

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
- 

W
hi

te
he

ad
 In

st
itu

te
 fo

r 
B

io
m

ed
ic

al
 R

es
ea

rc
h 

 



A
pp

en
di

x 
A

: P
ag

e 
11

4 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

A
ra

bi
no

se
 Y

ea
st

  
N

R
E

L 
is

 w
or

ki
ng

 o
n 

de
si

gn
in

g 
un

iq
ue

 b
io

ca
ta

ly
st

s 
to

 fe
rm

en
t a

ra
bi

no
se

, a
 m

aj
or

 
co

m
po

ne
nt

 in
 th

e 
av

ai
la

bl
e 

su
ga

rs
 fr

om
 c

or
n 

fib
er

, a
 r

es
id

ue
 o

f t
he

 c
or

n-
to

-e
th

an
ol

 
pr

oc
es

s,
 in

to
 e

th
an

ol
.  

- 
N

R
E

L 
- 

N
C

G
A

 
- 

C
or

n 
R

ef
in

er
s 

A
ss

oc
ia

tio
n 

 

T
he

rm
op

hi
lic

 
B

ac
te

ria
 

R
es

ea
rc

h 
in

 o
ng

oi
ng

 to
 fi

nd
 a

 th
er

m
op

hi
lic

 (
he

at
 lo

vi
ng

) 
ba

ct
er

a 
to

 fe
rm

en
t t

he
 

su
ga

rs
 r

at
he

r 
th

an
 a

 y
ea

st
.  

T
hi

s 
w

ou
ld

 a
llo

w
 fo

r 
fe

rm
en

ta
tio

n 
to

 o
cc

ur
 a

t h
ig

he
r 

te
m

pe
ra

tu
re

s 
w

hi
ch

 w
ou

ld
 in

cr
ea

se
 p

la
nt

 th
ro

ug
hp

ut
 th

ro
ug

h 
fa

st
er

 r
ea

ct
io

n 
tim

e.
  

O
ne

 b
en

ef
it 

of
 b

ac
te

ria
 o

ve
r 

ye
as

t i
s 

th
at

 it
 is

 e
as

ie
r 

to
 g

en
et

ic
al

ly
 m

an
ip

ul
at

e.
  

H
ow

ev
er

, t
he

re
 a

re
 s

ev
er

al
 d

ra
w

ba
ck

s 
of

 u
si

ng
 b

ac
te

ria
, i

nc
lu

di
ng

 in
cr

ea
se

d 
by

-
pr

od
uc

t p
ro

du
ct

io
n,

 h
ig

he
r 

pH
 r

eq
ui

re
m

en
ts

, l
im

ite
d 

ra
ng

e 
of

 a
cc

ep
ta

bl
e 

fe
ed

 
su

ga
rs

, a
nd

 lo
w

 e
th

an
ol

 c
on

ce
nt

ra
tio

ns
. T

he
re

 a
re

 s
ev

er
al

 b
ac

te
ria

 s
tr

ai
ns

 th
at

 h
av

e 
be

en
 c

on
si

de
re

d,
 e

ac
h 

w
ith

 th
ei

r 
ow

n 
ad

va
nt

ag
es

 a
nd

 d
is

ad
va

nt
ag

es
.  

- 
D

ar
tm

ou
th

 C
ol

le
ge

 

 

Lo
w

er
 

T
em

pe
ra

tu
re

 
F

er
m

en
ta

tio
n 

- 
Y

ea
st

 

Lo
w

 te
m

pe
ra

tu
re

 fe
rm

en
ta

tio
n 

re
su

lts
 in

 lo
w

er
 e

ne
rg

y 
us

ag
e 

an
d 

lo
w

er
 e

th
an

ol
 

ev
ap

or
at

io
n;

 h
ow

ev
er

, w
ith

 th
e 

lo
w

er
 te

m
pe

ra
tu

re
s,

 r
ea

ct
io

n 
tim

es
 a

re
 s

lo
w

er
 a

nd
 

th
er

e 
is

 in
cr

ea
se

d 
ba

ct
er

ia
l c

on
ta

m
in

at
io

n.
  W

hi
le

 th
es

e 
pr

os
 a

nd
 c

on
s 

m
us

t b
e 

w
ei

gh
ed

 a
ga

in
st

 o
ne

 a
no

th
er

, t
he

re
 a

re
 r

es
ea

rc
h 

ef
fo

rt
s 

on
go

in
g 

to
 d

ev
el

op
 "

co
ld

 
lo

vi
ng

" 
ye

as
t s

tr
ai

ns
 w

ith
 im

pr
ov

ed
 p

er
fo

rm
an

ce
 in

 c
ol

d 
co

nd
iti

on
s 

ov
er

 tr
ad

iti
on

al
ly

 
us

ed
 y

ea
st

 s
tr

ai
ns

.  

- 
U

ni
ve

rs
ita

t R
ov

ira
 i 

V
irg

ili
 

(S
pa

in
) 

 

Y
ea

st
 

Im
m

ob
ili

za
tio

n 

R
at

he
r 

th
an

 u
si

ng
 fr

ee
ly

 s
us

pe
nd

ed
 y

ea
st

 c
el

ls
, "

ye
as

t i
m

m
ob

ili
za

tio
n"

 r
ef

er
s 

to
 th

e 
us

e 
of

 im
m

ob
ili

ze
d 

ce
ll 

re
ac

to
rs

 to
 c

on
st

ra
in

 th
e 

vo
lu

m
e 

of
 y

ea
st

 to
 a

 d
ef

in
ed

 
vo

lu
m

e,
 ty

pi
ca

lly
 im

be
dd

ed
 o

r 
bo

un
d 

to
 a

 s
ol

id
 s

up
po

rt
 s

tr
uc

tu
re

.  
T

he
se

 
im

m
ob

ili
ze

d 
ce

ll 
st

ru
ct

ur
es

 e
lim

in
at

e 
ce

ll 
w

as
ho

ut
 a

nd
 th

e 
ne

ed
 fo

r 
ce

ll 
re

cy
cl

e,
 

in
cr

ea
se

s 
pr

od
uc

tiv
ity

 a
s 

th
er

e 
is

 n
o 

co
ns

tr
ai

nt
 o

n 
fe

ed
 fl

ow
 r

at
es

, a
nd

 a
llo

w
s 

fo
r 

be
tte

r 
ov

er
al

l c
on

tr
ol

 o
ve

r 
th

e 
m

ic
ro

bi
al

 e
nv

iro
nm

en
t. 

 H
ow

ev
er

, t
he

re
 a

re
 s

til
l 

se
ve

ra
l d

is
ad

va
nt

ag
es

, i
nc

lu
di

ng
 m

as
s 

tr
an

sf
er

 li
m

ita
tio

ns
 w

hi
ch

 m
ay

 s
lo

w
 c

el
l 

m
et

ab
ol

is
m

s 
an

d 
re

ac
tio

n 
ki

ne
tic

s,
 a

nd
 d

am
ag

e 
to

 th
e 

su
pp

or
t s

tr
uc

tu
re

 c
an

 o
cc

ur
 

ov
er

 ti
m

e.
  

- 
U

ni
ve

rs
ity

 o
f M

el
bo

ur
ne

 
(A

us
tr

al
ia

) 
- 

C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s 
- 

U
ni

ve
rs

iti
 S

ai
ns

 M
al

ay
si

a 

 

C
o

n
ta

m
in

an
t 

B
ac

te
ri

a 
R

ed
u

ct
io

n
 

O
ne

 o
f t

he
 c

ha
lle

ng
es

 fa
ci

ng
 b

ot
h 

co
rn

-b
as

ed
 e

th
an

ol
 a

nd
 c

el
lu

lo
si

c 
et

ha
no

l 
pr

od
uc

er
s 

is
 th

at
 w

hi
le

 th
e 

fe
rm

en
tin

g 
ag

en
t i

s 
pr

od
uc

in
g 

et
ha

no
l, 

ot
he

r 
un

w
an

te
d 

ac
id

 b
y-

pr
od

uc
ts

 a
re

 a
ls

o 
be

in
g 

pr
od

uc
ed

 w
hi

ch
 a

re
 d

iff
ic

ul
t t

o 
se

pa
ra

te
 o

ut
 o

f t
he

 
m

ix
tu

re
.  

T
he

se
 c

on
ta

m
in

an
ts

 a
ls

o 
co

m
pe

te
 w

ith
 th

e 
ye

as
t f

or
 v

ita
l n

ut
rie

nt
s 

an
d 

de
cr

ea
se

 e
th

an
ol

 p
ro

du
ct

io
n 

ef
fic

ie
nc

y.
 T

ra
di

tio
na

lly
, a

nt
ib

io
tic

s 
ar

e 
us

ed
 to

 c
on

tr
ol

 
co

nt
am

in
at

in
g 

ba
ct

er
ia

; h
ow

ev
er

, t
he

re
 is

 r
is

in
g 

co
nc

er
n 

ov
er

 th
e 

us
e 

of
 a

nt
ib

io
tic

s 
an

d 
th

e 
re

su
lti

ng
 p

re
se

nc
e 

of
 r

es
id

ua
l m

at
er

ia
l i

n 
di

st
ill

er
s 

gr
ai

ns
, n

ot
 to

 m
en

tio
n 

th
e 

co
st

 o
f t

he
se

 a
nt

ib
io

tic
s.

 H
ow

ev
er

, t
he

re
 a

re
 s

ev
er

al
 n

ov
el

 a
lte

rn
at

iv
es

 to
 d

ea
lin

g 
w

ith
 th

is
 c

on
ta

m
in

at
in

g 
ba

ct
er

ia
 is

su
e.

  

(s
ee

 b
el

ow
) 

(s
ee

 b
el

ow
) 



A
pp

en
di

x 
A

: P
ag

e 
11

5 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

In
hi

bi
to

ry
 

O
rg

an
is

m
s 

D
et

ec
tio

n 
K

it 

T
hi

s 
de

te
ct

io
n 

ki
t i

s 
de

si
gn

ed
 to

 d
et

ec
t t

he
 p

re
se

nc
e 

of
 th

e 
ac

id
-p

ro
du

ci
ng

 b
ac

te
ria

 
an

d 
ye

as
t w

ith
in

 th
e 

et
ha

no
l p

ro
du

ct
io

n 
pr

oc
es

s 
th

at
 p

ro
du

ce
 a

ci
ds

 s
uc

h 
as

 la
ct

ic
 

ac
id

 a
nd

 a
ce

tic
 a

ci
d.

  T
he

se
 a

ci
ds

 c
om

pe
te

 w
ith

 th
e 

et
ha

no
l p

ro
du

ci
ng

 y
ea

st
 

S
ac

ch
ar

om
yc

es
 c

er
ev

is
ia

e 
fo

r 
vi

ta
l n

ut
rie

nt
s,

 w
hi

ch
 in

 tu
rn

 in
hi

bi
t e

th
an

ol
 y

ie
ld

s.
  

T
hi

s 
te

ch
no

lo
gy

 is
 d

iff
er

en
t f

ro
m

 th
e 

st
an

da
rd

 d
et

ec
tio

n 
te

ch
no

lo
gy

 o
fte

n 
us

ed
 in

 th
e 

in
du

st
ry

 w
hi

ch
 o

nl
y 

de
te

ct
s 

th
e 

ac
id

s 
th

em
se

lv
es

.  
T

hi
s 

de
te

ct
io

n 
te

ch
no

lo
gy

 a
llo

w
s 

et
ha

no
l p

ro
du

ce
rs

 to
 ta

ke
 p

ro
ac

tiv
e 

m
ea

su
re

s 
to

 p
re

ve
nt

 th
e 

fo
rm

at
io

n 
of

 th
es

e 
ha

rm
fu

l a
ci

ds
.  

- 
E

T
S

 L
ab

or
at

or
ie

s 
(S

co
rp

io
ns

) 

 

R
ea

ct
iv

e 
D

is
til

la
tio

n 

W
hi

le
 in

or
ga

ni
c 

ca
ta

ly
st

s 
ha

ve
 lo

ng
 b

ee
n 

kn
ow

n 
as

 a
 m

et
ho

d 
to

 p
ro

du
ce

 v
al

ua
bl

e 
ch

em
ic

al
s 

in
 th

e 
pe

tr
ol

eu
m

 in
du

st
ry

, i
ts

 a
pp

lic
at

io
n 

on
 c

or
n-

ba
se

d 
fe

ed
 s

tr
ea

m
s 

ha
s 

be
en

 c
os

t p
ro

hi
bi

tiv
e 

du
e 

to
 c

ha
lle

ng
es

 a
ss

oc
ia

te
d 

w
ith

 s
ep

ar
at

in
g 

th
e 

m
ix

tu
re

 o
f 

ch
em

ic
al

s 
th

at
 a

re
 d

er
iv

ed
 fr

om
 a

 fe
ed

 s
tr

ea
m

 w
ith

 m
ul

tip
le

 c
om

po
un

ds
. H

ow
ev

er
, 

th
e 

"r
ea

ct
iv

e 
di

st
ill

at
io

n"
 p

ro
ce

ss
 s

ep
ar

at
es

 a
 m

ix
ed

 s
tr

ea
m

 o
f d

iff
er

en
t c

he
m

ic
al

s 
by

 
tr

ea
tin

g 
th

at
 s

tr
ea

m
 w

ith
 a

 r
ea

ct
iv

e 
ch

em
ic

al
 in

 th
e 

pr
es

en
ce

 o
f a

 c
at

al
ys

t. 
 

 T
hi

s 
te

ch
no

lo
gy

 is
 d

es
ig

ne
d 

to
 s

ep
ar

at
e 

ou
t t

he
se

 a
ci

ds
 fr

om
 th

e 
et

ha
no

l. 
T

hi
s 

w
ou

ld
 a

llo
w

 a
n 

et
ha

no
l o

r 
ce

llu
lo

si
c 

et
ha

no
l f

ac
ili

ty
 to

 b
e 

a 
bi

or
ef

in
er

y,
 p

ro
du

ci
ng

 
m

or
e 

th
an

 ju
st

 e
th

an
ol

.  
F

or
 e

xa
m

pl
e,

 M
S

U
 r

es
ea

rc
he

rs
 a

re
 c

ur
re

nt
ly

 fo
cu

si
ng

 o
n 

th
e 

pr
od

uc
tio

n 
of

 e
th

yl
 la

ct
at

e 
fr

om
 la

ct
ic

 a
ci

d.
  

- 
M

ic
hi

ga
n 

S
ta

te
 U

ni
ve

rs
ity

 
- 

N
at

io
na

l C
or

n 
G

ro
w

er
s 

A
ss

oc
ia

tio
n 

 

H
op

s 
(C

on
ta

m
in

at
in

g 
B

ac
te

ria
 

R
ed

uc
tio

n)
 

R
ec

en
tly

, i
t h

as
 b

ee
n 

sh
ow

n 
th

at
 th

e 
na

tu
ra

l a
ci

ds
 o

f h
op

s 
w

ill
 s

to
p 

th
e 

gr
ow

th
 o

f 
ce

rt
ai

n 
co

nt
am

in
at

in
g 

ba
ct

er
ia

 w
el

l e
no

ug
h 

to
 a

vo
id

 th
e 

us
e 

of
 a

nt
ib

io
tic

s.
  

- 
B

et
aT

ec
 H

op
 P

ro
du

ct
s 

 
- 

U
ni

ve
rs

itä
t H

oh
en

he
im

 In
st

itu
t 

fo
r 

F
oo

d 
T

ec
hn

ol
og

y 

 

D
is

ti
lla

ti
o

n
 T

ec
h

n
o

lo
g

ie
s 

 

A
lt

er
n

at
iv

e 
E

th
an

o
l 

D
is

ti
lla

ti
o

n
 

T
ec

h
n

o
lo

g
ie

s 

T
he

 s
ep

ar
at

io
n 

of
 a

lc
oh

ol
 a

nd
 w

at
er

 is
 ty

pi
ca

lly
 a

 c
os

tly
, e

ne
rg

y 
in

te
ns

iv
e 

pr
oc

es
s,

 
re

pr
es

en
tin

g 
a 

si
gn

ifi
ca

nt
 p

or
tio

n 
of

 th
e 

ov
er

al
l e

ne
rg

y 
us

e 
re

qu
ire

d 
by

 a
n 

et
ha

no
l 

fa
ci

lit
y.

  T
ra

di
tio

na
lly

, t
hi

s 
se

pa
ra

tio
n 

is
 p

er
fo

rm
ed

 th
ro

ug
h 

a 
co

m
bi

na
tio

n 
of

 s
te

am
 

di
st

ill
at

io
n 

an
d 

a 
m

ol
ec

ul
ar

 s
ie

ve
. H

ow
ev

er
, t

he
re

 a
re

 v
ar

io
us

 p
ro

ce
ss

es
 b

ei
ng

 
de

ve
lo

pe
d 

w
he

re
by

 e
th

an
ol

 is
 r

em
ov

ed
 d

ur
in

g 
fe

rm
en

ta
tio

n,
 r

ed
uc

in
g 

pr
od

uc
t 

in
hi

bi
tio

n 
an

d 
en

er
gy

 c
os

ts
, a

nd
 th

er
eb

y 
al

so
 d

ec
re

as
in

g 
gr

ee
nh

ou
se

 g
as

 
em

is
si

on
s.

  

(s
ee

 b
el

ow
) 

 

V
ac

uu
m

 
S

tr
ip

pi
ng

 
T

he
 fe

rm
en

tin
g 

ve
ss

el
 is

 c
ou

pl
ed

 w
ith

 a
 v

ac
uu

m
 c

ha
m

be
r 

w
hi

ch
 e

xt
ra

ct
s,

 in
-s

itu
, t

he
 

m
or

e 
vo

la
til

e 
et

ha
no

l a
nd

 a
llo

w
s 

fo
r 

pa
rt

ia
l p

ro
du

ct
 r

em
ov

al
. 

- 
U

ni
ve

rs
ity

 o
f I

lli
no

is
 

 



A
pp

en
di

x 
A

: P
ag

e 
11

6 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

G
as

 S
tr

ip
pi

ng
  

T
he

 fe
rm

en
tin

g 
br

ot
h 

ov
er

flo
w

in
g 

fr
om

 o
ne

 s
ta

ge
 to

 th
e 

ne
xt

 is
 c

on
ta

ct
ed

 w
ith

 a
 C

O
2 

st
re

am
 th

at
 e

nt
ra

ps
 th

e 
et

ha
no

l. 
 T

he
 e

th
an

ol
 is

 th
en

 r
em

ov
ed

 w
he

n 
th

is
 g

as
 s

tr
ea

m
 

pa
ss

es
 a

cr
os

s 
a 

re
ac

to
r 

an
d 

th
ro

ug
h 

an
 a

bs
or

pt
io

n 
to

w
er

 w
he

re
 it

 is
 c

on
ta

ct
ed

 w
ith

 
w

at
er

.  
T

he
 C

O
2 

is
 th

en
 r

e-
ci

rc
ul

at
ed

. B
y 

us
in

g 
th

is
 p

ro
ce

ss
, t

he
 c

on
ce

nt
ra

tio
n 

of
 

su
ga

r 
in

 th
e 

pr
od

uc
t s

tr
ea

m
 e

nt
er

in
g 

th
e 

fe
rm

en
te

r 
is

 in
cr

ea
se

d.
 

- 
B

io
-P

ro
ce

ss
 In

no
va

tio
n,

 In
c 

  

S
ol

ve
nt

 (
Li

qu
id

) 
E

xt
ra

ct
io

n 

T
hi

s 
ap

pr
oa

ch
 r

em
ov

es
 th

e 
pr

od
uc

t t
ha

t c
au

se
s 

in
hi

bi
tio

n 
th

ro
ug

h 
an

 e
xt

ra
ct

iv
e 

bi
oc

om
pa

tib
le

 s
ol

ve
nt

 th
at

 fa
vo

rs
 th

e 
m

ig
ra

tio
n 

of
 e

th
an

ol
 to

 s
ol

ve
nt

 p
ha

se
, a

 
pr

oc
es

s 
kn

ow
n 

as
 e

xt
ra

ct
iv

e 
fe

rm
en

ta
tio

n.
 H

ow
ev

er
, i

t h
as

 b
ee

n 
no

te
d 

in
 o

ne
 

pu
bl

ic
at

io
n 

th
at

 th
is

 a
pp

ro
ac

h 
lo

w
er

s 
so

lu
bi

lit
y 

an
d 

re
su

lts
 in

 a
 p

oi
so

no
us

 e
ffe

ct
 o

n 
ye

as
t, 

th
us

 r
es

tr
ic

tin
g 

th
e 

de
ve

lo
pm

en
t o

f t
hi

s 
m

et
ho

d.
 

  
  

M
em

br
an

e 
S

ep
ar

at
io

n 

M
em

br
an

es
 a

re
 u

se
d 

to
 fi

lte
r 

th
e 

w
at

er
/e

th
an

ol
 m

ix
tu

re
 d

ur
in

g 
fe

rm
en

ta
tio

n.
  T

he
 

m
em

br
an

es
 a

re
 v

ap
or

 p
ha

se
 s

ep
ar

at
io

n 
un

its
 th

at
 a

llo
w

 th
e 

pr
ef

er
re

d 
pe

rm
ea

tio
n 

of
 

w
at

er
 o

ve
r 

ot
he

r 
va

po
r 

co
m

po
ne

nt
s 

in
 a

 g
as

 m
ix

tu
re

.  
 

- 
V

ap
er

m
a 

(S
ift

ek
) 

- 
 W

hi
te

fo
x 

T
ec

hn
ol

og
ie

s 
Li

m
ite

d 
  

E
se

p 

“E
S

ep
 is

 a
 m

od
ul

ar
, l

ow
-e

ne
rg

y 
pr

oc
es

s 
fo

r 
th

e 
re

co
ve

ry
 o

f e
th

an
ol

 fr
om

 
fe

rm
en

ta
tio

n 
br

ot
h 

w
ith

 a
n 

es
tim

at
ed

 r
ed

uc
tio

n 
of

 u
p 

to
 6

0%
 in

 b
ot

h 
ca

pi
ta

l a
nd

 
op

er
at

in
g 

co
st

s 
ve

rs
us

 c
on

ve
nt

io
na

l d
is

til
la

tio
n.

 U
se

 o
f n

on
-s

ta
in

le
ss

 s
te

el
 

co
m

po
ne

nt
s 

al
so

 r
es

ul
ts

 in
 a

 s
ub

st
an

tia
l r

ed
uc

tio
n 

in
 c

on
st

ru
ct

io
n 

tim
e”

.  
W

hi
le

 a
 

60
%

 r
ed

uc
tio

n 
in

 e
ne

rg
y 

co
ns

um
pt

io
n 

is
 e

st
im

at
ed

 w
he

n 
in

co
rp

or
at

in
g 

th
e 

sy
st

em
 

in
to

 n
ew

 e
th

an
ol

 a
nd

 c
el

lu
lo

si
c 

et
ha

no
l p

la
nt

s,
 a

 2
8%

 e
ne

rg
y 

re
du

ct
io

n 
an

d 
a 

16
 

m
on

th
 p

ay
ba

ck
 p

er
io

d 
is

 e
st

im
at

ed
 w

he
n 

re
tr

of
itt

in
g 

an
d 

ex
is

tin
g 

et
ha

no
l p

la
nt

.  

- 
T

ra
ns

 Io
ni

cs
 C

or
p.

 (
E

se
p)

 
  

S
up

er
cr

iti
ca

l 
F

lu
id

s 

W
hi

le
 th

e 
su

cc
es

s 
of

 s
ep

ar
at

in
g 

al
co

ho
l a

nd
 w

at
er

 v
ia

 s
up

er
cr

iti
ca

l f
lu

id
s 

ha
s 

be
en

 
de

m
on

st
ra

te
d 

fo
r 

m
an

y 
ye

ar
s,

 th
es

e 
pr

ev
io

us
 d

em
on

st
ra

tio
ns

 h
av

e 
no

t b
ee

n 
ab

le
 to

 
co

m
pe

te
 w

ith
 th

e 
ec

on
om

ic
s 

of
 tr

ad
iti

on
al

 s
te

am
 d

is
til

la
tio

n 
m

et
ho

ds
 o

r 
ot

he
r 

pr
op

os
ed

 m
et

ho
ds

 s
uc

h 
as

 m
em

br
an

e 
se

pa
ra

tio
n.

  H
ow

ev
er

, M
O

R
 S

up
er

cr
iti

ca
l h

as
 

ap
pl

ie
d 

th
ei

r 
su

pe
rc

rit
ic

al
 e

xt
ra

ct
io

n 
te

ch
no

lo
gy

 e
th

an
ol

 d
eh

yd
ra

tio
n,

 a
nd

 c
la

im
s 

a 
pr

oc
es

s 
th

at
 is

 s
ca

la
bl

e 
an

d 
co

st
-e

ffi
ci

en
t r

el
at

iv
e 

to
 o

th
er

 p
ro

po
se

d 
de

hy
dr

at
io

n 
te

ch
no

lo
gi

es
.  

- 
M

O
R

 S
up

er
cr

iti
ca

l, 
LL

C
 

 

Lo
w

 E
ne

rg
y 

D
is

til
la

tio
n 

T
ec

hn
ol

og
y 

A
 c

om
m

er
ci

al
ly

 d
em

on
st

ra
te

d 
pr

oc
es

s 
w

he
re

by
 th

e 
co

nc
en

tr
at

io
n 

of
 9

6%
 e

th
an

ol
 is

 
al

lo
w

ed
 w

ith
ou

t t
he

 u
se

 o
f t

he
rm

al
 e

ne
rg

y,
 s

av
in

g 
th

e 
fa

ci
lit

y 
in

 e
ne

rg
y 

co
st

s.
 T

he
 

pr
oc

es
s 

us
es

 "
sp

ec
ia

lly
 d

es
ig

ne
d 

co
lu

m
ns

, p
ac

ki
ng

, c
on

de
ns

er
s,

 a
nd

 r
eb

oi
le

rs
 to

 
re

pl
ac

e 
12

-1
5 

lb
s 

of
 s

te
am

 r
eq

ui
re

d 
in

 d
is

til
la

tio
n 

of
 a

 g
al

lo
n 

of
 e

th
an

ol
 w

ith
 0

.3
 K

W
 

of
 e

le
ct

ric
ity

."
  T

he
 c

om
pa

ny
 c

la
im

s 
th

at
 th

is
 p

ro
ce

ss
 c

ou
ld

 s
av

e 
a 

10
 M

M
G

Y
 

et
ha

no
l p

la
nt

 $
2-

$4
 m

ill
io

n 
a 

ye
ar

. 

- 
Li

qu
a 

E
th

an
ol

 
 



A
pp

en
di

x 
A

: P
ag

e 
11

7 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

C
o

-P
ro

d
u

ct
 T

ec
h

n
o

lo
g

ie
s 

 

E
n

h
an

ci
n

g
 W

at
er

 
R

em
o

va
l f

ro
m

 W
h

o
le

 
S

ti
lla

g
e 

b
y 

E
n

zy
m

es
 

T
he

 a
dd

iti
on

 o
f c

el
l-w

al
l-d

eg
ra

di
ng

 e
nz

ym
es

 a
re

 a
dd

ed
 to

 th
e 

et
ha

no
l p

ro
du

ct
io

n 
pr

oc
es

s 
in

 o
rd

er
 to

 r
ed

uc
e 

th
e 

am
ou

nt
 o

f w
at

er
 b

ou
nd

 w
ith

in
 th

e 
w

et
 g

ra
in

s.
  T

hi
s 

al
lo

w
s 

fo
r 

m
or

e 
w

at
er

 to
 b

e 
re

m
ov

ed
 d

ur
in

g 
ce

nt
rif

ug
at

io
n,

 r
ed

uc
in

g 
th

e 
tim

e 
an

d 
en

er
gy

 r
eq

ui
re

d 
to

 d
ry

 th
e 

di
st

ill
er

s 
gr

ai
ns

.  

- 
U

S
D

A
, A

R
S

 
- 

W
as

hi
ng

to
n 

U
ni

ve
rs

ity
, 

S
t.L

ou
is

 

 

G
ly

co
sB

io
 

G
ly

co
sB

io
 h

as
 d

ev
el

op
ed

 m
ic

ro
or

ga
ni

sm
s 

th
at

 m
ak

e 
hi

gh
-v

al
ue

 c
he

m
ic

al
s 

fr
om

 
lo

w
er

 v
al

ue
d 

co
-p

ro
du

ct
 s

tr
ea

m
s 

of
 e

xi
st

in
g 

in
du

st
rie

s,
 s

uc
h 

as
 th

in
 s

til
la

ge
 fr

om
 

et
ha

no
l. 

  

- 
G

ly
co

sB
io

 
- 

R
ic

e 
U

ni
ve

rs
ity

 (
or

ig
in

al
 

te
ch

no
lo

gy
 d

ev
el

op
er

) 

 

F
u

n
g

u
s 

R
em

o
va

l o
f 

O
rg

an
ic

 M
at

er
ia

l a
n

d
 

S
o

lid
s 

fr
o

m
 T

h
in

 
S

ti
lla

g
e 

R
es

ea
rc

he
rs

 h
av

e 
ad

de
d 

a 
fu

ng
us

 to
 th

e 
th

in
 s

til
la

ge
 b

y-
pr

od
uc

t o
f e

th
an

ol
 

pr
od

uc
tio

n.
  T

hi
s 

fu
ng

us
 r

em
ov

es
 a

bo
ut

 8
0%

 o
f t

he
 o

rg
an

ic
 m

at
er

ia
l a

nd
 a

ll 
of

 th
e 

so
lid

s,
 a

llo
w

in
g 

th
e 

w
at

er
 a

nd
 e

nz
ym

es
 to

 b
e 

re
cy

cl
ed

. T
he

 r
em

ai
ni

ng
 fu

ng
i c

an
 

po
te

nt
ia

lly
 b

e 
us

ed
 a

s 
a 

hi
gh

 v
al

ue
 fe

ed
 s

up
pl

em
en

t. 
 N

or
m

al
ly

, b
ec

au
se

 th
e 

so
lid

s 
ca

n 
in

te
rf

er
e 

w
ith

 e
th

an
ol

 p
ro

du
ct

io
n,

 o
nl

y 
ab

ou
t 5

0%
 o

f t
he

 th
in

 s
til

la
ge

 c
an

 b
e 

re
cy

cl
ed

 b
ac

k 
in

to
 th

e 
et

ha
no

l p
ro

ce
ss

, w
hi

le
 th

e 
re

st
 is

 e
va

po
ra

te
d 

an
d 

bl
en

de
d 

w
ith

 th
e 

dr
ie

d 
di

st
ill

er
s 

gr
ai

ns
.  

R
es

ea
rc

he
rs

 s
ay

 th
at

 th
is

 p
ro

ce
ss

 c
ou

ld
 r

ed
uc

e 
en

er
gy

 c
os

ts
 b

y 
as

 m
uc

h 
as

 a
 th

ird
. I

t a
ls

o 
re

du
ce

s 
w

at
er

 c
on

su
m

pt
io

n 
an

d 
sa

ve
s 

pr
od

uc
er

s 
en

zy
m

e 
co

st
s.

  

- 
U

ni
ve

rs
ity

 o
f H

aw
ai

i 
- 

Io
w

a 
S

ta
te

 U
ni

ve
rs

ity
 

- 
M

yc
oI

nn
ov

at
io

ns
 In

c 
(M

yc
oM

ax
) 

 

A
n

ae
ro

b
ic

 D
ig

es
ti

o
n

 

A
na

er
ob

ic
 d

ig
es

tio
n 

us
es

 b
ac

te
ria

 to
 c

on
ve

rt
 th

e 
th

in
 o

r 
w

ho
le

 s
til

la
ge

 b
y-

pr
od

uc
t o

f 
et

ha
no

l p
ro

du
ct

io
n 

in
to

 b
io

ga
s 

– 
a 

m
ix

tu
re

 o
f m

et
ha

ne
 (

50
-7

0%
),

 C
O

2 
(3

0-
50

%
),

 
an

d 
tr

ac
e 

am
ou

nt
s 

of
 H

2,
 N

H
3,

 a
nd

 H
2S

, w
hi

ch
 c

an
 th

en
 b

e 
us

ed
 to

 r
ed

uc
e 

na
tu

ra
l 

ga
s 

us
ag

e.
 T

hi
s 

pr
oc

es
s 

re
du

ce
s 

en
er

gy
 c

os
ts

 a
nd

 g
re

en
ho

us
e 

ga
s 

em
is

si
on

s 
an

d 
he

lp
s 

to
 c

on
se

rv
e 

w
at

er
.  

- 
W

as
hi

ng
to

n 
U

ni
ve

rs
ity

 
- 

U
ni

ve
rs

ity
 o

f M
in

ne
so

ta
 

- 
U

S
D

A
, A

R
S

 
- 

Io
w

a 
S

ta
te

 U
ni

ve
rs

ity
 

- 
R

ei
n 

&
 A

ss
oc

ia
te

s 
(M

N
) 

- 
B

io
ga

so
l 

- 
P

O
E

T
 

- 
U

ni
ve

rs
ity

 o
f B

or
ås

 
- 

K
aw

ar
th

a 
E

th
an

ol
 

 

M
ic

ro
w

av
e 

D
ry

in
g

 o
f 

D
is

ti
lle

rs
 G

ra
in

s 

M
ic

ro
w

av
e 

dr
yi

ng
 te

ch
no

lo
gy

 is
 a

n 
al

te
rn

at
iv

e 
to

 c
on

ve
nt

io
na

l r
ot

ar
y 

dr
um

 g
as

 
dr

ye
rs

 u
se

d 
to

 d
ry

 th
e 

an
im

al
 fe

ed
 c

o-
pr

od
uc

t. 
 T

hi
s 

pr
oc

es
s 

us
es

 in
du

st
ria

l d
ry

in
g 

sy
st

em
s 

to
 d

ry
 a

nd
 tr

ea
t t

he
 fe

ed
 c

o-
pr

od
uc

t. 
 W

hi
le

 th
e 

m
ic

ro
w

av
e 

en
er

gy
 b

re
ak

s 
do

w
n 

th
e 

st
ru

ct
ur

e 
of

 th
e 

ce
ll 

w
al

ls
, C

el
le

nc
or

's
 p

at
en

te
d 

en
zy

m
es

 in
cr

ea
se

 th
e 

va
lu

e 
of

 th
e 

by
-p

ro
du

ct
 fe

ed
, i

nc
re

as
in

g 
th

e 
av

ai
la

bl
e 

en
er

gy
 o

f t
he

 fe
ed

.  
T

he
 

pr
oc

es
s 

us
es

 le
ss

 e
ne

rg
y 

th
an

 tr
ad

iti
on

al
 d

ry
er

s,
 r

ed
uc

es
 g

re
en

ho
us

e 
ga

s 
em

is
si

on
s,

 im
pr

ov
es

 w
at

er
 r

ec
la

m
at

io
ns

, a
nd

 e
nh

an
ce

s 
th

e 
va

lu
e 

of
 th

e 
an

im
al

 fe
ed

 
co

-p
ro

du
ct

. T
hi

s 
pr

oc
es

s 
ha

s 
be

en
 fi

el
d 

te
st

ed
 a

t b
ot

h 
dr

y 
an

d 
w

et
 m

ill
 e

th
an

ol
 

fa
ci

lit
ie

s.
 T

he
 c

om
pa

ny
 c

la
im

s 
th

at
 th

e 
pr

oc
es

s 
co

ul
d 

sa
ve

 e
th

an
ol

 p
ro

du
ce

rs
 2

0%
 

or
 m

or
e 

in
 o

pe
ra

tin
g 

co
st

s.
 T

he
 p

ay
ba

ck
 p

er
io

d 
fo

r 
th

e 
te

ch
no

lo
gy

 w
as

 e
st

im
at

ed
 to

 
be

 2
-5

 y
ea

rs
 (

es
tim

at
ed

 in
 2

00
8)

.  

- 
C

el
le

nc
or

- 
C

or
n 

P
lu

s-
 

K
aw

ar
th

a 
E

th
an

ol
 

 



A
pp

en
di

x 
A

: P
ag

e 
11

8 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

A
ce

ti
c 

A
ci

d
 -

 
P

ro
d

u
ce

d
 f

ro
m

 
B

o
tt

o
m

s 
F

ra
ct

io
n

 o
f 

E
th

an
o

l D
is

ti
lla

ti
o

n
 

A
 p

at
en

te
d 

pr
oc

es
s 

de
si

gn
ed

 to
 in

cr
ea

se
 e

th
an

ol
 y

ie
ld

 b
y 

ta
ki

ng
 th

e 
bo

tto
m

s 
fr

ac
tio

n 
fr

om
 e

th
an

ol
 d

is
til

la
tio

n,
 a

nd
 th

ro
ug

h 
a 

co
m

bi
na

tio
n 

of
 b

io
ch

em
ic

al
 a

nd
 

sy
nt

he
tic

 c
on

ve
rs

io
n 

pr
oc

es
se

s,
 p

ro
du

ce
s 

ac
et

ic
 a

ci
d.

  A
ce

tic
 a

ci
d 

ca
n 

th
en

 b
e 

co
nv

er
te

d 
in

to
 e

th
an

ol
 u

si
ng

 e
st

er
ifi

ca
tio

n 
an

d 
hy

dr
og

en
at

io
n 

re
ac

tio
ns

.  

- 
Z

ea
ch

em
, I

nc
. 

 

F
ra

ct
io

n
at

io
n

 a
n

d
 E

xt
ra

ct
io

n
 T

ec
h

n
o

lo
g

ie
s 

 

F
ro

n
t-

E
n

d
 

F
ra

ct
io

n
at

io
n

 

T
he

re
 a

re
 s

ev
er

al
 m

od
ifi

ed
 d

ry
-m

ill
 fr

on
t-

en
d 

fr
ac

tio
na

tio
n 

pr
oc

es
se

s 
th

at
 s

ep
ar

at
e 

th
e 

co
rn

 e
nt

er
in

g 
in

to
 th

e 
et

ha
no

l f
ac

ili
ty

 in
to

 th
re

e 
fr

ac
tio

ns
: p

er
ic

ar
p 

(b
ra

n/
fib

er
),

 
ge

rm
, a

nd
 e

nd
os

pe
rm

. T
he

 g
er

m
 is

 th
e 

oi
l-b

ea
rin

g 
po

rt
io

n 
of

 th
e 

ke
rn

el
.  

R
ev

en
ue

 
st

re
am

s 
ge

ne
ra

te
d 

fr
om

 th
is

 p
ro

ce
ss

 in
cl

ud
e 

co
rn

 o
il;

 h
ig

h 
pr

ot
ei

n,
 lo

w
 fa

t a
nd

 fi
be

r 
di

st
ill

er
s 

gr
ai

ns
; f

ib
er

 a
nd

 e
th

an
ol

.  
A

dd
iti

on
al

ly
, f

ro
nt

-e
nd

 fr
ac

tio
na

tio
n 

al
lo

w
s 

fo
r 

m
or

e 
ef

fic
ie

nt
 s

ta
rc

h 
fe

rm
en

ta
tio

n 
as

 n
on

-f
er

m
en

ta
bl

e 
pr

od
uc

ts
 a

re
 n

o 
lo

ng
er

 ta
ki

ng
 

up
 v

al
ua

bl
e 

sp
ac

e 
in

 th
e 

fe
rm

en
te

rs
, y

et
 th

er
e 

is
 a

ls
o 

so
m

e 
le

ve
l o

f s
ta

rc
h 

lo
ss

 
du

rin
g 

fr
ac

tio
na

tio
n.

  A
cc

or
di

ng
 to

 s
om

e 
te

ch
no

lo
gy

 d
ev

el
op

er
 c

la
im

s,
 fr

on
t-

en
d 

fr
ac

tio
na

tio
n 

ca
n 

al
so

 r
ed

uc
e 

en
er

gy
 c

on
su

m
pt

io
n 

an
d 

lo
w

er
 v

ol
at

ile
 o

rg
an

ic
 

co
m

po
un

d 
em

is
si

on
s.

   

(s
ee

 b
el

ow
) 

(s
ee

 b
el

ow
) 

M
od

ifi
ed

 D
ry

 
G

rin
d 

W
et

 
F

ra
ct

io
na

tio
n 

W
et

 fr
ac

tio
na

tio
n 

te
ch

no
lo

gi
es

 ty
pi

ca
lly

 in
vo

lv
e 

so
ak

in
g/

st
ee

pi
ng

 th
e 

co
rn

 p
rio

r 
to

 
fr

ac
tio

na
tio

n.
  I

n 
ge

ne
ra

l, 
th

e 
co

st
s 

ar
e 

hi
gh

er
 th

an
 th

at
 o

f d
ry

 fr
ac

tio
na

tio
n 

te
ch

no
lo

gi
es

, b
ut

 th
e 

st
ar

ch
 lo

ss
 is

 lo
w

er
 a

nd
 th

e 
qu

al
ity

 o
f c

o-
pr

od
uc

ts
 is

 h
ig

he
r.

   

- 
M

ai
ze

 P
ro

ce
ss

in
g 

In
no

va
to

rs
 

&
 F

C
S

to
ne

 C
ar

bo
n 

LL
C

 (
Q

ui
ck

 
G

er
m

 Q
ui

ck
 F

ib
er

) 
- 

C
or

n 
V

al
ue

 P
ro

du
ct

s 
(H

yd
ro

M
ill

in
g™

) 
- 

U
ni

ve
rs

ity
 o

f I
lli

no
is

 (
E

-M
ill

) 

 

M
od

ifi
ed

 D
ry

 
G

rin
d 

D
ry

 
F

ra
ct

io
na

tio
n 

D
ry

 fr
ac

tio
na

tio
n 

te
ch

no
lo

gi
es

 ty
pi

ca
lly

 s
ep

ar
at

e 
th

e 
ge

rm
 a

nd
 fi

be
r 

fr
om

 th
e 

co
rn

 
ke

rn
el

 m
ec

ha
ni

ca
lly

 w
ith

ou
t t

he
 n

ee
d 

fo
r 

so
ak

in
g.

  I
n 

ge
ne

ra
l, 

th
e 

co
st

s 
ar

e 
lo

w
er

 
th

an
 th

at
 o

f w
et

 fr
ac

tio
na

tio
n 

te
ch

no
lo

gi
es

, b
ut

 th
e 

st
ar

ch
 lo

ss
 is

 h
ig

he
r 

an
d 

th
e 

qu
al

ity
 o

f c
o-

pr
od

uc
ts

 is
 lo

w
er

  

- 
U

ni
ve

rs
ity

 o
f I

lli
no

is
 (

D
ry

 
D

eg
er

m
 D

ef
ib

er
 P

ro
ce

ss
) 

- 
R

en
es

se
n 

LL
C

. (
E

xt
ra

x™
 

P
ro

ce
ss

in
g 

S
ys

te
m

) 
- 

D
el

ta
-T

/O
cr

im
 (

D
ry

 S
ep

ar
at

io
n 

T
ec

hn
ol

og
y™

) 
- 

P
oe

t /
 S

at
ak

e 
C

or
p.

 (
B

F
R

A
C

™
 

P
ro

ce
ss

) 
 

- 
C

ro
w

n 
Ir

on
 W

or
ks

 (
C

ro
w

n 
F

ra
ct

io
na

tio
n 

S
ys

te
m

) 
- 

C
er

ea
l P

ro
ce

ss
 T

ec
hn

ol
og

ie
s 

 

M
O

R
-F

ra
c™

 
P

lu
s+

 (
D

ry
 

F
ra

ct
io

na
tio

n,
 

W
et

-M
ill

 G
er

m
) 

A
 "

se
co

nd
 g

en
er

at
io

n 
fr

ac
tio

na
tio

n"
 p

ro
ce

ss
 w

ith
 th

e 
pr

od
uc

t s
ep

ar
at

io
n 

an
d 

co
-

pr
od

uc
t q

ua
lit

y 
ad

va
nt

ag
es

 o
f w

et
 fr

ac
tio

na
tio

n 
te

ch
no

lo
gi

es
 (

ex
pe

ct
ed

 to
 g

en
er

at
e 

le
ss

 th
an

 2
%

 s
ta

rc
h 

lo
ss

, g
er

m
 o

il 
yi

el
d 

is
 4

0%
-4

5%
 a

nd
 c

ru
de

 p
ro

te
in

 o
f D

D
G

S
 is

 >
 

58
%

) 
w

ith
 lo

w
er

 c
ap

ita
l a

nd
 o

pe
ra

tin
g 

co
st

s,
 c

lo
se

r 
to

 th
at

 o
f a

 d
ry

 fr
ac

tio
na

tio
n 

te
ch

no
lo

gy
. 

- 
 M

O
R

 T
ec

hn
ol

og
ie

s 
(M

O
R

-
F

ra
c™

 P
lu

s+
) 

 



A
pp

en
di

x 
A

: P
ag

e 
11

9 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

C
o

rn
 O

il 
E

xt
ra

ct
io

n
/S

ep
ar

at
io

n
 

(F
ro

n
t-

E
n

d
) 

P
ro

ce
ss

es
 w

he
re

by
 th

e 
co

rn
 o

il 
is

 s
ep

ar
at

ed
 fr

om
 th

e 
co

rn
 g

er
m

 p
rio

r 
to

 
fe

rm
en

ta
tio

n.
  

(s
ee

 b
el

ow
) 

(s
ee

 b
el

ow
) 

A
qu

eo
us

 
E

nz
ym

at
ic

 
E

xt
ra

ct
io

n 

A
n 

al
te

rn
at

iv
e 

oi
l e

xt
ra

ct
io

n 
te

ch
no

lo
gy

 th
at

 d
oe

s 
no

t u
se

 h
ex

an
e 

or
 o

th
er

 h
az

ar
do

us
 

so
lv

en
ts

. T
hi

s 
pr

oc
es

s 
us

es
 a

n 
aq

ue
ou

s 
en

zy
m

at
ic

 o
il 

ex
tr

ac
tio

n 
te

ch
no

lo
gy

 to
 

se
pa

ra
te

 th
e 

oi
l f

ro
m

 e
nz

ym
at

ic
al

ly
 w

et
 m

ill
ed

 c
or

n 
ge

rm
.  

D
ev

el
op

er
s 

cl
ai

m
 o

il 
yi

el
ds

 o
f 7

0-
90

%
.  

- 
U

S
D

A
, A

R
S

 (
A

m
ai

zi
ng

 O
il)

 

 

S
up

er
cr

iti
ca

l 
C

ar
bo

n 
D

io
xi

de
 

C
or

n 
O

il 
E

xt
ra

ct
io

n 

T
hi

s 
sy

st
em

 c
an

 a
ls

o 
be

 c
ou

pl
ed

 w
ith

 M
O

R
 T

ec
hn

ol
og

y'
s 

fr
ac

tio
na

tio
n 

sy
st

em
 

(M
O

R
-F

R
A

C
 P

lu
s+

) 
to

 p
ro

vi
de

 a
dd

ed
 v

al
ue

 fo
r 

et
ha

no
l f

ac
ili

tie
s 

or
 a

s 
a 

st
an

d 
al

on
e 

fa
ci

lit
y 

to
 p

ro
du

ce
 h

ig
h 

qu
al

ity
, s

pe
ci

al
ty

 o
ils

, b
io

ac
tiv

e 
in

gr
ed

ie
nt

s,
 o

r 
nu

tr
ac

eu
tic

al
s.

 
 R

at
he

r 
th

an
 u

si
ng

 h
ex

an
e,

 M
O

R
 S

up
er

cr
iti

ca
l's

 te
ch

no
lo

gy
 u

se
s 

ca
rb

on
 d

io
xi

de
 a

s 
th

ei
r 

on
ly

 s
ol

ve
nt

 in
 th

ei
r 

co
rn

 o
il 

an
d 

oi
ls

ee
d 

ex
tr

ac
tio

n 
sy

st
em

.  
A

s 
op

po
se

d 
to

 
co

nv
en

tio
na

l s
up

er
cr

iti
ca

l p
ro

ce
ss

es
, M

O
R

 S
up

er
cr

iti
ca

l c
la

im
s 

th
at

 th
ei

r 
te

ch
no

lo
gy

 
gr

ea
tly

 r
ed

uc
es

 o
pe

ra
tin

g 
co

st
s 

w
hi

ch
 h

av
e 

pr
ev

en
te

d 
ot

he
r 

su
pe

rc
rit

ic
al

 s
ys

te
m

s 
fr

om
 r

ep
la

ci
ng

 p
et

ro
ch

em
ic

al
 e

xt
ra

ct
io

n 
us

in
g 

he
xa

ne
.  

M
O

R
 S

up
er

cr
iti

al
 c

la
im

s 
th

at
 

th
ei

r 
te

ch
no

lo
gy

 is
 e

ne
rg

y 
ef

fic
ie

nt
; a

ut
om

at
ed

, m
od

ul
ar

 a
nd

 s
ca

la
bl

e;
 h

as
 a

 s
m

al
l 

en
vi

ro
nm

en
ta

l f
oo

tp
rin

t (
1/

6 
of

 a
 ty

pi
ca

l s
ol

ve
nt

 e
xt

ra
ct

io
n 

pl
an

t)
; p

ro
du

ce
s 

sa
fe

, 
so

lv
en

t-
fr

ee
, n

on
-d

eg
ra

de
d,

 h
ig

h-
qu

al
ity

 p
ro

du
ct

s 
in

cl
ud

in
g 

un
de

gr
ad

ed
 m

ea
l w

ith
 

hi
gh

 p
ro

te
in

 d
ig

es
tib

lit
y;

 a
nd

 a
n 

ac
co

m
pa

ny
in

g 
re

fin
in

g 
te

ch
no

lo
gy

 to
 e

xt
ra

ct
 a

nd
 

re
fin

e 
th

e 
oi

l i
n 

on
e 

st
ep

.  

- 
M

O
R

 S
up

er
cr

iti
ca

l, 
LL

C
 

 

Z
ei

n
 E

xt
ra

ct
io

n
 

V
ar

io
us

 p
ro

ce
ss

es
 h

av
e 

be
en

 d
ev

el
op

ed
 to

 e
xt

ra
ct

 z
ei

n 
pr

ot
ei

n 
fr

om
 c

or
n 

an
d 

co
rn

 
by

-p
ro

du
ct

s 
(D

D
G

S
).

  W
hi

le
 m

os
t o

f t
he

se
 p

ro
ce

ss
es

 fo
cu

s 
on

 e
xt

ra
ct

in
g 

th
e 

ze
in

 
pr

io
r 

to
 fe

rm
en

ta
tio

n 
ot

he
rs

 c
on

ce
nt

ra
te

 o
n 

ex
tr

ac
tin

g 
th

e 
hi

gh
-v

al
ue

 p
ro

te
in

 fr
om

 th
e 

ba
ck

-e
nd

.  
In

 a
dd

iti
on

 to
 z

ei
n 

ex
tr

ac
tio

n 
m

os
t o

f t
he

se
 p

ro
ce

ss
es

 a
ls

o 
ex

tr
ac

t c
or

n 
oi

l a
nd

 s
om

e 
pr

oc
es

se
s 

ar
e 

fu
rt

he
r 

in
te

gr
at

ed
 fr

ac
tio

na
tio

n 
te

ch
no

lo
gi

es
 w

hi
ch

 
se

pa
ra

te
 o

ut
 p

ro
du

ct
s 

su
ch

 a
s 

br
an

 a
nd

 fi
be

r.
  Z

ei
n 

is
 a

 h
ig

h-
va

lu
e 

pr
ot

ei
n 

w
hi

ch
 

ca
n 

be
 u

se
d 

in
 a

 w
id

e 
ra

ng
e 

of
 a

pp
lic

at
io

ns
, i

nc
lu

di
ng

: s
pe

ci
al

ty
 c

oa
tin

gs
 fo

r 
ph

ar
m

ac
eu

tic
al

 ta
bl

et
s,

 c
an

di
es

, a
nd

 p
ap

er
 p

ro
du

ct
s;

 c
he

w
in

g 
gu

m
, a

dh
es

iv
es

 a
nd

 
bi

nd
er

s;
 r

es
in

s 
an

d 
bi

o-
pl

as
tic

s;
 p

rin
tin

g 
in

k;
 c

os
m

et
ic

s;
 a

nd
 h

ig
h-

va
lu

e 
bi

o-
m

ed
ic

al
 

ap
pl

ic
at

io
ns

. T
he

 p
ur

er
 th

e 
ze

in
, t

he
 m

or
e 

hi
gh

 v
al

ue
 fo

od
 a

nd
 p

ha
rm

ac
eu

tic
al

 
ap

pl
ic

at
io

ns
 it

 c
an

 b
e 

us
ed

 in
.  

- 
P

ra
iri

e 
G

ol
d 

(C
O

P
E

) 
- 

U
ni

ve
rs

ity
 o

f I
lli

no
is

 
- 

K
A

T
Z

E
N

  
- 

P
ur

du
e 

U
ni

ve
rs

ity
 

- 
B

io
 P

ro
ce

ss
 In

no
va

tio
n,

 In
c 

- 
U

ni
ve

rs
ity

 o
f N

eb
ra

sk
a 

- 
U

S
D

A
, A

R
S

 
- 

G
lo

ba
l P

ro
te

in
 P

ro
du

ct
s 

- 
Io

w
a 

S
ta

te
 U

ni
ve

rs
ity

 
- 

Z
ea

 F
ue

ls
 (

N
et

he
rla

nd
s)

 

 

P
ro

te
in

 S
ep

ar
at

io
n

 -
 

C
h

ro
m

at
o

g
ra

p
h

y 

A
 m

et
ho

d 
us

ed
 to

 e
xt

ra
ct

 h
ig

h-
va

lu
e 

pr
ot

ei
n 

fr
om

 r
aw

 m
at

er
ia

l, 
w

hi
ch

 c
an

 b
e 

us
ed

 in
 

th
e 

pr
od

uc
tio

n 
of

 fo
od

 a
dd

iti
ve

s 
an

d 
in

gr
ed

ie
nt

s 
an

d 
in

 th
e 

he
al

th
ca

re
 in

du
st

ry
.  

T
he

 
pr

oc
es

s 
is

 a
lre

ad
y 

be
in

g 
us

ed
 a

t i
nd

us
tr

ia
l s

ca
le

 in
 th

e 
po

ta
to

 in
du

st
ry

 a
nd

 a
t a

 la
rg

e 
da

iry
 c

oo
pe

ra
tiv

e 
in

 A
us

tr
al

ia
 th

at
 p

ro
ce

ss
es

 c
he

es
e 

w
he

y.
  T

he
 c

om
pa

ny
 h

as
 b

ee
n 

ta
lk

in
g 

w
ith

 c
or

n 
pr

oc
es

so
rs

 a
nd

 e
th

an
ol

 p
ro

du
ce

rs
 to

 e
xp

lo
re

 th
e 

po
ss

ib
ili

ty
 o

f 
im

pl
em

en
tin

g 
th

is
 te

ch
no

lo
gy

 in
 th

es
e 

in
du

st
rie

s.
  

- 
U

pf
ro

nt
 C

hr
om

at
og

ra
ph

y 
(R

ho
bu

st
) 

 



A
pp

en
di

x 
A

: P
ag

e 
12

0 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

E
lu

si
ev

e 
P

ro
ce

ss
 

(b
ac

k-
en

d
 f

ib
er

 
re

co
ve

ry
) 

P
ro

ce
ss

 to
 r

ec
ov

er
 th

e 
pe

ric
ar

p 
fib

er
 a

t t
he

 b
ac

k 
en

d 
of

 th
e 

dr
y 

gr
in

d 
pr

oc
es

s.
 

P
ro

ce
ss

 in
vo

lv
es

 e
lu

tr
ia

tio
n 

an
d 

si
ev

in
g,

 r
ed

uc
in

g 
th

e 
pr

ob
le

m
 o

f u
si

ng
 s

ol
el

y 
el

ut
ria

tio
n,

 a
 p

ro
ce

ss
es

 w
he

re
by

 n
on

-f
ib

er
 p

ar
tic

le
s 

al
so

 g
et

 r
em

ov
ed

.  
T

hi
s 

ne
w

 
pr

oc
es

s 
re

su
lts

 in
 lo

w
 fi

be
r,

 h
ig

h 
fa

t D
D

G
S

 a
nd

 a
 fi

be
r 

co
-p

ro
du

ct
. 

- 
 U

ni
ve

rs
ity

 o
f I

lli
no

is
 (

E
lu

si
ev

e 
P

ro
ce

ss
) 

- 
U

S
D

A
, A

R
S

 

 

C
o

rn
 O

il 
E

xt
ra

ct
io

n
 

(b
ac

k-
en

d
) 

B
as

ic
 c

or
n 

oi
l e

xt
ra

ct
io

n 
te

ch
no

lo
gy

 in
vo

lv
es

 a
 c

en
tr

ifu
ge

 p
ro

ce
ss

 to
 s

ep
ar

at
e 

th
e 

oi
ls

 fr
om

 th
e 

co
rn

 s
til

la
ge

. B
y 

re
m

ov
in

g 
th

e 
oi

l f
ro

m
 th

e 
di

st
ill

er
s 

gr
ai

ns
, t

he
 e

th
an

ol
 

fa
ci

lit
y 

no
t o

nl
y 

ca
pt

ur
es

 a
n 

ad
di

tio
na

l r
ev

en
ue

 s
tr

ea
m

 fr
om

 th
e 

ex
tr

ac
te

d 
co

rn
 o

il,
 

bu
t a

ls
o 

re
du

ce
s 

th
ei

r 
di

st
ill

er
s 

gr
ai

ns
 d

ry
in

g 
co

st
s 

an
d 

po
te

nt
ia

lly
 g

re
en

ho
us

e 
ga

s 
em

is
si

on
s.

 H
ow

ev
er

, i
n 

co
m

pa
ris

on
 to

 fr
on

t-
en

d 
oi

l e
xt

ra
ct

io
n 

pr
oc

es
se

s,
 th

e 
oi

l 
ex

tr
ac

te
d 

fr
om

 th
e 

ba
ck

-e
nd

 is
 a

 lo
w

er
-v

al
ue

 p
ro

du
ct

, a
s 

it 
ca

nn
ot

 b
e 

us
ed

 in
 fo

od
 

ap
pl

ic
at

io
ns

. 

- 
G

re
en

S
hi

ft/
V

er
id

iu
m

 (
C

or
n 

O
il 

E
xt

ra
ct

io
n 

S
ys

te
m

s)
 

- 
P

rim
af

ue
l (

S
M

A
A

R
T

 O
il)

 
- 

Io
w

a 
S

ta
te

 U
ni

ve
rs

ity
 

 

C
o

rn
 F

ib
er

 
F

ra
ct

io
n

at
io

n
 

T
hi

s 
co

lla
bo

ra
tiv

e 
pu

bl
ic

/p
riv

at
e 

pa
rt

ne
rs

hi
p 

w
as

 fo
rm

ed
 to

 c
re

at
e 

hi
gh

 v
al

ue
 

pr
od

uc
ts

 fr
om

 c
or

n 
fib

er
.  

T
he

y 
ha

ve
 d

ev
el

op
ed

 a
 p

ro
ce

ss
 b

y 
w

hi
ch

 a
 fi

be
r 

st
re

am
 is

 
fr

ac
tio

na
te

d 
in

to
 it

s 
pr

im
ar

y 
co

m
po

ne
nt

s:
 c

ar
bo

hy
dr

at
es

, o
ils

, a
nd

 p
ro

te
in

s.
 T

he
 

gl
uc

os
e 

w
ith

in
 th

e 
ca

rb
oh

yd
ra

te
 fr

ac
tio

n 
ca

n 
be

 u
se

d 
to

 m
ak

e 
et

ha
no

l/b
ut

an
ol

 a
nd

 
th

e 
ot

he
r 

su
ga

rs
 c

an
 b

e 
ca

ta
ly

tic
al

ly
 c

on
ve

rt
ed

 to
 p

ro
py

le
ne

 g
ly

co
l a

nd
 e

th
yl

en
e 

gl
yc

ol
.  

In
 a

dd
iti

on
 to

 c
ap

tu
rin

g 
th

e 
3%

 o
f t

he
 fi

be
r 

fr
ac

tio
n 

w
hi

ch
 is

 o
il,

 th
e 

pr
oc

es
s 

al
so

 r
ec

ov
er

s 
th

e 
sm

al
l o

il 
fr

ac
tio

n 
(5

-2
5%

 o
f f

ib
er

 o
il)

 w
hi

ch
 is

 p
hy

to
st

er
ol

s.
  T

hi
s 

sm
al

l o
il 

fr
ac

tio
n 

ha
s 

hi
gh

 v
al

ue
 a

pp
lic

at
io

ns
 in

 th
e 

nu
tr

ac
eu

tic
al

s 
m

ar
ke

ts
 a

nd
 in

 th
e 

bo
ta

ni
ca

l o
ils

 m
ar

ke
t f

or
 p

er
so

na
l c

ar
e 

pr
od

uc
ts

. T
he

 r
em

ai
ni

ng
 p

ro
te

in
 c

an
 th

en
 b

e 
us

ed
 a

s 
a 

hi
gh

 v
al

ue
 fe

ed
.  

 

- 
N

at
io

na
l C

or
n 

G
ro

w
er

s 
A

ss
oc

ia
tio

n 
- 

A
rc

he
r 

D
an

ie
ls

 M
id

la
nd

 
C

om
pa

ny
 

- 
P

ac
ifi

c 
N

or
th

w
es

t N
at

io
na

l 
La

bo
ra

to
ry

 

C
ur

re
nt

 s
ta

tu
s 

is
 u

nk
no

w
n 

N
ew

 C
o

rn
 V

ar
ie

ti
es

 D
es

ig
n

ed
 f

o
r 

E
th

an
o

l A
p

p
lic

at
io

n
s 

  

H
ig

h
 A

m
yl

as
e 

C
o

rn
 

U
si

ng
 3

%
 a

m
yl

as
e 

co
rn

 a
nd

 9
7%

 d
en

t c
or

n 
el

im
in

at
es

 th
e 

ne
ed

 to
 a

dd
 a

dd
iti

on
al

 
am

yl
as

e 
to

 th
e 

et
ha

no
l p

ro
du

ct
io

n 
pr

oc
es

s.
  S

yn
ge

nt
a 

es
tim

at
es

 te
ch

no
lo

gy
 c

ou
ld

 
cu

t p
ro

du
ct

io
n 

co
st

s 
by

 1
0%

. 
- 

S
yn

ge
nt

a 

 

H
ig

h
 T

o
ta

l 
F

er
m

en
ta

b
le

 E
th

an
o

l 
H

yb
ri

d
 C

o
rn

 

C
or

n 
th

at
 c

on
ta

in
s 

hi
gh

er
 le

ve
ls

 o
f f

er
m

en
ta

bl
e 

st
ar

ch
, d

es
ig

ne
d 

to
 im

pr
ov

e 
et

ha
no

l 
yi

el
ds

. M
an

y 
hy

br
id

s 
al

so
 c

on
ta

in
 H

er
cu

le
x®

 I 
in

se
ct

 p
ro

te
ct

io
n 

w
hi

ch
 h

el
ps

 r
ed

uc
e 

th
e 

pr
es

en
ce

 o
f m

ol
d 

an
d 

m
yc

ro
to

xi
ns

.  
- 

P
io

ne
er

 

 

E
xt

ra
x 

C
o

rn
 

M
on

sa
nt

o 
is

 in
 th

e 
fo

ur
th

 a
nd

 fi
na

l s
ta

ge
 p

rio
r 

to
 p

ro
du

ct
 la

un
ch

 o
f t

he
ir 

hi
gh

 o
il 

co
rn

 
(7

%
 c

om
pa

re
d 

to
 3

.5
%

) 
fo

r 
us

e 
in

 R
en

es
se

n'
s 

(J
V

 b
et

w
ee

n 
M

on
sa

nt
o 

an
d 

C
ar

gi
ll)

 
E

xt
ra

x 
co

rn
 fr

ac
tio

na
tio

n 
sy

st
em

. T
he

y 
ar

e 
fo

cu
si

ng
 o

n 
hi

gh
er

 o
il 

co
nt

en
t a

s 
th

is
 is

 
th

e 
m

os
t v

al
ua

bl
e 

fr
ac

tio
n 

of
 th

e 
co

rn
.  

- 
M

on
sa

nt
o 

 

H
ig

h
 A

va
ila

b
le

 E
n

er
g

y 
H

yb
rid

s 
w

ith
 a

bo
ve

 a
ve

ra
ge

 d
ig

es
tib

le
 e

ne
rg

y 
fo

r 
in

cr
ea

se
d 

fe
ed

in
g 

va
lu

e 
in

 s
w

in
e 

an
d 

po
ul

tr
y 

di
et

s.
 H

el
ps

 to
 im

pr
ov

e 
th

e 
va

lu
e 

of
 th

e 
D

D
G

S
 b

y-
pr

od
uc

t. 
- 

P
io

ne
er

 
 



A
pp

en
di

x 
A

: P
ag

e 
12

1 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y 

1  
D

es
cr

ip
ti

o
n

 o
f 

T
ec

h
n

o
lo

g
y 

In
st

it
u

ti
o

n
s/

C
o

m
p

an
ie

s 
In

vo
lv

ed
 1  

(T
ec

h
n

o
lo

g
y 

N
am

e)
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

M
av

er
a™

 H
ig

h
 V

al
u

e 
C

o
rn

 w
it

h
 L

ys
in

e 

C
or

n 
w

ith
 h

ig
he

r 
le

ve
ls

 o
f l

ys
in

e.
 R

ed
uc

es
 th

e 
ne

ed
 fo

r 
ly

si
ne

 s
up

pl
em

en
ts

 in
 s

w
in

e 
an

d 
po

ul
tr

y 
di

et
s.

 H
el

ps
 to

 im
pr

ov
e 

th
e 

va
lu

e 
of

 th
e 

D
D

G
S

 b
y-

pr
od

uc
t, 

w
hi

ch
 h

as
 a

 
lo

w
 ly

si
ne

 c
on

te
nt

 c
om

pa
re

d 
to

 o
th

er
 p

ro
te

in
 s

ou
rc

es
 s

uc
h 

as
 s

oy
be

an
 m

ea
l. 

- 
R

en
es

se
n 

LL
C

. (
JV

: C
ar

gi
ll 

an
d 

M
on

sa
nt

o)
 

 

1/
 N

ot
 a

n 
ex

ha
us

tiv
e 

lis
t 

 T
ab

le
 2

5:
 S

ec
o

n
d

 G
en

er
at

io
n

 B
io

fu
el

s 

T
ec

h
n

o
lo

g
y1  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
In

st
it

u
ti

o
n

s/
C

o
m

p
an

ie
s 

In
vo

lv
ed

 1  
(T

ec
hn

ol
og

y 
N

am
e)

 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

C
el

lu
lo

si
c 

E
th

an
o

l –
 

B
io

ch
em

ic
al

 P
la

tf
o

rm
 P

ro
ce

ss
 to

 p
ro

du
ce

 e
th

an
ol

 fr
om

 c
or

n 
bi

om
as

s 
us

in
g 

bi
ol

og
ic

al
 a

ge
nt

s 
to

 fe
rm

en
t t

he
 

bi
om

as
s,

 in
cl

ud
in

g 
co

rn
 k

er
ne

l, 
co

rn
 s

to
ve

r,
 a

nd
/o

r 
co

rn
 c

ob
s.

 
 

 
P

re
tr

ea
tm

en
t,

 
H

yd
ro

ly
si

s,
 a

n
d

 
F

er
m

en
ta

ti
o

n
 

P
ro

ce
ss

 
D

ev
el

o
p

m
en

ts
 

W
hi

le
 th

er
e 

ar
e 

m
an

y 
te

ch
no

lo
gi

es
 a

nd
 p

ro
ce

ss
es

 b
ei

ng
 d

ev
el

op
ed

 to
 s

up
po

rt
 

ec
on

om
ic

al
 c

el
lu

lo
si

c 
et

ha
no

l p
ro

du
ct

io
n,

 th
e 

ba
se

 o
f t

he
 te

ch
no

lo
gy

 r
es

ts
 o

n 
pr

et
re

at
m

en
t, 

hy
dr

ol
ys

is
, a

nd
 fe

rm
en

ta
tio

n.
  

 

 

P
re

tr
ea

tm
en

ts
 

T
he

 p
re

tr
ea

tm
en

t o
f b

io
m

as
s 

is
 c

ur
re

nt
ly

 o
ne

 o
f t

he
 s

in
gl

e 
la

rg
es

t c
os

t c
om

po
ne

nt
s 

in
 

th
e 

ov
er

al
l c

el
lu

lo
si

c 
et

ha
no

l p
ro

du
ct

io
n 

pr
oc

es
s 

vi
a 

th
e 

bi
oc

he
m

ic
al

 p
la

tfo
rm

.  
P

re
tr

ea
tm

en
t i

s 
ne

ce
ss

ar
y 

in
 o

rd
er

 to
 o

pe
n 

up
 th

e 
st

ru
ct

ur
e 

of
 th

e 
bi

om
as

s 
su

ffi
ci

en
tly

 to
 

al
lo

w
 fo

r 
ef

fe
ct

iv
e 

hy
dr

ol
ys

is
.  

T
he

 p
ro

te
ct

iv
e 

sh
ea

th
 o

f l
ig

ni
n 

an
d 

he
m

ic
el

lu
lo

se
 m

us
t b

e 
re

m
ov

ed
 o

r 
op

en
ed

 u
p 

so
 th

at
 th

e 
ce

llu
lo

se
 s

ug
ar

s 
ar

e 
m

ad
e 

ac
ce

ss
ib

le
 to

 b
e 

hy
dr

ol
yz

ed
, b

ro
ke

n 
do

w
n 

in
to

 5
-c

ar
bo

n 
(C

5)
 a

nd
 6

-c
ar

bo
n 

(C
6)

 s
ug

ar
s.

  T
he

re
 a

re
 m

an
y 

pr
et

re
at

m
en

t m
et

ho
ds

 c
ur

re
nt

ly
 b

ei
ng

 d
ev

el
op

ed
 b

y 
nu

m
er

ou
s 

co
m

pa
ni

es
 a

nd
 r

es
ea

rc
h 

in
st

itu
tio

ns
, e

ac
h 

w
ith

 th
ei

r 
ow

n 
ad

va
nt

ag
es

 a
nd

 d
is

ad
va

nt
ag

es
.  

H
ow

ev
er

, t
he

 b
ot

to
m

 
lin

e 
is

 th
at

 a
 c

os
t e

ffi
ci

en
t p

ro
ce

ss
 h

as
 y

et
 to

 b
e 

co
m

m
er

ci
al

iz
ed

.  
 

  
 

a 

E
l M

em
br

an
e 

P
ro

ce
ss

 
A

 p
ro

ce
ss

 u
si

ng
 D

uP
on

t's
 N

af
io

n 
pe

rf
lu

or
os

ul
fo

ni
c 

m
em

br
an

e 
to

 r
ec

ov
er

 th
e 

al
ka

lin
e 

ca
ta

ly
st

 u
se

d 
in

 th
e 

ce
llu

lo
si

c 
bi

of
ue

l d
ig

es
te

rs
 d

ur
in

g 
th

e 
pr

et
re

at
m

en
t s

ta
ge

.  
- 

E
le

ct
ro

se
p 

In
c.

 
 

C
om

bi
ne

d 
P

re
tr

ea
tm

en
t a

nd
 

H
yd

ro
ly

si
s 

E
nz

ym
es

 

S
om

e 
of

 th
e 

m
or

e 
ad

va
nc

ed
 p

re
tr

ea
tm

en
ts

 a
re

 d
on

e 
un

de
r 

co
nd

iti
on

s 
th

at
 w

ou
ld

 b
e 

am
en

da
bl

e 
to

 e
nz

ym
e 

st
ab

ili
ty

 a
nd

 a
ct

iv
ity

.  
T

hi
s 

w
ou

ld
 e

na
bl

e 
th

e 
po

ss
ib

ili
ty

 o
f 

in
co

rp
or

at
in

g 
hy

dr
ol

yz
in

g 
en

zy
m

es
 in

to
 p

re
tr

ea
tm

en
t s

ta
ge

s,
 th

er
eb

y 
co

m
bi

ni
ng

 th
e 

pr
et

re
at

m
en

t a
nd

 h
yd

ro
ly

si
s 

st
ag

es
 o

f c
el

lu
lo

si
c 

et
ha

no
l p

ro
du

ct
io

n.
 

- 
N

R
E

L 

  



A
pp

en
di

x 
A

: P
ag

e 
12

2 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y1  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
In

st
it

u
ti

o
n

s/
C

o
m

p
an

ie
s 

In
vo

lv
ed

 1  
(T

ec
hn

ol
og

y 
N

am
e)

 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

H
yd

ro
ly

si
s 

 
H

yd
ro

ly
si

s 
co

nv
er

ts
 th

e 
ce

llu
lo

se
 a

nd
 h

em
ic

el
lu

lo
se

 to
 C

5 
an

d 
C

6 
su

ga
rs

 s
o 

th
at

 th
ey

 
ca

n 
su

bs
eq

ue
nt

ly
 u

nd
er

go
 fe

rm
en

ta
tio

n.
  

  
 

F
er

m
en

tin
g 

Y
ea

st
/ 

M
ic

ro
or

ga
ni

sm
s 

 

R
es

ea
rc

he
rs

 a
nd

 te
ch

no
lo

gy
 c

om
pa

ni
es

 a
re

 a
im

in
g 

to
 d

ev
el

op
 fe

rm
en

tin
g 

ye
as

t/m
ic

ro
or

ga
ni

sm
s 

th
at

 c
an

 e
ffi

ci
en

tly
 u

til
iz

e 
bo

th
 th

e 
C

5 
an

d 
C

6 
su

ga
rs

, t
hu

s 
in

cr
ea

si
ng

 o
ve

ra
ll 

et
ha

no
l y

ie
ld

s.
 D

ev
el

op
m

en
ts

 in
 th

is
 a

re
a 

ar
e 

al
so

 lo
ok

in
g 

to
 lo

w
er

 th
e 

re
qu

ire
d 

do
sa

ge
 o

f t
he

 fe
rm

en
tin

g 
ag

en
t a

nd
 to

 in
cr

ea
se

 th
ei

r 
to

le
ra

nc
e 

to
 fe

rm
en

tin
g 

co
nd

iti
on

s.
   

- 
B

P
 E

ne
rg

y 
B

io
sc

ie
nc

es
 

In
st

itu
te

 
- 

N
R

E
L 

- 
B

io
G

as
ol

 
- 

M
as

co
m

a 
- 

D
ar

tm
ou

th
 

- 
D

S
M

 
- 

G
en

en
co

r 
- 

N
ov

oz
ym

es
 

- 
V

er
en

iu
m

 
- 

S
an

di
a 

N
at

io
na

l L
ab

or
at

or
y 

- 
A

be
ng

oa
 B

io
en

er
gy

 N
ew

 
T

ec
hn

ol
og

ie
s 

 

C
om

bi
ne

d 
H

yd
ro

ly
si

s 
an

d 
F

er
m

en
ta

tio
n 

D
ev

el
op

m
en

t o
f a

 “
co

ck
ta

il”
 o

f e
na

zy
m

es
 th

at
 c

an
 b

ot
h 

br
ea

k 
do

w
n 

th
e 

ce
llu

lo
se

 a
nd

 
he

m
ic

el
lu

lo
se

 in
to

 C
5 

an
d 

C
6 

su
ga

rs
 a

nd
 fe

rm
en

t t
he

m
 in

 a
 s

in
gl

e 
st

ep
.  

S
uc

h 
a 

pr
oc

es
s 

is
 o

fte
n 

re
fe

rr
ed

 to
 a

s 
co

ns
ol

id
at

ed
 b

io
pr

oc
es

si
ng

.  

- 
Q

te
ro

s 
- 

M
as

co
m

a 
 

  

S
eq

ue
nt

ia
l 

H
yd

ro
ly

si
s 

an
d 

F
er

m
en

ta
tio

n 
(S

H
F

) 

A
s 

op
po

se
d 

to
 th

e 
si

m
ul

ta
ne

ou
s 

sa
cc

ha
rif

ic
at

io
n 

an
d 

fe
rm

en
ta

tio
n 

pr
oc

es
s 

w
he

re
by

 th
e 

ce
llu

la
se

 e
nz

ym
es

 a
nd

 th
e 

fe
rm

en
tin

g 
m

ic
ro

be
s 

ar
e 

co
m

bi
ne

d 
in

 o
ne

 v
es

se
l, 

th
is

 
pr

oc
es

s 
se

pa
ra

te
s 

th
e 

hy
dr

ol
ys

is
 s

te
p 

fr
om

 th
e 

fe
rm

en
tin

g 
st

ep
.  

T
hi

s 
en

ab
le

s 
th

e 
hy

dr
ol

yz
in

g 
en

zy
m

es
 to

 o
pe

ra
te

 u
nd

er
 th

ei
r 

op
tim

al
 te

m
pe

ra
tu

re
s 

an
d 

th
e 

fe
rm

en
tin

g 
m

ic
ro

be
s 

to
 o

pe
ra

te
 u

nd
er

 th
ei

r 
op

tim
al

 te
m

pe
ra

tu
re

s,
 th

us
 in

cr
ea

si
ng

 th
e 

ov
er

al
l 

ut
ili

za
tio

n 
of

 th
e 

su
ga

rs
.  

 
 

C
o

n
ti

n
u

o
u

s 
R

ea
ct

o
r 

S
ep

ar
at

o
r 

(C
R

S
) 

S
ys

te
m

 

A
 s

ys
te

m
 d

es
ig

ne
d 

fo
r 

co
m

bi
ne

d 
hy

dr
ol

ys
is

, f
er

m
en

ta
tio

n 
an

d 
se

pa
ra

tio
n 

of
 e

th
an

ol
.  

T
he

 te
ch

no
lo

gy
 c

om
pa

ny
 c

la
im

s 
th

at
 th

e 
pr

oc
es

s 
in

cr
ea

se
s 

co
nv

er
si

on
 r

at
es

, l
ow

er
s 

en
er

gy
 u

sa
ge

 d
ur

in
g 

di
st

ill
at

io
n,

 a
nd

 e
ffi

ci
en

tly
 r

ec
yc

le
s 

nu
tr

ie
nt

s,
 c

he
m

ic
al

s 
an

d 
en

zy
m

es
. 

- 
Li

qu
a 

E
th

an
ol

 

 

T
ri

p
le

-C
ro

p
 S

u
g

ar
 

C
o

rn
 

A
 h

yb
rid

 c
or

n 
va

rie
ty

 w
ith

 h
ig

h 
su

ga
r-

fil
le

d 
st

al
ks

, l
ow

 g
ra

in
 y

ie
ld

s,
 b

ut
 h

ig
h 

bi
om

as
s 

yi
el

ds
 -

 y
ie

ld
s 

th
at

 b
ea

t r
ec

or
d 

sw
itc

hg
ra

ss
 y

ie
ld

s 
fo

r 
th

e 
M

id
w

es
t. 

 A
ls

o,
 th

is
 v

ar
ie

ty
 

re
qu

ire
s 

le
ss

 n
itr

og
en

 th
an

 g
ra

in
 c

or
n 

va
rie

tie
s.

  T
he

 h
yb

rid
 is

 a
 c

ro
ss

 b
et

w
ee

n 
po

pu
la

r 
U

.S
. l

in
es

 a
nd

 a
 tr

op
ic

al
 li

ne
. I

t w
ou

ld
 b

e 
si

m
ila

r 
to

 s
w

ee
t s

or
gh

um
 b

ut
 B

t a
nd

 R
ou

nd
up

 
R

ea
dy

 v
er

si
on

s 
co

ul
d 

be
 a

pp
lie

d,
 w

he
re

as
 b

io
te

ch
 tr

ai
ts

 h
av

e 
no

t y
et

 b
ee

n 
de

ve
lo

pe
d 

fo
r 

so
rg

hu
m

. 

- 
U

ni
ve

rs
ity

 o
f I

lli
no

is
 

 



A
pp

en
di

x 
A

: P
ag

e 
12

3 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y1  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
In

st
it

u
ti

o
n

s/
C

o
m

p
an

ie
s 

In
vo

lv
ed

 1  
(T

ec
hn

ol
og

y 
N

am
e)

 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

A
lt

er
ed

 P
la

n
t 

G
en

et
ic

s 
- 

S
el

f 
D

eg
ra

d
in

g
 B

io
m

as
s 

N
ov

el
 v

ar
ie

tie
s 

of
 c

or
n 

w
he

re
by

 th
e 

ce
llu

lo
si

c 
bi

om
as

s 
be

gi
ns

 to
 b

re
ak

 d
ow

n 
af

te
r 

ha
rv

es
t; 

re
du

ci
ng

/e
lim

in
at

in
g 

th
e 

ne
ed

 fo
r 

co
st

ly
 p

re
tr

ea
tm

en
ts

. 
  

 

  
A

 g
en

e 
fr

om
 th

e 
ba

ct
er

iu
m

 o
f a

 c
ow

’s
 s

to
m

ac
h 

is
 in

se
rt

ed
 in

to
 a

 c
or

n 
pl

an
t s

o 
th

at
 it

 c
an

 
m

or
e 

ea
si

ly
 c

on
ve

rt
 th

e 
fib

er
 in

 th
e 

co
rn

 s
ta

lk
s 

an
d 

le
av

es
 in

to
 s

im
pl

e 
su

ga
rs

. 

- 
M

ic
hi

ga
n 

S
ta

te
 U

ni
ve

rs
ity

 
(t

ec
h 

de
ve

lo
pe

r)
 

- 
E

de
ns

pa
ce

 S
ys

te
m

s 
(h

ol
ds

 
lic

en
se

 to
 te

ch
) 

- 
(E

ne
rg

y 
C

or
n 

 

  
M

ak
es

 th
e 

pl
an

t's
 c

el
l w

al
l s

ug
ar

s 
m

or
e 

ea
si

ly
 c

on
ve

rt
ed

 to
 b

io
fu

el
.  

T
he

 c
om

pa
ny

 
cl

ai
m

s 
th

at
 th

e 
ce

ll-
w

al
l s

ug
ar

s 
ar

e 
m

or
e 

th
an

 tw
ic

e 
as

 a
cc

es
si

bl
e 

to
 e

nz
ym

at
ic

 
di

ge
st

io
n.

 

- 
P

er
fo

rm
an

ce
 P

la
nt

s 
(E

ffi
ci

en
t C

on
ve

rs
io

n 
T

ra
it)

 
  

 

S
ci

en
tis

ts
 h

av
e 

en
gi

ne
er

ed
 n

ov
el

 "
on

/o
ff"

 p
ro

te
in

 s
w

itc
he

s 
th

at
 a

re
 u

se
d 

to
 a

ct
iv

at
e 

an
 

en
zy

m
e 

w
ith

in
 th

e 
pl

an
t c

el
l w

al
l t

ha
t w

ill
 b

eg
in

 to
 d

eg
ra

de
 c

el
lu

lo
se

 in
to

 s
ug

ar
s 

af
te

r 
ha

rv
es

t. 
 T

hi
s 

en
ab

le
s 

th
e 

ce
llu

lo
si

c 
bi

om
as

s 
to

 b
e 

br
ok

en
 d

ow
n 

at
 th

e 
ce

llu
lo

si
c 

re
fin

er
y 

us
in

g 
le

ss
 s

ev
er

e 
pr

et
re

at
m

en
ts

 a
nd

 w
ith

ou
t t

he
 a

dd
iti

on
 o

f e
xo

ge
no

us
 e

nz
ym

es
, 

re
su

lti
ng

 in
 a

 c
os

t s
av

in
gs

 a
t t

he
 p

ro
ce

ss
in

g 
le

ve
l. 

  

- 
A

gr
iv

id
a 

(G
re

en
G

en
es

™
) 

- 
C

od
on

 D
ev

ic
es

 (
ut

ili
ze

s 
th

ei
r 

B
io

LO
G

IC
™

 E
ng

in
ee

rin
g 

P
la

tfo
rm

) 
- 

U
ni

ve
rs

ity
 o

f I
lli

no
is

 

 

H
yd

ro
ca

rb
o

n
 

M
ix

tu
re

s 

H
yd

ro
ca

rb
on

 m
ix

tu
re

s 
ca

n 
be

 u
se

d 
to

 p
ro

du
ce

 a
 r

an
ge

 o
f f

ue
ls

 a
nd

 c
he

m
ic

al
s.

 
H

yd
ro

ca
rb

on
 fu

el
s 

ar
e 

vi
rt

ua
lly

 in
di

st
in

gu
is

ha
bl

e 
fr

om
 g

as
ol

in
e,

 d
ie

se
l, 

an
d 

je
t f

ue
l; 

ca
n 

be
 d

is
tr

ib
ut

ed
 in

 e
xi

st
in

g 
pi

pe
lin

e 
in

fr
as

tr
uc

tu
re

 a
nd

 c
an

 b
e 

us
ed

 in
 a

ny
 e

xi
st

in
g 

ve
hi

cl
e.

  
  

 

M
ic

ro
b

ia
l C

o
n

ve
rs

io
n

 
o

f 
S

u
g

ar
s 

to
 

H
yd

ro
ca

rb
o

n
s 

C
us

to
m

 d
ei

gn
ed

 m
ic

ro
be

s 
co

nv
er

t s
ug

ar
s 

in
to

 h
yd

ro
ca

rb
on

 b
as

ed
 fu

el
s 

an
d 

ch
em

ic
al

s.
  

- 
LS

9 
(D

es
ig

ne
rB

io
fu

el
s™

) 
- 

A
m

yr
is

 
- 

U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
, L

os
 

A
ng

el
es

 
- 

U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
, 

B
er

ke
le

y 

b 
 



A
pp

en
di

x 
A

: P
ag

e 
12

4 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y1  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
In

st
it

u
ti

o
n

s/
C

o
m

p
an

ie
s 

In
vo

lv
ed

 1  
(T

ec
hn

ol
og

y 
N

am
e)

 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

T
h

er
m

o
ch

em
ic

al
 

P
la

tf
o

rm
 

P
yr

ol
ys

is
/g

as
ifi

ca
tio

n 
te

ch
no

lo
gi

es
 a

re
 u

se
d 

to
 p

ro
du

ce
 a

 p
yr

ol
ys

is
 o

il/
sy

ng
as

, f
ro

m
 

w
hi

ch
 a

 w
id

e 
ra

ng
e 

of
 lo

ng
 c

ar
bo

n 
ch

ai
n 

bi
of

ue
ls

 a
nd

 c
he

m
ic

al
s 

ca
n 

be
 r

ef
or

m
ed

.  
In

 
co

nt
ra

st
 to

 th
e 

bi
oc

he
m

ic
al

 p
la

tfo
rm

, t
he

 th
er

m
o 

ch
em

ic
al

 p
la

tfo
rm

 is
 la

rg
el

y 
ba

se
d 

on
 

ex
is

tin
g 

te
ch

no
lo

gi
es

 a
nd

 th
er

e 
ap

pe
ar

s 
to

 b
e 

fe
w

er
 te

ch
ni

ca
l h

ur
dl

es
; a

lth
ou

gh
 b

ei
ng

 a
 

m
or

e 
m

at
ur

e 
te

ch
no

lo
gy

 th
er

e 
m

ay
 b

e 
le

ss
 o

pp
or

tu
ni

ty
 fo

r 
co

st
 r

ed
uc

tio
ns

.  
R

es
ea

rc
h 

an
d 

de
ve

lo
pm

en
t e

ffo
rt

s 
ar

e 
fo

cu
si

ng
 o

n 
pe

rf
ec

tin
g 

th
e 

ga
si

fic
at

io
n 

of
 b

io
m

as
s 

so
 th

at
 it

 
is

 m
or

e 
re

lia
bl

e 
an

d 
co

st
 e

ffi
ci

en
t. 

O
ne

 o
f t

he
 m

aj
or

 te
ch

ni
ca

l c
ha

lle
ng

es
 is

 th
at

 m
uc

h 
of

 
th

e 
sy

ng
as

 p
ro

du
ce

d 
fr

om
 b

io
m

as
s 

te
nd

s 
to

 b
e 

m
or

e 
he

te
ro

ge
ne

ou
s 

th
an

 g
as

-b
as

ed
 

sy
ng

as
, l

ea
di

ng
 to

 v
ar

ia
tio

ns
 in

 p
ro

du
ct

 q
ua

lit
y.

  A
ls

o,
 th

e 
nu

m
be

r 
of

 in
hi

bi
to

ry
 

su
bs

ta
nc

es
 v

ar
y 

by
 b

io
m

as
s 

fe
ed

st
oc

k 
an

d 
ga

si
fie

r 
de

si
gn

.  
T

hi
s 

va
ria

tio
n 

in
 s

yn
ga

s 
co

m
po

si
tio

n 
cr

ea
te

s 
pr

ob
le

m
s 

fo
r 

th
e 

F
is

ch
er

-T
ro

ps
ch

 p
ro

ce
ss

 w
hi

ch
 c

re
at

es
 a

 v
ar

ie
ty

 
of

 c
he

m
ic

al
 a

nd
 fu

el
 p

ro
du

ct
s 

fr
om

 th
e 

sy
ng

as
.  

P
ro

bl
em

s 
in

cl
ud

e 
lo

w
 p

ro
du

ct
 s

el
ec

tiv
ity

 
an

d 
un

av
oi

da
bl

e 
co

-p
ro

du
ct

s,
 a

s 
w

el
l a

s 
co

nt
am

in
an

ts
 th

at
 c

an
 in

hi
bi

t t
he

 c
at

al
yt

ic
 

re
ac

tio
n.

  A
dd

iti
on

al
ly

, t
he

 la
rg

e 
qu

an
tit

y 
of

 b
io

m
as

s 
re

qu
ire

d 
to

 r
ea

ch
 a

 s
ca

le
 w

he
re

 th
e 

pr
oc

es
s 

is
 e

co
no

m
ic

al
 r

em
ai

ns
 a

 c
on

ce
rn

.  
 

- 
A

LI
C

O
 

- 
R

an
ge

 F
ue

ls
 

- 
F

la
m

be
au

 L
LC

 
- 

N
ew

 P
ag

e 
C

or
p.

 
- 

N
es

te
 O

il 
- 

S
to

ra
 E

ns
o 

 

B
io

fo
rm

in
g 

T
he

 B
io

fo
rm

in
g™

 p
ro

ce
ss

 c
om

bi
ne

s 
th

e 
ut

ili
ty

 o
f a

qu
eo

us
 p

ha
se

 r
ef

or
m

in
g 

w
ith

 
ca

ta
ly

st
s 

an
d 

re
ac

to
r 

sy
st

em
s 

si
m

ila
r 

to
 th

os
e 

fo
un

d 
in

 tr
ad

iti
on

al
 p

et
ro

le
um

 r
ef

in
er

ie
s 

to
 

co
nv

er
t p

la
nt

 s
ug

ar
s 

in
to

 h
yd

ro
ca

rb
on

 m
ix

tu
re

s 
th

at
 c

an
 b

e 
us

ed
 to

 m
ak

e 
a 

va
rie

ty
 o

f 
co

nv
en

tio
na

l f
ue

ls
 (

e.
g.

, g
as

ol
in

e,
 je

t f
ue

l, 
di

es
el

).
 T

he
 s

ys
te

m
 is

 a
 c

at
al

yt
ic

, l
ow

-
te

m
pe

ra
tu

re
 th

er
m

oc
he

m
ic

al
 r

ou
te

 to
 b

io
fu

el
 p

ro
du

ct
io

n.
 

- 
V

ire
nt

 E
ne

rg
y 

S
ys

te
m

s 
(B

io
F

or
m

in
g)

 
- 

R
oy

al
 D

ut
ch

 S
he

ll 
- 

C
ar

gi
ll 

an
d 

H
on

da
 M

ot
or

 
(V

ire
nt

 In
ve

st
or

s)
 

  



A
pp

en
di

x 
A

: P
ag

e 
12

5 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ec

h
n

o
lo

g
y1  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
In

st
it

u
ti

o
n

s/
C

o
m

p
an

ie
s 

In
vo

lv
ed

 1  
(T

ec
hn

ol
og

y 
N

am
e)

 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

O
th

er
 

 
 

 

B
u

ta
n

o
l 

B
ut

an
ol

 is
 c

ur
re

nt
ly

 p
ro

du
ce

d 
vi

a 
pe

tr
oc

he
m

ic
al

 fe
ed

st
oc

ks
 a

nd
 h

as
 th

e 
po

te
nt

ia
l t

o 
be

 
us

ed
 in

 a
 w

id
e 

ar
ra

y 
of

 a
pp

lic
at

io
ns

, i
nc

lu
di

ng
: f

ue
l, 

so
lv

en
ts

, c
oa

tin
gs

 (
e.

g.
, p

ai
nt

, 
va

rn
is

h,
 a

nd
 in

ks
),

 a
gr

ic
ul

tu
ra

l c
he

m
ic

al
s 

(e
.g

., 
in

se
ct

ic
id

es
 a

nd
 h

er
bi

ci
de

s)
, s

yn
th

et
ic

 
re

si
ns

 a
nd

 a
dh

es
iv

es
, t

ex
til

es
 (

e.
g.

, s
ca

tte
r 

ru
gs

, b
at

hm
at

s)
, a

nd
 s

ea
la

nt
s.

  A
s 

a 
fu

el
, 

bu
ta

no
l h

ol
ds

 s
ev

er
al

 k
ey

 a
dv

an
ta

ge
s 

ov
er

 e
th

an
ol

, i
nc

lu
di

ng
 a

 h
ig

he
r 

en
er

gy
 c

on
te

nt
 

as
 w

el
l a

s 
its

 a
bi

lit
y 

to
 b

e 
tr

an
sp

or
te

d 
vi

a 
pi

pe
lin

e.
  

 O
ve

r 
th

e 
pa

st
 2

0 
ye

ar
s,

 r
es

ea
rc

h 
an

d 
de

ve
lo

pm
en

t e
ffo

rt
s 

ha
ve

 fo
cu

se
d 

on
 im

pr
ov

in
g 

va
rio

us
 a

sp
ec

ts
 o

f t
he

 a
ce

to
ne

 b
ut

an
ol

, e
th

an
ol

 (
A

B
E

) 
pr

od
uc

tio
n 

pr
oc

es
s.

 M
ol

ec
ul

ar
 

bi
ol

og
y 

re
se

ar
ch

 h
as

 fo
cu

se
d 

on
 d

ev
el

op
in

g 
va

rio
us

 m
ic

ro
bi

al
 s

tr
ai

ns
 w

ith
 im

pr
ov

ed
 

to
le

ra
nc

e 
to

 b
ut

an
ol

 to
xi

ci
ty

, w
hi

ch
 h

as
 r

es
ul

te
d 

in
 s

ig
ni

fic
an

t y
ie

ld
 in

cr
ea

se
s.

  I
n 

19
90

, 
th

e 
ba

ct
er

iu
m

 C
lo

st
rid

iu
m

 b
ei

je
rin

ck
ii 

w
as

 d
ev

el
op

ed
 b

y 
H

an
s 

B
la

sc
he

k 
fr

om
 th

e 
U

ni
ve

rs
ity

 o
f I

lli
no

is
, d

ou
bl

in
g 

bu
ta

no
l p

ro
du

ct
io

n 
ov

er
 it

s 
pa

re
nt

 s
tr

ai
n,

 C
lo

st
rid

iu
m

 
ac

et
ob

ut
yl

ic
um

. A
dd

iti
on

al
ly

, t
he

 d
ev

el
op

m
en

t a
nd

 a
pp

lic
at

io
n 

of
 in

-s
itu

 g
as

 s
tr

ip
pi

ng
 to

 
re

m
ov

e 
th

e 
so

lv
en

t f
ro

m
 th

e 
fe

rm
en

te
r,

 w
hi

ch
 m

in
im

iz
es

 p
ro

du
ct

 in
hi

bi
tio

n 
(t

he
 p

ro
bl

em
 

w
he

re
by

 th
e 

bu
ta

no
l b

ec
om

es
 to

xi
c 

to
 th

e 
fe

rm
en

tin
g 

ag
en

t)
, h

as
 e

na
bl

ed
 m

uc
h 

hi
gh

er
 

fe
ed

 c
on

ce
nt

ra
tio

ns
. 

- 
B

P
 a

nd
 D

uP
on

t 
- 

B
ut

yl
 F

ue
l L

LC
 

- 
T

et
ra

V
ita

e 
B

io
S

ci
en

ce
 

- 
G

ev
o 

- 
C

ob
al

t B
io

fu
el

s 
- 

G
re

en
 B

io
lo

gi
cs

 
- 

S
yn

te
c 

- 
M

E
T

ab
ol

ic
 E

X
pl

or
er

 
- 

U
ni

ve
rs

ity
 o

f I
lli

no
is

 
- 

U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
 

- 
C

al
te

ch
 

- 
O

hi
o 

S
ta

te
 U

ni
ve

rs
ity

 
R

es
ea

rc
h 

F
ou

nd
at

io
n 

- 
Jo

in
t B

io
E

ne
rg

y 
In

st
itu

te
 

- 
U

S
D

A
, A

R
S

 

 

* 
R

ed
 =

 Id
en

tif
ie

d 
by

 th
e 

C
on

so
rt

iu
m

 fo
r 

A
pp

lie
d 

F
un

da
m

en
ta

ls
 In

no
va

tio
n 

(C
A

F
I)

 
1/

 N
ot

 a
n 

ex
ha

us
tiv

e 
lis

t 
a/

 D
iff

er
en

t 
pr

et
re

at
m

en
t 

pr
oc

es
se

s 
ar

e 
at

 d
iff

er
en

t 
st

ag
es

 o
f 

de
ve

lo
pm

en
t. 

 H
ow

ev
er

, 
w

hi
le

 s
om

e 
ar

e 
cu

rr
en

tly
 b

ei
ng

 u
se

d 
in

 p
ilo

t 
an

d 
de

m
on

st
ra

tio
n 

sc
al

e 
fa

ci
lit

ie
s,

 th
e 

pr
et

re
at

m
en

t p
ro

ce
ss

 r
em

ai
ns

 o
ne

 o
f t

he
 m

or
e 

co
st

ly
 s

te
ps

 in
 th

e 
ov

er
al

l c
el

lu
lo

si
c 

et
ha

no
l p

ro
du

ct
io

n 
pr

oc
es

s.
  

b/
 B

ot
h 

LS
9 

an
d 

A
m

yr
is

 h
av

e 
an

no
un

ce
d 

pl
an

s 
to

 r
ea

ch
 c

om
m

er
ci

al
 s

ca
le

 p
ro

du
ct

io
n 

by
 2

01
1.

 H
ow

ev
er

, b
ot

h 
ar

e 
fo

cu
si

ng
 o

n 
us

in
g 

su
ga

rc
an

e 
fr

om
 B

ra
zi

l. 
 



A
pp

en
di

x 
A

: P
ag

e 
12

6 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

 T
ab

le
 2

6:
 V

al
u

e-
A

d
d

ed
 C

h
em

ic
al

s 
fr

o
m

 S
u

g
ar

s 
* 

R
ed

 =
 D

O
E

 T
op

 1
2 

V
al

ue
-A

dd
ed

 C
he

m
ic

al
s 

fr
om

 S
ug

ar
s 

an
d 

S
yn

ga
s 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

1,
4-

D
ia

ci
d

s 
(S

u
cc

in
ic

, F
u

m
ar

ic
, a

n
d

 M
al

ic
) 

S
u

cc
in

ic
 

A
ci

d
 (

S
A

) 

- 
1,

4-
B

ut
an

ed
io

l 
(B

D
O

) 
- 

T
et

ra
hy

dr
of

ur
an

 
(T

H
F

) 
- 
γ-

B
ut

yr
ol

ac
to

ne
 

(G
B

L)
 

- 
2-

P
yr

ro
lid

in
on

e 
- 

N
-M

et
hy

l 
P

yr
ro

lid
on

e 
(N

M
P

) 
- 

P
ol

yt
et

ra
m

et
hy

le
ne

 
G

ly
co

l (
P

T
M

G
) 

- 
P

ol
y-

B
ut

yl
en

e 
S

uc
ci

na
te

 (
P

B
S

) 
- 

D
ie

th
yl

 a
nd

 
D

im
et

hy
l S

uc
ci

na
te

 
(S

uc
ci

ni
c 

A
ci

d 
+

 
E

th
an

ol
/M

et
ha

no
l) 

- 
S

ol
ve

nt
s 

- 
F

oo
d 

in
gr

ed
ie

nt
s,

 fl
av

or
s 

 
- 

P
la

st
ic

s 
an

d 
el

as
tic

 fi
be

rs
 

- 
P

ai
nt

s 
an

d 
co

at
in

gs
 

- 
Lu

br
ic

at
in

g 
oi

ls
, e

ng
in

e 
co

ol
an

ts
 a

nd
 d

ei
ce

rs
 

- 
D

ie
se

l f
ue

l o
xy

ge
na

te
s 

- 
P

er
so

na
l c

ar
e 

pr
od

uc
ts

 a
nd

 
co

sm
et

ic
s 

- 
D

et
er

ge
nt

s,
 a

ir 
fr

es
he

ne
rs

 a
nd

 
ho

us
eh

ol
d 

cl
ea

ne
rs

 
- 

A
ut

om
ot

iv
e 

an
d 

in
du

st
ria

l 
cl

ea
ne

rs
 

- 
P

ai
nt

 s
tr

ip
pe

rs
 a

nd
 g

ra
ffi

ti 
re

m
ov

er
s 

- 
C

he
m

ic
al

 in
te

rm
ed

ia
te

 fo
r 

he
rb

ic
id

es
, i

ns
ec

tic
id

es
, a

nd
 

fu
ng

ic
id

es
 

- 
A

gr
o 

In
du

st
rie

 
R

ec
he

rc
he

s 
et

 
D

év
el

op
pm

en
ts

 (
A

R
D

),
 

F
ra

nc
e 

- 
D

N
P

 G
re

en
 T

ec
hn

ol
og

y 
- 

B
io

am
be

r 
(J

V
: D

N
P

 a
nd

 
A

R
D

) 
- 

U
S

 D
ep

ar
tm

en
t o

f 
E

ne
rg

y 
- 

N
at

io
na

l R
es

ea
rc

h 
C

ou
nc

il 
of

 C
an

ad
a 

B
io

te
ch

no
lo

gy
 R

es
ea

rc
h 

In
st

itu
te

 
- 

R
ic

e 
U

ni
ve

rs
ity

 
- 

R
oq

ue
tte

 a
nd

 D
S

M
 

- 
U

ni
ve

rs
ity

 o
f G

eo
rg

ia
 

- 
T

oy
ot

a 
T

su
sh

o 
C

om
pa

ny
, J

ap
an

 
(s

ha
re

ho
ld

er
 o

f 
B

io
am

be
r)

 
- 

M
ic

hi
ga

n 
S

ta
te

 
U

ni
ve

rs
ity

, M
ic

hi
ga

n 
B

io
te

ch
no

lo
gy

 In
st

itu
te

 
- 

B
io

E
ne

rg
y 

In
te

rn
at

io
na

l 
(M

yr
ia

nt
 T

ec
hn

ol
og

ie
s)

 
- 

M
its

ub
is

hi
 C

he
m

ic
al

 
C

or
po

ra
tio

n 
- 

Lu
le

å 
U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y,

 S
w

ed
en

 

C
ur

re
nt

 p
et

ro
ch

em
ic

al
 p

ro
du

ct
io

n 
pr

oc
es

se
s 

fo
r 

su
cc

in
ic

 a
ci

d 
an

d 
its

 d
er

iv
at

iv
es

 a
re

 n
ot

 c
os

t 
co

m
pe

tit
iv

e 
w

ith
 o

th
er

 p
et

ro
ch

em
ic

al
 d

er
iv

ed
 

m
at

er
ia

ls
, a

nd
 th

us
, s

uc
ci

ni
c 

ac
id

 is
 c

ur
re

nt
ly

 a
 

hi
gh

 c
os

t c
he

m
ic

al
 th

at
 s

er
ve

s 
on

ly
 in

 n
ic

he
 

m
ar

ke
t a

pp
lic

at
io

ns
.  

H
ow

ev
er

, b
io

ba
se

d 
pr

od
uc

tio
n 

ro
ut

es
 a

re
 c

ur
re

nt
ly

 b
ei

ng
 d

ev
el

op
ed

 
by

 n
um

er
ou

s 
co

m
pa

ni
es

 a
nd

 r
es

ea
rc

h 
in

st
itu

tio
ns

, a
nd

 if
 a

 c
os

t c
om

pe
tit

iv
e 

bi
ob

as
ed

 
pr

od
uc

tio
n 

ro
ut

e 
fo

r 
su

cc
in

ic
 a

ci
d 

w
er

e 
de

ve
lo

pe
d,

 s
uc

ci
ni

c 
ac

id
 c

ou
ld

 p
ot

en
tia

lly
 s

er
ve

 
as

 a
 r

ep
la

ce
m

en
t o

r 
pa

rt
ia

l r
ep

la
ce

m
en

t f
or

 
m

an
y 

pe
tr

oc
he

m
ic

al
s 

cu
rr

en
tly

 o
n 

th
e 

m
ar

ke
t. 

 
In

 a
dd

iti
on

 to
 th

e 
m

an
y 

m
ar

ke
t a

pp
lic

at
io

ns
 fo

r 
w

hi
ch

 s
uc

ci
ni

c 
ac

id
 a

nd
 it

s 
de

riv
at

iv
e 

ch
em

ic
al

s 
ca

n 
be

 a
pp

lie
d,

 a
no

th
er

 p
ro

m
is

in
g 

at
tr

ib
ut

e 
is

 
th

at
 it

s 
pr

od
uc

tio
n 

re
qu

ire
s 

C
O

2.
 

 



A
pp

en
di

x 
A

: P
ag

e 
12

7 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

F
u

m
ar

ic
 

A
ci

d
 

- 
U

ns
at

ur
at

ed
 

su
cc

in
at

e 
de

riv
at

iv
es

 
- 

A
sp

ar
tic

 a
ci

d 

- 
F

oo
d 

ac
id

ul
an

t 
- 

P
ol

ye
st

er
 r

es
in

s 
- 

S
w

ee
te

ne
r 

- 
F

ab
ric

 d
ye

 
- 

A
ni

m
al

 fe
ed

 
- 

A
lk

yd
 r

es
in

s 
- 

w
id

el
y 

us
ed

 in
 

ad
he

si
ve

s 
an

d 
pa

in
t  

- 
P

rin
tin

g 
In

ks
  

- 
P

ap
er

 s
iz

in
g 

- 
C

le
an

in
g 

ag
en

t 

-D
el

ft 
U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y,

 N
et

he
rla

nd
s 

B
as

e 
te

ch
no

lo
gy

 is
 c

om
m

er
ci

al
iz

ed
, b

ut
 

re
se

ar
ch

 e
ffo

rt
s 

on
 e

ffi
ci

en
t, 

lo
w

 c
os

t p
ro

du
ct

io
n 

m
et

ho
ds

 fo
r 

fu
m

ar
ic

 a
ci

d 
an

d 
its

 d
er

iv
at

iv
es

 v
ia

 
fe

rm
en

ta
tio

n 
ar

e 
on

go
in

g.
   

 

M
al

ic
 A

ci
d

 
-H

yd
ro

xy
 s

uc
ci

na
te

 
de

riv
at

iv
es

 

- 
F

oo
d 

an
d 

be
ve

ra
ge

 
- 

S
oa

ps
, m

ou
th

w
as

he
s,

 a
nd

 
to

ot
hp

as
te

 
- 

T
hr

oa
t l

oz
en

ge
s,

 c
ou

gh
 

sy
ru

ps
, a

nd
 e

ffe
rv

es
ce

nt
 

po
w

de
re

d 
pr

ep
ar

at
io

ns
 

- 
S

ki
n 

ca
re

 p
ro

du
ct

s 
- 

A
ni

m
al

 fe
ed

 

-D
el

ft 
U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y,

 N
et

he
rla

nd
s 

B
as

e 
te

ch
no

lo
gy

 is
 c

om
m

er
ci

al
iz

ed
, b

ut
 

re
se

ar
ch

 e
ffo

rt
s 

on
 e

ffi
ci

en
t, 

lo
w

 c
os

t p
ro

du
ct

io
n 

m
et

ho
ds

 fo
r 

m
al

ic
 a

ci
d 

an
d 

its
 d

er
iv

at
iv

es
 v

ia
 

fe
rm

en
ta

tio
n 

ar
e 

on
go

in
g.

   

 

2,
5-

F
u

ra
n

 
D

ic
ar

b
o

xy
lic

 
A

ci
d

 (
F

D
C

A
) 

- 
2,

5-
D

ih
yd

ro
xy

m
et

hy
lfu

ra
n - 

2,
5-

B
is

(h
yd

ro
xy

m
et

hy
l) 

te
tr

ah
yd

ro
fu

ra
n 

- 
2,

5-
B

is
(a

m
in

om
et

hy
l) 

te
tr

ah
yd

ro
fu

ra
n 

- 
2,

5-
F

ur
an

di
ca

rb
al

de
hy

de
 

- 
S

uc
ci

ni
c 

A
ci

d 

- 
P

ot
en

tia
l r

ep
la

ce
m

en
t f

or
 

te
re

ph
th

al
ic

 a
ci

d,
 a

 w
id

el
y 

us
ed

 
co

m
po

ne
nt

 in
 v

ar
io

us
 

po
ly

es
te

rs
, s

uc
h 

as
 p

ol
ye

th
yl

en
e 

te
re

ph
th

al
at

e 
(P

E
T

) 
an

d 
po

ly
bu

ty
le

ne
te

re
ph

th
al

at
e 

(P
B

T
) 

- 
N

ew
 p

ol
ye

st
er

s 
an

d 
ny

lo
ns

 
- 

A
dh

es
iv

es
, c

oa
tin

gs
, i

nk
s,

 
co

m
po

si
te

s,
 b

in
de

rs
, a

nd
/o

r 
fo

am
s 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

A
gr

oc
he

m
ic

al
s 

- 
A

nt
ib

ac
te

ria
l a

ge
nt

s 
- 

F
ra

gr
an

ce
s 

- 
(s

ee
 a

bo
ve

 u
se

s 
of

 s
uc

ci
ni

c 
ac

id
) 

- 
C

an
on

 
- 

B
at

el
le

, M
em

or
ia

l 
In

st
itu

te
 

- 
T

ec
hn

ic
al

 U
ni

ve
rs

ity
 o

f 
D

en
m

ar
k 

- 
D

an
is

h 
N

at
io

na
l 

A
dv

an
ce

d 
T

ec
hn

ol
og

y 
F

ou
nd

at
io

n 
- 

In
st

itu
te

 o
f T

ec
hn

ol
og

y,
 

F
ed

er
al

 A
gr

ic
ul

tu
ra

l 
R

es
ea

rc
h 

C
en

tr
e,

 
G

er
m

an
y 

B
as

e 
te

ch
no

lo
gy

 is
 s

til
l u

nd
er

 in
ve

st
ig

at
io

n.
   

 



A
pp

en
di

x 
A

: P
ag

e 
12

8 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

3-
H

yd
ro

xy
-

p
ro

p
io

n
ic

 
A

ci
d

 (
3-

H
P

A
) 

- 
1,

3-
P

ro
pa

ne
di

ol
 

- 
A

cr
yl

ic
 A

ci
d 

- 
M

et
hy

l A
cr

yl
at

e 
- 

A
cr

yl
am

id
e 

- 
M

al
on

ic
 A

ci
d 

- 
E

th
yl

 3
-H

P
 

- 
P

ro
pi

ol
ac

to
ne

 
- 

A
cr

yl
on

itr
ile

 

- 
S

ol
ve

nt
s 

- 
P

la
st

ic
s 

an
d 

m
ol

di
ng

s 
- 

F
ib

er
s 

an
d 

re
si

ns
  

- 
C

om
po

si
te

s 
- 

A
dh

es
iv

es
  

- 
La

m
in

at
es

, f
lo

or
 p

ol
is

he
s,

 
pa

in
ts

 a
nd

 c
oa

tin
gs

 
- 

A
lip

ha
tic

 p
ol

ye
st

er
s 

an
d 

co
po

ly
es

te
rs

 
- 

W
as

te
w

at
er

 tr
ea

tm
en

t 
- 

G
el

 e
le

ct
ro

ph
or

es
is

 
- 

P
ap

er
m

ak
in

g 
 

- 
O

re
 p

ro
ce

ss
in

g 
 

- 
P

er
m

an
en

t p
re

ss
 fa

br
ic

s.
 

- 
V

ita
m

in
s 

- 
D

is
in

fe
ct

an
t; 

ha
s 

be
en

 u
se

d 
to

 
st

er
ili

ze
 b

lo
od

 p
la

sm
a,

 v
ac

ci
ne

s,
 

tis
su

e 
gr

af
ts

, s
ur

gi
ca

l 
in

st
ru

m
en

ts
, a

nd
 e

nz
ym

es
.  

- 
C

ar
gi

ll 
- 

C
od

ex
is

 
- 

P
ac

ifi
c 

N
or

th
w

es
t 

N
at

io
na

l L
ab

or
at

or
y 

- 
N

ov
oz

ym
es

 
- 

D
O

E
 

- 
Q

ui
ng

da
o 

In
st

itu
te

 o
f 

B
io

m
as

s 
E

ne
rg

y 
an

d 
B

io
pr

oc
es

s 
T

ec
hn

ol
og

y 
(C

hi
na

) 
- 

P
er

st
or

p 
(S

ew
de

n)
 

T
he

re
 is

 c
ur

re
nt

ly
 n

o 
co

m
m

er
ci

al
ly

 v
ia

bl
e 

pr
od

uc
tio

n 
ro

ut
e 

fo
r 

3-
H

P
A

 u
si

ng
 p

et
ro

ch
em

ic
al

 
fe

ed
st

oc
ks

. Y
et

, m
an

y 
of

 th
e 

de
riv

at
iv

e 
ch

em
ic

al
s 

th
at

 c
an

 b
e 

pr
od

uc
ed

 fr
om

 3
-H

P
A

 a
re

 
co

m
m

er
ci

al
ly

 p
ro

du
ce

d 
fr

om
 fo

ss
il 

fu
el

 
fe

ed
st

oc
ks

.  
C

ar
gi

ll,
 a

lo
ng

 w
ith

 C
od

ex
is

 a
nd

 th
e 

P
ac

ifi
c 

N
or

th
w

es
t N

at
io

na
l L

ab
or

at
or

y,
 h

av
e 

de
ve

lo
pe

d 
a 

bi
op

ro
ce

ss
 to

 p
ro

du
ce

 3
-H

P
A

.  
In

 
th

is
 p

ro
ce

ss
 g

lu
co

se
 o

r 
an

ot
he

r 
ca

rb
oh

yd
ra

te
 

so
ur

ce
 is

 c
on

ve
rt

ed
 in

to
 3

-H
P

A
 u

si
ng

 a
 m

ul
ti-

st
ep

 e
nz

ym
at

ic
 r

ea
ct

io
n 

w
ith

in
 th

e 
ce

lls
 o

f a
 

m
ic

ro
or

ga
ni

sm
.  

3-
H

P
A

 c
an

 th
en

 b
e 

co
nv

er
te

d 
in

to
 a

 v
ar

ie
ty

 o
f h

ig
h-

va
lu

e 
ch

em
ic

al
s.

  I
n 

ea
rly

 
20

08
, C

ar
gi

ll 
an

no
un

ce
d 

a 
jo

in
t a

gr
ee

m
en

t w
ith

 
N

ov
oz

ym
es

 to
 d

ev
el

op
 te

ch
no

lo
gy

 e
na

bl
in

g 
th

e 
pr

od
uc

tio
n 

of
 a

cr
yl

ic
 a

ci
d 

vi
a 

3-
H

P
A

.  
A

t t
he

 ti
m

e 
of

 th
e 

an
no

un
ce

m
en

t, 
th

e 
co

m
pa

ni
es

 s
ai

d 
th

at
 

th
ey

 e
xp

ec
te

d 
th

e 
te

ch
no

lo
gy

 to
 b

e 
re

ad
y 

in
 5

 
ye

ar
s.

  

 



A
pp

en
di

x 
A

: P
ag

e 
12

9 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

A
sp

ar
ti

c 
A

ci
d

 

- 
A

m
in

e 
T

et
ra

hy
dr

of
ur

an
 

- 
A

m
in

e 
B

ut
yr

ol
ac

to
ne

 
- 

A
m

in
e 

B
ut

an
ed

io
l 

- 
A

sp
ar

tic
 A

nh
yd

rid
e 

- 
P

ol
ya

sp
ar

at
ic

 a
ci

d 
an

d 
P

ol
ya

sp
ar

at
es

 
- 

A
m

in
o-

2-
P

yr
ro

lid
on

e 

- 
S

al
ts

 fo
r 

ch
el

at
in

g 
ag

en
t 

- 
S

w
ee

te
ne

rs
 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

P
ol

ya
sp

ar
tic

 a
ci

d,
 s

yn
th

et
ic

 
re

si
ns

, a
nd

 c
os

m
et

ic
s 

 
- 

P
ot

en
tia

l f
or

 p
ol

ym
er

 a
nd

 
so

lv
en

t a
pp

lic
at

io
ns

 
- 

N
ov

el
 p

ol
ye

st
er

 -
 p

ot
en

tia
l 

ex
is

ts
 a

s 
a 

dr
ug

 d
el

iv
er

y 
bi

om
at

er
ia

l. 
- 

N
ov

el
 p

ol
ym

er
s 

th
at

 c
ou

ld
 b

e 
su

bs
tit

ut
ed

 fo
r 

po
ly

ac
ry

lic
 a

ci
d 

an
d 

po
ly

ca
rb

ox
yl

at
es

. P
ot

en
tia

l 
ap

pl
ic

at
io

ns
 in

cl
ud

e:
  a

 
su

sp
en

di
ng

 a
nd

 te
xt

ile
-s

iz
in

g 
ag

en
t, 

ad
he

si
ve

s,
 p

ai
nt

s,
 

hy
dr

au
lic

 fl
ui

ds
, d

et
er

ge
nt

s,
 

w
at

er
 tr

ea
tm

en
t s

ys
te

m
s,

 
co

rr
os

io
n 

in
hi

bi
tio

n,
 a

nd
 s

up
er

-
ab

so
rb

en
ts

. 

 

C
an

 b
e 

pr
od

uc
ed

 d
ire

ct
ly

 fr
om

 s
ug

ar
 s

ub
st

ra
te

 
or

 fr
om

 fu
m

ar
ic

 a
ci

d 
an

d 
am

m
on

ia
 fe

ed
st

oc
ks

.  
C

ur
re

nt
ly

, a
sp

ar
tic

 a
ci

d 
is

 c
om

m
er

ci
al

ly
 

pr
od

uc
ed

 fr
om

 fu
m

ar
ic

 a
ci

d 
fo

r 
so

m
e 

hi
gh

 v
al

ue
 

m
ar

ke
t a

pp
lic

at
io

ns
; t

he
re

fo
re

, r
ed

uc
in

g 
th

e 
co

st
 

of
 fu

m
ar

ic
 a

ci
d 

pr
od

uc
tio

n 
w

ou
ld

 d
ec

re
as

e 
th

e 
co

st
 o

f a
sp

ar
tic

 a
ci

d,
 m

ak
in

g 
it 

m
or

e 
co

m
pe

tit
iv

e 
ac

ro
ss

 a
 w

id
er

 r
an

ge
 o

f p
ro

du
ct

 a
pp

lic
at

io
ns

. 
H

ow
ev

er
, i

f t
he

 te
ch

ni
ca

l p
er

fo
rm

an
ce

 o
f 

pr
od

uc
in

g 
as

pa
rt

ic
 a

ci
d 

di
re

ct
ly

 fr
om

 th
e 

su
ga

r 
su

bs
tr

at
e 

co
ul

d 
be

 im
pr

ov
ed

, t
hi

s 
ro

ut
e 

co
ul

d 
be

 
ch

ea
pe

r.
  A

 d
ire

ct
 fe

rm
en

ta
tio

n 
fr

om
 s

ug
ar

 r
ou

te
 

is
 n

ot
 y

et
 e

co
no

m
ic

al
.  

 

 

G
lu

ca
ri

c 
A

ci
d

 

- 
G

lu
ca

ro
-γ

-L
ac

to
ne

 
- 

G
lu

ca
ro

-δ
-L

ac
to

ne
 

- 
G

lu
ca

ro
di

la
ct

on
e 

- 
P

ol
yh

yd
ro

xy
-

po
ly

am
id

es
 

- 
α-

K
et

og
lu

ca
ra

te
s 

- 
E

st
er

s 
an

d 
S

al
ts

 

- 
S

ol
ve

nt
s 

- 
N

yl
on

s 
- 

D
et

er
ge

nt
 s

ur
fa

ct
an

t 
- 

D
ie

ta
ry

 s
up

pl
em

en
ts

 (
so

m
e 

ev
id

en
ce

 s
ug

ge
st

s 
th

at
 g

lu
ca

ric
 

ac
id

 m
ay

 r
ed

uc
e 

th
e 

ris
k 

of
 

ca
nc

er
 d

ev
el

op
m

en
t -

 n
ot

 
st

ro
ng

ly
 s

up
po

rt
ed

).
  

- 
O

th
er

 p
ot

en
tia

l u
se

s 
ra

ng
e 

fr
om

 h
um

an
 th

er
ap

eu
tic

s 
to

 
po

ly
m

er
 s

yn
th

es
is

. 

- 
M

as
sa

ch
us

et
ts

 In
st

itu
te

 
of

 T
ec

hn
ol

og
y 

T
w

o 
di

ffe
re

nt
 p

at
hw

ay
s 

fo
r 

th
e 

sy
nt

he
si

s 
of

 
gl

uc
ar

ic
 a

ci
d 

fr
om

 g
lu

co
se

 a
re

 c
ur

re
nt

ly
 b

ei
ng

 
re

se
ar

ch
ed

 b
y 

th
e 

M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f 
T

ec
hn

ol
og

y.
 

 



A
pp

en
di

x 
A

: P
ag

e 
13

0 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

G
lu

ta
m

ic
 A

ci
d

 - 
G

lu
ta

m
in

ol
 

- 
N

or
vo

lin
e 

- 
5-

A
m

in
o-

1-
B

ut
an

ol
 

- 
1,

5-
P

en
ta

nd
io

l 
- 

G
lu

ta
ric

 A
ci

d 
- 

P
yr

og
lu

ta
m

in
ol

 
- 

P
ro

lin
e 

- 
P

ro
lin

ol
 

- 
P

yr
og

lu
ta

m
ic

 A
ci

d 

- 
F

oo
d 

fla
vo

rin
g 

ag
en

t 
- 

P
ha

rm
ac

eu
tic

al
s 

 
- 

S
ur

fa
ct

an
ts

 
- 

F
ab

ric
 c

oa
tin

gs
 

- 
M

oi
st

ur
iz

er
 in

 c
os

m
et

ic
s 

- 
P

ro
du

ct
io

n 
of

 p
ol

ym
er

s 
su

ch
 

as
 p

ol
ye

st
er

 p
ol

yo
ls

 a
nd

 
po

ly
am

id
es

.  
- 

P
ot

en
tia

l u
se

s 
si

m
ila

r 
to

 B
D

O
, 

T
H

F
, G

B
L 

- 
P

ac
ifi

c 
N

or
th

w
es

t 
N

at
io

na
l L

ab
or

at
or

y 
- 

C
er

es
ta

r 
H

ol
di

ng
 B

.V
., 

N
et

he
rla

nd
s 

- 
U

ni
ve

rs
ity

 o
f M

in
ne

so
ta

 
- 

T
uf

ts
 U

ni
ve

rs
ity

 S
ch

oo
l 

of
 M

ed
ic

in
e 

B
as

e 
te

ch
no

lo
gy

 is
 c

om
m

er
ci

al
iz

ed
, b

ut
 

re
se

ar
ch

 e
ffo

rt
s 

on
 e

ffi
ci

en
t, 

lo
w

 c
os

t p
ro

du
ct

io
n 

m
et

ho
ds

 fo
r 

th
e 

pr
od

uc
tio

n 
of

 g
lu

ta
m

ic
 a

ci
d 

an
d 

its
 d

er
iv

at
iv

es
 a

re
 o

ng
oi

ng
.  

 

 

It
ac

o
n

ic
 A

ci
d

 

- 
3-

&
 4

- 
M

et
hy

l-G
B

L 
- 

3-
M

et
hy

l T
H

F
 

- 
2-

M
et

hy
l-1

,4
-B

D
O

 
- 

3-
&

 4
- 

M
et

hy
l-N

M
P

 
- 

2-
M

et
hy

l-1
,4

-
B

ut
an

ed
ia

m
in

e 
- 

3-
M

et
hy

lp
yr

ro
lid

in
e 

- 
Ita

co
ni

c 
D

ia
m

id
e 

- 
N

ew
 p

ro
pe

rt
ie

s 
fo

r 
th

e 
B

D
O

, 
G

B
L,

 a
nd

 T
H

F
 fa

m
ily

 o
f 

po
ly

m
er

s.
 

- 
A

cr
yl

ic
 fi

be
rs

 a
nd

 r
ub

be
rs

, 
re

in
fo

rc
ed

 g
la

ss
 fi

be
r,

 a
rt

ifi
ci

al
 

di
am

on
ds

 a
nd

 le
ns

. 
- 

P
ai

nt
s,

 c
oa

tin
gs

, a
dh

es
iv

es
, 

th
ic

ke
ne

rs
, a

nd
 b

in
de

rs
 

- 
W

at
er

 tr
ea

tm
en

t s
ys

te
m

s 
- 

D
et

er
ge

nt
 

- 
Lu

br
ic

an
t o

il 
- 

C
ar

pe
ts

 
- 

P
ha

rm
ac

eu
tic

al
s 

- 
P

ot
en

tia
l a

s 
a 

co
m

po
ne

nt
 o

f P
-

se
rie

s 
fu

el
s 

a  

- 
T

N
O

 Q
ua

lit
y 

of
 L

ife
, 

N
et

he
rla

nd
s 

- 
N

at
io

na
l S

ci
en

ce
 

C
ou

nc
il,

 T
ai

w
an

 
- 

U
S

D
A

, A
R

S
 

B
as

e 
te

ch
no

lo
gy

 is
 c

om
m

er
ci

al
iz

ed
, b

ut
 

re
se

ar
ch

 e
ffo

rt
s 

on
 e

ffi
ci

en
t, 

lo
w

 c
os

t p
ro

du
ct

io
n 

m
et

ho
ds

 fo
r 

th
e 

pr
od

uc
tio

n 
of

 it
ac

on
ic

 a
ci

d 
an

d 
its

 d
er

iv
at

iv
es

 a
re

 o
ng

oi
ng

.  
 

 



A
pp

en
di

x 
A

: P
ag

e 
13

1 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

L
ev

u
lin

ic
 A

ci
d

 - 
2-

M
et

hy
l-T

H
F

 
- 

g-
V

al
er

ol
ac

to
ne

 
- 

A
ng

el
ila

ct
on

es
 

- 
1,

4-
P

en
ta

ne
di

ol
 

- 
b-

A
ce

ty
la

cr
yl

ic
 A

ci
d 

- 
D

ip
he

no
lic

 A
ci

d 
- 

Le
vu

lin
at

e 
E

st
er

s 
- 

d-
A

m
in

ol
ev

ul
in

at
e 

- 
A

cr
yl

ic
 A

ci
d 

- 
F

oo
d/

be
ve

ra
ge

 a
ci

du
la

nt
  

- 
N

yl
on

, s
yn

th
et

ic
 r

ub
be

rs
 a

nd
 

pl
as

tic
s 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

C
ig

ar
et

te
s 

 
- 

P
ot

en
tia

l a
s 

a 
co

m
po

ne
nt

 o
f P

-
se

rie
s 

fu
el

s 
- 

S
ol

ve
nt

  
- 

C
oa

tin
gs

 
- 

P
er

fu
m

e 
an

d 
fla

vo
r 

in
du

st
rie

s 
- 

P
es

tic
id

es
 a

nd
 h

er
bi

ci
de

s 
- 

C
op

ol
ym

er
iz

at
io

n 
w

ith
 o

th
er

 
m

on
om

er
s 

fo
r 

pr
op

er
ty

 
en

ha
nc

em
en

t 
- 

P
ol

yc
ar

bo
na

te
 s

yn
th

es
is

 

- 
M

ai
ne

 B
io

P
ro

du
ct

s 
(B

io
fin

e)
 

- 
B

io
M

et
ic

s,
 In

c 
- 

P
ac

ifi
c 

N
or

th
w

es
t 

N
at

io
na

l L
ab

or
at

or
y 

an
d 

N
R

E
L 

 

M
ai

ne
 B

io
P

ro
du

ct
s'

 B
io

fin
e 

pr
oc

es
s 

is
 a

 
th

er
m

oc
he

m
ic

al
 p

ro
ce

ss
 u

si
ng

 a
ci

d 
hy

dr
ol

ys
is

 to
 

pr
od

uc
e 

le
vu

lin
ic

 a
ci

d 
an

d 
ot

he
r 

co
-p

ro
du

ct
s 

(e
.g

., 
fu

rf
ur

al
, f

or
m

ic
 a

ci
d,

 a
nd

 c
ha

r)
 fr

om
 

ce
llu

lo
se

.  
In

 a
dd

iti
on

 to
 b

ei
ng

 a
 b

ui
ld

in
g 

bl
oc

k 
ch

em
ic

al
 fo

r 
m

an
y 

ot
he

r 
hi

gh
-v

al
ue

 c
he

m
ic

al
s,

 
le

vu
lin

at
e 

es
te

rs
 (

85
%

) 
m

ix
ed

 w
ith

 o
th

er
 

al
co

ho
ls

 (
e.

g.
, e

th
an

ol
, m

et
ha

no
l, 

bu
ta

no
l) 

pr
od

uc
e 

a 
de

si
ra

bl
e 

fu
el

 p
ro

du
ct

; c
le

an
 b

ur
ni

ng
 

(b
ur

ns
 c

le
an

er
 th

an
 p

ur
e 

hy
dr

oc
ar

bo
n 

pr
od

uc
ts

),
 

ca
n 

be
 tr

an
sp

or
te

d 
vi

a 
pi

pe
lin

e,
 lo

w
 c

lo
ud

 p
oi

nt
 

in
 d

ie
se

l b
le

nd
s 

(lo
w

er
 th

an
 b

io
di

es
el

),
 h

ig
he

r 
m

pg
 th

an
 e

th
an

ol
, s

oo
t r

ed
uc

tio
n,

 a
nd

 e
xc

ee
ds

 
A

S
T

M
 D

-9
75

 s
ta

nd
ar

ds
.  

F
or

 th
is

 r
ea

so
n,

 th
e 

st
ra

te
gy

 o
f M

ai
ne

 B
io

P
ro

du
ct

s 
is

 to
 c

o-
lo

ca
te

 
th

ei
r 

B
io

fin
e 

pr
oc

es
s 

al
on

g 
w

ith
 e

xi
st

in
g/

fu
tu

re
 

bi
o-

al
co

ho
l (

e.
g.

 e
th

an
ol

, c
el

lu
lo

si
c 

et
ha

no
l, 

bu
ta

no
l) 

su
pp

lie
s.

  
 P

ro
ce

ss
es

 a
re

 s
til

l b
ei

ng
 d

ev
el

op
ed

 to
 p

ro
du

ce
 

de
riv

at
iv

es
 fr

om
 le

vu
lin

ic
 a

ci
d;

 s
om

e 
of

 th
es

e 
pr

oc
es

se
s 

ar
e 

fu
rt

he
r 

al
on

g 
th

an
 o

th
er

s.
 

 

3-
H

yd
ro

xy
-

b
u

ty
ro

la
ct

o
n

e 

- 
3-

H
yd

ro
xy

-
te

tr
ah

yd
ro

fu
ra

n 
- 

3-
A

m
in

o-
te

tr
ah

yd
ro

fu
ra

n 
- 

2-
A

m
in

o-
3-

H
yd

ro
xy

-
te

tr
ah

yd
ro

fu
ra

n 
- 

A
cr

yl
at

e-
La

ct
on

e 
- 

E
po

xy
-L

ac
to

ne
 

- 
g-

B
ut

en
yl

-L
ac

to
ne

 

- 
H

ig
h 

va
lu

e 
ph

ar
m

ac
eu

tic
al

 
ap

pl
ic

at
io

ns
 

- 
S

ol
ve

nt
s 

- 
Ly

cr
a 

fib
er

s 

- 
M

ic
hi

ga
n 

S
ta

te
 

U
ni

ve
rs

ity
 

W
hi

le
 th

er
e 

ar
e 

re
se

ar
ch

 e
ffo

rt
s 

lo
ok

in
g 

at
 

de
ve

lo
pi

ng
 e

ffi
ci

en
t, 

lo
w

 c
os

t p
ro

du
ct

io
n 

m
et

ho
ds

 fo
r 

3-
hy

dr
ox

yb
ut

yr
ol

ac
to

ne
 a

nd
 it

s 
de

riv
at

iv
es

, t
he

re
 is

 r
el

at
iv

el
y 

lit
tle

 in
ce

nt
iv

e 
to

 
de

ve
lo

p 
th

is
 s

pe
ci

al
ty

 c
he

m
ic

al
 w

ith
 h

ig
h-

va
lu

e 
us

e 
in

to
 a

 c
om

m
od

ity
 c

he
m

ic
al

. 

 



A
pp

en
di

x 
A

: P
ag

e 
13

2 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

G
ly

ce
ro

l 
(g

ly
ce

ri
n

) 

- 
G

ly
ce

ric
 A

ci
d 

- 
1,

3-
P

ro
pa

ne
di

ol
 

(P
D

O
) 

- 
P

ro
py

le
ne

 G
ly

co
l 

(P
G

) 
- 

B
ra

nc
he

d 
po

ly
es

te
rs

 a
nd

 
ny

lo
ns

 
- 

G
ly

ci
do

l 
- 

P
ro

pa
no

l 
- 

M
on

o-
,D

i-,
 o

r 
T

ri-
 

G
ly

ce
ra

te
 

- 
D

ig
ly

ce
ra

ld
eh

yd
e 

- 
G

ly
ce

ro
l C

ar
bo

na
te

 

- 
C

os
m

et
ic

 a
nd

 p
er

so
na

l/o
ra

l 
ca

re
 p

ro
du

ct
s 

- 
P

ha
rm

ac
eu

tic
al

s 
 

- 
F

oo
ds

/b
ev

er
ag

es
 

- 
F

ue
ls

 
- 

P
ol

ye
th

er
 p

ol
yo

ls
 (

fo
r 

po
ly

ur
et

ha
ne

) 
an

d 
fo

r 
po

ly
ol

 
fo

am
s 

- 
P

ol
yl

ac
tic

 a
ci

d 
w

ith
 b

et
te

r 
po

ly
m

er
ic

 p
ro

pe
rt

ie
s 

an
d 

po
ly

es
te

r 
fib

er
s 

w
ith

 n
ew

 
pr

op
er

tie
s 

- 
A

dh
es

iv
es

, l
am

in
at

es
, 

co
at

in
gs

, a
nd

 m
ol

di
ng

s 
 

- 
A

lip
ha

tic
 p

ol
ye

st
er

s 
an

d 
co

po
ly

es
te

rs
.  

- 
S

ol
ve

nt
 

- 
A

nt
ifr

ee
ze

 
- 

U
ns

at
ur

at
ed

 p
ol

yu
re

th
an

e 
re

si
ns

 fo
r 

us
e 

in
 in

su
la

tio
n 

- 
C

ur
re

nt
 b

io
di

es
el

 
m

an
uf

ac
tu

re
rs

 
- 

U
ni

ve
rs

ity
 o

f W
is

co
ns

in
 

(t
ec

h 
G

ly
ce

ro
l t

o 
P

G
) 

D
ev

el
op

in
g 

F
ue

l 
A

pp
lic

at
io

ns
: 

- 
D

iv
er

si
fie

d 
E

ne
rg

y 
C

or
po

ra
tio

n 
 

- 
N

or
th

 C
ar

ol
in

a 
S

ta
te

 
U

ni
ve

rs
ity

  
- 

X
ce

lP
lu

s 
G

lo
ba

l 
H

ol
di

ng
s 

In
c.

 
- 

In
st

itu
t U

ni
ve

rs
ita

ri 
de

 C
iè

nc
ia

 i 
T

ec
no

lo
gi

a 
(B

ar
ce

lo
na

, S
pa

in
) 

- 
V

ire
nt

 E
ne

rg
y 

S
ys

te
m

s 
In

c.
 

- 
N

ew
 C

en
tu

ry
 

Lu
br

ic
an

ts
 

- 
R

ic
e 

U
ni

ve
rs

ity
 / 

G
ly

co
l 

B
io

te
ch

no
lo

gi
es

 

W
hi

le
 g

ly
ce

ro
l c

an
 b

e 
pr

od
uc

ed
 fr

om
 th

e 
su

ga
rs

 
pr

es
en

t i
n 

co
rn

 a
nd

 c
or

n 
bi

om
as

s,
 c

ur
re

nt
 

pr
od

uc
tio

n 
of

 g
ly

ce
ro

l l
ar

ge
ly

 c
om

es
 a

s 
a 

by
-

pr
od

uc
t o

f b
io

di
es

el
 p

ro
du

ct
io

n.
  

 T
he

re
 a

re
 s

ev
er

al
 r

ou
te

s 
to

 p
ro

du
ce

 P
G

 u
si

ng
 

gl
yc

er
in

. G
en

er
al

ly
, g

ly
ce

rin
 is

 h
yd

ro
ge

na
te

d 
in

 
th

e 
pr

es
en

ce
 o

f m
et

al
lic

 c
at

al
ys

ts
 a

nd
 h

yd
ro

ge
n 

un
de

r 
di

ffe
re

nt
 r

ea
ct

io
n 

co
nd

iti
on

s.
 A

dd
iti

on
al

ly
, 

m
ic

ro
bi

al
 c

on
ve

rs
io

n 
of

 g
ly

ce
ro

l t
o 

P
G

 h
as

 a
ls

o 
be

en
 e

va
lu

at
ed

.  
 T

he
re

 a
re

 n
um

er
ou

s 
co

m
pa

ni
es

 c
ur

re
nt

ly
 

de
ve

lo
pi

ng
 te

ch
no

lo
gi

es
 to

 p
ro

du
ce

 fu
el

 
pr

od
uc

ts
 fr

om
 g

ly
ce

ro
l. 

 

 

S
o

rb
it

o
l /

 
Is

o
so

rb
id

e 

- 
Is

os
or

bi
de

 
- 

1,
4-

S
or

bi
ta

n 
- 

1,
5-

A
nh

yd
ro

su
ga

rs
 

- 
G

ly
ce

ro
l 

- 
E

th
yl

en
e 

G
ly

co
l 

- 
P

ro
py

le
ne

 G
ly

co
l 

- 
La

ct
ic

 A
ci

d 

- 
F

oo
d;

 s
ug

ar
 s

ub
st

itu
te

 
- 

La
xa

tiv
e 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

C
os

m
et

ic
s 

an
d 

pe
rs

on
al

 c
ar

e 
pr

od
uc

ts
 

- 
A

dh
es

iv
es

 
- 

P
ap

er
 p

ro
du

ct
s 

- 
T

ex
til

es
 

- 
R

oq
ue

tte
 

- 
A

rc
he

r 
D

an
ie

ls
 M

id
la

nd
 

- 
D

an
is

co
 

- 
S

P
I P

ol
yo

ls
 

- 
C

ar
gi

ll 
- 

B
A

S
F

 
- 

B
ay

er
 A

G
 

- 
P

ac
ifi

c 
N

or
th

w
es

t 
N

at
io

na
l L

ab
or

at
or

y 
(P

N
N

L)
 

P
ro

du
ct

io
n 

of
 s

or
bi

to
l i

s 
w

el
l d

ev
el

op
ed

; 
ho

w
ev

er
, l

ow
 c

os
t t

ec
hn

ol
og

ie
s 

fo
r 

th
e 

pr
od

uc
tio

n 
of

 it
s 

de
riv

at
iv

es
, s

uc
h 

as
 is

os
or

bi
de

, 
ar

e 
cu

rr
en

tly
 b

ei
ng

 d
ev

el
op

ed
 (

se
e 

be
lo

w
).

  
A

dd
iti

on
al

ly
, P

ac
ifi

c 
N

or
th

w
es

t N
at

io
na

l 
La

bo
ra

to
ry

 is
 a

ls
o 

tr
yi

ng
 to

 d
ev

el
op

 a
 m

or
e 

en
vi

ro
nm

en
ta

lly
 b

en
ig

n 
so

rb
ito

l p
ro

du
ct

io
n 

pr
oc

es
s 

th
at

 w
ou

ld
 n

ot
 u

se
 m

in
er

al
 a

ci
d 

ca
ta

ly
si

s,
 w

hi
ch

 c
re

at
es

 s
ep

ar
at

io
n 

an
d 

w
as

te
 

di
sp

os
al

 is
su

es
.  

b 
 



A
pp

en
di

x 
A

: P
ag

e 
13

3 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

Is
o

so
rb

id
e 

D
er

iv
ed

 fr
om

: 
- 

S
or

bi
to

l 
D

er
iv

at
iv

es
: 

-I
so

so
rb

id
e 

D
ig

ly
ci

dy
l 

E
th

er
 R

es
in

s 
- 

D
im

et
hy

l I
so

so
rb

id
e 

- 
M

on
o 

an
d 

D
in

itr
at

e 
Is

os
or

bi
de

 
- 

Is
os

or
bi

de
 D

ie
st

er
s 

- 
In

cr
ea

se
s 

th
e 

st
re

ng
th

 a
nd

 
rig

id
ity

, p
ar

tic
ul

ar
ly

 u
nd

er
 h

ig
h 

te
m

pe
ra

tu
re

s,
 o

f p
ol

ym
er

s 
su

ch
 

as
 p

ol
ye

th
yl

en
e 

te
re

ph
th

al
at

e 
(P

E
T

),
 w

hi
ch

 a
re

 u
se

d 
w

id
el

y 
to

 
m

an
uf

ac
tu

re
 fo

od
 a

nd
 b

ev
er

ag
e 

co
nt

ai
ne

rs
. 

- 
P

ot
en

tia
l a

s 
a 

lin
er

 in
 fo

od
 a

nd
 

be
ve

ra
ge

 c
an

s 
- 

C
D

s 
- 

P
ha

rm
ac

eu
tic

al
s 

an
d 

fin
e 

ch
em

ic
al

 m
ar

ke
t 

- 
H

ig
h 

pe
rf

or
m

an
ce

 fi
be

rs
 

- 
S

ol
ve

nt
 

- 
S

ki
n-

ca
re

 p
ro

du
ct

s 

- 
R

oq
ue

tte
 

- 
Io

w
a 

C
or

n 
P

ro
m

ot
io

n 
B

oa
rd

 
- 

P
ac

ifi
c 

N
or

th
w

es
t 

N
at

io
na

l L
ab

or
at

or
y 

- 
G

en
er

al
 E

le
ct

ric
 G

lo
ba

l 
R

es
ea

rc
h 

- 
N

ew
 J

er
se

y 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
- 

M
on

sa
nt

o 
E

nv
iro

C
he

m
 

V
ar

io
us

 p
ro

ce
ss

es
 a

re
 a

ct
iv

el
y 

be
in

g 
de

ve
lo

pe
d 

by
 a

 r
an

ge
 o

f c
om

pa
ni

es
 to

 e
co

no
m

ic
al

ly
 

pr
od

uc
e 

is
os

or
bi

de
 fr

om
 c

om
m

er
ci

al
ly

 a
va

ila
bl

e 
so

rb
ito

l. 
  

 

P
ro

p
yl

en
e 

G
ly

co
l (

P
G

) 

D
er

iv
ed

 fr
om

:  
- 

La
ct

ic
 a

ci
d 

- 
G

ly
ce

rin
 

- 
S

or
bi

to
l 

- 
S

ur
fa

ce
 c

oa
tin

gs
 

- 
G

la
ss

 fi
be

r 
re

si
ns

 
- 

A
nt

ifr
ee

ze
 

- 
S

ol
ve

nt
s 

- 
H

um
ec

ta
nt

 
- 

M
an

uf
ac

tu
rin

g 
of

 p
la

st
ic

iz
er

s 
- 

H
yd

ra
ul

ic
 b

ra
ke

 fl
ui

ds
 

- 
N

on
-io

ni
c 

de
te

rg
en

ts
 

- 
E

m
ul

si
fie

r 
- 

H
ea

t t
ra

ns
fe

r 
flu

id
 

- 
M

oi
st

ur
iz

er
 

- 
U

ns
at

ur
at

ed
 p

ol
ye

st
er

 r
es

in
s 

(e
.g

., 
bo

at
 h

ul
l) 

- 
P

ac
ifi

c 
N

or
th

w
es

t 
N

at
io

na
l L

ab
or

at
or

y 
(P

N
N

L)
 

- 
A

rc
he

r 
D

an
ie

ls
 M

id
la

nd
 

- 
C

ar
gi

ll 
/ A

sh
la

nd
 

C
he

m
ic

al
 

- 
D

av
y 

P
ro

ce
ss

 
T

ec
hn

ol
og

y 
- 

D
ow

 C
he

m
ic

al
 

- 
H

un
ts

m
an

 C
or

po
ra

tio
n 

- 
M

ic
hi

ga
n 

S
ta

te
 

U
ni

ve
rs

ity
 

- 
S

en
er

gy
 C

he
m

ic
al

 
- 

U
ni

ve
rs

ity
 o

f W
is

co
ns

in
 

P
N

N
L 

is
 w

or
ki

ng
 to

 d
ev

el
op

 a
 c

os
t e

ffi
ci

en
t 

pr
od

uc
tio

n 
pr

oc
es

s 
to

 p
ro

du
ce

 P
G

 fr
om

 s
or

bi
to

l. 
T

he
re

 a
re

 a
ls

o 
se

ve
ra

l r
ou

te
s 

to
 p

ro
du

ce
 P

G
 

us
in

g 
gl

yc
er

in
. G

en
er

al
ly

, g
ly

ce
rin

 is
 

hy
dr

og
en

at
ed

 in
 th

e 
pr

es
en

ce
 o

f m
et

al
lic

 
ca

ta
ly

st
s 

an
d 

hy
dr

og
en

 u
nd

er
 d

iff
er

en
t r

ea
ct

io
n 

co
nd

iti
on

s.
 M

ic
ro

bi
al

 c
on

ve
rs

io
n 

of
 g

ly
ce

ro
l t

o 
P

G
 h

as
 a

ls
o 

be
en

 e
va

lu
at

ed
.  

 
c 



A
pp

en
di

x 
A

: P
ag

e 
13

4 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

X
yl

it
o

l/ 
A

ra
b

in
it

o
l 

- 
X

yl
ar

ic
 A

ci
d 

- 
P

ro
py

le
ne

 G
ly

co
l 

- 
E

th
yl

en
e 

G
ly

co
l 

- 
La

ct
ic

 A
ci

d 
- 

G
ly

ce
ro

l 
- 

M
ix

tu
re

 o
f 

H
yd

ro
xy

fu
ra

ns
 

- 
F

oo
ds

  
- 

O
ra

l h
yg

ie
ne

 p
ro

du
ct

s 
(m

ou
th

w
as

h 
an

d 
to

ot
hp

as
te

) 
 

- 
P

ha
rm

ac
eu

tic
al

s 
 

- 
D

ie
te

tic
 p

ro
du

ct
s 

 
- 

C
os

m
et

ic
s 

 

- 
V

irg
in

ia
 P

ol
yt

ec
hn

ic
 

In
st

itu
te

 
- 

D
N

P
 In

te
rn

at
io

na
l 

- 
F

ed
er

al
 U

ni
ve

rs
ity

 o
f 

V
iç

os
a,

 B
ra

zi
l 

- 
A

R
S

 
- 

Z
uC

he
m

 
- 

D
F

I (
lic

en
se

d 
te

ch
 fr

om
 

P
ur

du
e 

U
ni

ve
rs

ity
) 

X
yl

ito
l i

s 
cu

rr
en

tly
 c

om
m

er
ci

al
ly

 a
va

ila
bl

e;
 

ho
w

ev
er

, c
om

m
er

ci
al

-s
ca

le
 q

ua
nt

iti
es

 a
re

 
ty

pi
ca

lly
 d

er
iv

ed
 fr

om
 b

irc
h-

w
oo

d 
fib

er
s 

th
at

 
ha

ve
 b

ee
n 

su
bj

ec
te

d 
to

 a
 c

om
bi

na
tio

n 
of

 a
ci

ds
, 

hi
gh

 p
re

ss
ur

es
 a

nd
 te

m
pe

ra
tu

re
s,

 c
he

m
ic

al
 

ca
ta

ly
st

s,
 a

nd
 a

 s
er

ie
s 

of
 s

ep
ar

at
io

n 
an

d 
pu

rif
ic

at
io

n 
st

ep
s.

 C
os

t e
ffi

ci
en

t p
ro

du
ct

io
n 

ro
ut

es
 v

ia
 c

or
n 

fib
er

 a
re

 b
ei

ng
 d

ev
el

op
ed

 a
nd

 
im

pr
ov

ed
. D

F
I h

as
 li

ce
ns

ed
 a

 p
ot

en
tia

lly
 

br
ea

kt
hr

ou
gh

 p
ro

ce
ss

 fo
r 

th
e 

pr
od

uc
tio

n 
of

 
xy

lit
ol

 fr
om

 P
ur

du
e 

U
ni

ve
rs

ity
.  

 

M
et

h
yl

 E
th

yl
 

K
et

o
n

e 
(M

E
K

) 
 

- 
S

ol
ve

nt
s 

- 
P

ai
nt

s 
an

d 
co

at
in

gs
 

- 
G

en
om

at
ic

a 

G
en

om
at

ic
a 

ha
s 

de
ve

lo
pe

d 
a 

pr
oc

es
s 

to
 

pr
od

uc
e 

M
E

K
 u

si
ng

 e
xi

st
in

g 
et

ha
no

l 
m

an
uf

ac
tu

rin
g 

in
fr

as
tr

uc
tu

re
.  

T
he

 p
ro

ce
ss

 u
se

s 
th

e 
sa

m
e 

eq
ui

pm
en

t, 
te

m
pe

ra
tu

re
s,

 a
nd

 
pr

oc
es

se
s.

  T
he

 d
ev

el
op

m
en

t c
om

es
 in

 th
e 

fo
rm

 
of

 a
 n

ew
 o

rg
an

is
m

 th
at

 c
on

ve
rt

s 
su

ga
r 

an
d 

w
at

er
 in

to
 M

E
K

.  

 

F
u

rf
u

ra
l 

 
- 

F
ue

l 
- 

S
ol

ve
nt

s 
  

- 
R

av
en

 B
io

fu
el

s 
- 

Li
gn

ol
 In

no
va

tio
ns

 L
td

. 
- 

A
va

nt
iu

m
 

- 
U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

, 
D

av
is

 

- 
S

te
am

 D
is

til
la

tio
n:

 T
he

 6
-c

ar
bo

n 
su

ga
rs

 a
re

 
pr

oc
es

se
d 

in
to

 e
th

an
ol

 th
ro

ug
h 

a 
no

rm
al

 
fe

rm
en

ta
tio

n 
pr

oc
es

s 
an

d 
th

e 
5-

ca
rb

on
 s

ug
ar

s 
ar

e 
re

m
ov

ed
 a

nd
 p

ro
ce

ss
ed

 v
ia

 s
te

am
 

di
st

ill
at

io
n 

of
 th

e 
ac

id
ifi

ed
 h

em
ic

el
lu

lo
se

 in
to

 
fu

rf
ur

al
.  

 
- 

C
at

al
yt

ic
  

- 
N

on
-F

er
m

en
ta

tiv
e:

 A
 p

ro
du

ct
io

n 
pr

oc
es

s 
w

he
re

by
 fu

rf
ur

al
 is

 p
ro

du
ce

d 
w

ith
ou

t 
fe

rm
en

ta
tio

n,
 e

nz
ym

es
, o

r 
pr

et
re

at
m

en
ts

, u
si

ng
 

hy
dr

oc
hl

or
ic

 a
ci

d.
   

 

H
yd

ro
xy

-
m

et
h

yl
fu

rf
u

ra
l 

(H
M

F
) 

 
- 

F
ue

l 
- 

P
la

st
ic

s 
-P

ac
ifi

c 
N

or
th

w
es

t 
N

at
io

na
l L

ab
or

at
or

y 

R
es

ea
rc

he
rs

 b
el

ie
ve

 th
ey

 h
av

e 
di

sc
ov

er
ed

 a
 

on
e 

st
ep

 p
ro

ce
ss

 to
 c

on
ve

rt
 c

el
lu

lo
se

 in
to

 H
M

F
. 

R
ec

yc
la

bl
e 

ca
ta

ly
st

s 
ar

e 
us

ed
 in

 ta
nd

em
 to

 
br

ea
k 

do
w

n 
th

e 
ce

llu
lo

se
 in

to
 g

lu
co

se
 a

nd
 th

en
 

co
nv

er
t t

he
 g

lu
co

se
 in

to
 H

M
F

.  

  



A
pp

en
di

x 
A

: P
ag

e 
13

5 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

M
et

h
yl

 
H

al
id

es
 

 

- 
S

ol
ve

nt
s 

- 
P

ro
pe

lla
nt

s 
- 

S
oi

l f
um

ig
an

ts
 

- 
F

ue
l 

- 
A

ro
m

at
ic

s 

- 
U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

 -
 

S
an

 F
ra

nc
is

co
 

A
n 

en
gi

ne
er

ed
 b

ac
te

ria
/y

ea
st

 d
uo

 h
av

e 
su

cc
es

sf
ul

ly
 c

on
ve

rt
ed

 s
ug

ar
ca

ne
 b

ag
as

se
, 

co
rn

 s
to

ve
r,

 s
w

itc
hg

ra
ss

 a
nd

 p
op

la
r 

in
to

 m
et

hy
l 

ha
lid

e,
 a

 c
he

m
ic

al
 th

at
 is

 c
om

m
on

ly
 u

se
d 

in
 th

e 
pe

tr
oc

he
m

ic
al

 in
du

st
ry

.  
U

si
ng

 z
eo

lit
e 

ca
ta

ly
st

s,
 

th
e 

m
et

hy
l h

al
id

es
 c

an
 b

e 
m

an
uf

ac
tu

re
d 

in
to

 
ga

so
lin

e,
 o

le
fin

s,
 a

ro
m

at
ic

s,
 a

lc
oh

ol
s,

 e
th

er
, a

nd
 

ot
he

r 
ch

em
ic

al
s.

 

  

1,
4-

B
u

ta
n

ed
io

l 
(B

D
O

) 

- 
P

ol
yb

ut
yl

en
e 

su
cc

in
at

e 
(P

B
S

) 
- 

P
ol

yb
ut

yl
en

e 
su

cc
in

at
e 

ad
ip

at
e 

(P
B

S
A

) 
- 

P
ol

yb
ut

yl
en

e 
su

cc
in

at
e 

te
re

ph
th

al
at

e 
- 

P
ol

yb
ut

yl
en

e 
te

re
ph

th
al

at
e 

(P
B

T
) 

- 
T

he
rm

op
la

st
ic

 
po

ly
ur

et
ha

ne
s 

- 
T

et
ra

hy
dr

of
ur

an
 

(T
H

F
) 

- 
γ-

B
ut

yr
ol

ac
to

ne
 

(G
B

L)
 

- 
P

ol
yt

et
ra

m
et

hy
le

ne
 

G
ly

co
l (

P
T

M
G

) 

- 
S

ol
ve

nt
s 

- 
P

la
st

ic
s 

an
d 

pa
ck

ag
in

g 
- 

P
ai

nt
s 

an
d 

co
at

in
gs

 
- 

E
la

st
ic

 fi
be

rs
  

- 
H

ai
r 

an
d 

sc
al

p 
co

nd
iti

on
er

s 
- 

A
ut

om
ot

iv
e 

ap
pl

ic
at

io
ns

: 
ho

se
s,

 b
el

ts
, g

as
ke

ts
, g

re
as

e 
bo

ot
s,

 C
V

 jo
in

ts
, w

ire
 a

nd
 c

ab
le

 
in

su
la

tio
ns

, s
pa

ce
rs

, a
nd

 
bu

sh
in

gs
 

- 
M

an
y 

po
ly

ur
et

ha
ne

 a
nd

 
po

ly
es

te
r 

ap
pl

ic
at

io
ns

 

- 
G

en
om

at
ic

a 
 

- 
B

io
A

m
be

r 

B
D

O
 is

 m
os

t c
om

m
on

ly
 p

ro
du

ce
d 

vi
a 

pe
tr

oc
he

m
ic

al
 fe

ed
st

oc
ks

.  
In

 S
ep

te
m

be
r 

of
 

20
08

, G
en

om
at

ic
a 

an
no

un
ce

d 
its

 n
ov

el
 

te
ch

no
lo

gy
 d

ev
el

op
m

en
t t

o 
pr

od
uc

e 
B

D
O

 
di

re
ct

ly
 fr

om
 s

ug
ar

s,
 a

nd
 h

as
 s

in
ce

 c
on

tin
ue

d 
to

 
m

ak
e 

im
pr

ov
em

en
ts

 d
es

ig
ne

d 
to

 m
ak

e 
th

e 
pr

oc
es

s 
m

or
e 

co
st

 e
ffe

ct
iv

e 
an

d 
pr

od
uc

tiv
e.

  
 O

th
er

 c
om

pa
ni

es
 d

ev
el

op
in

g 
bi

ob
as

ed
 s

uc
ci

ni
c 

ac
id

 a
re

 a
ls

o 
w

or
ki

ng
 o

n 
co

st
 e

ffi
ci

en
t 

pr
od

uc
tio

n 
of

 B
D

O
 v

ia
 s

uc
ci

ni
c 

ac
id

.  

 



A
pp

en
di

x 
A

: P
ag

e 
13

6 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

1,
3-

P
ro

p
an

ed
io

l 
(P

D
O

) 

- 
P

ol
yt

rim
et

hy
le

ne
 

T
er

ep
ht

ha
la

te
 (

P
T

T
) 

- 
P

ol
yu

re
th

an
e 

an
d 

po
ly

es
te

rs
 

- 
P

ol
ym

er
 w

ith
 r

em
ar

ka
bl

e 
"s

tr
et

ch
-r

ec
ov

er
y"

 p
ro

pe
rt

ie
s 

- 
T

ex
til

es
 -

 c
lo

th
in

g 
an

d 
up

ho
ls

te
ry

 
- 

A
dh

es
iv

es
 

- 
A

nt
ifr

ee
ze

 a
nd

 lu
br

ic
an

ts
 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

F
ra

gr
an

ce
s 

- 
F

ab
ric

 s
of

te
ne

r 
- 

V
ita

m
in

 H
 

- 
C

om
po

si
te

s 
- 

M
ol

di
ng

s 
- 

P
ai

nt
s 

an
d 

co
at

in
gs

 
 N

ew
 U

se
: S

cr
at

ch
-r

es
is

ta
nt

 
va

rn
is

h 

- 
D

uP
on

t T
at

e 
&

 L
yl

e 
B

io
P

ro
du

ct
s 

(S
or

on
a)

 
- 

G
en

en
co

r 
In

te
rn

at
io

na
l 

- 
P

ac
ifi

c 
N

or
th

w
es

t 
N

at
io

na
l L

ab
or

at
or

y 
- 

D
O

E
 

P
D

O
 w

as
 h

is
to

ric
al

ly
 p

ro
du

ce
d 

vi
a 

pe
tr

oc
he

m
ic

al
 b

as
ed

 fe
ed

st
oc

ks
.  

M
or

e 
re

ce
nt

ly
, 

bi
ob

as
ed

 p
ro

du
ct

io
n 

ro
ut

es
 h

av
e 

be
en

 
de

ve
lo

pe
d.

 T
he

 b
io

pr
oc

es
si

ng
 o

f (
P

D
O

) 
de

ve
lo

pe
d 

by
 D

uP
on

t a
nd

 G
en

en
co

r 
is

 c
la

im
ed

 
to

 b
e 

ec
on

om
ic

al
ly

 c
om

pe
tit

iv
e 

w
ith

 
pe

tr
oc

he
m

ic
al

 p
ro

du
ct

io
n 

ro
ut

es
. 

 

P
o

ly
h

yd
ro

-
xy

al
ka

n
o

at
es

 
(P

H
A

s)
 

- 
P

ol
y-

be
ta

-
hy

dr
ox

yb
ut

yr
at

e 
- 

P
H

B
 

- 
P

ol
y(

3-
hy

dr
ox

yb
ut

yr
at

e-
co

-
3-

hy
dr

ox
yv

al
er

at
e)

 -
 

P
H

B
V

 

- 
T

he
rm

op
la

st
ic

 o
r 

el
as

to
m

er
ic

 
pl

as
tic

s 
- 

P
ac

ka
gi

ng
 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

M
ed

ic
al

 d
ev

ic
es

 a
nd

 ti
ss

ue
 

en
gi

ne
er

in
g 

- 
H

aw
ai

i N
at

ur
al

 E
ne

rg
y 

In
st

itu
te

 a
nd

 th
e 

U
ni

ve
rs

ity
 o

f H
aw

ai
i 

- 
I-

P
H

A
 B

io
P

ol
ym

er
s,

 
H

on
g 

K
on

g 
(li

ce
ns

ed
 

U
ni

ve
rs

ity
 o

f H
aw

ai
i 

te
ch

no
lo

gy
) 

- 
M

et
ab

ol
ix

 
- 

M
on

sa
nt

o 
(B

io
po

l) 
- 

D
O

E
 

- 
B

io
m

er
, G

er
m

an
y 

- 
P

ro
ct

or
 &

 G
am

bl
e 

- 
M

its
ub

is
hi

 G
as

, J
ap

an
 

- 
P

H
B

 In
du

st
ria

l, 
B

ra
zi

l 
- 

T
ia

na
n 

B
io

lo
gi

c 
M

at
er

ia
l 

C
o,

 L
td

 N
in

gb
o,

 C
hi

na
  

- 
B

io
-o

n 
 

In
 J

un
e 

20
05

, M
et

ab
ol

ix
 r

ec
ei

ve
d 

th
e 

U
S

 
P

re
si

de
nt

ia
l G

re
en

 C
he

m
is

tr
y 

C
ha

lle
ng

e 
A

w
ar

d 
(s

m
al

l b
us

in
es

s 
ca

te
go

ry
) 

fo
r 

th
ei

r 
de

ve
lo

pm
en

t 
an

d 
co

m
m

er
ci

al
iz

at
io

n 
of

 a
 c

os
t-

ef
fe

ct
iv

e 
m

et
ho

d 
fo

r 
m

an
uf

ac
tu

rin
g 

P
H

A
s.

 
 W

hi
le

 a
lre

ad
y 

co
m

m
er

ci
al

ly
 p

ro
du

ce
d,

 a
 p

ro
ce

ss
 

is
 b

ei
ng

 d
ev

el
op

ed
 to

 p
ro

du
ce

 th
is

 c
la

ss
 o

f 
bi

op
la

st
ic

s 
as

 a
 b

y-
pr

od
uc

t o
f c

el
lu

lo
si

c 
et

ha
no

l 
pr

od
uc

tio
n,

 a
 p

ro
ce

ss
 th

at
 w

ou
ld

 r
ed

uc
e 

gr
ee

nh
ou

se
 g

as
 e

m
is

si
on

s.
   

 
d 

L
ys

in
e 

- 
C

ap
ro

la
ct

am
 

- 
A

ni
m

al
 fe

ed
 

- 
P

ha
rm

ac
eu

tic
al

 
 N

ew
 U

se
: "

A
ls

oS
al

t"
 -

 a
 n

o 
so

di
um

 s
al

t s
ub

st
itu

te
 

- 
A

D
M

 
- 

A
jin

om
ot

o 
- 

C
J 

C
or

p 
- 

D
eg

us
sa

 
- 

B
A

S
F

 

N
ew

 te
ch

no
lo

gy
 d

ev
el

op
m

en
ts

, s
uc

h 
as

 th
e 

pr
od

uc
tio

n 
of

 c
ap

ro
la

ct
am

 fr
om

 ly
si

ne
 c

ou
ld

 
in

cr
ea

se
 fu

tu
re

 m
ar

ke
t d

em
an

d 
fo

r 
ly

si
ne

 (
se

e 
be

lo
w

).
 

 



A
pp

en
di

x 
A

: P
ag

e 
13

7 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

C
ap

ro
la

ct
am

 

- 
P

ol
ya

m
id

e-
6 

(N
yl

on
-6

) 
D

er
iv

ed
 fr

om
: 

-L
ys

in
e 

- 
F

ib
er

s 
an

d 
te

xt
ile

s 
- 

T
ire

s 
 

- 
E

ng
in

ee
rin

g 
pl

as
tic

s 
in

 
st

ru
ct

ur
al

 m
at

er
ia

l f
or

 
ap

pl
ic

at
io

ns
 in

 th
e 

au
to

m
ot

iv
e 

an
d 

el
ec

tr
on

ic
s 

in
du

st
rie

s 
- 

P
ac

ka
gi

ng
  

- 
F

ilm
 c

oa
tin

g 
- 

P
la

st
ic

iz
er

s 
an

d 
po

ly
ur

et
ha

ne
s 

- 
P

ai
nt

 

- 
M

ic
hi

ga
n 

S
ta

te
 

U
ni

ve
rs

ity
 

N
ew

 te
ch

no
lo

gi
es

 a
re

 b
ei

ng
 d

ev
el

op
ed

 to
 

pr
od

uc
e 

ca
pr

ol
ac

ta
m

 fr
om

 ly
si

ne
. 

 

L
ac

ti
c 

A
ci

d
 

- 
P

ol
yl

ac
tic

 a
ci

d 
- 

E
th

yl
 L

ac
ta

te
 

- 
A

cr
yl

ic
 A

ci
d 

- 
P

ro
py

le
ne

 G
ly

co
l 

- 
P

yr
uv

ic
 A

ci
d 

- 
1-

A
m

in
o-

2-
P

ro
pa

no
l 

- 
La

ct
on

itr
ile

 
- 

La
ct

ic
 A

m
id

e 
- 

La
ct

id
e 

- 
2,

5-
D

im
et

hy
l-1

,4
-

D
io

xa
ne

 

- 
F

oo
d/

B
ev

er
ag

e 
- 

ac
id

ul
an

t 
- 

E
le

ct
ro

pl
at

in
g 

ba
th

 a
dd

iti
ve

 
- 

M
or

da
nt

 
- 

F
ilm

 a
nd

 th
er

m
of

or
m

ed
 

pa
ck

ag
in

g 
- 

C
on

su
m

er
 e

le
ct

ro
ni

cs
 

- 
T

ex
til

es
 -

 c
lo

th
in

g,
 u

ph
ol

st
er

y,
 

an
d 

ca
rp

et
 

- 
P

er
so

na
l c

ar
e 

pr
od

uc
ts

 
- 

S
ol

ve
nt

s 
- 

D
et

er
ge

nt
s 

- 
S

up
er

 a
bs

or
be

nt
 p

ol
ym

er
s 

- 
di

ap
er

s 
- 

C
oa

tin
gs

 
- 

A
nt

ifr
ee

ze
, h

yd
ra

ul
ic

 b
ra

ke
 

flu
id

s 
- 

C
le

an
in

g 
pr

od
uc

t 

- 
C

ar
gi

ll 
(N

at
ur

eW
or

ks
) 

- 
P

U
R

A
C

 
- 

N
R

E
L 

- 
In

st
itu

te
 o

f C
he

m
ic

al
 

T
ec

hn
ol

og
y 

P
ra

gu
e 

R
es

ea
rc

h 
ef

fo
rt

s 
ha

ve
 b

ee
n 

di
re

ct
ed

 to
w

ar
d 

de
ve

lo
pi

ng
 w

ay
s 

to
 im

pr
ov

e 
th

e 
yi

el
ds

 o
f l

ac
tic

 
ac

id
 v

ia
 th

e 
fe

rm
en

tin
g 

m
ic

ro
or

ga
ni

sm
 

La
ct

ob
ac

ill
us

 a
nd

 v
ar

io
us

 fu
ng

al
 s

tr
ai

ns
, a

nd
 to

 
pr

od
uc

e 
la

ct
ic

 a
ci

d 
us

in
g 

lig
no

ce
llu

lo
si

c 
fe

ed
st

oc
ks

. 
 A

ls
o,

 th
e 

pr
od

uc
tio

n 
of

 p
ol

yl
ac

tic
 a

ci
d 

vi
a 

la
ct

ic
 

ac
id

 h
as

 b
ee

n 
re

ce
nt

ly
 c

om
m

er
ci

al
iz

ed
 a

nd
 th

e 
pr

oc
es

s 
ha

s 
be

en
 im

pr
ov

ed
 s

in
ce

 it
s 

in
iti

al
 

co
m

m
er

ci
al

iz
at

io
n 

(s
ee

 p
ol

yl
ac

tic
 a

ci
d)

. 

 



A
pp

en
di

x 
A

: P
ag

e 
13

8 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

P
o

ly
la

ct
ic

 
A

ci
d

 (
P

L
A

) 
D

er
iv

ed
 fr

om
:  

- 
La

ct
ic

 a
ci

d 

- 
F

ilm
 a

nd
 th

er
m

of
or

m
ed

 
pa

ck
ag

in
g 

- 
T

ex
til

es
 -

 c
lo

th
in

g,
 u

ph
ol

st
er

y,
 

ca
rp

et
, a

nd
 d

ia
pe

rs
 

- 
P

er
so

na
l c

ar
e 

pr
od

uc
ts

 

- 
C

ar
gi

ll 
(N

at
ur

eW
or

ks
) 

- 
P

U
R

A
C

 

T
ec

hn
ol

og
y 

w
he

re
by

 p
ol

yl
ac

tic
 a

ci
d 

is
 c

on
ve

rt
ed

 
fr

om
 la

ct
ic

 a
ci

d,
 a

 fe
rm

en
ta

tio
n 

pr
od

uc
t o

f 
bi

om
as

s 
su

ga
rs

.  
T

hi
s 

co
m

m
er

ci
al

ly
 p

ro
du

ce
d 

pr
od

uc
t i

s 
co

st
 c

om
pe

tit
iv

e 
w

ith
 c

on
ve

nt
io

na
l 

po
ly

m
er

s 
an

d 
ha

s 
m

an
y 

pe
rf

or
m

an
ce

 p
ro

pe
rt

ie
s 

eq
ua

l t
o 

or
 g

re
at

er
 th

an
 c

on
ve

nt
io

na
l p

ol
ym

er
s 

su
ch

 a
s 

po
ly

et
hy

le
ne

 te
re

ph
th

al
at

e 
(P

E
T

) 
an

d 
ny

lo
n.

 T
he

 c
om

pa
ny

 h
as

 m
ad

e 
im

pr
ov

em
en

ts
 to

 
its

 p
ro

ce
ss

 s
in

ce
 it

s 
co

m
m

er
ci

al
 d

eb
ut

 th
at

 h
av

e 
fu

rt
he

r 
re

du
ce

d 
C

O
2 

em
is

si
on

s 
an

d 
re

du
ce

d 
pr

oc
es

s 
en

er
gy

 r
eq

ui
re

m
en

ts
.  

A
dd

iti
on

al
ly

, t
he

 
co

m
pa

ny
 is

 lo
ok

in
g 

to
 d

ev
el

op
 fe

rm
en

ta
tio

n 
or

ga
ni

sm
s 

to
 c

on
ve

rt
 5

-c
ar

bo
n 

su
ga

rs
 a

s 
w

el
l a

s 
gl

uc
os

e 
in

to
 P

LA
.  

 
e 

A
cr

yl
ic

 A
ci

d
 

D
er

iv
ed

 fr
om

:  
- 

La
ct

ic
 A

ci
d 

- 
3-

H
yd

ro
xy

pr
op

io
ni

c 
A

ci
d 

- 
C

oa
tin

gs
 a

nd
 a

dh
es

iv
es

 
- 

S
up

er
 a

bs
or

be
nt

 p
ol

ym
er

s 
(e

.g
. d

ia
pe

rs
) 

- 
D

et
er

ge
nt

s 
- 

P
la

st
ic

s 
- 

F
ib

er
s 

- 
C

ar
gi

ll 
- 

N
ov

oz
ym

es
 

A
cr

yl
ic

 a
ci

d 
is

 m
os

t c
om

m
on

ly
 p

ro
du

ce
d 

vi
a 

pe
tr

oc
he

m
ic

al
 fe

ed
st

oc
ks

 (
e.

g.
 p

ro
py

le
ne

).
  

C
om

m
er

ci
al

ly
 v

ia
bl

e 
bi

ob
as

ed
 p

ro
du

ct
io

n 
ro

ut
e 

is
 y

et
 to

 b
e 

es
ta

bl
is

he
d.

  I
n 

ea
rly

 2
00

8,
 C

ar
gi

ll 
an

no
un

ce
d 

a 
jo

in
t a

gr
ee

m
en

t w
ith

 N
ov

oz
ym

es
 

to
 d

ev
el

op
 te

ch
no

lo
gy

 e
na

bl
in

g 
th

e 
pr

od
uc

tio
n 

of
 

ac
ry

lic
 a

ci
d 

vi
a 

3-
H

P
.  

A
t t

he
 ti

m
e 

of
 th

e 
an

no
un

ce
m

en
t, 

th
e 

co
m

pa
ni

es
 s

ai
d 

th
at

 th
ey

 
ex

pe
ct

ed
 th

e 
te

ch
no

lo
gy

 to
 b

e 
re

ad
y 

in
 5

 y
ea

rs
.  

 



A
pp

en
di

x 
A

: P
ag

e 
13

9 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1 

 
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
  

C
o

m
p

an
ie

s 
In

vo
lv

ed
2  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

E
th

yl
 L

ac
ta

te
 

D
er

iv
ed

 fr
om

:  
- 

La
ct

ic
 a

ci
d 

- 
S

ol
ve

nt
s 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

F
oo

d 
- 

F
ra

gr
an

ce
s 

- 
D

O
E

 
- 

V
er

te
c 

B
io

so
lv

en
ts

 In
c.

 
- 

A
rg

on
ne

 N
at

io
na

l 
La

bo
ra

to
ry

 
- 

C
ar

gi
ll 

- 
A

sh
la

nd
 S

pe
ci

al
ty

 
C

he
m

ic
al

 C
om

pa
ny

 
- 

U
ni

ve
rs

ity
 o

f 
P

en
ns

yl
va

ni
a 

- 
M

ic
hi

ga
n 

S
ta

te
 

U
ni

ve
rs

ity
 

A
lth

ou
gh

 e
th

yl
 la

ct
at

e 
ha

s 
be

en
 a

ro
un

d 
fo

r 
ye

ar
s,

 th
e 

co
st

 o
f p

ro
du

ci
ng

 it
 h

as
 b

ee
n 

to
o 

hi
gh

 
to

 a
llo

w
 it

 to
 c

om
pe

te
 e

co
no

m
ic

al
ly

 w
ith

 lo
w

er
-

pr
ic

ed
 c

he
m

ic
al

 s
ol

ve
nt

s 
A

dv
an

ce
m

en
ts

 in
 la

ct
ic

 
ac

id
 s

ep
ar

at
io

n 
te

ch
no

lo
gi

es
 u

si
ng

 
el

ec
tr

od
ia

ly
si

s,
 a

dv
an

ce
d 

m
em

br
an

e,
 a

nd
 

re
ac

tiv
e 

se
pa

ra
tio

ns
 h

av
e 

de
cr

ea
se

d 
et

hy
l 

la
ct

at
e 

co
st

s,
 m

ak
in

g 
it 

m
or

e 
co

m
pe

tit
iv

e 
w

ith
 

ot
he

r 
co

m
m

er
ci

al
ly

 a
va

ila
bl

e 
so

lv
en

ts
.  

A
rg

on
ne

 
La

bo
ra

to
ry

 h
as

 d
ev

el
op

ed
 a

 p
ro

ce
ss

 b
as

ed
 o

n 
a 

se
le

ct
iv

e 
m

em
br

an
e 

se
pa

ra
tio

n 
an

d 
pu

rif
ic

at
io

n 
pr

oc
es

s 
th

at
 p

er
m

its
 lo

w
-c

os
t s

yn
th

es
is

 o
f h

ig
h-

pu
rit

y 
et

hy
l l

ac
ta

te
 fr

om
 fe

rm
en

ta
tio

n-
de

riv
ed

 
la

ct
ic

 a
ci

d.
  T

he
 U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

ha
s 

be
en

 d
ev

el
op

in
g 

an
 in

te
gr

at
ed

 s
em

i-c
on

tin
uo

us
 

di
st

ill
at

io
n,

 r
ea

ct
io

n,
 a

nd
 p

er
va

po
ra

tio
n 

pr
oc

es
s 

fo
r 

th
e 

pr
od

uc
tio

n 
of

 e
th

yl
 la

ct
at

e 
fr

om
 e

th
an

ol
 

an
d 

la
ct

ic
 a

ci
d.

 M
ic

hi
ga

n 
S

ta
te

 U
ni

ve
rs

ity
 

re
se

ar
ch

er
s 

ha
ve

 d
em

on
st

ra
te

d 
th

e 
ef

fe
ct

iv
en

es
s 

of
 a

pp
ly

in
g 

th
ei

r 
re

ac
tiv

e 
di

st
ill

at
io

n 
te

ch
no

lo
gy

 to
 th

e 
pr

od
uc

tio
n 

of
 e

th
yl

 
la

ct
at

e 
fr

om
 la

ct
ic

 a
ci

d 
an

d 
et

ha
no

l. 
 

 

* 
R

ed
 =

 D
O

E
 T

op
 1

2 
V

al
ue

-A
dd

ed
 C

he
m

ic
al

s 
fr

om
 S

ug
ar

s 
an

d 
S

yn
ga

s 
1/

 N
ot

 a
n 

ex
ha

us
tiv

e 
lis

t 
2/

 N
ot

 a
n 

ex
ha

us
tiv

e 
lis

t. 
 S

om
e 

co
m

pa
ni

es
/in

st
itu

tio
ns

 m
ay

 n
o 

lo
ng

er
 b

e 
in

vo
lv

ed
, 

so
m

e 
m

ay
 b

e 
w

or
ki

ng
 w

ith
 o

ne
 a

no
th

er
, 

an
d 

so
m

e 
m

ay
 o

nl
y 

be
 f

in
an

ci
al

ly
 

in
vo

lv
ed

.  
a/

 A
cc

or
di

ng
 t

o 
th

e 
D

O
E

 a
 “

P
-S

er
ie

s 
fu

el
 i

s 
a 

bl
en

d 
of

 n
at

ur
al

 g
as

 l
iq

ui
ds

 (
pe

nt
an

es
 p

lu
s)

, 
et

ha
no

l, 
an

d 
th

e 
bi

om
as

s-
de

riv
ed

 c
o-

so
lv

en
t 

m
et

hy
lte

tr
ah

yd
ro

fu
ra

n 
(M

eT
H

F
).

 P
-S

er
ie

s 
fu

el
s 

ar
e 

cl
ea

r,
 c

ol
or

le
ss

, 8
9-

93
 o

ct
an

e,
 li

qu
id

 b
le

nd
s 

th
at

 a
re

 fo
rm

ul
at

ed
 to

 b
e 

us
ed

 in
 fl

ex
ib

le
 fu

el
 v

eh
ic

le
s 

(F
F

V
s)

.”
 

b/
 S

or
bi

to
l i

s 
al

re
ad

y 
co

m
m

er
ci

al
ly

 p
ro

du
ce

d.
 H

ow
ev

er
, 

te
ch

no
lo

gy
 d

ev
el

op
m

en
ts

 t
o 

lo
w

er
 p

ro
du

ct
io

n 
co

st
s 

an
d 

to
 p

ro
du

ce
 d

er
iv

at
iv

es
 s

uc
h 

as
 is

os
or

bi
de

 c
ou

ld
 

ex
pa

nd
 th

is
 p

ro
du

ct
's

 m
ar

ke
t d

em
an

d.
 

c/
 T

he
 p

ro
du

ct
io

n 
of

 P
G

 v
ia

 s
om

e 
te

ch
no

lo
gi

es
 a

nd
 b

as
e 

ch
em

ic
al

s 
is

 a
lre

ad
y 

co
m

m
er

ci
al

iz
ed

 (
e.

g.
, 

tr
ad

iti
on

al
 h

yd
ro

ge
na

tio
n 

of
 g

ly
ce

ro
l),

 w
hi

le
 p

ro
du

ct
io

n 
vi

a 
ot

he
r 

te
ch

no
lo

gi
e 

s 
an

d 
ba

se
 c

he
m

ic
al

s 
(e

.g
., 

fr
om

 s
or

bi
to

l) 
ar

e 
st

ill
 b

ei
ng

 d
ev

el
op

ed
. 

M
an

y 
of

 t
he

 c
om

pa
ni

es
 l

is
te

d 
ar

e 
fo

cu
si

ng
 o

n 
P

G
 f

ro
m

 g
ly

ce
rin

, 
th

e 
by

-
pr

od
uc

t o
f b

io
di

es
el

 p
ro

du
ct

io
n.

 
d/

 W
hi

le
 a

lre
ad

y 
co

m
m

er
ci

al
iz

ed
, o

th
er

 p
ro

ce
ss

es
 a

re
 s

til
l b

ei
ng

 d
ev

el
op

ed
. 

e/
 I

n 
a 

M
ar

ch
 0

9 
ar

tic
le

, 
C

ar
gi

ll 
an

no
un

ce
d 

it 
w

as
 lo

ok
in

g 
at

 p
ro

sp
ec

tiv
e 

lo
ca

tio
ns

 f
or

 a
 s

ec
on

d 
pl

an
t. 

 T
he

 c
om

pa
ny

 "
an

tic
ip

at
es

 c
on

tin
ue

d 
ad

va
nc

em
en

ts
 in

 t
he

 
re

si
n’

s 
pe

rf
or

m
an

ce
, a

s 
w

el
l a

s 
an

 in
cr

ea
se

 in
 th

e 
nu

m
be

r 
of

 p
ro

du
ct

s 
an

d 
ap

pl
ic

at
io

ns
 u

si
ng

 In
ge

o.
" 

 



A
pp

en
di

x 
A

: P
ag

e 
14

0 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

 T
ab

le
 2

7:
 N

ew
 U

se
s 

o
f 

C
o

rn
 C

o
b

s 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

A
p

p
lic

at
io

n
s/

E
n

d
 U

se
s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
 

C
o

m
p

an
ie

s 
In

vo
lv

ed
1  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(i

f 
ap

p
lic

ab
le

) 
S

ta
g

e 
o

f 
D

ev
el

o
p

m
en

t 

A
n

h
yd

ro
u

s 
A

m
m

o
n

ia
 

- 
F

ue
l 

- 
F

er
til

iz
er

 
- 

S
yn

G
es

t I
nc

. 

S
yn

G
es

t I
nc

. i
s 

em
pl

oy
in

g 
a 

ga
si

fic
at

io
n 

pr
oc

es
s 

w
hi

ch
 u

se
s 

co
rn

 
bi

om
as

s,
 in

iti
al

ly
 c

or
n 

co
bs

, t
o 

pr
od

uc
e 

an
hy

dr
ou

s 
am

m
on

ia
 fo

r 
fu

el
 

an
d 

fe
rt

ili
ze

r.
  T

he
 c

om
pa

ny
 p

la
ns

 to
 o

rig
in

al
ly

 p
ro

du
ce

 fe
rt

ili
ze

r,
 b

ut
 

in
 th

e 
lo

ng
 r

un
, i

nt
en

ds
 to

 p
ro

du
ce

 fu
el

 a
s 

w
el

l. 
T

he
 c

om
pa

ny
 c

la
im

s 
to

 h
av

e 
a 

ca
rb

on
 n

eg
at

iv
e 

pr
oc

es
s 

an
d 

lo
w

 p
ro

du
ct

io
n 

co
st

s 
th

at
 c

an
 

un
de

rc
ut

 th
e 

co
st

 o
f a

m
m

on
ia

 p
ro

du
ce

d 
fr

om
 n

at
ur

al
 g

as
.  

 

E
n

er
g

y 
(n

at
u

ra
l 

g
as

 s
u

b
st

it
u

te
) 

- 
E

ne
rg

y 

- 
C

hi
pp

ew
a 

V
al

le
y 

E
th

an
ol

 C
om

pa
ny

 
- 

F
ro

nt
lin

e 
B

io
E

ne
rg

y 
G

as
ifi

er
s 

- 
U

ni
ve

rs
ity

 o
f M

in
ne

so
ta

 C
hi

pp
ew

a 
V

al
le

y 
E

th
an

ol
 C

om
pa

ny
 (

C
V

E
C

) 
pl

an
s 

to
 u

se
 c

or
n 

co
bs

 
an

d 
ot

he
r 

bi
om

as
s 

to
 r

un
 it

s 
et

ha
no

l p
la

nt
 u

si
ng

 F
ro

nt
lin

e 
B

io
E

ne
rg

y'
s 

bi
om

as
s 

ga
si

fic
at

io
n 

te
ch

no
lo

gy
.  

C
V

E
C

's
 p

la
nt

 
en

gi
ne

er
 s

ay
s 

th
at

 th
e 

"c
ob

s 
co

ul
d 

cu
t t

he
 p

la
nt

's
 e

ne
rg

y 
co

st
 b

y 
on

e 
fo

ur
th

 o
r 

m
or

e.
" 

 

C
el

lu
lo

si
c 

E
th

an
o

l  
- 

F
ue

l 
- 

P
O

E
T

 
P

oe
t p

la
ns

 to
 b

eg
in

 p
ro

du
ci

ng
 2

5 
m

ill
io

n 
ga

llo
ns

 o
f c

el
lu

lo
si

c 
et

ha
no

l 
fr

om
 c

or
n 

co
bs

 a
s 

ea
rly

 a
s 

20
11

 a
t i

ts
 E

m
m

et
sb

ur
g,

 IA
 b

io
re

fin
er

y.
 

 

P
o

lis
h

in
g

 
M

at
er

ia
ls

 
- 

P
ol

is
hi

ng
 m

at
er

ia
ls

 
- 

A
nd

er
so

ns
 In

c.
 

N
/A

 
 

A
n

im
al

 B
ed

d
in

g
 

- 
A

ni
m

al
 b

ed
di

ng
 

- 
A

nd
er

so
ns

 In
c.

 
N

/A
 

 

C
at

 L
it

te
r 

- 
C

at
 L

itt
er

 
- 

A
nd

er
so

ns
 In

c.
 

N
/A

 
 

1/
 N

ot
 a

n 
ex

ha
us

tiv
e 

lis
t 

 



A
pp

en
di

x 
A

: P
ag

e 
14

1 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ab

le
 2

8:
 N

ew
 U

se
s 

o
f 

D
is

ti
lle

rs
 G

ra
in

s 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1  

A
p

p
lic

at
io

n
s/

E
n

d
 U

se
s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
 C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(i

f 
ap

p
lic

ab
le

) 
S

ta
g

e 
o

f 
D

ev
el

o
p

m
en

t 

D
D

G
S

 -
 

F
ill

er
s 

in
 

P
la

st
ic

s 

- 
D

D
G

S
 fi

lle
rs

 in
 

pl
as

tic
s 

- 
A

dh
es

iv
es

 
- 

F
ur

ni
tu

re
 

- 
A

rc
hi

te
ct

ur
al

 p
an

el
s 

- 
C

om
po

si
te

 m
ol

di
ng

 
ap

pl
ic

at
io

ns
 

- 
G

ol
f t

ee
s 

- 
U

ni
ve

rs
ity

 o
f M

in
ne

so
ta

 
- 

U
S

D
A

, A
R

S
 

- 
S

ou
th

 D
ak

ot
a 

S
ta

te
 

U
ni

ve
rs

ity
 

- 
N

or
th

er
n 

Ill
in

oi
s 

U
ni

ve
rs

ity
 (

N
IU

) 

N
/A

 

  

D
D

G
S

 -
 Z

ei
n

 
- 

C
or

n 
P

ro
te

in
 

- 
B

io
de

gr
ad

ab
le

 p
la

st
ic

s 
- 

F
oo

d 
an

d 
pa

pe
r 

co
at

in
gs

 
- 

C
he

w
in

g 
gu

m
 b

as
e 

 
- 

B
io

de
gr

ad
ab

le
 te

xt
ile

 fi
be

r 
- 

M
ed

ic
al

 a
pp

lic
at

io
ns

 
- 

P
rin

tin
g 

in
k 

- 
A

nt
io

xi
da

nt
s 

- 
A

dh
es

iv
es

 a
nd

 b
in

de
rs

 

- 
U

S
D

A
, A

R
S

  

C
ur

re
nt

ly
, u

np
ur

ifi
ed

 z
ei

n 
is

 u
se

d 
in

 s
pe

ci
al

ty
 

co
at

in
gs

. H
ow

ev
er

, a
 n

ew
, c

os
t-

ef
fe

ct
iv

e 
pr

oc
es

s 
to

 p
ur

ify
 th

e 
ze

in
 m

ak
es

 th
e 

pr
ot

ei
n 

su
ita

bl
e 

fo
r 

co
sm

et
ic

, f
oo

d,
 a

nd
 b

io
m

ed
ic

al
 

ap
pl

ic
at

io
ns

.  

 

- 
U

ni
ve

rs
ity

 o
f I

lli
no

is
 

T
he

 fi
be

r 
po

rt
io

n 
of

 th
e 

D
D

G
S

 is
 s

ep
ar

at
ed

 v
ia

 
th

e 
el

us
ie

ve
 p

ro
ce

ss
.  

T
he

n,
 a

fte
r 

en
zy

m
at

ic
 

hy
dr

ol
ys

is
 th

e 
su

ga
rs

 c
an

 b
e 

fe
rm

en
te

d 
to

 
pr

od
uc

e 
bu

ta
no

l o
r 

et
ha

no
l. 

D
D

G
S

 -
 F

u
el

  
- 

C
or

n 
F

ib
er

 
- 

F
ue

l (
et

ha
no

l o
r 

bu
ta

no
l) 

- 
N

R
E

L 
- 

N
C

G
A

 
- 

C
or

n 
R

ef
in

er
s 

A
ss

oc
ia

tio
n 

N
R

E
L 

is
 w

or
ki

ng
 o

n 
de

si
gn

in
g 

un
iq

ue
 

bi
oc

at
al

ys
ts

 to
 fe

rm
en

t a
ra

bi
no

se
, a

 m
aj

or
 

co
m

po
ne

nt
 in

 th
e 

av
ai

la
bl

e 
su

ga
rs

 fr
om

 c
or

n 
fib

er
, a

 r
es

id
ue

 o
f t

he
 c

or
n-

to
-e

th
an

ol
 p

ro
ce

ss
, 

in
to

 e
th

an
ol

. 

 

D
D

G
S

 -
 

E
n

er
g

y 
- 

D
D

G
S

 
- 

E
ne

rg
y 

 

- 
W

as
hi

ng
to

n 
U

ni
ve

rs
ity

 
- 

U
ni

ve
rs

ity
 o

f M
in

ne
so

ta
 

- 
U

S
D

A
, A

R
S

 
- 

Io
w

a 
S

ta
te

 U
ni

ve
rs

ity
 

- 
R

ei
n 

&
 A

ss
oc

ia
te

s 
(M

N
) 

- 
B

io
ga

so
l 

- 
P

O
E

T
 

- 
U

ni
ve

rs
ity

 o
f B

or
ås

 
- 

K
aw

ar
th

a 
E

th
an

ol
 

-A
na

er
ob

ic
 D

ig
es

tio
n:

 A
na

er
ob

ic
 d

ig
es

tio
n 

us
es

 b
ac

te
ria

 to
 c

on
ve

rt
 th

e 
th

in
 o

r 
w

ho
le

 
st

ill
ag

e 
by

-p
ro

du
ct

 o
f e

th
an

ol
 p

ro
du

ct
io

n 
in

to
 

bi
og

as
, w

hi
ch

 c
an

 th
en

 b
e 

us
ed

 to
 r

ed
uc

e 
na

tu
ra

l g
as

 u
sa

ge
. T

hi
s 

pr
oc

es
s 

re
du

ce
s 

en
er

gy
 c

os
ts

 a
nd

 g
re

en
ho

us
e 

ga
s 

em
is

si
on

s 
an

d 
he

lp
s 

to
 c

on
se

rv
e 

w
at

er
.  

- 
D

ire
ct

 B
ur

ni
ng

 
- 

G
as

ifi
ca

tio
n 

 



A
pp

en
di

x 
A

: P
ag

e 
14

2 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1  

A
p

p
lic

at
io

n
s/

E
n

d
 U

se
s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
 C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(i

f 
ap

p
lic

ab
le

) 
S

ta
g

e 
o

f 
D

ev
el

o
p

m
en

t 

D
D

G
S

 -
 

F
er

ti
liz

er
 

- 
D

D
G

S
 

- 
O

rg
an

ic
 fe

rt
ili

ze
r 

- 
U

S
D

A
, A

R
S

 
- 

S
um

m
it 

S
ee

d 
In

c.
 

R
es

ea
rc

he
rs

 a
re

 n
ow

 lo
ok

in
g 

at
 th

e 
ef

fe
ct

iv
en

es
s 

of
 th

is
 a

pp
lic

at
io

n 
w

he
n 

th
e 

fib
er

 
an

d 
ge

rm
 p

or
tio

n 
of

 th
e 

D
D

G
S

 a
re

 r
em

ov
ed

 
pr

io
r 

to
 fe

rm
en

ta
tio

n.
 

 

D
D

G
S

 -
 W

ee
d

 
C

o
n

tr
o

l 
- 

D
D

G
S

 
- 

W
ee

d 
co

nt
ro

l 
- 

U
S

D
A

, A
R

S
 

- 
S

um
m

it 
S

ee
d 

In
c.

 

R
es

ea
rc

he
rs

 a
re

 n
ow

 lo
ok

in
g 

at
 th

e 
ef

fe
ct

iv
en

es
s 

of
 th

is
 a

pp
lic

at
io

n 
w

he
n 

th
e 

fib
er

 
an

d 
ge

rm
 p

or
tio

n 
of

 th
e 

D
D

G
S

 a
re

 r
em

ov
ed

 
pr

io
r 

to
 fe

rm
en

ta
tio

n.
 

 

C
o

rn
 F

ib
er

 
G

u
m

 
- 

C
or

n 
F

ib
er

 

- 
E

m
ul

si
fie

r 
- 

fla
vo

r 
st

ab
ili

ze
r 

in
 

so
ft 

dr
in

ks
 -

 a
 s

ub
st

itu
te

 to
 th

e 
co

st
ly

 "
gu

m
 a

ra
bi

c"
 th

at
 is

 
cu

rr
en

tly
 im

po
rt

ed
 fr

om
 A

fr
ic

an
 

co
un

tr
ie

s.
 

- 
U

S
D

A
, A

R
S

 
- 

U
ni

ve
rs

ity
 o

f I
lli

no
is

 
- 

U
ni

ve
rs

ity
 o

f M
is

so
ur

i 

A
R

S
 r

es
ea

rc
he

rs
 a

re
 u

si
ng

 th
ei

r 
el

us
ie

ve
 

fr
ac

tio
na

tio
n 

pr
oc

es
s 

to
 r

ec
ov

er
 th

e 
fib

er
 fr

om
 

th
e 

di
st

ill
er

s 
gr

ai
ns

 a
t t

he
 b

ac
k-

en
d 

of
 th

e 
et

ha
no

l p
ro

du
ct

io
n 

pr
oc

es
s 

or
 fi

be
r 

ex
tr

ac
te

d 
fr

om
 th

e 
co

rn
 w

et
 m

ill
in

g 
pr

oc
es

s.
   

 

A
st

ax
an

th
in

 
- 

C
or

n 
F

ib
er

 

- 
H

ig
h 

va
lu

e 
sp

ec
ia

lty
 p

ro
du

ct
 

us
ed

 in
 th

e 
di

et
s 

of
 fa

rm
-r

ai
se

d 
fis

h 
in

 o
rd

er
 to

 g
iv

e 
th

e 
fle

sh
 o

f 
sa

lm
on

id
s,

 s
hr

im
ps

, l
ob

st
er

s,
 

an
d 

cr
ay

fis
h 

th
e 

pi
nk

is
h-

re
d 

hu
e.

 - 
U

S
D

A
, A

R
S

 
- 

C
le

m
so

n 
U

ni
ve

rs
ity

 

A
st

ax
an

th
in

 w
ou

ld
 b

e 
pr

od
uc

ed
 fr

om
 th

e 
fe

rm
en

ta
tio

n 
of

 c
or

n 
fib

er
.  

S
ev

er
al

 s
tr

ai
ns

 o
f 

fe
rm

en
tin

g 
ye

as
t a

re
 c

ur
re

nt
ly

 b
ei

ng
 e

xp
lo

re
d.

 

 

D
D

G
S

 -
 F

lo
u

r 
- 

D
D

G
S

 F
lo

ur
 

- 
C

oo
ki

es
, b

re
ad

s,
 p

as
ta

s 
(W

hi
le

 D
D

G
S

 fl
ou

r 
is

 n
ut

rit
io

us
, 

th
e 

fe
rm

en
ta

tio
n 

pr
oc

es
s 

us
ed

 
to

 m
ak

e 
et

ha
no

l t
en

ds
 to

 g
iv

e 
th

e 
fo

od
 p

ro
du

ct
 a

 b
itt

er
 o

ff-
fla

vo
r 

an
d 

od
or

 th
at

 la
ck

s 
co

ns
um

er
 a

pp
ea

l.)
 

- 
U

S
D

A
, A

R
S

 
- 

S
ou

th
 D

ak
ot

a 
S

ta
te

 
U

ni
ve

rs
ity

 
N

/A
 

 

D
D

G
S

 -
 F

o
o

d
 

F
la

vo
ra

n
t 

- 
D

D
G

S
 

- 
F

oo
d 

fla
vo

ra
nt

 -
 s

od
iu

m
 fl

av
or

 
re

pl
ac

em
en

t 
- 

K
ra

ft 
F

oo
ds

 H
ol

di
ng

s,
 

In
c.

 

P
at

en
te

d 
ap

pl
ic

at
io

n 
- 

R
at

he
r 

th
an

 u
si

ng
 

D
D

G
S

 in
 fo

od
 a

pp
lic

at
io

ns
 a

s 
a 

fil
le

r 
an

d 
tr

yi
ng

 
to

 fi
nd

 w
ay

s 
to

 d
is

gu
is

e 
its

 b
itt

er
 ta

st
e,

 th
is

 
ap

pl
ic

at
io

n 
w

ou
ld

 u
se

 s
m

al
le

r 
am

ou
nt

s 
of

 
D

D
G

S
 a

nd
 u

se
 it

s 
di

st
in

ct
 fl

av
or

 a
s 

a 
fla

vo
r 

su
bs

tit
ut

e 
(e

.g
. s

od
iu

m
).

 

 

1/
 N

ot
 a

n 
ex

ha
us

tiv
e 

lis
t 



A
pp

en
di

x 
A

: P
ag

e 
14

3 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ab

le
 2

9:
 N

ew
 U

se
s 

o
f 

C
O

2 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1  

A
p

p
lic

at
io

n
s/

E
n

d
 U

se
s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
 C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(if

 a
pp

lic
ab

le
) 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

C
O

2 
- 

A
lg

ae
 

P
ro

d
u

ct
io

n
 

S
ys

te
m

s 
- 

A
lg

ae
 

- 
B

io
di

es
el

  
- 

E
th

an
ol

 
- 

B
io

cr
ud

e 
- 

re
ne

w
ab

le
 

pe
tr

ol
eu

m
 p

ro
du

ct
s:

 g
as

ol
in

e,
 

di
es

el
, a

nd
 je

t f
ue

l 

- 
P

et
ro

su
n 

- 
G

re
en

sh
ift

 
- 

D
iv

er
si

fie
d 

E
ne

rg
y 

- 
S

ol
az

ym
e 

- 
V

al
ce

nt
 

- 
G

re
en

 S
ta

r 
- 

A
ur

or
a 

B
io

fu
el

s 
- 

X
L 

R
en

ew
ab

le
s 

- 
O

th
er

s 

T
he

 C
O

2 
em

itt
ed

 fr
om

 th
e 

et
ha

no
l p

ro
du

ct
io

n 
pr

oc
es

s 
ca

n 
be

 c
ap

tu
re

d 
an

d 
us

ed
 a

s 
a 

ke
y 

in
pu

t i
n 

th
e 

pr
od

uc
tio

n 
of

 a
lg

ae
, w

hi
ch

 is
 in

 tu
rn

 
us

ed
 to

 p
ro

du
ce

 o
il.

  A
m

on
g 

ot
he

r 
us

es
, t

hi
s 

oi
l 

ca
n 

th
en

 b
e 

us
ed

 to
 m

ak
e 

a 
ra

ng
e 

of
 fu

el
 

pr
od

uc
ts

. 

  

C
O

2 
- 

B
io

d
eg

ra
d

ab
le

 
P

la
st

ic
s 

- 
B

io
de

gr
ad

ab
le

 
pl

as
tic

s 
 

- 
P

ac
ka

gi
ng

 
- 

In
su

la
tin

g 
fo

am
 fo

r 
bu

ild
in

gs
 

- 
C

om
pu

te
r 

ca
se

s 

- 
N

ov
om

er
 

- 
C

or
ne

ll 
U

ni
ve

rs
ity

 

T
hi

s 
pa

te
nt

ed
 te

ch
no

lo
gy

, w
hi

ch
 h

as
 b

ee
n 

de
m

on
st

ra
te

d 
on

 a
 s

m
al

l s
ca

le
, m

ix
es

 li
qu

id
 

m
et

al
 w

ith
 C

O
2 

or
 C

O
 in

 a
 r

ea
ct

or
 a

t l
ow

 
pr

es
su

re
.  

D
ep

en
di

ng
 o

n 
th

e 
fe

ed
st

oc
k 

an
d 

th
e 

ca
ta

ly
st

, t
he

 e
nd

 p
ro

du
ct

 c
an

 b
e 

ad
ju

st
ed

 to
 b

e 
m

or
e 

fle
xi

bl
e 

or
 s

lo
w

er
 to

 d
ec

om
po

se
.  

 

 

C
O

2 
- 

O
il 

E
xt

ra
ct

io
n

 
- 

S
up

er
cr

iti
ca

l C
O

2 

- 
V

eg
et

ab
le

 o
il 

ex
tr

ac
tio

n 
fr

om
 

oi
ls

ee
ds

  
- 

P
ot

en
tia

l a
ls

o 
ex

is
ts

 in
 a

lg
ae

 o
il 

ex
tr

ac
tio

n 
ap

pl
ic

at
io

ns
 

- 
M

O
R

 S
up

er
cr

iti
ca

l, 
LL

C
 

R
at

he
r 

th
an

 u
si

ng
 h

ex
an

e,
 M

O
R

 S
up

er
cr

iti
ca

l's
 

te
ch

no
lo

gy
 u

se
s 

ca
rb

on
 d

io
xi

de
 a

s 
th

ei
r 

on
ly

 
so

lv
en

t i
n 

th
ei

r 
co

rn
 o

il 
an

d 
oi

ls
ee

d 
ex

tr
ac

tio
n 

sy
st

em
.  

A
s 

op
po

se
d 

to
 c

on
ve

nt
io

na
l 

su
pe

rc
rit

ic
al

 p
ro

ce
ss

es
, M

O
R

 S
up

er
cr

iti
ca

l 
cl

ai
m

s 
th

at
 th

ei
r 

te
ch

no
lo

gy
 g

re
at

ly
 r

ed
uc

es
 

op
er

at
in

g 
co

st
s 

w
hi

ch
 h

av
e 

pr
ev

en
te

d 
ot

he
r 

su
pe

rc
rit

ic
al

 s
ys

te
m

s 
fr

om
 r

ep
la

ci
ng

 
pe

tr
oc

he
m

ic
al

 e
xt

ra
ct

io
n 

us
in

g 
he

xa
ne

, d
es

pi
te

 
th

e 
nu

m
er

ou
s 

be
ne

fit
s.

  M
O

R
 S

up
er

cr
iti

al
 

cl
ai

m
s 

th
at

 th
ei

r 
te

ch
no

lo
gy

 is
 e

ne
rg

y 
ef

fic
ie

nt
; 

au
to

m
at

ed
, m

od
ul

ar
 a

nd
 s

ca
la

bl
e;

 h
as

 a
 s

m
al

l 
en

vi
ro

nm
en

ta
l f

oo
tp

rin
t (

1/
6 

of
 a

 ty
pi

ca
l s

ol
ve

nt
 

ex
tr

ac
tio

n 
pl

an
t)

; p
ro

du
ce

s 
sa

fe
, s

ol
ve

nt
-f

re
e,

 
no

n-
de

gr
ad

ed
, h

ig
h-

qu
al

ity
 p

ro
du

ct
s 

in
cl

ud
in

g 
un

de
gr

ad
ed

 m
ea

l w
ith

 h
ig

h 
pr

ot
ei

n 
di

ge
st

ib
ili

ty
; 

an
d 

an
 a

cc
om

pa
ny

in
g 

re
fin

in
g 

te
ch

no
lo

gy
 to

 
ex

tr
ac

t a
nd

 r
ef

in
e 

th
e 

oi
l i

n 
on

e 
st

ep
.  

 



A
pp

en
di

x 
A

: P
ag

e 
14

4 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1  

A
p

p
lic

at
io

n
s/

E
n

d
 U

se
s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
 C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(if

 a
pp

lic
ab

le
) 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

C
O

2 
- 

M
ed

ic
al

 
Im

p
la

n
ts

  -
 

D
ru

g
 D

el
iv

er
y 

- 
S

up
er

cr
iti

ca
l C

O
2 

- 
U

se
d 

to
 p

us
h 

ch
em

ic
al

s/
m

ed
ic

in
es

 in
to

 a
 

pl
as

tic
 th

at
 is

 o
fte

n 
us

ed
 in

 b
on

e 
re

pl
ac

em
en

t 

- 
O

hi
o 

S
ta

te
 U

ni
ve

rs
ity

 

B
y 

us
in

g 
co

m
pr

es
se

d 
C

O
2,

 r
es

ea
rc

he
rs

 a
t 

O
hi

o 
S

ta
te

 U
ni

ve
rs

ity
 d

is
co

ve
re

d 
th

at
 th

ey
 

co
ul

d 
al

te
r 

th
e 

in
te

rn
al

 s
tr

uc
tu

re
 o

f p
la

st
ic

 a
nd

 
cr

ea
te

 v
oi

ds
 th

at
 c

ou
ld

 b
e 

us
ed

 to
 h

ol
d 

m
ed

ic
in

e.
  T

he
 id

ea
 is

 th
at

 m
ed

ic
in

es
 

im
pl

an
te

d 
in

 b
on

e 
re

pl
ac

em
en

ts
 c

ou
ld

 h
el

p 
pr

ev
en

t i
nf

la
m

m
at

io
n 

an
d 

in
fe

ct
io

n 
fo

llo
w

in
g 

su
rg

er
y 

or
 s

er
ve

 a
s 

a 
m

ea
ns

 to
 d

is
pe

ns
e 

an
ti-

tu
m

or
 a

ge
nt

s 
in

 p
at

ie
nt

s 
w

he
re

 b
on

e 
ha

s 
be

en
 

re
pl

ac
ed

 a
s 

pa
rt

 o
f a

 c
an

ce
r 

tr
ea

tm
en

t 
pr

og
ra

m
. C

ur
re

nt
ly

 im
pl

an
ts

 a
re

 s
te

ril
iz

ed
 w

ith
 

he
at

, r
ad

ia
tio

n,
 a

nd
 c

he
m

ic
al

s 
th

at
 c

an
 m

ak
e 

em
be

dd
ed

 m
ed

ic
in

es
 le

ss
 e

ffe
ct

iv
e.

   

 

C
O

2 
- 

S
an

d
 

an
d

 
M

ag
n

es
iu

m
 

C
ar

b
o

n
at

e 

- 
S

an
d 

an
d 

M
ag

ne
si

um
 

C
ar

bo
na

te
 

- 
S

an
d 

- 
R

ep
la

ce
m

en
t f

or
 li

m
es

to
ne

 in
 

ce
m

en
t 

- 
P

en
ns

yl
va

ni
a 

S
ta

te
 

U
ni

ve
rs

ity
 

- 
Lo

s 
A

la
m

os
 N

at
io

na
l 

La
bo

ra
to

ry
 

S
er

pe
nt

in
e 

ro
ck

 is
 m

ix
ed

 in
 a

 r
ea

ct
or

 w
ith

 
w

at
er

 a
nd

 a
ci

d,
 in

 o
rd

er
 to

 g
et

 m
ag

ne
si

um
 a

nd
 

si
lic

a.
  T

he
n,

 a
m

m
on

ia
 a

nd
 C

O
2 

ar
e 

ad
de

d 
to

 
ge

t m
ag

ne
si

um
 c

ar
bo

na
te

.  
P

re
vi

ou
s 

te
ch

no
lo

gi
es

 w
hi

ch
 h

av
e 

at
te

m
pt

ed
 to

 s
to

re
 

C
O

2 
in

 m
ag

ne
si

um
 c

ar
bo

na
te

 h
av

e 
be

en
 

hi
gh

ly
 e

ne
rg

y 
in

te
ns

iv
e 

du
e 

to
 h

ig
h 

pr
es

su
re

 
re

qu
ire

m
en

ts
, w

hi
le

 th
is

 p
ro

po
se

d 
te

ch
no

lo
gy

 
op

er
at

es
 u

nd
er

 o
rd

in
ar

y 
pr

es
su

re
s.

 
 H

ow
ev

er
, s

er
pe

nt
in

e,
 w

hi
ch

 is
 p

le
nt

ifu
l n

ea
r 

th
e 

A
tla

nt
ic

 a
nd

 P
ac

ifi
c 

co
as

ts
, i

s 
ex

pe
ns

iv
e 

to
 

tr
an

sp
or

t i
nl

an
d.

 

 

C
ar

b
o

n
 

S
eq

u
es

tr
at

io
n

 
-N

/A
 

- 
C

O
2 

S
to

ra
ge

 
- 

A
rc

he
r 

D
an

ie
ls

 M
id

la
nd

 

In
 a

n 
ef

fo
rt

 to
 d

ec
re

as
e 

th
e 

ca
rb

on
 fo

ot
pr

in
t o

f 
an

 e
th

an
ol

 fa
ci

lit
y,

 A
D

M
 is

 p
ur

su
in

g 
a 

pr
oj

ec
t 

in
vo

lv
in

g 
dr

ill
in

g 
an

 in
je

ct
io

n 
w

el
l 7

,2
00

 fe
et

 
de

ep
 to

 s
to

re
 a

 to
ta

l o
f 1

 m
ill

io
n 

m
et

ric
 to

ns
 o

f 
C

O
2.

 

 

 



A
pp

en
di

x 
A

: P
ag

e 
14

5 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1  

A
p

p
lic

at
io

n
s/

E
n

d
 U

se
s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
 C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(if

 a
pp

lic
ab

le
) 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

C
O

2 
- 

H
ig

h
 

V
al

u
e 

M
at

er
ia

ls
 

- 
F

or
m

ic
 A

ci
d 

- 
F

or
m

at
e 

S
al

ts
 

- 
O

xa
lic

 A
ci

d 
- 

M
et

ha
no

l 

- 
A

 r
ep

la
ce

m
en

t f
or

 h
yd

ro
ch

lo
ric

 
ac

id
 in

 th
e 

st
ee

l p
ic

kl
in

g 
pr

oc
es

s 
- 

D
ie

se
l f

ue
l a

dd
iti

ve
 (

am
m

on
iu

m
 

fo
rm

at
e)

 
- 

E
ne

rg
y 

(h
yd

ro
ge

n 
or

 m
et

ha
no

l) 

- 
M

an
tr

a 
V

en
tu

re
 G

ro
up

 
Lt

d.
 

- 
B

rit
is

h 
C

ol
um

bi
a'

s 
C

le
an

 
E

ne
rg

y 
R

es
ea

rc
h 

C
en

te
r 

T
he

 M
an

tr
a 

V
en

tu
re

 G
ro

up
 is

 w
or

ki
ng

 to
 

de
ve

lo
p 

a 
te

ch
no

lo
gy

 to
 c

on
ve

rt
 C

O
2 

in
to

 
fo

rm
ic

 a
ci

d 
an

d 
ot

he
r 

hi
gh

 v
al

ue
 m

at
er

ia
ls

 b
y 

co
m

bi
ni

ng
 e

le
ct

ric
ity

 w
ith

 w
at

er
, C

O
2 

an
d 

an
 

el
ec

tr
ol

yt
e 

in
 a

 p
ro

ce
ss

 th
ey

 c
al

l e
le

ct
ro

-
re

du
ct

io
n.

 

 

C
O

2 
- 

S
u

cc
in

ic
 

A
ci

d
 

- 
1,

4-
B

ut
an

ed
io

l 
(B

D
O

) 
- 

T
et

ra
hy

dr
of

ur
an

 
(T

H
F

) 
- 
γ-

B
ut

yr
ol

ac
to

ne
 

(G
B

L)
 

- 
2-

P
yr

ro
lid

in
on

e 
- 

N
-M

et
hy

l 
P

yr
ro

lid
on

e 
(N

M
P

) 
- P

ol
yt

et
ra

m
et

hy
le

ne
 

G
ly

co
l (

P
T

M
G

) 
- 

P
ol

y-
B

ut
yl

en
e 

S
uc

ci
na

te
 (

P
B

S
) 

- 
D

ie
th

yl
 a

nd
 

D
im

et
hy

l S
uc

ci
na

te
 

(S
uc

ci
ni

c 
A

ci
d 

+
 

E
th

an
ol

/M
et

ha
no

l) 

- 
S

ol
ve

nt
s 

- 
F

oo
d 

in
gr

ed
ie

nt
s,

 fl
av

or
s 

 
- 

P
la

st
ic

s 
an

d 
el

as
tic

 fi
be

rs
 

- 
P

ai
nt

s 
an

d 
co

at
in

gs
 

- 
Lu

br
ic

at
in

g 
oi

ls
, e

ng
in

e 
co

ol
an

ts
 a

nd
 d

ei
ce

rs
 

- 
D

ie
se

l f
ue

l o
xy

ge
na

te
s 

- 
P

er
so

na
l c

ar
e 

pr
od

uc
ts

 a
nd

 
co

sm
et

ic
s 

- 
D

et
er

ge
nt

s,
 a

ir 
fr

es
he

ne
rs

 a
nd

 
ho

us
eh

ol
d 

cl
ea

ne
rs

 
- 

A
ut

om
ot

iv
e 

an
d 

in
du

st
ria

l 
cl

ea
ne

rs
 

- 
P

ai
nt

 s
tr

ip
pe

rs
 a

nd
 g

ra
ffi

ti 
re

m
ov

er
s 

- 
C

he
m

ic
al

 in
te

rm
ed

ia
te

 fo
r 

he
rb

ic
id

es
, i

ns
ec

tic
id

es
, a

nd
 

fu
ng

ic
id

es
 

- 
A

gr
o 

In
du

st
rie

 
R

ec
he

rc
he

s 
et

 
D

év
el

op
pm

en
ts

 (
A

R
D

),
 

F
ra

nc
e 

- 
D

N
P

 G
re

en
 T

ec
hn

ol
og

y 
- 

B
io

am
be

r 
(J

V
: D

N
P

 a
nd

 
A

R
D

) 
- 

U
S

 D
ep

ar
tm

en
t o

f 
E

ne
rg

y 
- 

N
at

io
na

l R
es

ea
rc

h 
C

ou
nc

il 
of

 C
an

ad
a 

B
io

te
ch

no
lo

gy
 R

es
ea

rc
h 

In
st

itu
te

 
- 

R
ic

e 
U

ni
ve

rs
ity

 
- 

R
oq

ue
tte

 a
nd

 D
S

M
 

- 
U

ni
ve

rs
ity

 o
f G

eo
rg

ia
 

- 
T

oy
ot

a 
T

su
sh

o 
C

om
pa

ny
, J

ap
an

 
(s

ha
re

ho
ld

er
 o

f B
io

am
be

r)
 

- 
M

ic
hi

ga
n 

S
ta

te
 

U
ni

ve
rs

ity
, M

ic
hi

ga
n 

B
io

te
ch

no
lo

gy
 In

st
itu

te
 

- 
B

io
E

ne
rg

y 
In

te
rn

at
io

na
l 

(M
yr

ia
nt

 T
ec

hn
ol

og
ie

s)
 

- 
M

its
ub

is
hi

 C
he

m
ic

al
 

C
or

po
ra

tio
n 

- 
Lu

le
å 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y,
 S

w
ed

en
 

C
O

2 
is

 u
se

d 
as

 in
pu

t i
n 

th
e 

pr
od

uc
tio

n 
pr

oc
es

s 
of

 s
uc

ci
ni

c 
ac

id
.  

B
io

ba
se

d 
pr

od
uc

tio
n 

ro
ut

es
 

ar
e 

cu
rr

en
tly

 b
ei

ng
 d

ev
el

op
ed

 w
he

re
by

 
su

cc
in

ic
 a

ci
d 

ca
n 

be
 p

ro
du

ce
d 

fr
om

 a
 r

an
ge

 o
f 

su
ga

r 
fe

ed
st

oc
ks

, i
nc

lu
di

ng
 c

or
n.

   

 

1/
 N

ot
 a

n 
ex

ha
us

tiv
e 

lis
t 

 



A
pp

en
di

x 
A

: P
ag

e 
14

6 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ab

le
 3

0:
 L

ig
n

in
 D

er
iv

ed
 P

ro
d

u
ct

s 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ U
ti

liz
at

io
n

1  
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 

In
st

it
u

ti
o

n
s/

 
C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(if

 a
pp

lic
ab

le
) 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

P
ow

er
, F

ue
l, 

&
 

S
yn

ga
s 

- 
E

th
an

ol
 

- 
P

ro
ce

ss
 h

ea
t 

- 
P

ro
pa

no
l 

- 
B

ut
an

ol
 

- 
G

re
en

 fu
el

s 
ol

ef
in

s 
- 

M
eO

H
/D

M
E

 
- 

F
is

ch
er

-T
ro

ps
ch

 g
re

en
 fu

el
s 

- 
P

yr
ol

ys
is

 o
il 

- 
R

ef
or

m
ul

at
ed

 g
as

ol
in

e 

- 
F

ue
l 

- 
P

ow
er

 
- 

S
ol

ve
nt

s 
- 

C
oa

tin
gs

 -
 p

ai
nt

, v
ar

ni
sh

, a
nd

 in
ks

 
- 

A
gr

ic
ul

tu
ra

l c
he

m
ic

al
s 

- 
in

se
ct

ic
id

es
, 

pe
st

ic
id

es
 a

nd
 h

er
bi

ci
de

s 
- 

S
yn

th
et

ic
 r

es
in

 a
nd

 a
dh

es
iv

es
 

- 
T

ex
til

es
 (

e.
g.

, s
ca

tte
r 

ru
gs

, b
at

hm
at

s)
 

- 
S

ea
la

nt
s 

N
/A

 

V
ar

io
us

 te
ch

no
lo

gi
es

, i
nc

lu
di

ng
 

lig
ni

n 
co

m
bu

st
io

n,
 g

as
ifi

ca
tio

n,
 

py
ro

ly
si

s,
 a

nd
 h

yd
ro

liq
ue

fic
at

io
n 

ca
n 

be
 u

se
d 

to
 p

ro
du

ce
 th

es
e 

va
rio

us
 p

ro
du

ct
s 

fr
om

 li
gn

in
. 

a 

M
ac

ro
-

m
ol

ec
ul

es
 

- 
C

ar
bo

n 
fib

er
 

- 
P

ol
ym

er
 fi

lle
rs

 
- 

T
he

rm
os

et
 r

es
in

s 
- 

F
or

m
al

de
hy

de
-f

re
e 

re
si

ns
 

- 
A

dh
es

iv
es

 a
nd

 B
in

de
rs

 

- 
S

te
el

 p
an

el
s 

in
 a

ut
om

ob
ile

s 
(r

ed
uc

es
 

w
ei

gh
t a

nd
 im

pr
ov

es
 fu

el
 e

co
no

m
y)

 
- 

H
ig

h 
st

re
ng

th
 e

ng
in

ee
rin

g 
pl

as
tic

s 
- 

H
ea

t-
re

si
st

an
t p

ol
ym

er
s 

- 
A

nt
ib

ac
te

ria
l s

ur
fa

ce
s 

- 
H

ig
h 

st
re

ng
th

 a
nd

 fo
rm

al
de

hy
de

-f
re

e 
ad

he
si

ve
s 

- 
Li

gh
t a

nd
 u

ltr
av

io
le

t r
es

is
ta

nt
 p

ol
ym

er
s 

- 
A

dh
es

iv
es

 a
nd

 b
in

de
rs

 

N
/A

 

V
ar

io
us

 te
ch

no
lo

gi
ca

l 
de

ve
lo

pm
en

ts
 h

av
e 

be
en

 m
ad

e 
in

 th
is

 a
re

na
, a

nd
 th

er
e 

ar
e 

m
an

y 
m

or
e 

te
ch

ni
ca

l c
ha

lle
ng

es
 s

til
l 

re
m

ai
ni

ng
 to

 b
e 

so
lv

ed
.  

 

 

 



A
pp

en
di

x 
A

: P
ag

e 
14

7 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ U
ti

liz
at

io
n

1  
A

p
p

lic
at

io
n

s/
E

n
d

 U
se

s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 

In
st

it
u

ti
o

n
s/

 
C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
(if

 a
pp

lic
ab

le
) 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

A
ro

m
at

ic
sb  

- 
B

T
X

 
(B

en
ze

ne
, 

T
ol

ue
ne

, a
nd

 
X

yl
en

e)
 

- 
P

he
no

l 
- 

T
er

ep
ht

ha
lic

 
ac

id
 

- 
B

en
ze

ne
: C

yc
lo

 (
he

xa
ne

, 
he

xa
no

l, 
an

d 
he

xa
no

ne
),

 
C

ap
ro

la
ct

am
, A

di
pi

c 
A

ci
d,

 
1,

6-
D

ia
m

in
oh

ex
an

e,
 C

um
en

e,
 

an
d 

S
ty

re
ne

 
- 

T
ol

ue
ne

: D
in

itr
ot

ol
ue

ne
, 

D
im

in
ot

ol
ue

ne
, T

ol
ue

ne
 

D
iis

oc
ya

na
te

, B
en

zo
ic

 A
ci

d 
- 

X
yl

en
e:

 Is
op

ht
ha

lic
 A

ci
d 

an
d 

T
er

ep
ht

ha
lic

 A
ci

d 
- 

P
he

no
l: 

B
is

ph
en

ol
 A

, 
N

ito
ph

en
ol

s,
 A

m
in

op
he

no
ls

, 
C

yc
lo

he
xa

no
ne

, a
nd

 
C

yc
lo

he
xa

no
l 

- 
P

ha
rm

ac
eu

tic
al

s 
- 

S
yn

th
et

ic
 r

ub
be

rs
 

- 
U

ph
ol

st
er

y 
- 

C
ar

 p
ar

ts
: b

od
y,

 b
um

pe
rs

, l
ig

ht
in

g,
 

da
sh

bo
ar

d,
 s

ea
ts

, u
ph

ol
st

er
y,

 fu
el

 
sy

st
em

s,
 u

nd
er

-t
he

-b
on

ne
t c

om
po

ne
nt

s 
 

- 
C

lo
th

in
g 

- 
P

la
st

ic
s 

- 
C

D
s,

 C
D

-R
O

M
s 

an
d 

D
V

D
s 

 

N
/A

 

V
ar

io
us

 te
ch

no
lo

gi
ca

l 
de

ve
lo

pm
en

ts
 h

av
e 

be
en

 m
ad

e 
in

 th
is

 a
re

na
, a

nd
 th

er
e 

ar
e 

m
an

y 
m

or
e 

te
ch

ni
ca

l c
ha

lle
ng

es
 s

til
l 

re
m

ai
ni

ng
 to

 b
e 

so
lv

ed
.  

 

 

1/
 N

ot
 a

n 
ex

ha
us

tiv
e 

lis
t 

a/
 D

iff
er

en
t t

ec
hn

ol
og

ie
s 

ar
e 

at
 v

ar
yi

ng
 s

ta
ge

s 
of

 d
ev

el
op

m
en

t. 
  

b/
 A

cc
or

di
ng

 t
o 

th
e 

P
ac

ifi
c 

N
or

th
w

es
t 

N
at

io
na

l 
La

bo
ra

to
ry

, 
"l

ig
ni

n 
is

 t
he

 o
nl

y 
re

ne
w

ab
le

 s
ou

rc
e 

of
 a

n 
im

po
rt

an
t 

an
d 

hi
gh

-v
ol

um
e 

cl
as

s 
of

 c
om

po
un

ds
 -

 t
he

 
ar

om
at

ic
s.

" 



A
pp

en
di

x 
A

: P
ag

e 
14

8 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ab

le
 3

1:
 O

th
er

 N
ew

 C
o

rn
 U

se
s/

P
ro

d
u

ct
s 

B
io

b
as

ed
 

P
ro

d
u

ct
s/

 
C

h
em

ic
al

s 
1  

D
er

iv
at

iv
es

/ 
U

ti
liz

at
io

n
1  

A
p

p
lic

at
io

n
s/

E
n

d
 U

se
s1 

(P
ro

du
ct

 a
nd

 D
er

iv
at

iv
es

) 
In

st
it

u
ti

o
n

s/
 C

o
m

p
an

ie
s 

In
vo

lv
ed

 1
 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

A
ls

o
S

al
t 

P
ro

du
ce

d 
fr

om
 

Ly
si

ne
 

- 
N

o 
so

di
um

 s
al

t s
ub

st
itu

te
  

(P
ro

du
ct

 is
 b

ei
ng

 u
se

d 
in

 H
ei

nz
' 

no
-s

al
t a

dd
ed

 k
et

ch
up

) 

- 
M

ic
hi

ga
n 

S
ta

te
 

U
ni

ve
rs

ity
 

- 
D

iv
er

si
fie

d 
N

at
ur

al
 

P
ro

du
ct

s,
 In

c.
 

  

S
cr

at
ch

-
R

es
is

ta
n

t 
V

ar
n

is
h

 

P
ro

du
ce

d 
fr

om
 

1,
3-

P
ro

pa
nd

io
l 

- 
S

cr
at

ch
 r

es
is

ta
nt

 fu
rn

itu
re

 
va

rn
is

h 
- 

In
st

itu
te

 fo
r W

oo
d 

R
es

ea
rc

h,
 G

er
m

an
y 

 

H
O

L
D

O
U

T
 

N
/A

 

- 
A

 b
io

-b
as

ed
 fo

rm
ul

at
io

n 
to

 
re

pl
ac

e 
flu

or
in

at
ed

 c
om

po
un

ds
 

in
 p

ap
er

-b
as

ed
 fo

od
 p

ac
ka

gi
ng

 
pr

od
uc

ts
 

- 
C

er
ea

lu
s 

- 
M

ai
ne

 T
ec

hn
ol

og
y 

In
st

itu
te

 

 

T
er

ra
M

at
 (

co
rk

) 
N

/A
 

- 
C

or
kb

oa
rd

s 
- 

F
lo

or
m

at
s 

- 
P

ur
du

e 
U

ni
ve

rs
ity

 
 

M
el

t-
A

-W
ay

 
C

u
p

ca
ke

 L
in

er
s 

N
/A

 
- 

C
up

ca
ke

 li
ne

r 
th

at
 is

 d
es

ig
ne

d 
to

 b
ec

om
e 

pa
rt

 o
f t

he
 c

up
ca

ke
 

du
rin

g 
ba

ki
ng

 
- 

P
ur

du
e 

U
ni

ve
rs

ity
 

 

N
at

u
re

's
 S

ilk
  

N
/A

 
- 

B
io

de
gr

ad
ab

le
 to

ile
t p

ap
er

 
- 

P
ur

du
e 

U
ni

ve
rs

ity
 

 

1/
 N

ot
 a

n 
ex

ha
us

tiv
e 

lis
t 

  



A
pp

en
di

x 
A

: P
ag

e 
14

9 

©
  

 
 

 
 

 
 

 
 

 
 

A
U

R
I C

or
n 

R
ep

or
t 

T
ab

le
 3

2:
 N

ew
 C

o
rn

 V
ar

ie
ti

es
 D

es
ig

n
ed

 f
o

r 
F

o
o

d
 a

n
d

 F
ee

d
 A

p
p

lic
at

io
n

s 

T
ec

h
n

o
lo

g
y1  

D
es

cr
ip

ti
o

n
 o

f 
T

ec
h

n
o

lo
g

y 
In

st
it

u
ti

o
n

s/
C

o
m

p
an

ie
s 

In
vo

lv
ed

  
(T

ec
hn

ol
og

y 
N

am
e)

 

S
ta

g
e 

o
f 

D
ev

el
o

p
m

en
t 

N
ew

 C
o

rn
 V

ar
ie

ti
es

 
D

es
ig

n
ed

 f
o

r 
F

o
o

d
 

A
p

p
lic

at
io

n
s 

  
 

 

F
oo

d-
G

ra
de

 W
hi

te
 

an
d 

Y
el

lo
w

 C
or

n 
H

yb
rid

s 

T
he

se
 h

yb
rid

s 
ar

e 
ta

rg
et

ed
 to

w
ar

d 
th

e 
w

an
ts

 a
nd

 n
ee

ds
 o

f f
oo

d 
pr

oc
es

so
rs

, d
es

ig
ne

d 
fo

r 
ch

ar
ac

te
ris

tic
s 

su
ch

 a
s 

ke
rn

el
 d

en
si

ty
, c

om
po

si
tio

n,
 s

iz
e,

 a
nd

 e
ar

 r
ot

 d
is

ea
se

.  
- 

P
io

ne
er

 

 

H
ig

h 
E

xt
ra

ct
ab

le
 

S
ta

rc
h 

an
d 

W
ax

y 
C

or
n 

T
he

se
 h

yb
rid

s 
ha

ve
 a

bo
ve

 a
ve

ra
ge

 le
ve

ls
 o

f e
xt

ra
ct

ab
le

 s
ta

rc
h,

 a
 c

ha
ra

ct
er

is
tic

 th
at

 is
 

be
ne

fic
ia

l f
or

 w
et

 m
ill

in
g.

 
- 

P
io

ne
er

 

 

E
xt

ra
x 

C
or

n 

M
on

sa
nt

o 
is

 in
 th

e 
fo

ur
th

 a
nd

 fi
na

l s
ta

ge
 p

rio
r 

to
 p

ro
du

ct
 la

un
ch

 o
f t

he
ir 

hi
gh

 o
il 

co
rn

 (
7%

 
co

m
pa

re
d 

to
 3

.5
%

) 
fo

r 
us

e 
in

 R
en

es
se

n'
s 

(J
V

 b
et

w
ee

n 
M

on
sa

nt
o 

an
d 

C
ar

gi
ll)

 E
xt

ra
x 

co
rn

 fr
ac

tio
na

tio
n 

sy
st

em
. T

he
y 

ar
e 

fo
cu

si
ng

 o
n 

hi
gh

er
 o

il 
co

nt
en

t a
s 

th
is

 is
 th

e 
m

os
t 

va
lu

ab
le

 fr
ac

tio
n 

of
 th

e 
co

rn
.  

- 
M

on
sa

nt
o 

 

N
ew

 C
o

rn
 V

ar
ie

ti
es

 
D

es
ig

n
ed

 f
o

r 
A

n
im

al
 

F
ee

d
 A

p
p

lic
at

io
n

s 
  

 
 

H
ig

h 
A

va
ila

bl
e 

E
ne

rg
y 

H
yb

rid
s 

w
ith

 a
bo

ve
 a

ve
ra

ge
 d

ig
es

tib
le

 e
ne

rg
y 

fo
r 

in
cr

ea
se

d 
fe

ed
in

g 
va

lu
e 

fo
r 

po
rk

 a
nd

 
po

ul
tr

y 
pr

od
uc

er
s.

  
- 

P
io

ne
er

 
 

M
av

er
a™

 H
ig

h 
V

al
ue

 
C

or
n 

w
ith

 L
ys

in
e 

C
or

n 
w

ith
 h

ig
he

r 
le

ve
ls

 o
f l

ys
in

e,
 r

ed
uc

in
g 

ne
ed

 fo
r 

ly
si

ne
 s

up
pl

em
en

ts
 in

 s
w

in
e 

an
d 

po
ul

tr
y 

di
et

s.
  

- 
R

en
es

se
n 

LL
C

. (
JV

: C
ar

gi
ll 

an
d 

M
on

sa
nt

o)
 

 

*S
om

e 
of

 th
es

e 
te

ch
no

lo
gi

es
 c

an
 a

ls
o 

be
 u

se
d 

to
 im

pr
ov

e 
et

ha
no

l p
ro

du
ct

io
n 

ec
on

om
ic

s 
an

d 
ar

e 
du

al
ly

 li
st

ed
 a

bo
ve

 in
 T

ab
le

 2
4.

 



Appendix B: Page 150 

© 

 

       
   AURI Corn Report 

Appendix B:  Traditional Corn-to-Ethanol Production 
Processes 
 
There are two production processes for grain-based ethanol production – wet 
milling and dry milling. The main difference between the two is in the initial 
preparation of the grain prior to fermentation, and as a result the dry milling 
process is less capital intensive and production costs are lower.  However, 
whereby the wet milling process results in multiple co-product streams (e.g., corn 
oil, corn gluten meal, corn gluten feed, and ethanol/chemicals, starch, or corn 
syrup), the dry milling process results in two products (e.g. ethanol and distillers 
grains). In the U.S., dry mill facilities account for the overwhelming majority of 
ethanol production capacity (85-90%). 
 

A. Traditional Dry Milling Ethanol Production Process 
 
The process steps involved in traditional dry milling ethanol production are 
detailed below and illustrated within Figure 24. 
 
In dry milling, the corn kernel is first removed from the husk and chaff.  Then, the 
entire kernel is ground into a fine meal to expose the starch in what is often 
referred to as a hammer mill. Although processes vary, most dry mill facilities 
continue the process without separating out the various component parts of the 
kernel.  
 
The meal is then sent to the “cooker” and mixed with water and amylase 
enzymes. Ammonia is also added for pH control and as a nutrient to the yeast 
(used in the next step of fermentation).  Initially, the mixture is “jet cooked” for a 
brief period of time at 105-110°C.  Then, the temperature is brought down to 70-
95°C for about 1-2 hours.  The heat is used to help rupture the cell walls and to 
reduce bacteria levels, as bacteria would otherwise compete with the yeast for 
the sugar feed.  During this time, the amylase enzymes break down the exposed 
starch into dextrins (5 to 10 glucose molecule chains), which are water soluble.  
This water solubility is what causes the meal and water mixture to liquefy into 
what is referred to as a mash. For this reason, this particular process step is 
often referred to as “liquefaction”.  After cooling the mash to 30-60°C and 
adjusting the pH, glucoamylase enzymes are added to further break down the 
dextrins into glucose molecules.  This step is referred to as “saccharification”. 
The objective is to get the final solution to a point where the glucose or simple 
sugar concentration is between 20-24%. 
 
The mash is then transferred to fermenters and mixed with yeast, typically of the 
genus Saccharomyces.  The yeast then changes the sugar (glucose) into ethanol 
and carbon dioxide. It takes about 40-50 hours for the mash to ferment. During 
this time, the temperature, pH, and various nutrient concentrations must be 
controlled to maximize ethanol production. As the ethanol concentration of the 
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mixture increases, it becomes toxic to the yeast and the sugar fermentation 
process begins to slow down.  
 
In the newer ethanol plants, the saccharification and the fermentation steps are 
often combined into one, referred to as Simultaneous Saccharification and 
Fermentation (SSF).  In SSF, the glucoamylase enzymes and the yeast are 
added to the mash at the same time, allowing the yeast to metabolize the 
glucose at the same time it is produced.  This limits the chances that undesired 
microbes/bacteria will consume the glucose before the yeast gets a chance.  
 
The fermented mash, called “beer”, contains about 10-15% ethanol by volume. 
The rest of the mixture is water and grain/yeast solids that could not be 
fermented. To separate the ethanol, the mixture is sent to the distillation column 
and heated once again - this time to a temperature at which ethanol vaporizes, 
but the remaining materials do not. The ethanol vapor is collected and cooled, 
where it condenses to its liquid form. At this stage, the ethanol is concentrated to 
190 proof (95% alcohol). 
 
To purify the ethanol and remove any remaining water, it's passed through a 
dehydration system (e.g., molecular sieve), creating anhydrous ethanol. After this 
step, the ethanol is approximately 200 proof (100%). All water must be removed 
because a water-alcohol mixture cannot dissolve in gasoline.  The anhydrous 
ethanol is then blended with 1% (2-5% in the U.S.) denaturant such as gasoline 
to make the ethanol unfit for human consumption - a requirement for fuel-grade 
ethanol. It is then ready for shipment to gasoline terminals or retailers. 
 
Meanwhile, the remaining product at the bottom of the distillation column, known 
as the stillage is sent through a centrifuge that separates the water/solubles 
(~90%) from the non-fermentable solids (~10%).  The solubles are then 
concentrated to about 30% solids by evaporation, resulting in Condensed 
Distillers Solubles (CDS) or "syrup."  The coarse grain or non-fermentable solids 
is then referred to as wet distillers grains (WDG) and can be marketed as such, 
or it can be mixed with the CDS and sold as wet distillers grains with solubles 
(WDGS).  Alternatively the WDG can also be dried to form dried distillers grains 
(DDG) or mixed with CDS and dried to form dried distillers grains with solubles 
(DDGS).  WDGS and DDGS are often used as a high protein feed source 
suitable for livestock.  Generally, due to drying costs, distillers grains sold to 
nearby livestock operations, particularly dairy or beef cattle, are sold in the form 
of WDGS.  However, swine, poultry and more distant beef or dairy operations 
typically receive DDGS.   
 
Depending on local demand, the CO2 produced during fermentation can either be 
released directly into the atmosphere or captured and sold for use in many food 
preparations and other industrial processes, such as carbonating beverages and 
the manufacture of dry ice. 
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Figure 24: Traditional Dry Milling Ethanol Production Process 

 
Source: Renewable Fuels Association 
 
 

B.  Traditional Wet Milling Ethanol Production Process 
 
The process steps involved in traditional wet milling ethanol production are 
detailed below and illustrated within Figure 25. 
 
In wet milling, the grain is soaked or "steeped" in water and dilute sulfurous acid 
for 24 to 48 hours. This steeping facilitates the separation of the grain into its 
many component parts such as starch, protein, germ and fiber in an aqueous 
medium prior to fermentation.  
 
After steeping, the grain slurry is processed through a series of grinders to 
separate the germ portion of the kernel. In the case of corn, oil from the germ is 
either extracted on-site or sold to crushers who extract the corn oil. The 
remaining fiber, gluten and starch components are further segregated using 
centrifugal, screen and hydroclonic separators. 
 
The steeping liquor is concentrated in an evaporator. This concentrated product, 
heavy steep water, is co-dried with the fiber component and is then sold as 
gluten feed to the livestock industry. Heavy steep water is also sold by itself as a 
feed ingredient or can be used in other applications such as a component in an 
environmentally friendly alternative to salt for removing ice from roads. 
 
The gluten component (protein) is filtered and dried to produce the gluten meal 
co-product. This product is sought after as a feed ingredient in poultry broiler 
operations. 
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The starch and any remaining water from the mash can then be processed in 
one of three ways: fermented into ethanol, dried and sold as modified starch, or 
in the case of corn, processed into corn syrup. The fermentation process for 
ethanol is very similar to the dry mill process described above. 
 

Figure 25: Traditional Wet Milling Ethanol Production Process 

 
 Source: Renewable Fuels Association 
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Appendix C:  Interview List 
 

Table 33: Interview List 

Company Product/ 
Technology Contact Position 

ORNL General  Brian Davidson Chief Scientist for Systems Biology and 
Biotechnology 

NREL General Adam Bratis Biochemical Platform Program 
Manager 

NREL General James McMillan Principal Chemical Engineer; Manager, 
Biorefining Process R&D 

NCERC General John Caupert Director 

NCERC General Gene Peters Process Engineering 
Memphis BioWorks & 
Powell Consulting, 
LLC* 

General Randy Powell AgBio Co-Coordinator / President 

USDA, ARS, General Joseph Rich Bioproducts and Biocatalysis Research, 
Research Leader 

USDA, ARS General Cletus Kurtzman Microbial Genomics and Bioprocessing 
Research, Supervisory Microbiologist 

USDA, ARS General Julious Willett Plant Polymer Research, Supervisory 
Chemical Engineer 

USDA, ARS General Mark Berhow New Crops and Processing Technology 
Research, Research Chemist 

USDA, ARS General Sean Liu Cereal Products and Food Science 
Research, Research Leader 

USDA, ARS 
General & Cellulosic 
Ethanol Biochemical 
Platform 

Michael Cotta Fermentation Biotechnology Research, 
Supervisory Microbiologist 

USDA, ARS Cellulosic Ethanol 
Biochemical Platform Bruce Dien Fermentation Biotechnology Research, 

Chemical Engineer 

ButylFuel Butanol David Ramey CEO 

Gevo Butanol Dave Munz Manager - Business Development  

University of Illinois & 
Tetravitae 

Butanol Hans M. Blaschek Professor 

Bioamber Succinic Acid Dilum Dunuwila Business Development 
BioProcess 
Innovations 

Zein Extraction Clark Dale President 

Cargill 3-HPA Bill Brady Media Relations 

Vaperma Ethanol Distillation - 
Membrane Christian Roy Founder and VP of Business 

Development 

University of 
Minnesota Anaerobic Digestion Bill Lazarus Professor 

Prairie Gold Zein Extraction Oncor Patel Project Engineer 

MBI Succinic Acid Bernie Steele Director of Operations 
*Previously served as the VP of Performance Chemicals Manufacturing for Eastman Chemical Company.  
 
 


