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Clean Energy Technology CoIIabora_

Introduction
In January, 2008, Governor Pawlenty issued an Energy Initiative to create the Governor’s Clean Energy Technol-
ogy Collaborative (CETC). Nineteen members were appointed to CETC in September, 2008. The group was
asked to develop a Clean Energy Technology Roadmap outlining Minnesota’s research and development vision,
along with an action plan and related milestones, to ensure that Minnesota achieves the clean energy goals passed
into law by the Legislature in 2007. CETC held six meetings from November, 2008 to April, 2009 in order to
carry out this task.

While “clean energy” is not defined in Minnesota law, the state’s energy-related statutes provided useful guidance.
Provisions passed and signed during the 2007 legislative session outlining Minnesota’s energy goals include:

* Reduce per capita use of fossil fuel as an energy input by 15 percent by 2015.
* Derive 25 percent of the total energy used in the state from renewable energy resources by 2025.

* Reduce Utility Conservation Improvement Program electricity and natural gas consumption by 1.5 percent per
year.

* Reduce greenhouse gases by 15 percent below 2005 emission levels by 2015, 30 percent by 2025, and 80 percent
by 2050.

* Establish a Renewable Energy Standard for electric utilities, totaling 27 percent by 2025.

CETCs project timeline precluded development of original research. Moreover, comprehensive technical road-
maps can take months or years to develop. Given the time commitment agreed upon for this project, members
chose to leverage use of existing roadmaps and published research as a means to effectively accomplish the task. As
such, CETC members proceeded to:

* Identify high-level research categories in which the state could potentially play a leadership role.
* Survey and review existing roadmaps and published research regarding those categories.

* Identify specific research topics about which the state has a competitive industrial or academic strength, as well
as the ability to influence development of a product that would help achieve state goals.

To guide the Roadmap creation process, members developed ranking guidelines for prioritizing research and
development needs for the technologies under consideration. These included the impact the technology would
have on Minnesota, the timeframe necessary for its commercialization, and the product development stage of the
technology under consideration.

As a result, the Clean Energy Technology Roadmap describes the most promising clean energy technology
research and development opportunities with the greatest potential benefit for Minnesota. The opportunities
identified do not represent a comprehensive list of all important or relevant projects; absence of a particular tech-
nology does not mean research regarding it should be excluded. Rather, the technologies listed represent conclu-
sions reached by CETC based on the spectrum of publications reviewed and discussed by members in comparing
research projects and opportunities.

Clean energy technology research and development is extensive and evolving rapidly. A comparison of global-scale
opportunities with those in which Minnesota can play a leadership role required a great deal of candid reflection.
It is CETC’s hope that this Roadmap will be a tool to help guide the deployment of research and development
dollars in the state’s effort to advance the clean energy technology revolution and create economic opportunity for
all Minnesotans.
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Clean Energy Technology Collaborative Members
* Ulrich Bonne (Chief Technology Officer and Consultant, MinneFuel, LLC)

* Lou Cristan (Business Director, 3M Energy and Advanced Materials Divi-
sion)

* Jane Davidson (Professor of Mechanical Engineering, University of Min-
nesota)

¢ John Drown (Partner and Owner, Solar Skies, LLC)

* Don Fosnacht (Director, Center for Applied Research and Technology De-
velopment, University of Minnesota —Duluth Natural Resources Research
Institute)

* Camille George (Associate Professor, School of Engineering, University of

St. Thomas)
* Duane Goetsch (President and CEO, Gradient Technology)

* John Goodman (Senior Vice-President and Chief Technology and Innova-
tion Officer, Entegris)

* Dan Henry (Chief Technical Officer, Hearth and Home Technologies)
* Ralph Imholte (President and CEO, Bepex International, LLC)

e Paul Plahn (Director of Advanced Product Development, Cummins Power
Generation, Inc.)

* Lanny Schmidt (Regents Professor, Department of Chemical Engineering
and Materials Science, University of Minnesota)

* Claudia Schmidt-Dannert (Associate Professor, Department of Biochemis-
try, Molecular Biology and Biophysics, University of Minnesota)

* Vincent Winstead (Assistant Professor, Department of Electrical and Com-
puter Engineering Technology, Minnesota State University-Mankato)

* Luca Zullo (Principal Chemical Engineer, Cargill Inc. and Technical Direc-
tor, Cargill Environmental Finance)

¢ Ex-officio members:

* Pollution Control Agency Commissioner Paul Eger, assisted by Agriculture
Marketing & Development Director Wayne P. Anderson

¢ Office of Energy Security Director William Glahn, assisted by Department
of Commerce Assistant Commissioner Jim Pearson

* Department of Agriculture Commissioner Gene Hugoson, assisted by Direc-
tor of Policy Development Quinn Cheney and Biofuels Manager Christina
Connelly

* Department of Employment and Economic Development Commissioner
Dan McElroy, assisted by Deputy Commissioner Paul A. Moe

Project staff:
* Ken Brown and Georgie Hilker, Office of Energy Security
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Clean Energy Technology Roadmap _

Vision
Results of Minnesota’s priority energy efficiency and renewable energy re-
search technologies provide for improved quality of life, economic and
environmental benefits, and reliable and competitively priced heat, power and
fuels for current and future generations.

T

.

Technology Ranking Guidelines
To successfully develop this Roadmap, mem- IR
bers reviewed existing roadmaps and published >
research as a means to identify the spectrum of
opportunities available to the state. To ensure
consistent review and ranking, CETC devel-
oped ranking guidelines to provide for balanced
decision-making as technologies were compared.
These included the impact, time frame, and
product development stage of the technologies

(described below).

Impact
The impact the proposed technology will have on
Minnesota, including:

* Economics - The likelihood of the technology
to be economically competitive, create green
jobs, and result in economic development for
the state.

* Environmental - The likelihood the technology
will allow for sustainable use of air, water, land,
and ecosystems in the state, including indirect
benefits.

* Mandates - The potential for the technology
to provide measurable results toward achieving

state mandated energy-related goals (see Ap-
pendix A).

* Ability to influence - The scope and ability that

units-of-government and private and public
expertise have to competitively influence com-
mercialization and use of the technology.

Time Frame
The time frame considered realistic for the technology to become
economically competitive, as follows:
* Five years - Solution is already identified and experts are confident that the
required commercial capabilities will be demonstrated within 5 years.

* Ten years - Research indicates high scale-up potential; improvement is
expected to close any gaps for required commercial production performance
and capabilities within 5 to 10 years.

* Fifteen years — Unknown manufacturability solutions; industry doesn’t have
much confidence that scale-up potential of currently proposed solution(s)
will be viable within the next 10 to 15 years.
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Product Development Stage
The stage of development or maturity for a given technology (see Appendix
B), as follows:

Idea - The thought or revelation. “I wonder if...”

Preliminary Investigation - Back-of-the-envelope technical and market niche
assessment.

Initial Laboratory Investigation — Basic assumptions and principles observed
and evaluated in a laboratory setting.

Laboratory Detailed Investigation — Practical application of the technology
formulated, and detailed analysis to discover validity of assumptions.

Laboratory scale-up - Options narrowed to most feasible line of investiga-
tion.

Prototype Project - Demonstration of scale-up prototype with performance
of integrated components in a relevant, operational environment.

Commercial-scale Demonstration Project - Commercial-scale demonstration
project providing actual operating conditions, testing and evaluation.

Commercial Production - Detailed engineering, production data, manufac-
turing processes, performance and market metrics providing justification for
commercial production.

Market Entry - Leading-edge customers determine that it is good practice to
purchase the technology and implement change.

Market Penetration and Diversification - Proven results create additional
sales, increasing market penetration.



High-level research categories & priority projects
High-level categories are listed in the order prioritized by CETC on the basis
of the state’s ability to influence development and impact the proposed tech-
nology will have on Minnesota.

Energy Efficiency
Use exergy to optimize building efficiency
Recovering and using “wasted” energy from one component to supply another
reduces external energy inputs needed for building systems as a whole. The
next big advance in energy efficiency technology will likely come from evalu-
ating building thermodynamics to optimize use of “exergy.”

Bioenergy
Feedstocks
Establish existing sustainable biomass availability, price and economic
impact
Establishing the interdependence of current biomass availability, market price,
and community economic impact pertaining to its use will enable strategic
implementation of the most beneficial projects for the state.

Evaluate future sustainable biomass availability for energy production
There is a critical need to evaluate potential feedstocks to determine which
hold the greatest promise for an economically viable, sustainable expansion of
biomass so that strategic development of priority feedstock infrastructure can
occur.

Optimize feedstock processing
Effective use of biomass resources is constrained by the ability to deliver it
cost-effectively and in a useable form to an energy
conversion facility. Composition, energy content,
storage, and use characteristics of biomass vary
widely. Feedstock processing research will deter-
mine the most economical and environmentally
preferable processes needed to deliver biomass in
useable forms for effective conversion into high-
value fuels and products.

Bioenergy conversion

Fermentation-derived fuels

Improve ability to obtain cellulose and hemicellulose

sugars from biomass
Additional research will improve our ability to
release all sugars from biomass as a means to en-
able cost-competitive use of cellulosic feedstocks
by the state’s evolving ethanol industry.

Gasification-derived fuels
Demonstrate high-pressure gasification for high value products

Reducing the cost of cleaning syngas is the chief barrier to competitive, non-
food-based production of renewable alcohols, gasoline, diesel and jet fuel.
Leveraging what has been learned through the state’s low-pressure biomass
gasification projects with the techniques used in high-pressure gasification sys-
tems by the fossil fuel industry promises significant improvements in syngas
clean-up needed for biomass.
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Improve syngas Carbon Dioxide removal
The presence of CO, in biomass gasification syngas significantly reduces the
yield of desired products. There is an opportunity to leverage CO, membrane-
separation technologies developed by the fuel cell industry and apply it to
reduce CO, levels in biomass-derived syngas. Adapting these technologies to
reduce CO, in syngas can provide for increasingly cost-effective production of
renewable fuels and high-value products in the state.

Employ thermal biomass pre-treatment to produce uniform feedstock
Pre-treating biomass to ensure a more uniform feedstock for gasification
systems can reduce the syngas clean-up cost of producing other high-value
products from renewable fuels. Pyrolysis bio-oil and torrefied biomass are two
pre-treatment methods that offer opportunity for the state to produce a much
more uniform feedstock from the wide spectrum of non-food biomass.

Anaerobic digester-derived fuels
Maximize biogas-to-electricity, process heating and biomethane production

Noteworthy improvements have recently been made in the production of
biogas from anaerobic digestion of biomass. Guidelines on the optimal
conditions, system designs and minimum capacity needed to deploy success-
ful biogas-to-electricity and biomethane projects in Minnesota will provide
information needed for the state to realize the significant benefits available
from these innovations.

Wind Power
Improve efficiency of wind turbine blades

Energy efhicient airflow control products developed for the aerospace industry
may be transferable to the wind power industry. The greater the frictional drag
of air on airplane wings or wind turbine blades, the less beneficial the airflow.
Leveraging research and products that reduce frictional drag on airplanes by
applying it to wind turbine blades presents an opportunity for the state to play
a leading role in reducing costs of wind power generation.

Solar Energy
Establish multi-purpose solar research and testing lab

Due to the international need for understanding cold weather effects on solar
materials, systems and system efficiency, as well as the presence of significant
industrial and academic expertise, the state is positioned to benefit signifi-
cantly from increasing demand for distributed solar technologies. Academic
/ private sector collaboration focused on materials research, development and
evaluation to develop higher efficiency / lower cost systems can place Minne-
sota in a position of national prominence.

Energy Storage

Determine the highest value energy storage systems for electric utility applications
The ability to respond to fluctuating demand on the electric grid promises
significant environmental and economic benefits for use of bulk energy stor-
age. The various applications for energy storage can be generally classified,
but regional differences affect the desired level of energy storage, discharge
duration, and number of cycles needed per day. The state is well-positioned to
influence development of the technology that provides greatest cost-savings
and improved reliability for Minnesota ratepayers.

Hydropower
Update hydropower potential for Minnesota
Significant improvements have been made over the last 25 years to the design
and performance of low-head dam as well as current-flow (non-dam hydro-
kinetic) powered turbines. Evaluation of the state’s current opportunity for
cost-effective use of low-head and hydrokinetic distributed power generation
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will prioritize use of technologies with the greatest potential for hydropower
expansion in the state.

Renewable Hydrogen
Evaluate wind power-to-hydrogen, energy storage and electricity production
Like batteries, hydrogen is an energy storage medium. Evaluation of wind-to-
hydrogen production, storage, and electricity production costs (compared to
other technologies) would provide the specific information needed to identify
technical cost and performance improvements and parameters needed for
commercially viable, hydrogen-energy storage systems.

Identify biomass-to-hydrogen opportunities

Minnesota is well-positioned to be a leader in the development and production
of hydrogen-rich gas from the gasification and anaerobic digestion of biomass.
Research addressing four main areas — (1) anaerobic digester and gasification
plant system design; (2) catalyst and/or reformation of resultant biogas or syn-
gas to produce hydrogen; (3) evaluation of highest value use of that hydrogen;
and (4) proof of concept demonstration projects — would expand biomass
utilization, related economic development and jobs to produce high-value
products from renewable hydrogen-rich gases.

Coal
Use pre-treated biomass to meet coal-fired power plant performance targets

Co-firing biomass with coal has proven to be a near-term method to reduce
CO, emissions per kilowatt hour, and has helped utilities meet renewable
energy portfolio standards. Research that determines cost-effective biomass
pre-treatment options for existing coal-fired plants to continue production
of electricity while meeting renewable energy and CO, emissions reduction
targets will develop long-term, stable markets for biomass.

Geothermal Power

Update geothermal heat-flow map for

Minnesota
A generalized map for Minnesota, cre-
ated more than 20 years ago by the U.S.
Department of Energy, relied very heav-
ily on shallow measurements under Lake
Superior and used only four data points
from bore-holes in the state. A determi-
nation that the state was not well-suited
for development of geothermal electric
power generation' relied on scarce data of
doubtful reliability. Research that uses in-
field sampling will develop a Minnesota-
specific heat flow map to better provide for
comprehensive renewable energy resource
planning in the state.

Detailed findings regarding the high-
level research categories and research and
development projects determined to be most promising and beneficial to the state.

1 Geothermal power production should not be confused with ground source (or geothermal) heat
pumps; a heat exchange system that actively pumps heat to or from relatively shallow ground as a
means to support the heating and cooling needs.
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Detailed Findings

ENERGY EFFICIENCY
Use exergy to optimize building efficiency

“Exergy” is the component of a building’s energy stream that can be recovered
and used in place of additional energy inputs such as additional heat, power
or fuel. The next major progression in energy efficiency will likely come from
evaluating building thermodynamics as a whole to optimize exergy. This ap-
proach incurs savings much larger than the sum of the system’s energy efficient
components.

Approximately 40 percent of energy consumption in the U.S. is used to heat,
cool, light and operate buildings. Because 70 to 85 percent of the buildings
that will be in use in the year 2030 already exist today, significant energy sav-
ings and greenhouse gas emission reductions will occur through retrofitting
of existing structures. A recent McKinsey report?® predicted that U.S. carbon
dioxide emissions can be reduced by up to 1 gigaton per year by the year 2030
primarily due to the retrofitting of existing buildings with energy efficient
systems.

A great deal of research and product development has occurred in re-

gard to building envelopes, lighting, heating and cooling appliances, and
systems and materials. Due to historical industrial and academic expertise
regarding building system energy efficiency, Minnesota has demonstrated
leadership in development and implementation of many of these products,
and is well-positioned to benefit from this next level of building efficiency
development. Even if a building has energy efficient components, however,
not incorporating them into an integrated energy system can result in
significant waste.

Matching the load to the energy available from a thermodynamic system is
known as proper use of exergy. Optimizing exergy maximizes the amount
of work that can be done in a given system by using “wasted” energy from
one component to supply another — reducing net energy inputs needed for
the system as a whole.

Today, emerging work shows that commercial facilities can reduce net
energy use for space heating and cooling by 50 percent by maximizing
opportunities to combine heating and cooling components (including dis-
tributed solar) into an integrated, thermodynamic system. As an example,
chillers are commonly large units situated on the roofs of commercial
buildings that provide for climate control needs (temperature, humidity
and ventilation). By piping warmer or cooler water available from other
areas of the building to the chiller, energy inputs are decreased and energy
efficiency can be increased for the system as a whole. Similarly, warm
“wasted” water available in one part of the building can be piped to an-
other part to supply warm water for boilers. This concept can be extended
to multiple buildings that operate interdependently with a variety of energy

sources to improve energy efficiency and economic vitality.

¢ ISSUE: Minnesota is a world leader in the area of building efficiency, driven
in part by its harsh northern climate and the fact that nearly one-half of
the state’s annual energy consumption is in buildings. Exterior wall, roof

2 “Reducing U.S. Greenhouse Gas Emissions: How much at what cost?” U.S. Greenhouse Gas Abate-
ment Mapping Initiative, McKinsey ¢ Company
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and window construction innovations have been fostered
by Minnesota’s wealth of forest and mineral resources,
which have led to creation of some of the largest forest
products, window and glass manufacturers in the coun-
try. Several large mechanical equipment manufacturers
are headquartered in the state that design and produce
the hardware and software needed to provide the space
heating and cooling, humidity control, ventilation and

air cleaning necessary to maintain comfortable, safe, and
healthy indoor environments. Numerous small companies
provide components and subsystems such as heat recovery
ventilators, thermodynamic system design and installation
expertise necessary for proper implementation of exergy.
Demonstrating efficiency gains by matching forms of
“wasted” energy available from some components with
energy demand from others will build upon Minnesota’s
leading role in energy efficiency, derive measurable eco-
nomic and environmental benefits, and attract additional
investment to the state.

* RESEARCH: Building upon long-standing partnerships
between academic and private sector researchers and local
manufacturers, collaboration should be broadened to include major com-
mercial/industrial end users and electric and natural gas utilities. Collabora-
tive research will identify and evaluate energy systems and control strategies
to benefit from optimizing use of exergy. Targeted industrial and commer-
cial demonstration projects will provide data to document net energy and
cost changes. Information will be used to apply the practice to other systems
which, as documentation merits, will be applied to the residential sector and
multiple-use building complexes.

e MILESTONE: The most promising alternatives for use of exergy are identi-
fied and quantified. Due to availability of this data, the state moves forward
with the best options for rapid implementation. Use of exergy applied to the
manufacturing and commercial sectors makes Minnesota more competi-
tive in a global market. Significant cost benefits and energy savings result in
more cost-effective energy efficiency efforts, job retention and job creation.
Lessons learned are applied to residential sector and multiple-use building
complexes.

e TIMELINE: Less than 5 years

BIOENERGY

Because plants so efficiently convert sunlight into sugars and fibers, biomass is
an outstanding, perpetual, and effective energy storage medium. Minnesota
has very significant biomass resources; however, key research is needed to en-
able the state to achieve the long-term economic and environmental benefits
available from biomass.

In general, all biomass produced in the state is converted into usable products
or energy, or decomposed through natural processes to replenish ecosystems.
Whether used by humans to produce product or microbes to build soil, all
biomass has value. The lack of understanding concerning the interrelationship
of such end-uses for biomass represents a significant threat to the creation of a
thriving, economically sustainable bioenergy industry in the state.

Minnesota has historically supported research to determine which types of

lgae o0il: Algae oil cur-

rently costs more than
825 per gallon to produce. It’s
conversion into a commercial
transportation fuel requires
additional expense. Hence, the
economics of producing transpor-
tation fuel from algae are quite
unfavorable today. Resolution of
complex issues needed to reduce
costs regﬂrding system integration,
energy, and land and water usage
per gallon remain. However, rath-
er than producing fuel, Minnesota
is well positioned to use algae as a
means to remove phosphorous, ni-
trogen and CO2 from wastewater.
The resulting algae biomass can be
land-spread as a fertilizer, anaer-
obicaly digested to produce biogas,
or used as livestock or aquaculture
Jfeed. Leveraging economics of
such existing business opportuni-
ties can allow for participation
in development of the technology
without the risk associated with
resolution of the complex issues
specific to algae oil fuels produc-
tion, andpreyents an important
opportunity for the state.
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biomass provide for optimum growth rates, the most effective conversion

to useable energy, and the best environmental and economic benefits. This
research and investment has shaped the state’s sizable bioenergy industry.
However, increased demand on lands and ecosystems to meet multiple needs
for energy, recreation, agricultural, and forest products in an economically and
environmentally sustainable manner requires increased focus within two key
research areas: the need to optimize feedstocks, and energy conversion pro-
cesses.

Feedstocks
Establish existing sustainable biomass availability, market price and economic impact
In terms of economic development, the higher the value of products made
from biomass, the greater the positive impact on jobs, wages and revenues.
While the amount and type of biomass that can be harvested or removed from
land can be optimized, its supply is limited. Bio-
mass is being used to produce a range of quality
wood products, high-value fuels, food and feed,
and heat and power. Basic economic principles
assert that competing interests for a limited
resource drives up the price and the supply of
available biomass; Minnesota is no exception to
this principle.

. ISSUE: A bidding war for biomass is
emerging in the state between, for example, the
need for manufactured wood products and the
need for renewable electricity; or the need to sup-
ply wood pellets to a local gasifier or to ship them
to out of state markets. No markets are mutually
exclusive. To maximize economic development
opportunities for communities, the economic
value of available, sustainably-harvested biomass
resources must be evaluated.

. RESEARCH: Research that inventories
Minnesota biomass (including biomass from
forest and agriculture, wastewater biosolids, plant
and animal-based food processing, municipal
solid wastes, and livestock operations) should

be expanded to include research on: the cost of
collection and processing of biomass for use as

a feedstock; economically and environmentally
viable collection distances given market pricing
for the feedstock; and the jobs and economic
development impact resulting from different uses
of the biomass. Once established, the information should be in the public
domain so that communities can use defaults or change variables to fit their
unique situation, and gain critical information needed for strategic biomass-
related economic development projects.

* MILESTONE: The interdependence of current biomass availability, market
price, and environmental and economic impact pertaining to its use is un-
derstood, enabling strategic implementation of the most beneficial projects
by public and private sectors.

* TIMELINE: Less than 5 years
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Evaluate future sustainable biomass availability for energy production
There is general agreement that the amount of biomass collected from man-
aged lands has the potential to be increased for sustainable energy production.
However, the amount of that increase remains uncertain.

¢ ISSUE: Different varieties of annual and perennial grasses, woody biomass
and polycultures require different soils, nutrients, and environmental condi-
tions to grow. Varying species also require different collection and process-
ing infrastructures. In addition, energy densities vary among species and a
wide range of energy inputs for collection, processing, storage, and energy
conversion are required for each. To help determine which feedstocks hold
the greatest promise, the state has supported a range of energy-crop develop-
ment and evaluation projects. Based on this research, there is a critical need
to evaluate which of these potential feedstocks holds the greatest promise for
the most economically viable, sustainable expansion of biomass availability.
This analysis will allow subsequent research and economic development to
focus on Minnesota’s priority bio-energy feedstocks.

* RESEARCH: Based upon previous and current research supported by the
state, future research and demonstration projects should focus on evaluation
of the best management and harvesting techniques (including yield poten-
tials) for the most likely successful bioenergy crops on different soils and in
different agro-regions. Landscape-scale
projects should determine the following:
(1) best practices for yield optimiza-
tion; (2) environmentally-sustainable
removal rates; (3) understanding of costs
and benefits of each feedstock option
(including forest residuals and recovered
brushland materials); and (4) estimated
costs for material collection, preparation
and logistics.

* MILESTONE: Future sustainable and
economically viable biomass supply is
forecast, enabling long-range strategic
implementation of priority feedstock and
infrastructure development.

e TIMELINE: Less than 5 years

Optimize feedstock processing and pretreatment
Even with available feedstock, effective
biomass utilization is constrained by the
ability to deliver it cost-effectively and in
useable form to an energy conversion facil-
ity. Biomass must contain sufficient energy
per ton, preserve its energy content and
integrity during storage, and maintain a
form suitable for use with energy conver-
sion technologies.

* ISSUE: The range of optimum feedstock
sizes, characteristics and chemical con-
tent for gasification, anaerobic digestion,
and combustion technologies is reason-
ably well-defined. However, composi-
tions and characteristics of the chips,




pellets or briquettes (which can contain different compositions of woody,
perennial or annual plant material), and torrefied (carbonized) biomass or
pyrolysis oil vary widely. Energy conversion facilities require a consistent
and uniform on-going supply of feedstock to operate successfully. Today, it
is not uncommon for non-optimized feedstocks to be used in fuel energy
conversion facilities, causing inferior performance and even failure of system
components.

* RESEARCH: Feedstock processing and pretreatment research should de-
termine the most economical and energy efficient characteristics of biomass-
derived fuel either delivered for use in leading energy conversion systems or
needed to produce specific products. For example, the physical and chemical
characteristics of biomass used to produce heat from combustion vary from
those needed to produce transportation fuels through gasification. Hence,
identifying the most optimum range of fuel forms and characteristics for a
given technology and end-use will enable public and private feedstock pro-
cessing investments to better target their most profitable market, reduce risk,
and deliver needed feedstock products.

* MILESTONE: Minnesota feedstocks are processed into forms that provide
for the highest sustainable economic value for the producer. State energy
conversion facilities procure long-term feedstock supply contracts that
provide uniform storage, handling, feeder system and performance charac-
teristics needed for superior performance of their process. Public and private
investments improve access to information that links optimum form and
characteristics of feedstocks with conversion technologies, which reduces risk
and increases cost-effectiveness of projects.

e TIMELINE: Less than 5 years
Bioenergy conversion

Bioenergy conversion research focus areas include those for fermen-
tation, gasification, and anaerobic digester-derived renewable fuels.

Fermentation-derived fuels

Improve ability to obtain cellulose and hemicellulose sugars from
biomass

The intentional production of alcohol is one of civilization’s earliest
innovations. The discovery of late Stone Age beer jugs established
the fact that purposely fermented alcohol existed at least as early

as 10,000 BC. It is known that pure distilled alcohol was being
produced 1,200 years ago. More than 200 years ago, American
farmers were fermenting crop waste to make lamp oil and stove fuel.
In 1826, Samuel Morey built on his knowledge of steam engines
and used alcohol to fuel the first American internal combustion
engine prototype. Today, the Indy Racing League uses an all-alcohol
formula for its cars, and because it is rich in oxygen, a 10 percent
blend of ethanol in gasoline is very commonly used to increase the
octane level of gasoline and reduce carbon monoxide emissions. Due
to in-depth knowledge and experience regarding its production and
use, alcohol has predictably become a very significant renewable
transportation fuel.

. ISSUE: Availability of fermentable sugars from biomass
forms the basis for cost-effective alcohol production. However,
biomass is a complex material composed of cellulose, hemicellulose,
and lignin. Cellulose contains the most “accessible sugar” — the same
six-carbon (C6) sugar that is found in cornstarch which is common-
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ly fermented to ethanol using conventional yeasts. Hemicellulose contains
mainly non-glucose sugars — five-carbon (C5) sugars. Lignin provides the
support and strengthening of plant cells, stems and branches. What is di-
gestible by one animal or insect compared to another depends upon the type
of microbe, or enzyme, present in its digestive system. Traditionally, people
have used starches and sugars commonly found in foods as feedstock for
alcohol production. Research is ongoing to expand use of alcohols obtained
from non-food sources; progress has been significant in the ability to ferment
both C6 and C5 sugars. However, the single largest challenge to produc-
tion of non-food-based ethanol is the need for cost-effective deconstruction
of cellulosic feedstocks into C5 and C6 sugars so that they are available for
fermentation. Processes and enzymes exist in animals, insects and microbes
that can obtain these sugars from cellulosics. Identifying and emulating
these processes and enzymes so they can be used by Minnesota’s ethanol
industry is necessary for the industry’s continued growth.

* RESEARCH: Unlike the many proprietary biofuels fermentation processes, devel-
opment of biomass deconstruction and hydrolysis technologies needed to release C5
and C6 sugars provides a considerable opportunity for state academic and industrial
research. Research should investigate and optimize the effectiveness of different
non-biological chemical, pressure and thermal pretreatment processes tailored to
a specific blend of biomass that yields a material suitable for subsequent biological
enzymatic breakdown into sugar molecules. Once obtained, separation of the sugars
from other compounds will then allow for fermentation.

* MILESTONE: Research partnerships focused on improving biomass
conversion into sugars enable cost-competitive use of Minnesota cellulosic
feedstocks by the state’s ethanol industry.

e TIMELINE: 10 years

Gasification-derived fuels

Burning a match provides a good demonstration of the common, open-air com-
bustion process. The heat generated by the flame drives flammable gases out of
the matchstick, which are continually ignited by the flame. The process continues
until gases have been depleted, and the flame goes out. Char, the burned match-
stick, is the primary substance that remains after the gases have been expelled.

Gasification systems, rather than igniting these gases as they are released,
serve to capture them for later use. To accomplish this, gasification restricts
the amount of oxygen present by heating the biomass inside a chamber. This
results in incomplete combustion of the flammable gases (commonly called
“syngas”) which are contained. Depending on the amount of oxygen and tem-
perature inside the chamber, many different products can be produced from
the syngas. Renewable alcohols, diesel and jet fuel are examples. Wood chips,
distillers grains, agricultural or forest product based pellets, food processing
by-product, corn cobs, torrefied biomass, refuse-derived pellets, as well as
residuals from the state’s paper and wood products industries can provide for a
consistent supply of feedstock.

Most commercial biomass gasifiers today are low-pressure systems that use the
syngas to replace natural gas or coal as heating fuel for a variety of furnaces,
boilers or process heating needs. Projects in Minnesota have demonstrated the
value of using renewable syngas to minimize a facility’s demand for fossil heat-
ing fuel. These efforts merit continued support. Due to progress made with
gasification technologies, converting syngas into renewable transportation

fuel now represents a pivotal research opportunity. Since the fuel can be made

F uel production process:
Biomass derived syngas,

when cleaned and supplied at
pressure can be used to make
gasoline and diesel fuels. Gasoline
is produced by first making di-
methyl ether (DME) from syngas
and then converting the DME to
gasoline. The gasoline is full speci-
Sication (ASTM-4814) fuel with
an octane number >92. Alterna-
tively, the Fischer-Tropsch (FT)
process converts syngas into long
chain carbon-hydrogen (CH,)
molecules. The resulting paraffinic
liquid is reacted with hydrogen

to increase yield of the renewable,
[full specification (ASTM-975)
diesel. These renewable fuels are
[fully compatible with their fossil
[fuel counterparts, but are free

of sulfur and nitrogen; an ad-
ditional environmental benefit.
Use of multiple biomass feedstocks
allows for broad participation

by communities across the state.
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from a wide variety of biomass feedstocks (including residuals related to the
ethanol and biodiesel industries) this opportunity can improve economics and
participation across the state.

Demonstrate high-pressure gasification for high value products

Due in large part to state support for technical innovation, five Minnesota fa-
cilities are advancing use of low-pressure gasification as a means to replace fos-
sil fuel-based natural gas with renewable syngas for process heating needs. As
is currently possible with natural gas, if syngas is cleaned to beyond pipe-line
quality methane standards, it can also be used to produce high-value alcohols,
diesel and jet fuels. The key barrier to competitive production of these fuels
from gasified biomass is the cost of syngas clean
up: 60 percent of the transportation fuel produc-
tion cost is related to syngas clean-up for low
pressure systems.

. ISSUE: Very clean syngas is needed to
produce high-value, renewable transportation fu-
els. Improving cost effectiveness of syngas clean-
up would greatly expand biomass utilization, re-
lated economic development and jobs to produce
high-value renewable fuels and chemicals. As a
result of research targeted for the coal industry, a
timely opportunity exists. Large investments (in
the billions of dollars) have been made in the coal
industry to use high-pressure gasification as a
means to reduce clean-up costs of gases produced
from coal gasification. Adapting proven high-
pressure gasification systems to utilize Minnesota
biomass can reduce net costs required for syngas
clean-up, opening the opportunity for statewide
renewable fuel production.

. Low-pressure gasifiers typically operate

at or near atmospheric pressure. High-pressure
gasifiers operate above 300 psi. Biomass conver-
sion to high-value liquid fuels is achieved by
catalytic means at high pressure, commonly between 750 and 1500 psi. Due
to this difference in operating pressure, the compressor package required

to achieve the required pressure for a low-pressure gasifier system would be
about six times larger than that required for a high-pressure gasifier. This
equates to energy savings of about 20 percent, with a 70 percent reduction in
capital costs due to the smaller compressor system needed for a high-pressure
gasifier. This, combined with savings resulting from a smaller gasifier, have
the potential to decrease overall capital costs by as much as 33 percent. In
addition to potential net energy savings, syngas clean-up system efficiencies
can be improved to more cost-effectively obtain the gas purity needed for
high-value fuel production.

* RESEARCH: Due to expertise in the state, Minnesota is uniquely posi-

tioned to leverage what has been learned through low-pressure biomass
gasification projects with the techniques commonly used in high-pressure
gasification systems by the coal industry. A demonstration project using a
high-pressure gasification system would allow for use and testing of mul-
tiple bioenergy feedstocks, and also employ “plug-and-play” syngas clean-up
methods. A demonstration project of this type would confirm the state’s
leadership role in development of the technology and support near-term job



growth in the manufacturing, operations, maintenance, feedstock produc-
tion and processing, and high-value fuels industries.

* MILESTONE: Timely integration of high-pressure gasification technology
provides Minnesota with a competitive, non-food-based route to produc-
tion of renewable ethanol, gasoline, diesel and jet fuel from a wide variety of
statewide biomass feedstocks.

e TIMELINE: Less than 5 years

Improve syngas carbon dioxide removal
The carbon dioxide (CO,) released due to combustion or gasification of bio-
mass does not add a net increase to global CO, concentrations because, unlike
fossil fuels, biomass is an integral part of the biosphere. In addition, the char
produced through biomass gasification is increasingly being considered for use
as a soil amendment and carbon sequestration tool.

Syngas produced from biomass typically contains 40 percent CO, by volume.
However, the presence of this CO, in syngas significantly reduces the yield
of desired products; thus, costly processes are currently used to chemically
remove it from the syngas prior to conversion of the syngas into high-value
products.

* ISSUE: Syngas that contains more hydrogen as compared to carbon mon-
oxide (known as the H2:CO ratio) is preferable. Syngas produced from
biomass contains significantly more CO, at a given H_:CO ratio
than syngas produced from fossil fuels. This causes a competitive
problem when high-value biofuels are desired because the pres-
ence of CO, limits yield. Commonly available technologies, such
as amine or methanol absorption systems as used by the fossil fuel
industry, reduce CO, levels but require significant capital, operating
and disposal costs.

* RESEARCH: A cost-effective technology that would remove CO,
from biomass-derived syngas would further improve the economics
of both high- and low-pressure biomass gasification. Due to its need
for clean hydrogen-rich fuel, the fuel cell industry has invested heav-
ily in membrane technology to selectively remove CO, from natural
gas. There is an opportunity to leverage this and related research,
and apply it to reduce CO, levels in biomass-derived syngas. This
would significantly improve the economic performance of renewable
fuels produced by gasification from a wide range of biomass feed-
stocks.

* In addition, with cost-effective removal and resultant capture of
CO, from syngas, the CO, can be used to produce urea, a more
environmentally-friendly fertilizer. Urea, as compared to anhydrous
ammonia, decomposes more slowly resulting in less nitrous oxide
(NOx) production and more effective delivery of nitrogen to plants. Given
available expertise in the state and the ability to influence development,
research that tests, evaluates, and adapts membrane separation technology to
address this economic issue represents an important and timely opportunity
for the state.

* MILESTONE: Optimum membrane separation technologies are adapted to
clean syngas from biomass gasification systems and provide for increasingly
cost-effective production of renewable fuels and fertilizer, as compared to
those currently provided from fossil fuels.

e TIMELINE: 5-10 years
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Optimize bio-oil and torrefied biomass for renewable fuel production

The production of high-value transportation fuels from biomass gasification
requires very clean syngas. Net processing costs can be reduced though opti-
mizing gasification processes and clean-up options; however, using feedstock
that decreases clean-up cost and complexity is a potential “front-end” solution
to achieve cost-effective production of renewable fuels from non-food based
biomass.

In contrast to biomass gasification systems that heat biomass in a low oxygen
environment to maximize production of syngas, production of either torrefied
biomass or bio-oil is maximized when biomass is heated in a zero oxygen envi-
ronment. Slow pyrolysis (slow heating without oxygen) is used to “roast”—or
torrefy—biomass and create a renewable coke-like solid fuel. Fast pyrolysis
(rapid heating without oxygen) serves to maximize bio-oil production. Both
torrefied biomass and bio-oil could be produced and used in a local energy
conversion facility, or shipped to a distant one.

Bio-oil

Fast pyrolysis bio-oils are usually dark brown, somewhat viscose liquids that
have a distinct “smoky” odor. Today’s fast pyrolysis reactors incorporate the
high heating and rapid heat transfer rate, carefully controlled temperature,
and very rapid cooling of the pyrolysis vapors required to maximize bio-oil
production. The resultant unrefined oils are highly acidic, water soluble, have
short shelf-life due to a chemically unstable mixture of oxygenated organic
compounds, and are incompatible with conventional transportation fuels.
Hence their use is primarily limited to boiler fuel, sometimes co-burned with
coal, for stationary power and heat production.

* ISSUE: Significant upgrading of the bio-oil must occur if it is to be used

as a renewable replacement for diesel or gasoline fossil fuels. One method,
hydrotreating, upgrades bio-oil using high-pressure hydrogen in combination
with catalysts to remove sulfur, nitrogen and oxygen. The chief disadvantage
of hydrotreating is that high-pressure hydrogen is costly. Bio-oil is also being
upgraded using zeolite catalysts to reduce oxygen content and improve chemi-
cal stability. However, poor hydrocarbon yield and catalyst contamination by
coke limits effectiveness. Injecting steam with bio-oil into a gasifier, as is done
with biomass, produces syngas that can then be used to produce fuels. How-
ever, steam-gasification of bio-oils is complicated because bio-oil components
decompose upon heating. In addition, some resulting compounds are difficult
to reform and high amounts of CO, are produced. All of these processes are
successfully in use by the petrochemical industry. However, because bio-oils
have more instability and variable chemistry compared to petroleum, direct
transfer of technology is neither straightforward nor assured.

* RESEARCH: New catalysts need to be developed for bio-oil derived

transportation fuels to become viable. The challenges are not trivial, and
fundamental research for bio-oil upgrading through catalytic cracking and
condensation chemistry is needed. Significant research is underway nation-
ally and internationally to develop a cost-effective means to fractionate and
convert bio-oil to high-value chemicals and transportation fuels. The state
should support research partnerships that can achieve this goal.

* MILESTONE: Bio-oil is upgraded through use of new catalytic cracking

and condensation chemistry processes to produce competitive, chemically
stable, high hydrocarbon yield, blendable supplements and replacements for
petroleum.

e TIMELINE: 10 years



Torrefied biomass
Many types and qualities of biomass can be gasified to produce syngas for use
as an effective heating or transportation fuel. However, very clean syngas is re-
quired to produce transportation fuel. Gasifying
torrefied biomass, as opposed to feeding “raw”
biomass, promises to significantly reduce syngas
clean up costs. When biomass is torrefied—slow-
ly heated in a zero oxygen environment—its vola-
tile, low-energy components are largely removed,
resulting in a more dense and uniform form of
biomass that is less costly to transport and easier
to process. Typically, 70 percent of the mass
remains—but that mass retains 90 percent of the
initial energy content. Since components in bio-
mass that increase costs for syngas clean up are
removed—principally water, methanol, CO, and
acetic acid—syngas produced from torrefied bio-
mass contains less CO, and methane than syngas
produced from untreated biomass. Because CO,
limits yield and methane does not reform into
liquid fuel, this process increases carbon efficien-
cy and decreases clean-up costs for renewable transportation fuel. Torrefied
biomass is a brittle crumble or powder which can either be fed directly into a
gasifier or be pelletized for convenient pulverizing at a later time. Either form
can improve transportation, handling and feeding characteristics compared
to the use of “raw” biomass in a gasifier. Aspects are further improved by the
fact that torrefied biomass does not readily absorb water. (Water in biomass
decreases its heating value and increases its processing cost.)

* ISSUE: The primary research and commercialization regarding torrefied bio-
mass has focused on its use as a renewable supplement for coal. As with bio-
oil, it may be readily co-burned with coal in current coal-fired boilers, and
so provides an additional means for electric utilities to meet their renewable
energy or greenhouse gas reduction requirements. Although understandably
attractive for the international coal power industry, using Minnesota bio-
mass to produce community-based high-value transportation fuels through
biomass gasification may provide for broader economic development for
the state. Due to competing needs for limited biomass, there exists a timely
opportunity for the state to demonstrate and evaluate this pretreatment tech-
nology for use in non-food-based, renewable fuel production.

* RESEARCH: Early commercial processes that currently torrefy biomass for
use in coal-burning power plants should be evaluated for use with a variety
of Minnesota biomass feedstocks. Most optimum torrefaction processes for
selected Minnesota biomass should be identified and piloted in the state.
Torrefied biomass should then be used in a Minnesota gasifier designed to
produce renewable transportation fuels. The change in performance and net
costs of the gasifier and its syngas clean-up system due to use of a variety of
torrefied versus non-torrefied feedstocks should be compared.

* MILESTONE: Performance and cost of using torrefied compared to non-
torrefied biomass determines the most cost-effective means to produce clean
syngas needed to produce high-value fuels from a variety of feedstocks. The
production of competitive, non-food-based, renewable transportation fuels is
maximized for communities across the state.

* TIMELINE: Less than 5 years
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Anaerobic digester-derived fuels

Biomethane (Renewable Gas) is produced by cleaning and upgrading biogas.
Biogas is a mixture of methane and carbon dioxide created from anaerobic
digestion of organic waste. The process that produces biogas is an integral part
of the natural decomposition cycle of organic material. Biogas was captured
and used for heating bath water in Assyria during the 10th century BC. Seven
hundred years ago, Marco Polo noted its use from covered sewage tanks in
China. Biogas was produced commercially in England in the 1890s to provide
for lighting. Today, technically optimized systems are being used to produce
biogas from anaerobic digestion of food processing waste, livestock manures,
wastewater treatment biosolids, agricultural and forest product residues, mu-
nicipal solid waste and landfills.

* ISSUE: Anaerobic digestion of livestock manure wastes has been used with
success as a means to address environmental concerns, particularly the prob-
lem of nutrient run-off into waterways. It has also been used successfully to
address odor management concerns by owners of wastewater treatment and
food processing facilities. Typically, the biogas is used as fuel for a generator
to produce electricity or for a boiler to produce heat. A Minnesota utility
can also use the renewable electricity produced to help meet state renewable
energy standards. Given systems are typically above the state’s 40 kW net
metering threshold, the price the producer obtains for the electricity is non-
public; independently negotiated through a “power purchase agreement.”
However, it is evident that the environmental benefits and income derived
from the sale of this electricity is not sufficient to prompt widespread adop-
tion of the anaerobic digestion technology in Minnesota.

* Cleaning biogas for use as a fuel to replace natural gas or propane is another
avenue for using anaerobic digestion technologies. Commercialized technol-
ogies now exist to clean biogas to meet pipeline-quality, natural gas stan-
dards. Once cleaned to quality-assured natural gas standards, the biometh-
ane is injected into a commercial pipeline. An advantage of this approach
is that multiple small local producers of biogas can connect by pipeline
and jointly send their biogas to a facility for conditioning and central-point
injection into a natural gas pipeline. Given that a natural gas utility must
facilitate interconnection into their pipeline, active participation by natural
gas carriers is vital to the success of a significant biomethane industry in the
state.

* In addition to the purchase of biomethane by a natural gas utility for sale

to its customers via existing pipeline infrastructure, it can also be used
directly at the production site to offset natural gas or propane consumption,
purchased by large users directly, or used in the transportation sector as
compressed gas fuel. When compressed and used as fuel for transportation,
biomethane dramatically decreases the carbon footprint compared to the
fuels it replaces (gasoline or diesel). Kits to retrofit existing diesel or gasoline
engines to run on biomethane are commercially available.

* Although technically viable, biomethane is not currently (April 2009)

produced in Minnesota. Consequently, the degree to which the economic
performance of operations in other states and Europe correspond to the state
remains uncertain. Minnesota-specific information is needed to more accu-
rately determine the optimal use of biogas for local projects and economics.

* RESEARCH: Whether for electricity or biomethane production, there are

vast differences between designs and approaches used in anaerobic diges-
tion systems for similar feedstocks. The range of design considerations
further expands when different feedstocks are considered, such as from



dairy manure, swine manure, wastewater treatment works, food processing
facilities, mixed, or municipal solid wastes. Further, systems are often poorly
maintained and operated once installed. Nationally, use of process control
metering and dedicated third party operation is increasing, so that consis-
tent feedstock input and robust operations are maintained. Given technical
and management advancements, best available and most recent information
should be researched and made publicly available so that the state’s current
and future facilities can operate more cost-effectively. This will provide for
an accurate assessment of today’s potential for economically viable biogas
production and use in the state.

* 'This research includes identification of barriers to commercialization that
are present in Minnesota, and analysis of whether these barriers are unique
to the state. With economic barriers identified, a demonstration project that
cleans biogas to Biomethane standards and best utilizes that gas is needed to
demonstrate actual performance in Minnesota. This hard data—and resul-
tant problem solving—will allow for methodical and fact-based funding and
investment decisions. Absent such a demonstration project, the state remains
at a disadvantage when competing for private sector investments needed to
develop the opportunity in Minnesota.

e MILESTONE: Guidelines on the optimal conditions,
system designs, and the minimum capacity needed for
successful biogas electricity and biomethane projects in
Minnesota are determined. Minnesota optimizes use of
organic waste as available from the food sector (process-
ing, distribution and retail); dairy, swine and livestock
industries; wastewater treatment plants; municipal solid
waste; and agricultural and forest product industries; to
produce cost-effective biogas. Depending on economics
of a specific project, the biogas is conditioned for use in
electricity production, for use as a process heating fuel,
or cleaned to pipeline-quality renewable gas standards.
The state creates a multi-feedstock biogas and biometh-
ane industry comprised of anaerobic digester engineers,
construction, operation, system quality control, and gas
cleaning specialists that perform as a national hub for
the industry.

* TIMELINE: Less than 5 years

WIND POWER

Improve efficiency of wind turbine blades
Reducing the cost of wind power generation is one of the
main challenges confronting the wind turbine industry
today. The most common and cost-effective approach for
reducing cost is to increase the rotor diameter of a given
machine. However, as rotor size increases, so does its
mass—and the greater the mass, the more the load and
fatigue on components. To solve this problem, designers
must devise innovative approaches to reducing the loads
encountered during both normal operation and during
high-wind, parked conditions so that structural integrity
is not compromised and the cost of wind power is further
reduced.
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urbine blade manufacture

and transport: Turbine
blades are relatively lightweight
but unusually long, some longer
than 120 feet. Shipping blades is
a complex, expensive, and time
consuming process. Minnesota has
noteworthy private-sector expertise
in the high-strength composite
industry. Due to its historical and
on-going support of wind power,
the state has significant opportuni-
ty to successfully locate additional
wind turbine blade manufac-
turing facilities in the state and
reduce cost of local wind power,
leverage use of composite expertise,

and provide high-skilled jobs.
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One of the most promising approaches involves using air flow control strate-
gies that can either passively or actively manipulate air flow to achieve desired
aerodynamic objectives. Such objectives typically involve eliminating flow
separation and stall, thereby broadening the operational parameters of the tur-
bine; reducing the drag force and increasing lift on the blade; and suppressing
large-scale unsteady vortices (which induce noise and cause large fluctuating
forces on the blades).

Both passive and active flow control strategies have been deployed in the air-
craft industry with a great deal of success—significant potential exists for their
use in wind turbines as well. To date, however, very little work has been done
to systematically explore the potential of various flow control strategies in
wind turbines and demonstrate their performance in a full-scale installation.

Passive flow

Passive flow control strategies typically modify the geometry of the blade
by small-scale protrusions into the flow; common approaches involve vortex
generators and riblets.

Vortex generators are small protrusions (typically shaped like tiny delta wings)
ranging in size from a few millimeters to a few centimeters. When applied to
wind turbine blades, vortex generators delay separation of flow from the blade,
increase the maximum lift coefficient, and reduce unsteady acrodynamic loads
over a range of turbine sizes and operating conditions. By keeping airflow at-
tached to the blade, they can be tuned to maximize the ratio between the lift
and drag coeflicients, which directly influences the aecrodynamic efficiency of

the blade.

Riblets structures are much smaller than vortex generators, ranging in height
from a few up to hundreds of micrometers. They operate very near the surface
of the blade where viscous forces dominate and reduce drag by preventing
lateral movement of airflow. Riblet structures applied to airfoils have been
shown to provide a significant benefit to acrodynamic efficiency by reducing
skin frictional drag and/or increasing lift, and have been successful in a variety
of applications—aircraft wings, compressor blades, an entire aircraft, and the
winning boat in the 1987 America’s Cup competition. Riblets should be ex-
pected to work well for a range of wind turbine sizes and operating conditions
when the flow remains attached on the turbine blade. With airflow attached,
they increase the torque on the rotor due to increasing lift versus drag on the
blade. However, riblets become largely ineffective upon airflow separation.
Thus, a combination of riblets and vortex generators should be explored to
ensure that a turbine blade is equipped with passive flow control strategies that
work over a range of operating conditions.

Active flow

Active flow control strategies typically involve some kind of actuators that

add energy to the flow locally (in the vicinity of the blade). Concepts range
from relatively simple mechanical actuators, such as flaps, to various forms

of boundary layer manipulation via steady/pulsed/oscillatory blowing and/

or suction, and on up to even more advanced methods of wing/blade and
airfoil geometry morphing. Application to wings and airfoils have shown that,
although such actuators modify the small scales of the airflow, they have a
profound impact on large-scale flow features. For example, such approaches
have been shown to completely eliminate separation and vortex shedding from
poorly streamlined shapes, reduce drag, enhance lift, and reduce noise.

* ISSUE: While many passive and active flow control technologies have been
sufficiently studied and validated, none have been integrated into a wind
turbine product. Consequently, cost-benefit in regard to application to wind



turbines remains unknown. The impact of these technologies on the cost of
wind power encompasses a wide variety of issues such as: optimum use of
air flow control and sensing technologies; manufacturing cost; measurable
change in maintenance cost due to impacts of lightning, rain, ice, UV light,
etc. common in the operating environment; minimized blade soiling and
blade erosion; and ultimately the robustness and durability of the system
over a 20-year life. However, the potential gains in energy capture on the
order of roughly 10% creates significant incentive for investigation.

* RESEARCH: In order to implement flow control technologies into a wind
turbine blade design, various available strategies must be investigated using
a combination of computational fluid dynamics tools, detailed wind tun-
nel experiments, and field testing. The optimal solution will likely involve
a combination of riblets, vortex generators, and actuators, each applied at
different sections of the blade but acting together to suppress aecrodynamic
noise, reduce structural loading of the turbine blades by air flow imparted
forces, and drastically enhance the energy captured by the rotor over a wide
range of operating conditions.

* MILESTONE: A cost-effective means to improve efhiciency of small and
large wind turbines, and reduce the cost per megawatt-hour of wind elec-
tricity generated though use of air-flow control technologies for existing
and new installations, is determined. Minnesota is recognized as a leader in
development and commercialization of the technology.

e TIMELINE: Less than 5 years

SOLAR ENERGY
Establish multi-purpose solar research and testing lab

Options for harnessing solar energy span a broad range of technologies.
In Minnesota, the technologies most likely to provide significant offset of
electricity and natural gas are distributed non-concentrating solar thermal
and photovoltaic (PV) systems. Distributed systems allow for energy produc-
tion at the location where solar energy is used as well as broad participation
from building owners. Buildings account for about 41 percent of primary
energy consumption in the state. The use
of distributed solar in Minnesota is most L L
common in residential and commercial : i
buildings, followed by agricultural and
light industrial facilities.

* ISSUE: There are two manufacturers
of solar thermal collectors in the state.
Minnesota’s academic sector is a recog-
nized leader in solar hot water and space
conditioning research. Due to available
manufacturing and academic expertise,
Minnesota has considerable ability to
influence further development of solar
heating and cooling technology, especial-
ly in regard to systems design, materials
performance, demonstration projects,
and evaluation.

* Minnesota is not currently home to any major system manufacturers and/or
manufacturing facilities of PV systems. However, companies that install, ser-
vice and manufacture some PV components form a strong nexus in the state.
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Because the manufacturing and research base for solar
PV is located in other areas of the nation, less opportu-
nity exists to influence development of this technology as
compared to solar thermal. However, cold-climate testing
and evaluation of PV materials, subsystems and systems
represents an opportunity to increase visibility and draw
additional investment to communities.

. Minnesota’s weather conditions and latitude may
uniquely position the state to evaluate how systems per-
form in variable weather and seasonal change conditions.
These conditions are already being capitalized upon: cold
climate testing in nine Minnesota cities (including Inter-
national Falls, Bemidji, Thief River Falls and Baudette)
attracts auto engineers from around the globe. Most solar
system testing facilities are located in the southwest, and DOE’s National
Renewable Energy Laboratory has a testing site located near Denver for high
elevation testing. Due to available expertise and its climate, Minnesota may
have the unique ability to influence product development by serving as a
qualified research partner to evaluate performance and economics associated
with solar.

* RESEARCH: Due to the need for understanding the environmental effects
on materials, systems and system efficiency, as well as the presence of sig-
nificant industrial and academic expertise, the state is positioned to benefit
significantly from increasing demand for distributed solar technologies.
Academic/private sector collaboration focused on materials research, devel-
opment, and evaluation to help commercialize more efhcient and lower cost
systems would place Minnesota in a leadership position. As such, the state
should consider establishing a multipurpose laboratory for research, product
development, testing, teaching, and demonstration of solar technologies.
Such a facility would provide vertical integration of academic and industry
development of new solar technologies and materials. It would also serve as a
unique laboratory for northern climates and development of systems for solar
thermal space conditioning and PV systems. Such a facility would position
the state to serve as a commercial research hub for solar thermal technolo-
gies, thereby increasing the profile of the state in regard to solar technolo-
gies. Based on a market assessment demonstrating economic viability, such
a laboratory could also serve as a nationally accredited product certification
facility with minimal additional investment.

* MILESTONE: Research, testing, and educational facility(ies) focused on
understanding the climatic and environmental effects on solar systems,
subsystems, components, economics and system reliability provides data and
information that successfully optimizes solar technologies for a variety of
uses in northern climates.

* TIMELINE: Less than 5 years

ENERGY STORAGE

Determine the highest value energy storage systems for
electric utility applications
Bulk utility class electrical energy storage systems can be applied in a wide
spectrum of applications that have unique requirements and economic
benefits. The ratings for such systems are typically 200 kilowatts (kW) to 2
MW in power and 50 kilowatt hours (kWh) to 13 MWh in energy capacity.
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Application requirements range from under a minute of power to stabilize
voltage and frequency due to power surges, or for up to eight hours to reduce
peak consumption, follow changing demand, or defer upgrade transmission

investments. Fast transient power demands (within fractions of a second) favor

use of technologies that can transfer stored energy at a high rate, such as ca-
pacitors, superconducting magnetic storage, flywheels, and NiCd, Li-Ion, NaS
and lead-acid batteries. Long period power demands (minutes to hours) favor
technologies with a higher level of energy capacity, such as PSB, VRB, NaS,
ZnBr flow batteries, pumped hydro storage, or compressed air.

A recent report from the market analysis firm Lux Research, “Making Sense of

the Next Big Thing,” predicts that the $41 billion energy storage market will
grow $64 billion by 2012, but entrants struggle with a complex and competi-
tive market. Of all the markets studied—portable device, vehicle, residential
and commercial—bulk energy storage for utilities was identified as holding
the biggest potential.

The market size for bulk energy storage is currently small, about $500 million,
and large-scale manufacturing hubs have yet to be established. States that take
a leadership role in collaboration with their utilities can significantly influence
development of the technology. Bulk energy storage offers an array of benefits
for utilities and ratepayers, and these benefits will continue to improve, espe-
cially as smart grid initiatives (designed to allow for broader transmission and
distribution power system flexibility and functionality) move forward.

Bulk energy storage allows for:
* System-wide predictability;

* Reduced need to invest in new capacity by providing for more flexible use of
existing generation capacity;

* Minute-by-minute generation/load balance;

* Reduced need to purchase electricity on the spot market (utility issue) or
during high peak price times of the day (consumption issue);

* Ability to store inexpensive electricity when demand is low to offset higher
cost electrical when the demand is high;

* Avoided use of relatively high cost peak generation plants;
* Increased line-carrying capacity by improved dynamic stability;

* Reduced transmission congestion in areas where systems are becoming con-

gested during periods of peak demand;

* Reduced or deferred utility investments for transmission and distribution
system upgrades; and,

* Improved power quality and reliability.

The benefits of energy storage are significant when they are fully integrated
into the grid so that multiple stakeholders can benefit from it as a system
resource. System ownership may be with the utility, independent power
producer, or large power consumers. Energy storage, as a part of Smart Grid
implementation, will allow all parties connected to the grid to either directly
or indirectly share benefits.

¢ ISSUE: Previous analysis performed nationally and internationally prom-
ises significant environmental and economic potential for the use of bulk
energy storage. The various applications for energy storage can be generally
classified, but regional differences affect the desired level of energy stor-
age, discharge duration, and number of cycles needed per day. Bulk energy
storage, as a part of a Smart Grid strategy, can optimize Minnesota’s contri-

Ezergy storage and Smart
Grid: Evolving energy

storage technologies vary by their
energy storage capacity (MWh),
energy density, cycle efficiency,
cycle service life and the sustain-
able power levels (kW) during
charge and discharge. To research
the use of large-scale batteries as
a part of its Smart Grid strategy,
Xcel Energy has installed a NaS
battery for energy and power
storage rated by the manufac-
turer, NGK, at 6-7 MWh in
energy capacity and 1 MW in
power. Evaluation is in progress to
determine the large-scale battery’s
ability to store energy generated
[from the Minwind Energy site

in Luverne MN and provide
power to the grid when needed.
The research will characterize
this energy storage system’s abil-
ity to stabilize line voltage and
decrease the need for fossil fuel
peak power by maximizing use of
variable wind power. This type of
research is critical for the state to
best benefit from emerging Smart
Grid-energy storage technologies.
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F’;l in the nation again: in
January 2009, the Federal

Energy Regulatory Commission
(FERC) approved installation

of the nation’s first hydrokinetic
river installation in Hastings,
Minnesota. FERC members voted
5-0 in_favor of the project for two
Hydro Green Energy 35-kilowatt
turbines to generate a total of 70
kilowatts of power. The hydroki-
netic turbines will be mounted on
a barge just downstream from the
City of Hastings’ existing hydro-
power plant, generating power
[from the dam’s tailrace current.
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butions for distributed generation provided by residential and commercial
sources. Performing an analysis using the economics unique to Minnesota
will allow the determination of system capital costs, the system benefits for
identified applications, and installation potential in Minnesota. Without
this information, the optimum technical and economically beneficial energy
storage technology cannot be determined. States that determine the most
cost effective energy storage technology for unique conditions and needs will
enable effective decision making, and will be better positioned to effectively
influence development of the technologies, compete for funding and deploy-
ment, and create associated high-skilled jobs.

* RESEARCH: The research should identify high potential bulk energy stor-

age technologies and applications that provide the greatest economic benefits
to owners and ratepayers based on state regional power production and ap-
plication economic conditions. This work should build upon similar research
done in other geographic locations. Factors unique to Minnesota are: the
mix and amounts of power generation; the type and cost of base load and
peaking power production; the type and cost of distribution; and the type
of commercial loads and their attendant power quality issues. Energy stor-
age applications with the highest potential should be piloted for use in the
state such that the data collected can be used to verify the economic models
developed and the level of opportunities and benefits previously estimated.
This research will position the state for a leadership role in influencing devel-
opment and siting of the technology

* MILESTONE: Minnesota power producers and the state identify: the most

cost-effective and cost-competitive bulk energy storage systems and applica-
tions; pilot projects demonstrating significant cost-savings and improved
reliability for stakeholders; and developers of selected technologies seeking
partnerships to locate manufacturing facilities in the state.

e TIMELINE: Less than 5 years

HYDROPOWER

Update hydropower potential for Minnesota

The first hydroelectric power generation facility in the United States went into
operation on September 6, 1882 at St. Anthony Falls in Minneapolis, marking
the beginning of a new era. In 1960, 39 Minnesota hydropower plants with
210 MW of total installed capacity were in operation. Today, around 32 plants
with about 150 MW of installed capacity are active, as economies of scale and
improved technology have allowed centralized coal fired and nuclear power
plants to produce electricity more cheaply and consistently than distributed
hydropower stations.

* ISSUE: A 1996 assessment report released by the U.S. Department of

Energy (DOE) lists 40 sites in Minnesota with an additional 137 MW of
hydropower potential (primarily available from upgrades to existing power
generation sites and redevelopment of existing dam sites from which turbines
have been removed). Significant improvements have been made over the

last 25 years to the design and performance of low-head dams as well as to
current-flow (non-dam) powered turbines. In addition, incentives to provide
for distributed renewable electricity have changed significantly over this time
period. Consequently, today’s potential for environmentally and economi-
cally viable distributed hydropower in the state is unclear.

* RESEARCH: The historical use of river systems for distributed power

generation created a nexus of expertise in the state. Today, noteworthy aca-



demic and industrial sector expertise continues regarding both low-head and
current-flow (hydrokinetic) power generation. The presence of this expertise
creates a key opportunity for the state.

Costs for reopening an existing small dam or installing hydrokinetic tur-
bines vary widely from site to site. Hydrokinetic turbines did not exist when
the 1996 assessment was performed. Based on present costs and turbine
performance, an updated high-level investigation is needed for (1) existing
hydropower sites, (2) dam sites from which turbines were removed, and (3)
of sites for which hydrokinetic power generation potential exists. Collabora-
tive research regarding the mechanical and environmental design and imple-
mentation of these power generation technologies would serve to identify
the optimum sites for successful low-head dam and hydrokinetic turbine
investment in the state.

* MILESTONE: Evaluation of the state’s current opportunity for cost-effec-
tive use of low-head and hydrokinetic distributed power generation provides
information required for methodical decision making. Outreach and as-
sistance is prioritized toward the sites and technologies that have the greatest
potential for additional hydropower in the state.

e TIMELINE: Less than 5 years

RENEWABLE HYDROGEN

Hydrogen (H,) is an extremely valuable element—a critical component of
organic life and water. The most common use of manufactured hydrogen is
in chemical processes and reactions (such as breaking down crude oil into
gasoline and other fuels), making fertilizer, and making solvents for use in the
manufacture of paints, cements, inks, and many other products. Hydrogen

is also being burned in engines to produce power and in fuel cells to produce
electricity. Renewable hydrogen is completely interchangeable with hydro-
gen produced from fossil fuels and, therefore, can be used to make the same
manufactured products.

Hydrogen, like batteries, is an energy carrier—not a fuel. While the most
abundant element on earth, it is commonly bonded to other elements to form
molecules. Finding cost-competitive methods to produce, store, and deliver
elemental hydrogen for use by the transportation and power generation
industries, represent the most significant barrier to widespread use in those
industries.

Hydrogen production

Most of the hydrogen produced today is made from natural gas in large, cen-
tralized facilities. Commercial operations commonly use an energy intensive
process to obtain it from natural gas via steam methane reforming. However,
technologies to produce hydrogen from non-fossil sources such as biomass,
wind and solar also exist. Minnesota has already invested in demonstration
projects using wind and solar power to obtain hydrogen and oxygen from
water. The state is also a leader in biomass gasification technology which also
has potential to serve as another source of renewable hydrogen. There exists
an opportunity to leverage this research and identify technical and economic
barriers specific to the state.

Vehicles
High-performance batteries/capacitors represent the largest competitor to
hydrogen as an energy carrier. Worldwide concern about the security, avail-
ability, cost and environmental impacts of petroleum have greatly accelerated
energy storage research and development. Whereas use of hydrogen in vehicles

ehicle strategy: The state is

in a competitive position to
influence development of the elec-
tronics and control systems needed
Jfor vehicle niche markets for both
hydrogen fuel cell and battery/
capacitor powered systems. Vehicle
manufacture niche markets of
particular strength in Minnesota
are in the landscape maintenance,
local transportation cart, off-road,
and water recreational vehicle
markets. Supporting efforts by
such manufacturers to develop
the electronics and control systems
needed for either battery or fuel
cell powered systems would posi-
tion the state for successful partici-
pation in vebicle-related oppor-
tunities that are not dependent
on an ultimate end-use product.
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requires significant changes in existing delivery, storage and conversion tech-
nologies, such as for fuel cells, high-performance batteries are being commer-
cially integrated into vehicle engines that use existing fuels and distribution
systems. Although breakthroughs may occur that could shift current viability
of fuel cell vehicles and hydrogen refueling infrastructure, Minnesota is not
well positioned to take a leadership role in the research required to achieve
needed breakthroughs for use of hydrogen in vehicles.

Power generation industry

There are no manufacturers of fuel cells located in the state. However, there
are component suppliers providing products to manufacturers of polymer
electrolyte membrane (PEM) and solid oxide fuel cells. Participation in a
demonstration project specifically designed to use Minnesota-made compo-
nents would provide value to these suppliers, provide for system performance
evaluation, and highlight economic development opportunities regarding use
of fuel cells in the state.

Wind power-to-hydrogen and electricity production

* ISSUE: The high cost of hydrogen production, low availability of hydrogen
production systems, and challenge of providing safe production and deliv-
ery systems are all barriers to market penetration. There is little operational,
durability, and efficiency information for renewable hydrogen production
systems. Hydrogen delivery options need to be determined and assessed as
part of system demonstrations for production and delivery technologies.
Validation of integrated systems is required to optimize component develop-
ment. Between 2005 and 2007, the University of Minnesota West Central
Research and Outreach Center (WCROC) was awarded funding from vari-
ous state sources to design and build a large scale wind-to-hydrogen dem-
onstration project. The ability to integrate energy from variable-speed wind
turbines directly to the hydrogen-producing stacks of commercially-available
electrolyzers is a challenge. There are system-level integration issues related
to multiple electrolyzers that produce hydrogen gas at different pressures.
One of several research areas of the WCROC project includes evaluation of
the effectiveness of storing hydrogen and using that hydrogen to produce
electricity during periods of low wind. The stored hydrogen will be used in
an internal combustion generator to produce electricity. Fuel cells provide
another means to produce electricity from hydrogen.

For fuel cells to be competitive in the power generation market, the cost of
manufacturing must be reduced. Fuel cell makers often cite a commercial
entry price of about $1,200 per kW as the price point where fuel cells could
compete successfully with other small power generators (such as peak power
microturbines and engine/generators). The WCROC project represents a key
opportunity to develop operational, durability, efficiency and cost infor-
mation for a water electrolysis-to-hydrogen production system and use of
renewable hydrogen to produce electricity during periods of low wind.

* RESEARCH: Adding PEM and solid oxide fuels to the analysis planned for
the internal combustion generator at WCROC would allow comparison of
hydrogen-to-electricity production costs and efficiencies of all three technol-
ogies. Total costs per kWh for the renewable hydrogen production, storage,
and electricity generation systems would be compared to those obtained
from Xcel Energy’s wind power battery storage project in Luverne, Minne-
sota. The research would provide the specific information needed to identify
technical, cost and performance improvements and parameters needed for
commercially viable, utility-scale energy storage systems.

* MILESTONE: Development and testing of complete integrated fuel cell power



systems is benchmarked and performance parameters needed for cost-competitive
component development is validated. The ability of existing electrolyzer technol-
ogy to accommodate the varying energy input from wind turbines is determined
and alternative electrolyzer technologies that may provide superior performance
are identified. The system-level efficiency improvements and cost reductions
needed by designing, building, and integrating dedicated wind-to-electrolyzer
stack power electronics that enable closer coupling of wind-generated electricity
and electrolyzer stack requirements is determined. Safety systems and system
controls for the safe operation of hydrogen production technologies with varying
wind input are evaluated. Demonstrated operation of a wind-to-hydrogen system
enables evaluation of actual system costs and identifies areas for cost and effi-
ciency improvements as compared to energy storage battery systems. Operational
challenges and opportunities related to energy storage systems and potential for
addressing electric system integration issues are identified.

* TIMELINE: Less than 5 years

Biomass to Hydrogen

Production of hydrogen from renewable biomass feedstocks has several advan-
tages compared to fossil fuels, with a significant list of plant species, byprod-
ucts and waste materials that can potentially be used. However, as described
in the recommendation for feedstocks, biomass is a limited resource and care
must be taken to assure that sustainable production, harvest, and processing
is provided, while assuring optimum value for the state. As described in the
biomass gasification and anaerobic digester sections of this roadmap, Min-
nesota is well positioned to be a leader in the development and production of
hydrogen-rich gas from gasification and anaerobic digestion of biomass.

ISSUE: Both the gasification of biomass to produce syngas and the anaerobic
digestion of biomass to produce biogas promise to be comparatively near-term,
technically and economically viable sources of renewable hydrogen. Costs for
producing pipeline quality biomethane from biogas have declined sharply in
recent years. However, the cost of cleaning syngas to the level needed to pro-
duce high-value products currently produced from fossil fuel-based hydrogen
remains a significant challenge. The U.S. Department of Energy has a 2012
biomass gasification-to-hydrogen target of $1.60 per gasoline-equivalent gallon
(GEQG), the amount of alternative fuel it takes to equal the energy content of
one gallon of gasoline. The environmental and economic benefits the state can
receive from producing cost-competitive renewable hydrogen, and the leader-
ship position the state can obtain, represent significant and timely opportuni-
ties for Minnesota.

* RESEARCH: Biomass-to-hydrogen research should address four main areas:
anaerobic digester and gasification plant and system design; catalyst and/or
reformation of resultant biogas or syngas to produce hydrogen; evaluation
of highest value use of that hydrogen; and proof of concept demonstration
projects. Demonstration projects using optimized systems would allow for
use and testing of multiple bioenergy feedstocks, and also employ “plug-
and-play” gas clean-up methods needed to identify the most cost-effective
processes appropriate to local biomass. Objectives would include develop-
ment of optimum reactor and system design with cost projections for a bio-
mass conversion and reforming process for hydrogen production. Economic
analysis would include identification, on a regional basis, of the highest value
use of the hydrogen or hydrogen-rich gas.

e MILESTONE: Improving cost effectiveness of biogas and syngas produc-
tion and clean-up greatly expands biomass utilization, as well as related
economic development and jobs, to produce high-value products from

re-treatment of coal: Bil-

lions of dollars from the
coal industry and federal govern-
ment have been spent, primarily
in coal-rich states, to develop coal
pre-treatment technologies to
make the emissions and ash from
coal combustion less problematic.
Minnesota has no coal deposits,
hence, the priority for the state to
Jocus on pre-treatment of biomass
as a means to reduce environmen-
tal impact per kWh. However,
given the scope of national and
international research to remove
sulfur, mercury and components
that result in problematic ash
[from the coal prior to its combus-
tion, there may be opportunity
for the state to obtain advan-
tage from these investments.
Enabling Minnesota utilities to
evaluate opportunities to partner
with coal-producers that apply
pre-treatment to coal prior to its
shipment could help determine
viability, cost and environmental
impacts for using pre-treated coal
in the state’s existing power plants.
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arbon capture and

sequestration (CCS) also
qualifies in the state as a method
to reduce GHG emissions. Cost es-
timates to develop a sequestration
site, capture, and pipe and inject
the CO, into suitable geologic
Jformations range from about $40
to $90per ton COz. Minnesota
power plants currently release
approximately 1,350,000 CO,-
equz‘m/mt tons per year. Region-
ally, the states of North Dakota
and Illinois have confirmed for-
mations suitable for sequestration.
Formations in the Midcontinent
Rift System which runs from
south central through northeastern
Minnesota, as well as mineral by-
products from non-ferrous mining
operations, may have characteris-
tics required for successful seques-
tration. If confirmed, the costs for
sequestration would be decreased
for the state, due to decreased
piping and transfer expenses.

hydrogen. The demonstration project confirms the state’s leadership role

in development of the technology and supports near-term job growth in
manufacturing, operations, maintenance, feedstock production and process-
ing. The highest value use in local economics for the hydrogen produced is

identified.
* TIMELINE: Less than 5 years

COAL
Use pre-treated biomass to meet coal-fired power plant
performance targets

More than 60 percent of electricity generated in Minnesota comes from coal-
fired power plants. Given the long time-horizon required for major changes in
power supply infrastructure, the state will need existing plants to continue to
supply a high percentage of its electricity for the foreseeable future. Minnesota
electric utilities are required to meet state renewable energy portfolio stan-
dards, and it is anticipated that amounts of CO, emissions per kWh generated
will become regulated. Given the large investment and reliance on coal-fired
power production in Minnesota, it is important that the state seek ways to
most cost-effectively reduce the expense of meeting renewable energy and CO
reduction targets through optimizing use of existing power plants.

2

Co-firing biomass with coal has proven to be a near-term method to reduce
CO, emissions per kWh, and has helped utilities meet renewable energy
portfolio standards. However, the direct co-firing of wood with coal requires
significant expense due to the need to add auxiliary combustion equipment
and dual burner control technology as well as to re-permit current facilities.
Additionally, it is difficult to control the results of co-firing because of the
variable nature of the biomass materials relative to the coal fuels that they
displace. Uniformity in biomass fuel properties would minimize need for
separate combustion technologies and would greatly facilitate wider use of the
biomass for displacement of coal in power generation.

Biomass pretreatments that would allow for a uniform renewable combus-
tion product are needed. Such pretreatments should be targeted to reduce the
moisture content of the biomass, increase its caloric value relative to coal, and
allow its use in existing coal-based combustion systems. Use of pretreatments
for biomass promises a means for the state’s existing coal-fired power plants
to meet renewable energy and CO, reduction requirements without incur-
ring high equipment and permit costs. At the same time, it will provide for a
long-term stable market for biomass residuals without large increases in rates
charged for electricity anticipated for implementation of other methods to

reduce CO, per kWh.

* ISSUE: The need to prepare biomass feedstocks in a fashion that will make
it possible to cost-effectively utilize biomass in existing pulverized coal sys-
tems is the key problem in need of resolution. Several biomass pretreatment
options exist that have potential to accomplish this need.?

* RESEARCH: Determine the utility of various biomass pretreatments (e.g.,
moisture reduction, consolidation, torrefaction, fast pyrolysis) to enable large
amounts of biomass to be routinely used as a substitute for coal in current
and Integrated Gasification Combined Cycle IGCC) power plant burner
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technology applications (either as a treated solid or as a bio-oil injectant).
Each pretreatment option would be tested with present and IGCC power
plant technologies to determine net change in CO, emissions per kWh
generated and net change in cost per kWh generated. Based on this research,
the quantity, amount, type and cost of obtaining the biomass required to
provide for reductions needed in CO, emissions for a typical Minnesota
coal-fired power plant should be determined.

* MILESTONE: The most cost-effective biomass pre-treatment options for
existing coal-fired plants to continue production of electricity while meet-
ing renewable energy and CO, emissions reduction targets though use of
biomass is determined. As compared to other markets, the economic value
to the state for use of the quantity, amount and type of biomass needed to
provide for cost-effective reductions in CO, emissions for a typical Minne-
sota coal-fired power plant is determined.

e TIMELINE: Less than 5 years

GEOTHERMAL POWER
Update geothermal heat-flow map for Minnesota

Indigenous, renewable energy is increasingly relied upon to address a range of
environmental, security and economic needs for our nation. Efforts to imple-
ment wind, solar and bioenergy technologies for heat, power and fuel are well-
publicized; this is not the case for geothermal power. However, due in large
part to its potential to serve as a large and well-distributed national energy
source, funding for the U.S. Department of Energy’s geothermal program has
doubled over recent years.

Whereas solar, wind and bioenergy technologies rely on energy directly from
the sun, geothermal energy consists of utilizing heat from the Earth’s crust.
This heat flow is due to two primary processes: 1) Upward movement of heat
from the Earth’s mantle and core, and 2) Heat generated by the decay of
radioactive elements in the crust.

In contrast to ground-source heat pumps (also mistakenly called geothermal
heat pumps) that use the thermal mass of the ground as a heat-transfer me-

dium for heating and cooling of buildings, geothermal reservoirs use hydro-

thermal geologic systems to produce large amounts of heat and electricity for
communities or larger scale regions.

inary plants convert
medium-temperature
resources into electricity more
There is widespread perception that geothermal power must be associated efficiently than other technologies.
with relatively few high-grade hydrothermal systems. Indeed, most of today’s In the binary process, a closed-
commercial systems are located in high-temperature (>200° C) high heat flow
rate (>100 milliWatt per square meter) rock formations that are present within
1,000 feet of the surface. However, improvements in heat-transfer and power
generation technologies are being demonstrated at several U.S. sites—in Cali-

loop system uses hot water from
the well to heat another liquid,
such as isobutane, through use
of a heat exchanger. The second-
ary fluid vaporizes into gaseous

fornia, Nevada, and Alaska—where inlet temperatures are just above 100° C. vapor and (like steam) the force
Power generation using low inlet temperatures may also be possible in Min- of the expanding vapor turns the
nesota. turbines that power the genera-

« ISSUE: Although Minnesota has renewable energy resource maps for wind, " The main economic challenge

solar and biomass, the state does not have a detailed geothermal heat-flow
map. A generalized map for Minnesota, done more than 20 years ago by the e
U.S. DOE, relied very heavily on shallow (>10 ft.) measurements under Lake  ,,i,,00ir with sufficient perme-
Superior and used only four data points from bore holes in the state. That ability to sustain long-term
data was used to model results for Minnesota that indicated 50° C at 1,000 Sflow rates at temperature.

feet depth and a heat flow rate of less than 50 milliWatt per square meter.

in engineering bl'mzr)/ systems
is not technical, but rather in
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Since these estimates were too low for a viable geothermal power system,

no state or federal resources have been directed toward further investigation
since that time. Unfortunately, this important determination relied on scarce
data of doubtful reliability. In addition, the study used no samples from
Minnesota’s large and relatively shallow granitic formations—rock types
known to provide for significant geothermal reservoirs in other states.

Given on-going improvements in binary geothermal power generation
technology that have occurred over the last couple of decades, as well as
recent increased investment by the federal government and private sector in
geothermal energy, it is important that the state obtain a more valid assess-
ment of the potential use of the geothermal power in Minnesota.

RESEARCH: Minnesota has more than 100 open mineral exploration

drill holes and deep wells that may be used to collect heat flow and thermal
conductivity data. Selected bore holes and wells should provide data detail-
ing rock type, location, vertical depth interval used for heat flow determina-
tion, average thermal conductivity, average temperature gradient over the
depth interval, mean heat flow, standard deviation, correction for postglacial
warming, and adjusted heat flow.

MILESTONE: In-field sampling provides accurate data used to develop a
Minnesota-specific heat flow map that shows temperature depth profile and
heat flow determinations for the state. The data and map provide for com-
prehensive renewable energy resource planning and decision-making in the
state.

* TIMELINE: Less than 5 years



Cross-Cutting Issues

In order to maximize overall benefits, research that is focused in a specific
high-level category—such as energy efficiency and bioenergy—should com-
plement research in other categories. The question, “How might this research
project complement or be dependent upon other research?” should preface the
state’s approach to projects. In some cases, however, research may be centered
on an issue that applies to many other categories of research. “Cross-cutting

issues” are those that transcend the high-level categories listed in the roadmap.

Three key cross-cutting issues are itemized below:

(1) Smart Grid; ( 2) bio-feedstocks and conversion; and (3) financing,

Smart Grid
Research focused on renewable electricity should consider interaction with
the regional transmission and local distribution systems, including increasing
generation from the state’s distributed residential and commercial-scale solar
PV, wind and biogas-to-electricity installations. As previously noted in this
roadmap, energy storage technologies represent a particularly strong opportu-
nity for the state. However, research should also leverage recently accelerated

federal and utility investment for a wide variety of Smart Grid implementation

strategies.

* Smart transmission system products are increasingly available for digital,
real-time coordination of information from both generating plants and
demand-side resources, and for automatic re-routing of power to areas of
need.

* Smart distribution systems are incorporating technologies such as intelligent
universal transformers, multifunction solid-state switchgear systems, sensors
for real-time distribution system monitoring, and advanced end-user meter-
ing.

While developments of Smart Grid technologies are driven by the need to

increase efficiency and effectiveness of the system as a whole, they can also

leverage more rapid incorporation of cost-effective, multiple, and diverse
distributed renewable power technologies and facilitate the interconnection of
new generating sources to the grid. The state should identify and coordinate
with Smart Grid efforts as a means to enhance the ability to maximize local,
renewable energy-related projects and value.

Bio-feedstocks and conversion technologies
Each Minnesota community has a particular mix of accessible, low-value
biomass feedstocks. The supply and cost of available feedstock—such as those
from wastewater treatment, food processing, agricultural and forest product
residues, municipal solid waste, livestock manures and processing waste, tree
and landscape management and energy crops—vary greatly. As research to
optimize energy conversion technologies to produce cellulosic ethanol, renew-
able diesel and gasoline, biomethane or other high-value products proceeds,
it is important that technology demonstration projects evaluate feedstock
availability and local cost from a variety of Minnesota communities. Without
these considerations, assumptions used could inadvertently limit participation
among many communities around the state.

Scale of facility and feedstock throughput required for the competitive pro-
duction of high-value products is a consideration that crosses all bioenergy
conversion technologies. Conversely, investing in feedstocks for which there
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is not a feasible bioenergy-conversion technology is also problematic. The op-
timum energy conversion technology for a given community varies across the
state. Effective, sustainable, and regional economic development is dependent
upon aligning a community’s least-cost renewable resources with their most
advantageous energy conversion technologies. It is particularly important that
bio-feedstock research include current and anticipated technical, economic
and environmental considerations

In general, a community’s feedstocks, conversion technologies and highest
value products must be considered as a whole to avoid the risk of creating
siloed research projects that are neither consistent nor responsive to commu-
nity benefits and needs.

Financing

Research and commercialization cannot proceed without financing. In regard
to Roadmap scope, there are three cross-cutting financing-related focus areas:
(A) interagency collaboration; (B) federal grant programs; and (C) state grant
programs.

Interagency collaboration

It is fairly common practice for companies seeking funding for their renew-
able energy technology to request meetings with individual state agencies. An
informal clean/renewable energy network is in place to ensure that agencies
involved with clean/renewable energy projects share input and coordinate
funding and other assistance where possible. The agencies that are part of this
network include the Minnesota Office of Energy Security, Departments of
Agriculture, Natural Resources, Employment and Economic Development,
Pollution Control Agency and the Iron Range Resources. To best utilize
personnel and expertise and leverage resources, agencies should formalize this
network such that support for consistent communication and collaboration
continues to occur. A simple questionnaire or form could be used by interested
clean/renewable energy companies to provide key business and stage-gate*
information needed by state agencies to determine how best to assist these
companies. In addition, input and issues identified by developers could be
more consistently communicated among the agencies, allowing each to work
from the same basic pool of information and knowledge. At no additional cost
to state agencies, implementation of a formal, yet flexible, communication
approach would help ensure that clean/renewable energy business ventures
receive the assistance needed to best achieve commercial success.

Federal grant programs

Federal grant programs offer an extremely important avenue for obtaining the
financing required to move from prototype to commercial-scale operations, as
well as achieving technology transfer. Applications and procedures for com-
paratively small federal grant programs can be very complex. Programs offer-
ing large awards are both complex and lengthy. Although the state provides
assistance to educate and assist Minnesota companies regarding business plan
requirements, grant opportunities, procedures, and applications, Minnesota
would be well served if the level of this assistance could be increased in order
to attract a greater number of federal awards to the state. Receipt of such
awards increases ability of the company to attract the venture capital typically
needed before institutional financing is available.

Due to the interdependent factors and long project development timelines,
this assistance is particularly important for competitive development of the
state’s renewable energy industry. States such as Ohio, Michigan, Kentucky,
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Virginia and Florida reportedly receive a larger percentage of federal awards
as compared to other states, due in part to a more comprehensive partnership-
building, financial, regulatory, and siting assistance program effort.

Minnesota is recognized as a hub of excellence in many energy-related areas;
however, due to the relationships and partnerships established in construc-
tion of early commercial demonstration projects, manufacturing centers
frequently flow to states that have sited such projects. Integrated assistance
has been shown to increase the number of commercial-scale projects sited in
a state. Providing more comprehensive assistance is important for creation of
long-term, high-paying jobs in Minnesota, particularly in regard to obtaining
competitive funding from a wide variety of sources for the state’s renewable
energy industry.

State grant funding
Research and development is inherently risky and only a small percentage of
new ideas will find commercial use. For all federal, state, or private-sector fi-
nancing, it is the responsibility of the applicant to provide facts on technology
readiness and other factors so that an accurate assessment of product develop-
ment can be made to ensure that the project is ready to progress into the next
stage.

Despite these needs, it is costly for a developer to obtain the independent mea-
surement, verification and evaluation (MV&E) required to satisfy a funder’s
need to understand the technical, economic and market potential for the
technology. The quality metering and measurement needed to determine met-
rics such as the materials and energy balance, emissions, system performance
and scale-up design costs of a given technology vary. MV&E for a bench-scale
system may cost only a few thousand dollars, whereas studies for a $10 mil-
lion dollar project can cost hundreds of thousands of dollars, and studies for

a $250 million facility can easily exceed one million dollars. Developers are
often financially unprepared to acquire this kind of independent evaluation
needed to secure federal, venture capital or institutional funding. Many good
inventions fail not because they are poor ideas, but because of the inventor’s
inability to finance independent evaluations for their process.

Without the ability to fund quality verification and feasibility studies, in-
novative research cannot proceed to commercialization. A competitive state
grant program could fill this void by providing funds for the demonstration
and independent evaluation of clean energy technologies. Armed with quality
performance verification data, Minnesota innovators would be much better
positioned to obtain the funding required for successful commercialization.

Summary
Coupled with increased multi-agency collaboration, multi-program federal
grant application assistance, and a developer’s system performance verification
data; the research priorities identified in this Roadmap could be implemented
at relatively low cost to the state, especially when compared to the benefits
received from statewide development of Minnesota’s clean/renewable energy
industry.
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Minnesota Energy-Related Mandates and Statutes

STATE GREENHOUSE GAS REDUCTION GOAL

2007 Minn. Stat. 216H.02 requires that the state reduce greenhouse gas emis-
sions across all sectors producing those emissions to a level at least:

* 15% below 2005 levels by 2015;
* 30% percent below 2005 levels by 2025; and

* 80% below 2005 levels by 2050.
Status
Various studies are in progress to determine most feasible use of such tools as
cap and trade, low carbon fuel standards, and emissions baselines and profiles.
* 2007 Minn. Stat. 216H.02
(https://webrh12.revisor.leg.state. mn.us/statutes/?id=216H.02) and

* Subd. 2. Definition; statewide power sector carbon dioxide emissions
(https://webrh12.revisor.leg.state. mn.us/statutes/?id=216H.03&year=2008)

RENEWABLE ENERGY STANDARD (RES)
2007 Minn. Stat. 216B.1691 requires that the state’s electric utilities obtain
the following percentages of energy from renewables by the following dates:

Year utilities Xcel

2010 7% (goal) 15% req.
2012 12% req. 18% req.
2016 17% req. 25% req.
2020 20% req. 30% req.
2025 25% req. 30% req.
Total 27% renewable electricity by 2025

Status

All electric utilities are on track to meet 2012 goals.
(https://www.revisor.leg.state.mn.us/statutes/?id=216B.1691)

ENERGY POLICY GOALS

2007 Minn. Statute 216C.05 Subd. 2, states it is the energy policy of the state
of Minnesota that:

* (1) the per capita use of fossil fuel as an energy input be reduced by 15 per-
cent by the year 2015, through increased reliance on energy efficiency and
renewable energy alternatives; and

* (2) 25 percent of the total energy used in the state be derived from renewable
energy resources by the year 2025.
(https://www.revisor.leg.state.mn.us/statutes/?id=216C.05)
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ENERGY SAVINGS

2007 Minn. Stat. 216B.241 changed minimum spending requirement to
energy savings requirement for Minnesota electric and natural gas utilities.
Utilities are to reduce retail energy sales by 1.5% based on a three year average
through Conservation Improvement Program investments.

Status
Electric utilities
* 1.5% of electricity sales amount to about 1 billion k\Wh/yr

* Electric utilities are currently conserving around 500,000 kWh/yr, or 50%
of target.

Natural gas utilities
* 1.5% of natural gas sales amount to about 4.9 billion cubic feet of natural
gas
* Natural gas utilities are currently conserving around 1.9 billion cubic feet, or
about 40% of target.

(https://www.revisor.leg.state.mn.us/statutes/?id=216B.241)

BIODIESEL CONTENT MANDATE
2009 Minnesota Statute, 239.77 Biodiesel Content Mandate requires that all
biodiesel fuel sold or offered for sale in MN for use in internal combustion
engines contain the following percentage of biodiesel fuel oil by volume:

May 1, 2009 5 percent
May 1, 2012 10 percent
May 1, 2015 20 percent

“Biodiesel fuel” means a renewable, biodegradable, mono alkyl ester combus-
tible liquid fuel that is derived from agricultural and other plant oils (exclud-
ing palm oil) or animal fats.
(https://www.revisor.leg.state.mn.us/statutes/?id=239.77)

Status
The state currently has achieved its 5% requirement. The 10% (2012) and
20% (2015) requirements will require a considerable amount of industry
interaction to achieve. Cold weather properties and other issues of these higher
blends are being reviewed by the Biodiesel Task Force
(http://www.mda.state.mn.us/renewable/biodiesel/biodieselforce.htm)

OXYGENATED GASOLINE

2005 Regular Session Minn. Statute 239.791 Subd. 1a. requires that by August
30, 2013 all gasoline sold or offered for sale in Minnesota must contain at least

20 percent denatured ethanol by volume. “Agricultural alcohol gasoline” means
a gasoline-ethanol blend with ethanol derived from agricultural products, such

as potatoes, cereal, grains, cheese whey, sugar beets, forest products or other re-

newable resources. (Requirement is subject to EPA approving a 211(f)(4) waiver
to the clean air act certifying E20 as “gasoline” by December 31, 2010.)

Status
Approximately 2.8 billion gallons of gasoline were sold in the state last year,
of which about 285 million gallons, or 10%, was ethanol. (Of this amount
of fuel-blended ethanol sold, approximately 15 millions gallons was E85.) To
achieve the 20% fuel-blended ethanol sales by 2013, an additional ten percent
must be blended within five years.
(https://www.revisor.leg.state.mn.us/statutes/?id=239.791)
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HYDROGEN ENERGY ECONOMY GOAL
2003 1st Special Session, Minn. Statute 216B.8109 sets a goal that Minnesota
move to hydrogen as an increasing source of energy for its electrical power,
heating, and transportation needs.
(https://www.revisor.leg.state.mn.us/statutes/?id=216B.8109)

Status
Biennial Reports http://www.energy.mn.gov “Hydrogen Projects Report”

MERCURY EMISSIONS REDUCTION GOAL
1999 Regular Session Minn. Stat. 116.915 sets a goal that the state reduce
mercury contamination by reducing the release of mercury into the air and
water of the state by 60 percent from 1990 levels by December 31, 2000, and
by 70 percent from 1990 levels by December 31, 2005. The goal applies to the
statewide total of releases from existing and new sources of mercury.
(https://www.revisor.leg.state.mn.us/statutes/?id=116.915)

Status
The Mercury TMDL Implementation Plan June 2008
(htep://www.pca.state.mn.us/publications/wq-iw1-20.pdf )



Appendix B

Stage-Gate Management

Research & development (R&D) is inherently risky and only a small percent-
age of new ideas will find commercial use. Stage-Gate’ provides for methodi-
cal decision-making in the R&D process. It provides for fact-based funding
decisions based on a set of criteria used to determine whether a technology is
ready to pass into next stage.

Research to show the technical and economic potential for a technology in
successive project stages provides important information for making judg-
ments about the project and for committing funding in the long-term. The
expectation is that projects with serious technical or other issues will be identi-
fied and resolved early-on, enabling greater investment in the projects with the
greatest probability for success in later stages.

Gates

1.
2.

Gates are decision points for initiating funding or moving forward with a proj-
ect. A major reason for R&D failing to produce a market impact is the neglect
of market, business and financial factors early in the R&D process.®

It is the responsibility of the interested party to provide facts so that an accu-
rate assessment of the current stage of development is known, and determine if
a technology is ready to pass onto the next stage of development.

Commeon Stages of Product Development
Idea — the thought: “I wonder if...”

Preliminary Investigation — Idea exploration: Back-of-the-envelope technical
and market assessment. “Has anyone else done this?” Initial literature and pat-
ent review. No laboratory work.

Initial Laboratory Investigation — Basic observation and application: Studies
related to the technology’s basic properties are reviewed. Basic assumptions
and principles are observed and evaluated in a laboratory setting. Practical
application of the technology is formulated but yet not proved. Individual
components are researched and tested but are not yet integrated. Experiments
may demonstrate technical viability, or raise new and important scientific
questions.

Detailed Laboratory Investigation — Proof of concept: Work identifies unprov-
en steps in laboratory setting, and documents the known/unknown capabili-
ties of the technology. Thorough literature review and patent search occurs.
Performance of components are individually verified. Data is used to model
integrated system performance and simulate how components would work
together. Proof of concept is validated.

Laboratory scale-up — Proof of application: Research is narrowed down to
most feasible line of investigation. Technical capabilities, energy balance and
environmental considerations are verified. Laboratory performance of inte-
grated components validate proof of application . Issues that must be solved to
achieve technical and economic viability are clearly determined. Data provides
inputs for modeling simulation to determine most realistic system design and

5 Stage-Gate is a registered trademark of R.G. Cooper ¢ Associates, a methodology which has been

successfully applied throughout industry and government to increase rate of success bringing new
energy technologies to market.

6 U.S. Department of Energy, “Stage Gate Innovation Management Guidelines; Industrial Technolo-

gies Program,” V' 1.3, February 2007. page 39
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technical performance at prototype-scale and throughput.

. Prototype Project — Validation in relevant environment: Demonstrates scale-

up prototype performance of integrated components in a market-niche’s
simulated or actual operational environment. Develops convincing data that
the technical and economic issues previously identified are, or can be, re-
solved. Verified data provides inputs for modeling results of commercial-scale
operations and system design, develops engineering scale-up data, and clearly
documents potential to achieve economic viability for the selected application
of the technology.

Commercial-scale demonstration project — Validation in actual environment:
Demonstration project provides for actual operating conditions, testing and
evaluation at commercial-scale operation. Accuracy (level of error) of the pro-
jections made through use of the results obtained from the prototype project is
determined. Technology has is proven to work in its final form, operating scale
and conditions. The information created from the construction, use and evalu-
ation of a commercial-scale project, commonly undertaken with an industrial
partner, must be sufficient to support decision for investment in commercial
production of the technology.

. Commercial production — Final design: Information obtained from commer-
cial-scale demonstration project provides for final design, detailed engineering,
production data, manufacturing processes, performance and market metrics
needed to acquire financing and to justify commercial production.

. Market entry — Initial sales: Leading-edge customers determine that it is good

practice to purchase the technology and implement change. Explicit technical
and economic performance is established.

10.Market penetration and diversification — Market success: Proven results create

additional sales. Market penetration increases. As the technology matures, op-
tions to expand the number of applications for the technology are identified.

Economic investigation
Economic investigations include an assessment of market and customers,
competing research, technology, and patents, identification of problems and
risks that must be solved to achieve economic viability in the world market
place. The economic investigation—the business case for the technology—is
updated throughout all ten stages of product development.

Business plan
Results of each product development stage and the evolving economic inves-
tigation provide information for a dynamic business plan that illustrates the
route, challenges and solutions needed to achieve commercialization. The
business plan includes a detailed description of progress to date, documents if
the appropriate “gate” has been passed, describes the next project development
stage, its budget and metrics to be used to evaluate progress.

Impact
All successtul products begin with an idea. However, it is the technologies
that achieve commercial viability and market acceptance, i.e. products that are
sold—that ultimately provide the profits needed to fund development of more
ideas. Stage-gate management does not curtail development of innovation,
but does provide for methodical decision-making as a means to increase the
percentage of new ideas that achieve commercial success and impact.



Primary References
Published research and industry roadmaps identified and circulated by mem-
bers as a means to provide for informed discussion and consideration of the
wide spectrum of research areas available.

Energy Efficiency
“Energy Efficiency and Renewable Energy 2004 Building Energy Data Book”
U.S. Department of Energy

Creyts, Jan. Derkach, Anton. Nyquist, Scott. “Reducing U.S. Greenhouse Gas
Emissions: How much at what cost?” U.S. Greenhouse Gas Abatement Map-
ping Initiative, McKinsey & Company, (December 2007)

“Minnesota Incentives/Policies of Renewable and Efficiency.” Database of
State Incentives for Renewables and Efficiency, U.S. Department of Energy
Office of Energy Efficiency and Renewable Energy, administered by the Na-
tional Renewable Energy Laboratory (NREL), (2009)

Kirschen, D.S., D.W. Novotny, T.A. Lipo. “Optimal Efficiency Control of an
Induction Motor Drive.”  Wisconsin Electric Machines and Power Elec-
tronics Consortiu, University of Wisconsin, Madision, 85-12 (1985)

Lamichhane, K. “Analysis of Power System Harmonics and Their Elimination
Using Filters” Master’s Thesis, Youngstown State University (2002)

Hughes, Patrick J. “Geothermal (Ground-Source) Heat Pumps: Market Sta-
tus, Barriers to Adoption, and Actions to Overcome Barriers.” EERE Geother-
mal Technologies Program, US Dept of Energy. (2008)

“Low Exergy Systems for High-Performance Buildings and Communities.”
Annex 49, International Energy Agency

Energy Conservation in Buildings and Community Systems Program (2007)

Herena Torio, “ Low-Exergy Building Technologies And Communities,” En-
ergy Conservation in Buildings and Community Systems (ECBCS), (Septem-
ber 2008)

“World Energy Outlook.” International Energy Agency, (2008)

Biomass Feedstocks
“Minnesota Statewide Conservation and Preservation Plan.” Legislative-Citi-
zen Commission on Minnesota Resources, (November 2008)

“An Initial Estimate of Harvest Level Impacts of Mill Shutdowns/ Slow-
downs.” Minnesota Department of Natural Resources Forest Products Utiliza-
tion Program. (December 2008)

Tallaksen, Joel. “Biomass Harvesting of Native Grasslands in West Central
Minnesota: A production scale pilot study.”
University of Minnesota, Morris. (December 2007)

Sorensen, Lance. “Minnesota Woody Biomass Facility Survey.” Minnesota
Department of Natural Resources Division of Forestry, Forest Products Utili-
zation and Marketing Program (October 2008)

Sorensen, Lance. “Minnesota Woody Biomass Facility Directory.” Minnesota

page 41



page 42

Department of Natural Resources Division of Forestry, Forest Products Utili-
zation and Marketing Program (October 2008)

Berguson, Bill. “Energy Crops Research Needs Statement.” Minnesota Natu-
ral Resources Research Institute (2009)

Perlack, Robert D., Wright, Lynn L., Turhollow, Anthony F., Graham, Robin
L., Stokes, Bryce J., Erbach, Donald C., “Biomass as Feedstock for A Bioen-
ergy and Bioproducts Industry: The Technical Feasibility of A Billion-Ton An-
nual Supply.” U.S. DOE, Ofhice of Energy Efficiency and Renewable Energy.
(April 2005)

“An Assessment of Biomass Feedstock and Conversion Research Opportuni-
ties.” Global Climate & Energy Project (2005)

“AURI Fuels Initiative: Agriculture Renewable Solid Fuels Data.” Agricultural
Uetilization Research Institute (2005)

“Increasing Feedstock Production for Biofuels Economic Drivers, Environ-
mental Implications, and the Role of Research,” U.S. Biomass Research and
Development Initiative, (2008)

Wilts, A.R., Reicosky, D.C., Allmaras, R.R., Clapp, C.E.. “Long-Term Corn
Residue Effects Harvest Alternatives, Soil Carbon Turnover, and Root-De-
rived Carbon.” Soil Science Society of America Journal (2004)

Hoskinson, Reed L., Karlen, Douglas L., Birrel, Stuart J., Radtke, Corey W.,
Wilhelm, WY.. “Engineering, Nutrient Removal, and Feedstock Conversion
Evaluations.” U.S.D.A. & Idaho National Laboratory, ScienceDirect Biomass
and Bioenergy 31 126-136 (2007)

Wilhelm WW, Johnson JMF, Karlen DL, Lightle DT. “Corn Stover to Sus-
tain Soil Organic Carbon Further Constrains Biomass Supply.” Agron ] 99:
1665-1667. (2007)

Graham RL, Nelson R, Sheehan J, Perlack RD, Wright LL. “Current and
potential US corn stover supplies.” Agron ] 99: 1-11. (2007)

Walsh, Marie E; de la Torre Ugarte, Daniel G; Shapouri, Hosein; Slinsky,
Stephen P. “The Economic Impacts of Bioenergy Crop Production on U.S.
Agriculture.” U.S. Biomass Research and Development Initiative (2008)

Walsh, Marie E; de la Torre Ugarte, Daniel G; Shapouri, Hosein; Slinsky,
Stephen P.. “Bioenergy Crop Production in the United States Potential
Quantities, Land Use Changes, and Economic Impacts.” Environmental and
Resource Economics 24: 313-333, 2003. (2003)

Algae

Sheehan, John; Dunahay, Terri; Benemann, John; Roessler. Paul. “A Look
Back at the U.S. Department of Energy’s Aquatic Species Program: Biodiesel
from Algae.” National Renewable Energy Laboratory (July 1998)

Pienkos, Philip T.. “The Potential for Biofuels from Algae.” Algae Biomass
Summit. National Renewable Energy Laboratory (November 2007)

John R. Benemann, “Historical overview and status: Algae Oil to Biofuels,”
Microalgae Biofixation Conference, U.S. DOE, EERE, National Renewable
Energy Laboratory & Air Force Office of Scientific Research, (February 2008)

Tryg J. Lundquist, “Production of Algae in Conjunction with Wastewater
Treatment,” Civil and Environmental Engineering Department California
Polytechnic State University San Luis Obispo, National Renewable Energy
laboratory-Air Force Office of Scientific Research joint workshop on algal oil
for jet fuel production. (February 2008)



Biomass Energy Conversion
Thermochemcial

Campion, J. Peacocke, J. “Thermal processing of biomass for bioenergy, biofu-

els and bioproducts.” Success and Visions for Bioenergy International Confer-
ence, Austria (2007)

Furnsinn, S. Proll, T. “The Simulation Software Ipsepro- Successful Appli-
cation for Bio-Energy System Analysis.” Success and Visions for Bioenergy
International Conference, Austria (2007)

Braccio, G. Canonaco, . Giorenza, G. Galvagno, S. “An Advanced Model for
the Prediction of tar Content in the Product Gas From Biomass Steam Gasifi-
cation.” Success and Visions for Bioenergy International Research Conference,

Austria (2007)

Braccio, G. Foscolo, P.U. Jand, N. Rapagna, S. “A Biomass Gasifier With Two
Inter-Connected Bubbling Fluidized Beds: Design and Testing.” Success and
Visions for Bioenergy International Research Conference, Austria (2007)

Chiaramonti, D. Prussi, M. Riccio, G. “Combined Heat and Power From
Biomass Based on Small Gasification Technology.” Success and Visions for
Bioenergy International Research Conference, Austria (2007)

Corma, Avelino. Huber, George W. Iborra, Sara. “Synthesis of Transporta-

tion Fuels from Biomass: Chemistry, Catalysts, and Engineering” American
Chemical Society (2006)

Ahlgren, S. Baky, A. Bernesson, S. Hansson, P.A. Nordberg, A. Noren, O,
“Self-Sufficiency of Biofuels - Costs for an Organic Farm in Sweden Using
FTD or DME.” Success and Visions for Bioenergy International Research
Conference, Austria (2007)

Furnsinn, S. Hofbauer, H. “Gasification - Quo Vadis?” Success and Visions
for Bioenergy International Research Conference, Austria (2007)

Hofbauer, H. Huttler, H. Rauch, R. “Tar Formation in A Dual Fluidized Bed
Biomass Steam Gasification Demonstration Plant: Quantification and Influ-

encing Parameters.” Success and Visions for Bioenergy International Research
Conference, Austria (2007)

Hofbauer, H. Junger, C. Kreuzeder, A. Pfeifer, C. Soukup, G. “Drying of
Biomass - Inluence of Fuel Water Content on the Dual Fluidised Bed Steam
Gasification Process.” Success and Visions for Bioenergy International Re-
search Conference, Austria (2007)

Behrendt, Frank. Neubauer, York. “Direct Analysis of Tars in Biomass Gasifi-
cation Producer Gases With Laser Mass Spectometry.” Success and Visions for
Bioenergy International Research Conference, Austria (2007)

Boukis, N. Dinjus, E. Galla, U. Muller, H, “Gasification of Corn Silage in Su-
percritical Water on the Pilot - Plant Scale.” Success and Visions for Bioenergy
International Research Conference, Austria (2007)

Goetsch, Duane A. Schmit, Steve J. Hitchingham, Jackie R. “Task 1 Deliver-
able Report Literature Surveys of Syngas Cleanup Requirements and Technol-
ogy.” Gradient Technology (August 19, 2008)

Shanks, Brent H. Stewart, Jon “Design of Catalyst Systems for Biorenew-
ables.” American Chemical Society (2005)

Ciferno, Jared P. Marano John J. “Benchmarking Biomass Gasification
Technologies for Fuels, Chemicals and Hydrogen Production.” U.S. DOE,
National Energy Technology Laboratory (2002)

page 43



page 44

“Thermochemical Roadmap Workshop.” U.S. DOE EERE. Office of the
Biomass Program (2007)

Biochemical

“Breaking the Chemical and Engineering Barriers to Lignocellulosic Biofuels:
Next Generation Hydrocarbon Biorefineries.” National Science Foundation.
(2008)

Knoll, Keith. West, Brian. Clark, Wendy. Graves, Ronald. Orban, John. Prz-
esmitzki, Steve. Theiss, Timothy.. “Effects of Intermediate Ethanol Blends on
Legacy Vehicles and Small Non-Road Engines.” National Renewable Energy
Laboratory (2009)

Weatherwax, Sharlene. “Breaking the Biological Barriers to Cellulosic Etha-
nol; A Research Roadmap,” Biomass to Biofuels Workshop, U.S. Department
of Energy Office of Science (December 2005)

Fischer, Curt R. Klein-Marcuschamer, Daniel. Stephanopoulos, Gregory.
“Selection and optimization of microbial hosts for biofuels production.” Meta-
bolic Engineering (2008)

“Biomass Program; Multiyear Technical Plan.” U.S. Department of Energy
Efficiency and Renewable Energy (2008)

Biogas

“An Analysis of Energy Production Costs from Anaerobic Digestion Systems
on U.S. Livestock Production Facilities.” United States Department of Agri-
culture (USDA) Natural Resources Conservation Service (NRCS) (2007)

“Market Opportunities for Biogas Recovery Systems.” A Guide to Identifying
Candidates for On-Farm and Centralized Systems,” EPA and USDA Ag-
STAR. EPA-430-8-06-004 (2006)

Lusk, P. “Methane Recovery from Animal Manures the Current Opportuni-
ties Casebook.” National Renewable Energy Laboratory (NREL) (1998)

Schanbacher, Floyd. “Digester Basics: Overview of Anaerobic Digestion of
Livestock and Food Processing Biomass for Energy.” Ohio Agriculture Re-
search and Development Center, Ohio State University (2007)

“Biomethane Conversion to Vehicle Fuel.” West Coast Diesel Emissions Re-
duction Collaborative (2005)

Augenstein, Don. Batmale, JP. Benemann, John. Krich, Ken. Rutledge, Brad.
Salour, Dara. “Biomethane from Dairy Waste: A Sourcebook for the Pro-
duction and Use of Renewable Natural Gas in California.” Western United
Dairymen ( July 2005)

Sokolsky, Steven. “Biomethane Resource Potential.” State of California, CAL-
START (2009)

Pyrolysis oil

Branca, Carmen. DiBlasi, Colomba. Giudicianni, Paola. “Characterization of
Liquids Generated from Low-Temperature Pyrolysis of Wood.” Industrial and
Engineering Chemical Research (2003)

Gayubo, Ann G.. “Undesired components in the transformation of biomass
pyrolysis oil into hydrocarbons on an HZSM-5 zeolite catalyst.” Journal of
Chemical Technology and Biotechnology (2005)

Elliot, Douglas C. “Historical Developments in Hydroprocessing Bio-oils.”
Energy and Fuels (2007)

Mohan, Dinesh. Pittman, Charles U. Steele, Philp H. “Pyrolysis of Wood/
Biomass for Bio-oil: A Critical Review.” Energy and Fuels (2006)



Brown, Robert C. Holmgren, Jennifer. “Fast Pyrolysis and Bio-Oil Upgrad-
ing.” Iowa State University, (2007)

Brammer, Dr John G. Rogers, John G. “Transport and Logistic Consider-
ations for Distributed Pyrolysis Plant Network Design.” Success and Visions
for Bioenergy (2007)

Klaubert, Hannes. Markgraf, Jens. Meier, Dietrich. Scholl, Stefan. “Practical
Results From Pytec’s Biomass-To-Oil (BTO) Process With Ablative Pyrolyser
and Diesel CHP Plant.” Success and Visions for Bioenergy (2007)

Brown, Robert C. “Py Products.” Department of Mechanical Engineering
Iowa State University, (2007)

Torrefaction
Janssen, Frans J.J.G. Prasinski, Krzysztof J. Prins, Mark J. “More Efficient
Biomass Gasification via Torrefaction.” Department of Chemical Engineering
and Chemistry, Eindhoven University of Technology, Netherlands (2005)

Prins, Mark ]. “Thermodynamic Analysis of Biomass Gasification and Tor-
refaction.” Department of Chemical Engineering and Chemistry, Eindhoven
University of Technology, Netherlands (2005)

Bergman, Patrick, C.A. Kiel, Jacob H.A. “Torrefaction for biomass upgrad-
ing.” 14th European Biomass Conference & Exhibition, Energy research
Centre of the Netherlands (ECN -RX--05-180; (2005)

Wind Power
Griffin, D. Lynette R. “Investigation of Vortex Generators for Augmentation of
Wind Turbine Power Performance” National Renewable Energy Laboratory (1996)

Berry, D. Lockhard, D. “Blade Manufacturing Improvements: Remote Blade
Manufacturing Demonstration.” Sandia National Laboratories. SAND2003-
0719 (2003)

D. Berry and S. Lockard “Cost Study for Large Wind Turbine Blades:
WindPACT Blade System Design Studies.” Sandia, National Laboratories.
SAND2003-1428 (2003)

Gyatt, G. “Development and Testing of Vortex Generators for Small Horizon-
tal Axis Wind Turbines” AeirVironment, Inc., National Aeronautics and Space
Administration & U.S. Department of Energy, DOE/NASA/0367-1 (1986)

Achilles, S. Poeller, M. “Direct Drive Synchronous Machine Models for Sta-
bility Assessment of Wind Farms” DigSILENT GmbH, Germany, (2003)

Ameli, M. “Feasibility Study for Replacing Asynchronous Generators with
Synchronous Generators in Wind Farm Power Stations” IAJC-IJME Interna-
tional Conference (2008)

“Small Wind Turbine Performance and Safety Standard” British Wind En-
ergy Association (BWEA) (2009)

Corbus, D. Prasher, D. “Analysis and Comparison of Test Results from the
Small Wind Research Turbine Test Project.” National Renewable Energy
Laboratory, NREL/CP-500-36891 (2005)

Gotschall, Harold. Mears, L.D. “Energy Storage for Grid Connected Wind
Generation Applications.” Electric Power Research Institute (EPRI) & U.S.
Department of Energy Sandia National Laboratories (2008)

J. G. Slootweg, W. L. Kling. “The impact of large scale wind power genera-
tion on power system oscillations” Electrical Power Systems Laboratory, Delft

University of Technology, Netherlands, (2003)

page 45



page 46

“20% Wind Energy by 2030 Increasing Wind Energy’s Contribution to U.S.
Electricity Supply.” U.S. Department of Energy: Energy Efficiency and Re-
newable Energy (2008)

Kumar, Rajeev. Subaschandar, N. Sundaram, S. “Drag Reduction Due to
Riblets on a GAW(2) Airfoil .” Journal of Aircraft (1999)

Rudrakumar, S. Sundaram, S. Viswanath, P.R. “Viscous drag reduction using
riblets on NACA 0012 airfoil to moderate incidence.” National Aerospace
Laboratories, AIAA journal, ISSN 0001-1452 (1996)

Viswanath, P.R. “Aircraft viscous drag reduction using riblets .” Experimental
Aerodynamics Division, National Aerospace Laboratories (2002)

Somers, D.M. Tangler, ].L. “NREL Airfoil Families for HAWTs.” National
Renewable Energy Laboratory (NREL) (1995)

Kocurek, David J. Tangler, J. “Wind Turbine Post-Stall Airfoil Performance
Characteristics Guidelines for Blade-Element Momentum Methods.” National
Renewable Energy Laboratory (NREL) (2005)

Solar Energy

Mancini, T.R,, et. al, “Dish-Stirling Systems: An Overview of Devel-
opment and Status” . Sol. Energy Eng., Volume 125, Issue 2, p. 135
DOI:10.1115/1.1562634, (2003)

Kutscher, C. “Tackling Climate Change in the U.S.” American Solar Energy
Society, Boulder, CO. (2006)

“Clean and Diversified Energy Initiative Solar Task” Western Governors” As-
sociation, Solar Task Force Report. (2006)

“Renewables Global Status Report.” Renewable Energy Policy Network for
the 21st Century (2006)

Davidson, J. H., “Low-Temperature Solar Thermal Systems: An Untapped
Energy Resource in the United States” American Society of Mechanical Engi-

neers Vol 127 Numb 3 pages 305-306 (2005)

Denholm, P. “The Technical Potential of Solar Water Heating to Reduce
Fossil Fuel Use and Greenhouse Gas Emissions in the United States” Techni-
cal Report National Renewable Energy Laboratory, NREL/TP-640-41157 (
March 2007)

Energy Storage

Bullis, Kevin. “3M’s Higher Capacity Lithium Ion Batteries” Massachusetts
Institute of Technology Review (2006)

“The Vanadium Redox Battery” The University of New South Wales (2002)

Hassenzahl, William. Schoenung, Susan M.. “Long vs. ShortTerm Energy
Storage Sensitivity Analysis.” Sandia National Laboratories (2007)

Corey, Garth P. Eyer, James M. Iannucci, Joseph J.. “Energy Storage Benefits
and Market Analysis Handbook.” Sandia National Laboratories (2004)

“Alternative Power and Energy Storage State of the Market Q2 2008: Making
Sense of the Next Big Thing.” Lux Research, Inc., (May 2008)

Eyer, Jim. Schoenung, Susan. “Update on Benefit and Cost Comparison of
Modular Energy Storage Technologies for Four Viable Value Propositions.”
Sandia National Laboratories (2007)



“Applications of Electricity Storage.” Electricity Storage Association (ESA) (2008)

Beliakov, Alexey. “Asymmetric Type Electrochemical Capacitors.” The Elec-
trochemical Society (2004)

Barker, P.P. “Ultracapacitors for Use In Power Quality and Distributed
Resource Applications.” Power Engineering Society, IEEE, Volume 1, Issue ,
25-25 Page(s):316 — 320, July 2002.

Patel-Predd, Prachi. “A Battery-Capacitor Hybrid--for Hybrids: Engineers give
lead-acid batteries a makeover by crossing them with ultracapacitors.” Institute

of Electrical and Electronics Engineers, Inc. (IEEE) (2008)

Nichols, Sue. “Scientists explore putting electric cars on a two-way power
street.” University of Michigan, (February 2008)

Hund, Tom. “Testing and Evaluation of Energy Storage Devices.” Sandia
National Laboratories (2008)

Bents, David ]. Scullin, Vincent J. “Hydrogen-Oxygen PEM Regenerative
Fuel Cell.” National Aeronautics Space Administration (2005)

“Technologies: Pumped Hydro Storage.” Electricity Storage Association,
(2009)

Robert B. Schainker, Michael Nakhamkin, Pramod Kulkarni, Tom Key.
“Utility Scale Compressed Air Energy Storage (CAES) Technology: Per-
formance and Benefits,” Energy Storage and Power Corporation & Electric
Power Research Institute, Inc. (EPRI), (September 2007)

Chandler, Hugo. “Empowering Variable Renewable: Options for Flexible
Electrical Systems.” International Energy Agency (2008)

Luisa Badaracco, “U of M teams up with Xcel Energy - and the National
Renewable Energy Laboratory, the Great Plains Institute, Minwind Energy,
LLC and NGK Insulators, Ltd. - in groundbreaking wind-to-battery project.t”
University of Minnesota News Service (2/29/2008).

Hydropower
“Assessment of Waterpower Potential and Development needs” Electric Power
Research Institute - EPRI, Palo Alto, CA (2007)

Gulliver, J. Murdock, R. “Hydropower Feasibility and Uncertainty at Exist-
ing Minnesota Dams” University of Minnesota St. Anthony Falls Hydraulic
Laboratory, Project Report No. 319. I (1991)

Dotan, A. Gulliver, J. “Hydropower Potential at Existing Dams in the State of
Minnesota” University of Minnesota St. Anthony Falls Hydraulic Laboratory,
Project Report No. 223 (1983)

“Memorandum of Understanding for Hydrokinetic Energy Projects,” Federal
Energy Regulatory Commission (FERC), (June 2009)

“Hydropower, Lock and Dam 2, Hastings, Minnesota; FERC license permit-
ted the construction of two barge-mounted hydrokinetic generating units,”
U.S. Army of Corps Engineers, St. Paul District, (December 2008)

Bahleda, Michael. Bedard, Roger. Ciocci, Linda Church. Hall, Doug. John-
son, Michele. Key, Tom. Klure, Justin. McGinnis, Dennis. Smith, Ronald.
Taylor, Trey. “Clean and Diversified Energy Initative: Water Energy White
Paper” Western Governors’ Association (2006)

page 47



page 48

Renewable Hydrogen

Lomax, Franklin D. Dillich, Sara. Sims, Jill. “Low-Cost Hydrogen Distrib-
uted Production System Development” DOE Hydrogen Program (2008)

“Hydrogen, Fuel Cells and Infrastructure Technologies Program” U.S. DOE
Energy Efficiency and Renewable Energy (2008)

“Photoelectrochemical Water Splitting” DOE Hydrogen Program (2008)

“Hydrogen Program Annual Progress Report” U.S. DOE Hydrogen Program
(2008)

“Annual Merit Review and Peer Evaluation” U.S. DOE Hydrogen Program
(2008)

“Wind Energy Research & Demonstration” University of Minnesota, West
Central Research and Outreach Center (2005)

Coal

“Clean Coal Technology Roadmap” U.S. Department of Energy (2004)

“Advanced Coal Conversion Process Demonstration” Western SynCoal, U.S.
DOE National Energy Technology Laboratory (2004)

Alfredson, P. Lockhart, N. “Ultra Clean Coal Developments in Australia” Fist
Asia-Pacific Partnership Joint Technical Meeting on Coal (2008)

Bowling, K. Waugh, A. “Demineralization — A New Approach to Old Prob-
lems in the Utilization of Solid Fuel” Proc. Aust. Inst. Energy Nat. Conf.
Melbourne (1985)

Clark, K. Waugh, A. Langley, ]. “Applications, Economics and Environmental
Issues of Ultra Clean Coal” Seventh Asia-Pacific Partnership Joint Technical
Meeting on Coal (1997)

Lockhart, N. Roberts, O. “Preparation and Use of Low Ash Coal” Second
Asia-Pacific Partnership Joint Technical Meeting on Coal (1992)

Kim, Ann G. “Leaching Methods Applied to the Characterization of Coal
Utilization By-Products” National Energy Technology Laboratory, U.S. De-
partment of Energy. (2005)

“Net Summer Capacity of Plants Cofiring Biomass and Coal” U.S. Depart-
ment of Energy, Energy Information Administration (2007)

Mayes, Fred. Guey-Lee, Louise. Joyce, Mary. Radich, Anthony. Gielecki,
Mark. Wong, Peter. Henry, Susan. “Renewable Energy Annual 2007” U.S.
Department of Energy, Energy Information Administration (2007)

Thorleifson, Harvey L. “Potential Capacity for Geologic Carbon Sequestration
in the Midcontinent Rift System in Minnesota” University of Minnesota &
Minnesota Geological Survey (2008)



Geothermal Power
Hauck, Gosnold & Fosnacht. “Geothermal Potential of Minnesota,” Natural
Resources Research Institute & Minnesota Department of Natural Resources
Lands & Minerals Division.

Alyssa Kagel, “State of Geothermal Energy: Surface Technology, Part I1.”
Geothermal Energy Association (January 2008)

Gosnold et a, “A new look at Geothermal Energy as an Energy Choice for the
Future,” University of North Dakota, (June 2007)

Hance, C. “Factors Affecting Costs of Geothermal Power Development”.
Geothermal Energy Association. (2005)

Muller, U., Wurtele, M. “Geothermal Potential for Energy Supply”. Interna-
tional Geothermics Conference (2003)

Sanner and Andersson, “Drilling methods for shallow geothermal instal-
lations”. International Field School on Direct Application of Geothermal
Energy.

Tester, et al., “The Future of Geothermal Energy” Massachucetts Institute of
Technology (2007)

Green, B. D. and Nix, R. G. “Geothermal- The Energy under our feet” U.S.
DOE National Renewable Energy Laboratory, NREL/TP-840-40665 (2006)

Nuclear’
Ansolabehere, Stephen. Deutch, John. Driscoll, Emeritus Michael. Gray, Paul
E. Hodren, John P. Joskow, Paul L. Lester, Richard K. Moniz, Ernest J. “The
Future of Nuclear Power” Massachucetts Institute of Technology (2003)

7 Due to the state’s relatively low level of research expertise and ability to influence developments in
the nuclear energy industry as compared to the other high-level categories, specific recommendations
Jfor state supported nuclear-related research projects were not recommended.

page 49



