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EXECUTIVE SUMMARY

The Mid-Columbia region in southeastern Washington State has the potential to become a
national leader in renewable energy production. At the same time, the region’s existing
infrastructure can demonstrate industry best practices in sustainability. The regional energy
sector has long enjoyed abundant resources, and continues to do so today with kilowatt-hour
prices among the lowest in the nation. Several interrelated drivers propel the analysis of
commercial development feasibility for clean energy resources: the U.S. Department of Energy
(DOE) Asset Revitalization Initiative intended to help economic development in regions near
DOE sites; an increase of approximately 100 megawatts in near-term demand for electricity in
the Pacific Northwest; growing market demand for low-carbon footprint fuels; and the
Mid-Columbia Energy Initiative. There is a growing sense that is found among local
government and private sectors that the Mid-Columbia community should marshal its forces and
contribute to developing a framework for local clean energy power and fuels production, which
takes advantage of locally available resources to help drive forward developing a clean energy
industry in the region and the nation.

This assessment focuses on relevant forms of clean energy available in the region, local needs
and resources, and other pertinent economic and business related considerations. An overall
analysis of clean energy sources is included that compares solar, biomass/biofuels, wind,
geothermal, and municipal waste reuse processes and integration of clean energy resources with
other power sources such as natural gas where available. The study provides a system-
engineered body of knowledge to help future decision making about potential development of
commercially viable low-greenhouse-gas-producing energy generation capabilities that will meet
the needs of federal agencies such as the DOE, U.S. Department of Defense (DOD), and the
Bonneville Power Administration, as well as local communities.

This study includes results from previous studies as a basis and considers related aspects of
supply chain engineering. The results are as follows:

e Economic and technical analysis of available clean energy supply chains

e An effective approach that addresses alternatives to biological or waste resources, preferred
crops, transport and processing, integration of renewable resources with other potential
energy sources such as natural gas, and potentially profitable commercial development
business cases

e The potential for coordinating wind resources with existing operations to more efficiently
integrate wind power onto the existing grid system.

The primary purpose of this document is to perform an engineering evaluation of relevant forms
of clean energy available in the Mid-Columbia region. This report is intended to be used as a
feasibility study to evaluate the practicality of potential commercial clean energy technologies,
as well as a marketing tool for economic development. Although a top-level cost analysis of
several clean energy value propositions is discussed. study results are based on current energy
prices from the U.S. Energy Information Agency (http:/www.eia.gov) as of October 2011.
Wholesale forecasted benchmark energy prices were not used since investments in future
projects are heavily dependent on the expected timeline of proposed projects. Therefore, it is
expected that investors and other business entities would perform their own requisite due
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diligence with respect to further cost analysis investment endeavors, projected on timelines
specific to their proposals.

It must be stressed at the outset that the underlying premise of this analysis is that clean energy
technologies are only practical when they reach cost parity with conventional offerings. The
findings of this analysis are such that certain select clean energy technologies appear to be cost
competitive in the Mid-Columbia region with reasonable returns on investment, in particular
with the planned and well-executed integration of local clean energy resources with conventional
energy sources.

The goal of this feasibility assessment is to provide near- and long-term planning, taking into
account the uncertainties of economic and technical challenges and the opportunities for
significant clean energy deployment are illuminated and balanced. The report highlights these
opportunities and risks.

FINDINGS

This study has shown the presence of available resources in the Mid-Columbia region to meet
clean energy needs and requirements of federal agencies, and to support future development of a
viable commercial clean energy industrial base. This report also highlights several business
development conditions that would help support creation of that industrial base. Finally, it has
revealed several separate but mutually supporting “value propositions™ (further defined below) to
be considered by civic authorities, potential developers, and investors. These value propositions
are not recommended courses of action; rather, the value propositions present a set of “existence
proofs™ to show possible paths forward for decision making, planning, and to support due
diligence processes required for future development. Figure ES-1 presents the technical scope of
clean energy pathways evaluated in this feasibility study.

RESOURCES

Biomass: A review of biomass resources in the Mid-Columbia region shows a strong base of
agricultural waste biomass available for exploitation. There is sufficient biomass to support a
demonstration-scale power plant or a biomass-to-liquid fuels plant of 75 megawatts or 22 million
gallons, respectively. With further development of regional transportation around centralized
facilities, there is sufficient biomass in the region to support large-scale production. This
resource, principally in the form of wheat straw, can be obtained as a waste byproduct of food
production. Biomass-based energy production would have no impact on food supply or land use
and little on water resources, and could have a positive effect on the agricultural economy of the
region. Other biomass resources include waste from alfalfa seed production, corn harvesting,
and winery wastes; however, the large amounts of wheat straw available in the region are the
focus of the feasibility study. Two other sources, woody biomass and municipal solid waste,
were considered and show much promise; however, most of those resources are generated on the
western side of the state and thus would be somewhat costly for transporting it to the local region
for processing. Technologies needed to produce power or fuel from waste biomass exist and
appear to provide a path for development that will work functionally and economically.
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Solar and Geothermal: These clean energy sources show promise for meeting the region’s
clean energy needs; however, both sources have issues that may make them less attractive than
biomass. Solar is adversely affected by a less-than-ideal regional solar index (notably during
winter months), even with the low current cost of photovoltaic cells.

Geothermal heat is a very promising resource in broad areas of the Pacific Northwest, but
high-temperature rock in the local region is only found at very great depths, so the economics of
geothermal power are not outstanding. Other uses for geothermal energy, principally from
shallow resources, could be very useful for improving efficiency of heating and air-conditioning
systems.

Natural Gas: Although natural gas is technically a fossil fuel, it has low carbon content and its
low cost makes it an important energy source in the Mid-Columbia region. The potential for
using available natural gas as an “enabler” to encourage additional clean energy development is a
critical concept. Natural gas could be used for bio-sourced gas infrastructure development in
electricity generation or liquid fuels production. For example, a natural gas powered electricity
peaking plant could be a practical investment for a commercial developer, making power to
balance wind generation for integration onto the grid, meeting short-term needs of grid
managers, and supplying power for extended periods during low river-flow and wind conditions.
If specified correctly, and with appropriate off-taker agreements in place, that same power plant
could operate on gas produced from biomass with appropriate infrastructure in place. Similarly,
a natural gas-to-liquid plant using existing technology could be an off-taker for gas from a
biomass processing plant as well.

Water Use and Water Rights: Essentially all industrial processes, including electricity
generation, fuel production, and biomass processing use significant amounts of water. Water
rights are a major issue in North America, and southeastern Washington State is no exception.
The Federal Government has reserved water rights for defense purposes in the area; however,
those rights may not be available for clean energy development. For environmental and capacity
reasons, groundwater (i.e., water pumped from wells) is not likely to provide a significant
resource. Use of water from the Columbia River is tightly controlled; however, the communities
in the Mid-Columbia region have secured long-term rights for local economic development.
Water resources for development have to be identified early and local authorities should be
prepared to render assistance to developers to facilitate development of business arrangements
leading to major investment. Pre-existing arrangements to meet green energy development water
needs would be a significant asset for the community in a search for potential developers.

Community Support: The Tri-Cities area (Richland, Pasco and Kennewick) is centrally located
in the Mid-Columbia region and has a long history of being at the forefront of energy
development and technology. The area has a diverse power portfolio that includes hydro, wind,
solar, nuclear, and coal energies. Forty percent of Washington State’s power is produced within
a 100-mile radius of the Tri-Cities, including hydroelectric, nuclear (from the Columbia
Generating Station), and wind power.

The region has an established community of industry and a strong government presence with a
history of working together for common goals. The record of cooperation between the Tri-Cities
is embodied by the Tri-City Development Council (TRIDEC), which was created to coordinate
and assist economic development of the local area. TRIDEC established the Mid-Columbia
Energy Initiative (MCEI) capitalizing on local resources and expertise in energy to enable
development of a significant energy industry for the region and to recruit and retain
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gas-to-liquid

Horizontal Axis Wind Turbines
heat recovery steam generator

heating, ventilation, and air conditioning

internal combustion
Investment Tax Credit

kilowatt
kilowatt hour

Levelized Cost of Energy

metal air ionic liquid
Mid-Columbia Energy Initiative
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Mgal
MIT
MSA
MSW
MW
MWh

NaS
NASS
NO,
NRC
NREL
NWHA
NZE}

OD
O0&M

PEM
PHES
PNNL
PPA
PSB
PV

R&D
REC

SOC

TES
TRIDEC

UGA
VRB

WSU
WTE

ZnBr
ZnCl

million gallons

Massachusetts Institute of Technology
Mission Support Alliance, LLC
municipal solid waste

megawatt

megawatt hour

Sodium Sulfur

National Agricultural Statistics Service
nitrogen oxide

U.S. Nuclear Regulatory Commission
National Renewable Energy Laboratory
Northwest Hydrogen Alliance, Inc.

Net Zero Energy Initiative

Oven Dry
operations and maintenance

polymer electrolyte membrane
pumped hydro energy storage

Pacific Northwest National Laboratory
power purchase agreement

PolySulfide Bromide

photovoltaic

research and development
renewable energy credits

state of charge

thermal energy storage
Tri-City Development Council

urban growth area
Vanadium Redox

Washington State University
Waste-to-Energy

Zinc Bromide
Zinc Chloride
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1.0 BACKGROUND

This feasibility assessment focuses on clean energy that is available in the Mid-Columbia region,
local needs and resources, and other pertinent economic and business related considerations. An
overall analysis of clean power sources is described that compares solar, biomass/biofuels, wind,
geothermal, and municipal solid waste (MSW) reuse processes. This assessment also considers
integrating clean energy resources with other potential power sources such as natural gas and
hydroelectricity.

This assessment provides a system-engineered body of knowledge to help inform decision
makers on development of commercially viable, low-greenhouse-gas (GHG) producing energy
generation capabilities to meet the future needs of the local region including federal agencies
such as the DOE, U.S. Department of Defense (DOD), and Bonneville Power Administration
(BPA), as well as commercial markets. The study also uses results from previous studies as a
basis, and considers all aspects of supply chain engineering. Study results include:

e Economic and technical analysis of available clean energy supply chains

¢ An optimized approach that addresses alternatives to biological or waste resources, preferred
crops, transport and processing, integration of renewable resources with other potential
energy sources such as natural gas, and viable commercial development business cases

e The potential for coordinating operations with wind resources to more efficiently integrate
wind power onto the existing grid system.

1.1 METHODOLOGY

This study was conducted by the Mission Support Alliance, LLC (MSA) with support from
subject matter experts from Lockheed Martin, Jacobs Engineering, Washington State University
(WSU) - Tri-Cities, and Fox-Potomac Resources. The content of the report and its conclusions
are based on economic and technical analysis from these subject matter experts. Due to the time
constraints of the report, top-down analysis and estimating was used for some areas of scope,
schedule and costs. Given the abbreviated study period and future energy costs, the top-down
approach encompasses a degree of uncertainty; however, development of the technological
feasibility assessments and costs were based on the aggregation of logical, discrete units of work,
mitigating this uncertainty to a large degree.

An Integrated Project Team was formed to assess the discrete technologies of solar, wind,
geothermal, small modular reactors, natural gas, biomass, conservation/efficiency, and grid-scale
storage. Lockheed Martin addressed project integration, energy storage, utility-scale clean
energy, wind, and solar technologies. MSA and Jacobs Engineering team members assessed the
viability of small modular reactors and technologies for conservation/energy efficiency.

Jacobs Engineering evaluated energy plant engineering; co-generation; engineering, procurement
and construction; and biomass technologies. WSU supported the biomass analysis content of the

rannrt
LPUIt.

The feasibility assessment was driven by technical data collection and analysis; interviews and
discussions with state, county, and federal resources; and surveys of technologies and markets.
Significant input was derived from local community, civic, and economic development
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organizations regarding site and regional attributes and assets; however, the content of this report
remains the responsibility of the authors.

1.2 NEEDED POWER ATTRIBUTES

The Northwest Power and Conservation Council states in the Sixth Northwest Conservation and
Electric Power Plan that between 2009 and 2030, the load is expected to increase by an average
of 335 average megawatts (MW), or 1.4 percent/year for the Pacific Northwest. BPA noted that
the Mid-Columbia region will need an additional 150 MW of power by the year 2020. This
increase is one of the critical drivers for this feasibility study.

1.2.1 Dispatchability and Integration

Power plants with low variable-production costs operate primarily to produce electrical energy as
base load power. Little can be saved by limiting their operation, so they are dispatched to the
grid to the extent that they are available for operation. Because non-fuel variable costs are a
minor element of production costs, base load units tend to be those with low (or no) fuel costs
such as coal, hydropower, geothermal, biogas, wind, solar, and nuclear plants. Natural gas
combined-cycle plants are very efficient, so they typically operate as intermediate load units
producing energy at times of higher demand and prices, but are curtailed during periods of
low-energy prices. Cogeneration plants, though often using expensive fuel (natural gas or
residue biomass), are efficient and normally have a steady thermal load, so they can operate as
base load plants.

A challenge to increasing variable-output clean energy resources like wind, solar, wave, and tidal
current generation is shaping the variable of these resources to meet the power quality standards
and load of the power system. Power available on demand, referred to as dispatchable power, is
needed for this function. One approach is to use dispatchable firm generation like hydropower,
which is currently used to integrate wind power in the Pacific Northwest. An alternative is
energy storage technology. Energy storage technologies decouple the production and
consumption of electricity and can provide regulation, sub-hourly load-following, hour-to-hour
storage and shaping, firm capacity, and other ancillary services. Storage projects within a
renewable resource zone can be used to flatten the output of variable-output generation, thereby
increasing transmission load factors and improving the economics of long-distance transmission.

Reliable operation of a power system requires minute-to-minute matching of electricity
generation to varying electricity demands. In the Pacific Northwest, resource planners focus
mostly on annual average energy requirements, leaving the minute-to-minute balancing problem
to system operators. Historically, this was because the hydroelectric system had sufficient
peaking capacity and flexibility to provide the needed operations as long as there was sufficient
energy capability. This is changing for several reasons: Growing regional electricity needs are
reducing the share of hydroelectricity in total demand, peak load has grown faster than annual
energy, the capacity and flexibility of the hydro system has been reduced over time for fisheries
conservation, and growing amounts of variable wind generation have added to balancing
requirements of the system.

As a result, planners must consider potential resources in terms of their energy, capacity, and
flexibility contributions. The rapid growth of wind generation (which has little capacity value

Mid-Columbia Clean Energy Feasibility Assessment
1-2




DOE/RL-2011-117, Rev. 0

and increases the need for flexibility reserves) means that meeting growing peak load and
flexibility reserves will require adding these capabilities to the power system. Changes can be
made to the operation of the power and transmission system that will reduce flexibility reserve
needs. These operational changes are expected to cost less than adding peaking generation,
demand response, or flexibility storage and they can be implemented more quickly.

Continued development of wind power to meet regional clean energy portfolio standards, as well
as for export, will continue to increase the demand for flexibility reserves. Flexibility reserves
(also called balancing reserves, rapid-response reserves, or regulation and load-following
capability) provide the ability to balance generation and load on a sub-hourly basis; balancing
within intervals of seconds to minutes is referred to as regulation, and balancing within the hour
is referred to as load following.

As identified by the Northwest Power and Conservation Council in the Sixth Northwest
Conservation and Electric Power Plan, there is a growing need for flexibility of the existing grid
system. Their recommendations include modifying existing operating procedures and business
practices to allow the maximum and most efficient use of the region’s existing flexibility for
those balancing authorities with large amounts of wind generation. Secondly, the new
dispatchable generation capacity required to meet the peak-hour capacity needs of the system
should be capable of adjusting up or down to deal with changes in wind output and allow the
region’s balancing authorities to maintain their area control error' measures within acceptable
bounds.

The Northwest Power and Conservation Council address the need for wind and grid integration
in the Sixth Northwest Conservation and Electric Power Plan. The primary need includes
integrating wind power in the spring months during conditions of high-water spillage through the
hydroelectric system coupled with high-spring winds resulting in excess generation capability.
Past spring conditions required the BPA wind generators to turn off generation of power.

The Northwest Power and Conservation Council notes that wind integration and within-hour
reserves need to be addressed through improvements in the operating system and procedures,
changes in wind forecasting, reserve sharing among control areas, scheduling the system on a
shorter time scale, and advancing dynamic scheduling to contribute to more efficient use of
existing system flexibility.

'Area control error - A measure of the instantaneous difference in scheduled and actual system frequency and a
balancing authority’s scheduled and actual interchanges with other balancing areas.
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2.0 REGIONAL ASSETS AND ATTRIBUTES

2.1 SUPPORTIVE HOST COMMUNITY AND RESOURCES

The Tri-Cities area has a long history of being at the forefront of energy development and
technology. The area has a diverse power portfolio that includes hydro, wind, solar, nuclear, and
coal energies. Forty percent of Washington State’s power is produced within a 100-mile radius
of the Tri-Cities. Nuclear fuel locally manufactured by AREVA Inc. Richland, supplies

5 percent of the electricity consumed in the Unities States.

The Tri-Cities community has developed supportive resources that are important to asset
revitalization initiatives that include the following:

e Long established affiliations with local university and community colleges for technical,
scientific, and information technology training; with extensive local utility and workforce
training facilities.

o Targeted business development efforts on large federal programs to significantly diversify
the area’s funding base and build infrastructure.

e Regional higher education includes WSU Tri-Cities and Columbia Basin College.

The region has supportive host communities that are familiar with the region’s capabilities and
technologies. The Tri-Cities established a community of industry and government entities that
are working together and can be easily deployed to realize the vision of the Mid-Columbia
Energy Initiative (MCEI) led by the Tri-City Development Council (TRIDEC). Visions and
goals are as follows:

e Vision to become the suppler-of-choice for everything connected to Smart Energy (energy
storage, integration of clean energy sources, energy transmission).

e Establish Mid-Columbia region as a “Center of Excellence” for research and development
(R&D), demonstration and deployment of new energy technologies, and a center for
component manufacturing

e Use local and regional energy resources to provide solutions to national energy challenges.

e Leverage R&D and commercialization expertise from Pacific Northwest National Laboratory
(PNNL), WSU, Tri-Cities Research District, business entrepreneurs, and local energy
companies to implement new energy technologies.

e Establish training and education programs through Columbia Basin College, WSU Tri-Cities
and affiliates, and local labor to support national needs for utility and workforce training in
clean/sustainable energy technologies.

e Support commercialization, technology transfer, and manufacturing of equipment designed
for use in sustainable/carbon neutral energy production.

e Educate policy makers on local and national energy issues.

e Recruit like-minded leaders and organizations to make the Mid-Columbia a “hub™ for energy
in the Pacific Northwest.
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e Be aleader in testing, installation, and operation of new Smart Energy technologies
developed by PNNL and others, and in providing a test bed for the integration and
distribution of energy from wind, solar, biomass, and other clean energies.

e Showcase recycling and conservation initiatives for commercial and residential energy
consumption.

e Pursue local, state, and federal partnerships and funding support.

e Institute an adequately funded and organized program to market available land and buildings
to attract new businesses to create new jobs and a tax base.

e Create a physical and intellectual environment so companies and workers can interrelate,
technology transfer and product commercialization can develop, educational and training
opportunities are available for professional and support workers, establish and support
vertical and horizontal industry clusters, and serve as a focal point for technology-related
community outreach activities.

e Work with state and federal offices to identify and create state tax incentives and federal
funding support to encourage new sustainable energy/carbon neutral manufacturers in the
region.

In addition, the Tri-Cities Research District is a center of technology invention and advancement
in the Pacific Northwest. Designated by Washington’s Governor as an Innovation Partnership
Zone, the Tri-Cities Research District is recognized as a driving force fueling the region’s
economic growth. More than 7,000 workers are employed in the Tri-Cities Research District.

It is home to PNNL, a national center for energy and environmental research. WSU Tri-Cities is
located in the Research District providing new technologies and highly educated technical
workforce, working in conjunction with PNNL. The Port of Benton and many of the world’s
largest engineering and construction firms, and more than 80 innovative and globally-
competitive private businesses are located here to be near customers, with the intent to leverage
each other’s capabilities.

The Tri-Cities Research District features several unique facilities. The Applied Process
Engineering Laboratory is a 90,000 square-foot-high technology business incubator. WSU’s
new Bioproducts, Sciences, and Engineering Laboratory is a collaborator with PNNL and is
devoted to the scientific R&D and process engineering for bio-based product manufacturing,
particularly of high-value byproducts from bio-based energy production processes.

The Mid-Columbia region plays an extensive role in providing energy needs across the Pacific
Northwest:

e Forty percent of the state’s total energy production and 100 percent of the wind energy is
generated within 100 miles (7 hydropower facilities, 1 coal power facility, 7 natural gas
facilities, 6 wind power hubs, and 1 nuclear reactor).

e Extensive regional energy infrastructure, including BPA, Energy Northwest (operator of the
Columbia Generating Station nuclear power plant), railroad services, river barges, and
multiple public utilities.
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e Specialized workforce skills include nuclear and non-nuclear construction, facility
management and operations, nuclear safety, and environmental remediation of hazardous and
radioactive wastes.

e The Tri-Cities possesses a high concentration of educated and experienced, world-class
nuclear and clean energy researchers.

e Training programs are available at the Volpentest Hazardous Materials Management and
Emergency Response (HAMMER) Training and Education Center using blended-learning,
hands-on activities, lessons-learned, and cutting-edge technology.

e PNNL has world-class scientific expertise that provides practical, high-value, and
cost-effective solutions to a wide range of complex technical problems including energy.
PNNL is a recognized leader in SmartGrid technology, large-scale energy storage R&D, and
smart chargers.

e Cutting-edge regional science and technology research teamed with PNNL, WSU Tri-Cities
Bioproducts, Sciences, and Engineering Laboratory, a world-class research center to focus on
bioproducts and bioenergy.

e The Pacific Northwest SmartGrid Demonstration Project, Battelle, and DOE's National
Energy Technology Laboratory have a cooperative agreement with BPA, 11 utilities and
5 technology companies to create approximately 1,500 jobs in manufacturing, installation,
and operation of smart grid equipment, telecommunications networks, software, and controls.

2.2  WATERUSE

All industrial processes, including electricity generation, fuel production, and biomass
processing, use significant amounts of water. Attracting new industrial development requires
that adequate water resources are available. It has been estimated that approximately

5,000 gallons per minute (gpm) of water will be required; however, a limited number of
possibilities exist for that amount of water. Potential sources for a water supply include the
development of groundwater and surface water with necessary water rights, or from water
purveyors through a contract.

The Revised Code of Washington (RCW) 43.21A.064, “Powers and Duties — Water Resources,”
states that the Washington State Department of Ecology is responsible for the state water
resources and for making decisions on future water resource allocation and use. Since much of
the water in Washington already has been allocated or claimed, it is increasingly difficult to
obtain new water rights. As a result, many individuals choose to make changes to existing water
rights in order to meet new water needs, provided there are existing water rights available
through a willing seller. Locally, transfers may be processed by the Benton County Water
Conservancy Board, which maintains an information exchange regarding potential buyers and
sellers of water rights within the county.

Potential developed water supply sources might include Energy Northwest, WSU., Battelle, and
the city of Richland. Of these, only Richland is considered a water purveyor and the most
capable of providing an adequate quantity of water. Additionally, the other potential sources
would have more complicated water right issues to resolve.
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system. An absorption chiller utilizes the waste heat or process steam from either the gas turbine
or steam turbine to drive a refrigeration cycle. An absorption chiller usually contains two fluids,
typically water and lithium bromide. Waste heat or thermal energy from process steam is
applied to a high pressure vessel (typically referred to as a generator) that contains a mixture of
the water and lithium bromide. Adding heat causes the water to vaporize, resulting in a
separation of the mixture into water vapor and liquid lithium bromide.

Liquid lithium bromide passes through an expansion valve and is used later in the cycle. Water
vapor flows to a condenser where heat is removed, leaving high pressure water. Water pressure
reduction occurs by passing through an expansion valve into an evaporator, where it absorbs heat
from a separate water circuit. This heat exchange between absorption chiller water and the
external water creates chilled water for use in building cooling equipment. The absorption
chiller water once again vaporizes as part of the heat exchange. At this point the absorption
chiller vapor is re-mixed with the low pressure lithium bromide and sent to the generator, where
heat is applied and the cycle repeats itself. Note that in an absorption chiller, the waste heat or
process steam and the generator replace the function of a motor and compressor in a typical
vapor refrigeration cycle. The use of a combined cycle for power generation, heating, and
cooling is referred to as tri-generation and can be a very effective means of energy utilization.

3.1.5 Steam Turbine

CHP architecture can be customized to meet site-specific needs. In addition to choices in the
prime mover, the choice of steam turbine can impact system performance. Two types of steam
turbines exist and the choice depends on whether the primary function of the system is to
generate power or provide process heat or steam. Steam turbines can be condensing or non-
condensing. A non-condensing steam turbine means that there is no liquid condensate in the
steam as it expands through the turbine. The steam leaves the turbine as 100 percent vapor. In a
condensing turbine, the steam leaving the turbine will not be 100 percent vapor (typically

90 percent vapor, 10 percent liquid). If a system’s primary purpose is to provide process heat or
steam, a non-condensing steam turbine is the best choice because as it passes through the turbine,
whatever steam is needed for process is extracted, and the remaining steam is used to generate
power. In other words, the available steam for use in power generation is completely dependent
on how much steam is extracted for use in process applications.

No energy losses are incurred due to a post-turbine cooling and condensing process. If the
primary purpose is to generate maximum power, the system needs a means for recycling steam
after it has expanded through the turbine back to the HRSG so additional steam can be created.
Thus, the expanded steam is cooled, condensed, and pumped back to the HRSG (see Figure 3-3).
Energy losses are incurred in the condensing process; however, the system has the ability to
generate a controlled quantity of power independent of any process steam needs because a
known quantity of condensate and make-up water can be pumped back to the HRSG; therefore, a
known quantity of steam and power can be generated. With the choices in prime mover and their
scalability, many output power capacity options, steam turbine options, and the ability to satisfy
base and peak power demands, implementation of CHP architecture in the Mid-Columbia region
could support many land development options in an energy efficient fashion.
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Because many renewable sources depend on environmental conditions (biomass being an
exception), integration with a gas turbine fueled by natural gas can be a way of supplementing
power generation output when environmental conditions are unfavorable or as a means for
providing additional power in times of peak demand. The short startup times of gas turbines
make natural gas an excellent option for providing supplemental power during marginal
environmental conditions (cloudy day, no wind) or during nighttime operation when considering
solar energy. In addition to providing a means for generating power, natural gas can be used to
improve steam conditions to optimize steam turbine performance. Natural gas could be burned
to provide preheat (adding additional heat to the steam after it exits the boiler or HRSG) to the
steam prior to it entering the steam turbine inlet.

Increasing the temperature of the steam prior to turbine inlet increases the overall efficiency of
the steam (Rankine) cycle by increasing the energy output of the turbine. It also increases the
steam quality (increased vapor content of the steam), which helps alleviate turbine blade
degradation due to moisture (as opposed to vapor) impingement on the blades. Typical turbine
steam inlet conditions for turbines utilized in a combined cycle power plant are 2,000 psi and
1,000°F. If environmental conditions result in steam generation at something less than these
conditions, natural gas can be the energy source that brings the steam up to the desired pressure
and temperature. The Solar Energy Generating Stations in the Mojave Desert in California use
natural gas to compensate for environmental conditions and improve steam conditions.

Many factors that must be examined when considering integrating clean energy sources with
conventional power generation methods. Some of these factors include the availability of fuel
(solar intensity, wind conditions, availability of biomass feedstock), the pricing structure paid for
power generation, the market for renewable energy credits (REC), and the levelized cost of
electricity associated with each power generation architecture. Of these items, the levelized cost
of electricity is the only item that is driven by the architecture choice. Undoubtedly, the cost of
any clean energy option will be more than a conventional natural gas approach. Based on the
EIA study referenced above, total system levelized costs (2009 $/MWh) for various architectures
are: CSP - $311.8; PV - $210.7; Wind - $97; Biomass - $112.5, and Natural Gas Combined
Cycle - $66.1. As expected, standalone clean energy options are significantly more costly than a
conventional natural gas-fired combined cycle.

As a result of this cost difference, when a combined cycle that includes a renewable source is
under evaluation, it may be beneficial to size the conventional power generation approach to
meet primary power needs and the renewable source as a means for supplying extra power back
to the grid or for meeting peak electricity needs (e.g., additional demand generated on a hot
sunny day could be met with power generation from solar thermal or PV sources). The capital
cost is cut by sharing components such as the power block and the switchyard, decreasing the
levelized cost of energy (LCOE) for those components. An evaluation of all capital costs,
payback periods, and marketplace information that includes power purchase pricing and REC
market pricing must be completed before committing to a particular clean energy approach.

Considerable experience exists in completing detailed feasibility analyses that take the
parameters described above into consideration. As an example, Lockheed Martin evaluated a
power plant concept design that included both concentrated solar and biomass combustion
components. As a result of marginal solar density in the geographic region under consideration
and the power payment structure that was proposed by the utility, it was determined that the
majority of power generation would need to be produced with the biomass combustor. The
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3.2.1.1 Barley Straw

Barley is sometimes planted on the same land used for wheat. The barley production in the same
counties for the same year was about 8.3 percent of the wheat production and the acreage
harvested was about 8.4 percent of the wheat acreage. This data is supportive but not decisive in
deciding to build a plant.

3.2.1.2 Alfalfa Straw

The Walla Walla valley is so well adapted for alfalfa that North American alfalfa seed
production is centered there. The plants are allowed to dry out before harvest so they are not
suitable for animal feed. There is about 25,000 tons/year of alfalfa straw available at a cost of
approximately $65/ton in bales. Notice that although this is a significant amount of material, it is
less than one-eighth of the wheat straw from Walla Walla County.

Other straws are insignificant except grass seed straw and corn stover. Grass seed straw is
exported for animal bedding and feed in Asia and corn stover is fed to cattle; both resources are
ruled out by the main assumption stated above.

Weeds and brush are often removed for fire prevention. These materials are difficult to bale for
transportation and the yield per acre is very small. The supplier of these materials would
probably not be able to pay for the expense of brush removal considering the price offered for
biomass, but it would help.

3.2.1.3 Green Waste

Economically viable biomass products are discussed in the following sections. Other biomass
resources include carrot tops, potato tops, surplus, and damaged crops; however, the quantity of
these resources were found to be insignificant.

3.2.1.4 Woody Biomass

Woody biomass is not expected to be readily available in the Mid-Columbia region and therefore
is not considered to be a significant feedstock for a biomass to energy plant. Fuel can be derived
from wood gathered and preprocessed in the woods from thinning or logging slash or burnt
wood; however, there are currently insufficient amounts of wood being removed from regional
forests to economically justify a large biomass plant. Also, in the Pacific Northwest, the woods
are almost predominantly softwood.

The main landowners are the U.S. Forest Service, Washington Department of Natural Resources,
and the Indian Nations. Yakama Nation currently sells their biomass to the Boise Cascade Pulp
Mill in Wallula, Washington. If woody biomass were available, it would be more economical to
build power plants near the feedstock resource. Wood from saw mills and other processing
plants is not given consideration because it is already consumed by existing power plants.

3.2.1.5 Poplar Plantations

Poplar plantations require irrigation or a high water table. This resource could provide the wood
needed for a few megawatts (insignificant amount) of power generation at prices below straw.
Poplar plantations have been established within 50 miles of the Port of Benton for pulp wood and
ethanol. If, in the future the wood is not used for those purposes, it could become available to
another clean energy facility.
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3.2.1.6 Trees Needing No Irrigation

The MegaFlora™ tree is a mixed genetic entity with cells containing the genetics of both black
locust and Paulownia trees in its stem; the Paulownia trees grow in Richland. Black locust trees
have survived without water since 1943 in the area. Black locust produces its own nitrogen
fertilizer from root nodules and can tap deep water tables.

Extraordinary productivities reaching 33 Oven Dry (OD) tons/acre/year have been suggested for
this tree, but it has not been studied in Central Washington. Assuming normal growth, the area
needed to produce 10 MW or 3 Mgal/year of liquid fuels would only be 1.6 square miles. This is
indicated by the smallest green squares on the maps. WSU is agreeable to planting and studying
test plots of unirrigated trees on or near their Tri-Cities campus. A suitable research grant would
need to be proposed, vetted, and approved.

3.2.1.7 Fruit Prunings and Grape Pomace

These materials have not been given consideration as the basis of a biomass-to-energy plant
because they yield a relatively minor amount of energy — roughly 1 MW of equivalent power.
Prunings produce a lot of organic nitrogen that easily become nitrogen oxide (NOx) emissions in
combustion, but would be helpful as a nitrogen source in the fermentation to methane process.

3.2.1.8 Red Liquor

The two sulfite pulp mills in Washington State produce large quantities of red liquor. Red liquor
is a dissolved woody biomass from which cellulose has been extracted. Sulfite mills do not have
the foul odor of pulp mills. Each mill produces about 600 OD tons of liquor/day which is
concentrated to 50 percent solids. Their liquors can be readily fermented to ethanol or other
substances. Red liquor would make a good fertilizer for wheat land because it contains
ammonia, sulfur, and soil stabilizing lignin. The pulp mills would like to eventually abandon
their red liquor recovery boiler and find a use for the liquor. The mills value the liquor at
$100/dry ton for its heat and sulfur content. The ammonia content is destroyed in the boiler.

3.2.2 Transportation Systems
3.2.2.1 Trucking

Trucking is the current method for transporting baled straw, hay, and all other biomass in this
area. Straw is the predominant source of biomass and baling of straw is the only method of
preparation for shipment in current practice. The discussion of the biomass costs centers around
the trucking of baled straw. Other transport possibilities will be discussed later.

The following economic information was provided by wheat farmers in the Palouse area who
contract to harvest, bale, and truck straw and hay for other farmers.
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An allowance of $5/ton'* to the farmer and $10/ton for unloading and stacking the trucks should
be added to the $50.11 straw cost calculated in Table 3-1, which results in a total of 65.11/ton
straw delivered and stored. The 42 miles is an estimate of the truck distance from the straw
source to a hypothetical plant near the Port of Benton.

Straw may be purchased at the farm site or on a delivered basis. An assumption can be made
that the straw will be procured on a delivered basis. This eliminates the need for the plant owner
to manage the harvesting and transportation. It also means a bonus of $12/ton for straw suppliers
in Benton and Franklin counties. If straw is bought on the basis of delivered and stacked at the
central processing site near Port of Benton, a judgment has been made that sufficient raw
material will be available to feed a demonstration plant if the feedstock was offered at $73/ton.
This will ensure that straw from Benton and Franklin counties, in addition to closer areas in
Walla Walla and Umatilla counties will provide a sufficient amount to supply 550,000 tons/year.
At this time, the cost of natural gas on an equivalent Btu basis is $75/ton; so the economics are
favorable for the transportation and use of wheat straw over short distances.

It will take some time for the farmers and their contractors to develop the necessary logistics and
infrastructure. This would include the purchase of more trucks and balers and the employment
of more people. It is also important that natural gas be available to operate the plant in case of
any raw material shortfalls.

There are several ways to lower the cost of straw collection:

e Receive state or county permission for wider and taller loads
e Use double trailers rather than single flat trailer
e Convert the trucks to dual fuel natural gas and diesel."

3.2.2.2 Rail

The richer wheat lands of the Palouse, particularly Whitman County, are over 100 miles by road
from the Port of Benton. Figure 3-6 shows the rail infrastructure of the more distant wheat lands.
The Palouse is well served by rail."® The Port of Benton also has a well developed rail system.

Using current railroad technology to move straw over the distance from the Palouse area to the
Port of Benton would be too expensive to play a part in a workable value proposition. Using
common box cars or flat cars to carry low-density loads over relatively short (by railroad
standards) distances of 100 to 200 miles would produce costs as high or higher than long-range
trucking, making electricity or fuels produced more expensive than expected market prices.

The Tri-City and Olympia Railroad Company, which operates freight rail in the Tri-Cities area,
has investigated existing technologies that would potentially lower the cost of straw
transportation and allow biomass processing operations to take full advantage of available
resources in the region. Several potential paths are available in intermodal and light weight
railcar technology that would allow operations a greatly reduced cost per ton delivered.

'* Daniel O’Brien and Ron Madl,  at to Consider it Cellulosic - iomass ar est, 2009 Kansas Wheat District
Seminar presentation.

"* Federal Tax Credits for Vehicles, CNG Fueling Infrastructure and CNG Fuel, www.firmgreen.com, 2005.

'® Washington State Department of Transportation, (i [ as ington State _ail System, rail.wsdot.wa.gov.
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3.2.2.3 Barge

A barge dock exists at the Port of Benton in Richland. There are 28 grain elevators with barge
loading facilities from The Dalles, Oregon to Lewiston, Idaho, but the grain terminal at Almota,
Washington and the container dock at the Port of Lewiston are best suited to tapping the Latah
and Nez Perce counties in Idaho and Whitman County in Washington. The low density of straw
however, limits loads to 1,540 tons rather than the 3,000 ton weight limit of the barge. If it were
compacted at the Port of Lewiston to twice the ordinary bulk density of a bale and put into
containers, straw from Whitman County would be only $65/ton delivered and stacked. This is
comparable to straw from Benton County. Straw compactors are used for rye grass straw
exported to Asia. The Tidewater Barge Company noted that MSW from Clark County in
Washington is compacted into containers and sent by barge up the Columbia River to an Oregon
landfill using the Boardman dock. Tidewater Barge recommended using rail for product
transportation until such time as economics are favorable to maintain dedicated barges of
42,000 tons busy.

The cost for a barge between any ports on the upper Columbia or Snake rivers is $20,000/round
trip for 1,500 tons of dry straw bales, or 3,000 tons of bales compacted into containers. This
mode of transportation needs to be developed and tested before being relied upon to build a
plant.

3.2.3 Biogas

Purified biogas may be injected at one point on a natural gas pipeline and an equivalent amount
of energy removed at another. A dedicated clean energy pipeline can carry syngas or biogas.
Pipeline is the least expensive way of delivering fuel. A regional company currently pays the
transportation price of $0.40/MM Btu, which is equivalent to straw transported for $2.50/ton.
Biomass fermentation plants located nearer the sources of straw possessing water resources and
on a natural gas pipeline such as Lewiston, Walla Walla, and Moses Lake would make economic
sense. During winter and spring, water may be available from the Palouse River at Colfax and
the Umatilla River at Pendleton. This would lower the cost of some straw to well below $65/ton.
The technology for gas purification and compression is well known. Investigating the feasibility
of remote generation of biogas is worth further consideration.

3.2.3.1 Off-Road Vehicles from Adjacent Plantations

If the source of biomass is close and can avoid being carried along public highways, the cost of
transportation can be very low and the need for baling (or grinding in the case of wood)
eliminated. There are other methods of preparing fuel before shipment to reduce bulk density,
moisture, or spoilage.

3.2.3.2 Solar Drying

A solar dried pile occurs naturally with straw, so this discussion concerns woody biomass.

Dry woody biomass does not degrade and is not prone to spontaneous combustion as is undried
biomass. These characteristics require biomass to be spread in layers less than 1-inch thick
during the dry season. The pile is gradually built up over the season and is tarped until use in the
wet season. This procedure is being investigated at a woody biomass plant but has not been
implemented.
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In the Mid-Columbia region the dry season never entirely ends, so covering the biomass with
tarps is not required. Woody biomass may be preserved in dried piles for the year. At rail
sidings near the forests east of the Cascade Mountain Range, this means of preserving woody
biomass is used until it is convenient to fill an entire train.

The cost for handling and spreading of woody biomass is about $10/ton with a capital cost of
about $500,000 per site excluding the value of land. The amount of land required is about
30 acres for 300,000 OD tons of woody biomass.

3.2.3.3 Pelletizing

Straw can be densified into pellets for shipment.'” However, this densification process requires
large amounts of electricity and heat that is not available at farms. Straw still needs to be baled
and transported by truck to central locations and then pelletized for shipment by barge or rail.
Cursory analysis indicates that pelletizing will not offset shipping costs to justify the process.
A system that would pelletize straw as it was harvested would be more helpful, provided it did
not consume too much additional transportation fuel.

3.2.4 Aqueous Treatment for Densification

The bulk density of straw can be greatly reduced through chemical treatment. Straw can be
wilted by alkali, acid, or hot water and oxygen. These treatments also dissolve carbohydrates
into the water used to treat them.

Aqueous treatments require large amounts of water, tankage, and possibly heat normally not
available at farms; therefore, straw would still need to be baled and transported by truck to
central locations for processing; however, water is not available at all times of the year. Aqueous
pretreatments before shipment require about 1 ton of water/ton of biomass. This densification
does not increase the biomass shipping capabilities since the added weight of water offsets the
reduced bulk density of the straw.

3.2.5 Pyrolysis

Heat treatment of straw can reduce its mass and bulk for shipment. The available technologies
known are technically or economically not viable for the reasons given below:

e Low temperature syngas (methane rather than hydrogen) requires pipelines to carry gas.
Biomass pipeline infrastructure is not likely to be developed in the region.

. .118.19 . . 21 . .
e Pyrolysis Oil'®'*?° - Cannot be stored because it repolymerizes” and is corrosive

' Agri Pack Quotation provided to Michael Meredeith, Pellet Systems International, 2011.

' N. Bech, P.A. Jensen, and K. Dam-Johansen, . blatite las_ yrolysis of Stra. and '_ood_i enc'iScale _esults

Technical University of Denmark, Department of Chemical Engineering, CHEC Research Centre, Lyngby,

Denmark.

19 Qamv Sadaka and A A Boatenc  vrolusis and
Dallly vdudana auu e AL puatetly, Bl Ul)/s)ld “rid

Arkansas, Division of Agriculture.

?* Young-Kwon Park, Jonng-Ki Jeon, Seungdo Kim, and Joo-Sik Kim, : io! Oil from ice Stra' i by yrolysis sing

luidized ' ed and C" ar “emo al System, American Chemical Society, Division Fuel Chemical, 2004.

*' A.V. Bridgewater and G.V.C. Peacocke, / ast yrolysis . rocesses for - iomass, Renewable & Sustainable Energy

Reviews, Bio-Energy Research Group, Aston University, Birmingham, UK, 2000.
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Syngas from natural gas has an excess of hydrogen. Syngas in a one-to-one ratio of hydrogen to
carbon monoxide may be made by auto-reforming biogas which contains methane and carbon
dioxide by the reaction:

2CH; + O, + CO; » 3CO + 3H, + H>0.

A process that derives 25 percent of its methane from biogas and the rest from natural gas will
have the ideal 2:1 ratio of hydrogen to carbon monoxide and not require the water gas shift step.
There is an option of reforming methane indirectly, in which fuel burning in air transmits its heat
through a heat exchanger to the methane. This would allow a greater proportion of biogas to be
used as that fuel and would avoid the need to make oxygen.

The third method to produce syngas is the gasification of cellulosic biomass such as straw by the
reaction:

(CH,0) - CO + H,.

This reaction has the 1:1 ratio of hydrogen to carbon monoxide. Straw gasifies very quickly.
One can observe the gas as the flames that burst from a bundle of straw thrust into a fire. The
gasification is self-sustaining via heat from the combustion of its own gas in air.

3.2.6.1 Capital Costs for a Gas-to-Liquid Plant.

Three reference points provided by Jacobs Engineering were used for estimating the capital costs
of a GTL plant:

e Jacobs London office recently performed a study for a European client and concluded that a
natural GTL fuels plant costs about $400 million for a 2,100 barrel/day capacity.

e TRI Incorporated estimates that their process for woody biomass to F ischer-Tropsch fuels
would cost $300 million for a plant that consumes 1,000 OD tons/day of woody biomass
which would yield 1,400 barrels/day.

e Rentech estimates it will cost $600 million for a 2,000 barrel/day plant based on their plans
to build a plant at Sault St. Marie, Ontario, Canada.

NOTE: These prices are all indicative. The capital cost includes the installed process through
liquid fuels but does not include site development, transportation systems, and owner’s costs. All
three sources agree that the plant capital may be scaled by the 0.6 exponent.

TRI Incorporated and Rentech agree on a yield of 1.35 barrels/ton of woody biomass, which
translates to 0.96 barrels/ton of straw or retention of 47 percent of the lower heating value of the
original material. The plants generate their own electricity from steam turbines and are able to
produce about 25 MW when the rest of the plant is not producing liquid fuels.

A demonstration plant has been examined that would be capable of producing 1,446 barrels/day,
which is equivalent to the natural gas needed to produce 75 MW of power at 31 percent
efficiency. Scaling all three projects to the same size results in the following capital costs:

e TRI Incorporated  $313 million
e Jacobs London $320 million
e Rentech $494 million
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reformers, and produce organic liquids. In practice no one has successfully operated any of these
on a sustained commercial basis using biomass syngas. The reasons for failure are not well
documented but appear to be related to the tar and ash impurities. There are, however, two
emerging technologies that are promising to minimize these risks. Rentech is building a
demonstration plant in Sault St. Marie, Ontario, Canada, based on the Silvachem technology that
operates with wood chips using hot sand. TRI Incorporated managed after a false start to operate
a Fischer Tropsch pilot plant synthesis for 4 months based on biomass syngas without
degradation of the catalyst and is in the process of identifying a site to build a demonstration
plant.

In order to use biomass-derived syngas, it must be cleaned and under pressure using oxygen fired
or indirectly heated gasifiers. Air fired gasifiers cannot be used due to the process chemistry.
Syngas has to be cooled to be compressed and is difficult to compress because of its hydrogen
content.

3.2.6.3 Synergies

The recently announced European Union requirement for airlines to buy carbon offsets amounts
to approximately $0.24/gallon based on a current carbon credit cost of €0.22 per tonne CO,.

As a fuel byproduct, an ash or liquid fertilizer will be produced from the mineral content of the
straw containing 35 pounds of potassium oxide (K>O) per ton of straw worth $0.47/pound to
farmers**~*7 and 4 pounds of phosphorus pentoxide (P,Os) per ton of straw worth $0.25/pound to
farmers, for a total value of $18/ton of straw which might be sold to potato farmers.®

Leaving straw on the fields does not contribute nitrogen to the soil. The producing wheat land
has an abundance of potassium and will not require immediate replacement. Wheat farmers in
the production area do not add potassium but occasionally add phosphorus. GTL plants produce
steam, a little electricity, and waste heat that can be used by other processes at the site to improve
project economics. A GTL plant provides a business incubator for fermentation or gasification
processes to be proven at commercial scale without having to establish the path to market.

3.2.6.4 Conclusions and Recommendations

A GTL demonstration plant able to operate on any combination of straw or natural gas is one of
the most promising energy investments that can be proposed in the area. To proceed,
engineering studies, permitting, land and water transfers, and a market assessment that would
support project development by qualified developers should be initiated. ldentifying land, water,
and transportation infrastructure for a plant five-to-ten times larger would increase the
probability of success.

36 «A General Guide for Crop Nutrient and Limestone Recommendations in lowa,” lowa State University,
University Extension, 2011.

37 Danjel O’Brien and Ron Madl, What to Consider with Cellulosic Biomass Harvest, 2009, Kansas Wheat District
Seminar presentation.

* Dr. N. S. Lang, Dr. R. G. Stevens, Dr. W. L. Pan, and S. Victory, Potato Nutrient Management for Central
Washington, Washington State University, Cooperative Extension, 31.
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studied intensively for enhancing biogas production from different materials (“Wet Explosion of
Wheat Straw and Codigestion with Swine Manure: Effect on the Methane Productivity”

[Wang et al. 2009]). These studies clearly show how major fractions of the lignin component of
the biomass are made accessible for bioconversion after pretreatment. Another recent study
further showed that specific lignin degradation products are converted in the AD process
(“Anaerobic Digestion as Final Step of a Cellulosic Ethanol Biorefinery: Biogas Production from
Fermentation Effluent in a UASB Reactor-Pilot-Scale Results” [Uellendahl and Ahring, 2010]).

3.3.4 Hydrolysis and Fermentation

After wet oxidation, the pretreated biomass requires neutralization of the hydrolysate to pH 5.0
and addition of commercial enzymes, increasing the production cost by approximately
$0.50/gallon. In addition to the cost of enzymes, this step normally requires separate reactor
space under controlied conditions, which will further add to the capital and operational cost of
the process.

The BCC process, however, uses a mixed culture fermentation that contains several enzyme
producing species and the fermentation process can occur without adding any enzymes to the
hydrolysate (“Thermal Wet Oxidation Improves Anaerobic Biodegradability of Raw and
Digested Biowaste” [Lissens et al. 2004]). WSU has demonstrated (unpublished work) that
simultaneous hydrolysis and fermentation of wet oxidation pretreated biomass into intermediate
chemicals and methane increases overall yields by more than 30 percent (“Wet Oxidation
Pre-Treatment of Woody Yard Waste: Parameter Optimization and Enzymatic Digestibility for
Ethanol Production” [Lissens et al. 2004]; “Wet Oxidation Treatment of Organic Household
Waste Enriched with Wheat Straw for simultaneous Saccharification and Fermentation Into
Ethanol” [Lissens et al. 2004]; “Thermal Wet Oxidation Improves Anaerobic Biodegradability of
Raw and Digested Biowaste™ [Lissens et al. 2004]).

Fermentation into intermediate chemicals is done using a stable consortia operated at 65°C at
pH 6.5 with 2 to 4 days retention time. The reason for choosing these operational conditions are
long-term studies of the optimal conditions for hydrolysis/intermediate chemicals production
with different feedstock’s and waste (“Improving Anaerobic Sewage Sludge Digestion by
Implementation of a Hyper-Thermophilic Pre-Hydrolysis Step” [Lu et al. 2008]; “Thermal
Pre-Treatment of Primary and Secondary Sludge at 70°C Prior to Anaerobic Digestion”
[Skiadas et al. 2005]). The stable consortia in the bioreactor is developed through initial
inoculation with 12 thermophilic fermentative bacteria during startup of a bioreactor.

The bioreactor is normally operated under sanitary, but not sterile, conditions and during the
startup phase changes will occur in the composition of microbes in the reactor reflecting the
actual composition of the hydrolysate. In this way a stable culture is developed suitable for
fermenting the different organic materials found in the hydrolysate, both of polymeric and
monomeric nature, into fermentation products: intermediate chemicals (the desired product);
hydrogen; and carbon dioxide. Generally the conversion of agricultural residues into
intermediate chemicals yields 0.4 to 0.65 g/g-TS of pretreated material, and WSU has obtained
yields of approximately 0.4 to 0.5 g/g-TS using woody materials such as Loblolly Pine and
willow. During fermentation, approximately 20 percent of carbon in the raw material will end up
as carbon dioxide.
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The yields of intermediate chemicals per unit of organic material converted clearly shows that
not only sugars are converted into soluble products in the BCC process, but that a significant
portion of the lignin is also solubilized and fermented. These results are in accordance with
experiments done in both laboratory and pilot scale, which demonstrated that that low molecular
lignin compounds in the hydrolysate after ethanol production will be converted into methane in a
biogas process (“Purification of Bioethanol Effluent in an UASB Reactor System with
Simultaneous Biogas Formation” [Torry-Smith et al. 2003]; “Anaerobic Digestion as Final Step
of a Cellulosic Ethanol Biorefinery: Biogas Production from Fermentation Effluent in a UASB
Reactor-Pilot-Scale Results” [Uellendahl and Ahring, 2010]; “Perspectives for Anaerobic
Digestion” [Ahring 2003]; “Effects on Anaerobic Biodegradability from Thermo-Chemical
Pre-Treatment of Solid Manure Fractions™ [Moller et al. 2005]; “Energy Balance and
Cost-Benefit Analysis of Biogas Production from Perennial Energy Crops Pretreated by Wet
Oxidation” [Uellendahl et al. 2008]; “Hydrolysis of Miscanthus for Bioethanol Production Using
Dilute Acid Presoaking Combined with Wet Explosion Pre-Treatment and Enzymatic Treatment™
[Sorensen et al. 2008]; Energy Balance and Cost-Benefit Analysis of Biogas Production from
Perennial Energy Crops Pretreated by Wet Oxidation” [Uellendahl et al. 2008]).

In the BCC process, the fermentation reactor is normally operated in a continuous mode at a high
constant organic loading corresponding of up to 50 kg TS/m?’ reactor volume per day.

To improve production and ensure the reactor remains balanced, the intermediate chemicals are
removed along with a fraction of the process water. This is accomplished using a fast rotating
spinning filter mounted in the bioreactor. The BCC process employs a real-time monitoring
technology (“A New VFA Sensor Technique for Anaerobic Reactor Systems” [Pind et al. 2003];
“Assembly for Withdrawing and Filtering Partial Volumes of Process Fluid” [Pind and Ahring,
2007]) that has been adapted to use for continuous liquid separation of intermediate chemicals
produced by this process. Intermediate chemicals from the process water are separated out and
recovered using two membranes in series. Final water removal is done using standard
evaporation technology to yield a concentrated stream of intermediate chemicals containing
approximately 90 percent product.

3.3.5 Catalysis

The BCC process uses catalysis of intermediate chemicals into either valuable chemicals, or
using more advanced catalysis, into diesel/jet fuel precursors. Catalytic conversion of the
chemical intermediates can be accomplished using several conversion pathways. The simplest is
catalytic hydrogenation to mixed alcohols. This reaction is feasible with practical catalysts at
temperatures in the range of 180°C to 250°C using predominantly Ru on carbon based catalysts.
A variety of “promoters” have been claimed (e.g., Re, Sn, Ag, Pd, Pt, Cu, and a few others).

Co or Ni + Re on carbon catalysts with optional promoters may be used and olefin byproducts
can arise from dehydration. Similarly, ester and/or ether can result from the obvious reactions.

Conversion of the chemical intermediates to alcohol via hydrogenation requires considerably
more sever conditions than hydrogenation of esters, but may be done in the presence of liquid
water. Ester hydrogenation is a commercial process available from Davy and is normally a
vapor phase process done without water present. Hydrogenation of esters normally yields two
moles of alcohol unless the catalyst is unusually acidic or the resulting alcohol is especially
prone to dehydration to olefin.
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Conversion of the chemical intermediates via hydrogenation results in tetrahydrofuran-type
products being produced. Hydrogenation catalysts of this type are sensitive to deactivation by
presence of S, P, various metals such as Ca, Mg, Fe, Hg, Bi, Cd, proteins, and sugars. Sulfur
containing amino acids and proteins can be especially good at poisoning such catalysts.
Regeneration of activity can be accomplished in some cases, but many of the common poisons
have permanent effects requiring catalyst change out. Guard beds can be effective in some
cases, however, poisoning normally results in some deactivation even if regeneration is possible.

If hydrogenation of the chemical intermediates yields alcohols, particularly a predominance of
those C4 and shorter, then methanol-to-gasoline or olefin-to-gasoline and distillate type
chemistry can convert the mixed alcohol products to gasoline, diesel, and jet fuel if a ZSM-5
type zeolite is used. This technology is developed and offered commercially by Exxon-Mobile
and has been reported in many guises by others. Titania and other oxides can do somewhat
similar conversions of mixed alcohol streams.

If the mixed alcohol stream is dehydrated to a mixed olefin stream, then conventional HF or
H,SOy acid catalysis can yield a fuel range hydrocarbon (i.e., polymer gasoline or jet fuel).
Similar chemistry can take place on some zeolites and since the hydrocarbon product usually
contains some olefin, it may need stabilization by hydrogenation to remove the olefin to meet
conventional fuel specs.

Another possibility for a conversion of the chemical intermediates to a more fuel like product is
the Guerbet reaction. This can take place over a bifunctional oxide based catalyst and essentially
provides a route to branched alcohols of higher molecular weight than the starting alcohol.

The usual Guerbet catalyst is a basic oxide which also contains a hydrogen transfer component;
hence the catalyst is bi-functional. Higher MW Guerbet condensation products of lower MW
alcohols can be dehydrated and subjected to either acid catalyzed MW increase (polymerization
to diesel and jet fuel range product) or simply hydrogenated to a pure hydrocarbon fuel.

Another pathway for conversion of the chemical intermediate product stream is catalytic
dimerization. In this concept, the chemical intermediates are contacted in absence of H, with an
oxide catalyst to yield ketone. This can be viewed as decarboxylation with dimerization,
yielding a ketone (usually unsymmetrical) and CO,, plus water. A wide variety of metal oxide
catalysts have been studied and claimed in patents for this reaction which is advertised as one of
the key steps in the MIXALCO* (TAMU-(Holtzapple) process. In the MIXALCO scheme, a
stream obtained from fermentation is catalytically decarboxylated to ketone, which is then
hydrogenated to a secondary alcohol.

Presumably this path may be chosen for several reasons: (1) the initial catalytic conversion to
ketone might be relatively immune to poisons present in the chemical intermediates derived from
the fermentation, (2) a higher MW and thus higher Btu/gallon fuel should result, and

(3) hydrogenation of the ketone should be considerably less difficult than hydrogenation of the
chemical intermediates to alcohols. As with other mixed alcohol streams, any alcohols derived
from hydrogenation of ketone product can be dehydrated and hydrogenated to a non-oxygenated
hydrocarbon fuel.

¥MIXALCOis a registered trademark of Terrabon, LLC, Bryan, Texas. MIXALCO is an advanced bio-refining
technology that converts low-cost, readily available, non-food, non-sterile biomass into valuable chemicals such as
acetic acid, ketones and alcohols that can be processed into renewable gasoline fuels.
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after combustion to eliminate the pollutants. Based on the recent permitting of a MSW facility in
Florida, organizations can meet air quality standards with current technologies. The basic
combustion technologies fall into two basic groups: traditional stoker boilers and gasifiers.

When used with MSW, AD is a newer process that isolates the organic components of MSW and
allows them to be reacted by bacteria to create methane directly rather than waiting for the
process to occur naturally in the landfill. The benefits of this process are that it minimizes
fugitive methane from the landfill and the gas is cleaner and easier to manage. The downside is
that it requires a finer degree of waste stream pre-processing than is typical in the industry to
avoid affecting the process by introducing contaminants. The organic material from MSW
comes in several forms and various levels of containments. The moisture content is a major
factor in determining the method of separation and the process that is best suited for extraction of
value from the waste. MSW with more than 60 percent moisture needs to be dried first using
waste heat or used in a fermentation process such as AD to break down the waste.

When selecting the anaerobic path, the waste is converted to biogas that is approximately

52 percent methane and 48 percent carbon dioxide, which is created by bacteria in oxygen
depleted environment. This methane could be upgraded into traditional fuels or other products
or burned directly in a gas turbine or IC engine. The cleaning required is largely dependent on
the amount of secondary elements that need to be removed at some level for the biogas to be
used effectively in the generation of electricity burning in an IC engine or turbine, or in the
development of other products.

The secondary elements include moisture, sulfur in the form of hydrogen sulfide, ammonia, and
siloxanes. Moisture needs to be removed to promote complete combustion and can easily be
removed by cooling the intermediate stage of the reaction so that the moisture is condensed and
then reheating the reaction products after draining the moisture. Sulfides need to be removed to
prevent sulfuric acid generation, which is detrimental to the gas cleaning, heat recovery, and
exhaust portions of the engines. Typically this can be done biologically or chemically through
well established processes down to below the 200 ppm minimum level required by most engine
manufacturers. Ammonia also will not be completely combusted in typical engine design and
will create corrosive gasses and liquids when burned. Ammonia is easily removed with the
injection of acid and/or a water mist spray. Siloxanes are the most difficult to remove; however,
suppliers are available that sell equipment to remove siloxanes, but it is very expensive.
Depending on the level of siloxanes, some owners choose not to clean the biogas and instead
perform regular maintenance to clean the engines. Siloxanes condense in the engine and form a
ceramic-like film on the inside of engine parts. If not cleaned, this film will cause hot spots on
valve heads and cylinders, which can cause catastrophic failure or restrict air flow and increase
the wear on moving parts.

More modern techniques for use of MSW include pyrolysis and gasification. In both of these
approaches MSW is heated in a reduced or no oxygen environment to break the components
down to hydrogen, carbon monoxide, carbon char, and other molecular fragments. A key benefit
of using gasification is that, due to the reduced oxygen content, dioxin and furan generation is
reduced by 98 percent compared to the older generation of incinerators, achieving levels far
more stringent than current U.S. Environmental Protection Agency regulations, as shown in the
Table 3-5.
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The three companies were Babcock & Wilcox (B&W), Wheelabrator, and Convanta Energy
Corporation. These companies have multiple operating plants in North America. B&W won the
competition through the use of a vertically integrated system that uses their own boilers and air
cleaning equipment.42 B&W achieves some of the highest efficiency because of the system’s
ability to handle the highest temperatures and pressures in the industry (1300 psi, 930 °F). While
this range is not uncommon in clean biomass, it is notable for MSW because the corrosive
materials in MSW, which keep most vendors’ systems below these temperatures.

The new system in Palm Beach, Florida will consume 3,000 tons/day (approximately 1 million
tons/year) of MSW and produce 75 MW of net electrical power. That is approximately

40 tons/day/MW, which compares reasonably with the 30 to 35 tons/day/MW when using green
wood as the feedstock. Of particular note are the potential jobs created by such a facility as that
being built in Florida. The WTE plant is scheduled for commercial operation in spring 2015.

Two issues must be discussed in the analysis of MSW-to-energy development that can affect
conclusions on this subject:

e Resource Location - The bulk of MSW resources available for use in the Mid-Columbia
region are generated in the heavily populated western areas of Washington and Oregon.
Transportation costs for bringing the MSW to a processing installation in the Mid-Columbia
region will be a significant factor in final cost of whatever form of energy is marketed.
MSW-to-energy projects are being considered in Western Washington, which would have
lower freight costs than one located in the southeastern portion of the state. In addition, the
potential economics for an MSW-to-energy project are good enough that there is high
likelihood of competition developing for the resource. The best location for an MSW project
will most likely be near the point of generation.

e Political Support - The concept of moving large amounts of MSW from the large western
population centers of Washington and Oregon to the Tri-Cities region would be a contentious
issue for local governments and civic organizations. Such contention, while not
insurmountable, will add to the difficulty of creating and sustaining a development effort.
Political issues will make development of a major MSW processing facility a better fit at
current disposal sites (landfills), or nearer to point of generation.

While neither of these issues rules out MSW as a resource, they make building developments
around MSW more difficult. New technologies for processing biomass into energy are
becoming more omnivorous, and as such, MSW can be considered as a potential supplement to
agricultural waste as a resource for development. Use in a primary role is less likely to succeed.

3.4.4 Conclusions

MSW has significant potential to add to the economic redevelopment of the Tri-Cities area
through inclusion of an MSW gasifier to supplement the gasified wheat straw and natural gas
feedstock for a GTL plant. Rail and barge infrastructure is already in place to supplement the
local MSW with intake from the Roosevelt and Columbia Ridge landfills.

Although the economics and technical aspects of MSW processing for energy are appealing,
economic and political considerations make MSW a less desirable resource than other sources

“2Details on the new Palm Beach, Florida, facility can be found at http://www.babcock.com/library/pdf/sp-585.pdf.
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3.5.1.2 Region-Specific Feasibility Assessment

Based on the available land and grid interconnections, the Mid-Columbia region provides an
attractive opportunity for PV development to enhance economic development for the following
reasons:

e PV generation projects sometimes require upgrades to transmission lines due to access
required at remote site locations (i.e., away from the load); however, there are adequate
substations for grid interconnections in the region to make interconnection a low-priority
issue. Transmission line capacity should not be an issue, as loads at decommissioned sites no
longer exist, and there is adequate room for these lines to transmit PV power on the BPA
grid; however, interconnection location and line capacity must be coordinated with the
existing utility system.

e PV systems may be located on existing building rooftops, provided that structural load
analyses are performed. Small ground-mounted systems may be erected nearby if rooftops
are not viable.

e PV systems could be provided on any new construction in the region, either on rooftops, as
BIPV, or on elevated structures providing electric vehicle charging, as has already been
installed at PNNL.

3.5.1.3 Engineering and Economic Evaluation

PV systems support rapid deployment, can attract financing, and have a history of operational
data to improve investment and bankability. The number of PV component suppliers and
constructors has increased as the supply chain is maturing. Project assessment tools also have
matured and multiple performance monitoring systems have become available on the market.
Competitive PV product development has produced improved PV modules (panels), balance of
system components (racks, trackers and wiring), power electronics (centralized inverters and
micro inverters), and construction techniques over the past several years.

Sample calculations for analysis purposes were computed for a notional site located on DOE
land at Lat 46 degrees 21 minutes North, Long 119 degrees 15 minutes West. This site was
selected to be able to use an excellent source of meteorological data available, because it would
provide representative results for the region, and to provide a basis to compare to previous
reports. This information was downloaded from National Renewable Energy Laboratory
(NREL) Solar Prospector, using file radwx 119254635.tm2. Based on the composite weather
file, the annual average direct normal insolation (DNI) is 206.8 Wh/m? (Figure 3-22), and the
average diffuse horizontal radiation is 61.1 Wh/m? (Figure 3-23).

The available insolation (Figure 3-24) indicates that, with this sizable diffuse component,
concentrating PV systems (two axis tracking with a lens or mirror concentrating device) would
not be ideal for the region, though one axis tracking to better produce power in the winter months
would be attractive.
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Since all module and array related input parameters used for the initial report were not known, it
was difficult to match original input assumptions for production simulation. The 2 percent
difference between the first year system energy production outputs could be accounted for by
differences in the input assumptions along with variations in weather data used for the modeling.
However, the new system configuration was intentionally not the same, a larger PV panel and
smaller inverters were used for the reassessment to indicate potential performance improvements
using improved system components. For example, the reduced number of PV strings requires
fewer combiner boxes. To determine the tracking benefits, the PV system was modeled on a
fixed 38 degree tilt and had a first year output production of 7,226 MWh, which was 85 percent
of the 1 axis tracking estimate of 8,464 MWh.

The intermittent nature of solar electric technology upon the grid could be mitigated to some
extent by the deployment of power and energy storage systems. There have been deployments of
large-scale storage grid-connected projects funded by the DOE and other agencies. Short
duration power storage technologies include Ni-Cad, Dry Cell, or Li-lon battery systems. These
systems provide ancillary services. Long-term energy storage systems include flow-batteries,
providing peak shaving. Deployment project-sited storage systems add to capital expenses and
require the solar generation capacity to be larger (more PV modules) to support charging these
systems.

From the economic standpoint, it is obvious that a power purchase agreement (PPA) is required
to make any large-scale PV project viable; without the Investment Tax Credit (ITC) or Cash
Grant, a large project would probably not be financially viable.

Rates have not changed since the FEMP study, and 31 cents/kWh is roughly equivalent to the
present rate. As previously stated, the “average™ non-slice Priority Firm rate for power in Fiscal
Year (FY) 2011 is about $27/MWh; correspondingly, the “average™ transmission service rate is
about $3/MWh. However, the economic assessment of PV should consider the findings of recent
trends documented by a September 2011 Report from Lawrence Berkley National Laboratory:

e The installed cost of utility-sector systems varies significantly across projects. Among the
20 utility-sector projects in the data sample completed in 2010, installed costs ranged from
$2.9/watt (W) to $7.4/W, reflecting the wide variation in project size (from less than | MW
to 34 MW), differences in system configurations (e.g., fixed-tilt versus tracking and thin-film
versus crystalline modules), and the unique characteristics of individual projects.

e Current cost benchmarks for utility-sector PV are generally at the low-end of the range
exhibited by the 2010 projects in the data sample, with various entities estimating an installed
cost of $3.8/W to $4.4/W, depending on system size and configuration for utility sector
systems installed at the end of 2010 or beginning of 2011.

e The installed cost range of utility-sector systems in the data sample declines with system
size, consistent with expected economies of scale. For example, among fixed-tilt, crystalline
systems installed over the 2008 to 2010 period (a broader range of years is included in order
to increase the sample size), costs ranged from $3.7 to $5.6/W for the five 5 to 20 MW
systems, compared to $4.7 to $6.3/W for the three <1 MW systems. Similarly, among thin
film systems, the installed cost of the two >20 MW projects completed in 2008 to 2010
ranged from $2.4 to $2.9/W, compared to $4.4 to $5.1/W for the two <1 MW projects.
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stability resulting from the intermittent nature of PV must be assessed. Small-scale PV may be
deployed near the load and is easier to permit at smaller scales.

Since PV/solar electric is extremely modular in nature, multiple projects or multiple phase
projects may be used to expand clean energy power generation deployment over time (e.g., in

1 MW phases). Phased deployment limits the amount of capital required at a given time,
minimizes impacts due to construction, and avoids requirements for a large labor force in remote
areas. On the other hand, phased deployment makes PV projects more complex for third party
developers, may require multiple PPAs, and introduces a risk related to changing incentives.

Environmental impact studies may be required as part of the project permitting process.

The need for road access, interconnections, drainage, maintenance access, and setbacks all
contribute to site selection and project layout activities. For distributed (rooftop) PV and new
construction (BIPV), initial deployment activities take less time.

The transportation network in the region is adequate to support construction of the comparatively
small and modular PV system components; therefore, there is no anticipated need to construct
additional access roads.

3.5.1.5 Long-Term Development Considerations

Based on the short time required for permitting and construction, large PV projects in the
Mid-Columbia region may provide reasonably prompt payback. To limit uncertainties in
production based on solar insolation, ground station collected meteorological stations should be
installed at high-potential solar energy sites. These stations are relatively inexpensive ($13,000)
and would help third-party developers establish the framework for a PPA. PPA durations are
typically from 20 to 30 years.

3.5.1.6 Risks

Since the maturity of PV components is high overall, there are few technical risks in using this
form of technology. The largest technical risk is in reliability of the large centralized inverters.
Large inverter manufacturers now seem to favor condition-based maintenance instead of
designing for 25+ year reliability. Use of micro-inverters could mitigate this risk, as
micro-inverter cost and performance is becoming competitive with the large centralized
inverters.

Financial risks become known when project developers perform feasibility studies for PV
projects. Project ownership may change after initial developers/owners construct the project and
the ITC benefit is realized. New large-scale PV project owners must have adequate margins to
support ongoing O&M to maintain the level of production negotiated in the original PPA.

3.5.1.7 Path Forward

Conditions for the deployment of PV systems in the Mid-Columbia region have improved since
the original study was performed in 2008. There is more past precedent for construction of
large-scale PV and distributed (rooftop) PV systems. Overall:

e PV system costs have decreased (especially modules prices)

e PV deployment has increased over the past several years and the technology is more mature,
therefore, more bankable
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Geologic assessment and permits

Category Duration I Cost Risk
Define areas of potential development 1-2 years ; Moderate Low
Fxclude areas of public protection, high environmental 1-2 years | Moderate Low
impact, or protected zones i
Determine regional high- to low-heat gradient zones 1-2 years ' Moderate i Low
Correlate with areas of forecast demand growth or 1 vear ‘ Low ! Moderate
base-load retirement ye j ‘
Dgtermme n.aglonalvarlatmns in drilling costs, labor costs, <1year “Low ' Moderate
grid integration : ;
Determine need for voltage and VARS" support I < 1year Low " Moderate
Determine regulation constraints.. ‘< 1year "Low Moderate
Determine taxation policies <1 year “Low Moderate
Estimate market or government subsidies < 1year "Low Moderate
Estimate costs : 1year Low Moderate
File for permit and mitigate environmental externalities I3+ years High High
Apply for transmission interconnect < year - Moderate High
Acquire permit and begin drilling 1 month Moderate « Low
Exploratory drilling
Category Duration Cost ] Risk
Site improvement 1 month Moderate Moderate
D?termn.'ne reservolr characteristics [rock type, gradient, ‘ 6 months High High
stimulation properties, etc.) !
Perh_:rmance/productlvlty {flow rate, temperature, fluid ' 6 months High High
quality, etc.) :
Apply and test advances in drilling and fracturing . 6 months High High
technology ‘
Achieve cost reductions as function of recent research and : & months High High

past learning curve

Production drilling and reservoir stimulation

Category Duration T Cost Risk
Apply best practices and further develop site ! 1 year High Moderate
Construct transmission interconnection ! 2 months _Moderate - Maderate
Construct power transmission facility : 2 months High Moderate
Construct power conversion system . 2 years " High Low

Power production and market performance

Category Duration Cost Risk
Bid long based on expected delivery costs Routmg and Low ' High
recurring : :
Estimate competitive fuel and delivery costs for existing Routine and ' .
X i Low ; High
base-load power recurring i i
Enter power purchase agreement Infrequent | Moderate | High

MReactive energy (VARs) is defined as the imaginary component of the vector product of the voltage and
current, each expressed as a vector and used to provide line stability.

Figure 3-34. Stages of EGS Development: Duration, Costs, and Risk (MIT 2006).
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and without causing GHG emissions. Unlike other low-GHG emitting power sources, nuclear
power can operate continuously and on-demand and is readily integrated into existing power
distribution grids to ensure effective response to customer needs. It is likely that an advanced
reactor could provide safe, secure, and economical power to DOD bases, both in the United
States and abroad, as discussed in a recent Center for Naval Analysis study (CRM
D0023932.A5/2REV, “Feasibility of Nuclear Power on U.S. Military Installations™).

There is growing interest in small nuclear reactors that could be used to provide electric power
safely and economically in areas where there is need for moderate power additions and where the
large capital cost and long lead time for return on investment of present Generation I11+ reactor
designs makes them unaffordable for most of the utilities in the United States It is clear
following the casualty at Fukushima Daiichi earlier this year that new reactors should be able to
manage long-term reactor cooling following shutdown without depending on external power or
other active means of cooling. It is highly desirable to not depend on other active components to
mitigate a reactor casualty as well, but to depend instead on naturally occurring phenomena to
the extent practical (“Small Reactor Development Advances Energy, Environmental Benefits in
New Markets,” [Nuclear Energy Institute 2011]; “Small Modular Reactors,” [American Nuclear
Society 2011]).

There are a number of small modular reactor designs being developed in the United States and
abroad that can meet these enhanced safety goals. Large numbers of new reactors must be built
in the United States in the coming years to replace older reactors that will reach the end of their
lives if the current percentage of power produced by nuclear reactors is to be maintained.

An even larger numbers of reactors must be built if they are to replace older coal-fired power
plants, provide energy for industrial processes, or power electric vehicles.

3.8.1 Technology Description and Application

Small modular reactors are generally defined as having a power level of approximately 300 MW
electrical or less. At such sizes, some of the reactor designs can be fabricated in factories,
enabling considerable reduction in cost. The reactors themselves, or large power modules, can
be shipped directly to the reactor site and erected with a minimum of skilled site labor. Serial
production offers the potential for significant cost savings. Conventional analyses based on
extrapolating earlier cost estimates for large reactors show a substantial increase in the cost per
kW electrical capacity for small reactors. However, more recently, Westinghouse and B&W
claim that the savings from serial production of reactors and plant modules in factories combined
with simplifications in reactor systems result in costs essentially the same per unit of output
power as for much larger reactors. Figure 3-35 shows a cutaway view of a prototypical small
modular nuclear reactor design.
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(NRC). Liquid metal cooled reactor designs typically use steam generators to provide steam
to a conventional steam cycle. However, liquid metal cooled reactors are well suited to use
of a supercritical carbon dioxide power conversion cycle which offers several advantages
over a conventional steam plant. Supercritical carbon dioxide power systems require
engineering development to scale up existing small-scale demonstration systems.

e [as Oooled Reactors are being developed with DOE funding under the Next Generation
Nuclear Program. These reactors use helium as coolant and potentially could operate at
much higher temperatures than would be practical for either light water or liquid metal
cooled reactors. The present Next Generation Nuclear Plant Program is primarily focused on
developing high-temperature materials, although a conceptual design is being developed by
General Atomics.

In addition to producing power, small fast-spectrum liquid metal cooled reactors are capable of
consuming the plutonium and higher elements that are left over in spent nuclear fuel from light
water reactors. Burning these long-lived radiotoxic elements not only produces additional
power, it also has a major impact on the amount of material that must ultimately be disposed of
in a geologic repository. It also shortens the time these wastes must be isolated from hundreds of
thousands of years to hundreds of years. There is currently no commercial market for such
transmutation and consumption of wastes since the disposal of spent nuclear fuel is the
responsibility of the U.S. Government in accordance with the Duclear Waste [olicy [ict o[ TT11]
Because of this, however, building and operating fast spectrum reactors, combined with a system
to reprocess used fuel, would be of particular interest to the U.S. Government.

Other reactor technologies exist as well. There is no shortage of innovation in the area of reactor
concepts; however, most of these would require long-term development of advanced materials
and systems and many would require a proof-of-principle prototype be built and tested before a
design for commercial application could be contemplated. Some of them may fill a role in our
mid-term future.

3.8.2 Region-Specific Feasibility Assessment

The Mid-Columbia region has several characteristics that make it well suited for small modular
reactor development. The area’s workforce is well trained in nuclear technology and the
surrounding communities are likewise receptive to working on nuclear systems. The Columbia
River provides ample cooling and the stable geology and climate of the region reduce the
opportunities for natural disasters that could damage reactors and limit their cost effectiveness or
challenge their safety.

3.8.3 Cost

None of the small modular reactor designs is sufficiently complete for the reactor designer to
submit a license application to NRC. Funding for light water and liquid metal cooled reactors to
this point has come from the private sector. Achieving sufficient design maturity to submit a
license application to NRC will take many millions of dollars of additional funding. The DOE
FY 2012 budget has funding to help two private industry teams submit design license
applications for light water reactors. This provision may not survive forthcoming budget
challenges. The assumption typically is that once a design is approved, utilities will come
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forward to provide the funding to complete the detailed design and build the reactors.
Completing the design to a level necessary to initiate fabrication of long-lead components and
ultimately to begin construction will cost on the order of hundreds of millions of dollars.

Cost estimates for building and operating these reactors depend on a number of assumptions,
which must be borne out in practice. GE-Hitachi estimated their PRISM reactor could be built
for approximately $3.2 billion in constant FY 2007 dollars (“Global Nuclear Energy Partnership
Business Plan™ [GE-Hitachi 2008]). Most of the cost estimating work done by the reactor
vendors is proprietary. Lockheed Martin has developed a cost-estimating tool based on available
data to provide insight into the important cost drivers. This work confirms that capital costs are
the major portion of the total cost of building and operating a nuclear facility amounting to more
than 40 percent of the total.

Depending on how the reactor is financed, the cost of the capital also can be a major driver.

For instance, the cost analysis done by the Center for Naval Analysis of small modular nuclear
reactors for DOD bases estimates annual interest cost in the first years that exceed the annual
cost of plant operations, staffing, and fuel purchases. A number of costs, such as the NRC
annual license fee, do not presently depend on reactor rating and hence affect cost per kWh
disproportionately for small modular reactors. The most important of these costs that do not
scale with reactor power is the cost of the staff required to operate, maintain, and guard the plant.
Lockheed Martin’s estimate is that such labor costs can amount to as much as one quarter of the
annual cost of owning and operating a small modular reactor if current staffing for a large reactor
were applied instead to a small modular reactor. This would make such reactors uncompetitive
in the commercial energy market.

3.8.4 Nuclear Regulatory Commission Licensing

There is reason to believe that a combination of favorable siting and taking advantage of the
small plant’s inherent passive safety would enable much smaller staffing. Reactor vendors have
begun active discussions with NRC, but it is likely that changes to existing NRC regulations will
be necessary. NRC has indicated their willingness to consider modifications to the present
licensing requirements which are based on light water reactor technology, instead making
requirements based on risk-based calculations. The transition from the present prescriptive
licensing to this new methodology will likely take several years. The result is that light water
reactors are likely to be licensable in a shorter time than more advanced reactors. An additional
challenge is that NRC does not fully engage in such specific safety reviews until an actual
license application is submitted and none of the reactor vendors for these small modular reactors
has reached a point of submitting a detailed license application. To facilitate timely licensing of
new reactor designs, the NRC should be funded in the near term to begin the process of
regulatory reform necessary to make licensing advanced reactors practical. A predictable
regulatory environment will be necessary to encourage the long-term investment by private
enterprise, especially for advanced reactor designs.

3.8.5 Risks

Neither light water reactors nor sodium cooled fast reactors require development of new
technology. Both of them can be built now. The greatest risks for either are in the long timeline
to completion and in the NRC licensing process.
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Light water reactor vendors, as well as GE-Hitachi have stated that a first of a kind small
modular reactor of either type could be designed and built 10 years from now if funding were
sufficient. The challenge is to find investors willing to tolerate these very long times. It may be
that the initial investors will be rewarded when a utility buys the rights to a design, completes it,
and builds it. In that case, the sums required to complete the project come from the utility
ratepayers. More advanced concepts such as the sodium cooled reactor may involve too much
perceived risk for this purely commercial approach to work, since additional changes to NRC
licensing regulations will be required. While NRC has expressed willingness to transition to
risk-informed regulation, this could take many years and such delays could jeopardize the
financial support to complete the projects.

There are also risks of public acceptance of nuclear power, especially following the disaster at
Fukushima Daiichi in Japan. Gaining this acceptance will require the reactor vendors to provide
compelling evidence that their designs have such robust passive safety that events such as
occurred at Fukushima Daiichi simply cannot occur. The need for new nuclear power is
sufficiently compelling and it is likely that public acceptance can eventually be won.

3.8.6 Path Forward

The Mid-Columbia region could be a center for research, development, production, and
operation of small modular reactors. The area possesses the right mix of natural and manmade
resources, workforce, and political support for development to ensure success of a development
effort.

There are several ways to overcome the various financial and regulatory hurdles to make small
modular reactors a reality. One approach is being pursued by NuScale, B&W, and
Westinghouse, which would result in a purely commercial program that depends ultimately on
heavy financial support from a utility, or a consortium of utilities.

Another approach would be for the U.S. Government, working with a public-private consortium,
to provide significant support to get the first-of-a-kind reactor system built and demonstrated.

In this case, the government could encourage development of technologies such as liquid metal
cooled fast reactors, combined with effective recycling of used nuclear fuels, which would help
to solve problems of direct interest to the government. Such a development could provide the
basis for a robust export product and would help to reestablish the United States’ role as a leader
in the safe, economic, and proliferation-resistant nuclear power. It is likely that an advanced
reactor could provide safe, secure, and economical power to DOD bases, both in the United
States and abroad, as discussed in a recent Center for Naval Analysis study. To facilitate such an
approach, the NRC should be funded to begin the process of regulatory reform necessary to
make licensing advanced reactors practical. A predictable regulatory environment will be
necessary to encourage the long-term investment by private enterprise, especially for advanced
reactor designs.
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applications where large storage spaces are available. They are unlikely to be superseded in the
near future as the primary energy storage technology for large-scale applications. Their
relatively poor cycle life may be improved via the use of a battery-supercapacitor hybrid
(discussed later in this section).

Nickel-Cadmium (Ni-Cd) batteries also are well suited to remote area PV applications because
they may be cycled more deeply than lead-acid batteries and have a much longer cycle life and
therefore operational lifetime. Li-lon batteries have also usurped NiCad in recent times due to
electric vehicle applications. For utility-scale applications, large format prismatic Li-lon
batteries and modules are available from A123, Dow Kokam, International Battery, LG Chem,
Electrovaya, and other suppliers. Different Li-lon chemistries (variations on the basic Lithium
Iron Phosphate chemistries) are available from different suppliers. More exotic types of batteries
such as silver-zinc tend to be cost prohibitive for large-scale applications due to the high costs of
manufacturing materials or processes. These historically have been used in space and
underwater applications where high costs are overridden by excellent power and energy density.

The maximum achievable rate of discharge as a function of battery capacity (or C-rate) also is a
limiting factor in battery performance. The faster the charge is drawn from a battery, the less
efficiently the battery performs. Lead-acid batteries generally achieve their best discharge
efficiency at a C-rate of 0.05C, meaning a maximum of 0.05A can be drawn from a 1Ah battery
at the nominal voltage without causing an efficiency loss. If charge is drawn at a higher rate, say
1C, the efficiency (and therefore apparent capacity) declines dramatically. As a result of this, the
relationship between discharge rate and total discharge time is nonlinear, meaning over-sizing of
lead-acid battery banks is often necessary to allow high-power delivery.

Battery SOC is a complex function of cell voltage, operating temperature, and battery use
history, and therefore, may be difficult to measure. Sophisticated circuitry in the form of charge
controllers is usually necessary to design an effective system and prevent excess wear on the
batteries.

3.9.3.2 Flow Batteries

Flow batteries have been deployed in energy storage pilot projects, and are available in small
scales. Redox flow battery technology is a widely used term to describe the approach. Redox
flow batteries comprise a subset of the large number of technologies available.

Redox is the abbreviation for reduction-oxidation reaction; the redox flow battery is based on the
redox reaction between the two electrolytes in the system. These are sometimes referred to as
the anolyte and catholyte. These reactions include all chemical processes in which atoms have
their oxidation number changed. Within a redox flow cell, the two electrolytes are separated by
a semi-permeable membrane that allows ion flow, but prevents mixing of the liquid electrolytes.
Electrical contact is made through inert conductors inserted in the liquids. As the ions traverse
the membrane, an electrical current is induced in the conductors.

Flow batteries have the following general characteristics:

e Rather than store energy in both the electrolyte and the electrode, energy is stored and
released using a reversible reaction between two electrolyte solutions separated by an
ion-permeable membrane

e Both electrolytes are stored separately in bulk storage tanks
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e The size of the tanks defines the energy capacity of the system

e The number of cells or stacks within the flow battery defines the power flow rating
e Chemical energy is directly converted to electricity.

The following redox battery types are commercially deployable:

e VRB
e 7ZnBr
e [ron Chromium (FeCr).

Zinc Chloride (ZnCl) and Sodium Bromine or PolySulfide Bromide (PSB) flow battery
technologies were examined but judged to have lower readiness levels, and are therefore
excluded in any near-term assessment. PSB is a demonstration only system using Regenesys
technology, and VRB Power (now Prudent Energy) bought the intellectual property rights.
ZnBr flow batteries have three major suppliers and have been deployed to a greater degree than
VRB. There is a new VRB supplier in Ohio.

Sodium Sulfur (Na$S) batteries also could be considered a flow battery, but were not because the
difference of the way the electrolytes are separated within the stack. In Na$S batteries, liquid
(molten) sulfur at the positive electrode and liquid (molten) sodium at the negative electrode are
separated by a solid beta alumina ceramic electrolyte. This is a different architecture than the
other candidates which use a membrane for separation. However, there is only one supplier for
this technology (NGK Insulators), therefore availability is limited. According to EIA, only NaS
can perform both Power and Energy functions.

Besides ZnCl and PSB flow batteries, one other class of flow battery deserves consideration.
Metal air ionic liquid (MAIL) batteries are not ready for deployment because large-scale storage
is not currently viable, electrical recharging is difficult and inefficient, rechargeable metal air
batteries under development have an efficiency of 50 percent, and they have an estimated
lifetime of only a few hundred lifecycles. The promise of MAIL batteries is an order of
magnitude increase in energy density, saving considerable balance of system costs. Although
MAIL batteries may be described as a type of flow battery, current candidates should be limited
to the redox type (VRB, ZnBr, and FeCr) for now.

According to the Sixth Northwest Conservation and Electric Power Plan, capital costs (for flow
batteries) are relatively high. One United States demonstration plant of 250 kW capacity and

2 MWhs of storage is reported to have cost $4,000/kW.>® In July of 2011, a ZnBr flow battery
supplier stated an equipment price of $400/kWh in a public forum.

3.9.3.3 Flywheels

Flywheels store mechanical energy using a spinning rotor with a large moment of inertia, which
later can be converted into electrical energy via an integrated motor/generator. In comparison to
batteries, they have no toxic chemical components, have a very high cycle life and deep
discharge capability, high energy density, and have a charge level that is simply a function of the
rotor speed. However, there are safety issues related to their fast-moving parts, particularly with

%6 Sixth Northwest Conservation and Electric Power Plan, Northwest Power and Conservation Council,
February 2010, pp. 6-42.
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3.9.4 Thermal Storage for Solar Thermal (Concentrated
Solar Power) Methods

The various thermal energy storage (TES) concepts can be classified as follows:
e Direct (heat transfer medium is the same as the heat storage medium) or steam accumulator

- Two tank oil storage
- QGraphite block
- Dual media (the heat transfer medium is different than the heat storage medium).

e Liquid heat transfer fluid (e.g., thermal oil) transferring heat to molten salts for sensible heat
storage

- Liquid heat transfer fluid (e.g., thermal oil or molten salts) transferring to solid media for
sensible heat storage (e.g., concrete or other media).

- Liquid heat transfer fluid (e.g., thermal oil or molten salts) transferring latent heat to
phase change materials.

At utility scale, two tank indirect molten salt has been deployed at 50 MW in Spain (Andasol and
other plants), extending dispatch of solar thermal plants. Improvements to the molten salt TES
approaches are still being tested. Molten salt TES is applicable primarily to intermittent thermal
systems like CSP.

3.9.5 Energy Storage

Electric: Deep-cycle and lead-acid are the most common and mature energy storage technology
for solar applications, have a low-cost per cycle and per kWh (see Figure 3-39), and low-self
discharge rates; however, Li-lon batteries are becoming available for power applications, and
Flow Batteries, with less cycling limitations, are available for utility-scale energy applications.
It is probable that using supercapacitors in front of the batteries would significantly increase the
life of the batteries and would be an interesting proposition.

Thermal: Most common two tank indirect molten salt at the utility scale, and at small scale, the
most practical form of TES is stored hot or chilled water.

3.9.6 Storage Performance Economics

As previously mentioned, the power and energy storage value propsition is a complex
undertaking. Storage economics key parameters must be defined to assess the technology and
manage performance. The following parameters are key to assess performance:

Profit/Cost:

Actual Revenue (Service Specific)
Planned Revenue (Service Specific)
Cost Per Cycle

COStrer Kwin

(Degradation Costs Included).
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40 SUMMARY AND PATH FORWARD

This study has shown the presence of necessary resources in the Mid-Columbia region to meet
clean energy needs of federal agencies in the region, and also to support the development ofa
significant clean energy industrial base. This study has highlighted several business
development conditions necessary to support creation of that industrial base. Finally, it has
revealed several separate, but mutually supporting, value propositions to be considered by civic
authorities, potential developers, and investors. These value propositions are not recommended
courses of action. Instead, they present a set of existence proofs to show a path forward for
decision making, planning, and for due diligence processes required for future development.

4.1 RESOURCES

4.1.1 Biomass

A review of biomass resources available in the Mid-Columbia region has shown a strong base of
agricultural waste biomass available for exploitation. Continuous production of more than

50 MW or 75 Mgal of diesel fuel per year can be supported. This biomass resource, principally
in the form of wheat straw, can be obtained strictly as a byproduct of food production. Thus,
biomass-based energy production would have no impact on food supply, land or water resources,
and in fact could have a positive effect on the agricultural economy of the region. Other biomass
resources available include waste from alfalfa seed production, corn harvesting, and winery
wastes; however, wheat straw is the dominant source and focus of the study. Two other sources,
woody biomass and MSW, also were considered and show much promise; however, most of
those resources are generated on the western side of the state and thus would suffer due to the
cost of transportation needed to bring it to a centrally-located processing site in the region.
Technologies needed for energy or fuel from waste biomass exists and appears to provide a path
for development that will work functionally and economically.

4.1.2 Solar and Geothermal

Both of these renewable energy sources have been touted as very promising for meeting the
region’s renewable energy needs; however, both sources have issues that may make them less
promising. Solar is adversely affected by a less-than-ideal regional solar index (notably during
winter months), although this is counterbalanced somewhat by the low cost of new PV cells.

The primary use of solar energy in the region could be direct heat for warming water or
providing process heat as opposed to generating electricity, which would be particularly useful in
site-specific use installations.

Geothermal sub-surface heat is a very promising resource in broad areas of the Pacific
Northwest, but high-temperature rock in the local Mid-Columbia region is only found at very
great depths, so the economics of geothermal power in the area are not outstanding. Other uses
for geothermal energy, principally from shallow resources, could be very useful for improving
efficiency of heating and air conditioning systems, although care must be taken to avoid
interaction with contaminated groundwater.
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4.1.3 Natural Gas

Although natural gas is technically a fossil fuel, its low carbon content and low cost will make it
an important addition to energy sources available for the Mid-Columbia region. Projected GHG
savings made possible by the installation of natural gas services for industrial purposes in the
region are estimated at more than 3 million tons of GHG emissions and approximately

$800 million across the life of the cleanup effort. Additional cost savings are possible if gas is
applied in transportation and other ancillary applications.

Just as important is the potential for using natural gas as an enabler for clean energy industry
development. Developers of clean energy infrastructure need to be reassured of a reasonable
probability of profitable return on investment in a predictable time. Natural gas could be used as
an enabler for bio-sourced gas infrastructure development, either in electricity generation or
liquid fuels production. As an example, a natural gas powered electricity peaking plant could be
a practical investment for a commercial developer, making power to balance wind generation for
integration onto the grid, meeting short-term needs of grid managers, and even supplying power
for extended periods during low river-flow and wind conditions. If specified correctly, and with
appropriate off-taker agreements in place, that same power plant could operate on gas produced
from biomass when infrastructure is in place to make the gas. This would ensure bio-developers
of a reliable off-taker when they have developed a significant capacity for production, and the
generator developers will have an assured reliable return in the near term using natural gas.
Similarly, a natural gas GTL plant using existing technology could be an off-taker for gas from a
biomass processing plant as well. Either or both of these arrangements would provide significant
risk mitigation for potential investors in advanced biomass processing infrastructure.

4.1.4 Water Rights

Essentially all industrial processes, including electricity generation, fuel production, and biomass
processing, use significant amounts of water. Water rights are a major issue in virtually all of
North America, and Southeastern Washington State is no exception. The Federal Government
has reserved water rights established for defense purposes in the region; however, it is not
expected that those rights would be available for clean energy development. For environmental
reasons, groundwater (i.e., water pumped from wells) from the local area is not likely to be a
significant resource. Use of water from the Columbia River is tightly controlled; however, the
communities in the region have secured long-term rights for local development. Water resources
for development will have to be identified early, and local authorities should be prepared to
render assistance to developers to facilitate development of business arrangements leading to
major investment. Pre-existing arrangements to meet green energy development water needs
would be a significant asset for the community in a search for potential developers.

4.1.5 Infrastructure

The Mid-Columbia region provides strong support for industrial development. Transportation
infrastructure is robust, offering a network of major and minor highways, railroads including
spurs and sidings, and navigable river channels stretching from the Pacific Ocean far inland east
and north of the Tri-Cities area, as well as natural resources (large amounts of land) and a
supportive host community. The region lies at the center of the BPA system for power
transmission and supply. The regional population possesses a highly skilled workforce for high
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technology work and a strong tradition of agriculture, providing workforce capacity to support
virtually any development supported by markets and resources.

4.2 VALUE PROPOSITIONS

Several clean energy business cases were evaluated in this study to provide reasonable assurance
that conditions in the Mid-Columbia region will support clean energy project development.
Several of these concepts have the potential to serve as value propositions to demonstrate
possible paths forward.

4.2.1 Exploitation of Natural Gas to Enable Creation of
Clean Energy

The availability of natural gas in the Mid-Columbia region provides major cost savings and
reductions in GHGs in the local region. It will also provide an opportunity to support future
business development for clean energy in the local area. Local stakeholders can encourage
development of natural gas-based projects that, while independent of technology and process
development of clean energy sources, can act as assured off-takers for those renewable sources
when those sources are ready for commercial production.

4.2.1.1 Power

The Northwest Power and Conservation Council states the Sixth Northwest Conservation and
Electric Power Plan has identified a need for additional generation capacity for the region, for
peaking capacity, to help efficiently integrate wind power onto the grid, and to add sustained
capacity to the system in high demand periods. This demand tends to push solutions toward
simple turbine installations that do not use combined-cycle thermal adjuncts, due to their ease of
operation and low capital cost. A natural gas-fueled peaking plant, using efficient and
responsive gas turbine or diesel power, also could be specified to be able to use biomass sourced
gas produced in a new facility in the region, using regional biomass from agricultural waste.

A natural gas-fueled peaking plant would be a practical business proposition with or without
bio-derived gas, and thus would have lower risk for an investor than a plant that was a
specialized design for bio-gas only. At the same time, it would provide an assured off-taker for a
biomass gas plant, improving the potential for developing a biomass industry in the area.

A natural gas-fueled electric generating plant with a defined path to bio-derived gas use would
be a good candidate for development.

4.2.1.2 Fuel

A similar business development case exists for a natural-gas supplied GTL fuels installation.
Due to the high cost of fuels and the relatively low cost of electricity available in the Pacific
Northwest, liquid fuel production may be a better fit than electrical generation economically.
Such technology is relatively mature, with some commercial-scale plants in production. A GTL
plant, with a long-term allowance to use bio-sourced gas to supplement or replace natural gas
when economic conditions encourage it, is a business case worth pursuing for the region.
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APPENDIX A
TECHNICAL IDEAS WORTH FURTHER CONSIDERATION

Al1.0 PURPOSE

The intent of this appendix is to address items that were not specifically part of the scope but that
were considered to be worth documenting. The team discovered several areas, listed below, that
were considered to be of interest despite the fact that they were not within the scope of the study.
Rather than lose this data, the decision was made to document the team findings in this appendix.

It should be noted that items are documented to the level that data exists rather than to any kind
of standard. That is, information is provided in this appendix as it was available to the team and
is not intended to be as well documented as the other areas within the study report.

In addition, a few of the items included in this appendix are technologies that could potentially
use the excess power available in the region (e.g., wind). While these technologies were not
fully investigated, the information that was gathered was considered to be of particular interest.
Sections Al.1.1 through A1.1.3 are considered to be in this category.

Al.1 ELECTROLYSIS OF WATER
Al.1.1 Hydrogen Production from Renewable Energy Resources

Hydrogen provides the connecting point between clean electricity production, transportation, and
stationary and portable energy needs. When the electricity from solar PVs, wind, geothermal,
ocean, and hydro technologies is used to produce and store hydrogen, the renewable source
becomes more valuable and can meet a variety of needs. In transportation applications,
hydrogen provides a way to convert renewable resources to fuel for vehicles. Renewably
produced hydrogen for transportation fuel is one of the most popular hydrogen economy goals,
as it can be domestically produced and emissions-free. Renewable energy resources often
produce power intermittently (e.g., only when the sun is out or the wind is blowing), so hydrogen
can increase stationary power reliability when used as an electricity storage medium. Hydrogen,
renewably produced during off-peak periods and stored, can provide constant power using fuel
cells or engines when the renewable source is not available.

To have a highly effective and efficient renewable-hydrogen system, the hydrogen should be
used at choice times. At the time when renewable resources are available (e.g., the sun is
shining), and electricity is needed, the electricity should be used directly. To meet an even
higher electricity demand, energy can be supplied directly from renewable sources as well as
from the hydrogen stores. As demand decreases, extra electricity from renewable sources can be
converted and stored as hydrogen. This entire portfolio of options is what makes renewable-
hydrogen systems effective in providing flexible, reliable energy in whichever form is needed
most. There are few other options today for electricity storage at a large scale. Batteries are not
practical and are too costly, and pumped water systems and compressed air energy storage
systems are only implementabie in limited geographical areas.

In the near term, hydrogen produced in the United States may be from fossil fuels, but industry
and governments have their sights on increasing hydrogen production from renewable energy
resources. Hydrogen can help clean energy electricity technologies mature and become more
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Al1.1.3 Types of Electrolysis

Polymer Electrolyte Membrane Electrolyzer: In a polymer electrolyte membrane (PEM)
electrolyzer, the electrolyte is a solid specialty plastic material. Water reacts at the anode to form
oxygen and positively charged hydrogen ions (protons). The electrons flow through an external
circuit and the hydrogen ions selectively move across the PEM to the cathode. At the cathode,
hydrogen ions combine with electrons from the external circuit to form hydrogen gas.

Anode Reaction: 2H>O — O, + 4H+ + 4e-
Cathode Reaction: 4H+ + 4e- — 2H,

Alkaline Electrolyzers: Alkaline electrolyzers are similar to PEM electrolyzers but use an
alkaline solution (of sodium or potassium hydroxide) that acts as the electrolyte. These
electrolyzers have been commercially available for many years.

Solid Oxide Electrolyzers: Solid oxide electrolyzers, which use a solid ceramic material as the
electrolyte that selectively transmits negatively charged oxygen ions at elevated temperatures,
generate hydrogen in a slightly different way. Water at the cathode combines with electrons
from the external circuit to form hydrogen gas and negatively charged oxygen ions. The oxygen
ions pass through the membrane and react at the anode to form oxygen gas and give up the
electrons to the external circuit. Solid oxide electrolyzers must operate at temperatures high
enough for the solid oxide membranes to function properly (about 500°C to 800°C, compared to
PEM electrolyzers, which operate at 80°C to 100°C, and alkaline electrolyzers, which operate at
100°C to 150°C). The solid oxide electrolyzers can effectively use heat available at these
elevated temperatures (from various sources, including nuclear energy) to decrease the amount
of electrical energy needed to produce hydrogen from water.

Al.1.4 Advantages of Electrolysis

1. Potential for synergy with clean energy power generation - For example, though the cost of
wind power has continued to drop, the inherent variability of wind is an impediment to the
effective use of wind power. Hydrogen production via electrolysis may offer opportunities
for synergy with variable power generation, which is characteristic of some clean energy
technologies. Hydrogen fuel and electric power generation could be integrated at a wind
farm, allowing flexibility to shift production to best match resource availability with system
operational needs and market factors.

2. No GHG emissions - Hydrogen produced via electrolysis can result in zero or near-zero
GHG emissions, depending on the source of the electricity used (emissions resulting from
electricity generation must be considered when evaluating the environmental benefits of
electrolytic hydrogen production technologies). Nuclear high-temperature electrolysis and
renewable electrolysis, using renewable sources of electricity such as wind turbines, will
result in near-zero GHG emissions.

Al1.1.5 Barriers to Hydrogen Production through Electrolysis

There are challenges to setting up mainstream electrolyzer use for hydrogen production,
primarily high capital costs and the cost of electricity. For example, PV electricity today costs
approximately $.30/kWh, perhaps 10 times what is needed to make electrolysis cost competitive,
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and the cost of electrolyzers themselves must be significantly reduced to enable large-scale
implementation. Many of the clean energy technologies have siting, social, or environmental
concerns which also must be overcome; however, all these barriers are being addressed
aggressively by government and industry, and it is worth considering whether the benefits
warrant greater investment today.

Today's electricity grid is not ideal to provide the electricity required for electrolysis because of
the GHG emissions and energy-intensive nature of the electricity generation technologies used.
Electricity generation using clean or nuclear energy technologies, separate from the grid, is a
possible option for hydrogen production via electrolysis.

DOE and others continue efforts to bring down the cost of clean energy-based electricity
production and develop more efficient coal-based electricity production with carbon
sequestration. Wind-based electricity production, for example, is growing rapidly in the United
States and globally.

Al1l.1.6 Ongoing Research Focus

e Reducing the capital cost of the electrolyzer and improving energy efficiency.

e Integrating compression into the electrolyzer and avoiding the cost of a separate compressor
needed to increase pressure for hydrogen storage.

Al.2 NIGHTTIME GENERATION OF OXYGEN

An investigation was made into the possibility of creating oxygen at night to take advantage of
the excess power available. It was estimated that about 182 tons/day of oxygen of 98 percent
purity at 300 psig would be required to enable plant operations. Approximately two-thirds of the
oxygen would be used for reforming natural gas and the remaining one-third would be used for
pre-treating biomass.

According to experts from Universal Industrial Gases, Inc., the power consumption required for
a plant of this size would be about 3.5 MW to produce the oxygen needed cryogenically. Asa
point of comparison, it is estimated that 42 MW would be needed to produce oxygen through
electrolysis. Using the current cost differential between night and day electrical rates it would
not be cost effective to use this much power to produce oxygen at night. In addition, it is
believed that storing 91 tons of oxygen under pressure would be completely impractical.

The investigation revealed another possible option. The liquefied co-products, nitrogen and
argon might be made profitably if the liquefaction portion of the plant were run at night. In order
to make this determination, the power required for liquefaction, which is believed to be no
greater than the 3.5 MW required for the process described above, and the value of the liquid
nitrogen that would be produced would need to be assessed. The economics of this process are
based on the local market for the products. The Mid-Columbia region has a very low cost of
power, which makes plant economics for plant operation more desirable; however, transportation
costs impact the economic viability of this process. In summary, it is expected that the project
would depend on the market within about 500 miles of the plant.
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Converting diesel engines to run on ammonia seems to be a logical choice for the power plant in
small-scale Hydrogen Hubs. This is because diesel GenSets are readily available from
commercial suppliers such as Caterpillar, at reasonable cost. Diesel engines are also durable,
reliable, and inexpensive to maintain. Because they are widely used in power applications,
particularly emergency power supply, spare parts and services are readily available. The cost of
converting a diesel engine to run on ammonia is a key uncertainty, as is the resulting operating
efficiency.

Because a small amount of biodiesel fuel (or conventional diesel) is required to assist the
ammonia combustion process in diesel (compression ignition) engines, a small amount of carbon
dioxide is generated if diesel engines are used at the power plant because biodiesel fuel produces
some carbon dioxide emissions. Other power plant technologies that would not potentially
produce carbon dioxide include spark-ignited IC engines and combustion turbines. Significant
uncertainties exist to convert these power plant technologies to run on ammonia, including costs
and potential degradation in efficiency.

Because it is an energy storage device, a Hydrogen Hub will necessarily consume more power
than it produces. Indeed, compared to other storage technologies, the “round trip”
thermodynamic efficiency of a Hydrogen Hub, preliminarily estimated to be about 20 to

25 percent, is relatively low. Further, the capital costs of constructing a Hydrogen Hub as a
peaking unit seem to be comparable to that of natural gas-fired combustion turbines.

While the operating costs of a Hydrogen Hub may be higher than using natural gas as a fuel,
ammonia’s relatively carbon-free and clean burning combustion characteristics, as well as its
high energy content, seem to make ammonia a viable storage medium candidate. Ammonia is
conveniently stored as a liquid at room temperature at pressures of approximately125 psi and
greater, and is stored routinely in large quantities as a liquid at atmospheric pressure at -33°C.
Further, ammonia production surplus to power plant needs could be marketed to agribusiness for
use as fertilizer to help offset costs of providing power benefits. Similarly, oxygen, a byproduct
of electrolysis of water, could be sold to help offset operating costs.

An ammonia powered GenSet could be called on to produce power when needed by the power
system. Because the ammonia synthesis process can be turned on and off relatively quickly, a
Hydrogen Hub could provide additional benefits to the power system by serving as a
dispatchable load. These highly flexible operating characteristics suggest Hydrogen Hub
technology could help integrate intermittent renewable resources, particularly wind power, into
the power grid. Finally, while costs would increase somewhat, it may be possible to produce
ammonia in one location, but construct ammonia powered GenSets in another location to provide
transmission benefits. BPA has asked NWHA to conduct further study on these concepts.

In performing this preliminary study, NWHA looked at three cases. Case | estimated the costs
of constructing and operating a small Hydrogen Hub with an ammonia plant with a 10 tons/day
capacity coupled to a 10 MW GenSet. Case 2 estimated the costs of constructing and operating a
Hydrogen Hub with an ammonia powered 25 MW GenSet just 2 months a year to sell into high
priced summer power markets. Case 3 estimated the costs of constructing and operating a
Hydrogen Hub with a 100 ton/day ammonia plant to produce ammonia surplus to the needs of an
ammonia powered 10 MW GenSet.

In addition to the conclusions implicit in the discussion above, NWHA’s preliminary major
conclusions are that using a Hydrogen Hub as a peaking unit (Case 1) seems to be a potentially
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APPENDIX B

SOLAR TRACKING MODELING RESULTS USING PHOTOVOLTIC SYSTEM FOR
A 5 MW AC GROUND-MOUNTED SYSTEM (refer to Section 3.5.1.3)
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