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Executive Summary

Background

The Strategic Environmental Research and Developmental Program (SERDP)/Environmental
Security Technology Certification Program (ESTCP) is the Department of Defense’s (DOD)
environmental science and technology program focusing on issues related to environment and
energy for the military services. Part of ESTCP’s charter is to investigate, demonstrate, and
validate environmental and/or energy technologies that offer the potential to provide significant
benefit to DOD via a variety of channels including, for example, increased efficiency, regulatory
compliance, cost savings, and/or reduced petroleum consumption.

The SERDP/ESTCP Office requested that the National Renewable Energy Laboratory (NREL)
provide technical assistance with strategic planning by evaluating the potential for several types
of renewable energy technologies at DOD installations. NREL was tasked to provide technical
expertise and strategic advice for the feasibility of geothermal resources, waste-to-energy
technology, photovoltaics (PV), wind, microgrids, and building system technologies on military
installations. NREL’s deliverables were to provide a draft report no later than November 10,
2010 and a final report prior to a January 2011 SERDP/ESTCP Funding Opportunity
Announcement. This report satisfies the second and final report deliverable requirement.

Although not specifically requested by SERDP, included in the report is an energy storage
section that provides descriptions and applications of electrical energy storage. Also included is
an electric vehicle grid integration (EVGI) section that describes a demonstration of EVGI
technology as well as challenges and opportunities of EVGI to a military-base grid.

Technology Summaries and Recommendations

The following is a very brief summary of six major renewable energy technologies that were
examined and their potential for applications at DOD installations. Also included is a brief
summary of one or two of the major recommendations for each of the six major renewable
energy technologies considered.

Geothermal Resources

The potential for using geothermal resources for electricity generation on DOD installations is
highly dependent on the geographical location of the DOD installation but offers significant
potential for renewable energy development and can provide baseload power. In general, DOD
installations in areas of high geothermal gradient in the Southern and/or Western United States
and selected non-CONUS bases such as Guam may offer the most potential for developing
geothermal electric resources.

Geothermal heat pump (GHP) systems are a technology that uses heat pumps to exchange heat
between the building and the topmost layers of soil and rock or surface/groundwater. GHP
systems are a proven, efficient technology to reduce the consumption of other sources of energy
for heating and cooling, and are already utilized at DOD installations including Fort Polk,
Louisiana. Since GHP technology uses normal ground and groundwater temperatures, it has the
potential to be utilized across a far larger geographic area than geothermal electric energy, and
can be considered at all DOD facilities to provide both heating and cooling.
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Underground thermal energy storage (UTES) technology stores heat underground by adding
more thermal energy to the subsurface than can be dissipated, resulting in a "battery" to store
energy until it is needed, and reducing consumption of other energy supplies. UTES technology
is common in Europe and offers the potential for demonstration-and-validation studies across
large areas of the United States.

Geothermal Major Recommendation

DOD conduct an initial assessment of waste heat recovery, low-temperature geothermal, GHP,
and UTES potential at all DOD installations, with a follow-on detailed evaluation of a short list
of high potential payoff installations. Detailed analyses would include a techno-economic
evaluation of the cost of developing the above described resources to inform DOD of the
economic viability of these technologies at U.S. military installations.

PV Technologies

Photovoltaic (PV) technologies convert solar irradiance into direct current (DC) electricity using
solid-state semiconductor devices. The capital cost of a PV system, available incentives, the
operation and maintenance costs, and local electricity prices will determine the economics of the
PV system. PV cells used to capture solar energy can vary by construction technique and
process, elements used in the cells themselves, and efficiencies. Electrical efficiencies can range
anywhere from 8% to 20%, depending on these variations.

Inverters are solid state electronics with DC-to-AC conversion efficiencies greater than 90% and
peak efficiencies of 96%, depending on the manufacturer and the power output. Warranties on
inverters are typically 10 years, although inverter manufacturers are continually improving the
efficiencies and the lifetimes of inverters.

Concentrating PV (CPV) technologies are fairly new technologies that use optical concentrators
to focus direct solar radiation onto PV cells for conversion into electricity. Advantages of these
technologies include reduced cell area requirements, and economic benefits due to the fact that
mirrors and lenses are generally cheaper than the semiconductor PV cell. Some current CPV
technologies feature cells with efficiencies as high as 26%.

Other technological considerations include the tilting of PV modules to capture the maximum
amount of solar energy possible. For example, at a location of 40 degrees north latitude, an
optimal tilt varies from 30-35 degrees to maximize annual energy production. Since electricity
generation is maximized when PV modules are perpendicular, or normal, to the incoming
sunlight, a single-axis tracking system that allows the panels to move east to west during the day
is more efficient at collecting PV energy than a rigid PV system. Dual-axis systems (permitting
north-south tracking in conjunction with east-west tracking) ensure that the PV module always
faces the sun. Increased energy production from these systems must be compared to the
increased costs of these systems.

PV systems can be competitive with and even cost less than traditional, fossil-fuel produced

electricity, especially on islands or remote locations where the cost of fuel or the delivery costs
are very high. PV resources are well understood, and PV maps exist that highlight geographic
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areas of high PV potential. In general, the Southwestern United States and places like Hawaii
are strong candidates for PV, although PV—and especially non-concentrating PV—can be used
in all 50 states. Economies of scale generally result in reduced costs per kW for larger systems;
smaller systems tend to have higher relative installed costs. Since there are no moving parts, PV
modules often include warranties of 20 to 25 years. The warranty is typically used as the lifetime
in financial calculations even though the lifetime may be longer. PV modules can be the most
durable component of a PV system.

PV Major Recommendation

There are several major recommendations contained in the PV section of this report, but the
primary recommendation is that DOD conduct a survey of existing facilities to determine
appropriate locations of PV systems based on economics and any other tactical/technological
considerations and then take steps to implement those systems.

Microgrid Technologies

Microgrids are coordinated energy generation and electrical distribution systems capable of
operating independently from the macrogrid (main utility grid). They include multiple
distributed energy generation resources and multiple loads and have controller capabilities to
dispatch generation, control loads and provide seamless connection/disconnection with the
macrogrid. Microgrids typically include two critical pieces of equipment—a switch to
disconnect and reconnect to the macrogrid when needed and a controller that dispatches
generation, load and microgrid support functions.

The decentralized nature of microgrids provides physical redundancy to the electrical
distribution system, which reduces the possibility a single failure (whether terrorist or natural
disaster in origin) causing a complete collapse of the grid. However, the integration of more
microprocessor-based controls and especially smart grid technologies into the electrical system
adds new access vectors to critical infrastructure components, increasing vulnerability to cyber
attacks.

A microgrid connecting to and disconnecting from the grid presents many challenges to the local
utility. These include voltage, frequency, and power transfer concerns, as well as protection
schemes and identifying steady state and transient conditions, to name a few. Other challenges
include the integration of renewable energy into the microgrid, and ensuring that a microgrid is
not only operating, but is operating efficiently—minimizing fuel use for example.

DOD, the U.S. Department of Energy (DOE), and several national laboratories and large defense
contractors are involved in microgrid development demonstration and deployment efforts, some
at DOD installations. Several microgrid research and testing facilities are being developed
and/or are operational as well.

Microgrid Major Recommendation

The entire field of microgrids is a very “hot” topic for DOD currently, and the microgrid section
of this report contains many recommendations that would be beneficial. Microgrid research,
development and deployment in general address both mission assurance and energy security
concerns of DOD. However, the area most strongly recommended for immediate focus is



development of controller technology. The controller is critical to successful microgrid operation
and provides the dispatching intelligence necessary to keep the critical load running when the
microgrid is disconnected from the macrogrid. Selecting several sites that provide unique
operating environments, such as size of system, criticality of loads, type of onsite generation, and
presence of energy storage would provide a good balance for development of several controller
technologies.

Waste-to-Energy Technologies

Waste-to-energy (WTE) generally refers to technologies that directly convert a post-recycled
waste stream into energy, without the use of an intermediary step such as landfilling. The
pathways include thermochemical conversion, such as mass burn and gasification, and biological
conversion, such as anaerobic digestion. These conversion methods transform most of the waste
into energy but not all, leaving approximately 10% — 30% of the material (by weight) to be
marketed as a co-product or disposed of in a landfill. Factors influencing WTE economic
feasibility include tipping fees (per-ton fee collected for disposal of customers’ solid waste) and
the local market rates for the electricity or heat produced. WTE tends to be more economical in
the coastal areas of the United States because of the high cost of building new landfills and
inability to locate these new facilities near population centers. This is reflected in the aggressive
pursuit of municipal WTE projects in California, New York, Maryland, and Florida. There are
400 closed or inactive landfills on DOD installations, occupying more than 5,000 acres of
unusable space for the military training and support missions. Implementation of WTE offers
the potential to preserve the space of the 71 remaining DOD landfills and may serve as a
remediation process for closed landfills, processing the buried waste and reclaiming the land.

Mass burn is the most proven technology using standard combustion techniques and requires
feedstock on the order of 300 or more tons per day (tpd). A significant amount of off-site
material would be needed to supplement the typical 10 — 100 tpd waste stream available on a
DOD installation. Mass burn WTE is being considered at several DOD installations adjacent to
metropolitan areas with large waste streams.

Gasification is an emerging WTE technology in which fuel is heated in a limited-oxygen
environment. It is typically smaller in scale than mass burn , and produces a synthetic gas that
can be used in a variety of ways. There are several small-scale gasification projects planned at
DOD sites. Of the WTE technologies, gasification is likely to be the least-costly conversion
method and has a scale of operations well suited for DOD installation-level waste streams. This
method has yet to be proven on a DOD installation.

Anaerobic Digestion is an emerging WTE technology using biological conversion methods to
process organic waste materials. The end result is a biogas high in methane content. Little work
in the United States is focused on directly converting municipal solid waste to energy via
anaerobic digestion.



Waste to Energy Major Recommendations

1. DOD develops and adopts a consistent lifecycle cost methodology for solid waste
disposal to accurately determine waste-to-energy economic feasibility and projected
payback potential.

2. DOD facilitates one or more WTE demonstration projects at installation(s) with
characteristics favorable for WTE projects, including:

e High lifecycle solid-waste disposal cost (greater than $70/ton)
e High cost of electricity (greater than $.12/kWh blended rate)

¢ Onsite solid waste volume greater than 30tpd (access to offsite waste volume
greater than 500tpd can be considered for a mass burn project)

Wind Technology

Wind turbines convert wind energy to electricity. In determining the viability of wind as an
energy source, it is important to know to the greatest extent possible the extent of the wind
resource before investing in and installing a wind turbine. Potential large-scale wind projects
may involve taking wind measurements for a year or more before determining whether or not to
go ahead with the project. Wind resource maps and data sets currently exist that can assist in
initially determining locations favorable for wind energy development.

Wind power is proportional to the velocity of the wind cubed (V*), meaning that if wind speed
were to double, corresponding wind power would increase by a factor of eight. Conversely,
halving wind speed reduces available power by a factor of eight. Clearly, wind speed is critical
in wind power production, and in many cases, the simplest way to increase wind speed is to
increase the height of the wind tower itself.

Because power increases as the cube of wind speed, much of the average power available to a
wind turbine comes during relatively short periods of high wind speed. It is only in high winds
that the turbine produces at rated power. To take full advantage of windy periods, the wind
turbine needs a large enough generator and a strong gearbox. The average power produced (aka
capacity factor) by a utility-scale wind turbine over time is 25% — 45% of the rated power the
machine is capable of delivering. Typical capacity factors will be 10% —25% for small wind
turbines.

The high “surface roughness” associated with buildings in an urban environment has an adverse
affect on wind power output. Life cycle costs of rooftop wind systems are not very compelling
in terms of economic benefit, and they are not recommended due to safety factors and buildings
not designed for rooftop turbines. DOD may find small wind systems might make more sense in
a public relations setting rather than economically—that is, perhaps at a guard shack or other
location that has high visibility to the general public, and lends itself favorably to public
perception of DOD’s renewable energy efforts.
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Wind Major Recommendation

Utility-scale wind turbines have much better economics, operations and maintenance (O&M),
and energy performance than small wind turbines. It is recommended that DOD examine the
utility-scale option at those sites that make the most sense—good wind resource (Class 3+),
minimal operations impact, reasonable distance-to-grid intertie, high cost of energy (greater than
$0.06/kWh)—and then take steps to implement wind technologies at those sites subject to a
favorable economic analysis and any military tactical/ technological considerations.

Buildings Technologies

This report contains greater than 35 building-related technologies that are receiving funding
through DOE’s Building Technologies Program (BTP), are currently available, and/or are
candidates for demonstration in the near future. Multiple technology opportunities exist in each
of the core research and development (R&D) tracks within DOE’s BTP: whole building design,
building envelope R&D, appliances, advanced cooling technologies, geothermal heat pumps,
advanced controls and diagnostic R&D, and lighting.

What is most compelling about building technologies is that DOD could reduce the energy use of
new commercial buildings by 30% — 605 with off-the-shelf, commercialized technologies and
reduce the energy use of all of their existing buildings by at least 30% with commercialized
technologies when they utilize a whole building design and renovation approach discussed in the
report. This translates into tens of millions of dollars saved by DOD, in many cases with
payback of initial investment in less than five years.

A "whole building design" approach incorporates multiple building technologies and produces
an optimal solution for building retrofit or design. A logical demonstration project would be to
pilot this approach on a few DOD facilities to demonstrate the effectiveness of the novel
optimization approach and develop the internal capacity within DOD to adopt the process on all
new DOD facilities. It is also recommended that DOD adopt a new fully-automated energy-
auditing tool that is incorporated into an internal workforce development plan to holistically
retrofit existing DOD facilities with an optimal suite of energy efficiency measures.

Building Technologies Major Recommendation

DOD initially supports pilot project "whole building design" analyses on a limited number of
DOD installations. After successful testing, implement full-scale building analyses at
installations/buildings DOD wide that offer significant energy efficiency potential, and then
implement all cost-effective energy savings measures under a given bundled payback period (say
seven years or less.)
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Introduction

The Strategic Environmental Research and Developmental Program (SERDP)/Environmental
Security Technology Certification Program (ESTCP) Office requested that the National
Renewable Energy Laboratory (NREL) provide technical assistance with strategic planning by
evaluating the potential for several types of renewable energy technologies at DOD installations.
NREL was tasked to provide technical expertise and strategic advice for the feasibility of
geothermal resources, waste-to-energy technology, photovoltaics (PV), wind, microgrids, and
building system technologies on military installations. Also included in the report is an energy
storage section that provides descriptions and applications of electrical energy storage, and an
electric vehicle grid integration (EVGI) section that describes a demonstration of EVGI
technology as well as challenges and opportunities of EVGI to a military base grid.

The sections that follow are each devoted to the special characteristics, resource requirements,
and opportunities of a particular renewable energy technology. The presentation of material is
tailored to each of the technologies. Each section concludes with a list of recommendations
based on the assessment, while the Executive Summary contains a major recommendation or two
associated with each technology.

Geothermal and Waste Heat Resources

Introduction

This section of the report addresses two of the tasks to provide strategic advice to the DOD
SERDP/ESTCP Office regarding renewable energy and energy efficiency measures that can be
implemented to meet renewable power generation and energy security goals of the U.S. military.
The two tasks as defined in the original scope of work were to:

Provide strategic advice regarding the economic and technical feasibility of using geothermal
resources to produce electricity from abandoned oil and gas wells near military
installations. This will include geospatial analysis of potential geothermal resources in
proximity to military installations.

Provide strategic advice regarding the economic and technical feasibility of using waste heat
and/or relatively low-temperature geothermal resources on military installations to
produce electricity.

To provide strategic advice and recommendations on both tasks in a clear and concise format,
NREL re-organized the structure of the two tasks, as directed by DOD-ESTCP, as follows:
Assess the technical and economic feasibility of using low-temperature geothermal resources
situated near military installations to produce electricity. Resource types include:
abandoned oil and gas wells (commonly referred to as co-production), geopressured
systems, hydrothermal systems, and potentially sedimentary basin systems.

Assess the technical and economic feasibility of using:

Waste heat generated at military installations to produce electricity utilizing low-
temperature geothermal technologies



Geothermal storage and/or normal ground temperature to provide space heating and
cooling at military installations (this includes assessment of geothermal heat
pumps and underground thermal storage systems).

Task 1 focuses on identifying permanent U.S. military installations that may benefit from their
proximity to geothermal resources. Both continental United States (CONUS) and non-
continental (non-CONUYS) installations are considered. In general, the evaluation of the CONUS
bases is more in depth due to our knowledge of the United States’ geothermal resource base,
while evaluation of non-CONUS installations is more speculative, except in areas of previous
NREL assessment (i.e., Guam).

The technologies discussed in Task 2 are not limited by geographic proximity to a geothermal
resource like those discussed in Task 1. Therefore, emphasis is placed on describing the
technologies and how they can be implemented.

Task 1: Co-production and other Low-temperature Geothermal Resources

Background

Like other renewable energy resources, geothermal power generation provides clean energy with
little to no greenhouse gas emissions. But unlike most other renewable energy technologies, it
has the advantage of being able to supply baseload power without some type of energy storage
medium. Utilization of low-temperature geothermal resources has the potential to be a viable
solution for small- to medium-scale power generation needs of the U.S. military. Low-
temperature geothermal resource types typically considered suitable for power generation
include: co-produced water from oil and gas wells, geopressured fluids from deep sedimentary
basins, and active hydrothermal systems. Another potential source of low-temperature
geothermal fluids, which is currently being assessed by the U.S. Department of Energy (DOE),
are thermal aquifers found in sedimentary basins that are not mixed with hydrocarbons or
geopressured.

For this report, low-temperature resources are defined as those with fluid temperatures below
150°C and, in most cases, temperatures in excess of 80°C. The applicability of the lower limit
(i.e., 80°C), however, is dependent on the temperature difference (AT) between the cooling
system and the working fluid. Typically, geothermal power plants are air cooled and the AT is
controlled by ambient air temperatures; however, some systems are water cooled which can
reduce the lower temperature limit and thereby improve the efficiency of the plant.

Co-produced Water

Co-production utilizes water produced as a byproduct from oil and gas wells as a potential
resource for geothermal power generation. Water produced from oil and gas wells is historically
considered an inconvenience by the industry, because of the high cost of disposal through re-
injection and/or treatment. Co-produced water is typically considered a low-temperature
geothermal resource because the bulk of the known resource capacity is below 150°C (Augustine
and Falkenstern In Prep). Gas wells show the highest potential for geothermal power production.
This is because of the thermal evolution of hydrocarbons, where oil forms at temperatures
between 65°C and 150°C and natural gas forms at temperatures >150°C.



Co-production Demonstrations and Current State of the Technology

Abandoned oil and gas well co-production has never been demonstrated at a current military
installation. In the Unites States, only one example of power generation from co-produced water
is currently active. At the Rocky Mountain Oilfield Testing Center (RMOTC), located 35 miles
north of Casper, WY, 60,000 barrels of water per day of 100°C water are used to generate ~250
kW of electricity with a binary Organic Rankine Cycle (ORC) power plant (RMOTC 2010). The
DOE-run RMOTC facility has additional plans to install another 250-kW power plant in the near
future. DOE, in part, has also funded Chena Power, LLC, to build and demonstrate a mobile
geothermal power plant to showcase co-production technology across the United States (U.S.
DOE 2010); currently the mobile unit is in Utah. Two additional projects have been funded
through the American Recovery and Reinvestment Act (ARRA) to demonstrate co-production
viability in the Williston Basin of North Dakota and the Gulf Coast of Texas (U.S. DOE 2010);
both projects are still in early stages of development.

There are a number of benefits associated with co-production compared to other low-temperature
resources, including:

The use of existing oil and gas field infrastructure
Simplified technology deployment

Relatively low risk

Improved economics of oil and gas wells.

Potentially the most important benefit of co-production is that existing oil and gas wells can be
repurposed and other well field infrastructure, such as power lines, pipelines, and roads, can be
leveraged to mitigate financial risk. Because of this, deployment is simplified and, in many
cases, co-production can be considered a “plug-and-play” activity (e.g., Chena Geothermal,
LLC, mobile power plant demonstration). These benefits, as well as the resource being well
characterized (i.e., proven) ahead of time, mean the development of co-produced water for power
generation is relatively low risk. Finally, if power purchase agreements are made with oil and gas
operators, co-production can improve a well or well field economics by generating revenue from
what is considered waste water.

Drawbacks associated with co-production as a source of power generation include:
Generally on the low end of the low-temperature range
Limited geographic distribution of the resource
The need for sufficient water flow capacity
Water disposal issues.

As mentioned previously, co-produced water is a dominantly low temperature resource. It is also
limited in geographic extent to areas of known/active oil and gas development, unless a
developer wants to take on the financial risk of drilling a new well or set of wells. Also, not all
areas of oil and gas production produce either an appreciable quantity of water and/or water of
sufficient temperature for power generation. Finally, as mentioned previously, the potential for
power generation from co-production appears to be limited to mostly gas wells.



Another drawback is that oil and gas wells are designed to minimize the water-to-oil or water-to-
gas ratio. This means that either multiple wells will be needed to produce enough water or that a
well will need to be re-completed (i.e., perforate the casing) to enhance the inflow of water. In
many cases, both will need to be done. Currently, recompletion using conventional tools is
considered an economic barrier to commercial development of the resource.

Finally, the issue of what to do with the waste water still exists—it will either need to be re-
injected or treated and disposed of. There are a number of regulatory hurdles that must be
overcome, which can impact the economic viability of development of this resource. However,
as mentioned above, the ability to improve the overall economics of the well/well field can help
mitigate this issue.

Ground Water Temperature Estimates for Co-Production
Within 20 Miles of Military Installations, Bases and Ranges

Water Temp (Celsius)
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Figure 1. Viable co-production wells within 20 miles of military installations

Other Low-temperature Geothermal Resources

Geopressured Resource

Geopressured reservoirs (a.k.a., over-pressured reservoirs) are found in deep, geologically young
sedimentary basins where rapid burial of underlying formations result in higher than normal fluid
pressures. The depth of burial, in turn, can result in fluid temperatures that are sufficient for



geothermal energy development. Geopressured resources can be considered a variation on co-
production, but are typically considered separate because the water to hydrocarbon ratio often
makes extraction uneconomical for oil and gas operators.

Geopressured Demonstrations and Current State of the Technology

There has been one successful pilot-scale demonstration of the geopressured technology at
Pleasant Bayou located in Brazoria, TX. From 1989-1990, a 1-MW binary ORC was operated,
generating more than 3,400 MWh of electricity during a 7-month period. Currently, Louisiana
Geothermal, LLC, is working to demonstrate geopressured technology in Cameron Parrish, LA,
with DOE support (U.S. DOE 2010).

Much like co-production, the exploitation of geopressured resources is relatively low risk
because conventional, off-the-shelf equipment (i.e., plug-and-play) can be used with slight
modification for high-pressure fluid intake to generate power. Also, geopressured systems can
produce more power on a per-well or well-field basis relative to co-production due to high fluid
pressures associated with the resource type.

Geopressured resources are found in some of the same basins as co-produced water resources;
however, they are confined to the deepest parts of the basins, which results in the geographic
extent being much more restricted (Figure 2). Other drawbacks to geopressured resource
development include the need to recomplete or deepen existing wells (or even drill new wells) as
these units are either bypassed or deeper than the regional hydrocarbon pay zone. Like co-
production, geopressured resources also have water disposal issues.



Geopressure Reservoirs
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Figure 2. Location of military installations relative to geopressured reservoirs in the United States

Low-Temperature Hydrothermal System Resources

Hydrothermal systems are considered the conventional method of extracting geothermal energy
for power generation. In the United States, more than 2,200 MWe are generated (3,300 MWe
installed capacity) from water and steam produced from hydrothermal reservoirs (GEA 2010).
The vast majority of the hydrothermal resources being exploited at present are considered high
temperature (i.e., >150°C in the reservoir); however, a number fall in the low-temperature range
(e.g., Chena Hot Springs, AK). Hydrothermal resources are found primarily in the western
United States, with California and Nevada being the two largest producers of geothermal power
from hydrothermal resources (Figure 3).



Geothermal Power Generation
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Figure 3. Current (2010) geothermal power installed capacity with projections for planned
installation; all currently installed capacity in the United States is in hydrothermal systems

Current State of the Hydrothermal Technology

Electricity generation from hydrothermal resources employ binary ORCs, flash, and dry-steam
power plants; however, binary ORCs are considered more suitable for low-temperature
applications. Most hydrothermal power systems attempt to use a closed-loop concept, where
water is produced from one or more wells and then re-injected to mitigate hydraulic and
temperature drawdown effects.

The benefits of exploiting low-temperature hydrothermal resources include:
Leveraging knowledge gained by geothermal power industry
Less toxic/corrosive waters compared to co-production and geopressured resources

Potentially much larger geographic distribution than co-production and geopressured
resources.

Drawbacks to utilization of low-temperature hydrothermal systems include:

Geographic extent is limited to the western United States



In most cases, exploration and drilling will need to be conducted to find and delineate the
resource

Infrastructure will need to be built to access the resources, which can be remote
Higher risk relative to co-produced and geopressured resources.

There is a vast amount of knowledge that has been gained over the last half century by the
geothermal power industry that can be leveraged to overcome obstacles associated with utilizing
low-temperature hydrothermal resources. For example, more low-temperature hydrothermal
resources have been identified relative to high-temperature hydrothermal resources.
Unfortunately, none of this mitigates the issues of geographic extent and distribution.

The cost of exploration, drilling, and infrastructure can be considerable when compared to co-
production and geopressured resource development (i.e., millions vs. hundreds of thousands of
dollars), and to prove a hydrothermal resource, it must be drilled.

Case Study — Fort Bliss

NREL’s geothermal team is working with DOD facilities regarding on-base opportunities for
geothermal installations. In particular, NREL is working with Fort Bliss, TX, to help expand
their power generation and space conditioning needs associated with an eminent 90,000+ troop
expansion. To accomplish this, Fort Bliss requested support from the Federal Energy
Management Program to create plans for implementing the recommendations of the Fort Bliss
Energy Security Tiger Team in May 2009. This 13-month project, supported by ARRA funds,
resulted in the Fort Bliss Energy Efficiency and Renewable Energy Master Plan draft. The draft
identifies renewable energy opportunities at Fort Bliss, estimates their costs and benefits, and
recommends strategies for implementation.

Of the resources being investigated at Fort Bliss, geothermal is planned to be the third largest.
The current plan is for geothermal at McGregor range, which would account for about 10% of
the total resources to meet 425 GWh production for the base. Sandia National Laboratory was
commissioned in the 1990s to drill four slimholes. The test wells measured temperatures around
175-185°F (80-85°C).

Extensive geothermal exploration and evaluation must occur before the size and quality of the
geothermal resource can be determined. The first step in this investigation is being funded as part
of a DOE Geothermal Program ARRA grant that was awarded to the city of El Paso for
exploration of geothermal resources at Fort Bliss. The County of El Paso team consists of Ruby
Mountain, Inc. (project management), University of Utah Energy and Geosciences Institute,
Aerospect (new drilling technology provider), and private share partner Radion Energy, LLC.
The field investigation work will be performed in the three phases listed in Table 1.



Table 1. Work to be done during the various Ft. Bliss exploration phases

Phase | Phase Il Phase lli

o Literature Review e Two slimholes | e Flow testing of slimholes and

« Field Survey verification of thermal capacity

e Model development plan for

o Heli-Lite drilling — Determine identified geothermal resources

subsurface stability and consolidation
o Geological sample collection

o Infrared imaging survey — Detect
faulting and geothermal anomalies

o Mercury survey — |dentify previous
geothermal activity

o Thermal gradient survey 6 ft. t0o150 ft.
— Test the ground temperature at
various depths

o Gravity survey — Characterize buried
geologic structures and determine
depth to bedrock

The 3-year study will determine if (and where) commercially viable low-temperature geothermal
resources exist in the McGregor test area, and if necessary, at other lesser-known sites that exist
on the Fort Bliss Military Installation. The study will also determine the location the resources
can be best accessed without compromising the tactical and strategic missions of the base.
Secondly, the study will determine if resources that have adequate temperatures also have a
water/fluid flow rate and volume to justify commercial development at any scale, considering the
20-MW target identified by the base. Finally, the study will determine if the resource is adequate,
where production facilities can be located for power production, if (and how) such facilities can
be used to power the McGregor Range installation, and how such power can be returned to the
grid for use at Fort Bliss.

The Fort Bliss team is concurrently examining the feasibility of a geothermal power plant in the
McGregor Range area. They are examining transmission line access and cost, water availability
and quality, and Environmental Assessment issues. A meeting with U.S. Geological Survey
(USGS) indicated that water access is very limited near the Davis Dome and is brackish (salty
and briny) in quality.

Methodology and Approach

The approach discussed above for conducting a first-cut resource assessment of the various low-
temperature geothermal resources consisted of data gathering and geospatial analysis to
determine the proximity of permanent military installations to known resources, or in the case of
bases outside of the United States, to features that are associated with known geothermal
systems. For example, the proximity of military installations to areas of elevated temperature at
4.5-km depth, as shown in Figure 4, suggests the potential for development of power generation
capabilities at a number of military installations.
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Figure 4. Temperatures at 4.5-km depth (NREL 2010; Blackwell and Richards 2004); CONUS

military installations overlay

Low-temperature Resource Assessment

Co-production Resource Assessment

For this assessment, NREL compiled a database for a larger DOE co-production study consisting
of 2.5 million wells of various types was leveraged. A number of criteria (largely based on the
NREL-DOE study) were used to determine the potential co-production resource available to U.S.
military installations, including:

Proximity to installations (within 20 miles)

Wells must be active (i.e., currently being produced)

Wells must produce water as a by-product (no minimum was set)

Measured or estimated water temperatures must be in excess of 80°C.

Using these criteria, the number of potential wells reduced to slightly more than 14,000 with
suitable temperature within 20 miles of a military installation (Figure 1). This should be
considered a minimum as there may be a significant number of wells that are inactive, but are
potentially available for co-production. Preliminary results suggest that a number of installations
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may benefit from their proximity to active wells capable of supporting co-production, listed in
Table 2.

Table 2. CONUS military installations with co-production potential

Military Installation State Rank
Fort Chaffee AR High
Lemoore NAS Medium
Travis AFB A Low
Fort Polk MR Medium
Barksdale AFB High
Claiborne Range MR LA Medium
Ammunition Plant High
Camp Shelby MR MS Medium
Tinker AFB Low
Fort Sill MR OK Low
gl.asr;tArmy Ammunition Medium
Goliad Naval Auxiliary High
Chase Field NAS High
Waldron Field Medium
Cabaniss Field NAS Medium
Corpus Christi NAS TX Medium
Moore Army Airfield High
Kingsville NAS Medium
Orange Groove NAS High
Ammuniton Piant High

Additional refinement of this assessment is needed to better constrain resource estimates, as well
as the power generation capacity of a well and/or well field. For example, if the active well-only
criteria is modified to include wells that are inactive but not plugged and abandoned (i.e., shut in
because they are currently uneconomical to produce likely due to the well producing too much
water), the potential for a significant expansion of the resource base exists. This could lead to an
expansion of the list of installations (Table 2) with potential for generating power from co-
production.
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Geopressured Resource Assessment

Assessment of the viability of geopressured resource for use by military installations is
qualitative as no well data are available. For this assessment, the locations of military
installations were overlaid on a map showing the boundaries of known geopressured reservoirs
in the United States (USGS 1975). Military installations with the potential to exploit
geopressured resources are listed in Table 3.

Table 3. CONUS military installations with geopressured resource potential

Military Installation | State | Rank

Sacramento Air Signal
Depot

Concord Naval
Weapons Station

Camp Parks MR
Moffett Federal
Airfield

Rough and Ready
Island Naval CA
Reservation

High

Oakland Army Base
Travis AFB

Point Arena Air Force
Station

Beale AFB
Lemoore NAS
Edwards AFB Low

Louisiana Army
Ammunition Plant High

Medium

Alvin Callender Field LA
Barksdale AFB Medium
Camp Villere Low
Camp Shelby MR MS |High
Fort Sill MR OK |Medium
Goliad Naval Auxiliary
Chase Field NAS
Waldron Field
Cabaniss Field NAS
Corpus Christi NAS
Moore Army Airfield
Kingsville NAS
Orange Groove NAS

TX |High

12



Low-Temperature Hydrothermal

There are a number of military installations being investigated for development of potentially
high-temperature hydrothermal resources (e.g., Hawthorne Army Depot, Fallon NAS [see case
study below], El Centro NAS, Chocolate Mountain Naval Reserve, Salton Sea MR, and
Twentynine Palms Marine Corp Base) and one, Coso Geothermal Field at the China Lake
Weapons Center, that is currently producing power from such a resource (Sabin, et al. 2010).
There are additional military installations near known or suspected low-temperature resources or
on the margins of known high-temperature hydrothermal areas, and for this assessment,
identifying known, but undeveloped low-temperature hydrothermal systems within 40 miles of
military installations were emphasized (Table 4).

Table 4. Military installations within 40 miles of known low-temperature hydrothermal systems

Military Installation State | Resource Name (Temperature in °C)
Yuma Proving Ground
Barry D. Goldwater Air Force Range AZ (D,I%rgjs CA (145) and East Mesa, CA
U.S. Marine Corps Air Station
Edwards AFB
China Lake Naval Weapons Center Randsberg (120)
Ft. Irwin
March Air Reserve Base Arrowhead HS (115)
Camp Roberts
Hunter Liggett MR A Paso Robles (95) and Tassajara (95)
Camp San Luis Obispo
Travis AFB Boyes (110) and Sonoma Mission Inn
Concord Naval Weapons Station (110)
Sierra Army Depot Amadee (115) and Wendel (120)
Saylor Creek Aerial Gunnery Range
Mountain Home AFB D |Wnite Arow HS (100), and Barbury
Ada County National Guard (95)
Maneuver Area
;’;Eéiess MR/White Sands Missile TX/NM | Radium HS (90)
Dugway Proving Grounds UT |Abraham HS (90)

In addition to the bases listed above, Nellis Air Force Base and Ranges and El Toro Marine Corp
Air Station are worth considering because of their proximity to areas of high probability for
finding a hidden (or blind) hydrothermal system (USGS 2008).
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An Example of Geothermal Power Generation at Fallon Naval Air Station

Fallon Naval Air Station, Nevada, is an in-progress example of geothermal power installation at
a DOD facility, where a 30-MWe geothermal power plant is expected to be located near the
southeast border of the Station (Wasson 2006). This project is being overseen by the U.S. Navy’s
Geothermal Program Office who conducted the exploration and has contracted with Ormat
Nevada, Inc. to drill wells and install the power plant. Per the Geothermal Program Office’s
business model, the power generated by the plant will be sold through a long-term power
purchase agreement to a power supplier, in this case Sierra Pacific Power Company. Although
the scope of the work considered in this report is to generate power for installation use, it is
worth mentioning that the Navy will be compensated over the first 20 years of the plant
operation at 5% of the gross income from the power sales, and after 20 years, this portion
increases to 15%.

Low-temperature Geothermal Economic Considerations

There are a number of economic considerations to be made when determining which, if any,
low-temperature geothermal resource to develop for power generation purposes. Considerations
affecting all low-temperature resource types described above include:

Geothermal power plant type and size

Infrastructure construction/improvements (i.e., roads, power lines, pipelines, and wells)
Distance to the resource

Additional applications of direct use and thermal energy storage (see Task 2).

Resource-specific factors such well re-working/re-completion (for co-production and
geopressured resources) or drilling (for hydrothermal resources) must be considered. It is always
cheaper to recomplete a well than to drill it.

Resource temperature and flow capacity will dictate the type and size of power plant that can be
employed. Most low-temperature resources will utilize a binary ORC, but other cycles such as
Kalina or Stirling may be better depending on the type of cooling system, local climate
conditions, and the rate of water production. Costs associated with the construction of a power
plant, excluding any subsurface work, include: infrastructure construction or improvements,
engineering/architectural services, and project management/coordination. The distance from the
resource to the load center (i.e., the military installation) directly impact the cost of infrastructure
construction, and in general, the farther the resource is from the installation the more expensive
the project will be.

Additional applications of the geothermal resource (e.g., district heating, thermal energy storage,
etc) have the potential to improve the economics of the proposed development by capturing
additional benefits (i.e., an offset in heating and/or cooling loads for buildings) with a relatively
small increase in overall investment.

In many cases, these issues are considered economic barriers for commercial development, but
the economics for development for military concerns will be different and more site-specific data
is needed to conduct a full-scale assessment of the techno-economic factors affecting deployment
of geothermal technology.
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Permanent Non-CONUS U.S. Military Installation Geothermal Power Potential

As part of this assessment, NREL also evaluated non-CONUS U.S. military installations to
determine their potential for utilization of foreign geothermal resources for power generation.
The objective was to identify military installations within or adjacent to areas that have a high
probability of containing geothermal resources. This portion of our assessment is qualitative due
to limited data availability and general lack of local knowledge, with the exception of Europe
and Japan where data are publicly available. To identify the geologic features of potential
geothermal areas, zones of crustal subduction or extension and associated volcanoes were
identified. Figure 5 shows the locations of all permanent U.S. military installations worldwide
relative to global tectonic plate boundaries.

Installations such as Lajes Field, Diego Garcia, Anderson, and Mariana are all located on islands
near extensional plate boundaries (Figure 5), which suggest geothermal potential due to crustal
thinning and volcanic activity.

Non-CONUS U.S. Military Installations
and Global Plate Boundaries
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Figure 5. Location of non-CONUS U.S. military installations relative to plate tectonic boundaries;
inset maps: A is shown in Figure 6; B in Figure 7 and Figure 8, and C in Figure 10
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The proximity of installations located in Puerto Rico and the U.S. Virgin Islands to the Puerto
Rico Trench, a subduction zone, make them likely places to find geothermal resources
(Figure 6). The U.S. Naval Base-Guantanamo Bay on the Island of Cuba, however, has little
potential for geothermal.

Non-CONUS U.S. Military Installations
and Geothermal Features of the Caribbean
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Figure 6. Caribbean region showing non-CONUS military installations relative to plate tectonic
boundaries and volcanoes

In Europe, a significant number of installations in Germany and Belgium are located within area
of high heat flow (Figure 7) and elevated temperatures at 5-km depth (Figure 8). There are a
number of geothermal projects that have been developed or are in the development stage in areas
near some of the installations in Germany. These projects utilize a type of geothermal heat
recovery system known in the United States as sedimentary basin geothermal in which well
doublets or well set doublets are completed in highly permeable sedimentary formations (e.g.,
karst limestone or sandstone) with sufficiently high fluid temperatures (Figure 9). These systems,
located near Landau, Neustadt-Glewe, Unterhaching (Seibt, et al. 2005), are designed to not only
use the geothermal resources to generate power, but for district heating prior to reinjection.
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and Geothermal Features of Europe
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Figure 7. Heat flow map of Europe (European Communities 2002) with the locations of non-
CONUS U.S. military installations overlain; plate boundaries and locations of volcanoes are also
indicated

Other installations that may benefit from their proximity to geothermal resources can be found in
Spain (i.e., Moron Airbase and Rota Naval Station) and Italy (i.e., Camp Darby). Camps
Bondsteel and Mcgovern, located in Kosovo and Bosnia, respectively. The Izmir Air Station and
Iricirlik installation located in Turkey also have potential, especially when considering that as of
2010, Turkey’s geothermal industry has 100 MW. of power generation capacity installed, and
another 795 MW: is utilized for direct use applications (Serpen, et al. 2010).
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Figure 8. Temperature for Europe at 5-km depth (European Deep Geothermal Energy Programme
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locations of volcanoes are also indicated
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Figure 9. Neustadt-Glewe geothermal heat recovery and district heating system schematic
(Courtesy of GEO X, reprinted with permission)

The U.S. military has a significant number of installations located in the Japan-South Korea area
(Figure 10). Of the two countries, Japan has the greatest potential for generating power from
geothermal resources due to its proximity to an active subduction zone resulting in numerous
volcanoes (GRSJ 2010). The estimated potential of geothermal power generation in Japan is
>20,000 MWe from hydrothermal reservoirs at relatively shallow depths (i.e., <3 km). Currently,
21 electric power units at 18 geothermal sites, mainly located in northern Honshu and Kyushu
Islands, are in operation with a total capacity of 537 MWe. The proximity of U.S. military
installations to the active fields indicates that power generation may be a viable option.

The potential for power generation from geothermal resources in Korea appears to be low, but
may be due to the lack of data available. South Korea has only recently begun assessing it
resource base. With preliminary results indicating that there may be significant resources in the
southeast quadrant of the country (Lee, et al. 2010).
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Figure 10. Locations of non-CONUS U.S. military installations relative to plate tectonic boundaries
and volcanoes in Japan-South Korea region

Case Study — Guam

Guam represents one of the DOD’s highest priority locations for the development of renewable
energy due to Guam’s strategic importance, extremely high energy costs, dependence on
imported fossil fuel, and the expected future pressure on the island’s energy resources from the
planned increase in the military and dependent population. Baseload geothermal power would be
a tremendous asset if it could be found and developed on Guam. A team from NREL and the
Navy’s Geothermal Program Office, China Lake, CA, conducted an assessment of the
geothermal potential of the island in April 2010.

Guam has no obvious surface features suggesting geothermal potential and has never been the
focus of a geothermal exploration campaign nor even a rigorous geothermal assessment. Guam
lies on a regional trend of high heat flow, the Izu-Bonin-Mariana (IBM) volcanic arc system
(Figure 11). However, while the central and northern portions of the IBM arc are volcanically
active, Guam is not. Nonetheless active submarine volcanism occurs in deep water tens of miles
west of Guam.
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The NREL/Navy team uncovered a report of a steam vent in an abandoned limestone quarry on
the southwest corner of Tumon Bay. The team located the quarry and spoke extensively with
Prof. John Randall, University of Guam (retired) who visited the quarry in the early 1970s
specifically to observe the steam phenomenon. The evidence of the steaming vent, and a report
of a hot water well in the Ylig Valley, suggest that geothermal fluids are present in the
subsurface on Guam. Certainly, there appears to be enough information to warrant further
investigation and exploration for geothermal systems on Guam. A crucial step will be to drill one
or more temperature gradient holes to verify the presence of heat at economically drillable
depths.
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Figure 11. Volcanoes of the Mariana Arc near Guam; note the Submarine Volcano located
northwest of Guam (Source: oceanexplorer.noaa.gov)
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Task 2: Waste Heat Recovery and Non-power, Energy Efficiency Geothermal
Technologies

In Task 1, geothermal technologies were considered primarily from the vantage point of using
geothermal fluids to produce useful energy. There are two other groups of applications to
consider under Task 2.

Task 2a: The first of these groups is to use power conversion equipment used in the geothermal
industry for the conversion of heat from sources other than geothermal, namely waste heat. Many
geothermal wells produce fluids that have a temperature less than 150 C. Consequently, in
recent years several companies have developed products for conversion of low temperature heat
into electricity. Ormat, Thermex, and UTC all have products for this purpose. There is no
technical barrier to utilizing cooling water carrying low temperature waste heat instead of
geothermal brine. Indeed, UTC markets its PureCycle system, which has been deployed for
geothermal electricity in such places as Chena Hot Springs in Alaska, as a waste heat capture and
conversion system (UTC Power 2005). These technologies typically run on an ORC, wherein a
low boiling point organic compound, such as a refrigerant or isobutane, is boiled using the hot
water from a waste heat stream or geothermal well, and the resulting vapor is used to turn a
turbine (DiPippo 2005). However, other thermodynamic cycles are possible and have been
investigated.

Task 2b: The second group of applications includes the non-power, energy efficiency geothermal
technologies. This group comprises earth-air heat exchangers, geothermal heat pump (GHP)
systems (sometimes referred to as ground source heat pump systems or geoexchange systems),
and underground thermal energy storage (UTES).

Technology Current State and Future Trends

Earth-Air Heat Exchange

Earth-air heat exchangers, also known as air-ground or ground-air heat exchangers, are
essentially a system for drawing ventilation air into a building through a subterranean pathway in
order to preheat it (in the winter) or pre-cool it (in the summer) through heat exchange with the
soil. This pathway can be as simple as a system of shallow underground pipes connected to the
surface air outside through a short intake tower, or as complex as a basement labyrinth such as
that used in the construction of the Research Support Facility at NREL. These systems can be
particularly effective in especially airtight ‘green’ buildings that are not very ‘leaky’ and require
significant active air exchange. They are particularly effective when used in conjunction with a
recuperator. Earth-air heat exchangers are widely deployed in Europe, but have seen relatively
limited usage in the United States. There is some opportunity here for demonstration and
validation of this elegantly simple but under-utilized technology.

Geothermal Heat Pumps

GHP systems are a widely recognized technology that is becoming more widespread within the
United States. Currently, more than 52,000 tons of GHP capacity is installed at DOD
installations (U.S.DOD 2007). GHP and its variations use heat pumps to exchange heat between
the building and the topmost layers of soil and rock, or surface/groundwater (Figure 12). While
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earth-air heat exchangers exchange heat between incoming ventilation air and the ground in the
vicinity of a building, they pre-heat or pre-cool ventilation air. By contrast, GHPs exchange heat
between a building and the ground in its vicinity, and typically carry the full heating and cooling
load of the building. Whereas an earth-air heat exchanger draws in air to mix directly with the
building air, the GHP circulates fluid, usually water or a water-antifreeze mixture, through coils
passing through the soil (or surface or groundwater) where it picks up or sheds heat, depending
on whether it is in heating or cooling mode. This fluid is then brought into the building where it
exchanges heat with the primary circulation inside the building.

Vertical borehole and horizontal loop fields are the two most common types of GHP systems
(Figure 12). Horizontal loops are much less expensive to install but require a large open outdoor
area for trenching and burial. When these open areas are lacking, the vertical borehole option
may be considered. In either system, heat is withdrawn from the ground in winter, or injected in
the summer as needed. When dumped to the ground, the heat dissipates such that the average
ground temperature remains roughly constant.
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Figure 12. The four basic types of ground source systems (Courtesy of the Geo-Heat Center,
reprinted with permission)

In closed-loop systems, heat transfer occurs through the walls of the buried pipes or tubing. In
open systems, the ground loop is not closed and heat transfer occurs through mass transfer of
water with the local aquifer system. Normal groundwater flow then carries away excess heat.
Although variations on these are also available, this covers the basic conceptual framework.
There are a number of factors affecting the performance potential of GHP installations,
including: climate, soil properties (thermal conductivity, heat capacity), local hydrology, the type
and size of GHP technology considered, characteristics of the building or buildings, local
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infrastructure supporting GHP such as availability of experienced GHP professionals, and the
cost and efficiency of the new or existing conventional HVAC equipment compared to a GSHP
system (Hughes 2008).

GHP Case Study — Fort Polk

An instructive study of a GHP system at an Army base can be found in the case of Fort Polk, LA.
One of the world’s largest installations of a GHP system was installed at Fort Polk, LA during
1995-1996 (ClimateMaster 2005). The project was a joint effort of the Army and Co-Energy
Group, an energy services company, and was carried out under an energy saving performance
contract (ESPC). At the time it was the largest federal ESPC, funded by $18.9 million in private
capital, with no investment by the federal government except for procurement and administrative
costs. The project will be paid for over 20 years by the energy and maintenance cost savings
resulting from the retrofit.

The retrofit reduced overall electrical consumption in Fort Polk Family housing (4,003 homes)
by 26 million kWh per year, and eliminating annual natural gas consumption of 260,000 therms
(IGSHPA 2008). The summer peak electrical demand was reduced by 7.5 MW (43%). Electrical
energy savings and reduction of peak demand improved the annual electric load factor from 0.52
to 0.62, which may allow the Army to negotiate lower rates for the entire base. Co-Energy Group
is responsible for the maintenance of the GHPs and for providing ongoing measurement and
verification to ensure that cost and energy savings continued to be delivered to the Army (ORNL
2005).

More than 8,000 borehole heat exchangers were installed to a depth of 130-325 ft; about 686
miles worth of 1-inch diameter polyethylene piping were installed in the vertical GHP heat
exchangers. This would equate to approximately 6,600 tons of installed capacity or 23.2 MW
(thermal). Maintenance cost for the system was about 18 cents per square foot per year compared
to about 29 cents with the former conventional heating and cooling system. 4,003 ClimateMaster
VZ series GHPs ranging from 1.5 to 2.5 tons (5.3 to 8.8 kW) were installed in the residences.
The GHP saves the Army about $345,000 annually for the 20-year life of the contract (Co-
Energy Group received 77.5% share of the energy savings in exchange for assuming
responsibility for the maintenance and of course, the capital investment). After the contract
expires in 2016, the Army will save about $2.2 million annually during the remaining GHP
service life. The project also reduces CO, emission by 22,400 tons per year.

Underground Thermal Energy Storage

If a borehole GHP system is ‘over-built’ (i.e., is built where more heat is dumped into the
volume of the subsurface than can be dissipated), the temperature of the borehole field will be
raised. This concept can be exploited so that the borehole field, instead of being designed to
dissipate heat, is designed to store heat as a sort of thermal battery (IEA 2010). The heat can be
used at a later time as needed. In this case, a borehole thermal energy storage system, one type of
UTES, has been built. The corresponding open-loop thermal storage system is an aquifer thermal
energy storage system. Aquifer thermal energy storage systems can be built in areas where
groundwater flow in a confined aquifer is very slow so that the stored heat is not advected away.
While UTES are not common in North America, they are used widely in Europe and are a
technically mature technology (Sanner, et al. 2003). There are several installations in Canada; of

24



particular interest is the system built at Drake Landing in Okotoks, Alberta. This system is sized
to serve an entire community and is of a size comparable to what such an installation on a
military base may look like. In addition, there are companies in the United States who are
beginning to see the value of these systems, and there is a relatively new installation at Stockton
University in New Jersey. These systems present an excellent opportunity for demonstration and
validation studies, as well as R&D possibilities that will help improve the thermal efficiency of
power generators on DOD sites throughout much of the world.

Recommendations

To more fully assess the viability and facilitate the deployment of geothermal and waste heat
recovery technologies discussed in Tasks 1 and 2, so that U.S. military concerns about energy
security and sustainability are addressed, a number of data collection and evaluation and
advanced R&D activities are recommended.

Site-Specific Data Collection and Evaluation

Based on NREL’s experience, the following detailed assessments are recommended to determine
the waste heat recovery, low-temperature geothermal, GHP, and UTES potential at all DOD
installations, as well as to develop a general set of systems requirements that would be used to
facilitate the decision-making process. Assessments should include:

A more thorough evaluation of the waste heat and low-temperature resources (quantity and
quality) available at military installations

The likely outcome would be to select a short list of installations with high potential for
geothermal and/or waste heat applications to begin with.

A techno-economic evaluation of the cost of developing the above described resources to
inform DOD of the economic viability of these technologies at U.S. military installations;
the following data will be necessary to accomplish this:

o Installation energy and heating and cooling load requirements (peak and average
for each month) along with cost and type (e.g., coal, gas, nuclear etc.) of energy
source

o Installation heating and cooling system types (e.g., baseboard, forced air, etc.)

o Building square footage and open land area, along with their relationships to each
other

o Building construction type and/or insulation for each building type
o Basic geologic and soil characteristics of installations
o Climatic conditions.

These data should be input into a database for use by all stakeholders:

o A review of installation energy audits, engineering reports, and any other
information from base engineers, if available, as well as any publicly accessible
information
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o These data will help determine opportunities for energy savings using GHP and/or
UTES systems, as well as determining the potential for waste heat capture for
power generation.

o Instrument new installations of geothermal technologies at DOD bases to collect
real-time data on the systems’ performance so that further research and analysis
can be conducted in order to improve system performance

o This data can be combined with the GHP database for whole systems modeling
efforts that will benefit DOD.

For non-CONUS, more extensive review of geothermal resources in the vicinity of installations,
focused on a short list of higher probability sites, will need to be conducted. Additionally, case
studies using a standard format should be prepared to ensure data collection and analysis is
consistent.

Advanced Research

Advancements that will more fully enable the utilization of lower temperature hydrothermal
resources are needed. Research focused on increasing power plant efficiency, hybrid power
production options, and reservoir assessment and simulation could accomplish this objective.

Power Plant Efficiency

Improving power plant efficiency will help facilitate the development of low-temperature
resources in two ways: 1) It will improve the economics of development (i.e., more power from a
given resource), and 2) Allow for utilization of resources that are on the lower end of the low-
temperature range (i.e., <100°C). Specific research areas include:

Advanced cooling power plant systems (e.g., hybrid cooling)
Advanced heat exchangers and working fluids
Alternative thermodynamic cycles (e.g., Stirling, Kalina).

Advanced power plant cooling systems help increase AT, resulting in increased power output at a
given resource temperature and flow rate, as well as the ability to use lower temperature
resources in areas with high average ambient air temperatures. As mentioned previously, GHP
and UTES systems could be used to enhance power plant output over the course of a year, and
especially improve plant efficiency during the high-demand portion of the warmer months.
Advanced heat exchangers and working fluids would impact the efficiency of a power plant
directly, while implementing alternative thermodynamic cycles could optimize a plant for given
resource and climatic conditions.

Hybrid Power Production

Top-cycle applications to preheat fluids [e.g., concentrated solar power (CSP)-geothermal,
combustion-geothermal, etc.] may be possible at bases in some regions. While these systems are
still largely experimental, a CSP-geothermal hybrid system may be feasible at some bases with a
low grade geothermal resource and plenty of sun. Bottom cycle heat capture to generate power
and increase overall plant efficiency is another area that can be exploited with geothermal
technology. While the latter would not necessarily be geothermal, it would utilize technology
from the geothermal sector to enhance the performance of a base power system.
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Reservoir Assessment and Simulation

There is a strong need for improved methods of determining reservoir properties at depth. DOE
invested in exploration technology development as part of the ARRA, but additional work is still
needed to refine data collection and processing techniques. Another area needed for subsurface
characterization is the development of better, less expensive, more user-friendly, 3-D geologic
and reservoir modeling software.

GHP Technology

Although GHP technology is well established within DOD for HVAC applications, there is
ample opportunity for more deployment. In addition, there are some interesting R&D
opportunities that present themselves relating to this technology. One important possibility is to
integrate ground loops into the process system to assist air-cooled condensers in dry regions.
This concept can be integrated with any thermal cycle power generation that uses air-cooled
condensers. It has the potential to provide a better heat sink on hot summer days when demand
peaks than air-cooled condensers alone. Other variations that use GHP-related technology can be
envisaged.

Path Forward

There are also a number of programmatic-level initiatives that could improve the outcomes
of technology applications discussed in both Task 1 and 2, including:

o Establishment of a GHP Center of Expertise to support continuing DOD efforts in
ground source technology—basic data components of the Center, which would
need to be collected, include:

= Soil Thermal Properties Database
=  Power usage and HVAC system database
= Equipment specifications database

= (Both the Soil Thermal Properties STP database and the GHP Center of
Excellence have been recommended by previous studies funded by DOD
[DOD 2007])

= Establishment of a testing and validation facility for geothermal
technologies

= Determination of technical and economic barriers to deployment at U.S.
military installations

= Continual identification of new R&D opportunities in all technology areas
discussed in this report to enable future deployment.
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Solar Electric and Storage Technologies

This section discusses the two dominant solar electric technologies, photovoltaics (PV) and
concentrating solar power (CSP). Storing solar electricity increases its value. Current storage
technologies are also discussed in this section.

Photovoltaics

Technology Overview

PV technologies convert solar irradiance into direct current (DC) electricity using solid-state
semiconductor devices. The PV module, along with the solar resource and the balance-of-system
components will determine the performance of the PV system. The capital cost of a PV system,
available incentives, the operation and maintenance costs, and local electricity prices will
determine the economics of the PV system. A PV system can reduce utility bills by reducing the
energy (kilowatt-hour [kWh]) charges. With the variability of the solar resource, a combination
of energy management and energy storage is required to consistently make a reduction in
demand (kilowatt [kW]) charges, if present.

PV Modules

A variety of semiconductors are used for different types of PV cells and modules: silicon
(crystalline, poly-crystalline and amorphous), copper-indium diselenide (CIS), cadmium
tellurium (CdTe, pronounced cad-tell), and various combinations of the III-V (pronounced three-
five) elements, such as Gallium arsenide (GaAs) and Indium phosphide (InP). PV cells are the
basic building blocks of modules. Thin film technologies include amorphous silicon (a-Si), CIS,
or CdTe cells. Sometimes the cells are physically separate units as in the case of crystalline and
polycrystalline silicon cells. In other cases the cells are formed when the module is
manufactured, as in most thin film modules. Cells and PV modules are referred to by the
dominant photovoltaic material, although the cells and PV modules consist of many different
layers of other semiconductors, insulators, and metals. In many cases different cells of similar
materials can be stacked in a multijunction cell configuration for higher efficiencies.

Crystalline and polycrystalline silicon cells are grown in ingots or cast into ingots. The ingots are
sliced into wafers, which are processed into cells by various chemical processes and
metallization to form electrical contacts. Single crystal cells, referred to as crystalline, have
higher sunlight-to-electricity efficiencies, up to 24%, compared to polycrystalline cells at up to
19%.

The silicon cells are assembled into modules by electrically connecting the cells in a series to
increase the voltage. The strings of cells are encapsulated between a sheet of clear, electrically
insulating polymer on the front side, and either clear or opaque electrically insulating polymers
on the back side. Tempered glass is used as the durable front surface on a module. See Figure 13.
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Figure 13. Module cross-section of a typical PV module with glass on the front and a polymer film
as the back substrate (Source: NREL)

Amorphous silicon cells are manufactured directly onto glass or a back substrate. The silicon is
not atomically ordered as in crystalline silicon cells; it is in an amorphous, disordered state.
Because of this disorder, the cell efficiencies are reduced to a range of 8%-12%. However, the
manufacturing process is simpler and requires less energy and less raw materials, resulting in a
finished a-Si module that can be cost-effective and comparable to other PV modules.
Amorphous silicon modules have an initial power loss when first deployed outdoors. This light-
induced degradation loss is known and different manufacturers minimize this initial loss by
making multijunction cells which have thinner layers and by adding hydrogen into the
amorphous silicon. In all cases, a-Si modules are rated on their stabilized power after the initial
loss.

Copper indium diselenide (CIS) is also abbreviated CIGS when gallium is used and CIGSS when
both gallium and sulfur are used. CIS modules are manufactured similar to amorphous silicon—
directly on glass. Efficiencies of CIS modules are approximately 13% for production modules
and 19% in laboratory solar cells (Ramanathan et al. 2005).

Cadmium tellurium (CdTe) modules are the lowest cost PV technology at present and they
achieve 10-11% efficiencies. Modules are being sold by First Solar for under $1/W. First Solar is
the global production leader of all PV technologies. Since the modules contain cadmium, First
Solar has established a bonded recycling program to accept back and recycle all PV modules
sold.

III-V cells are high efficiency cells in the 20-30% efficiency range. The higher price and high
efficiencies make III-V cells acceptable for concentrating PV systems. III-V cells and modules
are rarely used in a flat plate configuration for terrestrial applications.

Concentrating PV (CPV)

Concentrating PV (CPV) technologies are a fairly new technology that use optical concentrators
to focus direct solar radiation onto PV cells for conversion into electricity. By using optical
concentrators to focus the solar radiation onto solar cells, the cell area can be reduced. This is
promising because mirrors and lenses are cheaper than the semiconductor PV cell. Concentrators
can only use 85% of the energy that is within the beam of the sun. CPV has been used with the
higher efficiency crystalline silicon and III-V cells.
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Concentration ratios, which is the total area of the front of the CPV assembly divided by the area
of the CPV cell, range from 2x to 400x. With the increased concentration there is an increase in
heat by the CPV that needs to be reduced using passive cooling fins or active cooling. See

Figure 14 for three different CPV systems: linear concentrator, point focus dish concentrator, and
point focus Fresnel lens concentrator. All CPV systems require mechanical tracking to keep the
concentrator assembly pointed at the sun. CPV systems are modular like flat plate PV systems;
larger systems are made by increasing the number of the smaller, modular CPV assemblies. Some
current CPV technologies feature cells with efficiencies as high as 26% (PV FAQs 2005). NREL has
recently summarized the opportunities and challenges for the CPV industry (Kurtz 2010).
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Figure 14. Three different types of CPV systems: linear concentrator, point focus dish
concentrator, and point focus fresnel lens concentrator (Source: NREL)
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Solar Resource Maps

NREL publishes several solar resource maps for different technologies since each technology
can respond to different portions of the solar spectrum. Detailed site-specific maps are generated
through NREL’s geographic information system team.

The PV solar resource map in Figure 15 is for non-concentrating, flat plate PV modules tilted at
latitude (tilted from the horizontal the same number of degrees of latitude) facing south. The
variation in solar resource from a good location, 6 kWh/m*/day, is 50% better than locations with
marginal solar resource, such as the upper Midwest and New England states with solar resources
approximately 4 kWh/m?/day. For example, a location with a solar resource of 4 kWh/m?day
requires a PV system that is 50% larger to produce the same amount of electricity as the same
type of system at a site with a 6 kWh/m?/day resource.
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Figure 15. Solar resource map of the United States for a PV system tilted at latitude facing south
(Source: NREL)

PV modules tilted at latitude maximize the annual energy production at latitudes less than 20
degrees. At higher latitudes, the correlation is not valid. Christensen and Barker 2001 analyzed
the annual solar resource data for different latitudes. At a location of 40° north latitude, an
optimal tilt varies from 30°-35°to maximize the annual energy production. See Figure 16.
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Figure 16. Optimal tilt of flat-plate PV systems based on measured solar resource data for 239
locations in the United States (Source: NREL)

Christensen and Barker 2001 also analyzed the solar resource on a flat surface for different tilt
angles and azimuths (angle away from facing south). Depending on the location, 90% of the
annual solar resource falls on a flat surface with tilts of 0° to 60° and azimuths of -75° to 75°.
See Figure 17 that covers the U.S. region labeled 30. While it is desirable to maximize the
energy production through tilt angle and array orientation, these factors are not always
controllable and they may not have a large impact on production losses. The affect of different
tilt and azimuth angles should be analyzed separately for each potential site.
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Figure 17. For any location there is a range of tilts and azimuths that can capture 90% or more of
the solar resource on a flat plate PV system; shown are the possible combinations for the region
marked 30 on the U.S. map (Source: NREL)

The concentrating solar resource map in Figure 18 is for concentrating systems that capture the
direct beam of the sun. In the U.S., the southwestern states with low humidity and clear blue
skies have the best concentrating solar resource. Concentrating PV systems are generally used in
the southwestern states since there is excellent solar resource, which results in better economics.
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Figure 18. The concentrating solar resource of the United States is shown with the southwestern
states having the best solar resource for CPV and CSP systems

Balance of System

The module mounting system, which may include mechanical tracking, inverters, switches,
fuses, and cables, are part of the balance of system required for a safe, functioning PV system.
While PV modules have no moving parts, the modules can be tilted or rotated to maximize
exposure to the sun. Additionally, all PV systems produce DC electricity. Therefore, in
applications where alternating current (AC) electricity is used, an inverter is needed to convert
the DC electricity into AC electricity. For concentrating PV systems, the concentrator mirrors or
lenses are part of the concentrator module assembly and not part of the balance of system.

Tracking Systems

Electricity generation is maximized when PV modules are perpendicular, or normal, to the
incoming sunlight. Mechanical tracking is used to enable PV panels to have greater access to
sunlight—when compared with fixed panels—throughout the day and the year.

Single-axis tracking systems are oriented on a north-south axis and the panels move from east to

west throughout each day. These systems allow the panels to track the sun from east to west
daily, but they do not have the capability to orient themselves north and south as the sun’s
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altitude changes throughout the year. Single-axis tracking of an array will increase the energy
production in some locations by up to 50% for some months and by as much as 35% over the
course of a year. The most benefit comes in the early morning and late afternoon when the
tracking array will be pointing more nearly at the sun than a fixed array. Generally, tracking is
more beneficial at sites between 30° latitude north and 30° latitude south. For higher latitudes the
benefit is less because the sun drops low on the horizon during winter months (U.S. DOE SETP
December 22-23, 2010). Many utility-scale PV systems are single axis tracking.

Two-axis tracking changes the PV module orientation in two different directions so that the PV
module always faces the sun. Thus, the panels track the sun from east to west each day, and also
from north to south throughout the year. Figure 19 shows images of fixed-, single- and dual-axis
tracking systems.
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Figure 19. lllustrates a comparison by month of a 1-kW PV system in Boulder, Colorado; the
Energy Production Data are for a 4-kW pv system but can be easily translated to a 1-MW PV
system by multiplying the energy production by 250 (Source: NREL PVWATTS 2010)
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Figure 20. Monthly energy production for a 4-kW flat plate PV system in Boulder, Colorado
(Source: NREL PVWATTS 2010)

Inverters

Inverters are solid state electronics with DC-AC conversion efficiencies greater than 90% and
peak efficiencies of 96% depending on the manufacturer and the power output as a function of
the inverter’s power rating. Warranties on inverters are typically 10 years. Manufacturers are
continually improving inverter efficiencies and duration. The inverters include a maximum
power point tracking (MPPT) function to operate the PV system at peak power throughout the
day and the year. For high efficiency DC-AC inverters with MPPT, there is little reason to
consider switching to or identifying only DC-powered loads or appliances to improve on
efficiency. There are some specialized applications such as water pumping where direct
connection of PV modules to a DC pump is cost-effective. In most other applications, conversion
of the DC PV system output to AC is more advantageous.

Losses

In addition to inverter losses, there are several other losses that reduce the DC-AC system
efficiency. See Table 5 for a list of de-rate factors used by the PV calculation tool, PVWATTS.
An industry-accepted standard for derate losses is 0.77. Losses are based on equipment selection,
such as the PV modules nameplate rating variations, PV module mismatch (batch variations at
the manufacturer plant), and the inverters that may also require a separate transformer. Losses
are also a result of the design and installation of components such as diodes, connections, and
wire sizes. The other losses are under the control of the PV system operator, such as shading,
soiling, and system availability. Most PV systems should be able to do better than the
PVWATTS average with better equipment selection and good operation and maintenance.
Soiling losses (assumed to be 5% in PVWATTS) are location dependent and highly variable. PV
modules are typically washed with a water spray. The frequency of the washing depends on the
rain intervals and the availability of water for washing. Several companies are proposing or
selling aftermarket coatings that reduce the soiling buildup. Presumably the cost of the coating is
less expensive and applied less often than the water and associated labor to wash a PV system.
There are few, if any, unbiased evaluations of the performance of anti-soiling coatings.
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Table 5. Derate factors used by PVWATTS for DC to AC losses (Source: NREL PVWATTS 2010)

Component Derate Factors Component Derate | Area of System (square

Values foot [ft2])

PV module nameplate DC rating 0.95 0.80-1.05

Inverter and Transformer 0.92 0.88-0.98

Mismatch 0.98 0.97-0.995

Diodes and connections 0.995 0.99-0.997

DC wiring 0.98 0.9-0.99

AC wiring 0.99 0.98-0.993

Soiling 0.95 0.30-0.995

System availability 0.98 0.00-0.995

Shading 1.00 0.00-1.00

Sun-tracking 1.00 0.95-1.00

Age 1.00 0.70-1.00

Overall DC to AC derate factor 0.77 (PVWATTS Default)

Costs

In some locations, the electricity produced by a PV system costs less than the traditional, fossil-
fuel produced electricity, especially on islands or remote locations where the cost of fuel or the
delivery costs are very high. In most locations, the electricity cost ($/kWh) of a PV system is
highly dependent on the solar resource, grants, subsidies, and tax breaks. The installed system
costs are in the range of $4-6/watt (W) for large MW-sized PV systems with energy costs of
$0.15-0.25/kWh depending on location and financial incentives.

Higher efficiency panels tend to cost more than less efficient ones. Since PV modules have
different efficiencies, it is important to consider the efficiency versus the available or required
area of the PV system, and to consider the cost implications of more or less efficient panels.
Fewer modules made of a higher efficiency cell (such as single-crystalline) will be needed for
approximately the same power output as more modules made of a lower efficiency cell (such as
thin-film). Therefore, if a project location is space-constrained, then a higher efficiency (and
potentially higher cost) module may make the most sense. However, if a project has an
abundance of space, a lower efficiency, less costly module may be most practical. This concept
is further supported by Table 6.
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Table 6. Area associated with 1 kW of PV of various PV module types

Type of Module | Efficiency of Module e Ef Syst[cfetr;\])(square =t
Crystalline 15% 716t
Amorphous 9.5% 99ft*
n-v 19.3% 55ft°

Economies of scale generally result in reduced costs per kW for larger systems; small systems in
the kW-sized range tend to have higher installed costs.

Since there are no moving parts, PV modules often include warranties of 20 to 25 years. The
warranty is typically used as the lifetime in financial calculations even though the lifetime may
be longer. PV modules can be the most durable component of a PV system. Nonetheless, the
selling prices of complete PV systems are fairly competitive between technologies.

State of the Research

The research and development goals for PV are to increase the cost-effectiveness of the PV
systems by reducing material or installation costs, improving efficiencies, and improving
production throughput. Crystalline and polycrystalline PV systems are the moving targets that all
other systems are compared with, in addition to the levelized cost of electricity from electric
utilities or generators.

The U.S. DOE estimates that a $1 per watt installed PV solar energy system—equivalent to 5—
6¢/kilowatt hour (kWh)—would make solar without additional subsidies competitive with the
wholesale rate of electricity, nearly everywhere in the United States. DOE recently announced a
goal to achieve a cost of installed solar PV systems to $1/W by 2017 (U.S. DOE SETP
December 22-23, 2010).

Some research in thin film technologies has focused on improving the PV performance at low
light conditions. However, only a-Si modules, in particular Uni-Solar, have reported on
improved PV performance at low light conditions, measured in kWh/kW installed. Other thin
film companies sometimes claim this advantage also but haven’t substantiated their claim with
peer-reviewed data. The premise is that the improved performance at low light is advantageous
for a-Si PV systems installed in hazy or cloudy locations. Other PV companies that don’t
produce thin film modules refute the claim and point to system data showing no improvements
and that there are other more important factors such as system uptime and inverter reliability. On
balance, any low light performance improvement will be a secondary consideration, not a
primary consideration.

CPV can reduce the equipment costs by minimizing the quantity of expensive semiconductor
material that is needed and instead using less expensive steel, aluminum, or plastics to
concentrate the sunlight. There is a balance between high concentration and the need for higher
tracking precision and lower concentration, which uses lower cost tracking equipment. Most
CPV systems are better performers in regions with low humidity and clear blue skies. The
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calculated or projected cost advantages of CPV become negligible or a detriment in locations
with high humidity and increased overcast skies.

Flat plate PV systems can be combined with other non-electrical systems. At least one company,
PVT Solar, is developing and marketing combined PV and solar thermal hot water systems,
abbreviated PVT. A solar thermal hot water system is placed under the PV system to capture the
heat from the PV modules. The water temperature is less than in a standalone SHW system, but
the claim is that the collected energy (thermal and electrical) per area is more than either system
separately. The size of any PVT system is limited by the amount of hot water that can be used.
Given the large area of a flat plate PV system, on the order of 13 W/ft’ for a 14% efficient PV
module, a ground mounted PV system could be used for rain water collection. If the PV modules
are tilted at an angle greater than 5°, rainwater will flow off the bottom of each module.

Although a lesser consideration in the design of a PV system, rainwater runoff has to be
managed at all PV system installations to reduce soil erosion. As an example, a 100 kW PV
system has about 7,700 ft* of PV modules and a 1-inch rainfall would produce 640 ft* (4,800
gallons) of water if it were captured using traditional rain gutters at the bottom of the PV
modules. The use of plastic, non-conductive gutters would avoid electrical grounding
requirements. Additionally, the use of non-conductive inserts or fillers between PV modules
would lead to more water capture.

Innovative mounting structures are being developed that reduce PV installation labor and costs,
eliminate concrete foundations, and decrease the installation time. Many of the ballasted
weighted structures designed for roof tops with no roof penetrations can be used on the ground.
Research and development is ongoing on high reliability inverters. Most inverters have
warranties of 10 years, which is an administrative requirement of PV systems installed in
California, and has been adopted by many other states. The warranty is not necessarily a
reflection of lifetime, but an economic and risk consideration of the inverter’s manufacturer.
Microinverters, or back of the module inverters, offer promise for difficult installations with
shading problems, finer control over energy production at the PV module level, and reduced
costs in case of widespread damage to a PV system since each PV module and microinverter is
an autonomous PV system at the AC electricity level.

Recommendations for PV

Many DOD sites have deployed PV systems, both at a distributed and a utility scale, to reduce
electricity use and greenhouse gas emissions, meet operational needs, and enhance energy
security. CPV systems are a newer technology, and although there’s been minimal or no
deployment by DOD, there are two bases that are currently planning CPV technology
demonstrations (SERDP/ESTCP December 23,2010).

There are many aspects of PV or CPV technologies that could be studied to balance or provide
focus for DOD applications.

1. Conduct site wide study/survey of existing facilities to determine appropriate locations of
PV systems and work to implement those systems.
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2. Study or research on the benefits of widespread PV modules with microinverters versus a
centralized PV system with string inverters within a DOD facility, especially with respect
to continuity of power in contrast to a typical centralized PV system.

3. Research and pilot cost-effective anti-soiling coatings for PV modules to reduce the need
for manual cleaning, meet water requirements, and improve long-term performance.

4. Research and pilot communications technologies between electrical generation and loads
in a microgrid operation within the DOD continuity of operations constraints.

5. Fund a demonstration system using PVT or rainwater collection.

Concentrating Solar Power

Technology Overview

CSP technologies convert solar irradiance to electricity through a thermal process. These systems
concentrate solar energy 50 to 10,000 times to produce high-temperature thermal energy, which
is used to produce electricity for distributed- or bulk-generation process applications. There are
many variations of these technologies. (Argonne 2010) Many of these variations are company
specific and are presently cost effective, may be cost effective when produced in large quantities
(economies-of-scale), or are predicated on a technology breakthrough or by implementing R&D
processes into production.

Concentrating solar power systems concentrate sunlight to heat a working fluid, typically oil,
which is circulated to a steam turbine or a Sterling engine. The sunlight is concentrated at the

e focal line of parabolic troughs or linear Fresnel reflectors,
e focal point of a parabolic dish,
e top of a solar tower using heliostats (movable mirrors).

Because of the variability of solar resource, CSP systems are often paired with thermal energy
storage (TES), which enables the system to provide a consistent quantity of electricity. Through
energy management and TES, CSP technologies can help reduce energy costs as well as demand
charges.

A parabolic dish concentrator can be deployed in 2- to 25-kW modular unit sizes, whereas
troughs and solar towers are deployed in MW sizes to achieve economies-of-scale pricing. Large
utility-scale systems have focused on the linear and tower systems, but the smaller, modular dish
systems could potentially fill niche needs at DOD facilities.
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At the end of 2008, there were 430 MW of cumulative, grid-tied CSP capacity worldwide, with
more than 95% (419 MW) of this global capacity located in the Southwestern United States. By
July 2009, global capacity increased to about 550 MW with the addition of 120 MW in Spain.
This reduced the U.S. share to approximately 75%. Of the 550 MW of CSP worldwide, nearly
95% (519 MW) is parabolic trough technology, with the remainder (31 MW) being tower
technology. On the global level, CSP capacity is poised to double in the near future, because nearly

600 MW of CSP were in the engineering, procurement, and construction stages by the end of 2008
(Grama 2008). Table 7 lists installed CSP plants worldwide as of July 2009.

Table 7. Global installed CSP plants (Source: Price 2010)

Plant Name Location Technology | Year Installed | Capacity (MW)
Type
SEGS I-IX California, United States Trough 1985-1991 354
APS Saguaro Arizona, United States Trough 2005 1
Nevada Solar One |Nevada, United States Trough 2007 64
PS10 Spain Tower 2007 11
Puertollano Plant Spain Trough 2009 50
Andasol | Spain Trough 2009 50
PS20 Spain Tower 2009 20

Linear Concentrator CSP Systems

Linear concentrator systems collect the sun's energy using long, rectangular, flat-, slightly-
curved-, or parabola-shaped mirrors. The systems are single-axis tracking, which enables the
mirrors to tilt directly toward the sun at all times. The sunlight is then focused, or concentrated,
on absorber tubes (or receivers) that run the length of the mirrors. The reflected sunlight heats
the working fluid, which is flowing through the tubes. This hot fluid is used to boil water in a
conventional steam-turbine generator to produce electricity.

There are two major types of linear concentrator systems. In parabolic trough systems, the
receiver tubes are positioned along the focal line of each parabolic mirror. In linear Fresnel
reflector systems, one receiver tube is positioned above several mirrors to allow the mirrors
greater mobility in tracking the sun.

Parabolic trough CSP systems consist of a large, modular array of single-axis-tracking parabolic
trough solar collectors. Many parallel rows of these solar collectors span across the solar field,
usually aligned on a north-south horizontal axis. Some of the new trough plants include thermal
storage. Plant sizes can range from 1.0 to 100 Megawatt electric (MWe) (Aabakken 2006).
Figure 21 contains a graphic and a photo of a parabolic trough system.
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Figure 21. Left: CSP system using parabolic troughs to concentrate sunlight on an absorber tube
at the linear focal point; optional thermal storage tanks are shown in this schematic (Source:
NREL); Right: photo of a parabolic trough reflector 6 meters across made by skyFuel (Source:

SkyFuel/NREL PIX 18227)

The first parabolic trough CSP systems installed in the United States were known as solar energy
generating systems and were installed in stages [-IX between 1984 and 1990 in Southern
California. These systems total 354 MW of installed capacity. Newer parabolic trough CSP
systems have been installed in the Southwestern United States, including Nevada, California, and
Arizona. The linear Fresnel reflector CSP system is similar to the trough CSP system except that
flat reflectors concentrate sunlight on the receiver. The flat reflectors can be less expensive than
the parabolic reflectors, and more flat reflectors can be used in the same area. The reflectors are
relatively low to the ground (less than 10 ft), and the receiver can be as high as 30 — 40 ft,
depending on the design and number of reflectors. Figure 22 contains a graphic and a photo of a
linear Fresnel reflector system.
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Figure 22. Left: CSP system using linear fresnel reflectors to concentrate sunlight on the receiver
assembly (Source: NREL); Right: Photo of several flat fresnel reflectors concentrating sunlight on
a receiver above (Source: Ausra from http://solareis.anl.gov/documents/docs/NREL_CSP_3.pdf)

Parabolic Dish CSP Systems

A parabolic dish CSP system, sometimes known as a dish/engine system, uses a mirrored dish
resembling a very large satellite dish. The dish-shaped surface directs and concentrates sunlight
onto a thermal receiver, which absorbs and collects heat and transfers it to the engine generator.
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The most common type of heat engine used today in dish/engine systems is the Sterling engine.
This system uses the fluid heated by the receiver to move pistons and create mechanical power.
The mechanical power is then used to run a generator or alternator to produce electricity.

Parabolic dish CSP can have high peak efficiencies of greater than 30% because the optical
concentration can be several hundred times and the operating temperature at the heat engine is
not limited to the operating temperature ranges of oils and fluids used in parabolic trough
systems. Dishes are available in 2 to 25 kW in size. They can be used individually, in small
groups for distributed or remote power, or in large clusters for utility scale applications (1—

10 MWe) (Aabakken 2006).

A number of prototype dish/Sterling systems are currently operating in Nevada, Arizona, and
Colorado in the United State, and in Spain. High levels of performance have been established.
Durability remains to be proven, although some systems have operated for more than 10,000
hours (Aabakken 2006). Figure 23 contains a graphic and a photo of a parabolic dish CSP
system.
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Figure 23. Left: CSP system using a parabolic dish to concentrate sunlight on the receiver of a
sterling heat engine (Source: NREL); Right: Photo of a 25-kW system developed by sterling
energy systems (Source: Sandia National Laboratories)

Power Tower CSP Systems

A power tower system uses a large field of flat, sun-tracking mirrors known as heliostats to focus
and concentrate sunlight onto a receiver on the top of a tower. The height of the tower increases
with the power of the system which requires a larger reflector field. (Power from the Sun 2001)
More power means more reflectors, which requires a higher tower. In this type of system the heat
transfer fluid is contained in one location—the receiver on top of the tower—rather than
circulating around the reflector field. The heat-transfer fluid is heated by the concentrated
sunlight and steam is generated. The steam is used in a conventional turbine generator to produce
electricity. Some power towers use water/steam as the heat-transfer fluid. Other advanced
designs are experimenting with molten nitrate salt because of its superior heat-transfer and
energy-storage capabilities. This energy-storage capability, or thermal storage, is an important
consideration because it enables the system to continue to dispatch electricity during cloudy
weather or at night. Plant size can range from 30 to 200 MWe. (Aabakken 2006)

A 10-MWe pilot power tower plant with three hours of storage, called Solar Two, operated
successfully near Barstow, California, leading to the first commercial plant being planned in
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Spain. The planned plant in Spain will be a 30-100 MW commercial plant (Aabakken 2006).
Figure 24 contains a graphic and a photo of a power tower CSP system.
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Figure 24. Left: CSP using heliostats (moveable mirrors) to concentrate sunlight on the receiver at
the top of the tower (Source: NREL); Right: Photo of eSolar’s Sierra Solar Tower, 5-MW CSP
system in Lancaster, California (Source: Courtesy of eSolar, reprinted with permission)

Energy Storage

CSP systems can be combined with thermal energy storage, which can be used to extend CSP
electricity production time up to 16 hours per day and to allow for greater dispatchability (the
ability to increase or decrease electricity generation on demand) (Aabakken 2006). The size and
type of the solar thermal storage system determines how much power production can be shifted
later that day and the economics of that shift, if based on time-of-use utility pricing. Typically
the thermal energy storage is only for that day and can’t be effectively used for the next day or
beyond. Gaseous or liquid fuels can be burned to augment the stored thermal energy.

Capacity Factor

The most recently built CSP trough, tower, and dish-engine systems have AC capacity factors in
the mid-20% range. With six hours of thermal storage, capacity factors increase to about 40%,
and additional increases in thermal storage will enable capacity factors and dispatchability to
increase even more. (Aabakken 2006)

CSP Siting Considerations

CSP technologies use only direct beam insolation. Unlike PV, CSP technologies do not produce
electricity when there is cloud cover. In the United States, the best direct solar resource is in the
Southwest, especially where direct beam insolation is greater than 6.75 kWh/m*/day. Figure 25
shows direct beam solar resource throughout the United States.
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Figure 25. Concentrating solar resources of the United States (Source: NREL)

Other considerations for optimal CSP siting include a land slope of less than 1°, and for large
systems, at least 10 km® of contiguous land. When these factors are taken into consideration,
there are approximately 53,900 square miles of ideal land area in the Southwestern United States,
which equates to about 6,877 GW of potential resource and more than 16 million GWh of
generating capacity (Price 2010). This is about four times the annual U.S. electricity production
(U.S. EIA December 2010). These ideal land areas are shown in Figure 26.
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Figure 26. Direct normal solar radiation in the southwest United States, filtered by resource, land
use, and topography (Source: NREL)

Another important consideration is the availability and proximity of water to potential CSP
systems. The most common and economical method for cooling a CSP plant is evaporative water
cooling. A water-cooled parabolic trough plant typically requires approximately 800
gallons/MWh. Power towers operate at a higher temperature and have lower water cooling
needs, ranging from 500 to 750 gallons/MWh. Dish-engine systems do not require water cooling.
As CSP plants are usually constructed in dry regions, water-scarcity and competing-use issues
are of concern (except for dish-engine systems) (Aabakken 2006).

An alternative to water cooling is dry or air cooling, which eliminates about 90% of water (U.S.
DOE 2009). However, air cooling requires higher upfront capital costs and can result in a 5%
decrease in electricity generation, depending on location temperature. This plant-efficiency
reduction amounts to a 2% — 9% increase in levelized cost of energy (LCOE). An alternative is
to implement hybrid cooling, which decreases water use while minimizing the generation losses
experienced with dry cooling (Aabakken 2006).

Costs

In some locations the unit electricity costs ($/kWh) of CSP systems are less than the electricity
costs from traditional fuels, especially on islands or remote locations where the cost of fuel or
energy delivery costs are very high. In other locations, the $/kWh of CSP systems are highly
dependent on solar resource, grants, subsidizes, or tax breaks. The installed system costs are
coming down and incentives are expected to be reduced or eliminated over time.

Capital costs range from $3.50 to $4.50/W) and electrical energy costs in the $0.06 to $0.20/kWh

for large systems in the MW sizes. Smaller systems and companies with small manufacturing
volumes will have higher costs. An overview of cost, O&M, and LCOE is provided in Table 8.
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Table 8. Historical and predicted CSP costs (Source: Aabakken 2006)

Cost 2003 | 2005 | 2007 | 2012 | 2018 | 2025

Total Power |6800 |4100 [3500 |[NA |2500 |NA
($/kWe) | Tower

Trough |2805 |3556 |3422 (2920 |NA NA
Dish NA NA NA NA NA NA

O&M Power [0.04 |0.01 [0.01 |NA |0.01 |NA
($/kWh) | Tower

Trough |0.02 ]0.01 [0.01 [0.007 |NA NA
Dish NA NA NA NA NA NA

LCOE Power [0.12 |0.06 [0.06 |NA [0.04 |NA
($/kWh) | Tower

Trough |0.11 |0.10 |0.06 [0.05 |NA NA
Dish 0.40 [NA |0.20 |NA NA 0.06

State of the Research

U.S. DOE R&D goals are to increase the cost-effectiveness of CSP systems by reducing material
or installation costs, improving efficiencies, and improving production throughput. The goals for
CSP technologies are:

$0.08 — $0.10/kWh with 6 hours of thermal storage in 2015 (intermediate power)

$0.05 — $0.07/kWh with 12-17 hours of thermal storage in 2020 (baseload power) (U.S. DOE
2008)

DOE Office of Energy Efficiency and Renewable Energy (EERE) programs are focused on
driving down costs and increasing performance at all levels—reflectors, advanced heat-transfer
fluids, TES, reducing water usage for cooling, and reducing institutional barriers and costs, in the
next few years and in the long term. DOE funds seven companies for R&D of linear concentrator
systems, two companies for dish/engine systems, 17 companies and universities for thermal
storage, and one company for a 200-MW power tower receiver.

Recommendations for CSP

Currently, no DOD sites have deployed CSP systems. Fort Irwin in California is working to
develop a 500-MW parabolic trough system, which is expected to start production in 2014.
(NREL 2010) Other bases in the desert southwest have also been actively considering CSP, but
Fort Irwin is the farthest along in project development.

CSP systems do provide an opportunity for DOD bases to produce clean on-site electricity to
reduce costs and emissions and to increase energy security. These systems can deliver energy at
prices comparable to the local utility in the Southwestern United States with existing federal and
state incentives. However, only one CSP technology (parabolic troughs) has had long-term
demonstration on a fully-commercial scale. As of mid-2009, two power towers were grid tied in
Spain, but this technology type is still relatively new to the commercial market. In addition, dish-
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engine systems and linear Fresnel reflectors have not yet been deployed at a near-commercial
scale (Aabakken 2006).

Also, the range of sizes of CSP systems is limited. Other than dish concentrating systems at the 2
— 25-kW power rating, the minimum system sizes start at about 1 MW to take advantage of
economies of scale. Smaller linear CSP systems may be possible however. Also, thermal energy
storage is needed for greater dispatchability.

DOD needs to consider heights of CSP systems with respect to visibility and operational impact:
power towers (100 ft and higher), parabolic troughs (20 ft), linear reflectors (40 ft), and parabolic
dishes (30 — 40 ft). Near-term CSP-related opportunities for DOD include:

1. Study or research the benefits and potential of CSP systems within DOD. Fund a
demonstration project, if warranted.

2. Develop and pilot cost effective anti-soiling coatings for CSP reflectors to reduce the
need for manual cleaning and reduce water requirements.

Develop and pilot communications technologies between electrical generation and loads in a
microgrid operation within DOD continuity of operations constraints.

Energy Storage

Technology Overview

Energy storage is utilized when electricity is needed at a different time than when it was
generated or at a greater power level than is possible with the electrical generation equipment.
This report considers energy storage options that result in electrical output, are rechargeable, and
stationary. Thermal storage for electrical energy is discussed in the Concentrating Solar Power
section.

Many energy storage concepts remain active in the research and development community. These
include flywheels, superconductors, supercapacitors, pumped storage hydro, compressed air
energy storage, flow batteries, lithium- and sodium-based electrochemical batteries, and lead
acid batteries.

When comparing different energy storage technologies, descriptions such as “higher” and
“improved” are qualitative and relative terms compared to lead-acid battery performance.
Quantitative measures of costs, efficiency, cycles, and energy capacity are presented in this
section for comparison to competing non-energy storage technologies, such as engine generators
and load management. Table 9 gives an overview of different energy storage technologies.
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Table 9. Description of energy storage technologies

Type

Description

Comments

Lead-acid (Pb)

Mature electrochemical battery, low capital
cost, reasonable cycle life on the order of
several 1,000 cycles, used in both power
and energy applications.

Lead-acid is a dominant technology.
Carbon addition to the negative
plate significantly increases cycle
lifetime by a factor of 10.

Nickel cadmium
(NiCd)

Mature electrochemical battery, higher
capital cost, better cycle life, used in both
power and energy applications, especially in
cold environments.

There is no “memory” effect in NiCd
batteries compared to some
consumer sized batteries because
of the different plate construction.

Nickel metal hydride
(NiMH)

Nickel-based electrochemical battery with
improved power and energy to weight
performance.

Lighter in weight than Pb or NiCd
batteries but being overtaken by
Lithium ion batteries.

Lithium ion (Li)

Li-based batteries offer improved power and
energy to weight and volume performance.
Good for power applications.

Displacing Pb, NiCd, and NiMH
batteries in most consumer
electronics. Capital cost is a key
driver limiting adoption of large
format batteries for energy storage.

Sodium sulfur (NaS)

Commercially available, operate around
300°C in the megawatt (MW) range for up to
4 hours.

Metal air batteries

High power solid state battery. Some types
of these batteries are not rechargeable.

Flow batteries

Use large volumes of liquid electrolyte
flowing through a fuel cell to produce
electricity.

A multitude of chemistries are in use
or being proposed. Flow batteries
are capable of large power outputs
for several hours.

Super capacitors

Extremely high power solid state devices but
not much energy.

Great for power applications with
cycle lifetimes greater than 100,000.

Ultrabattery Combination of a supercapacitor and a lead- | Being developed for demonstration
acid battery for higher power while retaining | projects. Good research results.
lead-acid energy performance.

Flywheels A rotating cylinder or disk in a vacuum Commercially available in limited

stores energy with very fast response times
charging and discharging.

quantities for power quality
applications.

Pumped hydro

Water is pumped to a higher elevation
(charged) and released (discharged) at a
later time, usually in sizes of 50 MW and
larger.

More pumped hydro is used for
utility-scale energy storage than any
other technology. This is the lowest
energy cost storage technology.
Smaller MW sized concepts have
been proposed and developed.

Compressed air
energy storage
(CAES)

Air is compressed to a higher pressure
(charged) and released (discharged) at a
later time.

While caverns are typically used,
man-made chambers have been
proposed or are being investigated.
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One way to compare the different energy storage systems is by energy density by volume or by
weight as described in Figure 27. Different applications, such as vehicles, require energy storage
systems that have both high energy densities by weight and by volume. Flywheels are big and
heavy because of the metal containment around the flywheel and the volume of the spinning
rotor. Electrochemical capacitors, also known as supercapacitors, have very low energy
densities. Figure 27 must be used with other information, such as capital cost, for stationary
energy applications where weight and volume are secondary considerations.
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Figure 27. Chart of different energy storage systems energy densities by volume and by weight
(Courtesy of the Electricity Storage Association, reprinted with permission)

Table 10 below describes problems faced by DOD facilities that could be addressed with energy
storage. The application for DOD, the challenges associated with the application, and
requirements of the energy storage solution are discussed.
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Table 10. Energy storage applications for DOD facilities

Applications

Challenges

Requirements

Power quality

Poor power quality including
momentary interruptions, voltage
sags or swells, voltage spikes, poor
frequency regulation, and power
factor.

All power quality problems occur on the
millisecond to several minute ranges. The
energy to correct these problems is small
while the power can be significant. Fast
electronics need to be coupled to a fast
energy storage system.

Power outages

Power outages range from greater
than several minutes to several
hours. Solutions for power outages
greater than 12-24 hours are similar
to solutions for isolated microgrids or
off-grid facilities.

An energy storage system needs to provide
the power and deliver the energy for a
minimum period of time. This system could
provide power for 1-2 minutes until engine
generators can be brought on line or for
several minutes until an orderly shutdown is
made if power is not restored.

Renewable energy
power smoothing

Wind or PV power output may be
higher than allowed on the
distribution system or the power
variations may cause grid instability.

The electronics and energy system have to
absorb high power outputs and fill in low
power valleys in the seconds to minutes
range. Longer energy storage times are
possible to limit the power production on the
distribution system at any given time. This is
similar to demand management and load
leveling.

Demand
management or load
leveling

High power equipment or high
starting loads lead to high demand
charges.

Local energy storage supplies the peak
demand (power). The energy storage
should be coordinated with a demand
management system.

Time of use energy
pricing

Loads that need to run during the
high price time periods increase
energy costs.

Depending on the load and the renewable
energy systems, the energy storage output
needs to shift RE production to the high
price time periods.

Distribution upgrade
deferrals

New equipment or facility upgrades
are made on a distribution line that
also needs to be upgraded.

Energy storage systems could smooth out
the peak power demands on the distribution
line. Combining renewable energy
generation along with energy storage could
delay distribution upgrades.

Energy security and
continuity of
operations

Continuity of operations requires
power for time periods ranging from
days to months. Fuel deliveries
cannot be guaranteed or the cost of
delivery may be very high.

On site renewable energy generation and
an energy storage system capable of
storing energy for several hours to days is
needed. The energy storage would also be
charged with cycling of any engine
generators operating in a fuel saving mode.
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Applications range from high power over short time periods (seconds to 15 minutes), to energy
over long time periods (hours to days). Power quality energy storage systems, including
uninterruptible power supplies (UPS), provide high power over short durations from
milliseconds to minutes. Energy firming or shifting applications, such as smoothing PV or wind
energy system outputs, operate over medium durations from seconds to several hours. Energy
storage applications, such as off-grid applications or isolated microgrids, require systems capable
of discharges of 1-3 days.

Costs can be quantified in several ways: capital costs, typically $/kW for power applications; and
energy costs over the system lifetime, typically $/kWh for energy applications. Costs of energy
storage systems are discussed in further detail below.

For each application there may be additional critical requirements such as weight, volume, and
O&M. For most facilities, weight and volume are not prime considerations, except when
selecting where to place an energy storage system. O&M should be carefully assessed to ensure
funds and technical expertise is available to meet the needs of the selected energy storage
systems. While outside contractors can do the O&M under normal conditions, a minimum level
of technical capability should be available at the facility as well.

All energy storage systems present many hazards and risks—all of which can be minimized
through proper design, installation, operation, maintenance, and disposal.

Market direction for all energy storage technologies is to improve the cost effectiveness by
increasing lifetime, increasing efficiency, reducing capital costs, reducing O&M costs, and
increasing production volumes.

Lead-Acid Batteries

Lead-acid batteries, along with pumped hydro and NiCd batteries, are the oldest and most mature
energy storage technologies. The basic construction of a lead-acid battery consists of lead
dioxide (PbOy) for the positive plate, Pb for the negative plate, and a separator in between the
plates. The electrolyte consists of sulphuric acid and water. The separator provides electrical
isolation between the positive and negative plates while allowing free movement of the
electrolyte between the plates. All of the plates, the separator, and the electrolyte are contained
within an enclosure, or battery case. A single lead-acid cell has a nominal voltage of 2 V. The
actual voltage depends on the state of charge of the battery, whether the battery is being charged
or discharged, and the battery temperature.

Variations of the basic battery are available for specific energy, power, and cycling applications.

Larger area plates and parallel connected plate assemblies are used in an enclosure to increase
the current while multiple plate assemblies are series connected to increase the voltage.
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Figure 28. Shows a schematic plate assembly for a lead-acid battery (Courtesy of CSIRO,
reprinted with permission)

Figure 29 shows the different types of lead-acid batteries. The vented (or flooded) configuration
contains liquid electrolyte (either acid or base). In the vented configuration, electrolyte can spill
out if the battery is tipped, or if the case becomes damaged. Most of the other electrochemical
chemistries discussed in this report can be incorporated into vented or sealed battery
configurations.

Lead-acid battery

Vented or Sealed or
Flooded Valve Regulated Lead Acid
(VRLA)
Absorbed Glass Mat Gel
(AGM)

Figure 29. Different types of lead-acid batteries (Source: NREL)

Flooded batteries have extra liquid electrolyte inside the case that can spill out if the battery is
tipped or the case cracks. Secondary containment under these batteries is required by code.
Flooded batteries typically do well in hot climates or environments since the liquid electrolyte
provides some thermal mass that regulates the internal battery temperature. Flooded batteries are
usually less expensive than sealed batteries.

The sealed or valve-regulated lead-acid battery configuration avoids many of the vented battery
configuration’s disadvantages by immobilizing or minimizing the electrolyte. Absorbed glass
mat batteries are different than gel batteries, even though both are sealed lead-acid batteries. An
absorbed glass mat battery immobilizes the electrolyte by absorbing the electrolyte into a
fiberglass mat. A gel battery immobilizes the electrolyte by adding silica gel, creating a semi-
solid mass.
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Sealed batteries have just enough electrolyte that is adsorbed in between the plates within a glass
mat separator or with the electrolyte in a gel form. Under normal operating conditions in a sealed
battery, the hydrogen gas that is generated during charging and discharging is recombined with
oxygen inside the cell. However, under abnormal conditions, a valve-regulated lead-acid battery
can vent fumes or hydrogen. Since the electrolyte volume in a valve-regulated lead-acid battery
is less than in a flooded battery, the total possible volume of gas is less.

Depending on the manufacturer, sealed batteries can usually be placed in any orientation (with
the battery terminals on top or on the side). Sealed batteries are generally more convenient to
install and operate, even though the initial and operating costs may be higher.

The lifetime of a lead-acid battery is limited by several factors depending on the type of battery
and the application. Usually the lifetime of a lead-acid battery is specified as when the usable
capacity is 80% of the initial rated capacity. A lead-acid battery at 80% capacity will still
function, just not as long. The capacity is reduced over the lifetime by several factors. Two
prominent factors are sulfation on the plates and loss of electrolyte. Both factors can be
minimized through proper operation and maintenance.

The efficiency of the charge/discharge cycle of lead-acid batteries depends on the battery’s state-
of-charge. The charging efficiency decreases as the battery state-of-charge increases. At
intermediate states-of-charge (20%-80%) the charging efficiency is in the range of 90%-95%. At
high states-of-charge (more than 80%) the charging efficiency could be in the range of 50%. A
blended efficiency based on the expected states-of-charge over a discharge/charge cycle is
application specific, but a range of 85%-95% is reasonable. Most batteries save and produce DC
electricity so an AC/DC battery charger and a DC/AC inverter are required for the battery
system. The charger and inverter have conversion efficiencies in the range of 80% (old
equipment) to 95% (newer equipment). The standby losses for a lead-acid battery are 1%-2% of
the capacity per month, which is quite small compared to other energy storage technologies.
Factoring in the battery and electrical equipment efficiencies, a range of round trip (AC in to AC
out) efficiencies of 65%-80% (95% AC-DC x 85%-95% charge x 85%-95% discharge x 95%
DC-AC) is reasonable. A range of efficiencies is possible since there are different lead-acid
battery technologies, operating conditions, and charger/inverter equipment.

Standards are one measure of the maturity of any technology since it takes several years to
develop standards and reflect what consumers are using or specifying. The IEEE publishes
consensus standards on a wide variety of topics, including energy storage devices. An IEEE
standard is useful because it presents best practice recommendations and reflects a consensus
within the industry. There are eight standards for lead-acid batteries and three for NiCd batteries.
There are no published standards for any other specific type of energy storage systems.

Nickel-Based Batteries
NiCd batteries are a mature technology. NiMH batteries were developed to replace NiCd
consumer batteries before lithium batteries became available.

NiCd batteries used for energy storage are constructed differently from the consumer electronic
batteries. The basic construction is similar to the plate construction used for lead-acid batteries
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(see Figure 27) except that the positive plate is nickel-hydroxide, the negative plate is cadmium-
hydroxide, and a base potassium hydroxide is used for the electrolyte instead of an acid. NiCd
batteries constructed in the plate format for energy storage do not have any “memory effect” that
can be present in small consumer-sized batteries. The nominal cell voltage is 1.2 V compared to
the 2 V lead-acid cell voltage.

NiCd batteries, while costing more than lead-acid batteries, are used for difficult and demanding
applications: operating temperatures from —40°C to +60°C, excellent cycling capability (up to
3,000 cycles), and similar maintenance as lead-acid batteries. NiCd batteries have an efficiency
of 65% and lose about 5% energy capacity per month. NiCd batteries are the preferred choice for
many PV and wind/battery systems in cold climates such as Alaska.

NiMH batteries replace the heavy cadium (Cd)-based negative plate with a lighter weight metal
hydride plate. Consequently, the energy density by weight and by volume is improved. The self
discharge rate can be 0.5%-1% capacity loss per day, or 15%-30% per month. Self discharge will
not impact performance in typical daily cycling applications, but it will lead to a slight increase
in additional energy to overcome this loss.

While NiMH batteries are used on consumer products and electric vehicles, this battery is not
widely used in stationary applications.

Lithium-Based Batteries

Lithium-based batteries have names such as lithium ion, lithium metal, lithium iron phosphate,
and lithium polymer. The name depends on the manufacturer or internal construction, which
distinguishes a particular battery from the multitude of lithium-based batteries. Lithium-based
batteries are prevalent in consumer electronics and widely considered for use in electric vehicles.
Most lithium battery packs require internal battery charging circuits to prevent thermal runaway
and cell rupture. The charging circuitry prevents conditions such as over temperature, over
charging, and excess internal pressure.

The charge/discharge efficiency is 80%-90%. Cycle lifetimes range from 400-1,200 cycles.

The voltage of lithium based batteries ranges from 3.2 to 4 V depending on the anode and
cathode used. The higher voltage is convenient in that fewer cells need to be series connected to
get higher voltages, in contrast to the 2 V lead-acid cells. Energy density by weight and volume
is significantly higher than lead-acid batteries. The self-discharge rate is 5%-10% per month,
which is better than NiMH batteries.

Several companies are developing large lithium batteries for utility scale applications that would
be acceptable sizes for many DOD facilities. A123 is developing an 8-MW, 32-MWh battery for
Southern California Edison for use at the Tehachapi wind farm. A123 is developing a smaller 25-
kW, 50-kWh battery for DTE Energy in a community energy (distributed energy resource)
setting.

Cost remains the biggest impediment to wide spread use of lithium-based batteries in the larger
energy storage markets beyond consumer products and vehicles.

54



Flow Batteries
In the other electrochemical batteries, the electrolyte is contained in the battery case and the
energy capacity is limited by the volume of electrolyte in the battery. In flow batteries, the liquid
electrolyte is contained in separate tanks and flows across the electrodes. The energy capacity is
limited by the volume of the external electrolyte tanks. Flow batteries are conceptually very
simple. The power and energy can be specified separately.

Electrolyte Electrolyte
Tank Tank
Anolyte o
selective
Membrane

Electrode -
Pump Pump

Figure 30. Schematic of a flow battery where electrolyte flows through a fuel cell (From Zhenguo
Yang, Jun Liu, Suresh Baskaran, Carl H. Imhoff, and Jamie D. Holladay, “Enabling Renewable
Energy—and the Future Grid—with Advanced Electricity Storage,” JOM, 62 (9) (2010), pp- 14-23.
Copyright © 2010 by The Minerals, Metals & Materials Society. Reprinted with permission.)

The power output is determined by the area of fuel cell electrodes and the number of cells. Like
all batteries and fuel cells, individual cells are connected in series to increase the voltage and in
parallel to increase the current. The fuel cell output is DC electricity, so a DC-AC inverter is
required to provide AC power. An AC-DC charger is required to recharge the battery.

Several combinations of electrolytes are used. Typical combinations include vanadium redox
(reduction-oxidation) and zinc bromine. In the vanadium redox battery, vanadium changes
electrical states in the two different electrolytes and there are no changes at the electrodes. In the
zinc bromine system, a hybrid flow battery, zinc is plated onto the negative electrode and
bromine gas is generated at the positive electrode.

The energy density by weight is lower than lithium based and similar to lead-acid batteries. The
energy density by weight is not a critical factor in the selection of flow batteries for stationary
applications.

Some flow battery systems have a very fast response time supplying power as the load changes.
Cycle lifetimes are in the range of 3,000-10,000 cycles, which is dependent on the fuel cell and
pumps. The electrolytes have indefinite lifetimes. Flow batteries can respond rapidly to changing
loads depending on the electronics. Changing between charge and discharge cycles is
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accomplished by changing the polarity on the fuel cell, which is relatively quick. Round trip
efficiency is in the range of 65%-75% although that number does not include the charger and
inverter efficiency, and may not include the pump energy. Many flow batteries have been
installed for different applications for wind energy farms, PV systems, and utility generators.
Power and energy ratings of | MW and 4 MWh are fairly common. Units in the kW range are
also available.

Pumped Hydro

Pumped hydro storage is generally considered a utility energy storage option with limited
locations. However, there may be some DOD facilities that could take advantage of the
technology, or adaptations, so it is included in this report. In a pumped hydro system, water is
pumped up hill to a large reservoir where it is stored for later use. Because of the large impact of
these facilities, environmental regulation must be considered carefully when developing a
project. These facilities can exceed 20 hours of discharge capacity and can achieve efficiencies
of more than 75%. Pumped hydro storage systems can deliver unlimited cycles, with generation
equipment and pumps replaced or refurbished as needed. In the United States, about 20 GW of
pumped hydro storage is deployed (Denholm 2010).

Compressed Air Energy Storage

Compressed air energy storage Compressed air energy storage is generally considered a utility
energy storage option with limited locations. As described in the NREL Technical Report “The
Role of Energy Storage with Renewable Energy Generation,” (Denholm 2010), compressed air
energy storage is based on conventional gas turbine technology and uses the elastic potential
energy of compressed air. Energy is stored by compressing air in an airtight underground storage
cavern. To extract the stored energy, compressed air is drawn from the storage vessel, heated,
and then expanded through a high-pressure turbine that captures some of the energy in the
compressed air. The air is then mixed with fuel and combusted, with the exhaust expanded
through a low-pressure gas turbine. The turbines are connected to an electrical generator.”
Compressed air energy storage can provide unlimited cycles. A disadvantage of this technology
is the need for a natural or man-made underground cavern. Nevertheless, some DOD facilities
could take advantage of the technology.

Sodium Sulfur Batteries

NasS batteries are a molten metal battery operating 300°-350°C. Both the sodium and sulfur are
molten and the sodium diffuses through a solid separator to react with the sulfur to make Na,S,.
Although this technology was considered for vehicle applications, it is more suited for stationary
applications.

56



TMW system (10mX3mX5mH)

Cells

Sodium Discharge
(Na) , —
urze th
Qo 0
: 09
. (arviegd
| re
0s |%2° 0000
Do | 0 .' ?.—!;—’
Sulfur te ... .’
(S) — Pole Beta slimina  + Fole
[Ha) [E=3]
Case
Discharging

2Na+ xS— Na,Sx
—

Charging

Figure 31. Sodium sulfur battery schematic (Courtesy of NGK Insulators Ltd., reprinted with
permission)

The AC-AC charge/discharge efficiency is 71%-78%. The energy density is high and a long
cycle lifetime of 2,500-4,500 cycles is estimated depending on the depth-of-discharge. Once
operating, the charge/discharge cycles provide most of the heat to keep the operating temperature
high.

Xcel Energy will be testing a 1-MW, 7.2-MWh NaS battery from NGK in conjunction with a
wind energy farm in Minnesota. American Electric Power, based in Ohio, has been testing MW-
sized NaS batteries from NGK in several locations since 2006.

NGK Insulators in Japan, is the dominant supplier of the high temperature, hot NaS batteries.
Ceramatec in Salt Lake City, Utah, is developing a warm NaS battery (90°C, non-molten) using
an ionic liquid for transport of sodium ions to the sulfur as opposed to molten sodium and sulfur.
Ceramatec expects to develop a 5-kW, 20-kWh battery capable of 3,650 daily cycles (10 years).
Ceramatec is still developing the prototype battery, which should be available in 1-2 years for
prototype testing.

Flywheels

Flywheels are conceptually a simple system with only one moving part: a rotor spinning at
10,000 revolutions per minute (rpm) or more. The stored energy is determined by the diameter
and geometry of rotor and the rotational speed of the rotor. The rotor has to be in a vacuum
chamber to eliminate air resistance and in a very durable enclosure in case there is a catastrophic
failure of the rotor. A motor/generator is electromagnetically coupled to the rotor to speed up the
rotor (charge) and slow down the rotor (discharge). The motor can charge or discharge the
flywheel at equal and very high rates.
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Flywheels are cost effective in many power quality applications and bridging power applications
in coordination with an engine generator. In some applications, discharges up to 1 hour are
possible. While even longer discharge times are possible, the cost effectiveness of flywheels
diminishes for standalone power because of high self discharge rates of 20% energy capacity loss
per hour. Research and development on better bearings, including superconducting magnetic
bearings, should reduce this loss.

Cycle lifetimes of flywheels is expected to be 10,000 to 1 million cycles. The energy efficiency
of flywheels can be as high as 90% depending on the flywheel construction and the electronics
needed for AC in and AC out.

Beacon Power is the dominant flywheel manufacturer with standard 100-kW, 25-kWh (15
minute discharge) units. Beacon Power is developing a 100-kW, 100-kWh flywheel with no hub
or shaft, which will reduce the self discharge rate and the projected energy costs.

Supercapacitors and Ultrabatteries

Supercapacitors, ultracaps, electrochemical double-layer capacitors, and asymmetrical
supercapacitors are names for devices that store energy in capacitors. These devices are ideal for
high discharge rates and weigh power densities, and provide cycle lifetimes greater than 100,000
cycle. Typically these devices are not good for energy densities and have high discharge rates.
These devices work well in power quality applications.

The asymmetrical supercapacitor has a construction similar to a lead acid battery (Figure 28)
except the negative plate is carbon. East Penn, under license from Ecoult, will begin
manufacturing ultrabatteries, which combine the advantages of a lead acid battery and a
supercapacitor. See Figure 32 for a schematic representation of the ultrabattery.
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Figure 32. Schematics of an asymmetrical supercapacitor on the left and an ultrabattery on the
right that has a combination negative plate consisting of a carbon electrode and a lead electrode
(Courtesy of CSIRO, reprinted with permission)
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Hydrogen

Hydrogen gas generated by an electrolyzer powered through excess PV or wind energy
production is stored in high pressure tanks for later use. When energy is needed, the hydrogen
flows through a fuel cell to generate DC electricity. An inverter is needed to convert the fuel
cell’s DC power to AC power. This is an attractive energy storage system that combines several
known subsystems into a complete system. NREL has reported on an analysis of hydrogen
storage versus other electrical energy storage systems (Steward et al. 2009).

State of the Research

Under license from Ecoult, East Penn is modifying their large format lead-acid batteries by
adding carbon to the negative plate. This significantly reduces sulfation on the negative plate, the
major cause of capacity loss in a lead-acid battery. By reducing the sulfation, the cycle life has
increased by a factor of 10 in test batteries. This is a significant improvement on a mature
technology where improvements were not expected. A 2- to 4-MWh lead-acid carbon battery
will be installed in late 2011 in New Mexico in conjunction with a 500-kW PV system.

Flow batteries are attracting a lot of attention since the concept is simple and energy and power
can be specified separately. New chemistries and modifications of old chemistries are proposed
for future large-scale demonstration projects. Hoping to capitalize on the extensive production
experience of small Li-based batteries for consumer products, the industry is developing larger
format batteries for stationary applications.

Costs, Metrics, and Payback

Costs are presented in several different ways for energy storage systems. In many cases costs are
based on estimates, such as cycle life and round trip efficiencies, from demonstration projects.
Therefore, most cost estimates are just that—estimates.

Capital cost per unit of energy ($/kWh-output) is calculated as the capital cost of the system
measured in dollars ($) divided by the lifetime energy output measured in kWh. The lifetime
energy output can be estimated by the number of cycles, the energy output per cycle, and the
round-trip efficiency of charging and discharging the energy storage system.

Cost per unit of energy ($/kWh-output) = Initial cost ($) / [number of cycles x capacity (kWh) x
efficiency]

Different studies or manufacturer’s data will have different costs per unit of energy depending on
the assumptions of the number of cycles and the efficiency. Supercapacitors with estimated
lifetimes on the order of 100,000 cycles (over 273 years of daily cycling) fair well compared to a
lead-acid battery with 1,000-3,000 cycles despite the supercapacitor’s low energy capacity
(kWh).

Another cost parameter is the capital cost per unit of power. The total capital cost in dollars is

divided by the rated power of the energy storage system measured in kW. The Electricity Storage
Association reports the energy costs and capital costs of different technologies in Figure 33.
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Figure 33. Capital costs of different energy storage systems per unit of power and per unit of
energy (Source: Electricity Storage Association, reprinted with permission)

The costs of the different energy storage systems are expected to improve, albeit slightly, as
capital costs are reduced with volume production, increased cycle lifetimes, and increased
charge/discharge efficiencies. Limited cost changes are expected for mature technologies such as
lead-acid batteries, NiCd batteries, and pumped hydro.

However, the new lead-acid carbon battery from East Penn will result in a reduction in the
capital cost per unit energy as shown in Figure 29 since the cycle lifetime is expected to improve
by a factor of 10. The capital cost per unit power may increase slightly since the battery will
have the same power rating with a slight premium charge for the carbon addition.

While the energy costs relative to utility costs are high, energy storage systems can still be
desirable since there are other possible intangible benefits such as energy security, continuity of
operations, and less chance of lost productivity from power quality problems or outages. Most
energy storage systems are quoted in $/kW installed cost and $/kWh delivered energy over the
lifetime of the system. While these are easy numbers to calculate or estimate, those metrics do
not describe the value of the energy storage system. Payback is difficult to quantify since a
traditional economic value of no electricity is difficult to calculate for DOD missions.
Transaction based companies (stock brokers, bookstores, on-line retailers) can estimate the loss
of sales if there is no electricity or Internet. Usually energy storage is justified on a risk
assessment and the level of risk that is acceptable with respect to the mission.

The main market direction is to improve the cost-effectiveness of all energy storage technologies
by reducing initial costs, increasing production volumes, increasing lifetimes or cycles, and
reducing O&M costs. There are different market focuses for utility-scale energy storage and
electric vehicle energy storage. Markets for power quality energy storage are cost effective for
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many industries, such as semiconductor manufacturing, where power quality problems can result
in production line problems and well-defined economic losses. Market directions for medium
sized applications within a microgrid have been discussed, but the end user benefits are not
clearly defined.

DOE has recently awarded several development contracts in 2010 for different types of energy
storage systems. While many of the contracts are multiyear and systems will not be installed for
several months and maybe even years, it is instructive to analyze the types of awards. DOE
selected contracts based on market readiness and applications that included all of the
technologies discussed above.

Recommendations for Energy Storage

Energy storage systems allow engine generators to operate at their highest efficiency or to
capture energy when the sun shines or the wind blows, reducing the need of liquid fuels or
electricity from the local utility. Energy storage is the single most critical element that needs to
be included in any continuity of operations. Liquid and gaseous fuels for engine generators are
the most common energy storage methods but these fuels are not rechargeable, only refillable.
However, rechargeable energy storage systems are needed for long-term continuity of operations
beyond several days.

All energy storage companies think that their product is the best. ESTCP should fund one or
more energy storage system demonstrations. Energy storage technologies that could easily find
an application within DOD and should be considered are advanced lead-acid, Li-ion, flow, NaS,
and hydrogen. These demonstrations should complement but not overlap demonstrations done
for electric utilities or companies. Most economics of energy storage systems are based on
estimated lifetimes, not measured lifetimes. These demonstrations will help determine better
O&M costs and system lifetime estimates.

As with all electrical generators, communications between electrical generation and loads in a
microgrid operation within DOD continuity of operations constraints should be investigated.
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Microgrid Technologies

Overview of Electric Industry Future

“Over the coming ten years, the North American electric industry will face a number of
significant emerging reliability issues. The confluence of these issues will drive a
transformational change for the industry, potentially resulting in a dramatically different resource
mix, a new global market for emissions trading, a new model for customer interaction with their
utility, and a new risk framework built to address growing cyber security concerns.” (NERC
2009)

Climate change and the prospect of a carbon-constrained business and regulatory environment,
uncertain and poorly understood demand outlook, and an increasingly complex market structure
are significant factors shaping the electric power system. Rapid technology development, aging
capital stock, and a workforce with a significant portion nearing retirement age are additional
influences transforming the industry. These changes may exaggerate the vulnerabilities to
physical and cyber disruptions that currently exist within the unique operating environment of
the electric power system. Increases in renewable generation and natural gas fuel generation
sources, and in distributed energy storage technologies—all technologies that reduce the carbon
footprint—are expected to create a resource mix that is characteristically different from existing
portfolios.

Renewable portfolio standards, potential carbon cap-and-trade legislation, the move toward well-
functioning, liquid electricity markets that facilitate clear and transparent price signals for both
investors and consumers, and Regional Transmission Organizations/Independent System
Operators markets that promote demand-response aggregation opportunities will help shape the
market transformation. Plug-in electric vehicle stations, acting as both load centers (when
charging) and distributed energy storage ancillary support centers (when fully charged and idle),
will be a significant feature of the system. The addition of millions of new intelligent
components through smart grid initiatives are expected to enhance reliability, engage consumers
in their energy budgeting, accommodate renewable generation and renewable distributed energy
storage projects, and reinforce the need to resist both physical and cyber attacks.

Photovoltaic Microturbine Wind Internal Combustion Engines
Figure 34. Example of photovoltaic, microturbine, wind, and internal combustion engine energy
resources (Courtesy of EPRI, reprinted with permission)
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As these forces come together, the North American electric industry will take on new levels of
complexity in the next decade. If the trends outlined above continue, the new system will include
utility and customer-owned distributed energy resources (DER) that are supported by smart grid
technologies. DER include distributed generation and/or distributed resources, which may be
comprised of either renewable or fossil fuel generation and distributed energy storage. Efficient
operations will rely on both standardized procedures to facilitate sharing of resources between
balancing areas and interoperability standards that ensure compatibility of technologies. Grid
stability will be a central concern as penetrations of intermittent generation sources (typical of
photovoltaic(s) [PV] and wind generation) continue to increase. Energy storage and voltage and
reactive power support technologies will move in to provide needed grid support for this variable
generation.

Long distance, high-voltage transmission lines will be needed to move remote renewable
generation to load centers. Aggregation, which statistically enhances the predictability of both
load and intermittent resources, will expand the effective use of these resources in the resource
portfolio. Tariff structures will become increasingly complex to provide price-signals that will
morph load profiles to assist with real-time dispatch options. Forecasting and sub-hourly data
will underpin the effectiveness of balancing area operations.

Distilling these projections down to focus specifically on the factors influencing microgrids
yields policies and technology related to DER—small-scale technologies to deliver power close
to the load center. Many times, DER can provide more secure electricity with a higher reliability
and at a lower cost than centralized generation sources. It can also provide benefits to the utility
grid including the mitigation or elimination of transmission and/or distribution system
infrastructure capital investment, reduction of transmission congestion and environmental
impacts, voltage reactive power support/power quality stabilization, as well as fewer line losses.
Local power supplies also provide opportunities to combine electrical generation with thermal
energy generation. Traditional standby power sources for critical facilities can double as DER.
These small generation sources located on the distribution side of the electric power system serve
as a generation source for peak shaving, provide an economical option to power purchases
during high cost periods, and/or become sources to support a site’s unique ancillary service
needs, such as voltage and frequency support. Ancillary services are those functions performed
by electrical generating, transmission, system-control, and distribution system equipment and
people to support the basic services of generating capacity, energy supply, and power delivery.
The Federal Energy Regulatory Commission (FERC 1995) defined ancillary services as “those
services necessary to support the transmission of electric power from seller to purchaser given
the obligations of control areas and transmitting utilities within those control areas to maintain
reliable operations of the interconnected transmission system.” FERC identified six ancillary
services: reactive power and voltage control, loss compensation, scheduling and dispatch,

load following, system protection, and energy imbalance.
(ORNL2010http://www.ornl.org/sci/engineering

_science_technology/cooling_heating power/Restructuring/Ancillary Services.pdf)
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DER technologies consist of both small-scale renewable generation (e.g., PV, wind) and
traditional, fossil-fueled generators. Historically, local generation has not played a large role in
the centralized-oriented electrical system. In order to maintain the integrity of the infrastructure
serving the centralized system, utilities have constructed significant barriers to DER, including
rate structure penalties and interconnection obstacles. However, legislative and market forces
have begun to reshape the role DER is playing in the system and utilities are beginning to
incorporate DER in their resource planning. A recent presentation by American Electric Power
on the future for electric utilities included customer-owned DER as a significant challenge to be
considered and presented diagrams of a decentralized network of generators feeding local loads
supported with controllers and energy storage dispersed throughout the system.

Generation placed on the distribution system can also help address security issues, both physical
and cyber. The decentralized nature of DER provides physical redundancy to the electrical
system generation fleet. This redundancy, in combination with the geographical distribution
inherent in DER, diffuses the potency of single target hits (whether terrorist or natural disaster in
origin) and lessens the dependency on centralized generation sources. However, the integration
of more microprocessor-based controls and especially smart grid technologies into the electrical
system adds new access vectors to critical infrastructure components, increasing vulnerability to
cyber attacks. The concept of microgrids, or clusters of generation and load that can disconnect
and reconnect to the electric power system when disruptions occur, creates networks that can
operate independently of the macrogrid, the much larger electric power system, comprised of one
or multiple utility systems, to which the microgrid is connected, even during emergency outages.

Summary of Current Microgrid Research, Technology, and Demonstration Efforts

Technology Overview

A microgrid, as referenced in this paper, is a coordinated energy and electrical distribution
system that is capable of independent and dispatchable grid-interactive operation that includes
multiple DER (including renewable and fossil fueled sources) and multiple load centers (which
may be comprised of one or more customers) and has controller capabilities to dispatch
generation, control loads, and provide seamless connection/disconnection with the macrogrid.
Microgrids usually incorporate small scale DER (< 1 megawatt [MW]) into low-voltage electric
systems and are also commonly referred to as minigrids, embedded generation, or virtual power
plants. A microgrid may include a single building with multiple generation and load points, a
group of buildings or campus, or a larger geographic area such as a military base.

Traditional distributed generation has been closely regulated for safety and grid performance
impacts since there were few installations and the installations were not considered a critical part
of the infrastructure. Typical examples include facilities that have on-site generators to supply
critical industrial processes. Standard operating procedures for distributed generation include the
ability to instantaneously disconnect in the event of grid outage with severe limitations on
independent control of DER.
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In contrast, microgrids are designed to operate semi-independently, with the ability to operate
connected to the grid—and under normal conditions—or to disconnect as needed. When
disconnected, the microgrid is capable of performing the control functions normally provided by
the macrogrid, or electric power system, including dispatching generation, shedding load, and
providing power quality and reliability support as needed during load or generation changes.
Microgrids can be placed in service for a variety of end uses, such as coordinating total system
energy requirements (especially for sites with large heat loads or waste heat recovery systems),
tailoring power quality and reliability requirements, providing a single controlled energy source
to the grid (possibly to take advantage of tariff structure), and providing energy surety in case of
disruptions to the macrogrid.

A microgrid connecting to and disconnecting from the grid presents many challenges to the local
utility. These include voltage, frequency, and power transfer concerns, as well as protection
schemes and identifying steady state and transient conditions. To address these challenges, the
standard IEEE P1547.4 Draft Guide for Design, Operation, and Integration of Distributed
Resource Island Systems with Electric Power Systems is being developed by the Institute of
Electrical and Electronics Engineers (IEEE). This standard is designed to ensure safe operation
of microgrids even after the macrogrid has been disabled.

“This document (IEEE 1547.7) covers microgrids and intentional islands that
contain DR [distributed resources] connected with utility EPS [electric power
system]. It provides alternative approaches and good practices for the design,
operation, and integration of the microgrids and covers the ability to separate
from and reconnect to part of the utility while providing power to the islanded
electric power system. It is intended to be used by electric power system
designers, operators, system integrators, and equipment manufacturers when
planning and operating microgrids. Its implementation will expand the benefits of
DR by enabling improved power system reliability and building on the
requirements of [IEEE 1547-2003.” (Kroposki and Martin 1985).

Direct current (DC) microgrids offer another option. Since many of the small renewables
generate low voltage DC power, a DC circuit linking DC devices to DC power supplies might be
more efficient by eliminating the power inverter losses. The costs to install a parallel set of
circuits may offset efficiency gains. However, if the DC power source were also a standby
energy source for data processing equipment, this option could be feasible. Intel is currently
pursuing a DC microgrid application for data center operations (Aldridge, et al. 2010).

Microgrids typically include two critical pieces of equipment—a switch to disconnect and
reconnect to the macrogrid when needed and a controller that dispatches generation, load, and
microgrid support functions. -Communications and protection schemes are also critical to the
microgrid design. A microgrid controller can utilize existing energy management systems and
smart grid technologies. A simple microgrid diagram is illustrated below in Figure 35.

65



Distributed
Oper_l :fOl' a | Generation
Util |ty I @ Load
Microgrid |
|

sn TOT

Microgrid Microgrid o Open for a
Switch Switch «— Facility Microgrid
™

A

A

Distributed Distributed
Generation Storage

I

I

I S s i
Control Systems I Load Load

I

(

I
I
I
I
| Possible
I
I
I

Credit: Ben Kroposki, NREL
Figure 35. Microgrid and components (Source: NREL)

NIST and IEEE Smart Grid Efforts

The National Institute of Standards and Technology (NIST) has been assigned the primary
responsibility of coordinating the development of a framework that includes protocols and model
standards for smart grid device interoperability. The NIST Framework and Roadmap for Smart
Grid Interoperability Standards Release 1.0 (Draft) and its related documents identify various
standards development organizations, list related standards, and identify efforts needed to move
forward. This framework identified the interaction of participants in the smart grid (see

Figure 36, below).
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Figure 36. Interaction of actors in different smart grid domains through secure communication
flows and electrical flows (Courtesy of the National Institute of Standards and Technology,
reprinted with permission)

“Interoperability—the ability of diverse systems and their components to work
together—is vitally important to the performance of the Smart Grid at every level.
It enables integration, effective cooperation, and two-way communication among
the many interconnected elements of the electric power grid. Effective
interoperability is built on a unifying framework of interfaces, protocols, and the
other consensus standards. Widely adopted standards also will help utilities to mix
and manage varying supplies of solar, wind, and other renewable energy sources
and better respond to changing demand. Smart Grid interoperability and cyber
security standards must reflect industry consensus, with active participation, and
where required, leadership and coordination by government. Accelerating
development of the Smart Grid ranks among the Obama Administration’s top
priorities. Funding through the American Recovery and Reinvestment Act

provides a tremendous opportunity to “jump start” implementation of the Smart
Grid.” (NIST)

The National Renewable Energy Laboratory (NREL) is actively involved with the development
of standards for both microgrid and smart grid technology. Benjamin Kroposki, Thomas Basso,
and Richard DeBlasio are working on committees within the IEEE to formulate standards to
facilitate deployment and contribute to the development of microgrid standards. NDIA E2S2
Conference Denver, CO June 14, 2010 (Westby)

Domestic Microgrid Projects

In the United States, several large pilot demonstration projects are underway using U.S. DOE
funds to develop technologies that encourage DER use during peak load periods. One
requirement for these projects includes the ability to operate in both grid parallel and islanded
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modes. Although not specifically designated as microgrid projects, they contain elements of local
generation, intelligent self-islanding, and local storage and demand response capabilities and
should provide relevant information to promote microgrid efforts. These demonstration projects
are currently in place at Chevron Energy, Consolidated Edison, New York, ATK Space Systems,
Illinois Institute of Technology, the City of Fort Collins, Colorado, San Diego Gas and Power,
Allegheny Power, and the University of Nevada Las Vegas.

Several smart grid projects are also underway. Again, these projects are not microgrid-specific,
but the findings should enhance foundational knowledge for microgrid implementation.
American Recovery and Reinvestment Act (ARRA)-funded Smart Grid Demonstration projects
include Los Angeles Department of Water and Power, Kansas City Power and Light, Pecan
Street Project, Center for Commercialization of Electric Technologies, Pacific Northwest
Demonstration Project, and Southern California Edison. These projects include large-scale
energy storage, distribution and transmission system monitoring devices and a range of other
smart technologies that will be helpful in a microgrid configuration. In addition, there are 100
projects funded under the ARRA Smart Grid Investment Grant program that are researching
relevant equipment like automated substations, load control devices, plug-in hybrid electric
vehicles (PHEVs) and charging stations—all of which help enhance the functionality of
microgrids in the electrical power system.

ESTCP is funding a United Technologies Research Center microgrid project at McGuire Air
Force Base in New Jersey. The project is a building-level microgrid involving controls, a storage
battery, and PV on the roof of the building (the base medical clinic). United Technologies
Research Center designed the microgrid, created computer models to validate the design,
constructed the switching controls, and will be installing the control system and battery in early
2011. More details of the project can be found at http://www.serdp.org/Program-Areas/Energy-
and-Water/Energy/Microgrids-and-Storage/EW-200939.

SERDP is supporting a DOD microgrid project at Fort Bragg in North Carolina. This effort, led
by Virginia Tech, is focused on developing a methodology to assess microgrid technology
options through modeling and simulation.

DOD and DOE are engaged in several demonstration projects that focus specifically on the
assessment of stationary microgrid capabilities or the development of microgrid systems. These
projects have attracted several technology companies including GE, Lockheed Martin, and
Honeywell. The mobile microgrid concept is also under development. Fort Irwin and Fort Bliss
are participating in prototype development for a mobile microgrid that is expected to minimize
vulnerabilities related to fuel transport and ensure more autonomous forward-operating bases.
Finally, the national laboratories have been directly involved with ongoing research activities
related to microgrid components, standards, and testing.

Research facilities are also available for testing microgrid electrical systems. For example,
Lockheed Martin has the Microgrid Development Center, a test facility in Dallas, Texas. This
unique facility provides comprehensive power system modeling, simulation, and hardware-in-
the-loop and software-in-the-loop testing in one location. The company was recently awarded
$3.5 million dollars to develop an intelligent system that will integrate a variety of energy
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sources, including renewables, into existing Basic Expeditionary Airfield Resources (BEAR)
power grids, with goals to reduce fuel consumption by 25%, alleviate logistics burdens, and
improve power availability. Sandia Labs has the Distributed Energy Technologies Laboratory in
Albuquerque, New Mexico, where research is conducted on the integration of emerging energy
technologies into new and existing electricity infrastructures. The Distributed Energy
Technologies Laboratory’s reconfigurable infrastructure simulates a variety of real-world
scenarios, such as island and campus grids, including military installations, remote operations,
such as forward operating bases, and scaled portions of utility feeders and the transmission
infrastructure. NREL also has extensive testing capability at its Distributed Energy Resources
Test Facility to evaluate micro-grid components and systems. This testing capability will be
expanded to medium voltage microgrids at the Energy Systems Integration Facility and will
include:

Renewable energy-generating systems integration analysis (by implication these are all
testing capabilities)

PHEVs and electrical storage systems analysis
Hydrogen energy systems, production, and storage analysis

High-performance computing capability (200+ teraflop) for research modeling and
simulation (expansion capability to 1,000 teraflops).

The Energy Systems Integration Facility is scheduled for completion in 2012, and will allow for
collaboration and industrial partnering and will showcase the Green Computing Data Center. The
facility will house a variety of research projects that aim to overcome the technical barriers
associated with adding new renewable energy generation systems to the electrical grid.

There are a few examples of systems in operation that can be characterized as microgrids, but
given the restrictions on intentional islanding currently in place, the ability to operate off-grid
has not been well tested. The primary focus for these projects has been economic optimization of
on-site generation resources. Fort Bragg has an operating microgrid of this type that combines
technology from Encorp and Honeywell.

The next level of microgrid development is represented in projects that are currently funded and
in preliminary design and testing stages. Examples include GE’s work at Twentynine Marine
Corps Base, Consortium for Electric Reliability Technology Solutions (CERTS), and the mobile
microgrid prototype in development with NextEnergy at Fort Irwin and Fort Bliss.

Other projects recently funded by DOE and DOD that are in design development include
Sandia’s work with Energy Surety Microgrids (ESM) and NREL’s Net Zero Energy Installation
(NZEI) microgrid effort