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EXECUTIVE SUMMARY

his multi-year program plan outlines

proposed activities of the Department of
Energy, Office of Energy Efficiency and Renew-
able Energy to devel op advanced microturbine
systems for distributed energy resource applica
tions. These systemsrange in size from 25 kilo-
wattsto 1,000 kilowatts.

Since 1994 hundreds of industry executivesfrom
variousindustries have met in dozens of vision and
roadmap workshops to discuss the elements critical
to successin the global marketplace over the next
twenty years. Cleaner and more efficient, afford-
able, and reliable heat and power systems is one of
the most prominent re-occurring needs raised
during these sessions.

Therapidly changing marketplacefor utility energy
servicesisopening new opportunitiesfor the
nation’s heat and power users to reduce energy
costs, increase power quality and reliability, and
reduce environmental emissions. In addition, over
the next twenty years, asignificant portion of the
nation’ s aging stock of boiler and power generation
equipment will reach itsuseful life and need to be
replaced.

Oneopportunity isinvestment in smaller-scale
distributed energy resources that can be integrated
into overall manufacturing plant or building opera-
tions. Thesetechnol ogies can be controlled locally
to optimize performance and satisfy needs for both
electricity and thermal energy. Energy managers
and building operators want to have heat and
power services for less cost, less emissions, better
reliability, and greater control than what they can
get from the utility grid. Because of their compact
size, modularity, and potential for relatively low
cost, efficient, and clean operations, microturbines

are emerging as aleading candidate for meeting
these needs for electricity and thermal energy.

Themission of thisprogramistolead anational
effort to design, develop, test, and demonstrate a
new generation of microturbine systemsthat will

be cleaner, morefuel efficient, morefuel-flexible,
more reliable and durable, and lower cost than the
first generation productsthat are just entering the
market today. Thismission isconsistent with the
goals set forth in the Department’ s Comprehensive
National Energy Strategy to improve the efficiency
of the energy system, ensure against energy supply
disruptions, expand future energy choices, and
promote energy production and use in ways that
respect health and environmental values.

Thisplan coversfiscal years 2000 through 2006.
The projected funding requirement for the program
is$63 millionin appropriationsfromthe U.S.
Congressand at |east $63 million of additional
funding isexpected in cost sharing.

The program’ s planned activities are aimed at
achieving thefollowing performancetargetsfor the
next generation of advanced microturbine sys-
tems:

« High Efficiency - Fuel-to-electricity conversion
efficiency of at least 40 percent.

* Environmental Superiority - NOx emissions
lower than 7 parts per million for natural gas
machinesin practical operating ranges.

* Durable - Designed for 11,000 hours of opera-
tion between mgjor overhauls and aservicelife
of at least 45,000 hours.
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* Economical - System costs lower than $500 per
kilowatt, costs of electricity that are competitive
with alternatives (including grid-connected
power) for market applications, and the option of
using multiplefuelsincluding natural gas, diesel,
ethanol, landfill gas, and other biomass-derived
liquidsand gases.

There is atremendous amount of uncertainty about
the market potential of microturbines. Markets
could evolvein waysto make theimpact signifi-
cant. Microturbines could bethekind of “disrup-
tive” technology that causes users to abandon
business-as-usual practice.

Thereisconsiderableinterestin using
microturbinesfor stationary power applicationsin
theindustrial, commercial, institutional, and residen-
tial sectors of the economy. Based on current
practices, the most attractiveindustrial opportuni-
tiesliein the chemicals, wood and agricultural
products, petroleum extraction and production,
mining, and textilesindustries. Potential commer-
cial sector marketsfor microturbinesinclude office
buildings, restaurants and food services, and retail
services. Ingtitutional marketsinclude hospital
complexes, schoolsand university campuses,
government buildingsand facilities, and office/
industrial power parks. Residential marketsinclude
multi-family dwellingsand community-based
systems.

Themgjority of the potential market involves
applications that have needsfor thermal and
mechanical energy aswell aselectricity. This
means that the largest opportunity for
microturbines could be asthe * prime mover” in
cooling, heating, and power (CHP) systems and as
aclean power source for distributed generation
applications.

Realizing thefull market potential for microturbines
will help keep U.S. manufacturers on the “cutting
edge” of turbine technology for power generation
and enhance the industrial competitiveness of the
U.S. manufacturing base in international markets.
This could belead to the creation of high-paying
jobsfor American workers. Realizing thispotential
could also produce substantial public benefitsin
terms of lower energy consumption, lower indus-
trial energy costs, and lower emissions.

The program’s RD& D activities have been
organized in four main program areas: 1) Concept
devel opment, 2) Components, subsystems, and
integration, 3) Demonstrations and 4) Technology
base (which includes material s devel opment,
combustions systems, and sensors and controls).
Thisprogram’ sactivitiesin these areaswill be
implemented over a seven year period. The
primary implementation mechanism will be com-
petitivesolicitations.

Figure 1 depictsthe expected portfolio mix and
shows how the emphasis could change during the
implementation of the program. Potential RD& D
performerswill be ableto participate at any point
inthe program. Concept development will be
emphasized during the first several years of the
program. The development and testing of compo-
nents, subsystems and integrated systemswill be a
major emphasis during the middle years of the
program, but effortswill be supported inthisarea
from the outset, depending on proposals received
from potential bidders. Pre-commercial
demonstration(s) of advanced systemswill be
emphasized during the last several years of the
program but support will be provided for demon-
strations of existing microturbine systemsand
subsystems from the outset. Potential RD& D
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performerswill be able to opt in and out of these
various activities during the course of the program
depending on their capabilities, corporateinterests,
and the progress of the RD&D.

This program will be managed by the Office of
Power Technologies with assistance from the
Department’ s Chicago Operations Office. Imple-
mentation will be accomplished by acompetitive
solicitation processthat will result in projects by
equi pment manufacturers, universities, and national
|aboratories. Coordination will involvethe Offices
of Industrial Technologies; Buildings Technologies,

State and Community Programs; and Fossil
Energy; and equipment manufacturers, electric and
gasutilities, energy servicesproviders, project
developers, and other federal and state agencies.
Joint planning activitiesare currently underway
with the California Energy Commission, the New
York State Energy Research and Development
Administration, and the Association of State
Energy Research and Technology Transfer
Institutions in accordance with memoranda of
understanding that the Department has signed
with these organizations.

Concept
Development

Components,
Subsystems
and Integration

Demonstrations

| | [ | 1 [ | | | [ |
2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006
Fiscal Year

Gigure 1. Program diagrarbi
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1. INTRODUCTION

his document presentsthe multi-year plan

of the Department of Energy’s Advanced
Microturbine Systems Program. The plan outlines
the mission, goals, performance targets, and
proposed research, development, and demonstra
tion (RD& D) activities of the program over the
next seven fiscal years (2000 through 2006).

This program will be managed by the Office of
Power Technologiesin the Office of Energy
Efficiency and Renewable Energy. The program’s
strategy isto conduct research, development, and
demonstration (RD& D) projectsin collaboration
withindustry, universities, and the national labora-
toriesto accomplish adiscrete mission in afixed
period of time.

Thisprogram will culminatein an 8,000 hour field
test demonstration of the next generation of
microturbine system(s). It is expected that this
designwill beready for commercialization by
manufacturersand installation by industrial power
usersearly inthe next century. Reliability, availabil -
ity, maintainability, durability (RAMD) testing will
probably involve field demonstrations exceeding
8,000 hours of operation. Government involvement
in such effortswill be considered at that point in
the program. This program strategy issimilar to
the one used successfully by the Advanced
Turbine Systems Program in devel oping anew
generation of industrial turbines. However, as
showninFigure 1, thisplan callsfor the mix of
activitiesto evolve over the course of the program.

U.S. industries such as petroleum refining, chemi-
cals, pulp and paper, steel, aluminum, and light
manufacturing are among the biggest electricity
usersin the economy and currently rely heavily on
utility generation, self generation, and combined
heat and power systems to meet their electric
power needs. With the restructuring of electric
power markets, these industries are finding awide
array of new electric power opportunitiesincluding

distributed generation, innovative pricing and risk
management strategies, and energy management
services. Industrial interest in distributed generation
technol ogies such as microturbines and reciprocat-
ing enginesis rising because these systems can cut
power costsand boost reliability whilelowering
overall emissions.

Microturbines can also be used in commercial,
institutional, and residential buildings. Promising
commercial building marketsinclude offices,
restaurants and food services, and retail services.
Ingtitutional marketsinclude hospital complexes,
schoolsand university campuses, industrial/office
power parks, and government buildingsand
facilities. Residential marketsinclude multi-family
dwelling and community energy projects. It will
take some time for customers, manufacturers, and
energy servicesproviderstoidentify and exploit all
of the promising applications marketsfor
microturbines.

Asdefined for this program, the microturbine
system comprisesthe flange-to-flange microturbine
core, rated at up to 1000 kW at 1SO conditions.
Thesystem definitionincludesall secondary
components such as the fuel compressor,
recuperator/regenerator, generator or alternator,
CHP equipment, sound attenuation, and power
conditioning equipment. Although further devel op-
ment of power conditioning equipment could result
in easier interconnection by microturbine systems
with the grid, the system definition of secondary
components does not include equipment solely for
that purpose.

Microturbines offer anumber of potential advan-
tages compared to other technologies for small-
scale power generation; for example, asmall
number of moving parts, compact sizeand light
weight, multi-fuel capabilities, and opportunitiesfor
greater energy efficiency, lower emissions, and
lower electricity costs. Realizing these advantages
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would mean substantial public benefitsin terms of
cleaner, more affordable, and more reliable power
optionsfor the nation’ selectricity users.

The sizerange of commercial microturbinesvaries
and depends primarily on economics and customer
power needs; but technical constraints and permit-
ting/policy considerationsare also factors. In
recognition of thediversity of potential applications,
and the need for flexibility in designing the next
generation of microturbine systems, thisplan does
not contain an exact specification for the size of
the next generation of microturbine systems. That
decision will be made by the system designers and
manufacturers based on market needs and oppor-
tunities. Existing microturbine systemsrangeinsize
from 25 to 75 kW; future products up to 1000 kW
are planned. It is expected that the advanced
microturbine prototype devel oped under this
program will beinthe 25 to 1000 kW range.
Support for larger advanced microturbine systems
could beprovided if those designsrepresent evolu-
tionary changesin microturbine development.

The specifics outlined in this plan are the result of
numerous consultationswith industry expertsand
market studies that have explored the future of
distributed energy resource technologies and the
potential role of microturbinesinindustrial, com-
mercial, institutional, and residential power applica-
tions.

For example, the Microturbine Technology Summit
was held in December 1998 as part of the consulta:
tion processto discussthe future outl ook for
microturbinesincluding public policies, market
barriersand opportunities, and technol ogy chal-
lenges! Morethan 60 stakeholderswith expertisein
microturbines, utility systems, industrial power and
markets, and government regulations attended the
Summit.

Among the issues raised at the Summit was the
need for the Department of Energy to establish
RD& D partnershipswith industry to develop the
next generation of microturbine systems. The
stimulus created by government involvement was
deemed a necessary ingredient for overcoming the
engineering, technical, and ingtitutional barriers
facing the development and deployment of the next
generation of microturbine systems.

In the absence of afocused and appropriate
government role, the Summit participantsgenerally
agreed that industry would not be able to develop
the next generation system on their own and a
substantial opportunity for cleaner, morerdiable,
and more affordable power optionsfor theindus-
trial, commerciad, institutional, and residential
sectors might belost.

Market studies have been conducted by Arthur D.
Little, Incorporated? and Resource Dynamics
Corporation® to estimate the potential for
microturbines and other small-scale power systems
such asfuel cellsand reciprocating enginesto
meet power needs in the future industrial market.
Based on current industry practice, both of these
studiesidentified potential marketsfor
microturbinesin the manufacturing sector serving
needs for continuous power generation, peak
shaving, back-up generation, remote power,
premium power, and combined heat and power.
The studiesfound that certain scientific, engineer-
ing, and institutional barrierswould need to be
addressed and cogt, efficiency, and emissions
performance targets achieved for the market
potentia of microturbine systemsto befully
realized. Many of the same applications and
barriers that the studies found for the manufactur-
ing sector also apply to the commercial, institu-
tional, and residential sectors.

I Summary of the Microturbine Technology Summit prepared by Energetics, Incorporated for Oak Ridge National Laboratory, March

1999 DOE/ORO 2081.

2 Opportunities for Micro power and Fuel Cell/Gas Turbine Hybrid Systems in Industrial Applications prepared by Arthur D. Little for

Oak Ridge National Laboratory, April 1999.

3 Industrial Applications for Micropower: A Market Assessment prepared by Resource Dynamics Corporation

for Oak Ridge National Laboratory, April 1999.
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2. SITUATION ANALYSIS AND MARKET ASSESSMENT

.S. consumers used approximately 3,240

billion kWh of electricity in 1998 at acost
of $218 billion. Industrial electricity consumers
used 32 percent of the total, commercial consum-
ers used 30 percent, and residential consumers
used 35 percent.* Electricity sales are expected to
grow by 1.4 percent annually over the next twenty
years. To meet this growing demand, electric
generating capability inthe U.S. isexpected to
grow from approximately 740 gigawattsin 1998 to
approximately 957 gigawattsin 2020°, representing
an annual increase of 1.2 percent.

Growth in the use of electricity outside of the U.S.
is expected to be even greater. Annual e ectricity
use is expected to grow 2.5 percent worldwide by
2020, including both industrialized and devel oping
countries. For devel oping countries only, electricity
use is expected to grow 4.4 percent annually by
20205

Theroleof non-utility generationin U.S. marketsis
changing. In 1998, over 23 gigawatts of electric
capacity were sold by utility companiesto non-
utility buyers. Asaresult, the number of statesthat
have anon-utility share of electric generation
greater than 25 percent doubled from two in 1998
tofour in 1999.7

Distributed Energy Resources

The concept of distributed energy resources refers
tolocal energy systems that generate electric,
thermal, or mechanical energy on sites near the
customer’s premise. Also included are energy
efficiency measuresthat can beinstalled on
customer buildings and equipment that affect the

need for electricity and thermal energy. Many
distributed energy resource systems are located
on-site, others are connected to customers through
the utility’ stransmission and distribution grid.
Varioustechnol ogies are used in distributed energy
resource applicationsincluding combustion tur-
bines, reciprocating engines, solar power systems,
wind turbines, energy storage systems, and fuel
cells.

One of the factorsin the growing interest to use
distributed energy resourcesis concern about the
reliability of the existing electric power system, the
need to minimize production lossesfrom power
outages, theimportance of protecting sensitive

€l ectronic equipment from power quality disrup-
tions. Industrial processes, manufacturing produc-
tion systems, and commercial businessoperations
rely on computers, information systems, and
telecommuni cations equi pment to a greater extent
than ever before. Power interruptions and spikes
or sags in voltage or frequency can cost companies
millionsinlost production and damaged equipment.
Many of the companies that have concerns about
thereliability of the el ectric grid under competitive
market conditions or who cannot withstand the
costs of weather-related disturbances view
distributed energy resources as an important
supplement or alternative to grid-connected power.

Privateinvestment in the devel opment and depl oy-
ment of the various distributed energy resource
technologiesisincreasing. Thisincludesinvestment
in advanced technol ogiesfor combustion turbines,
reciprocating engines, fuel cells, energy storage
devices, and solar and renewable power. If these

4 Electric Power Annual 1998 Volume Il U.S Department of Energy, Energy Information Admninistration December 1999 DOE/EIA-

0348(98)/2

> Annua Energy Outlook 2000 With Projections to 2020 U.S. Department of Energy, Energy Information Administration December

1999 DOE/EIA-0383(2000)

¢ International Energy Outlook 1999 With Projections to 2020 U.S. Department of Energy, Energy Information Administration

March 1999 DOE/EIA-0484(99)

7 Electric Power Annual 1998 Volume | U.S. Department of Energy, Energy Information Administration April 1999 DOE/EIA-

0348(98)/1
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systems are adopted in large numbers, the resulting
“distributed energy system,” could stimul ate new
interconnection requirements for the el ectric power
grid and natural gas pipelines. Utilitieshave been
voicing concerns about the safe and effective
interconnection of distributed energy technologies
and the possibility of negativeimpactson electric
grid operations. Thereisagreat deal of interest in
devel oping standardized i nterconnection protocol s
that balance utility concernsfor safe grid opera-
tionswith the concerns of distributed energy
resource developersfor quick and low cost
interconnection procedures.

For microturbinesand other distributed energy
resources to be competitive in power markets,
electricity costs from these systemswill have to be
more attractive than they are today. Without cost
reductions, most electricity userswill prefer grid-
connected power and energy-efficient distributed
energy resourceswill be confined to arelatively
small market niche.

To achieve these cost reductions, the installed
costs of distributed energy resourceswill have to
be lower to reduce the up-front investment for
electricity users. In addition, operation and mainte-
nance requirements will have to be lower and
service lives longer to reduce the “ hassle factor”
associated with on-site power systems, the costs of
service contracts, the need for major equipment
overhauls, and the costs of other day-to-day
expenses. Finally, the efficiency and environmental
performance of the systems will have to be better
to reduce the costs of fuel and compliance with
environmental regulations.

Utility Restructuring

The continued restructuring of the electric and
natural gas utility industriesinthe U.S. isexpected
toincreasetherole of non-utility generationinthe
nation’ s power mix even more. Since 1996, 22
states have enacted major electricity restructuring
legidlation, whiletwo others haveissued compre-
hensive regulatory orders. These actions have also

led to growth in the competitive energy services
industry. There is now a greater array of choices
for electricity consumers than ever before.

Electricity and natural gas usersin the states that
are active in the restructuring process are fre-
quently ableto get electricity providerstotailor
service offeringsto suit their individual needs. In
particular, thelarger industrial and commercial
users, including municipalities, school, andirrigation
digtricts, areincreasingly being offered flexible
contractual termsand conditions, innovativepricing
options, financial risk management strategies,
energy efficiency audits and services, and distrib-
uted energy resource options.

Environmental Policies

I mplementation and enforcement of existing
environmental |aws and regulations affect today’s
technology choices for power generation. As
existing power plants get replaced, the new ones
will necessarily incorporate new designsand
advanced systems to achieve greater efficiency
and lower emissions. Power plant emissions are
currently subject to regulatory controlsfor sulfur
dioxide, oxidesof nitrogen, particulates, volatile
organic compounds, carbon monoxide, and air
toxics. In addition, global concernsabout climate
change have led to interest in tracking carbon
emissionsfrom power production. Inthefuture,
carbon dioxide and other “ greenhouse” gases could
be added to the list of power plant emissions
subject to regulatory controls.

The designs for advanced microturbines and other
distributed energy resource options must include
features to ensure that they comply with all
foreseeable environmental siting and permitting
regulations. Thetrend is clearly toward increas-
ingly stringent environmental requirements. If the
next generation of microturbine systems have
lower emissions and higher efficiencies compared
totoday’ smodels, then commercialization of these
advanced products could yield substantial public
benefits. Use of clean and renewable fuels, highly
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efficient combustion equipment and turbines,
advanced materials, and advanced recuperators
are among the options that can be used to control
environmental emissionsfrom microturbine sys-
tems. Use of microturbinesin combined heat and
power systems can double or triple overall thermal
efficiency compared to el ectricity-only units, thus
providing even greater opportunitiesfor emissions
reductions.

One of the promising applicationsfor microturbines
involvetheir usein buildingsfor cooling, heating,
electricity, humidity control, and indoor air quality.
In these cases, building codes and fire and safety
codeswill need to be considered along with
environmental siting and permitting requirements.

Market Applications

Microturbines can be used in avariety of electric-
ity and thermal energy applications dueto their
small size, low unit costs, and useful thermal
output. The market assessments recently com-
pleted by Arthur D. Little, Inc. and Resource
Dynamics Corporation identified eight potential
types of applicationsfor microturbines: 1) continu-
ous generation, 2) peak shaving, 3) back-up power,
4) premium power, 5) remote power, 6) cooling,
heating and power, 7) mechanical drive and 8)
wastes and biofuels.

The use of microturbines for continuous genera-
tion will typically involve applicationsrequiring
over 6,000 hours of operation per year. To succeed
inthismarket application, microturbineswill have
to be able to generate electricity at costs competi-
tive with grid-connected power. In certain circum-
stances, users that have deep concerns about the
reliability of the grid or about power quality may be
willing to pay morefor on-site power generation
than for grid-connected electricity.

Peak shaving® applications for microturbines
would typically require much lessthan 1,000 hours
of operation per year. For peak shaving, users

would run on-site generation to avoid paying high
on-peak pricesor utility demand charges. In some
areas, avoidance of these costs can justify invest-
ment in on-site power facilitiesthat operate only
several hundred hours per year. The shift toward
competitive electricity markets has also meant a
shift toward real-time pricing of electricity. During
peak periods, it is not unusual for the cost of power
to be 3-5 times higher than it is during off-peak
periods. During system emergencies, on-peak
power costs can be 10 times greater or more than
off-peak power costs. Short term price spikes 20-
100 times higher occurred in whol esal e spot
marketsin the Midwest during the summer of
1998.

Back-up power users require 100% reliable
electricity. Someusers, like hospitalsand airports,
arerequired by regulationstoinstall and maintain
back-up power units. Back-up power systems may
run less than 100 hours per year but they must be
ready to come on line at amoments' notice in the
event of a power outage. Diesdl generators
currently have alarge fraction of the back-up
power market. The use of microturbinesin this
market will be driven by avariety of factors,
particularly their costsrelativeto diesel generator
sets, but also their ability to start-up rapidly and
reliably. Relatively low expected O& M costs could
be an advantage for microturbinesin back-up
power applications.

Markets for premium power exist where the
industrial process requires power with ahigher
quality than provided fromthegrid. Thiscould
include AC power with awell-defined wave form,
frequency, and/or power factor. Power quality
concernsare found in industries that use sensitive
€l ectronic equipment that requirestightly con-
trolled, sinusoidal AC waveforms, or machinery
that operates on well-defined DC power. The use
of microturbinesfor premium power could defray
power conditioning coststo the user, allow for
more precise and flexible manufacturing processes,

8 Although efficient, clean, durable gas turbines are not necessarily required for intermittent modes such as peak shaving and backup,
the incremental cost of installing advanced microturbines for these purposes would extend the parameters for economical operation,

thus improving the benefits.
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and reduce losses in production from outages and
other typesof power quality disruptions.

Remote power applications are for off-grid
locations such as oil and gas production and certain
mining operations. Locationsthat lack grid access
often lack accessto natural gasdistribution
systemsaswell. The ability to use portable fuels
such as diesel or propane is a distinct advantage
for remote power equipment. Systemreliability is
atop priority.

Markets for cooling, heating, and power systems
include those manufacturing processes and building
applications that have needs for thermal energy as
well as electric power. Thereis potential for
expanded use of industrial combined heat and
power systems. The possibilities expand when
economical off-site uses for the thermal energy are
identified, asin district energy systems. The use of
microturbinesin cooling, heating, and power
applications could open up new opportunitiesfor
smaller scale systemsin manufacturing plantsto
meet specific needs for thermal or mechanical
energy aswell as el ectric power. Buildings cooling,
heating, and power systems can provide el ectricity
and thermal energy for cooling and humidity
control.

Mechanical drive applications would use

mi croturbinesto run shaft-driven equipment such
asgasand air compressors, refrigeration units,
chillers, desiccant humidity control systems, and
pumps. Operation and maintenance costs are a
critical driver along with the cost of electricity and
the ease of access to fuels.

The market for wastes and biofuels burning
microturbinesarefound in thoseindustriesthat
produce solid, liquid, or gaseous fuels asawaste or
by-product such as pulp and paper, food process-

ing, and steel making. The amount of power
produced from these applicationsisafunction of
the amount of waste material produced and the
technol ogies available to convert the wasteinto
usablefuel.

Market Potential

The U.S. Department of Energy’s Energy Infor-
mation Administration® reportsthat approximately
380 gigawatts of new electric capacity will be
added to the nation’ s power fleet by 2020, including
retirements of existing facilities. The market share
for distributed energy resources has been esti-
mated to range from 10 to 20 percent of these
capacity additions, or 38 to 76 gigawatts.*
Because of their compact size, relatively low
capital costs, and expected |ow operations and

mai ntenance costs, microturbines are expected to
capture asignificant share of the potential distrib-
uted generation market.

While substantial, these estimates are based on the
assumption that in the future power userswill face
largely similar power choicesunder generally
similar market conditions. However, thereisa
widely held alternative view that holds distributed
generation asapotentially revolutionary technol ogy
with “disruptive’ impactsthat “...reshape the
fundamental value network of an industry.”*
Examplesgiven of other revolutionary technol ogies
that have had disruptiveimpactsinclude personal
computers, theinternet, cellular telephones, and
mini-mills. Such possibilitiesfor distributed genera-
tion makeit difficult to assessthe market potential
for microturbines.

Thetechnical potential for microturbinesinthe
manufacturing industries has been estimated
recently by Onsite Sycom Energy.* There are
approximately 100,000 industrial sitesintheU.S.

? Annual Energy Outlook 1999 Energy Information Administration, December 1998, DOE/EIA-0383(99).

10 “Small Generators Fuel Big Expectations” by John C. Zinc, Power Engineering, February 1999.

! Distributed Generation Primer: Building the Factual Foundation — An Arthur D. Little Multi-Client Study Draft October 1, 1999

2 Onsite Sycom Energy Inc Estimates of Technical Potential for Micropower in Manufacturing Industies Technical Memorandum

November, 1999

U.S. DeparRTMENT OF ENERGY

OFrice oF ENERGY EFFICIENCY AND RENEWABLE ENERGY



with average electrical demand between 100 kW
and 3,000 kW. This represents about 70 GW of
electrical demand today and 91 GW in 2010 that
could be supplied by microturbines or other power
technologies. For example, electrical demandinthe
forest productsindustries at facilities between 100
kW and 3,000 kKW is estimated to be about 9 GW
in 2010. For chemicalsthe 2010 estimate is 6.3
GW.

Several recent studies have attempted to estimate
the potential industrial power market for
microturbines. However, these studies do not take
the potential for disruptiveimpactsinto account.
They also do not address the full market potential
because of the difficulty of capturing theindustrial
market for mechanical drives or the extent to

which grid reliability and power quality will bea
factor. The studies also do not account for the
market for microturbinesin buildingsfor power,
heat, hot water, cooling, and humidity control.
Even so, the studies by Arthur D. Little, Incorpo-
rated and Resource Dynamics Corporation (see
footnotes 2 and 3 on page 2 in the Introduction)
concludethat the market potential for existing
microturbine productsissignificant and that the
potential market could increase substantialy if the
cost, efficiency, durability, reliability, and environ-
mental emissions of the existing designsare
improved.
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3. OVERVIEW OF MICROTURBINE SYSTEMS

M icroturbines have primarily evolved from
automotive and aerospace applications.
Figure 2 isaschematic of amicroturbinein a
generic stationary commercial or industrial applica-
tion.™® For the urposes of stationary energy
generation combustion turbines such as
microturbines have advantages over other kinds of
heat enginesin terms of atmospheric emissions,
fuel flexibility, noise, Size, and vibration levels.
Combustion turbines havelimitationswhichinclude
relative efficiency, costs, and rotational speeds. All
of these relate directly to the size of the machine.
Whilethisrelationship between size and perfor-
mance level generally holds for other types of heat
engines, the scaling laws tend to be more restric-
tivefor combustion turbinesthan for the other
types of heat engines, such as piston-driven
reciprocating engines, for example.

Within the class of heat engines known as combus-
tion turbines, certain design features aswell assize
distinguish thevarioustypes. Figure 3illustrates
how specific design features relate to the size and
performance of turbines. Thisfigure providesa
basis for discussing the differences between
microturbines and other types of combustion
turbines.

Large Combustion Turbines

For electricity generation, large combustion
turbines are generally characterized by the follow-
ing major design features:

» Axia flow multi-stage compressors and turbines
* Internally cooled turbine vanes and blades

» Cooled disks and vane support structures

Exhausi
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recovery

Fuel
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or grid
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m

C Figure 2. A schematic of a generic microturbine system.>7

3 The figure is presented for illustrative purposes and is intended to describe common or possible gas turbine systems. It is not intended
to constrain conceptual designs or configurations for advanced microturbine systems.
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Low NO, combustion systems based on lean
premix for natural gas or water/steam injection
for fuels other than natural gas

Multiple burner combustion systems

Single shaft layouts

The larger size systems (150-400 megawatts)
frequently are designed for use with steam bottom-
ing cycles, and newer advanced turbine system
designs are adopting closed-loop, steam cooling.
Withthisinmind, pressureratiosaretypically 16:1.
Design features such asintercooling, staged
combustion, and methods to reduce parasitic heat
losses may also be incorporated.

Aeroderivative Industrial Combustion
Turbines

Aeroderivative combustion turbinesare generally
characterized by thefollowing design features:

Axial flow multi-stage compressors and turbines

Higher pressureratios (over 25:1)
» Higher temperatures (2400° F)

Internal cooling (asin the large gas turbines)
Multi shaft arrangements

Multiple burner combustion systems

Usually axial flow multi stage compressors, but
sometimes radial flow compressors are used in
smaller models

Axial flow turbines

Singleor split shaft arrangements, depending on
theapplication

Internal cooling in early stage vanerows, but
less use of blade cooling and advanced alloys
than in other types of turbines

Cooled disks and vane support structures

Geared output shafts for electric power

Intheindustrial turbine sizerange of 2-20 MW
thereisapronounced gradation in the design
characteristics. Inthelarger size ranges, industrial
turbine designstend to be similar to those of the
large combustion turbines, although geared output
shafts are still usual where electric power is
produced. Direct mechanical drive, with a separate
power turbine shaft are also used. Gas compres-
sion isone example. In the smaller size ranges,
radial flow compressors are sometimes used,
pressure ratios tend to decrease as Size decreases,
blade cooling is seldom used, and singleside-
mounted combustors are often used (rather than
thein-line arrangements used in larger turbines).

» Greater use of advanced aloys,
especially singlecrystal alloysfor 50 e
blade castings CYCLE
50
There generally isless use of refine- REC'—'F'ER”LTED || NO———
ments to reduce heat losses, but more 40
. > SIMPLE CYCLE
use of variable compressor geometry to - / /nJ% TRIAL
improve part load performance. Com- "GJ 30 /
pressor intercooling may be used, depend- E /
ing on the design of the core aircraft 20 A e TENs—
engine and theway inwhich it is adapted / COOLED BLADES
for stationary use. » COOLED VANES
UNCOOLED '
Heavy Frame Industrial — AXIAL COMP
Combustion Turbines 10 :
_ _ _ 0.01 0.10 1,00 10.00  100.00
Industrial combustion turbinesare OUTPUT MW
generally characterized by thefollowing

design features:

-

Figure 3. Gas Turbine Design Features Related to
Output Capacity
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Since economies-of-scale do not apply inthe
smaller sizeranges, design simplificationand
production economics assume greater importance.
The materials and mechanical design issues, and
the increased aerodynamic penalties associated
with smaller size systems, tend to reduce thermo-
dynamic efficiency.

Microturbines

Microturbines are the newest type of combustion
turbine that are being used for stationary energy
generation applications. There are certain design
featuresthat distinguish microturbinesfromthe
other types of combustion turbines discussed
above. However, thereisnot adistinct sizelimit
that distinguishes microturbinesfrom smaller sized
industrial turbines. Infact, small industrial turbine
designsinevitably share some of the microturbine
features. Asaresult, small industrial turbineswill
benefit from advances made in the design features
used in microturbines.

Microturbines are generally characterized by the
following design features:

* Radial flow compressors

» Low pressureratiosdefined by single-or possibly
two-stage compression

* Minimal use of vane or rotor cooling
» Recuperation of exhaust heat for air preheating

* Use of materials that are amenable to low cost
production

* Very highrotational speedson the primary output
shaft (25,000 RPM, or more)

With these design elementsthe simple cycle
efficiency (without the use of arecuperator) would
be substantially lower than the efficiency of
competing systems such as reciprocating engines,
particularly inhighload factor applicationswith
base-load or intermediate-load requirements.
However, for applications such as emergency
power, where the duration of operationsisrela

tively low and fuel costs are of secondary concern,
where other factors such as ease of installation
and maintenance are considered, unrecuperated
microturbines may be used.

In many applicationsthe very high rotationa
speeds require gear reduction equipment. In the
case of electricity generation acommonly used
dternativeisadirect drive high frequency alterna-
tor coupled with astationary rectifier and mains
frequency aternator.

Microturbines have been produced in very small
sizes(e.g., afew kilowatts), but commercially
viable products are in the range of tens to hundreds
of kilowatts. This range spanstwo to three orders
of magnitude, and the efficiencies that can be
achievedin practicewill vary significantly.

Existing Microturbine Systems

Microturbine systems are just entering the market
and the manufacturers are targeting both traditional
and non-traditional applicationsintheindustrial and
buildings sectorsincluding combined heat and
power, backup power, continuous power genera-
tion, and peak shaving to reduce costs during peak
demand periods. So far, four U.S. manufacturers
have made commitmentsto enter the microturbine
market. Honeywell (AlliedSignal) isofferinga75
kW product, Capstone hasa 30 kW product, Elliott
has 45 and 80 kW products, and Northern Re-
search and Engineering Company will have several
productsin the 30 to 250 kW sizerange. These
manufacturers are entering into marketing and
distribution alianceswith other firms. Other
companies such as Allison Engine Company,
Williams|nternational, and Teledyne Continental
Motors have expressed interest in developing
microturbine products. European (Volvo and ABB)
and Japanese (Toyota) companies are also devel -
oping microturbine products and are expected to
enter the U.S. market within the next several
years.
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4, PrOGRAM MissIiON, GOALS, AND STRATEGY

hrough partnershipswith industry,

government, and non-government organi-
zations, the Office of Power Technologies devel-
ops and delivers advanced technol ogies and
practicesto assist in meeting challenging goalsin
the areas of renewable resource devel opment,
environmental protection, and global competitive-
ness. The mission of the Officeisto lead the
national effort to support and devel op clean,
competitive, reliable power technologiesfor the
21 century. Thismission isaccomplished by:

» Encouraging electricity suppliersto chooseand
deploy renewable energy and energy efficiency
technol ogies on an equitabl e basiswith other
supply technologies.

» Addressing thetechnological and institutional
constraints that impede the adoption of renew-
able energy and energy efficiency technologies
worldwide.

» Working with utility, industry, and other stake-
holdersto realize the full market potential for
renewable energy and energy efficiency tech-
nologies, both inthe United Statesand in other
countries.

Themission, goals, and strategies of the Advanced
Microturbine Systems Program support these aims.

The mission of the Advanced Microturbine
Systems Program isto lead a national effort to
design, develop, test, and demonstrate a new
generation of microturbine systemsthat will be
cleaner, morefud efficient, morefuel-flexible,
morereliable and durable, and lower cost than the
existing fleet of first generation productsthat are
just entering the market today.

The overall goals of the program are to improve
energy efficiency, reduce environmental emissions,
and increase the competitiveness of U.S. busi-

nesses through the devel opment and deployment of
advanced microturbine systems. The program’s
mission and goals are consistent with the
Department’ s overall goals as set forth in the
Comprehensive National Energy Strategy to
improve the efficiency of the energy system,
ensure against energy disruptions, promote energy
production and use in ways that respect health and
environmental values, and expand future energy
choices.'

The program’ s mission and goal s are consistent
with the goals of several recent initiatives of the
Department of Energy in the areas of energy grid
reliability and distributed energy resources. The
program can also contribute to the President’s
Executive Orders on increasing the use of energy
efficiency and renewable systemsin federal
facilitiesand on increasing the use of bioenergy
and biobased products throughout the economy.

The ultimate aim of the program isto produce
“ultra-clean, highly efficient” microturbine product
design(s) by fiscal year 2006 that are ready for
commercialization and achieve thefollowing
performance targets:

» High Efficiency — Fuel-to-electricity conver-
sion efficiency of at least 40 percent.

* Environmental Superiority — NO, emissions
lower than 7 parts per million for natural gas
machinesin practical operating ranges.

e Durable — Designed for 11,000 hours of
operation between major overhauls and a service
life of at least 45,000 hours.

» Economical — System costs lower than $500
per kilowatt, costs of electricity that are competi-
tivewith the alternatives (including grid-con-
nected power) for market applications, and
capable of using alternative/optional fuelsinclud-

" Comprehensive National Energy Strategy, U.S. Department of Energy, DOE/S-0124, April 1998.

U.S. DerarTMENT OF ENERGY

OFrice oF ENERGY EFFICIENCY AND RENEWABLE ENERGY



ing natural gas, diesel, ethanal, landfill gas, and
other biomass-derived liquids and gases.

There are anumber of scientific, engineering, and
institutional barriersthat need to be addressed for
these mission goals and performance targets to be
achieved. The strategy isto implement amulti-
year RD& D program that istightly integrated with
research programs on microturbine systemsin
industry, universities, national laboratories, and
other federal programs and agencies. The program
will build on recent and existing RD& D efforts
sponsored by the Office of Energy Efficiency and
Renewable Energy and Fossil Energy and othersin
advanced material's, combustion systems, turbines
and engine components, power el ectronics, and
sensors and controls.

An important aspect of the proposed RD& D
activitieswill be complementary effortsin technol -
ogy transfer, technical analysisand coordination,
and communications. In part, these effortswill help
to ensure that the RD&D projects stay well-
aligned with market needs. Effortswill be under-

taken to monitor and analyzeindustrial, commer-
cial, ingtitutional, and residential needsfor all types
of renewable and fossil-fuel ed distributed energy
resources, particularly microturbine systems.
Projectsto devel op information clearinghouses,
workshops, program review meetings, and confer-
ences will be undertaken to foster better communi-
cations among the many stakeholder groupswith
interestsin distributed generation and
microturbines, including federal and state govern-
ment official's, equipment manufacturers, electric
and gas utilities, energy servicesproviders, inde-
pendent power producers, and potential usersfrom
theindustrial and buildings sectors.
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5. RD&D NEkEDs

F or microturbinesto reach their full market
potential and compete successfully with

grid-connected power and other distributed energy
resource options such as reciprocating engines,
fuel cells, wind, and solar power systems
improvements must be made in the technol ogy.
Whilethereisasignificant market for the existing
technology microturbines, improvementsinthe
efficiency, cost, durability, and environmental
performance can expand the potential market two-
to-three fold.™

For example, new system designs are needed as
well asimproved performance of subsystems and
components to increase the efficiency and
reliability of microturbines, and to lower system
costs. Significant progress can be made through
development and use of advanced materialsto
improvethereiability, durability, and useful life of
various subsystems and component parts, and to
enable operations at higher temperatures. Long
term improvements can come from materials
research and development in ceramics and metal
alloysto improve recuperators and other system
partsincluding hot section components such as
rotorsand combustor liners.

Inaddition, promising designsneed to befield
tested for usersto gain confidencein their
performance. Certain problems can only be
detected and resol ved though monitoring of field
install ationsto determine microturbinefailure and
mai ntenance requirements and in answering
guestions about the service life of the equipment.

Microturbine Systems, Subsystems, and
Components

In order to meet the program mission and goals,
research must be conducted on the performance of
the entire microturbine system, including their

integration into market applicationsand the utility
grid. Thetotal system must be designed properly
towork together efficiently and reliably.
Component integration will bean important task
especialy asindividually improved componentsare
integrated into existing and new product designs.
System modeling and simulation will bean
important part of thistask. System-level RD& D
will beimportant in determining the research
prioritiesfor specific components through better
understanding of trade-offsin cost, efficiency, and
environmental performance.

Modeling and Simulation

To conduct systems studies and devel op promising
designsfor advanced microturbines, it will be
necessary to model and simulate the performance
of various subsystems and components. A particu-
larly important challengeis combustion modeling to
develop more detailed understanding of the emis-
sions characteristics and controls. Work is needed
toidentify innovative cycles, to optimizecycles,
and to optimize heat recovery. Simulation modeling
of aerodynamics and heat transfer in turbine blades
insmall machineswill aid in the devel opment of
advanced microturbine designs.

Improved modelsthat can simulate operations of
compl ete microturbine systems under avariety of
environmental and operating conditionsneed to be
developed to analyze trade-offsin the integration
of individual subsystemsand components. Also
needed are simulation modelsthat can analyze the
potential impacts of microturbine systemsonthe
stability and operations of the utility’ spower grid.
These simulations should cover thefull range of
potential applicationsfor microturbines, including
continuous generation, peak shaving, back-up
power, combined heat and power, and remote
operating modes.

5 Opportunities for Micropower and Fuel Cell/gas Turbine Hybrid Systems in Industrial Applications prepared by Arthur D. Little for
Oak Ridge National Laboratory, April 1999, and Industrial Applications for Micropower: A Market Assessment prepared by Resource
Dynamics Corporation for Oak Ridge National Laboratory, April 1999.
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Manufacturing Costs

In commercializing advanced microturbine designs,
manufacturing scale-up techniqueswill be signifi-
cant inlowering system costs. In fact, existing
microturbine systems have yet to be mass pro-
duced. Studies are needed to identify scale-up
issues for the next generation of systems since
these could include greater use of advanced alloys,
coatings, ceramic components and other electronic
parts. As ceramic subsystems and components
are developed and tested, the RD& D effort should
include more detailed research and analysison
manufacturing scale-up issues and techniques.
Concurrent engineering techniques should be used
in the design of ceramic components. The ceramic
components design team should consist of both
engine and component designers. The concurrent
engineering design team should aim for compo-
nents that can be fabricated at high yieldsto
reduce costs and waste of materials.

Recuperators/Regenerators

Conventional recuperators are sheet-metal heat
exchangers that recover some of the heat from an
exhaust stream and transfer it to the incoming air
stream. The preheated incoming air isthen used in
the combustion process. If the air is preheated, less
fuel isrequired to raise its temperature to the
required level at theturbineinlet. The most
effective conventional metal recuperators can
produce 30-40 percent fuel savings from preheat-

ing.

However, conventional stainless steel recuperators
can be used only with exhaust-gasinlet tempera-
tures below 1200° F. At higher temperatures, the
metal is susceptibleto creep and oxidation, which
causesfouling and structural deterioration and
leaks, rapidly reducing the effectivenessand life.
Advanced metal or ceramic recuperators will be
necessary as engine operating gas temperatures
increase to increase efficiency. Further
recuperator development is needed to reduce
costs, extend servicelife, and enablereliable
operation at higher temperatures. Work needsto

continuein the development of advanced metal
materials and designs that have the capability of
operating at higher temperatures and that have
improved corrosion resistance. Many of the
advanced metal and ceramic materialsremain
largely untested. Cost effective manufacturing with
these materialswill play acrucial rolein decreas-
ing the cost of advanced recuperators. Manufac-
turing research is needed to identify cost reduction
techniques such as near net-shape fabrication of
ceramic recuperator el ementsthat require minimal
machining and assembly.

Combustion

To meet market and regulatory requirements and
achieve the performance targets set forth by this
plan, research on combustion characteristics and
emissionsisneeded. Techniquesfor pollution
prevention and control of the criteriapollutants and
carbon dioxide should be researched. Trade-offs
among pollution control, energy efficiency, and cost
must be understood and optimized. Technologies
such as catalytic combustion, hot wall liners, dry
controls, lean premix, selective catalytic reduction,
and others need to be investigated to determine
how they can be applied to reduce NO, emissions
inmicroturbines.

Other Fuels

Fuel optionsother than natural gasincludediesel,
landfill gas, industria off-gases, ethanol, and other
bi obased liquids and gases. The devel opment of
biomass-derived fuelsisatop priority of the
Department’s Biobased Products and Bioenergy
Initiative and opportunities to use these fuels for
distributed generation need to be explored.

Natural Gas Compression

Natural gasis currently the preferred fuel for
microturbines due to favorable costs and combus-
tion and emissions characteristics. Fuel gas
compression equi pment will be needed in locations
where the gas pressure istoo low for direct firing
in microturbines. Needed are lower cost, more
reliable, and more durable gas compression
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equipment in size and pressure ranges suitable for
microturbines. Gas compression equipment have
been used in larger power plants, but are not
readily availablefor smaller, low-cost microturbines
where capital and O&M costs are critical. A
concern to be addressed is that when used in
industrial power applications other than continuous
power or combined heat and power operations, the
starting and stopping of multiple, gas-powered
microturbines could place strain on the natural gas
supply system, potentially leading tolocal gasmain
pressure fluctuations.

Fuel flexibility isadesirable product attributefor
industrial power users and is one of the perfor-
mance targets of this program for microturbine
systems. Many potential users of microturbines
valuethe ability to switch fuelsto control costs.
The capability of acombustor to handle multiple
fuelswithout increasing emissionswould greatly
increase the number of opportunitiesfor
microturbines. For example, the ability to utilize
waste fuels could give microturbines animportant
advantage in expanding its share of the distributed
generation market.

Power Electronics

Because most microturbinestypically generate
high frequency AC that must be converted to DC
and then back to grid compatible AC, the systems
requirereliable and efficient el ectronic power
conditioning devices. Improved power conditioning
equipment such asthyristors and inverterswould
greatly benefit the performance and packaging of
microturbines. Other distributed generation
technologiesaswell as conventional power plants
would benefit from improvementsin these power
electronic devices. While power electronic
equipment iscommercially available, the costsare
high dueto small production volumes.

Sensors and Controls

Advancesin sensing and control stechnol ogy
enabl e the optimization of the system in ways not
previously imagined. These advancesincludethe

devel opment of sensors permitting in-situ combus-
tion and power quality measurement. Advanced
controlstechnol ogies permit rate optimization,
economic load allocation, and predictive and data-
centric control. Integrated into advanced distrib-
uted sensing and control architectures, these
technologies alow new trade-offsto be madein
the design that achieve the system requirements
calledforinthisplan.

Advanced Materials

New materialswill be akey enabling technology
for advanced microturbine systems, subsystems,
and components. Advanced materialswill haveto
be designed and tested to endure and perform
properly in microturbine-specific environments.
These environmentswill reflect the operating
conditionsin terms of pressure and temperature.

Infact, abig jump in microturbine efficiency can
be achieved with significant increasesin engine
operating temperatures, and the most likely materi-
asto accomplish this are ceramics. Current
microturbine designsutilize metallic components
without air-cooling, and the resulting high metal
temperaturesresult in shortened lifetimes. Thereis
alack of proven low-cost ceramic components for
turbines and recuperatorsfor achieving such high
temperature operation. In general, researchis
needed on cost effective, high temperature materi-
a s and manufacturing processes for usein
microturbine systems aswell asdesign and life
prediction toolsfor subsystems and components.

Structural ceramics such as silicon carbide or
silicon nitride havelong been considered primary
candidates for hot section componentsin advanced
gasturbines. Initial property limitationssuch as
low strength, low Weibull modulus, and poor creep
resistance were successfully addressed in a
number of material s development programs. In
spite of these advancements, recent engine tests
have shown that the long-term performance of
ceramic components may still belimited by envi-
ronmental degradation and foreign object damage.
In addition to these technol ogy barriers, severa
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manufacturing challengesincluding high component
costs and unacceptable product yields remain to be
solved. These challenges can be addressed by the
concurrent design of the components.

The materials requirement for recuperators used in
near-term microturbines may be categorized by
recuperator maximum operating temperatures:
1200°F (type 347 stainless steel), 1500°F (Inconel)
or >1600°F (ceramics). Theselimits areimposed
by existing materials properties such as strength
and corrosion, oxidation, and creep resistance that
affect recuperator failure. Metallic aloys are now
usable within the two, lower temperature ranges,
while ceramics would be needed for the higher
temperature environmentsif required.

Development of advanced materials for energy
technologiesisatop priority RD&D areafor the
Department of Energy and other federal agencies
including the Department of Defense, the National
Aeronautics and Space Administration, and the
National Institute of Standards and Technologies.
Asaresult, there are opportunities to leverage
existing RD& D investmentsin advanced materias
and apply them to microturbines through enhance-
ment of existing or creation of new industry-
government RD&D partnerships.

Technology Evaluations and Demonstrations

Microturbines arerelatively new and untested in
commercia applications. Users have no indepen-
dent, statistically significant dataon performance,
reliability, and life of microturbinesfor comparison
with reciprocating engine characteristicsand grid
supplied electricity. In fact, much of theexisting
field test information on microturbinesisconsid-
ered proprietary and is not widely shared.

Durability, reliability, and useful serviceliferemain
significant unknownsfor potential userswho are
trying to decide among alternatives. Both technical
performance and O& M costs over the life of the
machines must be proven through reliable data
collected from demonstrations and field tests.

Computer smulations, calibrated with field data,
can beavaluabletool for supporting field testing
and demonstration projects.

Achieving fuel flexible systemswill beamajor
technical challenge. Testing will be needed to
determinethe optimal combustion conditionsfor
different types of fuels.

The market entry phase for the existing generation
of microturbines provides an opportunity to gather
data and answer avariety of questions about
operating performance, cost, and life expectancies.
Als0, there are concerns to address related to
interconnection with thegrid.

In general, demonstrations are an area for exten-
sivejoint industry-government collaborations, with
industry providing the majority of the resources
needed. Government involvement caninclude
financial assistance aswell astechnical assistance
in disseminating resultsto awide audience of
potential users.

Reliability and Durability

Although some testing has been done by the
manufacturers, from the customer’ s standpoint the
reliability and durability of microturbinesremains
unproven. Thereis agreat need to gather data on
microturbine systemsrunning in avariety of
environments, operating modes, and utility intercon-
nections. Extensve RAMD (reliability, availability,
maintai nability, durability) testing should be con-
ducted. Government support for RAMD testing
beyond the 8,000 hour field test will be considered
at that point in the program. Demonstration of the
reliability of the hot gas path partswill be espe-
cialy important. A database of microturbine
operating experience is needed and to be made
available to potential users of systems. The data
could also be used to guide RD&D.

Grid Interconnection

I nterconnection with the electric grid has posed a
significant barrier to microturbinesand other small
distributed energy resources. There are disagree-

U.S. DeparRTMENT OF ENERGY

OFrice oF ENERGY EFFICIENCY AND RENEWABLE ENERGY



ments between utilities and devel opers of distrib-
uted energy equipment about how to addressthis
problem. Oneissueisthat interconnection stan-
dardsvary from utility to utility. Many project

devel opers say they face interconnection standards
that require them to use outdated equipment,
undertake costly engineering studies, and go
through lengthy approval procedures. On the other
hand many utilitiesworry about maintaining reliable
grid operations for customers located on feeders
where distributed power systems have been
installed. The utilities also worry about worker
safety issues. The efforts of the Institute of
Electrical and Electronic Engineers (IEEE) to
devel op standard interconnection protocol sfor
distributed generation systems are being supported
by the Department. The |EEE activities should be
extremely helpful in specifying equipment needs
for safe grid interconnection.

With more units placed in thefield, abetter under-
standing of the safety and reliability requirements
of grid interconnection can be determined. For
example, modification of protectiverelaying
schemes may be needed at
both ends of the circuit to

energy efficiency and reduced emissions. Simple
water heating and other forms of thermal energy
connections are needed so the unit becomes a
“plug and play” typeof installation.

For cooling, heating, and power and other applica-
tionsthe potential customer basefor microturbine
systemsisstill not well understood. At the same
time, potential customers are not aware of the
product and its capabilities. Whilethisislargely a
marketing issue for the manufacturers, demonstra-
tionsand reliable dataavail ableto the public can
play auseful rolein serving customer needs. This
can be accomplished through field tests that are
conducted over arange of applications, geographic
locations, and operating conditions.

Table 1 summarizes the research, devel opment,
technology evaluation, and and demonstration
needs of microturbine systems.

insure proper coordination

between upstream and
downstream protective
devicesand to fully protect
linerepairmen and equip-
ment.

Application Issues

Packaging of microturbine
systems for the full range
of potential applications
remainsan important,
market-driven need. For
example, microturbinescan
be used in cooling, heating,
and power applicationsand
in thismode they offer
largepossihilitiesfor public
benefitsin terms of higher
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4C Table 1. Summary of RD&D Needs for Microturbines )7
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6. RD&D PLAN — FiscAL Years 2000 THRoOuGH 20006

hisRD&D plan callsfor activitiesin three

main areas toward the development of
advanced microturbine systems over the next
seven fiscal years. The four areas are:

1. concept development,

2. components, subsystems, and integration,
3. demonstrations, and

4. technology base development.

The Department is planning to co-fund activities
with industry in these three areas to produce new
technologiesthat can be devel oped into commer-
cia products or designsthat satisfy the efficiency,
economics, durability, and emissionsgoalsof this
program. Table 2 summarizes the estimated annual
government funding requirementsto implement this
program. Thetotal government funding require-
ment over the next seven fiscal yearsis $63
million. It isexpected that the total industry cost
share will be fifty percent over the life of the
program. Applicantswill havetheflexibility to
alocate the cost sharing requirements among the
members of the bidding team.

Industria plantsand commercial, institutional, and
residential buildingsareimportant targetsfor
commercial application of the advanced technolo-
gies developed under this program. Asaresullt,
each funded activity must be able to demonstrate
that its products address the needs of one or more

of these potential market applicationsfor clean,
affordable, and reliable electric power, steam, hot
water, process heat, refrigeration, air compression,
space heating and cooling, humidity control, and/or
mechanical drive.

The Department plans to implement the program
by allowing all program areasto be devel oped
simultaneously asdepictedin Figure 1 on pageiii in
the Executive Summary. Potential RD&D per-
formerswill be ableto participate at any point in
the program. The first severa years of the
program will emphasize concept devel opment.
However, projectsthat design and conduct initial
tests of advanced components, subsystems and
integrated microturbine systems could also be
undertaken. A small effort to demonstrate existing
microturbine systems, subsystems, and/or compo-
nents could also be initiated from the outset of the
program, depending on the applicationsthat are
received.

The advanced testing, fabrication and prototyping
of new components, subsystems and integrated
microturbine systemswill be emphasized during the
middle years of the program. It is expected that
the concept development area of the program will
be completed by fiscal year 2005.

Thelast two fiscal yearswill focus on the comple-
tion of an 8,000-hour field test demonstration of
one or more advanced microturbine systems that
meet the goals of the program.

REQUESTED PROJECTED |
FY 2000 | FY 2001 | FY 2002 ) FY 2003 |FY 2004 |FY 2005 |FY 2006] Total
Concept Development 1.5 1.5 1.0 0.5 0.5 e - 5.0
Components, subsystems, and integration 1.0 55 10.0 8.0 9.0 8.0 2.0 44.5
Demonstrations 0.5 1.0 1.0 2.5 25 3.0 3.0 13.5
TI:IIEI'MI 3.0 8.0 12.0 12.0 12.0 11.0 5.0 63.0
Technology Base Development’’| 3.0 5.5 12.0 12.0 12.0 12.0 12.0 B8.5

/ Table 2. Requested and Projected Government Funding Requirements
kof the Advanced Microturbine Systems Program ($ M)

6 FY 2000 and 2001 includes funding from the Industrial Distributed Generation Program
7 The technology base development efforts focus on enabling technologies that support several programs in distributed energy

resources including the Advanced Microturbine Systems program.
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Concept Development

This area consists of new and novel concepts and
conceptual designsthat can be devel oped into
commercial productsthat satisfy the goals of the
program. The starting point for activitiesinthis
areawill be, at minimum, technological concept(s)
that have prior experimental evidencethat indicate
potential for contributing to the devel opment of
more efficient and cleaner advanced microturbine
systems.

New and novel concepts and conceptual designs
will be supported for components, subsystems, and
integrated microturbine systems. Successful
concept devel opment projectswill include prelimi-
nary designs for advanced components, sub-
systems, and integrated systems. Preliminary
design studies should include sufficient testing,
empirical evidence, and/or computer analysisto
prove the robustness of the concept in meeting the
godls of the program.

Potential applicantswho have aninnovative
concept but lack the development experienceto
prepare a detailed design and fabricate and test
prototypes can choose to team with firms who
have that kind of experience or they can end their
involvement in the program after submitting their
concept.

Concept development will continuethrough fiscal
year 2004 to leave the door open for new and
innovative concepts to have an impact on the
design, fabrication, and testing of advanced

mi croturbine components, subsystems, and inte-
grated systems. It will also be possible for appli-
cantsto propose new concepts and preliminary
designs based on lessons |earned from on-going
RD&D.

Itisconceivablethat concept devel opment activi-
ties could be supported through fiscal year 2005 as
it would beill advised to rule out the potential for
support for truly merit worthy ideas. However,
support for concept devel opment beyond fiscal
year 2004 isnot planned at thistime and would

ultimately depend on the quality of the concept and
the amount of funding available at that point inthe
program.

Components, Subsystems, and Integrated
Systems

This areais expected to cover the maority of
research and development activities of thispro-
gram. The area consists of awide variety of
potential activitiesthat can beaimed at single
components, multiple components and subsystems,
and/or integrated microturbine systems. Activities
inthisareawill be supported up to the last year of
this program. During the program’ sfinal year
emphasiswill be onthe 8,000 field test demonstra-
tion project(s) of the advanced microturbine
system(s).

Activitiesinthisareawill begin with the devel op-
ment of detailed designs of the selected compo-
nents, subsystems, and integrated systems. The
detailed designswill includeinvestigations of all
process and economic parameters. The analysis
will include all facets of operations under avariety
of environmental conditions. Detailed designsfor
the devel opment of components and subsystems
will include plansfor the subsequent integration
into a microturbine system that meets the goal s of
the program.

The detailed designswill be manufactured and
assembled into components, subsystems, and
integrated systems suitable for bench-scal e testing.
Further devel opment studies and testing will be
doneto verify the design, provide operating and
control parameters, and full-scale definition such as
allowabl e operating ranges, sensitivity to fuel
variability, and other factorsthat could affect the
cost and performance of the advanced
microturbine components and subsystems. This
areawill includefully verified and tested designs
and/or bench-scale prototypes of components,
subsystems, and integrated systems.
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Design and testing of advanced microturbineswill
include development of control systems. Such
systemswill include sensors, controllers, and logic
that direct the operation of the advanced

mi croturbine components and subsystems and the
integration of the entire microturbine systeminto
the operations of users and the electric power and
natural gasdistribution system. Control system
activities could include hardware and software
devel opment for the implementation of operating
procedures for start-up, steady operations over
usual power ranges, maintenance schedules, and
unplanned outages.

Depending on the relative maturation of the
technology, detailed design and testing activities of
components and subsystems could begin during
fiscal year 2000 and will continue through fiscal
year 2005.

The design and testing of the advanced
microturbineitself will bedevelopedinparalld to
the devel opment of components and subsystemsto
assure compatibility, optimum fit, and functionality.
Itispossible, but not expected, for work to begin
immediately in fiscal year 2000 on acomplete
microturbine system that meets all of the goals of
the program. Thisactivity will beamajor aim from
fiscal year 2005 through the completion of the
project infiscal year 2006. Such activitiesinclude
fabrication of acomplete microturbine system that
incorporatesthe scientific and engineering prin-
ciples, components, and subsystems (including
controls). The entire microturbine system could be
the result of concept devel opment funded under
thisprogram, or not. Through testing, computa-
tional analysis, and other means, the performance
of the advanced microturbine system will be
verified and validated to achieve the design
parameters. Prior to proceeding to field test
demonstrations, the design(s) for the advanced
microturbine system(s) must be shown to achieve
the goals of the program and account for potential
trade-offsin the targets for efficiency, economics,
durability, and emissions. Proof testing will be

based on natural gas fuels but it should be ac-
knowledged that multi-fuel capability isanimpor-
tant marketing issue that advanced microturbines
may address under this program.

Demonstrations

One of thefirst activitiesin thisareawill bethe
development of aplan for conducting field test
demonstration projects over the course of the
program. Because of the small size and modularity
of microturbineunits, itiscritical to obtain operat-
ing data across awide range of sites, sizes,
environmental conditions, and applications. Be-
cause of funding constraints, it will be necessary to
[imit demonstration projectsto those that offer the
greatest information and value.

As mentioned, the focus of the demonstration
activitiesinthelast two years of the program will
be on an 8,000 hour field test of the advanced
microturbine system(s). Reliability, availability,

mai ntainability, durability (RAMD) testing will
probably involvefield demonstrations exceeding
8,000 hours of operation. Government involvement
in such effortswill be considered at that point in
the program. Throughout the program, demonstra-
tion projectswill be supported to obtain information
on components and subsystems (including con-
trols), aslong as those activities can be shown to
contribute to achieving the goals of the program.

At minimum, all demonstration projectswill be
designed for 4,000 hours of operation. Host sites
will be sought fromindustrial, commercial, institu-
tional, and residential buildingsand will cover a
range of geographical and weather conditions and
include buildings cooling, heating, and power
applications, if possible. Each demonstration
project will include acoordinated plan for the
demonstration that incorporates the perspectives of
al partiesand explains how the resultswill be
disseminated to interested users. The plan will
include adiscussion of assignment for responsibil-
ity of varioustasksincluding businessarrange-
ments, balance of plant equipment, site construc-
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tion, licenses and permits, siteintegration, periodic
inspections, third party visits, dataacquisition, and
reporting.

Demonstration projects must be representative of
significant market segments or applications of the
distributed power generation industry. Successful
demonstrationswill be expected to exemplify
resolution of critical engineering and/or institutional
barriers such asinterconnection with the local
electric power and/or natural gasdistribution
system.

Because of the widespread perception of utility
interconnection as a barrier to the use of
microturbines and other distributed power systems,
it is expected that most of the demonstration
projectswill addressthisissue. Inthisregard, itis
expected that al hours of operation accumulated
under the demonstrations shall be gained whilethe
microturbineisgenerating electric power. Addition-
ally, al such hours of operation may be accumu-
lated while the host site isinterconnected with the
existing electric power and natural gasdistribution
grid. However, information from demonstrations of
mechanical drive and combined heat and power
applications are also encouraged. Accelerating the
use of cooling, heating, and power systemsisone
of the top priorities of the Department.

Technology Base Development

The technology base devel opment effortisa
crosscutting activity that contributesto several
programsin distributed energy resources, including
the Advanced Microturbine Systems program.
This area consists of work in advanced combustion
systems, materials, and sensors and controls that
could be used in the devel opment of advanced
microturbine concepts, subsystems, components,
and integrated systems. The most critical issue
facing users of advanced combustion equipment
areincreasingly stringent environmental standards
for air emissions. One of the major targets will be
continued development of low NO, burner tech-
nologies. Also heeded are combustion processes

for using biobased, wastes and off-gases, and low
Btu fuels cleanly and efficiently. One of the more
promising areas of advanced materials develop-
ment isin engineered ceramics such as continuous
fiber ceramic composites and advanced metal
aloysfor high temperature operations of turbine
systems. Efforts are underway for demonstrating
advanced materials such as engineered ceramics
and alloysin advanced turbines. These efforts
need to be continued for microturbine applications.
Advanced sensors and control systems are needed
to support microturbine devel opment and applica-
tion in buildings and manufacturing process envi-
ronments. Data acquisition systemsfor gathering
and processing measurements on performance
parameters could lead to expanded use of
adavnced microturbine systemsin distributed
energy resource applications.
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7. PROGRAM MANAGEMENT PLAN

his program will be managed by the Office

of Power Technologiesin the Office of
Energy Efficiency and Renewable Energy. A
number of other organizationswill beinvolvedin
theimplementation and coordination of the planned
RD& D activities. Figure 5 outlinesthe program
structure and lists some of the major organizations
that will beinvolved in theimplementation and
coordination of the program.

Operations Officewill be assigned responsibility
for conducting major procurements and for manag-
ing the execution of work by theindustrial teams.

Program implementation will be handled primarily
by avariety of private industry contractors; the
national laboratoriesand universitieswill also be
involved. Selection of specific performerswill be
determined by aseries of competitive solicitations
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(Figure 4. Program StructureD—

Program management responsibilitiesinclude
development and defense of the program’s annual
funding request to Congress, development and
dissemination of programmatic guidance and
technical directions, coordination with rel ated
programs, priority setting, procurements, monitoring
and tracking of projects, and achievement of the
program’ smission, goals, and milestones. To assist
in carrying-out these functions, the Chicago

and direct contracting
under existing competi-
tively awarded contract
mechanisms. Periodic
program review meetings
will be held to track
progress toward comple-
tion of program milestones.

Coordination with other
officesin the Department,
other federal agencies,
industry groups, and state
agenciesisanimportant
program management
responsibility. Withinthe
Department, the Office of
Industria Technologies
(OIT) isworking on the
Industries of the Future
process, including

manaufacturing needsfor industrial power and
cooling, heating, and power technologies. The
Office of Buildings Technologies and State and
Community Programs (OBTS) isdeveloping
advanced energy systemsfor buildings. The Office
of Transportation Technologies (OTT) conducts
research and technol ogy transfer activitiesin
advanced combustion technologiesand high
temperature ceramics for vehicle engines. The
Federal Energy Management Program is promot-
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ing the use of renewable energy, energy efficiency,
and distributed energy resource technologiesin
federlabuildingsand facilities. The Office of Fossil
Energy (FE) conducts research for large-scale gas
turbinesfor central station utility applications.
Coordination with these officeswill includeidentifi-
cation of opportunitiesfor cost sharing of joint
activities.

There are other federal agencies that have RD& D
programs related to the devel opment of advanced
microturbine systems. These agenciesinclude the
Department of Defense (DOD), National Aero-
nautics and Space Administration (NASA),
Environmental Protection Agency (EPA), and the
National Institutes of Standardsand Technologies
(NIST). Opportunitiesfor joint sponsorship and
other forms of collaborationwill be explored with
these agencies.

There are a number industry groups that have
interest in or conduct RD& D activitiesrelated to
microturbines. The end user industriesthat have
the greatest estimated market potential for
microturbinesincludefood processing, largeand
small chemicals, mining, oil and gas production and
exploration, pul p and paper, wood product, and
textiles. Thisgroup includes several of the Indus-
tries of the Future (10F). The utility industry
(electricity and natural gas) have significant
interest in microturbine development including a
number of individual utility companies, energy
services companies, and independent power
producers. Several industry groups have formed

that have specificinterest in distributed power
technologiesincluding microturbines. These
groupsinclude the U.S. Combined Heat and
Power Association (U.S.CHPA), the Distributed
Power Coalition of America (DPCA), and the
CdiforniaAlliancefor Distributed Energy Re-
sources (CADER). Research organizations such
as the Electric Power Research Institute (EPRI),
the National Rural Electric Cooperative Associa-
tion (NRECA), and the Gas Research Institute
(GRI) haveidentified distributed generationin
genera and microturbines specifically as strategic
technology opportunitiesfor their members.

Severa states have energy research offices that
haveinterest in microturbine devel opment. For
example, the CaliforniaEnergy Commission (CEC)
and the New York State Energy Research and
Development Administration (NY SERDA) have
programs underway, funding availablefor demon-
stration projects of microturbine systems, and
interest in working with the U.S. Department of
Energy. The Association of State Energy Research
and Technology Transfer Institutes (ASERTTI), an
organization representing agenciesin over adozen
states (including the CEC and NY SERDA) aso
hasinterest in working with the Department on
microturbines. The CEC, NY SERDA, and
ASERTTI have already signed memoranda of
understanding with the Department of Energy to
conduct collaborative activitiesin anumber of
areas, including microturbines.
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