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LEGAL NOTICE

Thisreport was prepared as aresult of work sponsored by the Cdifornia Energy Commission
(Commission). It does not necessarily represent the views of the Commission, its employees, or
the sate of Cdifornia The Commission, the state of Cdlifornia, its employees, contractors, and
subcontractors make no warranty, express or implied, and assume no legd ligbility for the
information in this report; nor does any party represent that the use of thisinformation will not
infringe upon privately owned rights. This report has not been approved or disapproved by the
Commission nor has the Commisson passed upon the accuracy or adequacy of the information
in this report.



PREFACE

The Public Interest Energy Research (PIER) Program supports public interest energy research
and development that will help improve the qudity of lifein Cdiforniaby bringing
environmentally safe, affordable and reliable energy services and products to the marketplace.

The PIER Program, managed by the California Energy Commisson (Commission), annudly
awards up to $62 million of which $2 million/year is dlocated to the Energy Innovation Small
Grant (EISG) Program for grants. The EISG Program is administered by the San Diego State
Universty Foundation under contract to the Caifornia State University which is under contract
to the Commission.

The EISG Program conducts four solicitations a year and awards grants up to $75,000 for
promising proof- of-concept energy research.

PIER funding efforts are focused on the following sx RD&D program aress.
- Reddentid and Commercid Building End-Use Energy Efficiency
Indudtrid/Agriculturd/Water End-Use Energy Efficiency
Renewable Energy Technologies
Environmentally- Preferred Advanced Generation
Energy-Rdated Environmental Research
Strategic Energy Research

The EISG Program Administrator is required by contract to generate and deliver to the
Commission a Feasibility Analysis Report (FAR) on dl completed grant projects. The purpose
of the FAR isto provide a concise summary and independent assessment of the grant project
using the Stages and Gates methodology in order to provide the Commission and the generd
public with information that would assist in making follow-on funding decisions (as presented in
the Independent A ssessment section).

The FAR is organized into the following sections:
Executive Summary
Stages and Gates Methodology
Independent Assessment
Appendices
0 Appendix A: Fina Report (under separate cover)
0 Appendix B: Awardee Rebuttal to Independent Assessment (Awardee option)

For more information on the EISG Program or to download a copy of the FAR, please visgt the
EISG program page on the Commission’s Web ste at:
http://Awww.energy.ca.gov/research/innovations

or contact the EISG Program Administrator at (619) 594-1049 or email
e gp@energy.date.caus.

For more information on the overall PIER Program, please vist the Commisson’s Web Ste a
http://mww.energy.cagov/research/index.html.




Executive Summary

I ntroduction

Clean Energy Systems, Inc. (CES, Sacramento, CA) has defined and isin the process of
developing afossl-fueed, zero-emission power generation system. The key to this system is
the combustion of ardatively clean fuel with oxygen in the presence of recycled water ina
unique gas generator that directly produces a high-temperature, high-pressure gas composed
amog entirdy of steam and CO». Fud for the system can come from a variety of foss| or
biomass sources so long asit is composed amogt entirely of the dements carbon (C), hydrogen
(H), and oxygen (O). Oxygen is used to combust the fuel rather than air asin conventiond
sysems thereby diminating the formation of NOy and large a volume of noncondensible exhaust
gasss. The high-energy gases produced by the gas generator drive multistage turbines that, in
turn, drive an eectrica generator. Exhaust gases from the turbine go to a condenser where
gaseous CO;, is separated from liquid water. Most of the water is recovered, reheated and
returned to the gas generator. Gaseous CO; leaving the condenser passes to a recovery system
where it is conditioned as necessary for use in enhanced oil or cod-bed methane recovery
operations, for commercia saes, or for sequestration.

The gas generator is one of two key components in the system and is the focus of this program.
CES successfully demonstrated the gas generator in this project. A high temperature steam
turbine is the other key component requiring development. It was not the subject of this study.
The CES generation system can operate with conventiona steam turbines, albait at reduced
thermd efficiency.

Data from this project is being used in the design of a 10 MWe gas generator that will be used in
system devel opment testing under a cooperative agreement between CES and the U.S.
Department of Energy's Nationa Energy Technology Laboratory (NETL). Lawrence Livermore
Nationa Laboratory in Livermore Cdiforniais the site being proposed for the demongtration of
the CES cydle. If thisste is chosen, the research will include CO, sequestration in abandoned oil
wells.

Objectives

The god of this project was to determine the feashility of the CES gas generator e ement
operating at commercid power generation conditions. While based on rocket engine technology,
the gas generator for commercial power generation must operate on different fuels for longer
periods of times. The following project objectives were established:

1. Develop, build and demondtrate a gas generator having a premixing injector eement design.
Operate the gas generator on pure oxygen and methane adding water for sseam production.
The methane and oxygen mixture is not used in rocket technology, nor isit used in
conventiona power generators.

2. Operate the gas generator stably and reliably for extended periods of time. Gas generators of
this type typicaly do not run on methane fud, nor do they run for extended periods of time.

3. Operate the gas generator at temperatures and pressures required for a power generator.
Temperatures and pressures required for commercia power generation differ from those
required for rocket propulson.
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4. Demondrate rdiable premixing of oxygen, water and methane. The test must provide a
gable flame over long periods of time to achieve the zero emisson godl.

5. Demondrate time-temperature process control in cool-down modules to promote re-
association of by-products, thereby creeting a clean, two-species gas. To achieve the zero
emission god the gas generator must burn al of the methane fuel while not creeting carbon
monoxide,

Outcomes

Significant outcomes of the program and mgjor test results are as follows:

1. A complete gas generator with a premixing injector e ement was designed, built and
successfully operated on oxygen, methane, and de-ionized (D.1.) water. The tests were
accomplished at the Univerdity of Cdifornia, Davis campus. Thistest sysem isavailable
for further research and demonstrations on other feeds.

2. Thegas generator operated repestedly, reliably, and stably. At the completion of the
project it had experienced more than 75 starts with atota run time of more than 10 hours
and one individud test duration of 48 minutes.

3. The gas generator operated at temperatures up to 2700 °F (1480 °C), pressures up to 300
psia(20 am), and at severd fue-air ratios. These conditions allow the gas generator to
generate steam for today’s commercia steam turbines and for advanced high efficiency
gteam turbines.

4. The researchers demondtrated repeatable ignition and stable combustion of premixed
oxygen, methane, and water.

5. The product gases from the gas generator are composed dmost entirely of two gas
species (steam and CO,) with only aminor amount of O, and atrace of CO. No
hydrocarbons or other volatile organic compounds were detected. The concentration of
CO in the product gases was found to correlate well with predicted values

Conclusons

This project experimentaly established the "proof-of- principle€” for anovel gas generator
component of anew system for producing clean eectrica power from fossil fuels. The gas
generator, based on rocket engine technology, produces high-energy drive gases thet feed into
steam turbines. Significant system integration tasks remain. Integration of such agas generator
into a power generation system could provide a viable, economica approach to zero-emisson
power production from awide variety of fossl or biomass fud. Such a system could make the
total recovery of CO, possble at an affordable cost and in aform suitable for enhanced recovery
of ail or cod bed methane or for sequestration. This project demondtrates atechnicaly feasible
method for eiminating from power plants both atmospheric pollution and CO, which has been
implicated in the globad warming concern.

Benefitsto California

The project represents the early development of a zero-emission, fossil-fuded power plant using
rocket engine derived combustion technology. When commerciadly viable these power plants
will offer azero emission dternative to fud cellsfor clean power generation. If the produced
carbon dioxide is used in enhanced ail recovery, Cdifornia could gain additiona proven oil
reserves and the associated economic benefits.
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Recommendations

The Program Administrator recommends that Cdifornia government and environmenta agencies
support CES in the development of thistechnology. The next steps are the development of
gmdl-scale demondtrators, larger demongrators, and establishment of afacility for zero emisson
research. Lawrence Livermore Nationa Laboratory, (LLNL) is currently attempting to secure
funding for such aresearch facility at Livermore, Cdifornia. That project would demondtrate
both the overal zero emission power plant concept and enhanced oil recovery using the CO;
produced. CO, would be sequestered in the process.

High temperature steam turbines represent the other technology advancement needed to
commercidize the CES power system for widespread, economically attractive power production.
At this time there are no high temperature steam turbines commercidly avalable. The

technology to build high temperature steam turbines exists in the rocket engine indusiry.
Sgnificant research and development must be accomplished to take that technology and reduce
it to commercid products with long life. Research organizations should aso fund bench-scae
demondrations using dterndtive fuds to verify that this technology can be applied to

commercia grades of oxygen with virtudly any fossl or biomassfud.
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Stages and Gates M ethodology

The Cdifornia Energy Commission utilizes a stages and gates methodology for assessing a
project’slevel of development and for making project management decisons. For research and
development projects to be successful they need to address severd key activities in a coordinated
fashion as they progress through the various stages of development. The activities of the stages
and gates process are typicaly talored to fit a specific industry and in the case of PIER the
activities were tailored to be appropriate for a publicly funded energy research and devel opment
program. Intota there are seven types of activitiesthat are tracked across eight stages of
development as represented in the matrix below.

Development Stage/Activity Matrix

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8
Activity 1

Activity 2
Activity 3
Activity 4

Activity 5

Activity 6

Activity 7

A description the PIER Stages and Gates approach may be found under "Active Award
Document Resources' at: http://www.energy.ca.gov/research/innovations and are summarized
here.

Asthe matrix implies, as a project progresses through the stages of devel opment, the work
activities associated with each stage needs to be advanced in a coordinated fashion. The EISG
program primarily targets projects that seek to complete Stage 3 activities with the highest
priority given to establishing technica feasbility. Shaded cdllsin the mairix above require no
activity, assuming prior stage activity has been completed. The development stages and
development activities are identified below.

Development Stages: Development Activities:
Stage 1: Idea Generation & Work Activity 1:  Marketing / Connection to Market
Statement Development Activity 2:  Engineering / Technical
Stage 2: Technical and Market Analysis Activity 3:  Legal / Contractual
Stage 3: Research & Bench Scale Testing Activity 4:  Environmental, Safety, and Other
Stage 4: Technology Development and Risk Assessments / Quality Plans
Field Experiments Activity 5:  Strategic Planning / PIER Fit -
Stage 5: Product Development and Field Critical Path Analysis
Testing Activity 6: Production Readiness /
Stage 6: Demonstration and Full-Scale Commercialization
Testing Activity 7:  Public Benefits / Cost
Stage 7: Market Transformation
Stage 8: Commercialization
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I ndependent Assessment

For the research under evauation, the Program Administrator assessed the leve of development
for each activity tracked by the Stages and Gates methodology. This assessment is summarized
in the Development Assessment Matrix below for the CES gas generator. Shaded bars are used
to represent the assessed leve of development for each activity as related to the development
dages. Our assessment is based entirely on the information provided in the course of this
project, and the find report. Hence it is only accurate to the extent that al current and past work
related to the devel opment activities are reported.

Development Assessment Matrix

St ages 1 2 3 4 5 6 7 8

Idea Technical Technology Product Demon- Market Commer-
. Generation & Market Research Develop- Develop- stration Transfor- cialization
ACtl\“ty Analysis ment ment mation

Marketing

Engineering /
Technical

Legal/
Contractual

Risk Assess/
Quality Plans

Strategic

Production.
Readiness/

Public Benefits
Cost

The Program Adminigtrator’ s assessment was based on the following supporting details:
Marketing/Connection To The Market.

A business plan has been developed and continues to evolve as CES works with the markets,
suppliers, strategic partners, sources of venture capita, and customers. CES has identified
suppliers of components and/or subsystems, architects and engineers (A& E), and hogts for small-
scale demondiration plants. Letters of intent to support demondiration efforts have been sgned by
severd potentid strategic partners/licensees.

During the past four years, CES has briefed program development personnd at Generd Electric
Power, Semens/Westinghouse, ABB/Alstom, Rolls Royce Industrid and Marine Divison, Elliot
Turbo-machinery, Solar Turbines, Air Liquide, Praxair, Boeing/Rocketdyne Power Divison, BP
Amoco, Chevron, Kinder Morgan, Kansas Geologica Survey, Air Products and Chemicds,
Edison Internationd, SMUD, Cdpine, Mirant and other IPP' s, aswell as officids of
DOE/NETL, LLNL, the Cdifornia Air Resources Board, the Cdifornia Department of Genera
Services, and the Cdifornia Energy Commission. While the industry response is encouraging,
companies would like to see the technology developed into a system and operated for a
Sgnificant period of time before committing significant resources.
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Engineering/Technical

The design for a 10 MW gas generator, co-funded by DOE/NETL, is nearing completion, and
magor materia's have been ordered. Testing of the igniter component is expected to begin in the
fourth quarter of this year. Fabrication of the full prototype gas generator is scheduled for
completion by the first of next year, (January, 2002). Testing will extend into the second quarter
of 2002 based on availahility of the test facility.

CES hasidentified and is negotiating MOUs with hosts of candidate Stes for demonstration and
fied tests. They made a proposa for a 500 kW demonstration project, to be located in Antioch,
Cdifornia. Other potentid sites are located in the Los Angeles basin. CES plans two-year test
durations to obtain suitable RAMD (religbility, availability, maintainability, durability)

informetion.

L egal/Contractual

CES holdsintdlectua property rights to the zero-emission power production technology
described previoudy. CES has ten issued patents and more than 50 pending applications in North
America, Europe, and Asa. An Intdlectud Property Planisin place and is being actively
implemented. Although contracts for small demondration plants are currently being negotiated,

no saes of CES technology or hardware have been completed. Sdes forecasts have been
prepared and can be made available to government agencies, under proper agreements, for
purposes of estimating the benefits of this technology.

Environmental, Safety, Risk Assessments/ Quality Plans.

Prior to testing of the laboratory-scale gas generator under this project, CES conducted an
extengve falure-mode andysiswith dl project team members. The team identified potentia
deficiencies and took corrective action. Those efforts were instrumental in the successful
outcome of this project.

Energy system air emissons and related environmenta issues should be negligible due to the
zero-emissons aspect of the technology. The program administrator is not aware of
environmenta studies rdaing to CO, sequestration.

CES must prepare a comprehensive quaity plan during the next stage of development. They
should include rdliability andlys's, failure mode andlysis, manufacturability, cost and
maintainability andyses, hazard andysis, coordinated test plan, and product safety.

Strategic.

This product has no known critical dependencies on other projects under development by PIER
or elsawhere. The researchers have identified a possible synergy with PIER fud cdl
development activities. They suggest that the gas generator can readily be incorporated into
hybrid fud cdlls processes. This could result in very high cycle efficiencies. They identified two
power plant concepts that integrate the CES process with solid oxide fud cells (SOFC). In the
first process, the SOFC effluent is combined with the discharge stream from the high-pressure
steam turbine, heated in are-heater and fed to an intermediate pressure turbine. This process
recovers waste heat from the SOFC, and could attain an overall cycle efficiency of 64%. In the
second process, the gas generator is operated under fuel rich conditions, producing a hydrogen
rich reformate for the SOFC anode. The SOFC discharge stream is directed to a reheater and
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brought up to the operating temperature of the intermediate pressure turbine. In this scheme,
cydle efficiencies of 65% might be possible.

Production ReadinessCommer cialization.

CES has established industry contacts, and identified potentia licensees of its technology. It has
discussons underway with two large, multinational corporations active in the energy sector.

CES damsto be cgpable of manufacturing the enabling technology component — the gas
generator. All other components for a system demondration project are available from existing
equipment suppliers. High temperature steam turbines must be devel oped for future high
efficiency units. CES plansto prepare a Production Readiness Plan.

Public Benefits.

Public benefits derived from PIER research and development are assessed within the following
context:

Reduced environmenta impacts of the Cdiforniaeectricity supply or transmission or
digtribution system.

Increased public safety of the Cdiforniadectricity system

Increased reiability of the California éectricity system

Increased affordability of eectricity in Cdifornia

The primary public benefit offered by the proposed technology is to reduce environmental
impacts of the Cdifornia dectricity supply system. Thiswill be accomplished by the dimination
of dl regulated air emissions and the capture and possible sequestration of CO». The CES
generation system should be economic to operate for two reasons. First it will eiminate the need
for the owner of the system to buy and operate emission reduction equipment, and diminate the
need to buy emisson offsats for the remaining emissons. Emisson control equipment adds
approximately $100/kW to the first cost of a power plant, and adds approximately 2 milgkW-hr
for operation. Emission offset costs vary greatly. Typica costs are $10,000 per ton of NO
emitted. Second, the CES system will, once high temperature steam turbines are available,
deliver fue efficencies higher than the best of today’ s gas turbine combined cycle power plants.
Thiswill reduce fuel use and cogt. If the CES generation system is built over a* depleted” ail or
gasfidd it could provide additiona public benefits by recovering ail or gas that was not
otherwise producible.

Demondirations of this technology should be on the ground in approximately two years. Full
benefitswill be achieved after long term testing is completed and regular ingtalation of
production hardware begins. The Program Adminigrator estimates this to take about 10 years.

Technology Transfer

An extremely important step toward technology transfer to the market occurred when the
Cdifornia Energy Commission PIER program released a Notice of Proposed Awards on
September 10, 2001. CESislisted as a proposed award winner of amgor development contract.
The award dlows CES to build a 500 kW demondtration unit. The Environmentaly Preferred
Advanced Generation subject areaof PIER isfunding thiseffort. In anon-related event, CES

was selected to build a2 MW demondration unit in the city of Antioch in Northern Cdifornia
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Program Administrator Assessment

After taking into congderation: () research findings in the grant project, (b) overal development
gtatus as determined by stages and gates and (c) reevance of the technology to Cdiforniaand the
PIER program, the Program Administrator supports the CEC decision to consider this
technology for follow-on funding. This assessment is based on the potentid for sgnificant public
benefits and the technical progress made in this project.

Additiond funding is required to pursue the system integration and technology research work.
Significant funding is required to develop the high temperature steam turbine equipment
necessary for system operation at high thermd efficiencies. Additiond funding may be required
to test the CES system on dternative fuels. Funding for these activities may have to come from
avariety of sources.

Recaiving follow-on funding ultimately depends upon: (a) availability of funds, (b) submisson
of aproposa in response to an invitation or solicitation and (C) successful evaluation of the
proposal.

Appendix A: Fina Report (under separate cover)
Appendix B: Awardee Rebuttal to Independent Assessment (None submitted)
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L egal Notice

This report was prepared as a result of work sponsored by the Cdifornia Energy Commission
(Commission). It does not necessarily represent the views of the Commission, its employees, or
the State of Cdlifornia. The Commisson, the State of Cdifornia, its employees, contractors, and
subcontractors make no warranty, express or implied, and assume no legd liability for the infor-
mation in this report; nor does any party represent that the use of this information will not in-
fringe upon privatedly owned rights. This report has not been approved or disgpproved by the
Commission nor has the Commisson passed upon the accuracy or adequacy of the information
in this report.

Inquires related to this report should be directed to Clean Energy Systems, Inc. (see contact i+
formation on cover page) or the EISG Program Adminisrator at (619) 594-1049 or emall
ey@energy.date.caus.
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Preface

The Public Interest Energy Research (PIER) Program supports public interest energy research
and devdopment that will hdp improve the qudity of life in Cdifornia by bringing environmen-
taly safe, affordable, and reliable energy services and products to the marketplace.

The PIER Program, managed by the Cdifornia Energy Commisson (Commission), annudly
awards up to $62 million of which $2 millionlyear is dlocated to the Energy Innovation Smdl
Grant (EISG) Program. The EISG Program awards gants up to $75,000 for promising public i+
terest energy research that isin the proof-of-concept stage of development.

PIER funding efforts are focused on the following Sx RD&D program aress.
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Indugtrid/Agriculturd/Water End-Use Energy Efficiency
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Abstract

Cleen Energy Sysems, Inc. is developing a fossil-fueled, zero-emissons power generation sys
tem. The key to this sysem is the combugtion of a clean fud with oxygen in the presence of e
cycled water in a unique gas generator that directly produces a high-temperature, high-pressure
gas composed amogt entirdy of steam and CO,. The gas generator is the enabling component in
the system and is the subject of this program.

The god of this project is a laboratory-scae proof-of-concept demondration the of the gas gent
erator. Tests conducted under this project had two primary objectives. (1) to develop and demon
drate a gas geneaor having a premixing injector desgn and (2) to demondrate time-
temperature process control in cool-down modules to minimize by-products.

Significant outcomes of the program and mgor test results are asfollows:

A complete gas generator and test system was built and successfully operated on Op,
CHy, and delonized water.

The gas generator operated repeatedly, rdiably, and stably during more than 75 darts, for
more than 10 hours, and for individua test durations up to 48 minutes.

The gas generator operated at temperatures up to 2700 °F (1480 °C), pressures up to 300
psia (20 atm), and at various mixture ratios near stoichiometric.

Product gases are composed amogt entirely of steam and CO», a minor amount of O,
and atrace of CO. No hydrocarbons or other volatile organic compounds were detected.

The concentration of CO in the product gases correlated well with predicted values.

This program experimentaly established the "proof-of-principle’ for a new method of producing
cean high-energy drive gases for the generation of dectrical power from fossl| fuels.

Key Words:

Zero-emissons power generdion, gas generator, oxygen combustion, fossl fuds, soichiometric
combustion, water injection, steam-carbon dioxide mixtures, proof- of-concept demonstration



Executive Summary

Introduction

Clean Energy Systems, Inc. (CES, Sacramento, CA) has defined and is in the process of develop-
ing a fossl-fueded, zero-emissons power generation system. The key to this system is the com+
budion of a clean fud with oxygen in the presence of recycled water in a unique gas generator
that directly produces a high-temperature, high-pressure gas composed amost entirdy of steam
and CO,. Fud for the system can come from a variety of fossl or biomass sources so long as it is
composed dmogt entirdly of the dements, carbon (C), hydrogen (H), and oxygen (O). Oxygen is
used to combug the fud rather than ar as in conventiond systems thereby eiminating the for-
mation of NOy and the large volume of noncondensble exhaust gas. The high-energy gases pro-
duced by the gas generator drive multistage turbines that, in turn, drive an eectrical generator.
Exhaust gases from the turbine go to a condenser where gaseous CO» is separated from liquid
water. Most of the water is reheated and returned to the gas generator. Gaseous CO» leaving the
condenser passes to a recovery system where it is conditioned as necessary for use in enhanced
oil or cod-bed methane recovery operations, for commercia saes, or for sequestration.

The gas generator is the key component in the sysem and is the focus and subject of this pro-
gram. This project's PIER subject areais Environmentaly- Preferred Advanced Generation.

Objectives
The goa of this project is to demongtrate the proof-of-concept of the gas generator that provides

the enabling technology for zero-emissions power plants. Tests conducted under this project had
two primary objectives.

1. Todevelop and demonstrate a gas generator having a premixing injector eement desgn.

2. To demondrae time-temperature process control in cool-down modules to promote re-
association of by-products, thereby creating a clean, two-species ges.

Daa from this project is used in the design of a 10 MWe gas generator and its subsequent prod-
uct development testing that is being funded separately under a cooperative agreement between
CES and the U.S. Department of Energy's National Energy Technology Laboratory (NETL).

Outcomes

Sgnificant outcomes of the program and mgjor test results are asfollows:

1. A complete gas generator and test system was built and successfully operated on O,
CHg,, and deionized (D.l.) water and is available for further research and demonsrations
on other feeds.

2. The ges generator operated repeatedly, reiably, and stably:

More than 75 starts
Totd run time of more than 10 hours
Individual test durations up to 48 minutes
3. Thegas generator operated over awide range of conditions:
Temperatures up to 2700 °F (1480 °C)
Pressures up to 300 psia (20 atm)



Various mixture ratios near foichiometric

4. Teding demondrated that O,, CHy, and water can be premixed and achieve repestable
ignitions and stable combustion.

5. The product gases from the gas generator are composed dmost entirely of steam and CO,
with only a minor amount of &, and a trace of CO. No hydrocarbons or other volatile a-
ganic compounds were detected.

6. The concentration of CO in the product gases was found to correlate well with predicted
values.

Conclusions

This progran experimentdly esablished the "proof-of-principle’ for a new method of producing
clean high-energy drive gases for the generation of eectricad power from fossl fuels. Integration
of such a gas generator into a CES power generation system provides a viable, economica -
proach to zero-emissions power production from virtudly any fossl or biomass fud. Such a sys
tem makes the total recovery of CO, possble at the lowest cost and in a form suitable for e
hanced recovery of oil or coa bed methane or for sequestration. This project sgnificantly cor-
tributes towards demongrating a viable power plant technology for diminating both atmaospheric
pollution and CO, which has been implicated in the globa warming concern.

Benefitsto California

The successful completion of this project has dready benefited Cdifornia by demondrating its
leadership in efforts to bring environmentdly friendly advanced power generation systems to its
citizens. This program represents the very firgt public support for devdopment of the zero-
emissons, fossl-fuded power plants. Presuming the initid success of this program continues
and these zero-emissons fossl-fuded power plants become widdy used, Cdifornia will regp
benefitsin many areas, including:

Advanced power generation technology

Improvement of cost and availability of Cdifornias power
Improvement of public hedth and safety

Invigoration of State and local economies

Recommendations

It is recommended that smilar benchrscde demondrations to be peformed on dternative fuels
to assure this new technology can be applied to commercia grades of oxygen with virtudly any
fossl or biomass fud. In particular, bench-scale "proof-of-principle’ demongrations should be
extended to include the evduation of the fallowing:

Commercid grades of oxygen

Crude and pipdine-qudity naturd ges
Landfill gas

Syngas from oxygenblown cod gasifiers
Syngas from oxygenblown biomass gasfiers

agkhwpdrE

Cooperative funding of smdl (demondration-scae) zero-emissons power plants that are based
on a CES gas generator and power generation scheme is adso recommended. Smilarly, coopera-
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tive funding to support contributing technologies on reheaters, advanced turbines, and oxygen
separation is recommended.

Development Stage Assessment

The ovedl efforts required to commercidize CESs zero-emissons power plant were evauated
in terms of the EISG Stages and Gates Process. The work performed under this program, EISG
Grant 99-20, specificdly addressed the engineering/technica disciplines & Stage 3, Research
and Bench Scde Tedting, of the critica, enabling component in the sysem (i.e, the gas genera-
tor). However, other total project development activities have and continue to be pursued at vari-
ous stages under independent funding by CES and through cooperative funding by NETL and
CES. The various development activities are at Stages 3 through 6 (research through demonstra-
tion) and overdl zero-emissions power plant development is goproximately haf way to commer-
cidization.



I ntroduction

Background and Overview

Clean Energy Systems, Inc. (CES, Sacramento, CA) has defined and is in the process of develop-
ing a fossl-fuded, zero-emissons power generation sysem. The system is described in detall in
papers presented at two recent intermetional conferences™? and is the subject of severa patents’.
A smplified schematic diagram of Clean Energy Systems (CESs) environmentaly clean power
generation system is shown in Figure 1. The key to this sysem is the combugtion of a clean fud
with oxygen in the presence of recycled water in a unique gas generator that directly produces a
high-temperature, high-pressure gas composed amost entirely of HO and CO,. The gas genera-
tor is the key dement to the system and is the focus and subject of this program. A schematic
diagram of the |aboratory-scale gas generator tested under this project is presented in Figure 2.

This project's PIER subject area is Environmentally-Preferred Advanced Generation. The god of
this project is to demonsrate the proof-of-concept of the unique gas generator that provides the
enabling technology for fossl-fueled, zero-emissions power plants.

In CESs zero-emissons power sysems, the high-energy gases produced by the gas generator
drive multigage turbines that, in turn, drive an dectricd generator. Exhaust gases from the tur-
bine go to a condenser where gaseous CO, is separated from liquid water. Most of the water is
rehested (not shown in the smplified diagram) and returned to the gas generator to moderate the
combustion temperature and reduce the combustion gases to a temperature acceptable to the tur-
bines. Excess water resulting from the combustion process is removed from the system. This va
ter can be used within the power plant as cooling tower makeup water, processed for other plant
uses, sold, or sent to disposal as most appropriate to the site.

Gaseous CO» leaving the condenser passes to a recovery system. Residuad moisture is removed
from the CO; in the recovery system where it is dso cooled and compressed to conditions neces-
sary for sequedtration. The CO, may be sequestered in subterranean formations or the ocean. Al-
ternatively, some or dl of the CO, can be used in enhanced oil recovery (EOR) operations, i+
jected into norrmineable cod seams to recover methane, or processed into saleable products if
local markets exist. Atmospheric emissons are totaly diminated.

Fud for the CES system can come from a variety of sources so0 long as it is composed amost e
tirdly of the dements, carbon (C), hydrogen (H), and oxygen (O). The primary requirements are
that it is a fluid and free of ash. Hydrocarbons, dcohols, carbon monoxide and hydrogen are
suitable fuds as are natural gas, syngas, and gasified cod or biomass. Significant fud processng
prior to combustion is required only when the precursor fud is cod, heavy petroleum, or bio-
mass. In those cases, the crude fudls would normally be processed in oxygen and steam blown
gasfiers and cleansed of particulates and sulfur prior to introduction into the gas generator. For
the sake of expedient testing, the laboratory-scale “proof-of-concept” gas generator tested in this
project used high purity compressed methane as the fud.
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Oxygen is used to combugt the fud rather than ar as in conventiona systems thereby diminating
the formation of NOy and the large volume of noncondensble exhaust gas. The oxygen is ob-
taned from ar via a number of processes, including commercidly available cryogenic ar sepa
ration units (ASUs). Advanced air separation technologies such as those based on ion transfer
membranes (ITM) hold sgnificant promise for lowering the cost of oxygen and therefore is ex-
pected to enhance the economics of future CES power generation systems. The DOE and indus-
try (Praxair and Air Products and Chemicds) are currently developing the ITM ar separation
technology under ambitious multi-million dollar cog-share DOE/industry  cooperative agree-
ments. High purity compressed oxygen was used in the laboratory-scae testing conducted under
this program.

Project Objectives

This project involved the laboratory-scde tesing of a sngle-injection-dement combustion de-

vice to demondrate the operating principles of the CES gas generator. This gas generator is the

enabling device in a new concept for producing power from fossl fuels or biomass with zero
emissions. The testing had two primary objectives:

1. Develop and demondrate a premixing injector element design. Computer modding of

the combugtion process indicated that uniform mixing of the gases and water-

injection-cooling for combugion temperature control is criticd to minimizing the
formation of by-products.

2. Demondrate time-temperature process control in subsequent cool-down modules to
optimaly promote re-association of by-products, thereby creating a dean, two-

species gas.

Data from this project is used in the design of a 10 MWe gas generator and its subsequent Stage
2 development testing that is being funded separately under a cooperative agreement between
CES and the U.S. Department of Energy's Nationa Energy Technology Laboratory (NETL). The
laboratory-scde gas generator tested in this EISG program is nomindly a one hundredth scade
model of the 10 MWe gas generator.

CES was soldy responsible for the design, fabrication, and associated finding of the laboratory-
scde gas generator. The Cdifornia Energy Commission provided joint funding with CES to per-
form |aboratory-scale testing of the gas generator.

Report Organization
The remainder of the main report is organized into five sections.

Project Approach

Project Outcomes

Conclusions and Recommendations
Development Stage Assessment
Benefits to California



Project Approach

The overdl project was accomplished within the framework of a multi-task effort funded jointly
by CES and the Cdlifornia Energy Commisson. CES was soldy respongble for funding the task
related to the desgn and fabrication of the laboratory-scale gas generator. Although this work
was independent of Grant No. 99-20, that effort is described below for the sake of completeness.

Independent CES Task--Design and Fabrication of the Laboratory-Scale Gas Gener ator

CES designed and fabricated a prototype laboratory-scae gas generator prior to receiving Grant
No. 99-20. Prdiminary tests of that device provided vaugble ingght for the design of the new
laboratory-scae gas generator tested in this project. That design incorporated a number of fea
tures commonly used in rocket engines that have proven capabilities in contralling very high
temperature and high- pressure combustion processes.

The laboratory-scale gas generator tested in this project is an assembly comprisng: (1) an injec-
tor section, (2) a water-cooled igniter
section that contains a spark igniter, (3) a
water-cooled combustion chamber;  (4)
four cool-down nodules, (5) four deion
ized (D.l.) water injectors, and (6) a tur-
bine smulator. The overdl gas generator
as configured for testing is shown sche-
maticaly in Figure 2 and as mounted on
the test bench in Figure 3.

The functions of the injector section of
the gas generator are precise fluid cor+
trol, metering, and mixing of oxygen,
methane and deionized water. Its pur-
pose is to mix the three components
completely and uniformly in precise ra
tios wherein the oxygen and methane i
tio is essentidly oichiometric to H,O
and CO; and the rétio of deionized water
to oxygen and methane is externdly ad-
jused to control the combugtion tem:
perature to desired values.

The igniter section is a water-cooled
housng that contans the spark igniter
and a diagnogtic thermocouple to detect
ignition.

The combustion chamber section of the . _
ges gme‘aor is 12 in. |Ong with an |I.D. Flgure3. Test Bench with Gas Generator In-

of 042 in. It is congtructed of Incond ddled for Testing but without Sefety Shidds



625 and has a full-length water-cooling jacket to provide therma protection to the inner liner. In-
srumentation and gas sampling ports penetrate the inner wal gpproximately 2 in. from the aft
end to provide access for a pressure transducer, a thermocouple, and/or a gas-sampling probe.

The four cooldown modules have configurations, insrumentation ports, and gas sampling ports
identical to the combustion chamber section. They are separated from the combustion chamber
and from one another by deionized (D.l.) water injectors. The function of the cooldown modules
is to provide sufficient resdence time for dissociated daughter species to recombine as dictated
by reaction kinetics,

The gas generator includes four deionized (D.l.) water injectors. The function of each injector is
to inject deionized water into the combustion products to both cool the combustion gases and to
generate additiona superheated steam.

The turbine smulator is located at the aft end of the fina (fourth) cooldown module. It is essent
tidly a flanged closure containing a replacesble critica flow orifice insart of a Sze necessay to
produce adesired back pressure smulating that offered by aturbine.

The detailed design of the gas generator is the property to CES but further descriptions are pre-
sented in Appendix |. Photographs of the gas generator and its various components are givenin
Figures I-1 through I-5 of Appendix I.

Fabrication of the gas generator was performed at and/or under the direction of Tecma Co. (Sac-
ramento, CA)

EISG Grant No. 99-20 Tasks

The Cdifornia Energy Commisson under its Energy Innovaions Smdl Grant (EISG) Program,
Grant No. 99-20, provided $74,871 towards the joint funding with CES to perform a seven-task
testing effort on the laboratory-scale gas generator. Those seven tasks were: 1) test bench design,
2) test bench fabrication and assembly, 3) test system setup and checkout, 4) gas generator test-
ing, 5) data andysis, 6) technica reporting, and 7) adminigtrative reporting.

Task 1--Test Bench Design

The test bench was designed to provide a mounting platform for the laboratory-scale gas genera
tor described above and in Appendix |. The bench, shown in Figure 3, incorporates dl the com-
ponents and laboratory service or subsystem interfaces necessary to test the gas generator. It i+
cludes a gas sampling probe and a gas sample cooler, a sample condenser, a condensate separa-
tor, and sample dryer. The test bench was designed to interface with the U.C. Davis Combustion
Laboratory services (or with smilar services a other facilities) and with ancillary subsystems.
Components incorporated into the test bench indude the plumbing, vaves filters, insrumenta-
tion, and mating interfaces with the ancillary subsysems and facility services. Ancillary subsys-
tems provide supplies of pressurized deionized water and pressurized cooling water to the tet
bench. Data acquigition and control functions for the test bench are supplied by a separate CES
desgned and provided subsysem. Gas andyss equipment interface with the test bench at the
discharge of gas sampling system.
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The bench provides flow circuits for the various fluids that are required for teting asfollows:

L ow-pressure and high-pressure CH, (or other fud) L ow-pressure and high-pressure O,
N> for vave actuaion and purging Deionized water to each injector
Deionized water to the turbine smulator Cooling weter for cooling jackets

Each flow circuit has various items indaled on the test bench itsdf or on the ancillary subsys-
tems tha inteface with the bench. These items indude (1) manud and/or remotdy actuated
shutoff valves, (2) check vaves, (3) flow control valves orifices, and/or venturis, (4) filters, (5)
pressure regulators, (6) pressure transducers or gages, (7) thermocouples or digital thermome-
ters, and (8) flow meters (for the water circuits). These items permit the measurement and cor+
trol of flow of the respective fluids to and through the various segments of the gas generator.
Each cool-down module and the turbine smulator have their own de-ionized water supply lines
with gppropriate control vaves and ingrumentation. Nitrogen gas is used to actuate remote oper-
aing pneumatic vaves and for purging both the gas generator and the CH;, O,, and deionized
water feed lines Thermocouples are attached to the surface of criticadl dements of the gas
generator and insarted into the fluids a key points in the various flow paths for both data
collection and test control. Pressure transducers or pressure gages and flow meters are ingdled
at key pointsin the various flow paths for smilar purposes.

The test bench dso provides convenient interface connections with laboratory services and to
supporting subsystems. The interfaces with laboratory services include: (1) tubing connections
with CHs, O, and N» supplies, (2) a plug-in connection to 120 v AC power for the spark plug
exciter, (3) an exhaust gas duct that inserts into the laboratory exhaust system, (4) a septum for
withdrawing gas samples for andyss by gas chromatography, (5) and a flexible hose connection
for discharging cooling-water from the gas generator to the laboratory drain. Interfaces between
the test bench and supporting subsystems include: (1) a tubing connection to the deionized water
gysem, (2) flexible hose connections to the cooling-water supply system, (3) a flexible tubing
connection to the onrline gas andyzers, and (4) multiple dectricd and instrumentation connec-
tions with the control and data acquisition system.

The test bench, the services furnished by the test facility (U.C. Davis Combustion Laboratory),
and the bench's ancillary subsystems are described and pictured in greater detail in Appendix I1.

Task 2--Test Bench Fabrication and Assembly

The test bench, the deionized water supply subsystem, and the high pressure cooling water sup-
ply subsystem were fabricated and/or assembled from purchased parts a the Tecma Co. (Sacra-
mento, CA). The assembly/buildup of these systems was performed by a combination of Tecma
personnel and private consultants. The data acquisition and control subsystem was designed and
built by private consultants at the facilities of the consultants and CES. A consultant (currently a
CES employee) wrote computer software for the data acquisition and control subsystem

Task 3--Test System Setup and Checkout

The test system was setup and checked out in two stages. The first stage was performed a Tecma
Co. to assure the system was functiond and reliable for formd testing purposes prior to trandfer

11



to the Combustion Laboratory a the Universty of Cdifornia, Davis. The second stage of setup
and checkout was conducted after the system was transferred to U.C., Davis.

Task 3A--Test System Setup and Checkout at Tecma Co.

After the assembly of the test bench, the gas generator was ingtdled on the test bench and mated
with the supporting deionized water supply and the data acquistion and control subsystems.
Electricd continuity tests on the data acquistion and control subsysem and functiond tests of
remotely controlled components were performed. Cold flow tests were conducted on al the d&-
ionized water injectors to define their flow characterigtics (i.e, flow rate versus pressure drop)
and for comparison with design vaues. In the course of these tests, the delonized water supply
sysdem was found to yidd D.. waer contaning sufficient particulate contaminants to plug
downstream filters on the test bench or to plug the deionized water injectors. This problem was
dleviated by desgning, fabricating, and ingdling a high capacity, high-pressure filter at the dis-
charge of the deionized water supply system. This effort made deionized water supply System
functiona and acceptable for system testing. The injector for introducing O,, CHg, and D.I. water
into the combustion chamber of the gas generator was smilarly flow tested with N, and D.I. we-
ter as agppropriate. These tests established that the flow characteridics and the qudity of mixing
and atomization achieved by that injector were acceptable for hot testing.

Next, the integrated test bench/gas generator was mated with the high pressure cooling water
subsystem. Cold flow tests of the cooling circuits on dl the water-cooled components of the gas
generator were performed to define their flow characteristics. These tests reveded the need for
pulsation dampeners in the discharge lines of the duplex piston pumps tha provided the high
pressure cooling weater to the test bench. The tests accomplished a functiond checkout of the
high pressure cooling water subsystem and made it acceptable for system testing.

In preparation for ignition tedts, time delays and opening times for the vaves that control the
flow of Oy, CHy4, and D.l. water were measured. These data were used to establish appropriate
initid timing sequences to achieve safe, controlled darts and shutdowns of the gas generator.
The sequence of computer controlled actions requiring careful timing included the activation and
deectivation of the igniter and the opening and closng of O,, CH4, D.l. water, and N2 purge
valves.

A detailed test procedure/checklist was prepared and used in a mock test to checkout and assure
the procedure was functiondly correct. Thirty-one (31) ignition and low-pressure (<5 psig) com:
budion tests, involving 94 minutes of operating time on the tet sysem, were then performed
over a period of sx working days. These tests established optimized computer controlled starting
and shutdown sequences, gppropriate kill parameters, and kill vaues to safely and rdiably oper-
ate the gas generator. The entire computer software package for control and data acquisition was
thereby proven to be acceptable. Early in the course of these tests, a need for a smple pretest
method to determine whether or not the igniter would spark on command was discovered. With-
out such a methodology, the cause of any falure to ignite could not be quickly ascertained. A
ample proprietary pretest method was developed and subsequently that pretest was routingly
performed as a sep in the test procedure. The functiona pretest of the igniter so established the
need for a N> purge circuit for the spark plug to prevent the collection of short-crcuiting mois-



ture on the spark plug. The igniter housing and test bench plumbing were modified to incorporate
aspark plug purge circuit.

Following these checkout tests, the test system was disassembled, i.e, broken down into subsys-
tems to the minimum extent possble and transported to the Combustion Laboratory a U.C,,
Davis.

Task 3B--Test Sysem Setup and Checkout a U.C., Davis

The subsystems (test bench, deionized water supply, high-pressure cooling water supply, and
data acquisition and control,) that condtituted the test system as checked out & Tecma Co. were
resssembled within the Combugtion Laboratory at the Universty of Cdifornia, Davis. The test
bench was connected to University-supplied high-pressure cylinders of compressed gases (high
purity O, and CH,; as gas generator reactants and N» for purging and valve actuation), the gas
discharge duct from the gas generator was mated to the laboratory's exhaust hood, and the gas
sampling sysem on the bench was connected to the oxygen andyzer. The delonized water sup-
ply systlem was connected to the laboratory's non-potable water supply and to high-pressure cyl-
inders of Ny for pressurization of D.I. water and for vave actuation. The high-pressure cooling
water supply system was connected to the laboratory's non-potable water supply and to an elec-
tricd power outlet. The oxygen andyzer was connected to the data acquistion system and to
sources of calibration gases.

The overdl test system was checked for leaks and functiona checks were performed on dl e
mote-operating valves and on the igniter. The test procedure/checklist was updated to reflect the
dightly modified configuration of the test setup in the Combustion Laboratory compared with
the stup & Tecma Co. The first hot-fire checkout test a U.C., Davis was accomplished ap-
proximately two weeks after the move to the Combustion Laboratory.

Over the next four-week period twenty-five additiond checkout tests, involving 216 minutes of
test system operation, were performed. These checkout tests overcame system problems or defi-
ciencies and brought the test system to a date of readiness for forma testing and data acquisi-
tion. The mogt troublesome and time-consuming problem was getting a fully functiond gas
andyss capability, which was crucid to achieving testing gods. The gas chromatograph that
was origindly intended to provide mogt of the andyticad data proved to be difficult to activate
and to operate effectively. Modifications to detectors, use of two different columns, and changes
in andyds programs ultimately provided the capability to andyze gas samples for C-H com+
pounds and for various "permanent” gases (eg., @, CO,, CO, etc.) on a non-routine basis. Ut
fortunately, analyses by gas chromatography were found to be too dow and cumbersome for rouw
tine andyds of the many gas samples expected during this program. The oxygen andyzer pur-
chased for this program required the replacement of the sensor before stable operation could be
achieved. A NOy andyzer was provided by the laboratory; however, the very high purity of the
O, and CH,; supplied by the Universty virtualy precluded the presence of measurable NOy in
the combustion products of the gas generator. NOy andyses were, therefore, not attempted dur-
ing this program. The use of a CO andyzer at the laboratory was offered but a checkout of the
ingrument showed it to be nonoperable. Findly, a dud-beam infrared CO/CO, andyzer was
loaned to the program through the courtesy of Cdifornia Andytica Indruments, Inc. Tha in
strument was connected in series with the oxygen andyzer and its output sent to the data acquisi-
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tion system. At the end of the sysem checkout, gas samples could be continuoudy withdrawn
and anadyzed for @, CO, and CO, and grab samples could be taken via a septum and analyzed
for various other components on the gas chromatograph.

The flow meters for measuring the flow rate of deionized water to the gas generator were found
to be unresponsive at the very low rates encountered in the early testing. Their sengtivity was i+
creased approximatdy five-fold by desgning, fabricating, and inddling reducing inlet orifices
This modification permitted the acquidtion of red daa a flow rates down to gpproximately
0.0014 ga/min (5.3 c/min).

The flame front of the combustion gppeared to sometimes move from the igniter housing into the
man pat of the combustion chamber because of therr different indde diameters (following ex-
perience gained from a prototype gas generator). To overcome this undesired trangtion, a smple
uncooled igniter housing having the same indde diameter as the main chamber was fabricated
and tested. Ignition and stable combustion was achieved with the new configuration but, as ex-
pected, the housing became hotter than desired. A water-cooled verson of the igniter housng
was, therefore, fabricated and used successfully theregfter.

Because the gas generator was designed with sufficient jacket cooling to operate & high pressure
(~500 psia), heat losses were exaggerated when testing a low pressure. This caused the exhaust
gases to be cooler than anticipated and operating pressure to be lower than expected at design
vaues for O, and CH, feed rates using the fixed-area orifice in the turbine back-pressure smula-
tor. To achieve higher operating pressures at near design O, and CH, feed rates, the turbine back-
pressure smulator was redesigned to accept replaceable orifice inserts with reduced aress. The
inserts were subsequently replaced as required during formad testing.

Task 4--Gas Gengrator Testing

Forma gas generator testing involved operating the gas generator a various, but nomindly con-
dant, chamber temperatures and pressures while varying the O,/CHy réio over the range from
essentidly  goichiometric to dightly in excess of the doichiometric ratio. Data from about 35
channds were recorded via the data acquistion system a gpproximately two-second intervas
during the course of each test. The data of primary sgnificance were gas temperatures near the
discharges of the combustion chamber and cooldown modules, combustion pressure; O,, CHa,
and D.I. water flow rates, and the concentrations of G and CO in the dry sample gases. Spot
chemica andyses were performed by gas chromatography on grab samples during some tests to
look for trace byproducts. The forma testing involved 40 separate tests and nearly 6 hours of test
system operation during which more than 10,000 sets of data were recorded.

The originad test plan cdled for tesing a 54 test conditions, i.e, two pressures (nomindly 50
and 500 psia), at each of three G,/CH,4 mixture ratios (stoichiometric and 1 and 4 % O, in excess
of goichiometric), & each of nine specified combinations of combustion chamber and gas exit
temperatures. In practice, the gas generator or gas andyss system had limitations that precluded
operating a some of the intended conditions. In paticular, the highest planned combustion
chamber exit temperatures and pressure were not achieved because of jacket cooling considera
tions. At low pressures, excessve gas cooling resulted from large heat losses to the jacket that
limited combustion chamber and exit gas temperatures. At high pressure and very high combus-
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tion chamber exit temperatures, jacket cooling was insufficient to prevent damage to the combus-
tion chamber a a location believed to coincide with the flame front. Also, valid data could not be
obtained at O,/CH, ratios very close to stoichiometric because CO concentrations exceeded the
upper range of the avalable CO analyzer. Nonetheless, more extensive data were obtained than
anticipated by the origind plan and over awider range of operating conditions.

Sixteen tests yidded complete sets of vaid test data. These tests encompassed average operating
pressures ranging from 33 to 312 psa average combustion chamber exit temperatures ranging
from 2030 to 2600 °F, and Q/CHs mixture ratios corresponding to 0.4 to 9 % O, in excess of
stoichiometric. Each valid test produced on the order of 40 to 800 sets of test data. The duration
of the vdid tests ranged from about 5 to 45 minutes. Overdl, the sixteen valid tests covered 4.75
hours of test system operation and gpproximately 8500 sets of data.

Task 5--Data Andlyss and Test Reaults

The gas generator test data, recorded from approximately 35 data channels a nomind 2second
intervals, were andyzed to define the operating conditions and the corresponding gas compos-
tions for each vaid test. Because of the time delay for gas samples to reach the online anayzers
and the rdatively dow response of the gas andyzers compared with the other instrumentation,
gas compostion data had to be shifted with regpect to time to synchronize gas composition data
with the other operating data This time adjusment was edtablished for each test by plotting
O./CH; mixture ratios defined from rapid response mass flow measurements and those calcu
lated based on O, andyses from the online andyzer againg time. Time offsets in the differently
defined mixture retios following step changes reedily established the appropriate time shifts nec-
essay to "synchronize' gas compostions with the operating conditions. These time offsets typi-
caly ranged from 20 to 40 seconds.

Vaid tests were defined as those in which al the criticd data were recorded for periods suffi-
cient to define multiple "near-steady-date’ vaues during a given test. In generd, step changes
were made in G/CH4 mixture rétios early in each test to achieve a desired set of operating condi-
tions, then mixture ratios were varied dowly with time a rdatively constant operating tempera-
ture and pressure. For purposes of data andyses, data were deleted in time intervals correspond-
ing to dep changes during which operating conditions and gas compostions were obvioudy
transent. Data sets within a test were combined to define the relaionship between the concentra-
tion of CO and the concentration of G in dry gas samples (i.e, after condensation and iemovad
of the steam). The concentration of O, in the gas samples is a sengtive direct indication of the
O,/CH,4 doichiometry in the gas generator. Mathematically the percentage of Q in excess of the
goichiometric vaue equads 50(% O in the exhaust)/(100-% O, in the exhaust). For smdl per-
centages of O, in the exhaud, the O, in excess of the stoichiometric vaue is goproximately haf
the percentage of O in the exhaugt. Thus, 1 % O3 in the dry exhaust corresponds to approxi-
mately 0.5 % more G in the feed to the gas generator than required for stoichiometric combus-
tion.

A typicd st of data is shown in Figure 4. The data clearly show that the concentration of CO in
the exhaust decreases repidly with only dight excesses of O, over the stoichiometric require-
ment. Andytically, CO decreases gpproximately as a power function of O, concentration in the
exhaudt asindicated by the trendline.
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Figure 4. Effect of Excess O, on CO Concentration in the Gas Generator Gas Products.

Corrdations smilar to that shown in Figure 4 were defined for each vdid tet and each one
showed smilar behavior (i.e., the concentration of CO in the exhaust decreases rapidly with only
dight excesses of O, over the stoichiometric requirement).

Kinetics-based computer modeding of the combustion and cooldown processes in the CES gas
generator indicates that CO congtitutes more than 95 % of dl organic by-products of combustion
and is, therefore, an excdlent diagnogtic indicator of combustion behavior. Grab samples of dry
exhaust gases were andyzed by gas chromatogrephy usng both a flame ionization detector
(FID) and a thermd conductivity detector (TCD). The former detector is particularly senstive to
compounds containing GH bonds while the latter is more sengtive to gases such as G, and COs.
No compound containing a GH bond or any compound other than G, or CO, was ever detected
by gas chromatography. The limits of detection for the detectors was not experimentdly estab-
lished but are believed to be less than 1 ppm of GH compounds for the FID and less than 0.1 %
val. of O, and CO» for the TCD (CO euted with G, and, therefore, could not be defined by the
gas chromatograph).

Experimental CO and O, concentrations were compared with predictions based on the Chemkin
Il computer code® and the GRI-MECH 2.11 reaction mechanisni®. Because the temperature in
the combugtion chamber was measured a only a single location, a timetemperature profile
within the combugtion chamber had to be assumed to make such a comparison. Assuming the
temperature decreases from 5000 °F near the injector to the measured value (near the discharge
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end of the chamber) as a power function of residence time, measured and predicted concentra-
tions of CO a various O, concentrations agree quite well. The comparison between predicted
and average measured values for three test runs conducted at 56 psa and combustion chamber
discharge temperature of 2100 °F are shown in Figure 5.
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Figure 5. Comparison of Measured and Predicted CO Concentrations in the Exhaust at Nominal
Combustion Chamber Operating Conditions of 56 psiaand 2100 °F

The comparison in Figure 5 shows generd agreement between measured and predicted CO con-
centrations in the exhaust gases of the gas generator over a range of O, concentrations from 2 to
8 % vol. (approximately 1 to 4 % more O, than stoichiometricaly required for complete combus-
tion). Measured CO concentrations appear to be somewhat higher than predicted vaues a O,
concentrations a and below 2 % vol. and somewhat lower a O, concentrations above 2 %. The
deviation between measurements and predictions are believed to be attributable to deviations ke
tween the red gas generator and the andyticd modd (i.e, well-stirred reactor and assumed
timeltemperature profile in the combustion chamber) rather than erors in the reaction mecha
nism or the kinetic data used in the Chemkin Il computer mode!.

Task 6--Technicad Reporting

Bi-monthly technica progress reports and a find project are deliverable items under this grant.
Bi-monthly reports have previoudy been ddivered and summarized prior maor accomplish
ments and/or deviations from planned progress. This report is the fina project report.
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Task 7--Adminidgrative Reporting

Bi-monthly financid reports dong with invoices for reimbursement of expenses incurred during
the bi-monthly periods are deliverable items under this grant. These financid reports have previ-
oudy been deivered and summarized the expenses by category and explained any mgor devia
tions from the planned budget.

Project Outcomes

The intent of this program was to develop a modular |aboratory-scde verson of a unique gas
generator for a nonpolluting power plant and to demondrate its ability to produce a clean, two-
gpecies gas composed dmost entirdy of HO (steam) and CO,. That gas generator was designed,
fabricated, and integrated into a versatile test system capable of defining its performance charac-
terigtics. Significant outcomes of the program are summarized below:

1. A complete gas generator and test sysem was built and successfully operated on Oo,
CH,4, and D.I. water and is now available for further research and demonstration purposes
on other feed stocks.

2. The gas generator operated repeatedly, reliably, and stably:

More than 75 starts
Tota run time of more than 10 hours
Individual test durations up to 48 minutes
3. Thegas generator operated over awide range of conditions:
Temperatures up to 2700 °F (1480 °C)
Pressures up to 300 psia (20 atm)
Various mixture ratios near goichiometric

4. Tedting demondtrated that @, CH,4, and water can be premixed in accordance with CESs
patented claims and achieve repeatable ignitions and stable combustion.

5. The product gases from the gas generator were composed dmost entirdy of seam and
CO, with only a minor amount of &, and a trace of CO. No hydrocarbons or other vola-
tile organic compounds were detected.

6. The concentration of CO in the product gases was found to corrdlate well with predicted
vaues.

A typica st of gas compostions (dry basis) presented in Figure 4 clearly shows that the concen
tration of CO in the exhaust decreases rapidly with only dight excesses of O, over the stoichi-
ometric requirement. Figure 5 shows that the concentration of CO in the dry product gases corre-
late well with theoretical predictions.

Conclusions and Recommendations

Conclusions

A unique laboratory-scde gas generator that represents an enabling technology for a non
polluting (zero emissons) power plant was designed, built, and successfully operated on Oy,
CHg, and D.I. water. Gas andyses of the reaction products showed that uniform mixing of the &
and CHy, proper control of the GQ/CHy mixture ratio, and water-injection-cooling for combustion
temperature control followed by staged cool-down promotes re-association of by-products,
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thereby creating a clean seam/CO, gas. Andyses of the test data indicate the Chemkin Il com+
puter code and the GRI-MECH 2.11 reaction mechanism provide an adequate model for predict-
ing the combustion and cooldown reactions occurring in the gas generator and the composition
of the resulting gas products.

This program experimentaly established the "proof-of-principle’ for a new method of producing
cdean high-energy drive gases for the generation of eectrical power from fossl fues. Integration
of such a gas generator into a CES power generation system provides a viable, economica -
proach to zero-emissions power production from virtudly any fossl or biomass fud. Such a sys
tem makes the tota recovery the CO, possble at the lowest cost and in a form suitable for e
hanced recovery of ail or coa bed methane or for sequestration.

The successful completion of this program demondrated the "proof-of-principle’ for the ena
bling component of an dectricd generating plant capable of dgnificantly reducing the cogt of
power for Cdifornians, and makes a mgor contribution to diminating both atmospheric pollu-
tion and globa warming.

Recommendations

This program provided the bench-scale "proof-of-principle’ demondration of a new method of
producing cleen high-energy drive gases for the generation of non-polluting eectrical power us-
ing pure O, and CH,;. Smilar bench-scale demongrations need to be performed on dternative
fuels to assure this new technology can be gpplied to commercid grades of oxygen with virtualy
any fossl or biomass fud. In particular, benchscale "proof-of-principle’ demondrations should
be extended to include the evauation of the following:

Commercia grades of oxygen

Crude and pipdine-qudity naturd ges
Landfill gas

Syngas from oxygenblown cod gasifiers
Syngas from oxygen-blown biomass gadfiers

Because CES is a smdl dartup company and industry continues to look at the zero-emissons
power generation technology described in this report as very interesting but high risk for lack of
a commercid heritage, some governmenta funding is required to take this technology to a com
mercidly viable sage. Specificdly, the cooperative funding of amdl (demondration-scale) zero-
emissions power plants that are based on a CES gas generator and power generation scheme is
recommended.

The full economic advantage and commercidizaion of this zero-emissons power generation
technology will dso require advancements in severa other technologies. In particular, rehesters
and high pressure, high temperature turbines that can accommodate the full capabilities of CES
gas generators need to be developed to increase power plant efficiencies. Similarly, advanced
oxygen separaion technologies, such as ion transfer membranes (ITM), which show promise for
reducing the cost of the oxygen should be pursued vigoroudy. The cost of oxygen has a sgnifi-
cant impact on the economics of this power generation technology by virtue of its large-scale use
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to burn the fud and dso to make syngas fud from cod or biomass. The advancement of these
supporting technologiesis recommended.

Development Stage Assessment

The overdl devedopment efforts to commerciadize CESs zero-emissons power plant concept is
described in Table 1 in terms of the EISG Stages and Gates Process. The work performed under
this program, EISG Grant 99-20, specificaly addressed the engineering/technicd disciplines at
Stage 3, Research and Bench Scde Teding, of the criticd, enabling component in the system,
i.e, the gas generator. The matrix presented in Table 1 and the discussions following, however,
are directed toward describing the development status of the overdl plant.

Table 1. Zero-Emissions Power Plant Project Development Stage Activity Matrix

Stages

Market
Demon- | Transfor- | Commer-
ment Stration mation |cidization

Activity
Marketing/
Connection
to
the market

Engineering/
Technical

Legd/
Contractud

Production
Readiness
Commercid.

Benefits/
Cost

Marketing/Connection to the Mar ket

A business plan has been developed and continues to evolve in resolution as the markets, suppli-
es, drategic patners, sources of venture capital, and customers become increasingly defined.
Suppliers of components and/or subsystems other than the gas generator, A&E's, hosts for samal
scale demondration plants have been identified and letters of intent to support demonstration &-
forts have been sgned by severa potentid drategic partners/licensees. The technology has been
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positively received by both the public and private sectors, as evidenced by grants and ©-funding
received, and by support given to proposed early phase demonstration projects.

During the past four years, CES has conggently sought by dl available means to explan and
develop its technology. CES has briefed advanced program and program development personnel
in Generd Electric Power, SemensWesinghouse, ABB/Alsom, Rolls Royce Indudria and
Maine Divison, Elliot Turbo-machinery, Solar Turbines, Air Liquide, Praxar, Boe
ing/Rocketdyne Power Divison, BP Amoco, Chevron, Kinder Morgan, Kansas Geologicd Sur-
vey, Air Products and Chemicals, Edison Internationd, SMUD, Cdpine, Mirant and other IPP's,
as wdl as officids of DOE, the former FETC now NETL, LLNL, the Cdifornia Air Resources
Board, the Cdifornia Genera Services Adminigration, and the Cdifornia Energy Commission.
Relying on past experience, the industry is encouraging, but the companies would like to see the
technology in operation.

Engineering/Technical

The desgn for a 10 MW gas generator, co-funded by DOE/NETL, is nearing completion, and
mgor materids have been ordered. Tedting of this prototype is expected to begin in the fourth
quarter of this year. Candidate Stes for demondration and fidd tests have been identified, and
term sheets or MOUs are being negotiated with the hogt facilities. CES has made a proposal to
the Energy Commission under RFP  #500-00-509 for a 500 kW demondtration project, to be lo-
cated in Antioch, Cdifornia Other potentid dtes are located in the Los Angeles basn. Test
durations of at least two-years are anticipated, to obtain suitable RAMD informeation.

L egal/Contractual

CES holds exclusve rights for the use of gas generators in zero or low-emission power produc-
tion through ten issued patents and more than 50 pending applications in North America, Europe,
and Ada. An Intdlectud Property Plan is in place and is being actively implemented. There are
currently no sdes of CES technology or hardware, s0 it is not possble to quantify benefits with
any precison a this time. Sdes forecasts have been prepared and can be used for this purpose.
These are available to the Commission for purposes of estimating these benefits.

No other company is known to CES to be developing comparable gas generator technology i+
tended for use in fossl fuded zero emisson power plants. Other companies are studying the pos-
ghility of entering the market usng such technology, but as of this writing, market assessment
dudies have not been completed and no other company is known to have committed to pursue
this technology.

Environmental, Safety, Other Risks Assessments/Quality Plans

Prior to testing of the laboratory-scae gas generator under this project, an extensive falure-mode
andyss was conducted, with dl project team members participating. Potentid deficiencies were
identified and corrective action was taken, and the successful outcome of this project is a result
in pat due to these efforts. Environmentd issues are negligible due to the zero-emissons aspect
of the technology.

A comprehensive quality plan will need to be prepared during the next stage of development.
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Strategic

CES technology fulfills most of the mgor PIER policy objectives. The gas generator can readily
be incorporated in fud cell hybrid processes. The synergies between the two systems could result
in very high power cycle efficiencies. Two power plant concepts that integrate the CES process
with solid oxide fuel cells have been identified. In the first process, the SOFC effluent is com-
bined with the discharge dream from the high-pressure steam turbine, heated in a CES reheater
and fed to an intermediate pressure turbine. This process recovers waste heat from the SOFC,
and can atan an ovedl cyde efficiency of 64%, incuding CO, sequestration. In the second
process, the gas generaor is operated under fuel rich conditions, producing a hydrogenrich re-
formate for the SOFC anode. The SOFC discharge stream is directed to a reheater and brought
up to the operating temperature of the intermediate pressure turbine. In this scheme, cycle effi-
ciencies of 65% are possible.

This project complements and builds upon the usefulness of two other related projects — one ex-
isting and one proposed. The DOE/NETL-sponsored project that is underway will involve com:
prehendve testing of a 10MW gas generator. The prototype gas generator subsystem will be well
characterized before it is included in the overdl power generation process. As mentioned earlier,
CES has made a proposal under Energy Commission RFP #500-00-509 for a 500 kW demonstra-
tion project. This proposed project will alow more attention to be focused on the operation of
the power plant as a whole, and on subsystems such as the steam turbine, condenser, and CO»
conditioning equipment. This project, the federal program, and the proposal under RFP #500-00-
509 effectively represent PIER Stages 3, 4, 5, and 6, representing important coordination and
implementation of state, federal, and private sector objectives.

Production ReadinessCommer cialization

Extensve industry contacts have been established, and potentia licensees of CES technology
have been identified. Discussons are currently underway with two large, multinational corpora-
tions active in the energy sector. Commitments to license agreements are expected within the
next twelve months.

CES is fully cgpable of manufacturing the enabling technology component — the gas generator.
All other components are readily available from the exising equipment suppliers. As part of the
proposa under Commission RFP # 500-00-509, CES will prepare a Production Readiness Plan.

Public Benefits/Costs

Economic benefits from CES technology can be categorized as follows:

Lower Electricity Prices

Zero Emissons

Benefits from Integrated Fuel Cell Hybrid Projects
Digtributed Generation Opportunities

Public benefits from lower dectricity prices and reduced pollution have been estimated, indicat-
ing a public/private dlocation of benefits of approximatdy 89%/11%. A quantitative andyss of



the bendfits resulting from integrated fud cel hybrid projects and distributed generation oppor-
tunities needs to be prepared.

There are no materid changes in the public benefit-cost analysis as aresult of this project.
Benefitsto California

Cdifornia has dready benefited from this program by showing it is in the forefront of efforts to
bring environmentaly friendly advanced power generaion sysems to its citizens. This program
represents the very first public support for devedopment of the zero-emissons, fossl-fuded
power plants described in the Introduction section of this report.

Presuming the initid success of this program continues and these zero-emissons, fossl-fuded
power plants become widely used, Cdifornia and the world will regp benefit in many aress.

Advanced power generation technology

Improvement of cost and availability of Cdifornias power
Improvement of public hedth and safety

Invigoration of State and local economies

Advanced Power Generation Technology

The dectric power industry in Cdifornia is faced with a least three critical problems. (1) the
cost and avallability of eectrical power, (2) emisson of amospheric pollutants, and (3) emisson
of greenhouse gases. CES bdieves that viable solutions to these problems require new technolo-
gies related to power plant design and operation. The CES technology offers ways to improve the
cod and avalability of dectricity in Cdifornia while diminaing pollution and improving public
hedth. CES technology facilitates the sting of new power plants and re-powering of old power
plants. These new or re-powered plants can operate on dternative fossl fuds, the most plentiful
and economic source of non-nuclear energy available. CES technology also provides a practica
and economic way to separate carbon dioxide for commercia sde or sequestration, and appears
to offer the best available control technology for pollution prevention in power generatior/®”.

Improvement of Cost and Availability of California's Power

The cost and avallability of eéectric power is criticdly important to dl Cdifornians. Although the
power generation concept described in this report was developed to address critica environ
menta issues, it dso improves cost and avalability issues, because they are intimatdy linked.
The CES gas generator is the enabling component in economical, zero-emissions power genera
tion systems.

The CES power syslems have several codst-reducing festures. The zero-emission fegiure enables
power plants to be dted in clean ar non-atainment areas, the plant can be sized to locd power
needs, it can be made a stand-done plant or a co-generation plant, and it can use various fossl
fuds  When located within or near the usng community, as in "digributed generation,” trans-
misson and digribution cods are greetly reduced. In most cases, trangmisson and digtribution
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costs are larger than the generation costs (some times adding 100% of generation cods, or more
to the price of eectricity being delivered) to Californiarate payers.

Improvement of Public Health and Safety

The CES technology permits large-scale power generation with zero emissons to the aimosphere
at competitive cost. The benefit of no emissons has been wel documented and has been reiter-
ated a the 1997 Kyoto Conference in Japan. If the dectric power generating plants in the US that
reach their planned operationd life in five years were replaced by plants based on this new tech
nology, future yearly NOy emissons would be reduced by 300,000 tons, and CO, emissons
would be reduced by 85 million tons, thereby reducing health hazards and global warming!®!.

All the components of the CES technology package involve well-known commerciad technolo-
gies and processes. The CES gas generator is designed for rdiability and safety, and will equa or
exceed the drictest standards for safety. All parts of the CES technology package are known to
the indudtry, except the gas generator which occupies a smdl fraction of the volume of a boiler
producing a comparable volume of steam. An ar separation plant is a mgor pat of a zero-
emissons power plant. Such plants are, however, dready commonly found in cities across the
US and have excdlent safety records.

Invigoration of State and L ocal Economies

The commercidization of CESSs zero-emissons power plant technology will engender a dgnifi-
cant expanson of Cdifornids dectric power industry. The long-range commercidization of this
technology will expand opportunities in the design, engineering, development and manufacturing
of equipment for both new plants and for updating and re-powering exiging plants. Hardware
manufacturing will provide economic activity & locad plants, incuding new enterprises through
out the date. These activities will invigorate the steam turbine industry, and some of the world's
largest turbine producers have operating centers in Cdifornia. For these reasons, CES technology
is inherently a technology that will encourage, support, and sustain economic growth in Cdifor-
nia These activities will provide jobs economic simulaion, and tax revenues for both the state
and loca communities.
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Glossary

A&E Architect and engineer

AC Alternating current

ASU Air separdtion unit

CES Clean Energy Systems, Inc. (Saecramento, CA)

C Refers to the chemicd dement, carbon

C-H Refers to achemica bond between carbon and hydrogen
CH,4 Methane

CO Carbon monoxide

CO; Carbon dioxide

D.l Deonized [water]

DOE Department of Energy

EISG Energy Innovation Smdl Grant [program|
EOR Enhanced oil recovery

FETC Federa Energy Technology Center

FID Flame ionization detector

H Refers to the chemica eement, hydrogen
H.O Liquid water or gaseous water (Steam)
|.D. Insde diameter

PP I ndependent power producer

IT™ lon trandfer membrane

LLNL Lawrence Livermore National Laboratory
MOU Memorandum of understanding
MWe Megawatt, eectrical

N> Molecular form of nitrogen

NETL Nationa Energy Technology Laboratory
NOy Nitrogen oxides

@] Refersto the chemica eement, oxygen
(o)) Molecular form of oxygen

PIER Public Interest Energy Research [program|

ppm parts per million

RAMD  Rdiability, avalability, maintainability, and durability
SMUD  Sacramento Municipd Utility Digtrict

SOFC Solid oxide fud cdl

TCD Thermd conductivity detector

U.C. Universty of Cdifornia

ZEST Zero-Emisson Steam Technology
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