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LEGAL NOTICE

This report was prepared as aresult of work sponsored by the California 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 Cdifornia, its employees, contractors, and subcontractors make no warranty,
express or implied, and assume no legd liability for the information in this report;
nor does any party represent that the use of this information will not infringe upon
privately owned rights. This report has not been approved or disapproved by the
Commission nor has the Commission 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
Univerdsty Foundation under contract to the Cdifornia 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 six RD&D program arees.
Resdentid and Commercid Building End-Use Energy Efficiency
Indudtrid/Agriculturd/Water End-Use Energy Efficiency
Renewable Energy Technologies
Environmentally- Preferred Advanced Generation
Energy-Rdated Envirormental 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 Assessment 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 Rebutta 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://Aww.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 visit the Commisson’s Web ste a
http://mww.energy.cagov/research/index.html.




Executive Summary
Introduction

Most new power plants being ingaled in Cdifornia are Gas Turbine Combined Cycle
(GTCC) plantsthat burn increasingly expensive naturd gas and fuel oil to produce dectricity
a up to 60% efficiency. These plants can beingdled in lessthan hdf thetime and at less
than haf the cost of new coa-fired plants and Integrated Gasification Combined Cycle
(IGCC) plants that use cheap dirty fuels, but are less than 42% efficient. A new systemis
needed to adapt the new plants to chegper fuds, while maintaining their efficiency and
environmenta performance.

This project researched the feasbility of a supercriticd water gasification (SCWG) processto
convert compost made from municipa solid wastes and sewage dudge to clean energetic
gases. The expectation is to reduce the fuel costs of GTCC plants and to improve both
efficiency and environmentd performance of exising Seam power plants.

Objectives

1. Deermine the feashility of usng SCWG to gasify composted municipa solid
waste/dudge, conssting of at least 23 wt% solids, with a minimum 96% conversion of
carbon to gas.

2. Veify through visud ingpection that no significant erosion, corrosion and deposition
occurred insde the bench-scale SCWG system.

3. Asssssthefeashility of recycding resulting liquids for “zero effluent” design.

4. Update and vdidate smplified thermodynamic computer smulation and alife cycle cost
models that can be used to predict syslem performance with various fuels.

Outcomes

1. Useof SCWG to gasfy composted municipa solid waste/dudge is feasible by awide
meargin:

We produced a pumpable durry mixture containing 40 wt% solids, exceeding the
target goa by 74%.

The bench-scae system converted over 98% of the carbon in the durry to energetic
gases and steam, including clean pressurized methane, hydrocarbons and carbon
oxidesin less than one minute, which istwice asfast as the target time.

2. No noticeable erosion, corrosion or deposition was observed in the test equipment.

3. Totd suspended solidsin the liquid effluent was less than 10%, supporting the feasibility
of recyding liquids for durry preparation after filtering to provide a“zero effluent”
design. No toxic materids were produced that would limit disposd of theresdueina
landfill.

4. A thermodynamic computer smulation model and alife cycle cost modd were prepared,
however, there was insufficient funding in the current project to vaidate the models over
arange of inputs, including the test data. Equilibrium compositions were assumed to be
aufficiently close to expected commercia operations to provide preliminary predictions
of sysem performance. Reaults of the computer Smulations included:
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Projected 62% thermal efficiency to dectric power for the entire proposed hybrid
plant. Projected efficiency for retrofit in an existing steam power plant is 52%.
Projected capita cogts of $1,100/kWh for anew hybrid plant, with projected cost of
basdload power generation at $100/MWh.

Projected capital costs of $500/kWh for retrofit to an existing GTCC plant, with
projected cost of baseload power generation at $50/MWh.

Retrofits for repowering existing Steam plants are competitive with GTCC plants
burning natura gas costing $3.00 or more /million Btu.

Conclusons

1. Thetest results support the continued investigation of composted municipa waste as an
economica fuel source for GTCC and existing steam power plants.

2. We demongtrated that compost made from municipa solid wastes and sewage dudge can
be made into adurry with 40 wt% solids, which significantly increases the range of
gpplications, including the production of vauable byproducts, such as hydrogen. This
mixture tended to clogin the 4" prehester tube which was completely aleviated by
changing to 3/8” tubing. This problem is not expected in larger tubes.

3. The project successfully demondtrated that the compost durry can be used in a SCWG
process to produce energetic gases and steam, including approximately 35% gaseous
hydrocarbons and hydrogen, the largest fraction being methane. The remaining 65% of
the carbon in the feed was converted mainly to CO, and asmal amount of CO. The CO»
can be separated for reduced emissions. It is unknown what effect compost grinding hed
on resdence time for gadfication. It is dso unknown what impact scaing up the reactor
tubes will have on the SCWG process.

4. Sufficient yield data was collected to determine gas composition, perform a carbon
ba ance and perform a prdiminary evauation of recycling liquids after filtering for durry
preparation. While no corrosion, erosion or deposition was observed after running the
tests, the tests conducted were not designed to accurately assess those effects over long-
term tegting.

5. Environmentaly, based on residence time and projected full scae HRSG tubes, a
standard module of 100 HRSG tubes per 25 MW turbine can consume an estimated 170
tons of composted municipa solid waste per day, reducing it to approximately 34 tons of
inorganic materid.

6. Theresults of the computer smulation models are encouraging in terms of supporting an
economic case for commercidization; however, the modds il include many
assumptions that remain to be validated.

Benefitsto California
This project contributed to the Public Interest Energy Research (PIER) program objective of
improving energy cost of Cdifornia éectricity through the use of inexpensive biomass fuels.
The project aso contributes to the PIER objective of improving the environmenta risk by
diverting waste streams away from landfills.

Successful commercidization of SCWG technologies could promote business opportunities

in severd indudtries, including process development, waste disposd, dectrical generation,
pollution control and transportation fudls.
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Recommendations
The next research step isto scale up the critica dements of the SCWG system to eiminate
the problems associated with the bench-scale system used in the current project and to
conduct a series of tests that more accurately represent anticipated operationa conditions.
Genera Atomicsin San Diego is currently congtructing a scaled up SCWG test rig with full-
scae HRSG reactor tubes that would be suitable for answering the outstanding technica
queﬁl ons. Thefollowing technica questions need to be answered:
Tegt afull range of durry concentrations in full Size reactor tubesto identify the
associated impact on steam and fuel gas production.
| dentify the optimum levd of grinding required (if any) for trouble free gasfication in
full Sze reactor tubes,
Confirm durry digtribution in a 10-tube inlet manifold for scae-up to acommercia
plant,
Confirm that the energy baance for SCWG is the same using full sSze reactor tubes,
Evduate the longer-term potentia for corrosion, erosion or deposition,
Test condensate for yield and quality and cleaning methods for recycle to durry
preparation,
Test ash for beneficid use or land filling,
Test mild operating conditions for byproduct yields and qudity, induding liquid
hydrocarbons and carbon,
Refine computer models and economic feasibility analyses for retrofit to existing ges
turbines and boilers, and

Collect and test fud gases for combudtibility in existing gas turbines, fue cdlsad
boilers.
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Stages and Gates M ethodology

The Cdifornia Energy Commission utilizes a stages and gates methodology for assessing a
project’s leve of development and for making project management decisions. 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 tailored 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. In tota there are saven types of activities that 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.cagov/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 technical feasibility. Shaded cdllsin the matrix 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:
Stage 2:
Stage 3:
Stage 4:
Stage 5:
Stage 6:

Stage 7:
Stage 8:

Idea Generation & Work
Statement Development
Technical and Market Analysis
Research & Bench Scale Testing
Technology Development and
Field Experiments

Product Development and Field
Testing

Demonstration and Full-Scale
Testing

Market Transformation
Commercialization

Activity 1:
Activity 2:
Activity 3:
Activity 4:
Activity 5:
Activity 6:

Activity 7:

Marketing / Connection to Market
Engineering / Technical

Legal / Contractual

Environmental, Safety, and Other
Risk Assessments / Quality Plans
Strategic Planning / PIER Fit -
Critical Path Analysis

Production Readiness /
Commercialization

Public Benefits / Cost
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I ndependent Assessment

For the research under evaluation, the Program Administrator assessed the level of development
for each activity tracked by the Stages and Gates methodology. This assessment is summarized
in the Development Assessment Matrix below. Shaded bars are used to represent the assessed
level of development for each activity as related to the development stages. Our assessment is
based entirdly on the information provided in the course of this project, and the find report.
Henceit isonly accurate to the extent that al current and past work related to the development
activities are reported.

Development Assessment Matrix

Stages 1 2 3 4 5 6 7 8

Idea Technical Technology Product Demon- Market Commer-
. Generation & Market Research Develop- Develop- stration Transfor- cialization
Activity 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:

Mar keting/Connection to the Market. The project has submitted a Prdliminary Business Plan
detailing the product development to market. While the plan is quite detailed and pertinent to the
issues of Gate 3, we believe that it presents a somewhat optimigtic timeline from "proof of
feagbility” to a marketable product. Future activity should include revision and updates to this
plan as the California energy picture has changed since this plan was authored, particularly the
cost of naturd gas. Additionaly, potentid commercidizers should be contacted and interviewed
to provide feedback from currently identified potentia customers as well asto identify additiond
customers and stakehol ders.

Engineering/Technical. This project successfully demonstrated that composted municipa solid
wadte/sewage dudge can be gasified using the Supercritical Water Gasification process.
Additiond testing is needed to understand and optimize the operating parameters for the process.
The Program Adminigirator concurs with the recommendations from the executive summary that
the HRSG reactor tube test rig under congtruction at Generd Atomic, which permits full control
over the SCWG process, is the appropriate test bed for evauation of the following open issues.

1. Test arangeof durry concentrations. Conduct tests over the useful range of durry
concentrations using full-scale (One inch diameter) HRSG reactor tubes. Tests should be
designed to provide the following information:
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| dentify the relationship between solids concentration and associated impact on steam
and fue gas production,

Determine the optimum leve of grinding required (if any) for trouble free gasification
in full 9ze reactor tubes,

Determine the energy balance for SCWG using arange of durry concentrations and
full Sze reactor tubes,

Determine if the fuel gases produced require additiona processing to be used in
exiging gas turbines, fud cdllsand boilers

2. Evaluate the Effluent. Determine the potentid of a zero-effluent design:
Test condensate for yield and quality and cleaning methods for recycle to durry
preparation,
Test ash for beneficia use or land filling,
Test mild operating conditions for byproduct yields and qudity, including liquid
hydrocarbons and carbon,

3. Hardwar e Specific Investigations. Design factors to be considered:
Evauate the longer-term potentia for corrosion, erosion or deposition,
Confirm durry digtribution in a 10-tube inlet manifold for scae-up to a 100 tube
commercid plant,

4. Test Planning. Develop criteriaand test plans for field experiments,

5. Provide updated estimates. Refine computer modes and economic feasibility andyses
for retrofit to existing gas turbines and boilers.

L egal/Contractual. Intdlectua property related to the core technology is protected by patent.
Identified commercializers should be asked to submit existing and projected sales data as part of
the process for selecting a commercidizer for this technology.

Environmental, Safety, Risk Assessments/ Quality Plans. Some assessment of environmental
impact has been done related to diversion of municipa solid waste and sewage dudge waste
greams and the recycling of process water. Initid drafts of the following Qudity Plansare

needed prior to initiation of Stage 4 development activity; Religbility Andyss, Faillure Mode
Andyss, Manufacturability, Cost and Maintainability Andyses, Hazard Andlyss, Coordinated

Test Plan, and Product Safety.

Strategic. This product has no known critical dependencies on other projects under
development by PIER or lsawhere. It is believed to be unique to this project with limited or no
impact on other PIER projects.

Production ReadinessCommer cialization. Generd Atomics Corp. in San Diego has been
selected as the Research, Development and Demongtration collaborator. Their commitment to
this project is evidenced by the SCWG pilot plant under congtruction in their "State of the Art"
testing laboratory located at their Sorrento Valey facility in San Diego. Top candidates for
commercidizing partner remain to be identified and interviewed. However, a plan to accomplish
selection of the partner has been identified.
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Public Benefits. PIER research public benefits are defined as follows:
Reduced environrmenta impacts of the Cdiforniadectricity supply or transmisson or
digtribution system.
Increased public safety of the Cdifornia dectricity sysem
Increased reiability of the Californiaéectricity sysem
Increased affordability of ectricity in Cdifornia

The primary public benefit offered by the proposed technology isto make electrical energy more
affordable in Cdifornia. Thiswill be accomplished by reducing the cost per KW of power
generated by using composted municipa solid waste and sewage dudge as afud sourceina
combined cycle plant us'ng super critica water gadification. A consarvative lifecycle cost
andyss was performed using the following assumptions:

50 MW combined cycle power plant using SCWG process

30 year plant life

Capital cost of $1200/KW

O&M cost of $.005/KW

Thermd efficiency of 50%

75% availability

Fue costs of $2.24Mil/year ($1.00/Mbtu)
Based on the above assumptions the proposed plant could produce power for gpproximately
$.024/KW which is competitive. The mgor urban areasin Cdifornia could conservatively divert
aufficient municipa solid wastes and sewage dudge to support ten 50MW plants.

The proposed cogt of fud ($1.00/Mbtu) assumes that tipping fees will fund the mgority of the
costs associated with processing the waste streams into compost. This assumption isarisk factor
that would need to be further assessed in the business plan.

Additiona benefitsto Cdiforniainclude:
Diverting biomass from the landfills reduces greenhouse gasses which can escape into the
atmosphere and toxic effluents which can contaminate water supplies. A report prepared
by the Nationd Renewable Energy Laboratory, "The Vaue of the Benefits of U.S.
Biomass Power," by G. Morris, places a vaue on this benefit alone at $0.047/KW
generated from biomass.
Use of renewable biomass for fud produces ardiable fud source and reduces
Cdiforniads dependency on limited domestic or expensve foreign foss| fuels.
Use of MSW and sawage dudge for fuel reduces the volume of this waste materid by
80%, which extends the life of existing landfills and reduces the need for new landfills.

Program Administrator Assessment:

After taking into congderation: (a) research findings in the grant project, (b) overal development
status as determined by stages and gates and (c) relevance of the technology to Cdiforniaand the
PIER program, the Program Administrator has determined that the proposed technology should
be congdered for follow on funding within the PIER program.
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Receving follow on funding ultimately depends upon: (a) availability of funds, (b) submission
of aproposd in regponse to an invitation or solicitation and () successful evauation of the

proposal.

Appendix A: Fina Report (under separate cover)
Appendix B: Awardee Rebutta to Independent Assessment (none submitted)

Page



