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Abstract

The purpose of this project was to research the feasbility of a supercritical water gasification
(SCWG) process to convert compost made from municipa solid wastes and sewage dudge to
clean energetic gases without oxygen. The god isto reduce fud costs for gas turbine combined
cycle (GTCC) power plants and to improve both efficiency and environmenta performance of
exiging steam power plants.

A lab-scde tubular reactor system was tested without oxygen a Generd Atomics (GA) in San
Diego to convert compost to clean gases. Compost was prepared in acommercid agrobic
digester and cured for odor-free handling and shipment. Test conditions were above the
supercritical conditions of water, 221 bar (3205 psi@) and 374 C (705 F). A high-densty
pumpable and stable durry of over 40 wt.% solids was prepared at GA. The tubular reactor
converted over 98% of the carbon in the durry to hydrogen, methane, hydrocarbons and carbon
oxides in less than one minute. No tar formation or corrosion of the equipment was observed.

A computer smulation model was prepared to smulate a hybrid power system. It predicts 62%
thermd efficiency with minimum emissons and zero liquid effluents. Prdiminary life-cycle cost
analyses predict that eectricity costs can be reduced to less than $50/MWh by retrofitting to
exiging natura gas fired combined cycle plants for base load service.

A pilot plant is planned to test the reactor tubes a full 9ze. Development promises to reduce
fud cogts, while solving waste disposa problems for Cdifornia and worldwide applications.

Key Words:
Biomass, compost, supercritical water, durry, gadfication, sawage dudge, refuse



Executive Summary

I ntroduction

Most new power plants being ingtdled in Cdifornia are Gas Turbine Combined Cycle
(GTCC) plantsthat burn increasingly expensive natural gas to produce eectricity at up to
60% efficiency. These plants can be ingadled in lessthan haf the time and a less than haf
the cost of new coal-fired plants and Integrated Gasfication Combined Cycle (IGCC) plants
that use chegp dirty fuels, but are less than 42% efficient. A new system is needed to adapt
the new plantsto chegper fuds, while maintaining their efficiency and environmenta
performance.

This project researched the feasibility of usng a supercritica water gasification (SCWG)
process to convert compost made from municipa solid wastes and sewage dudge to clean
energetic gases without oxygen. The expectation is to reduce the fuel costs of GTCC plants
and to improve both efficiency and environmental performance of existing seam power
plants.

Objectives

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

2. Veify through visuad ingpection that no significant erosion, corrosion and deposition
occurred insde the bench-scae system.

3. Assssthefeashility of recyding resulting liquids for zero liquid effluents.

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

Outcomes

1. Use of SCWG to gasfy composted municipa solid waste/dudge is feasble by a wide
margin:

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

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

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

3. Totd sugpended 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 mode and alife cycle cost model were prepared
and compared to an ASPEN simulation prepared for U.S Patent 5,280,701; however,
there was insufficient funding in the current project to vaidate the modds over arange of
inputs, including the test data. Equilibrium compositions were assumed to be sufficiently



close to expected commercid operationsto provide preliminary predictions of sysem

performance. Results of the computer Smulations included:

- Projected 62% thermd efficiency to dectric power for the entire proposed hybrid
plant. Projected efficiency for gpplication to an existing steam power plant is over
50%.

Projected capital cogts of $1,100/kWh for anew hybrid plant, with projected cost of
basdoad 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 boiler plants are competitive with GTCC plants
burning natura gas at over $3.00/million Btu.

Conclusions

1.

2.

The test results support the continued investigation of composted municipa waste as an
economica fud source for GTCC and existing steam power plants.

We demondtrated that compost made from municipa solid wastes and sewage dudge can
be made into durry with 40 wt% solids, which sgnificantly increases the range of
gpplications, including the production of valuable byproducts, such as hydrogen. This
mixture tended to clog in the Y4 inch prehegter tube which was completdly dleviated by
changing to 3/8 inch tubing. This problem is not expected in larger tubes.

The project successfully demonstrated 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 a smal amount of CO. The CO»
can be separated for reduced emissions. It is unknown what effect compost grinding had
on resdence time for gadfication. It is aso unknown what impact scaing up the reactor
tubes will have on the SCWG process.

Qufficient 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 testing.

Based on residence time and projected full scale reactor tubes, a standard module of 100
reactor tubesin a heat recovery steam generator (HRSG) 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 resdue.

The results of the prdiminary computer Smulation models are encouraging in terms of
supporting an economic case for commercidization; however, the modds include many
assumptions that remain to be validated.

Benefitsto California

This project contributed to the Public Interest Energy Research (PIER) program objective of
reducing the cogt of Cdiforniadectricity through the use of inexpensve biomassfuds. The
project aso contributed to the PIER objective of reducing environmentd risk by diverting
wadte streams away from landfills.



Successful commercidization of SCWG technologies could promote business opportunities
in severd indudtries, including process development, waste disposal, dectrica generation,
pollution control and trangportation fuels.

Recommendations

The next step is to assess the regime of durry concentrations by conducting tests over the
ussful range using full-scale HRSG reactor tubes. Full-scaetubes are being ingdled ina
new pilot plant under congtruction at General Atomicsin San Diego. Test to determine the
following:

1.

2.

o 0

~

| dentify the optimum concentration of durry that can be successfully gedified in full Sze
reactor tubes,

|dentify the optimum level of grinding required (if any) for trouble free gasification in

full sze reactor tubes,

Confirm durry digtribution in a 10-tube inlet manifold for scaeup to acommercial plant,
Confirm thet the energy baance for SCWG does not change as aresult of using full sze
reactor tubes,

Evauate the longer-term potentia for corrosion, erosion or deposition,

Test condensate for yield and qudity and cleaning methods for recycle to durry
preparation,

Ted ash for beneficid use or land filling,

Test mild operating conditions for byproduct yidds and qudity, including liquid
hydrocarbons and carbon,

Refine computer models and economic feasibility anayses for retrofit to existing gas
turbines and boilers, and

10. Collect and test fue gases for combudtibility in existing gas turbines, fue cdlsand

boilers.



I ntroduction

The purpose of this project was to research the technica and economic feasbility of a
supercritical water gasfication (SCWG) process to convert compost made from municipa solid
wadtes and sewage dudge to clean energetic gases in an anaerobic environment. The god isto
reduce the fud costs of gas turbine combined cycle (GTCC) power plants and to improve both
efficiency and environmenta performance of existing steam power plants. Based on the use of
renewable fuds, this project primarily supports the Renewable Energy Technologies PIER
subject area.

The specific SCWG process investigated in this project was the patented Vapor Transmission
Cyde (VTC) in which adurry mixture is pumped under high pressure and temperature through
specidly designed heat recovery steam generator (HRSG) tubes Situated in the exhaust of agas
turbine such that SCWG parameters are achieved within the tubes. Physica testing was
conducted in an exigting bench scde sysem at Genera Atomics (GA) facilitiesin San Diego,
coordinated by the Principa Investigator.

A durry mixture of composted municipa wastes and sewage dudge, generated from a
conventiona digester, was used in the bench scde system to establish the yields of generated
gases and liquid effluent. The data generated was then used to update the computer modeling,
life cycle cost andysis, and comparison of the proposed process with published information from
competing processes. Based on an andysis of the data, this project was successful in
etablishing concept feasibility with sufficient confidence to warrant follow-on testing of the
process in an advanced continuous-flow pilot plant. Successful operation of a continuous-flow
plant would provide sufficient support for commercidization.

Project Objectives included:

1. Determine the feashility of usng SCWG to gasify composted municipa solid
waste/dudge, congsting of at least 23 wt% solids, with aminimum 96% conversion of
carbon to gas.

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

3. Assssthefeadhility of recyding resulting liquids for “zero effluent” design.

4. Update and vaidate amplified thermodynamic computer Smulation and alife cycle cost
models that can be used to predict system performance with various fudls.

The patented process under study, described in U.S. Patents 5,280,701 & 5,339,621, is named the
Vapor Transmission Cycle, (VTC), and incorporates the SCWG process. In the Vapor
Transmission Cycle, HRSG tubes are modified to distribute durry and transfer sufficient heet to
meet SCWG heat requirements without oxygen addition, including raising the temperature of the
durry to saturation, vaporization, and chemical reactions. The tubes are designed to accept

durry solutions containing mineras and metals without corroson and deposition on heet trandfer
surfaces, up to and including the supercritical conditions of water, above 221 bar (3205 psia) and
374 °C (705 °F). The tubes must be of sufficient length to provide adeguate residence time and
surface areato dlow reactionsto occur. A commercid method of fluidized particle scrubbing is
used to improve heat transfer and prevent corrosion and deposition on hest transfer surfaces.



The HRSG reactor tubes are designed to generate clean fuel gases, CO, and steam for GTCC
power plants by feeding water durries or emulsions above about 20% organics, including heavy
oil, cod fines, bitumen, tar sands, biomass, compost, crumb rubber and dudges.

Supercritica steam generators have been developed to increase the efficiency of coa fired power
generation up to 40%. Steam is produced in tubes by a smooth transition to vapor at less than
1/10 of the density and more than ten times the velocity of the feedwater. Figure 1 illugtrates the
temperature and dengity relationships of water at selected pressures.
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Fig. 1 Temperaturevs. density for water at various pressures

The HRSG tubes depend on externd heet transfer through a containment surface to a pressurized
fluid that can contain a solvent (weter), dissolved or emulsified materids, or durry. The water
can contain organic materias, granular media, catalysts, and pH control reagents. Inorganic
materias can include sulfur, chlorine, fud nitrogen, akai metas, ash, vanadium and other

metas. When chlorineis present it can react to form hydrochloric acid, which would preclude
the use of low-dloy system components in high temperature aress.

The qudities of many supercritical solvents, including hydrocarbons and carbon dioxide (above

31 C and 74 bar) are well known, cost-effective, and in commercid use for cleaning and

selective separations of organics. Water, the most important solvent in nature, has fascinating
properties as areaction medium in its supercritica sate, where it behaves very differently from
water at standard conditions. Supercritical water, above 221 bar (3205 psia) and 374 C (705 F),
dissolves organics and precipitates inorganic materias, as shown in Figure 2. The solvent
advantages of inorganic supercritical fluid solvents (e.g., water and CO,) over conventiond
organic solvents, and the gpplication of supercriticd fluids for complex matrix interactions have
been reported (Hawthorne, 1994).
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Fig. 2 Water Solvency at 221 bar (3205 psia)

The polarity and solvent qualities of water can be controlled by temperature and pressure. Most
organic materids dissolve in dl proportionsin supercritical water. Unsaturated metd centers
may be able to coordinate with organic target molecules, thereby catdyzing degradation of the
targets in supercritical water (Sealock, 1996). In addition, the presence of a second solute such
as carbon dioxide produced by these reactions may augment supercritica water solvency.

Regardless of its pressure, supercriticd steam gadifies organic materias, forming highly
combugtible, lighter hydrocarbons, hydrogen, methane and carbon dioxide. Given sufficient
resdence time an anaogous gasification of carbonaceous materids will occur using supercritica
water (Modell, 1978.)

Formation of carbonaceous char from less reactive carbonaceous materids such as cod is
favored by short resdence time, large particle size, and subcritical conditions (GA, 1997). High-
carbon char has been produced by subcritical and supercritica water (Hawthorne, 1990).

Supercritical water shows promise in catalytic partid reforming of durries made from refuse
derived fud, waste plagtics, cod fines, and coa water fuds (Shaw, 1991). Data shows that fuel
nitrogen will be converted to nitrogen gas (Sedlock, 1996). Inorganic materias, such as sulfur,
chlorine, akai metals, ash, vanadium and other metals can be separated and removed for recycle
or disposa. Activated carbon has been proposed as a catalyst for the conversion of biomassto
hydrogen and methane in supercritical water. Unconverted carbon can be sequestered in char for
decreased carbon dioxide emissions, or burned with additional cod in existing combustors.

If sdtsare present in the feed, or formed during processing, they will precipitate from solution
wherever local temperatures exceed the critical temperature. Unless these solids are effectively
transported through the supercritical region and effectively removed from the process,
accumulationswill form and plug the reactor tubes. Use of acommercia method of fluidized
particle scrubbing using absorbent media has been proposed to prevent fouling and enhance heat
transfer. The media can dso be inert particles added to the feed or naturdly present in the feed.



A commercid once-through HRSG tube bundle is shown in Fig. 4 with the inlet header. The
tubes can be serpentine with extended externd surface and over 100 ft. in length. Residence
time can be controlled by the flow rate and the rate of heat transfer.
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Fig. 41ST Once-Through Tube Bundle

Courtesy of Innovative Steam Technologies

Sdlts can be trangported through the HRSG tubes by precipitating them on solid granular media
in the sysem. Deposits can be minimized and hest transfer improved due to mediaimpingement
on the tube surface. Eroson can be minimized by using erosion and corroson resistant meterids
such as Alloy 800H in the heat transfer surface and by controlling durry velocity.

Subsequent sections of this report describe the project approach, outcomes, conclusions,
recommendations, and development stage assessment. Supplementary materid includes a



glossary, references and appendices. Appendix | isthe General Atomics Test Report, and
Appendix |1 contains additiona information on SCWG and a decription of the VTC.

Project Approach
In order to accomplish the Project Objectives, the project was organized into the following tasks:

Task 1 Bench-Scale Tests

Genera Atomics performed task 1 under the direction of Mr. Radon Tolman, Principa
Investigator. The primary god of Task 1 wasto develop yidd and qudity datafor applying
supercritical conditions to convert compost to clean fudls on the bench-scde system. The results
of these tests were used in the smulation modding and cost and performance andysis of Tasks 3
and 4. In addition, the datawill be used for the development and operation of the pilot plant.

Theinitia bench-scale equipment contained ¥4 inch tubes with an insde diameter of .2 inches.
These proved to be prone to plugging by large particlesin the compost feed. The feed was
ground to reduce particle size below about 500 microns. The smal tubesin the bench-scde
equipment were replaced by 3/8 inch tubes and some equipment was changed to lab-scale to
more closely control the sysem. Details are included in Appendix .

Task 2 Ultimate Analyses

Task 2 was performed by GA under the direction of the Principa Investigator. Andysis of the
feed sample was to include proximate and ultimate analyses. Products were to be weighed. Gas
and liquid products were to be analyzed to determine fuel vaues and to estimate further
treatment that may be required to meet requirements for their use asfuels. Gases were to be
andyzed for hydrogen, methane, light hydrocarbons, carbon dioxide, carbon monoxide and
hydrogen sulfide. Liquid product were to be extracted with solvent to remove water and
andyzed in a gas chromatograph for hydrocarbons, chlorine, sulfur, dkali metas, and tota
organic carbon.

Task 3 Incorporate Datain Simulation Model

Task 3 was performed by Dr. Jerry Parkinson, consultant, under the direction of the Principa
Investigator. The process modd was developed using existing subroutines where possible. The
computer modd is particularly useful for system optimization and will enable performance of
economic evaluations based on both capita and operating costs associated with changesin
operating conditions and/or system configuration. 1t will also enable determining the impacts of
scale changes to both the design and the life-cycle cogts of the process. The computer modeling
effort began at the same time as the bench-scal e experimentation and proceeded in cooperation
with that work. This coordination was vitd to ensure that dl data necessary for the development
of the amulation modd are collected during the experimenta runs. Other potentid benefits of
task coordination included use of the developing computer model to help vaidate the data
collected (mass and energy balances, etc.), and to run sengtivity analyses for determining the
mogt critical control parameters, which could help focus other work. The process smulation
model will be continudly refined and modified through input of pilot plant deta.

Task 4 Feashility Analyses

Task 4 was performed by the Principd Investigator with input from the consultant. Cost and
performance analyses were to be prepared using the methods of the National Renewable Energy
Laboratory, Golden, CO (Craig, 1996). The purpose of that sudy was to determine the
efficency and cost of dectricity for IGCC systemns incorporating biomass gasification
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technologies. The systems examined incorporate state- of-the-art commercidly available aero-
derivative and utility gas turbine technology and modern heet recovery steam cycle technology.
It was clear from this study that even the most promising eectricity cogts from biomass were
higher than currently quoted avoided costs and new high-efficiency naturd gas fired combined
cycle systems.

Prdiminary capital and operating cost estimates were prepared for each alternative.
Spreadsheets were prepared for comparing present values of the dternatives. The resulting
comparisons indicate the commercia potentid of the VTC system compared with published
information for competitive systems, and define areas for continued and focused researchin a
pilot plant.

Task 5 Prepare Final Report

Task 5 was performed by the Principal Investigator. The results of Tasks 1 through 4 are
presented in thisreport. Sengtivity anayses were to be prepared for variationsin capital and
operating costs associated with the uncertainties of the preliminary estimates and the risks
associated with further research and development. A preliminary cost estimate and schedule for
the pilot plant are included in this report, and incorporated in cumulative discounted cash flow
projections for evauation of the required research and development investments.

Details of the steps taken to achieve the stated goals, types of anayses performed on the data
collected, and findings are included in the Appendices. Some conclusions from the testing are
aso included in Appendix I. Additiona conclusions have resulted from the preliminary process
modding and feasbility andyses.

10



Project Outcomes

Use of SCWG to gasify composted municipa solid waste/dudge is feasible by awide margin:

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

The bench-scade 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 asthe target time.

The ultimate analyss for the compost used in the project was based on Bedminger data shown in
Table 1. Thisanalysis was assumed to be sufficiently representative of the cured compost before
durry preparation. Preparation of the durry feed required grinding of the compost materid to
reduce particle Sze to avoid clogging in the tubesin the lab-scale system (See Appendix 1).
Tegting isplanned in apilat plant to identify the optimum leve of grinding required (if any) for
trouble-free gasification.

Table 1. Ultimate Compost Analysis

Component Weight Per cent
Moisture, as received 18.7
Carbon 34.1
Hydrogen 3.3
Oxygen 19.2
Nitrogen 0.7
Sulfur 0.2
Chlorine 0.4
Ash 23.4

The gross heating vaue of the compost was cdculated using Dulong's formula:
Higher Heating Value (HHV in Btu/lb) = 14096* C + 61,031* (H - O/8) + 3,984* S,

Where C,H,0 and S are the weight fractions of carbon, hydrogen, oxygen and sulfur in the
sample. The HHV for the dry compost was calculated as about 6,600 Btu/lb. The HHV of the
40% solids durry was then about 2,640 Btu/lb. See Appendix 1l for a discussion of lower
heating vaue (LHV) and the exergy of durries.

A summary of test resultsfollows:

Through experimentation pumpable biomass durry mixtures containing 40 wt.% solids
were achieved which exceeded the target god of 23 wt.% solids.
The lab-scale heat recovery steam generator converted 98% of the carbon in the durry to
gases.
Gases produced from composted sewage dudge and municipa waste:

0o 8-11%H,

0 16-17% CH,

o 7-12%CO

11



0 56% CO,
0 6% Other

The high concentration of CO, is a direct result of high oxygen content in the feed. All of the
pressurized gases from SCWG can be used to produce eectric power in the VTC expander
turbine. However, excess CO, and deam may interfere with combudtibility in the gas turbine
combugtor.  This potentid problem will be addressed in the pilot plat teting sage of
development.

Liquid effluent andyss

0 1350-2630 mg/kg tota organic carbon
7.66-7.81 pH

<0.01 mg/kg Cr

<0.04 mg/kg Ni

<1.52 mg/kg Fe

0 93,000 mg/kg tota suspended solids

Totd sugpended solidsin the liquid effluent was less than 10%, supporting the feasibility of
recycling liquids for durry preparation after filtering to provide zero liquid effluents. No
toxic materials were produced that would limit disposal of the resdue in alandfill.

OO Oo0Oo

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

A thermodynamic computer simulation model and alife cycle cost mode were prepared and
compared to an ASPEN simulation prepared for U.S Patent 5,280,701; 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 sufficiently closeto
expected commercia operations to provide preliminary predictions of system performance.
Results of the computer smulations included:
0 Projected 62% thermd efficiency to dectric power for ahybrid plant using a solid
oxide fud cdl. Projected efficiency for application to an existing steam power plant
is over 50%.
0 Projected capital cogts of $1,100/kWh for anew hybrid plant, with projected cost of
basdload power generation at $100/MWh.
0 Projected capitd costs of $500/kWh for retrofit to an existing GTCC plant, with
projected cost of basdload power generation at $50/MWh.
o Rerdfitsfor repowering exigting boiler plants are competitive with GTCC plants
burning natura gas & over $3.00/million Btu.

A computer-based process smulation modd was prepared for anet 156 MW hybrid version of
the VTC that includes material and energy balances. The heat and mass balance data were
adjusted for 50 MW totd output. Results predicted 62% HHV thermd efficiency to dectric
power using a supercritical steam turbine, asolid oxide fud cdl and acommercia gas turbine.
The improved system appears to be patentable (See Appendix 11).



Conclusons and Recommendations

This prOJect resulted in the following conclusions:
The test results support the continued investigation of composted municipa waste as an
economica fuel source for GTCC and existing steam power plants.
We demonstrated that compost made from municipd solid wastes and sewage dudge can
be made into adurry with 40 wt% solids, which sgnificantly increases the range of
goplications, including the production of vauable byproducts, such as hydrogen. This
mixture tended to clog in the “ainch prehesater tube which was completely dleviated by
changing to 3/8 inch tubing. This problem is not expected in larger tubes.
The project successfully demonstrated that the compost durry can be used in a SCWG
process to produce energetic gases and steam, including gpproximately 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 asmdl amount of CO. The CO»
can be separated for reduced emissons. It is unknown what effect compost grinding hed
on resdence time for gadfication. It is aso unknown what impact scaing up the reactor
tubes will have on the SCWG process.
Sufficient yield data was collected to determine gas composition, perform a carbon
baance 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 fully assess those effects over the long-
term under standard operating conditions.
Environmentally, 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 gpproximately 34 tons of
inorganic materid.
The results of the computer smulation modes are encouraging in terms of supporting an
economic case for commercidization; however, the modds il include many
assumptions that remain to be vaidated.

The next step isto assess the regime of durry concentrations by conducting tests over the
ussful range usng full-scale HRSG reactor tubes. Thelogica test bed would be the new
SCWG research pilot plant being constructed at Genera Atomicsin San Diego that is
designed to test awide range of SCWG gpplications. Additiond funding is needed to
conduct tests to determine the following:
Identify the optimum concentration of durry that can be successfully gasified in full sze
reactor tubes,
|dentify the optimum level of grinding required (if any) for trouble free gasification in
full sze reactor tubes,
Confirm durry digtribution in a 10-tube inlet manifold for scaleup to acommercid plant,
Confirm that the energy balance for SCWG is the same using full sze reactor tubes,
Evauate 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, including liquid
hydrocarbons and carbon,
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Refine computer models and economic feasibility analyses for retrofit to existing ges
turbines and boilers, and

Collect and test fuel gases for combudtibility in existing gas turbines, fud cdlsand
boilers.

By establishing the technica feasibility of the proposed SCWG concept, the project moves
one step closer to making asignificant contribution to the Public Interest Energy Research
(PIER) program objective of improving energy cost of Cdliforniaéectricity through the use
of inexpendve biomassfuels. The project dso has the potentid to contribute to the PIER
objective of mitigating environmenta risks, including reducing emission of greenhouse gases
and ground water contamination by removing biomass materias from the landfill and by
diverting waste sireams away from landfills.

The data generated in this project resulted in a projected increase in system efficiency of 10%
for an exigting steam power plant retrofitted with this technology. Thisincrease derives from
the current efficiencies of about 40% being improved to over 50% with this technology.
Further, an increase in plant biomass consumption capacity of 220% was obtained over the
previous best estimates. This percentage is based on the demonstrated increased percentage
of solidsin the durry and shorter residence time required in the HRST tubes.

Cdiforniais currently generating about 575 Mw from biomass sources (cited from Cdifornia
Biomass Energy Alliance). These plants use forestry, agricultural and urban wood wastes for
fue. With this technology we can add composted MSW, sewage dudge and green yard
wastes. The city of San Diego aone generates 200,000 tons of these materidsyearly. Itis
estimated that the mgor urban areas of California generate sufficient MSW and sewage
dudge to support Ten 50 MW combined cycle power plants of the type proposed for atotal
capacity of 500 MWs. Requirements to increase the diverdon of landfill waste streams and
the increasing costs of naturd gas further reduces the risks associated with commercidization.
The lifecycle cost analysis targets fuel cost of the processed compost at about $1.00/Mbtu.
Thisis based on the assumption that the tipping fees cover the mgority of the cost of
processing the biomass into compost.

Assuming the ten 50 MW combined cycle power plants were built and used for base load
generation at 80% availahility (7000 hourslyear), they will produce 3,500,000 Mwh of
electricity per year. Under current conditions this power could be sold on along term contract
at 7 to 8 cents/Kwh, resulting in revenues of $280,000,000 per year. Consider that the fuel
cost savings of displacing naturd gas a $5.00 Mbtu in this andyssresultsin fud cost savings
of about $100,000,000/ year.
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Development Stage Assessment
Table 2 isabar chart table describing the overal development effort in terms of the EISG Stages
and Gates process.

Table 2. Project Development Stage Activity Matrix

1 2 3 4 5 6 7 8
Idea Technical Technology Product Demon- Market Commer-
Stages Generation | & Market | Research | peyelop- Develop- stration Transfor- | cialization

. Analysis ment ment mation
Activity

Marketing

Engineering/
Technical

Legal/
Contractual

Risk Assess/
Quality Plans

Strategic

Production.
Readiness/

Public Benefits)
Cost

Marketing

Graduate students at the University of Colorado Business School prepared a preliminary
Business Plan. This preliminary Plan is outdated and needs to be changed with a new title
and improved schedules and costs to be determined in the proposed Stage 4 technology
development project. Customer needs should be clarified as part of this process, including
estimates of market potentia for various applications of the technology. Potentia
commercidizers should be contacted and interviewed for the Business Plan to provide
feedback from existing customers as well asto identify additional customers and
stakeholders.

Enginearing/Technicad

Performance goa's have been set, as outlined in this report, including over 50% thermal
efficiency for retrofit projects, power costs below $0.05/kWh, fuel cost reductions, minimum
emissons and zero liquid effluents. A technical andysis should be prepared using a peer
review process gpproved by the Commission. The product has met or exceeded the technical
godls st for the project in Stage 3 and met the feagibility criteria

There isjudtification to proceed with the proposed Stage 4 development project with pilot
plant testing before solving the remaining technica problems. The pilot plant isthe only
source of sufficient equipment, instrumentation, capacity and cgpabilitiesto solve the
remaning technica problems. A Test Plan for the pilot plant and subsequent field
experiments should be developed to direct data acquisition and andysis that support the
proposed process and economic models.

Legd/Contractual

U.S. Patents 5,280,701 and 5,339,621 have dready been issued. Development of additional
intellectua property, including improvements and information related to specific
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goplicationsis anticipated. Proprietary information, including intellectud property, will be
protected in accordance with best business practices and Commission requirements. No
other legd patents issues have arisen a thistime.

Identified commerciadizers will be asked to submit existing and projected sales data as part
of the process for selecting a commercidizer for this technology.

Risk Assessment/Qudity Plans

A Qudlity Plan needs to be developed that meets |SO 9004 Quality Management and 1SO
9001 Qudity Assurance criteria. The Quality Plan will specify qudity control criteria,
including technica performance, safety and environmenta performance, in accordance with
ASME, AWS, ASTM, |IEEE standards, Cdiforniaand federal regulations. Selected
eements of the Qudity Plan will minimize risks by applying risk reduction techniques with
safety andys's methods.

Environmenta and safety issues include measurement and prediction of any emissons
basad on pilot plant results, continuous emissions monitoring, zero liquid effluents, resdue
disposa and licensing. Theseissues will be resolved during the proposed Stage 4
development project so that Gate 4 criteriawill be met.

A life cycle andysisis proposed to be performed early in the pilot plant step of Stage 4
development to support life cycle cost andlyses and predictive maintenance costs for the
Business Plan. No new risks have been identified at thistime. Any new risks that result
from the proposed Stage 4 pilot plant testing will be identified and reported in accordance
with Commission requirements in close collaboration with PIER Staff.

Strategic

Development of the technology has been linked to PIER policy objectives. This project
does not gppear to impact other PIER projects a thistime. This project is not criticaly
dependent on other projects under development within PIER or elsewhere.

Production Readiness

A research and development collaborator has been identified in Generd Atomicsin San
Diego. Top candidates for commercidizing partner remain to be identified and interviewed
in support of product marketing and the revised Business Plan to fulfill lega and contractud
requirements described above. The sdected commercidization partner should submit
evidence of afirm commitment based on successful completion of Stage 4 tasks and
meeting the criteriafor Gate 4 product development and field testing in Stage 5.

Public BenefityCogts

The empirica data generated in this project resulted in a significant increase to the
cdculated Cdifornia public benefit-cost ratio. Project results support continued concept
development for retrofits to existing natural gas fired boilers and combined cycle plants.
The benefits to be derived from subgtituting biomass fuds for higher-codt fuds, indluding
more expensgive natura gas has improved since this project was completed.
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