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trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



ABSTRACT

Under DOE sponsorship, McDermott Technology, Inc. (MTI), Babcock & Wilcox
Company (B&W), and Minergy Corporation developed and evaluated a sludge derived fuel
(SDF) made from sewage sludge. Our approach isto dry and agglomerate the sludge, combine it
with afluxing agent, if necessary, and co-fire the resulting fuel with coal in a cyclone boiler to
recover the energy and to vitrify mineral matter into a non-leachable product. This product can

then be used in the construction industry.

A literature search showed that there is significant variability of the sludge fuel properties
from a given wastewater plant (seasonal and/or day-to-day changes) or from different wastewater
plants. A large sewage sludge sample (30 tons) from a municipal wastewater treatment facility
was collected, dried, pelletized and successfully co-fired with coal in a cyclone-equipped pilot.
Several sludge particle size distributions were tested. Finer sludge particle size distributions,
similar to the standard B& W size distribution for sub-bituminous coal, showed the best
combustion and slagging performance. Up to 74.6% and 78.9% sludge was successfully co-
fired with pulverized coal and with natural gas, respectively.

An economic evaluation on a 25-MW power plant showed the viability of co-firing the
optimum SDF in a power generation application. The return on equity was 22 to 31%, adequate
to attract investors and allow a full-scale project to proceed. Additional market research and
engineering will be required to verify the economic assumptions. Areasto focuson are: plant
detail design and detail capital cost estimates, market research into possible project locations,
sludge availability at the proposed project locations, market research into electric energy sales

and renewabl e energy sales opportunities at the proposed project location.

Asaresult of this program, wastes that are currently not being used and considered an
environmental problem will be processed into arenewable fuel. These fuels will be converted to
energy while reducing CO, emissions from power generating boilers and mitigating global
warming concerns. This report describes the sludge analysis, solid fuel preparation and
production, combustion performance, environmental emissions and required equipment.
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1.0 EXECUTIVE SUMMARY

1.1 Introduction

In response to DOE's “ Solid Fuels and Feedstocks Grand Challenge”’, McDermott
Technology, Inc. (MTI), (the R&D affiliate of B& W), and Minergy Corporation developed a
project to evaluate sludge derived fuel (SDF) produced from sewage sludge. Our approach isto
dry and agglomerate the sludge, combine it with a fluxing agent, if necessary, and coal, and burn
the resulting fuel in the cyclone boiler to recover the energy and to vitrify mineral matter into a
non-leachable product. This product can then be used in the construction industry. Asaresult of
this program, wastes that are currently not being used and considered an environmental problem
will be processed into arenewable fuel. These fuels will be converted to energy while reducing
CO; emissions from power generating boilers and mitigating global warming concerns. Phase |
of the project consisted of the laboratory scale development and testing of the technology. Phase
Il was intended to be for the proof-of -concept testing of the technology, however, MTI elected

not to pursue funding. Thisreport coversall Phasel activities.

1.2 Results

Phase | consisted of afeedstock preparation effort followed by pilot-scale combustion
evaluation of promising SDF formulations and an economic study. A large sewage sludge
sample (30 tons) from amunicipa wastewater treatment facility was collected. The fuel
properties of sewage sludge were characterized. The moisture level of the raw sludge was, as
expected, very high (78%). On adry basis, the sludge had 8346 Btu/lb and 36% ash, illustrating
the available energy that could be recovered, along with a high amount of ash that will be
converted to slag. Slag viscosity was measured for the melted slag showing that flux is not
necessary for cyclonetapping. The high volatile matter content of 56.5% and nitrogen level of
3.2% showed the potential for high NOy levels under normal combustion conditions and a need
for investigating the combustion performance under reducing conditions via air staging

technology.
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A literature search showed that there is significant variability of the sludge fuel properties
from a given wastewater plant (seasonal and/or day-to-day changes) or from different wastewater
plants. Major human health effects of sewage sludge involve skin and eye irritation if the
materials make contact with the eyes or skin. There were no carcinogens (per OSHA, IARC,
NTP) in the sewage sludge tested. The sludge was classified as natural organic fertilizer. The
trace metals and volatile organics can be detected in the dried sewage sludge in quantities less
than 0.1%. The concentration of Hg could be of concern dependent on sludge variability and

regulated levels.

The potential for producing a pelletized or compacted fuel from sewage sludge was
explored. Initialy, the sludge was dried from 78% moisture to approximately 1.5% moisture
using an indirect/oil-heated disc-type dryer. Thistype of dryer produced a fine product (mostly
finer than 40 mesh). Agglomerating options were reviewed to produce SDF and to produce
different particle size distributions for testing in a cyclone-equipped pilot boiler. A sample of
dried sludge was shipped to Midland Research for agglomeration testing. Midland Research
used a briquetting technique to develop a%2-inch agglomerated fuel. Crushers were used to
reduce the agglomerated fuel to the desired size for cyclone furnace optimization testing. In
addition, an indirect/steam tube rotary dryer and afluidized bed dryer were used to produce
agglomerated fuel by drying alone and without the use of other processes such as briguetting.
The dried material was stored in MTI’s Small Boiler Simulator facility in 55-gallon containers

for six months and absorbed very little moisture.

MTI’s 6-million Btu/hr SBS was utilized to perform the pilot-scale study. The facility,
that is equipped with an 18-inch cyclone furnace, simulates the gas side of full-scale boiler
operation. Thisfacility had been permitted to burn coal and gas, and we contacted EPA and
obtained a permit to burn SDF in the facility. SBS combustion tests were carried out at a
nominal load of 5-million Btu/hr. SDF and coal or natural gas were co-fired. The tested coal
was a Powder River Basin (PRB) seam coal. The key parameters for investigation were the
sludge feed rate, SDF preparation process (resulting in sludge particle size and moisture content),

co-firing fuel (natural gas and coal), cyclone stoichiometric ratio and secondary air temperature.
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The combustion of sludge was generally stable and showed good performance compared to
numerous coals and a paper mill sludge that have been previously tested in the SBS. The

cyclone was hot, and slag was tapping from the cyclone and bottom tap.

An economic evaluation on a 25-MW power plant was performed to determine the
viability of firing/co-firing the optimum SDF in a power generation application. The estimated
capital construction cost was $1600 per kilowatt resulting in a $40 million total construction
cost. Based on the results of the pilot-scale testing and the co-firing of 50% (of the heat input)
from coal, the remaining 50% of the heat input from the biomass was assumed for the full-scale
boiler. The study showed that return on equities ranged from 22% to 31%. Major sensitivities

were coa co-fire rates, processing fees for the biomass material and electric sales price.

1.3 Conclusions and Recommendations

The following conclusions and recommendations were derived:

SDF can be produced by partially drying and pelletizing of sewage sludge.

Sewage sludge, when properly dried and sized, can be successfully co-fired with

natural gas and coal in aB&W cyclone bailer.

Finer particle size distributions, similar to the standard B& W size distribution for

sub-bituminous coal, showed the best combustion and slagging performance.

Short-term (one to two hours) tests showed that sludge dried t010% moisture
performed similarly to sludge dried to 2% moisture (slag tapping did not change).

Up to 74.6% and 78.9% sludge were successfully co-fired with pulverized coal and
natural gas, respectively.
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Increasing the secondary air temperature from 800°F to 900°F improved slag tapping
(judging by visual observation).

NOy emission levels decreased, as expected, with cyclone stoichiometry. The
uncontrolled NOx emissions at the maximum sludge input were 1300 - 1400 ppm.
NO, emissions decreased to 460 - 625 ppm at a cyclone stoichiometry of 0.95 - 0.99.
SCR or SNCR can be used to reduce NO, emissions to the compliance level.

Firing the sewage sludge produced 1087 ppm and 1320 ppm SO, emissions for
natural gas and coal firing with 78.9% and 74.6% sludge heat input, respectively.

The technology would need a scrubber for reducing the SO, emissions.

VOC and CO emissions were very low (less than 0.5 ppm and 50 ppm, respectively)
during the optimum conditions of coal and sludge co-firing. CO emission was very

sensitive to sludge feed rate fluctuations.

The mercury concentration in the stack was high (144x10°® grams/ Nm®) due to the
high mercury concentration of the sludge (1.0 ppm). However, a high percentage
(76.7%) of mercury was oxidized which was attributed to a chlorine level of 0.21% in
the sludge. A scrubber should be able to reduce the mercury concentrations.

Based on the assumptions used, return on equities ranged from 22% to 31%. Major
sensitivities are coal co-fire rates, processing fees for the biomass material, and
electric sales price. The return on equity should be adequate to attract investors and
allow the project to proceed.

Significant variability exists between the sludge fuel properties from a given
wastewater plant (seasonal and/or day-to-day changes) or from different wastewater
plants. Thisisan important boiler design consideration and suggests that site-specific
laboratory and bench-scal e testing must be performed in order to determineits

potential for firing in a cyclone boiler.
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Additional market research and engineering will be required to verify the economic

assumptions to the degree required by investors. Areasto focus on are:

1) Plant detail design and detail capital cost estimates.

2) Market research into possible project locations and
biosolids availability at the proposed project locations.

3) Market research into electric energy sales and renewable

energy sales opportunities at the proposed project location.

The project Phase Il scope originally entailed full-scale demonstration of SDF usagein
an existing or new cyclone boiler. At the conclusion of Phase, it was decided that minimal fuel
processing is required to burn the sludge in aB&W cyclone boiler. 1t was decided against
pursuing funding for Phase 11 of the project under the DOE’s * Solid Fuels and Feedstocks Grand

Challenge”. Minergy is pursuing acommercia project to commercialize the technology.
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2.0 INTRODUCTION

The key to our Nation’s strong, stable, and secure economic prosperity is available,
reasonably-priced energy. To maintain economic competitiveness and meet its growing energy
demand, the U.S. must improve the utilization efficiency of its domestic resources. Our vast
resources of coal will play astrategic rolein electric power production. Very important will be
the utilization of non-fossil resources such as biomass and waste materials which, when co-fired
with coal, will extend its expected life as an energy resource. Coal is currently estimated to

provide a 200-year supply of cheap domestic energy at current production rates.

The expanded use of coal and waste materials must be done in an environmentally
responsible manner. There isavery high priority on making energy available with minimal
impact on the environment. Continued domestic growth in energy use coupled with dramatic
growth in developing countries, one which will dwarf the growth anticipated domestically, isa
global issue. Increased environmental emissions such as greenhouse gases must be addressed as

effectively as possible.

With the results of the Kyoto Conference in December 1997, the emphasis on climate
change issues has escalated. The world’ sfirst binding international treaty to limit greenhouse
gas emissions will have a mgjor impact on the United States and other developed countries. To
address greenhouse gas emissions reductions in line with the proposed treaty, the U.S. will need
to take action on a number of different fronts. Scientific consensus seems to be that any
measurable reductions in atmospheric CO, will require a combination of schemes which include

improved energy efficiency, energy conservation, and use of renewable fuels.

Interest is growing in the United States in the production of energy from waste materials.
Sewage sludge is a readily available source of biomass, approximately 10 million tons/year®,
that can be utilized for its fuel value. Papermill sludge from production of paper products
represents another 17 million tonslyear of available sludge®. However, the material can contain
awide variety of toxic substances, inorganic, organic, and biological. Available methods to

dispose of the sludge include: incineration (which releases pollution into the air), landfill (which
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contaminates ground water), ocean dumping (where it has created vast underwater dead seas),
and gasification (which is most expensive). Sewage sludge as afertilizer, an existing use for this
material, allows the accumulation of toxic materialsin the food chain since they are recycled in
the food we eat.

Thus, although sludges are an abundant renewabl e source of waste, environmentally
appealing cost-effective uses for them are rather limited. The basis of this project isto
restructure the waste into a sludge derived fuel (SDF) and combust it in a cyclone-fired boiler.
This addresses the biohazards associated with the material, since they are destroyed at
combustion temperatures found in a cyclone. Cyclone firing of the SDF also addresses
hazardous elements content. The cyclone produces a vitrified slag that captures the
predominance of toxic elements. Once solidified, the slag locks toxic compounds out of the
environment for extended periods. The slag also has many uses in the construction industry and
can be sold as a useful byproduct. This method of utilizing the SDF also improves the

economics of the process, sinceit is burned with coal (versus natural gas).

Our approach isto partialy dry and pelletize the compacted sludges, combine them with
afluxing agent, if necessary, and coal and burn the mixed fuel in the cyclone boiler to recover
the energy and to vitrify mineral matter to form a non-leachable slag. It ispossible that it is not
economical to pelletize coal and sludge together. In this case, the pelletized sludge will be co-
fired in the cyclone. It isthe overall process, sludge to steam/electricity, that is novel. It hasthe

following attributes:
1. It processes the environmentally unfriendly components of the ludge as a
result of the high temperatures of combustion and isolates toxic compounds

in auseable vitrified dag,

2. It provides apositive impact on CO, emissions by virtue of using a

renewable fuel, and
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3. It disposesof amateria that will otherwise continue to accumulate at great

cost, causing ever increasing environmental problems.

Figure 2-1 presents the process.

‘Paper Sludge

e

Paper Mill

Glass
Aggregale
Sizing

A

Figure 2-1. Schematic of Sludge Process Plant

The project was planned in two phases. Phase | consisted of afeedstock restructuring
effort followed by pilot-scale combustion testing of promising SDF formulations. Phase |l was
planned to entail proof-of-concept-scale demonstration of SDF usage. However, this work was
not pursued under DOE funding but is currently being devel oped using private-sector financing.

Figure 2-2 shows alogic diagram for the project.
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Figure 2-2. SDF Program Logic Diagram
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Objectives of Phase | of this project are:

1. To characterize Sludge and develop an SDF that can be co-fired with a fossil
fuel such as coal or natural gas.

2. Toevaluate the solid fuel for combustion performance in a cyclone-
equipped pilot boiler, i.e., MTI’ssmall boiler smulator. Thiswill include
characterization of slag samples from the cyclone to assure isolation of toxic
materials aswell asto identify potential uses of the slag in the construction

industry.

3. To perform an economic evaluation of the technology. The concept must
have demonstrated economic value in the power generation industry if itis

to be widely accepted.

This report documents the result of Phasel. To accomplish the objectives of the project,

aworkscope consisting of five tasksis planned:

Task 1: Sludge Characterization and Bench-Scale Testing
Task 2: Sludge-Derived-Fuel Production

Task 3: Pilot-Scale Testing

Task 4: Economic Evaluation

Task 5: Reporting and Project Management
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3.0 RESULTSAND DISCUSSIONS

31 WBSLevel 3Task I.1: Sludge Characterization and Bench-Scale Testing

The objective of thistask was to characterize the fuel properties of sewage sludge and to

access its applicability to cyclone firing operation.

3.1.1 Subtask I.1.1: Sludge Characterization — A large sewage sludge sample from a

municipal wastewater treatment facility was collected. The sample, as expected, had a moisture
content of 78%. The proximate and ultimate analysis of the composite sample on adry basisis
shown in Table 3-1.

Table 3-1. Sewage Sludge Proximate and Ultimate Analyses

Proximate Analysis (%)
Moisture 78
Fixed Carbon 11
Volatile Matter 124
Ash 7.95

Ultimate Analysis (%) —Dry Basis
Carbon 42.64
Hydrogen 5.92
Nitrogen 3.16
Sulfur 0.820
Oxygen 11.34

Heating Value (Gross), Btu/lb Dry 8346

Most of the tests were performed with this sludge. During the tests several as-fired
samples were analyzed to determine day-to-day variability (see Appendix A). Later on asmaller
sample was taken from the same facility and additional tests were performed. Appendix A aso

shows the analysis on the second sample.

On adry basis the large sample sludge has 8346 Btu/lb and 36% ash, illustrating the
available energy that could be recovered, along with a high amount of ash that will be converted
to dlag. Of special importance is that the high volatile matter content of 56.5% and nitrogen
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level of 3.2% of the sludge would result in high NOy emissions in anormal cyclone operation.
Thus, we are considering a staged combustion mode for thisfuel (seel.3.3). An ash mineral
analysis was performed using the X-ray Florescence (XRF) method for determining the major
metal oxide constituents (See Table 3-2).

We planned to use a Powder River Basin (PRB) coal for the tests. However, thefirst coal
received and tested contained 1.65% sulfur and 12,360 Btu/lb indicating that the coal was not a
PRB coa. A second coal was shipped to MTI which contained 20.95% moisture, 5.77% ash,
and heat content of 9,503 Btu/lb. Appendix A shows the analyses of both coals.

Table 3-2. Sludge and Coal Ash Mineral Analyses

Metal Oxide | Sludge (%) Coal (%)
SO 34.5 34.0
Al;0s 14.6 10.8
CaO 10.8 22.5
MgO 4.0 3.2
Fe,Os 16.2 1.6
P.Os 15.9 11
TiO; 14 1.6
K20 2.1 0.8
Na,O 0.6 1.7
Total 100.1% 77.3%

The sludge and sub-bituminous coal ash mineral analyses show that both contain high
levels of basic compound (e.g., CaO, MgO) an analysis similar to sub-bituminous coals. The
high concentration of phosphorus could cause corrosion and or fouling problemsin the
convection pass. The analysis was also used in determination of slagging characteristics and the
potential need for aflux (see Subtask 1.1.2).
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A major concern of combustion of sewage sludge is the variability of fuel from agiven
wastewater plant (seasonal and/or day-to-day changes) or from different wastewater plants.
Table 3-3 shows the fuel variation from different plantsin the Midwest and western United
States. Significant variation exists between the Btu values and ash analysis. Thisis an important
boiler design consideration and suggests that site-specific laboratory and bench-scale testing
must be performed for each sludge in order to determine its potential for firing in acyclone

boiler.

Table 3-3. Variation of Sewage Sludge Fuel Propertiesfrom Different Wastewater Plants

Element Mid West Plants West Plants
(Dry Basis) A (%) B (%) C (%) A (%) B (%) C (%)
Carbon 42.64 42.90 21.50 32.18 36.18 32.72
Hydrogen 5.92 6.30 311 4.60 5.71 4.59
Nitrogen 3.16 2.70 1.74 4.04 5.20 4.50
Sulfur 0.82 0.70 0.16 297 2.18 1.93
Oxygen 11.34 23.10 55.02 41.78 36.20 40.56
Ash 36.12 24.30 18.47 14.12 15.07 15.70
Heating Value, Gross 8346 7949 3593 6280 6982 6184
(btu/lb dry)
Mid West Plants West Plants
Metal Oxide A (%) B (%) C (%) A (%) B (%) C ()
SO, 34.5 39.2 20.8 25.9 27.6 20.8
Al,O; 14.6 135 10.0 10.3 10.6 10.4
CaO 10.8 17.5 40.7 14.4 16.9 18.7
MgO 4.0 1.4 4.3 2.0 3.2 1.8
Fe,03 16.2 6.2 11.1 24.6 15.7 22.3
P,Os 15.9 16.5 7.9 18.3 214 21.7
TiO, 14 1.7 0.7 0.7 1.2 0.8
K,O 2.1 1.4 1.0 1.0 0.8 0.8
Na,O 0.6 1.3 1.0 1.7 1.1 1.1
TOTAL: | 100.2% 98.6% 97.6% 98.8% 98.5% 98.4%

One concern about using sewage sludge is the heavy metal content. Table 3-4 showsthe
concentrations of metals in the sewage sludge as measured by standard EPA Methods. The
impact of the metals should be reviewed on a site specific basis. It should be mentioned that a

cyclone should vitrify alarge portion of metals with high boiling points (like Chromium) in the
dag.
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Materia health effects of sterilized sewage sludge are documented in Appendix B. Major
human health effects involve skin and eye irritation if the materials make contact with the eyes or
skin. There are no carcinogens (per OSHA, IARC, and NTP) inthe sludge. Thedried sludgeis
classified as natural organic fertilizer. The trace metals and volatile organics can be detected in
the dried sewage sludge in quantities less than 0.1%. The concentration of Hg could be of
concern dependent on sludge variability and regulated levels. For comparison, the heavy metals
content from atypical PRB is shown in Table 3-4.

Table 3-4. Sewage Sludge Heavy Metals (on adry basis)

Element Sludge Typical PRB
Coal

Antimony <1 ppm

Arsenic 5.8 ppm 5.62 ppm
Barium 69.0 ppm

Cadmium 8.1 ppm 0.148 ppm
Chromium 110.0 ppm 8.37 ppm
Cobalt 3.0 ppm 2.41 ppm
Lead 28.0 ppm 4.86 ppm
Manganese 53.0 ppm 49.54 ppm
Nickel 21.0 ppm 6.81 ppm
Selenium 8.2 ppm 1.26 ppm
Mercury 0.080 ppm 0.105 ppm
Zinc 300.0 ppm

3.1.2 Subtask I.1.2: SDF Chemical Formulation — The chemical data was analyzed

for compatibility to cyclone boiler operation. The metal oxide analysis was reviewed for its

glass making properties. The calculated temperature at which the slag has a viscosity of 250
poise (T250) is well within cyclone capability. Although, our calculations showed that fluxing
probably is not needed on this sample of sludge, these calcul ations are based on a database of
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coal ashes, and there is potential for error when it is extrapolated to sludge ash. The measured
slag viscosity is shown in Figure 3-1. The measured T250 is 2300°F for the melted slag showing

that flux is not necessary for normal coal firing applications.

Sewage Sludge Slag Viscosity

1500

1000 *
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¢ .

Slag Viscosity
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0 T T
2100 2200 2300 2400 2500

Temperature (F)

Figure 3-1. Slag Viscosity

However, we performed flux tests of the sludge ash in order to lower T250 (and
maximize total heat input by the sludge). Limestone and cullet (a by-product of the glass
industry) were selected as fluxing materials. The measured viscosity tests with 10% cullet
showed higher slag viscosities than the slag viscosity for Sludge alone. We decided to proceed
with the pilot tests assuming that we will not flux the sludge. Depending upon the potential
sludge variability, flux may be required in the commercial applications to consistently maintain
acceptance slagging characteristics. Limestone or sand may be used as flux depending on the

characteristics of the sludge.

3.2 WBSLevd 3Task |.2: Sudge-Derived-Fuel Production

The objective of thistask wasto characterize the sludge with respect to its potential for
producing an agglomerated fuel. A large sample, approximately 30 tons, of sludge was taken by
Minergy from awastewater treatment plant and transported to a properly permitted drying
facility. The sludge was dried using three different types of dryersfrom 78% moisture to
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approximately 1.5% moisture and was then shipped to MTI. The dried material was stored in the
SBSfacility in 55-gallon air sealed containers for six months and absorbed very little moisture
(material tested contained up to 3% moisture).

Cyclones typically perform well when firing a good bituminous coal with a particle size

distribution that is nominally asfollows:

Size Mesh % Lessthan
H#4 90
#3 73
#16 52
#30 34
#50 21
#100 12
#200 7

Although thiswas our initial predicted sludge size distribution, optimization of sludge size was a

key combustion parameter to maximize sludge utilization.

Minergy utilized three types of dryersto produce the feed material. The first type was an
indirect/oil heated disc type dryer. No product back mixing was required with this arrangement.
This type of dryer produced afine product (mostly finer than 40 mesh) which requires

mechanica compacting to obtain the required cyclone fuel sizing specification.

The second type of dryer used was an indirect/steam tube rotary dryer. Thistype of dryer
requires back mixing. Back mixing isthe process of recirculating a stream of dry material from
the discharge of the dryer to mix with the wet infeed material. With the proper mixing rates and
design and speed of the mixer, the mixture will form an agglomerated product that will hold up
through the drying process. These materials were tested as base line conditions for suitability for
cyclonetesting. The third type of dryer used was a fluidized bed dryer that showed promise of a
viable agglomerated fuel.
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Other mechanical agglomerating options (versus dryers) were reviewed to determine the
appropriate particle size distribution for cyclone boiler operation. A sample of the dried sludge
was shipped to Midland Research for agglomeration testing. Midland Research used a
briquetting technique to develop an agglomerated fuel. Midland Research produced 1/2"
briquettes from the sludge. Figure 3-2 shows a photograph of the briquetted materials.

Figure 3-2. Sewage Sludge Briquettes

Appendix C contains letter reports explaining the processes for drying and briquetting of
sludge. It isnoted that the briquetting technology could produce very strong agglomerated
materialsif adequate water is added. We chose to add a moderate level of water to produce a
fuel that could be easily crushed for cyclone operation. Crushers were used to reduce the
agglomerated fuel to the desired size for cyclone furnace operation. The sludge size distribution
was a key parameter to maximize sludge utilization (See Task 3).

As mentioned earlier, all thiswork was performed with a 30-ton sample of sludge. The
dried material, produced by an indirect/steam tube rotary dryer, was relatively fine and contained
1.5% moisture. The material was stored in the SBS facility in 55-gallon air sealed containers for
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six months and absorbed very little moisture (material tested contained up to 3% moisture).
However, economic considerations indicate that we needed to test sludge with a higher moisture
(10%) level.

Minergy took a 10-ton sludge sample from the Detroit facility and attempted to dry the
sludge to nominally 10% moisture. They used an oil-fired drier that dried most of the sludge to
2% moisture. Only three barrels were dried to 10% moisture, two barrels to approximately 5%
moisture, and the remainder (20 barrels) was dried to 2% moisture. To achieve our objective we
decided to increase the sludge moisture by spraying fine water on seven barrels of 2% moisture

sludge.

We noticed some differences in some of the sludge. The sludge that was dried to 10%
moisture had more fiber (judged by visual observation) and contained only 6510 Btu/lb (7296
Btu/lb, dried basis). The sludge that was moisturized from 2% to 10% was similar to the
previous batch from Detroit and had a Btu value 7402 per pound (8267 Btu/lb, dried basis). This
can be aresult of drum to drum sludge variability. It isimportant to mention that the composite

Btu value from the sludge provided by the customer was only 6081 Btu/lb on adry basis.

The fibrous sludge was low in density and difficult to feed with the gravimetric belt
feeder. We experienced non-uniform sludge feed with this low-Btu fibrous sludge. Fewer
problems were experienced while feeding the moisturized sludge. This sludge contained 37.7%
ash, 2.96% nitrogen, and 8267 Btu/lb (on adry basis). Appendix A shows the sludge and coal

analyses.

3.3 WBSLeved 3 Task |.3: Pilot-Scale Combustion Testing

The purpose of thistest isto demonstrate the co-firing of SDF and coal or other fossil
fuelsin acyclone-equipped pilot. The datafrom combustion testing and the slag |eachability
tests will be used for the design and permitting of the planned proof-of-concept-scale
demonstration. The main focus of the combustion tests was to determine the following

parameters:
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1. Themaximum sludge feed rate to the cyclone while cyclone slagging is maintained.
2. Theoptimum sludge feed size and moisture level for proper cyclone
operation (slagging).

3. Theemission levelsincluding NOy, CO, SO,, VOC, and mercury levelsin

the convection pass exit.

3.3.1 Subtask [.3.1: Making SDF — Midland Research produced two batches of
sewage sludge briquettes that were crushed later for combustion testing. The two batches of the

material were prepared using the same technique and produced similar SDF containing similar
moisture (see below). Also dried agglomerated material was prepared by two technologies: a
fluidized bed technology, and an indirect/steam tube rotary dryer. These processes produce an
agglomerated fuel by drying alone and without the need of another technique such as briquetting.
The materials were shipped to MTI. In addition, Minergy had already delivered to MTI afine
dried material using an indirect/oil heated disc type dryer. These three techniques produced
three different size distributions that were tested in the cyclone pilot.

Figure 3-3 shows the particle size distribution of the three samples as well asthe B& W
standard coal firing size distributions. B&W recommends a finer feed for subbituminous coal
for cyclone firing than for bituminous coals. The lower and upper lines are the recommended
size distribution for bituminous and subbituminous coals. Processing the indirect/oil-heated,
disc- type dryer produced adry materia (3.57% moisture as fired) similar to the B&W
recommended size distributions for subbituminous coal. The two batches of briquetted/crushed
material by Midland Research were coarser and contained 4.06 and 5.4% moisture. The dried
and agglomerated material produced by an indirect/steam tube rotary dryer was much coarser
and contained 6.37% moisture. We decided to screen the material through a 3/8" screen.

Appendix A showsthe analysis of sludge.

3.3.2 Subtask 1.3.2: Combustion Equipment Site Preparation —MTI’s 6-million
Btu/hr Small Boiler Simulator (SBS) was utilized to perform the pilot-scale study (Figure 3-4).

A short description of the facility pertinent to scale-up is presented here.
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The SBSisfired by asingle, scaled-down version of B&W’s cyclone furnace. Coarse
pulverized coal (50% through 200 mesh), carried by primary air, enters tangentially into the
burner. Pulverized coal had to be utilized in the SBS instead of crushed coal to obtain complete
combustion in this small cyclone. Preheated combustion air at 600° to 800°F enters tangentially

into the cyclone furnace.
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Figure 3-3. Sewage Sludge Particle Size Distributions
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Figure 3-4. Small Boiler Simulator (SBS)

The water-cooled furnace simulates the geometry of B& W'’ s single-cyclone, front-wall
fired cyclone boilers. The inside surface of the furnace isinsulated to yield a furnace exit gas
temperature (FEGT) of 2250°F at the design heat input rate of 6-million Btu/hr. Thisfacility
simulates furnace/convective pass gas temperature profiles and residence times, NOy levels,
cyclone slagging potential, ash retention within the resulting slag, unburned carbon, and fly ash
particle size of typical full-scale cyclone units. A comparison of baseline conditions of these
unitsis shown in Table 3-5.
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Table 3-5. Comparison of Baseline Conditionsfor the
SBS Facility and Commercial Units

Typical Cyclone SBS Boilers
Cyclone Temperature 3000°F 3000°F
Residence Time 1.4 seconds* 0.7 - 2 seconds
Furnace Exit Gas Temperature 2265°F 2200° — 2350°F
NOy Level 700 — 1200 ppm 600 — 1400 ppm
Ash Retention 80 —85% 60 — 80%
Unburned Carbon <1% ash 1-20%
Ash Particle Size (MMD: Bahco) 6 —8 microns 6 —11 microns
* At full load

Two reburning burners can be installed on the SBS furnace rear wall above the cyclone
furnace for NOy reduction (they were not in service for these tests). Each burner consists of two
zones with the outer zone housing a set of spin vanes while the inner zone contains the reburning
fuel injector. Air and flue gas recirculation (FGR) can be introduced through the outer zone.
Overfire air (OFA) ports are located on both the front and rear walls of the SBS at three
elevations, with each elevation containing two ports. The Rear OFA ports were used for air
staging tests.

Thisfacility had been permitted to burn coal and gas, and we contacted EPA and
obtained a permit to burn SDF in the facility. The SBSis equipped with pulverized coa (PC)
fired capability viaagravimetric belt feeder. This small cyclone uses coarse PC (50% less than
200 mesh) for combustion simulation. These feeders were not compatible with SDF due to size.
For SDF firing, a sludge feed system was located close to the cyclone at an €levation higher than

the cyclone. The SDF was fed into an aspirator and was introduced into the cyclone.

3.3.3  Subtask 1.3.3: Combustion Testing — SBS combustion tests were carried out
at anominal load of 5-million Btu/hr. SDF and coal or natural gas was co-fired. The key

parameter for investigation were as follows:
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Sludge feed rate to cyclone

SDF preparation process (resulting in sludge particle size and
moi sture content)

Co-firing fuel, natural gas and coal
Cyclone stoichiometric ratio

Secondary air temperature

The combustion of sludge was generally stable and showed good performance compared
to numerous coals and a paper mill sludge that have been previoudly tested in the SBS. The
cyclone was hot and slag was tapping from the cyclone and bottom tap. Combustion
performance of the sludge was judged by visual observations of the burnout in the cyclone
furnace and in the boiler (thiswill be discussed later in this section). Boiler operationa data and
stack gases (O,, CO,, CO, NOy, and SO,) were measured for all tests. Cyclone and lower
furnace temperatures, fly ash concentrations at the convection pass outlet (before particulate
clean-up equipment) were measured for selected tests. Volatile organic compounds (VOC) and
mercury were measured at the boiler convection pass outlet at an optimum condition. A

summary of all the tests performed during this project is shown in Appendix D.

3.34 Subtask 1.3.4: Data Analysis, Evaluation, and Scaling — The data were plotted
and analyzed as shown below.

Cyclone Combustion and Slagaing Perfor mance

The most critical factor in cyclone operation is slagging performance at the cyclone tap as
well as the furnace bottom tap. The cyclone slagging is discussed versus the key parametersin
this study.

Sludge Size Distributions — The sludge size distribution was varied as was explained in
SDF formulation task. The effect of size distribution was examined in the pilot combustor unit.

As explained before, one of the main variables used to evaluate combustion performance was by
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visual sludge and/or coal carry over into the primary furnace. The tests showed that within the
three different feed sizes tested, the sludge with finer particle size distributions performed the
best. Finer sludge, introduced through the secondary air, tends to stay in the cyclone and burn.
Some particle carry over was observed, but the majority melted in the main furnace before it
reached the bottom slag tap. When the briquetted and crushed material was used, sludge carry
over to the main furnace increased, and some unburned particles entered the furnace slag tap.
That isnot desirable. Briquetted materials need to be crushed finer for optimum cyclone
performance. Larger particle feed sizes from the drying process produced unacceptable cyclone
performance judging from many unburned particles reaching the furnace tap. However, when

the larger particles were screened, cyclone performance was improved.

Co-firing Fuedl — Sludge was successfully co-fired with coal and natural gas. Co-firing

with coal produced a more uniform combustion condition judging from the cyclone exit throat.
The cyclone was hotter, and the cyclone slag tap was open. Slag was tapping from the bottom of
the stag tap. Natural gas co-firing produced acceptable cyclone firing with the slag tap partially
closed, and slag was tapping over the throat. Main furnace slag tapping was easier with natural

gas than coal.

Sludge Feed Rate — Sludge heat input was increased from 13% to 85.7% while the total
heat input was kept constant at 5-million Btu/hr and normal firing conditions under excess

oxygen. The visual observations and slag tap measurements showed that the cyclone was hot,
and slag was tapping out of the slag tap. Figure 3-5 shows that the slag tap temperature without
any sludge input was 2400°F to 2455°F for all conditions (natural gas or coal). The slag
temperature varied between 2300°F and 2530°F as the sludge heat input changed between 13.6%
and 85.7%. Some sludge was also leaving the cyclone and was trapped on the primary furnace
walls before it burned and the mineral matter melted into slag. The highest heat inputs while
mai ntai ning acceptable cyclone slagging performance were 78.9% and 74.6% co-firing with
natural gas and coal, respectively. The highest sludge heat inputs by sludge were determined

from the sludge carry over into the primary furnace.
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Figure 3-5. Uncontrolled Conditions Cyclone Slag Tap Temperature

Fly Ash L oading and Unburned Combustibles— Since the primary advantage of a

cyclone combustor over other boilersis slag formation, we attempted to qualify the percentage of
ash leaving the boiler. After optimum conditions were determined, fly ash loading was
established to determine how much ash is leaving the convection pass outlet (and remainder as
dag). Fly ash measurements showed that most of the ash meltsinto slag and a small fraction of
ash (1.7% and 3% for natural gas and coal co-firing) was entrained in the combustion gases and
captured by the baghouse. Slag from the sludge co-firing was solid and similar to slag from coal
combustion. The unburned combustibles were low in the fly ash ranging from 0.4% to 1% for
natural gas and coal co-firing under the optimum conditions. CO levels were also low, ranging
from 13 to 45 ppm. CO levels occasionally increased when the sludge feed was not uniform.
Overall, the conclusion is that due to the high volatile matter content of sewage sludge, very low
levels of unburned combustibles were detected in the combustion gas at the convection pass
outlet.
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Cyclone Staging — Since sewage sludge contains high levels of nitrogen, the

uncontrolled NOy levels are high. Air staging was considered as the combustion modification
technology to partially reduce NOx. The effect of staging on cyclone performance is discussed
here, and NO results will be discussed later. Figure 3-6 shows the cyclone temperature as a
function of cyclone stoichiometry for coal and gas co-firing for all tests. The data shows that the
cyclone temperature varies with the cyclone stoichiometry in the range tested. Direct
comparison of staged and uncontrolled data on the same day for coal firing shows that the slag
tap was 80°F higher under the staged conditions. Overall cyclone operation was satisfactory in

al conditions.
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Figure 3-6. Staged Conditions Cyclone Slag Tap Temperature

Secondary Air Temperature— The effect of secondary air temperature was eval uated

on the slagging conditions. We judged the performance by cyclone tapping observations as well
as slag tap temperature. Secondary air was increased from a nominal 800°F to 900°F. Slag tap

temperature did not change appreciably but visual observations showed improvement on slag
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tapping on the cyclone and bottom tap. It should be mentioned that the pilot facility requires
higher secondary air (about 100°F) than full-scale units to achieve acceptable slagging
performance.

Sludge Moisture Content — As explained earlier these tests were performed with a

second batch of sludge that was different from the remainder of the tests. A second batch of

sewage sludge was dried to 2% and 10% moisture. We repeated the previous results with 2%
moisture sludge with coal at anominal 70-75% sludge heat input. The cyclone was hot and slag
was tapping. Similar to the previous test, when we staged the cyclone, slag tapping continued
but afew more particles | eft the cyclone and entered into the primary furnace. Short-term (one
to two hours) tests showed that 10% moisture sludge performed similarly to 2% moisture sludge
(slag tapping did not change). This was the most notable result of these tests. After about two
days of testing various parameters, some slag depositsin front of the scroll burner began to form,
and this negatively impacted the combustion performance. The higher moisture content of
sludge and coal and less uniform fuel feed could have contributed to development of slag
depositsin cyclone.
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Figure 3-7. Effect of Sludge Moisture Content on Combustion and NOy L evels
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Environmental M easur ements— The purpose of these measurements was to determine

the selected gaseous and solid emission levels from the combustion of sewage sludge. These
datawill be utilized to determine if any emission reduction technique isrequired. The target

environmental specifications were as follows:

NOy < 0.3 Ib/MBtu

SO, < 0.7 Ib/MBtu

CO <150 ppm

VOC < 0.05Ib/MBtu
Particulates < 0.02 Ib/MBtu
Mercury < 50x10° gram/dscm

NOy, CO, SO,, VOC, and mercury emissions were measured during these tests.
Continuous measurement of NO, CO, SO, was performed during all tests (see Table 1). VOC

and mercury measurements were performed at the optimum conditions.

NO, Emissions — As discussed before, NO, emissions were measured under the

uncontrolled and staged firing conditions. Figure 3-8 illustrates the uncontrolled NO, emissions
for sewage co-firing with coal and natural gas. For coal co-firing the NO, emissions increased
from 690 ppm to a maximum of 360 ppm when sewage sludge heat input varied between zero
(coal firing only) and to 62.1%. Asthe sludge heat input increased to 74.5%, the NO, emissions
decreased dightly to 1314 ppm. Increasing the sludge heat input to 85% produced an
unacceptable firing condition, and the NOy emissions reduced further. With natural gas co-firing
the NOy emissions increased from 305 ppm to a maximum of 1281 ppm when sludge heat input
varied between zero (natural gasfiring) to 72.9%. Increasing the sludge heat input to 81%, NOy
emissions decreased dlightly to 1130 ppm.
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Figure 3-8. Uncontrolled NOy Emissionsfor Sewage Co-firing with Coal and Natural Gas

Figure 3-9 illustrates the staged NOy emissions for all tests with a sludge heat input of

above 60%. For coal co-firing the NOy emissions decreased from 1360 ppm to 584 ppm when

cyclone stoichiometry varied between 1.12 to 0.95. With natural gas co-firing the NO

emissions decreased from 1281 ppm to 375 ppm when cyclone stoichiometry varied between

1.11t0 0.95. Lower NOy emissions could be achievable (by reducing the cyclone stoichiometry)

but it could adversely affect the sludge throughpui.

Since this NOy level is higher than the target value of 0.3 Ib/MBtu, a NO reduction
processis required to control the NOy levels. SCR or SNCR technology could be employed to

reduce the NOx emissions. Also, reburning technology is a combustion modification technique

that technically shows promise for this application.
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Figure 3-9. Staged NOx Emissionsfor Sewage Sludge Co-firing

SO, Emissions — Calculated SO, emissions from the sewage sludge analysis indicate that

the maximum SO, emissions (100% sewage sludge firing) is 1.96 Ib/MBtu. Firing the sewage
sludge with natural gas and coal produced 1144 ppm and 1330 ppm SO, for natural gas and coal
firing in the SBS with 81% and 75% sludge heat input, respectively. The technology would need

a scrubber for reducing the SO, emissions.

VOC Emissions —VOC measurements were made during the optimum conditions with

natural gas and coal co-firing. Detailed analysis was performed on two gas samples with GCMS.
The coal/sewage sludge firing produced no VOC (or below the 0.5 ppm detection limit). Natural
gas/sewage sludge only produced 0.5 ppm of VOC. The VOC concentrations from commercial
cyclone and pulverized coal boilers are in the range of 1 to 2 ppm. Therefore, VOC from co-

firing of sewage sludge and coal or natural gasin acyclone boiler does not present a problem.
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Mercury Emissions— Mercury is aregulated heavy metal. Mercury isfound in the

combustion gas in both the elemental and oxidized conditions. A scrubber can remove oxidized
mercury more easily than elemental mercury. Therefore, mercury emission measurements were
performed during optimum conditions to determine the emission levels as well as mercury
speciation. Triplicate mercury measurements were performed at the convection pass exit by the
Ontario-Hydro Method. The mercury concentrations were 144x10°° grams/ Nm®. This
concentration was expected because the mercury concentration in the sludge was 1.0 ppm. A
high percentage (76.7%) of mercury was oxidized which was attributed to a chlorine level of
0.21% in the Sludge. Since a high percentage of mercury isin oxidized form a scrubber should

be able to reduce the mercury concentrations to 50x10° grams/Nm®.

34 WBSLevel 3Task |.4: Economic Evaluation

Objectives

In response to DOE’ s “ Solids Fuels and Feed Stocks Grand Challenges Program”,
Minergy Corporation as a sub-contractor to McDermott Technology, Inc. (MTI) has performed
an economic evaluation originally quoted as Task I.4. The intent and objective of this evaluation
isto determineif anew solid fuel, developed from a mixture of coal and biomass wastes can be
produced and converted efficiently and effectively into electric power to provide an adequate

return on the capital invested in the project.

Proj ect Description

For the purposes of an economic study Minergy Corporation has assumed that the project
consists of a new power plant which would take the new solid fuel and convert it into electricity
to be sold to the grid. The project would be a new Greenfield power plant versus aretrofit of an
older existing facility. The economic analysis assumes that both the coal and the biomass wastes
are procured separately but directly from the suppliers. It also assumed that municipal biosolids,
a by-product of the operation of municipal wastewater treatment facilities, is the source of the
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biomass waste. This material has a higher heating value equivalent to that of many western coals
and has acceptable melting characteristics. The latter characteristic isimportant for operating in
acyclone so that the residual inorganic fraction is melted into a vitreous glass product. Itis
assumed that the biomassis already dried and prepared for combustion prior to delivery to the
facility.

Pr ocess Description

The coal and biomass mixture would be combusted in aB&W style cyclone boiler. This
process converts the fuel value in the coal and biomass into heat, which is then used to generate

steam to produce power in the traditional rankine cycle.

The process also consists of all technically proven equipment such as steam turbines and

power boilers.
Air quality control equipment also assumes that demonstrated technologies will be used.
NOx control is accomplished using a combination of over fire air and urea/ammonia injection.

Sulfur control is achieved viaadry scrubber. Particulate control is provided by afabric filter.

Proj ect Benefits

A number of benefits are associated with the commercialization of this technology:

Furthersthe Goals of Environmental Protection — Sludge is derived asa
byproduct from wastewater treatment plants, which have been constructed to
protect the country’ s water resources. Thousands of tons of sludge are
produced daily in wastewater treatment plants. This project will create two

usable products from that sludge: glass aggregate and steam/power.
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Createsan Inert and Marketable Product — The inorganic fraction of the
biomass is melted into an inert vitreous glass, which can be sold into the
construction product marketplace. Asaresult, the system converts the waste

product into fuel, then into a marketable product.

Reduction in Land Disposal — Sludge has been historically disposed of in
landfills or by land application. These disposal practices are under increasing
scrutiny by environmental regulators and by the general public. Operation of
this system will delay the need for new landfills.

Uses Renewable Resour ce as Fuel — Sludge contains a very significant
energy content which is considered a non-fossil fuel supply of energy. As
state and federal lawmakers proceed to restructure the regulations that govern
the electric utility industry, mandates have been issued requiring the utilities
to secure significant non-fossil generation sources. Thereisasignificant
shortage of such projects, resulting in asignificant pricing premium that such

generation can command.

Reduces Truck Traffic— Sludge trucking is an undesirable element in the
disposal of sludge. Becauseit iswet and has odors associated with it, sludge
can be difficult to transport long distances to landfills. By the utilization of a
system as contemplated in this study, a significant reduction in the amount of
sludge trucking can be realized. Thiswill aso result in the associated
reduction in traffic congestion and diesel exhaust.

Uses Environmentally Friendly Technology — State-of-the-art air quality

control equipment would be installed to clean air emissions. The equipment

will be continuously monitored.
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Supported by Environmental Regulator s — State regulators put significant
resources into the securing of alternative beneficial re-use of wastes such as

sludge.

Economic Assumptions

Table 3.6 below isasummary of al performance and cost assumptions used in this
analysis. This assumes that the installed capacity of the Power Plant is 25.0 MW, with a net
output of 23.0 MW.

Table 3.6. Input Assumptions

Plant gross generator capacity 2500 MW
Plant net power output 230, MW
Capital cost factor 1600] HkW
Plant capital cost $ 40,000,000

Plant heat rate 12500| Btu/kWHTr
Total heat input 313|mmBtu/Hr
Heat from coa 50%| Prct
Annual availability 90%| Prct
Annual full load hours 7884 Hrg/Yr
Price of coal (delivered) 1.75] $/mmBtu
Annual coal costs $ 2,155,781 $/Yr
Asfired heating value of municipa sudge 7500 Btu/Lb
Annual amount of municipal sludge processed 82125| Tons
Processing fee for municipal sludge $ 22.00] $/Ton
Processing revenue $ 1,806,750, $/Yr
Revenue for conventional energy $ 0.05| $/kWHr
Revenue for renewable energy $ 0.10] $/kWHr
Weighted average energy revenue $ 0.075] $/KWHr
Annual eectric revenue $13,599,900( $/Yr
Annual glass aggregate production $ 20,0000 Tons
Revenue from product sales $ 50.00 $/ton
Annual product revenue $ 1,000,000f $Yr
Annual non fuel O&M costs $ 4,000,000 $/Yr

The assumed capital construction cost has been assumed at $1600 per kilowatt resulting
in a$40 million total construction cost. A plant heat rate of 12,500 Btu per kilowatt-hour has
been assumed along with atotal heat input of 313 million Btu per hour. Based on the results of
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thistesting it isfelt this a very conservative estimate. 50% of the heat input is from coal, with
the remaining 50% heat input from the biomass. The gross calorific value of the municipal
sludge has been assumed at 7,500 Btu per pound. In order to obtain an energy balance on heat
input the required input from biosolids would be 82,125 tons per year. It has been assumed that
aprocessing fee would be collected for the dry biosolids of $22.00 per ton. The energy sold has
been split into two components. The first component would be the portion or fraction of energy
sold from conventional coal-fired generation. This has been assumed at a market rate of 5¢ per
kilowatt-hour. The second component would be an energy premium for the biomass, since the
biomass can be considered renewable. A renewable electrical sale price of 10¢ per kilowatt-hour
has been assumed. This resultsin aweighted average energy revenue of 7%2¢ per kilowatt-hour.
The facility would also produce 20,000 tons per year of glass aggregate that could be sold at a
rate of $50 per ton.

Economic M odéel

A project proforma has been developed for this study. The model assumes the project is
developed using traditional project finance structure. In this manner, the project is capitalized
with a combination of bank financing and equity from investors. The model incorporates values
for bank debt cost rate, the amount of investor equity invested, taxes, construction interest,
project soft costs, depreciation, and tax life, and inflation. A summary of the economic

assumptionsis shown on Table 3-7 below.

Table 3-7. Finance Assumptions

Project Type Project Finance

Interest on bank debt 8%
Amount of back finance 65%
Investor Equity 35%
Gross receipt tax 3%
Total state and federal income tax 40%
Construction interest costs $ 2,000,000
Project soft costs $ 3,500,000
Debt term 20 Years
Amortization term 30 Years
Tax life 20 Years
Tax depreciation schedule MACRS
Inflation 3%
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Economic Results

The economic model was built using the input assumptionsin Table 3-6 aswell asthe
finance assumptions shown in Table 3-7. The results from this have been called the “base case”.
Table 3-8 isasummary result of return on equity for both base cases and several other sensitivity

cases.

The purpose of the sensitivity cases is to determine where most of the project riskslie.
As mentioned, the base case resultsin an internal rate of return on equity (IRR) of 24% (at year

ten) with an average net income of $4 million per year averaged over the first ten years of the

project.
Table 3-8. Economic Model Outputs
Case Base Casel Case?2 Case3 Case4
Return on Equity 24% 27% 27% 22% 31%
Average net income (x1000) $ 4,023 $4509 $44% $ 3663 $ 5328

Case 1 Reduce co-fire ratio from 50% coal to 45% coal

Case 2 Increase processing fee from $22.00/ton to $30.00/ton

Case 3 Product revenue from $50/ton to $25/ton

Case 4 Increase weighted average energy revenue rate from $0.075/kWHr to $0.10/kWHTr

The first sensitivity case is co-fire ratio in which the amount of coal burned is reduced
from 50% of total heat input to 45% total heat input. Thisraisesthe IRR by 3% and the average
net income by approximately $500,000 per year. The second sensitivity case changes the
biomass processing fee rate of $22 per ton to $30 per ton. Thisresultsin nearly identical
economic performance as improving the co-coal firerate. The third sensitivity case reduces the
product revenue for the glass aggregate from $50 aton to $25 per ton. Thisresultsin a 2-
percentage point drop in IRR and approximately $300,000 reduction in average net income. The
fourth and final case changes the weighted average energy component from 7%2¢ per kilowatt-
hour to 10¢ per kilowatt-hour. Thisimprovesthe IRR by 7-percentage points and increases the

average net income to $5.3 million per year.
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4.0 CONCLUSIONSAND RECOMMENDATIONS

1. SDF can be produced by partialy drying and pelletizing sewage sludge.

2. Sewage sludge, when properly dried and sized, can be successfully co-fired with natural

gas and coal inaB&W cyclone boiler.

3. Finer particle size distributions, similar to the standard B& W size distribution for sub-

bituminous coal, showed the best combustion and slagging performance.

4.  Short-term (one to two hours) tests showed that sludge dried t010% moisture performed
similarly to sludge dried to 2% moisture (slag tapping did not change).

5.  Upto 74.6% and 78.9% sludge were successfully co-fired with pulverized coa and with
natural gas, respectively.

6. Increasing the secondary air temperature from 800 F to 900 F improved slag tapping
(judging by visual observation).

7.  NOy emission levels decreased, as expected, with cyclone stoichiometry. The uncontrolled
NOy emissions at the maximum sludge input were 1300 - 1400 ppm. NOy emissions
decreased to 460 - 625 ppm at a cyclone stoichiometry of 0.95 - 0.99. SCR or SNCR can
be used to reduce NOy emissions to the compliance level.

8.  Firing the sewage sludge produced 1087 ppm and 1320 ppm SO, emissions for natural gas
and coal firing with 78.9% and 74.6% sludge heat input, respectively. The technology
would need a scrubber for reducing the SO, emissions.

9. VOC and CO emissions were very low (less than 0.5 ppm and less than 50 ppm,
respectively) during the optimum conditions of coal and sludge co-firing. CO emissions

were very sensitive to sludge feed rate fluctuations.
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10.

11.

12.

13.

The mercury concentration in the stack was high (144x10°® grams/ Nm®) due to the high
mercury concentration of the sludge (1.0 ppm). However, a high percentage (76.7%) of
mercury was oxidized which was attributed to a chlorine level of 0.21% in the sludge. A
scrubber should be able to reduce the mercury stack emission concentrations.

Based on the assumptions used, return on equities ranged from 22% to 31%. Major
sengitivities are coal co-fire rates, processing fees for the biomass material, and electricity
salesprice. The return on equity should be adequate to attract investors and allow the
project to proceed.

Significant variability exists between the Sludge fuel properties from a given wastewater
plant (seasonal and/or day-to-day changes) or from different wastewater plants. Thisisan
important boiler design consideration and suggests that site-specific laboratory and bench-
scal e testing must be performed in order to determine its potential for firing in acyclone

boiler.

Additional market research and engineering will be required to verify the economic

assumptions to the degree required by investors. Areasto focus on are:

Plant detail design and detail capital cost estimates.

Market research into possible project locations and biosolids
availability at the proposed project locations.

Market research into electric energy sales and renewable energy
sales opportunities at the proposed project location.
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APPENDIX A

Coal and Sludge Analyses
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. CERTIFICATE OF ANALYSIS
ASTH METHOD A5 RECE IWED DRY BASIS
I STURE Dewad DA30e DR1I73 =0 PRY A%
VOLATILE MATTEN 33 o5% 43 32
FINED CARBON D3317C 39 03% a9, JS
A5 DIt 74 5 7 ?.301
SiLHFLUR D4E3Y METHOD 4.3 R 45%
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GENERAL OFFICES: 1918 SOUTH HIGHLAND AVE,, SUITE 210-B, LOMBARD, ILLINOIS 60148 « TEL: 830-953-Y3C0 FAX; §30-953-9306

: 'COMIMERCIAL TESTING & ENGINEERING CO.

"SINCE 1908® -
@ SGS Member of the SGS Group (Soclété Généraia de Survaillanca)

Committed To Excellence ADDRESS ALL CORRESPONDENCE TO:
16130 VAN DRUNEN RD.
SOUTH HOLLAND, IL 60473

} ‘March 16, 2000 TEL: (708) 331-2800

FAX: (708} 333-3060
"WISCONSIN ELECTRIC POWER CO.
Lab Services - A070

333 West Everett Street ‘Sample identification by

Milwaukee, WI 53203 Wisconsin Electric Power Co.
Attn: Dave Kollakowsky

'Kind of sample
reported to us Coal

. . ‘Sample ID: AB82563
Sample taken at Wisconsin Electric Power Co
Sample taken by Wiscongin Electric Power Co.

‘Date sampled

‘Date raceived March 13, 2000 P.O. No. 4599999999
Analysis Report No. 71-115624-AD Page 1 of 1
'MINERAL ANALYSIS ‘Ignited Basis, % Weight
i Silica, 5103 © 45.54
Alumina, Alz03 22.78
Titania, Ti0, 1.04
Iron oxida, Fez03 14.23
Calcium oxide, Ca0 5.98
Magnesium oxide, MgO 1,28
Potagsium oxide, K50 1.07
Sodium oxide, Naj0 1.28
Sulfur trioxids, SOz 5.15
Phosphozrus pentoxida, P05 0.49
Strontium oxida, Sr0 0.17
Barium oxide, BaQ 0.24
Manganesa oxide, Mn304 0.04
Undetarmined _0.70
100.00
Silica Value =~ 67.94 " Type of Ash = BITUMINOUS
Bagsa:Acid Ratilo = 0.34 Fouling Index = 0.44

T250 Temperature = 2435 ©F

METHOD
Phosphorus pentoxide: ASTM D 2795; Sulfur trioxide: ASTM D 5016; Barium & Strontium oxide: ASTM D 3682-1CP
Balance of oxides: ASTM D 3682; Calculated Values per ASME

Reapacriully submitted,
COMMERCIAL TESTING & ENQINEERING CO.
MEMBER

& Fucer  PXAB

- £/ South Holland Laborstory v
OVER 40 BRANCH LABORATORIES STRATEGICALLY LOCATED IN PRINCIPAL COAL MINING AREAS, TIDEWATER AND GREAT LAKES PORTS, AND RIVER LOADING FACILITIES
F-485
Original Wetermarked For Your Protection TERMS AND CCNDITIONS ON REVERSE
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83/13/2088 11:59 814-886-5526

BABCOCHK & HILCOX - BMBERTW

STANDARD LABS INC PAGE 04

ElEROV DIVIBION
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l i
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fDULb ENERGY DIVIZIGOHN
F. ox 214
’RESSGN» Fa 18830

.@| STANDRARD LABORATORIES, INC.

DATE:  5-31-2000

>
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CCREDITED

ngLQ ENERGv BIVISION
LRESSDN:

STANDARD LABORRTORIESINC.

PA 16630
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APPENDIX B

Sewage Sludge M aterial Safety Data Sheet (M SDYS)
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K _,-n;l . oT AL _
82-05/1999 12:83 41432721798 MGJUMETPMPDWDPAGD Pack @2

Milorganite

MATERIAL. SATETY DATA SHEQT

M5DS, Code: 001

4
!
NEPA Rating HMIS Rating
Addresa; 760 Wast Seeboth Etreantg :
Milwaykee, WI 53204 ;

- s
EMERGENCY RSSISTANCE "f“““ FLAMM;ELJW ;
3 e,
Monday through Friday e L REACTVITY — 1@
T am-3 pm: 414-221-6810 .

Othey Timas: §14-482-2040
Hazard Categorims:
4 = EXtrenn £ = Moderate
3 = High 1 = 8ligh<
Nate of Preparation: 01/01/9% | 0 - ITnsignificant
Replacea: 01/70%/%3 ; :

SECTION 01 PRODUCT IDENTIFICATION

Trade ¥ame: Mllerganite®

Product Class: Natural GCrganic Fertilizer

rr——— -- F

SECTION 02 INGREDIENTS o

Material % By Weight i Exposure Limits
' FEL LV
I

Organic molicds Total Dust 15 mg/M3 10 mg/M3
fzom activated . _
sevaga alyudge 35 - 37k :

Respirable

Fracrion 5 mg/M1 -=
Hatwer Halance i ‘

Trace metals and volarila organics can be datmcred in the fipnlshed

produst - in guantitics less than vt Tems than O_1k,
FRECAUTIONARY STATEMENT FQR BULK STORAGE

May form saplomive dust-glr mixtures
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B3s11:1999 17:08 1443721738 M3 gD P DD AGE FOSE B3

Milorganice®
Page 2 of &
MEDS 001

——

SECTION 0% HEALTH EFPECTS INFCORMATION

Erimary Roubhe Signs and Symptums pf OversXpoRurs

of Entry :

Innalaticn May cause pasgal and rhroat irrication
Eya {ontas- May cauns irritatian

2kin Contact May gauge gKin irrirarien

Skin Absorptien  Skin abasrpbic- | ) Likely

ingestion Not an exgegied rouge of cxposurs during

customary and reagoaably formaesabls use.
Health Conditionsg Which May 8s Aggravated By Exposura:

Individuale with respiratory aiiments, sush as asthma, may be
particularly sensitive to dust axpojure. Product: may. ¢ontaln
senpitizers in quantitiss balow L1.9%.

Carcinogens:

Thic product may contaln aubstances considersd te be carsinogsns by
- Q8HA, IARC and NP, buc they would not be pressnt in quantitias
greater Lthan 0.1k, :

FIRST AID AN} EMERGENCY CARE

Eve Contact Flush eyes with claan water contipuously for at
least 15 minucas. Rembve contact lenses and 1if:c
eyalide while Elushing Obtain medical aczantion
if pain or reodnoxy versists aftear flushiog Ls

compleatad,
Skin Gonvact wash wkin thorsughly with uspap and wazer.

Inhalacicn 12 hreaching difficulty should occur, remove from
the area Lo frash air and obtsln medical atcaption
if oymptoms of 1llheds appear or if breathing
ditficulty continues.

Ingas=icon Hot an expectsd youre of axposurs. If ingeatiom
eccurd ¢ounmult with a physician.

Page 52 of 63



Final Report - RDD:01:43755-001-000-05 September 24, 2001

Beri1f;999 1288 4142721738 MG DT P £l DR iR D PaGE  Bd
Milorganica®
rage 1 of g
MaDs 001

SECTION 04 DPHYSICAL AND CHEMICAL DatTh

Appeazancs:  Blaek, grenylar golz

cdor: Earthy

Splubilicy: Insolukla Vapor Fressure: NA
Boiling Range: MNa Vapor Deneity:  NA
Melting Point: Na pH: A
Bvaparmticon Aake: ¥ wte: Negligible

Specific Oravity: Bulk Density 42 - 46 pounds/cuble fosr

SECTION C5 FIRE AND EXPFLOSION DATA

Fire: Combustible solid

Explosion: Dust disparged in air ig shffisiant concentrarions may
Create an axplosion hazard in the . prasance of dgnition asurces.

Exvinguisrhing Media: water, iy chemicll, foam

Speacial Firefighting Procedursgs K epagial procedures. Puil
protective gear including seif-contained breathing apparatus in
poaitive pressure mode should bm worn ay in any fire fighting

elzuaticn,

SECTION 06 REACTIVITY DATA

Srapilivy: Stable under ordimayy condivions of ues and storage .
Incompacihil:tiss: Strong oxidiging dgenta

Conditione to Avoid: Heat, sparks, oéen flamaa

Harardous Decomposition Products: In the event of a Flre, will
produce carbon monexide, sarbop dioxide, oxldes of nitrogen and
other products of erganic combustisn.

Hazardous Folyvmarizarien: Will not ocousr.
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SECTIGN oF  SEILL OR LEAN PROCEDURES

Spill <liaman up: Clean up al}l quanticiaes,

Larga RAulk Quantities: Remcve ar  ='iminate all sources of
lgnition. HMatarial sfiould be plcrac —r Wi d MANLEr that minimizaa
dispezsion of dust into the airp, Non-spariking smquipment apd tools
shnould ba used, “l9an up parscnnal Atoyld wear respiratory
Pratecticn against dust,

Waste Diapesal: Materisl shculd be racovered and saved for inae
whenever possible. State and lacal requirements For waste digposal
may be more restridtivae or gtherwiss diffarans from federal lawk
and rcogulstions. Consuls gtate and leocsl requlations regarding
proper dispoaal of this makerial, :

SEZTION OB EXPOYURE CONTROL/PERSONAL PROTECTIVE EQUIFMENT

Englheeriag Controls: Efforts must be mads ko maincain dust jovels
bulow the aexposure limita. -

Bagged Quantities: Gansrsl ventilation should ba sufficiapnc.

Bulk Quantitiwus: Additicnal wvenrilation miy be regulirad, Alr
menitoring should be parformed during typical wark pracocicag to
decermine averags AXposUres lsvels. When theae cxceed the
permisaibla limics, additiensl =r~itereing  controls tus:  be
implemantad and YOYPITALOIY QrotecLivai iw reguired.

work Practica Conerols: Good houszekesping proceduras sbould be
maintained to minimize duast Accumulatign on indoor surfacew. Good
personal hyglene practices should be followed.

Workers shnuld be adyviased to empty cohitainera in & manner whioh
mitimizes their axpasura, e.g.; do not vigorougly chike the bag acg
it i# paing emprimd,

When emptying packages or contalnars oﬁtdcorq, commot aenass should
be uped to empry the containars where wind conditcions will-mer
increase exposurs.

Resplratory Protaction; A NIUSH Bpproved reaplrator sgquipped wich
4 HEPA dugt filver should be uged whenaver duat lavels czuss
fympteme of irritavion or sensltiviey, Whensver zespiratsry
Protection ias worn, = complele respizatory protaction program
ahould be implemented in accordance with OSHA General Industry
Scandard 29CFR1910,134,
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Eve Protcctipn: Safety glasses should be used to pravenc dust
exposure.  Tight fitring gogglea may bLe neaded LO eénsuze grmatpr
profeciicn. Individuals with conrpos lenses may nesd cg wkar

Fo9gLles Lo preva-as dusc lrritacion.

ikin Proreetion: Special -quipmentg 12 not reguirad. clLaan
body-covaring ¢lething shouid be woyrn.

SECTION 0% SPECTAL STORAGE AN HANDLING PROCEDURES

Use according ce label instrueti_.

Consult lecal firw codes or insuranes carrier for information on
alorags of bulk guantieiss.

SECTION 18 ENVIRONMENTAL INFORMATION

This product im cowprised of Lreated processnd and srabilized
blosclide and, as gueh, icg composition ig closely ragulared by EPA
under the Water Quality Act of 1987 and by sBrate laws goverTing
fertilizer compougents, Constituents must be cloaely monlitored and
strict limivations hava pgen Flazud cn che quanticy of mecalw and
ather esubstances that may bs feund in the producr.

Waen applied te land in accordanca wich tha guidalines of accepted
AGronomic practiices, there are no kniown, adverse effects on plants,
Animals or aquatie life, Entry inrte surfaoce water €yctems ghould
be avoided sinca the nutrient contant ofl this product will increage
growth rates of affscrad plant populations.

JECTICON 11 REGULATORY INFCRMATION

QSHA Heazard Communicarion Standzrd d9CHR 1810.1200:
Conwldersd nuisance duat. Product analysls ldeantifies the avarage
Bexcentage (by weight) of individual mektnls and other contaminanta
EC be lesm than 1.0%, most laess than o.1%.

Superfund Amendment gnd Reauthorization Act of 1588 (BARA):
Section 302, $scrtion 313: May contain |substances that are listed
in 9actions 302 and 313 bur they would nbt be pressat in Juantities
greater ghan 1.0% and it ig uniikely cthar produst use would reash
the repurtable thramhslds, :

Page 55 of 63



Final Report - RDD:01:43755-001-000-05 September 24, 2001

27/11719%9 1o 0E 41427121738 HETWMET 5P WP A . PasE ey

Milorganice?
Page & gf §
MEDS CCL

Beztion 311-312: Produst 18 claasified as a nuisanca dus: which,
ad an ixritant, could be a potentlial acure and chronic haalch

hazard.

Individual states may have apecific raquirsments for worker or
community right-te-kaow that differ fzqm the federsl requirements
I{ additional information is needaed, call the nurber ligted cn

Page 1.
Toxic Substances Contrel Act [TICA) -

The chemical ingrsdients in this produqt are on the B(b) Invantory
Liet {4C CFR 710! in guantities lase than 1.0%.

Rmacurce Congarvation and Recovary Act {RCRA), 40 CPR 267

If chis product bacomes a waste, it daoes not mest the eritaria of
4 hazardous wasLe,

SECTION 12 UBER'S RESPONSIHNILITY

Thiz Materinsl Jafety Data Sheat provides . safety and healrkh
informarlon compiled from product agalysis  and  srtandard
toxieolegical and regqulatory references. Thie product ghould be
used Lln applications conelatent with our product labeling.

Abbreviatisnga-

EFA: Enviromunencal Protaction Agency
HEPL: High Efficlency karciculate Abyolute

HEMIS: Hazardouz Materiala Inlormation Syscam

IARC: International Asency £or Regsardh on Cancer

HA Mot Applicable

NFPA:. HNational Fire Frotestion Associsrism

NICSH: National Institute of Cocupatisnal Safaty nnd Hemlth
NTE: Hational Toxicology Program

O9KA;: Ocoupaticnal Safety and Health Admindietratien
PEL: Parmfasible Exposura Limit

TLV: Thrasghold Limit valus
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APPENDIX C

Briquetting and Drying Processes
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MIDLAND RESEARCH CENTER

A WHOLLY DWNAD SUESHMARY OF LMD A0 STANDARDY IC R BORATED
POST OFFICE BOX 67
MASHYWALK, WM 537B3-0057
PHOWE (218 BES-1351
FAX (213} 9B5-1585

Febrpay 1, 2000

Mr. Vladimir Ashtamenko, PE.
Minargy Corporation

N LG W 23217 Stone Ridge Drive
Suite 104

Waukesha, Wl 5318%-1153

Dear Viadimir;

As you requested in our last telephone conversation, I have written up a summary

describing the equipment and flowshest used to prepare the specified size agglomerate
from sewer sludge dust

We appreciate the promipt pay ment of our invoice. Please contact me if vou have further
need of the Midland Research Center facilities.

Sincerely,
2
“;}Qarn’é' Z L‘ﬂ &ﬂ?ﬁ A }
. Frank W. Kangas
Metakurgise

ce: B R, Swmith
File

Page 58 of 63



Final Report - RDD:01:43755-001-000-05 September 24, 2001

DESCRIPTION OF SEWAGE AGGLOMERATION PLANT

The purpose of this small continuous pilot plant flowsheet was to agglomerate, ina
specified range, 3 tons of fine dried sewage shudge. The sludge sample, as received at
Midland Research Center, contained 2% moisture. As part of the agglomeralion process,
an additional 8% water addition was requested.  This was not possible because the crushed
brigueltes at a 10% moisture level would contain a high percentage of flat, elongated
oversize material upon sereemng. This material would have to be recyeled through the
roll crusher which would significantly lower the production rate of the desired size
product. HMowever, an additional 5% water addition level was achieved,

A total of 7,283 pounds (3.64 short tons) of crushed and screered briquette agglomerate
was produced. The average structure of the product was 8.6% +4M, 86.8% HM-30M,
and 4.6% -30M. '

The first piece of equipment in the flowsheet was a nbbon blender; this was replaced
about one-fourth of the way through the production run with a double mixing
compartment Muller mixer, Mixer replacement was necessary due to problems with the
gear drive on the ribbon blender. Approximately 600 pounds of sludge and the 5% water
addition were maxed as one batch. This mix was then fed by a conveyor belt to a Maodel
14.3-4M5 Komarek-Greaves briquetting machine; the briquetting rotls had a 1/2 inch
diameter pocket configuration, The strips of briquettes were then fed to a Denver roll
crusher with the 8 inch diameter by 5 inch wide sieel rolls sef at & predetermined opening.
The roll crusher product was fed by conveyor belt 1o a Midwestern 4 foot diameter double
deck screener; the top deck screen had 4 mesh openings and the bottom deck had 30 mesh
openings. The top deck oversize was recycled back to the briquetter. About one-third of
the way through ihe run, the top deck oversize was recycled directly back to the roll
cmsher to 1ingrease product production rate due to time constraints. The —} mesh+30
mesh product was put back into the ariginal steel drums, the average weight of product in
each drum was 303 .5 pounds.
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RESOURCE CHANGE. INC.

"ionovaltfen Solutians To Eovircrnumental Challynges’

Puost-it* Fax Note TETE TJHIQQLI 2 odie® ||
Viad Ashtamenko PHAID BAR A [yl AD
Minorgy Corporntion P M e Dremorr (ol MRS
N16 W23217 T o
Stone Rﬁlﬂmm 100 o) &2t = 5 (_""‘H’:f] ﬁlg;'{r.{éi
Waukeshe, WI. 53198-1155 Sho)82g ~ 12 3% YAk 2 —6 e

Dear Yisd,

. Thnde-“rltmudsh:dgc.uriwduthe!v!uml{oﬂermﬁh -4} yd. trueks
m&tphﬂinﬁnmmmadwﬁhnm.muhwthmdum?d)imﬂi
Floznge atea (& concreto pit with drains). The MHMUA workers removed remnnts of the
plaxtio liner by hand from the cake. Tho eake was then tramsported by front-ond Josder
ﬁvmywﬂmemupammpmdﬁmpdmu_mmyd.mupmm.'I‘hemks
gmmwudmmmmpmmm-mm&ﬁmmm
m,mmmmmwsmmmmdwhmmm
Morﬂummbnwmwdmwhhmwahnlbwﬂiwmwm,
¢Whmﬁﬂhmmﬂhwmm
mﬂiﬂlﬁm&wmmbpmmhndpﬂwlwﬁchhmwnm
Emissions frar the dehydratpr containing smpl! smourts of comtaminants i
ﬂmummmwhmag&&:mmwmpmmbhwmdcﬁm
mu.mmmmm-&wmmuammmm
Enchnttpuhhedehydmmn.pmumwﬁﬂlymnkumdwndjuﬂnd
thouhmmwmmkuﬂwﬁmmuonmmhmbhﬁmm
4;.63mmurmmmqmmmﬁummmﬂma.ﬂumw
'mwmzﬁmﬁmmm Prﬂ-m- wmliﬁ ducing s
. . This i
mwfh:mmmmmﬂﬂotw.mm. e d
Toe product vas sugured itoia chute, then through & sloth baffle (to minimize
m;mmuwm(snssmmmm“mmwﬁamw
mﬁnaly..fhednnmmlhmhdadoﬂpdhz,ﬂdnmpq-pmm}.mmndfur
mmwwmﬁﬁnm-mmm&wmhw
leecaﬂmcfﬂcanbrufwnddihuim

Siercly,
ot

i! 75 Lomira De. ; IR0 0552500 MR T CCT RIS DT
rrcarer, FX, T4l Fax $72.174.2833 Fpaite ﬂsﬁung{n}:nmﬂlp. Hev
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APPENDIX D

Sewage-Derived Fuel Firing Conditions and Results
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Summary of Results

G0-000-T00-GG/EV:T0:AQy — 1Joddy [eul

Aux. Sludge Air Temp. 0, NOy CO SO, |Tap Temp. Cyclone

Test Sludge Fuel % Heat Input °F % ppm ppm ppm °F Observations Stoich. Date
Base001 Fine Gas 0.0 806 0.75 265 16 70 1.03 8/17/99
Base002 Fine Gas 13.6 825 13 570 16 150 1.06 8/18/99
Base003 Fine Gas 22.1 835 2 640 16 255 1.09 8/18/99
Base004 Fine Gas 155 818 4.2 750 14 250 1.22 8/19/99
Base005 Fine Gas 48.7 808 2 1120 40 650 1.09 8/19/99
Base006 Fine Gas 24.3 907 1.85 879 45 354 Better slag tapping 1.08 8/20/99
Base007 Fine Gas 50.9 922 2 879 45 1.09 8/20/99
Base008 Fine Gas 56.5 922 14 1400 30 850 CO up to 3000 ppm 1.06 8/20/99
BrqG001 Briq #1 Gas 0.0 818 0.7 361 350 2422 1.03 1/24/00
BrqG002 Briq #1 Gas 34.0 812 1.65 880 20 530 2220 Dirty glass lowers temp. 1.08 1/25/00
BrqG004 Briq #1 Gas 54.8 813 2 1045 23 840 2320 1.09 1/25/00
BrqgG005 Briq #1 Gas 34.1 943 2 1020 17 520 No change in tapping 1.09 1/25/00
BrqG006 Briq #1 Gas 55.4 905 2 1020 17 520 2375 1.09 1/25/00
BrqGO007 Briq #1 Gas 60.4 803 2.3 1120 17 915 2380 1.11 1/28/00
BrqG008 Brig #1 Gas 60.5 922 2.2 1080 16 775 2370 No change in tapping 111 1/28/00
BrqGO009 Briq #1 Gas 60.3 877 2.15 590 15 805 2320 1.00 1/28/00
BrqG010 Brig #1 Gas 60.2 818 2.15 330 17 875 2300 Sludge going to bottom tap 0.95 1/28/00
BrqGO011 Briq #1 Gas 59.8 933 2.35 265 17 875 2230 Barely tapping 0.90 1/28/00
BrqG012 Briq #1 Gas 59.8 951 2.35 1150 16 880 2422 111 1/28/00
DaveP001 D.Port Gas 59.3 932 2.35 1150 16 880 Unacceptable carry over 1.11 1/28/00
DaveP002 D.Port Gas 0.0 933 1.95 333 19 75 2455 1.09 2/7/00
DaveP003 D.Port Gas 50.1 933 4 1150 23 650 Too much carry over 1.21 2/7/00
DaveP004 D.Port Gas 0.0 933 25 282 16 68 1.12 2/8/00
DaveP006 D.Port Gas 56.0 933 2 1150 19 910 2300 Screened, similar to 1.09 2/8/00

briguetted

DaveP007 D.Port Gas 53.7 843 2 500 35 880 2345 Tapping good, screened 0.97 2/8/00
Fine001 Fine Gas 55.4 852 2.1 670 23 1140 2395 Tapping good 0.98 2/9/00
Fine002 Fine Gas 64.7 852 2.1 670 23 1140 Tapping good 0.98 2/9/00
Fine003 Fine Gas 74.9 886 2.2 740 23 1160 2440 Tapping good 0.99 2/9/00
HGO001 Fine Gas 68.22 811 2.2 560 19 950 2440 CO up to 300 ppm 0.95 2/9/00
HGO002 Fine Gas 61.29 810 25 460 30 890 2420 Tapping good 0.96 2/9/00
HG003 Fine Gas 60.68 828 25 530 18 860 2480 0.96 2/9/00
Brq12 Briq #1 Gas 45.0 806 2 1139 16 652 2407 Tapping good 1.09 2/10/00
Brql3 Briq #1 Gas 59.1 824 2.6 1275 17 838 2530 Tapping good 1.13 2/10/00
Brql4 Briq #1 Gas 70.6 824 2.3 1340 17 950 2525 Tapping good 1.11 2/10/00
Brgl5 Brig #1 Gas 70.7 824 2.2 530 23 960 2480 Tapping good 0.98 2/10/00

T00Z ‘v'Z Joqueldes
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Summary of Results (Cont’d)

Aux. Sludge Air Temp. 0, NOy CO SO, |Tap Temp. Cyclone
Test Sludge Fuel % Heat Input °F % ppm ppm ppm °F Observations Stoich. Date
Brql6 Briq #1 Gas 78.9 823 2.2 615 21 1087 2490 Tapping good 0.98 2/10/00
Brql7 Brig #1 Gas 87.9 825 2.6 650 19 1130 2530 Too much carry out to 1.00 2/10/00
bottom tap
GasR001 Briq #2 Gas 0 831 2.75 309 13 70 2400 1.14 2/17/00
GasR002 Briq #2 Gas 72.9 801 25 1315 16 1047 2470 Tapping good 1.12 2/17/00
GasR003 Briq #2 Gas 81.0 835 2.2 1180 17 1144 2350 Too much carry out to 1.10 2/17/00
bottom tap
GasR004 Briq #2 Gas 72.6 838 2.3 1310 17 1030 2445 Tapping good 111 2/17/00
GasR005 Briq #2 Gas 71.1 821 25 600 16 1020 2465 1.00 2/17/00
GasR006 Briq #2 Gas 70.1 817 2.3 554 16 945 2389 Tapping good 0.99 2/17/00
GasR007 Briq #2 Gas 71.2 928 2.5 750 18 1020 2470 Improved slagging 1.01 2/17/00
GasR008 Briq #2 Gas 71.2 938 25 1260 17 970 2414 Cooler than staged 1.12 2/17/00
Coal002 Briq #2 Coal 0.0 784 3 690 27 1220 2420 Cyclone is tapping 1.16 2/15/00
Coal003 Briq #2 Coal 25.1 824 3.3 1170 33 1130 2330 Cyclone is tapping 1.17 2/15/00
Coal004 Briq #2 Coal 42.5 823 2.1 1320 40 1295 2321 Cyclone is tapping 1.10 2/15/00
Coal005 Briq #2 Coal 52.9 823 2.3 1410 39 1223 2310 Cyclone is tapping 111 2/15/00
Coal006 Briq #2 Coal 62.1 824 2.2 1420 39 1295 2320 Cyclone is tapping 1.10 2/15/00
Coal007 Briq #2 Coal 74.5 848 25 1350 19 1330 2400 Cyclone is tapping 1.12 2/16/00
Coal008 Briq #2 Coal 85.9 848 2.2 1320 20 1370 2390 Too much carry over 1.10 2/16/00
Coal009 Briq #2 Coal 85.2 854 2.6 1020 20 1313 2413 Too much material going out 1.01 2/16/00
Coal010 Briq #2 Coal 85.7 854 25 720 40 1377 2360 Not satisfactory 0.95 2/16/00
Coal011 Briq #2 Coal 74.2 854 2.5 600 25 1320 2480 Cyclone is tapping 0.95 2/16/00
Coal012 Briq #2 Coal 74.6 854 2.2 625 21 1320 Cyclone is tapping 0.95 2/16/00
CoalM01 N/A PRB 0 839 2.8 755 33 350 2250 Cyclone is tapping good 1.15 5/9/2000
CoalM02 Fine, 2% PRB 68.0 833 2.76 1146 26 770 2220 Tapping good 1.14 5/9/2000
CoalM03 Fine, 2% PRB 735 833 2.22 448 35-115 448 2360 More particle going to 0.94 5/9/2000
bottom
CoalM04 Fine, 13% PRB 71.5 833 3.4 555 37 2400 Cyclone tapping 1.00 5/9/2000
CoalM05 Fine, 13% PRB 72.1 833 2.97 538 30 883 2360 0.97 5/9/2000
CoalM06 Fine, 13% PRB 71.3 833 3.53 412 29 2300 0.92 5/9/2000
CoalM07 Fine, 13% PRB 71.9 825 3.4 593 50 2286 SO; Measured 0.99 5/10/2000
CoalM08 Fine, 13% PRB 715 855 3.67 1126 29 810 2469 Some particles going out 1.19 5/10/2000
GasMO01 N/A Gas 0 843 2.6 212 17 56 2350 1.13 5/8/2000
GasMO03 N/A Gas 0 843 3.9 200 12 60 121 5/10/2000
GasM04 N/A Gas 0 1026 1.6 368 30 1.07 5/11/2000
GasMO05 Fine, 6.7% Gas 55.23 871 3 1050 30 575 2350 Cyclone is cold but tapping 1.15 5/11/2000

G0-000-T00-GG/EV:T0:AQy — 1Joddy [euld
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