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This report was prepared as an account of work sponsored by an agency of the United
States (U.S.) Government. Neither the U.S. Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does
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U.S. Government or any agency thereof. The views and opinions of authors expressed
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1. TECHNICAL STATUS

The team of Southwest Research Institute® (SwRI®), ITEA, Electric Power Research
Institute, Inc. (EPRI), General Electric Global Research (GE), Sargent & Lundy (S&L),
and Peter Reineck Associates (PRA) are advancing Flameless Pressurized Oxy-
Combustion (FPO), a novel coal technology. The sections below provide detail on the
different accomplishments that have been made under the project.

A. PRE-FEED LARGE-SCALE PILOT DESIGN BASIS

A preliminary design basis was developed by the team for the chosen University of
Wyoming (UW) Central Energy Plant (CEP) host location. The basic configuration of the
facility is shown in Figure 1. The planned design emphasizes the combustion loop test
at a large pilot scale of 25-MWth. This choice relates to scale up parameters that have
been established for the combustion loop elements by ITEA. Further information on the

choice of scale is available in Section 1.C.

: Legend: Components D Input/Output D FPO Combustion System D Steam and Water System 1

Streams =+ Input/Qutput = Flue Gas =+ Water Steam Auxiliary Steam 1

0, Qx
ygen
~

Coal prep.
and
slurrying

segafing

FPO Combustor

Deaerator

Heater
Makeup

Water

Figure 1. Block Diagram of the Large FPO Pilot
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A major equipment list was generated to define the pieces of equipment that will take
the largest space and cost. The list is recreated here in Table 1. The interconnectivity of
the major equipment was defined with process flow diagrams (PFDs), which can be
found in Appendix D: FPO Process Flow Diagrams. The sizing of equipment has led to
a preliminary plant layout, shown in Figure 2. All of these elements will be built into the
cost estimate by the conclusion of Phase |. The current cost estimate is discussed in

greater detail in Section 1.D.

Table 1. Preliminary Sized Major Equipment List for the Pilot

01 X01 Coal Slurry Bar Mill 30 tons 12'x 20'x 10'H
01 X08 Coal Slurry Bar Mill Recycle Conveyor 2 tons 1'x20'x 1'H
01 X09 Coal Slurry Paddle Mixer 10 tons 6'x 15" x 3'H
02 PO1A Coal Slurry Feed Pump A 1,500 Ibs |2'x12'x2'H
02 PO1B Coal Slurry Feed Pump B 1,500 Ibs | 2'x12'x2'H
02 EO2 Combustor O, Feed Heat Exchanger
02 RO1 Oxy-combustor Vessel 90 tonnes | 11' dia x 30'H
02 RO1 Oxy-combustor Vessel Injection Set 11" dia x 15'H
02 JO1A Flue Gas Quencher A 19 tonnes | 5'diax 15'H
02 JO1B Flue Gas Quencher B 20 tonnes | 5'diax 15'H
Refractory for o
Combustrgr/Quencher/Pipes 32 tonnes | ~1" thick
02 EO6 Once Through Steam Generator - OTSG | 95 tonnes | 12' dia x 42'L
02 FO1 Recycle Flue Gas Glower Inlet Air Filter 1 ton 52" dia x 2 ft
02 CO1A Recycle Flue Gas Blower 5 tons 6'x8 x 10'H
02 VO1A Refractory Lined Quencher Inlet Pipe A 4 tons 3.5'diax 12'L
02 VO1B Refractory Lined Quencher Inlet Pipe B 4 tons 3.5'diax 12'L
02 V01C Refractory Lined Quencher Inlet Pipes C | 4 tons 3.5'diax 12'L
02 V01D Refractory Lined Quencher Inlet Pipes D | 4 tons 3.5'diax 12'L
02 VO2A Refractory Lined Quencher Outlet Pipe A | 4 tons 4' dia x 15'L
02 V02B Refractory Lined Quencher Outlet Pipe B | 4 tons 4' dia x 15'L
02V03 Refractory Lined Quencher Outlet Pipe - 5 tons 5 5' dia x 12'L
Common
02 KO1 Turbo-expander 5 tons 10'x10'x 10'H
01 DO1 Coal Storage Silo 150 tons | 12' dia x 36'H
01 X03 Coal Feed Conveyor
SwRI Project No. 18.23745; DE-FE0031580 Page 2
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01 X05 Coal Reclaim Conveyor
01 X06 Coal Bucket Conveyor
09 D04 Flush / Service Water Tank 125 tons 15' dia x 20'H
09 DO7 Demineralized Water Storage Tank 125 tons 15" dia x 20'H
08 X01 Air Separator Unit 70'x130'x 40'H
03 PO2A BFW Pump (HP) A 4 tons 5'x10'x 5'H
03 PO1 BFW Treatment Additive Pump 500 Ib 3'x3' x3H
03 DO1 BFW Treatment Additive Tote 1 ton 300 gal (40" x
48" x 54")
09 PO9A Demineralized Water Pump A 1 ton 5 x5 x3'H
09 PO7A Flush / Service Water Pump A 1 ton 5' x5 x3'H
04 P05 Closed Cooling Water (CCW) Pump 2 tons 8'x 8" x3'H
04 D08 Closed Cooling Water Head Tank 6 tons 1,000 gallons
09 X02 Air Compressor Package 4 tons 8'x40'x 8.5'H
04 PO2A Slag Quench Water Pump A 2 tons 8'x8' x3'H
04 EO1 Slag Quench Heat Exchanger 2 tons 3'x20"x4'H
04 VO1A Slag Settler A (1D:89) 20 tons 12'x 12'x 20'H
04 VO1B Slag Settler B (1D:92) 20 tons 12'x 12'x 20'H
04 P04 Slag Settlers Flush Water Pump 500 Ibs 2'x2'x2'H
04 PO3A Slag Sump Pump A 500 Ibs 2'x2'x4'H
03 X02 Super Critical Main Steam Attemperator
03 X03 Reheat Steam Attemperator
03 E04 ,(A'\Ai‘rc%c;oled Steam Pressure Condenser 60' x 240" x 80'H
04 EO3 A.ir Cooled Closed Cooling Water (CCW) 20' x 80' x 40'H
Fin Fan Cooler
05 X01 Turbo-expander Dynamometer
03 V01 Super Critical Steam Deaerator 30 tonnes | 7'x18'x 17'H
03 EO5 Feedwater Heat Exchanger
HVAC Unit for Combustor Building 2 tons 8'x 8" x4'H
HVAC Unit for ASU Building 2 tons 8'x8' x4'H
Fuel Gas Regulating Station
- 150' x 200" x
Combustor Building 40'H

ASU Building

80' x 150' x 40'H

Steel Flue Gas Stack

200'H

Electrical PDC Building

13.8kV Substation Circuit Breaker

DCS
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Figure 2. Layout of the Planned Pilot Facility at UW CEP
Further information on the environmental conditions expected at the site can be found in

the Environmental Information Volume (EIV) in Section 2.D. The basis for the flow rates,
the composition of streams, temperatures, and pressures in the pilot were extracted
from a detailed Aspen Plus process model. The flowsheet of the Aspen Plus model is
shown in Figure 3. Further improvement of the model including refinement of fuel feed,

prediction of off-design, and other conditions will be incorporated in Phase Il.
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Figure 3. Flowsheet of the Pilot Aspen Plus Process Model
B. STATUS OF THE TECHNOLOGY DEVELOPMENT

l. FPO SMALL PiLOT BACKGROUND OVERVIEW

FPO was originally conceived for the treatment of hazardous industrial wastes. It was
reasoned that the benefit of reduced emissions could offset the cost of oxygen.
Research and development (R&D), on a pressurized 5-MWth pilot erected in 2003, was
conducted in parallel to a lab pilot at atmospheric pressure. Conceptual design of this 5-
MWth pilot was based on the theoretical prediction that a suitable combustion
parameter combination could achieve a uniform, flameless condition with a substantial
emissions reduction.

By 2004, apparent emission results of the 5-MWth pilot were suggesting that the
ambitious goal of flameless condition was attained not only with gas and vaporizable
liquid feedings but also with non-vaporizable liquid and solid granular feedings.

The FPO pilot achieved excellent emissions reduction versus permit values. It was able

to convert quantitatively all combustible species, producing zero soot. Dioxin Furan was
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close to the lower detection limit (1,000 to 10,000 times smaller). Carbon monoxide was
100 times lower than typical values. Zero thermal NOx was generated, and NOx from
organic nitrogen was reduced. Ashes melted, coalesced, and separated from flue gas
inside the combustor. The waste collected at the combustor bottom as zero-carbon,
vitrified, non-leaching (neither organics nor heavy metals) slag. Flue gas post-treatment
operations reduced to the neutralization of acidic components (halogen hydric acids,
SOy).

These results attracted the attention of Enel, the European utility co-leader. After a
preliminary trial with coal, Enel decided to consider FPO for their “near zero” emissions,
coal-fired power development program. They supported the refurbishment/adaption of
the 5-MWth ITEA pilot to coal firing. The launch of a three-year technology development
program (2007-2009) extended to different types of coals of use in its fleet and some

low-rank solid fuels.
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Figure 4. Block Diagram of the FPO 5-MWth Pilot
In autumn 2006, Enel and ITEA decided to perform further coal-firing developments in

the 5-MWth pilot. An analysis uncovered some bottlenecks. For example, the manual
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handling times in the original design for the vitrified slag discharge system. More robust
solutions were deemed necessary for the boiler (hot flue gas from 500°C to 800°C) and
the molten slag discharge port (design temperature from 1,300°C to 1,450°C). The
slurry pump was modified to pressurize like progressive cavity (warm) pumps.

After four trials in 2007, the unit was overhauled and improvements were engineered
and implemented. This included the installation of wet-milling equipment, a ball mill, and
a bar mill to alleviate numerous inconveniences associated with the supply of the
already ground material. All modifications went on-stream in July 2008. The cycle
diagram after the modifications of the FPO 5-MWth is shown in Figure 4, and to date,
the configuration has not changed significantly.

Experimental runs demonstrated that the production of relatively clean flue gas from the
combustor outlet could allow the operation of a compact pressurized flue gas boiler.
Because no soot blower is required, the flue gas exiting the steam generator could be
recycled for combustor and pre-boiler tempering. No significant fouling (sulfate),
erosion, or acid dew was detected during and after firing runs.

Material and thermal balance data were collected and heat recovery efficiency was
demonstrated. Enel received the support of Dr. Ahmed Ghoniem from the
Massachusetts Institute of Technology (MIT) for process analysis and the elaboration of
overall carbon capture and storage cycle efficiency and economic projections. The
results of this analysis set FPO high among competitors, both for efficiency and
levelized cost of electricity (LCOE).

Scale-up rules were analyzed, and a suitable combustor was designed to respond to

major scale-up problems. A combustor numerical model, by Politecnico Bari at Enel
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R&D, was tuned with experimental data from the once-through 5-MWth combustor. In
2009, the numerical model was applied for the initial design of a promising combustor
setup where flow entered and exited from the same side. This model was conceived for
a large pilot, which was to be installed in the Brindisi industrial coal-fired power station.
ITEA developed the combustor concept and detailed the mechanical design to the
proposed Brindisi large pilot. Extended validation for flue gas cleanliness allowed for a
much more efficient supercritical once-through steam generator design.

In parallel to coal testing, numerous different applications were explored with the
support of different industry leaders. Applications for power from oil heavies and oil
residues treatment, power from high CO, gas, industrial and pharmaceutical waste
treatment, and municipal waste-to-product treatment have been experimentally
demonstrated on the 5-MWth pilot. ITEA demonstrated some of these on an industrial
15-MWth scale plant in Singapore.

Comprehensively, ITEA collected about 18,000 firing hours on the 5-MWth FPO pilot.
ITEA has filed 10 international patent applications, some already granted, on this
technology.

Il PILOT COAL FIRED TESTS OVERVIEW

This section will discuss all the components of the FPO 5-MWth pilot and will give a
comprehensive overview of the testing methodology. Data was collected throughout the
pilot loop. The numbers in boxes, as shown in Figure 5, represent locations where the
flow was characterized by various sampling methods. The numbers in circles shown in
Figure 5 represent a unique mass flow stream, which is useful when describing the

cycle mass and thermal balance.
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1) COAL SLURRYING

Coal slurrying is an established technology already used in gasifiers. The FPO process
is somewhat different from gasification, providing a quantitative conversion of fed
combustible species in a once-through combustor. With FPO, there is no chance of
particle classification or retention per diameter size. Therefore, the coal particle size
parameter must be carefully investigated and validated on a case-by-case basis. It was
experimentally apparent that fuel particle size, up to a few millimeters, does not affect
FPO, so the burdensome coal pulverization step is excluded. In addition, there is
experimental evidence that the broader the particle size distribution, the less likely the
problem of erosion of piping systems will occur. From a cycle efficiency standpoint, the
addition of water to allow the slurry to be pumped must be carefully managed to avoid
undesirable drawbacks.

Each coal tested required a specific study to define the best compromise between firing
requirement, hardware requirement, and slurry pumping. For each case, rheological lab
study, tests in field pumping, and lance spray tests (no-clog test) were performed to
optimize the slurry recipe prior to the firing test. Small slurry lots with particle size
distributions progressively extended to coarser particles were fired during preliminary
ITEA internal firing tests, which optimized particle size distribution.

The availability of milling units beginning in 2008 allowed for the customization of slurry
preparation. It also avoided the inconvenience of unexpected feeding inconsistency and
large particle contamination. Contamination had been experienced during two tests with
ground material supplied by a toll manufacturer prior to the installation of milling

equipment.
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Figure 5. Sampling Points in the FPO 5-MWth Cycle Diagram
Sampling and characterization of coal and water streams at sample points 1 and 2

provided coal characteristics, slurry total water content, and mass flow rates during the
trials.

2) THE FIRING LOOP

Different from state-of-the-art conventional boiler systems, the FPO combustor is a
refractory-lined vessel, without radiative heat exchange to steam. Temperature
regulation is not affected by any external heat sink. Sensible heat recovery is performed
in flue gas to water-steam heat exchanger downstream of the combustor.

Cool flue gas exiting the Heat Recovery Steam Generator (HRSG) is short-circuited
back for combustor tempering and hot combustion gas tempering by the quencher. A
blower provides the necessary head lost in the loop and HRSG. The combustor and
HRSG are set in a pressurized flue gas loop. The gas composition downstream of the
combustor is constant, which allows the sampling of gas from points at a manageable
gas temperature (see sampling point 5 and 6 in Figure 5). Gas composition analysis is
performed by a rack of continuous process analyzers, Non-Dispersive Infrared Sensor

(NDIR) for CO, H,0O, CO,, SO,, Zirconia, and for oxygen excess. A Hydrogen Flame
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lonization Detector (HFID) is used for determining Total Organic Content (TOC). In
some cases, SOz was monitored with a Teflon membrane at 120°C, by CESI
technicians.

Residual particle content in the combustor outlet flue gas was continuously monitored
by laser opacimeter before the HSRG inlet. This data is useful to console operators, but
it is qualitative only. For quantitative characterization of residual particle content in the
flue gas, a sample is taken at sampling point 5, just before HSRG. It has been
characterized by microfiber filter (weight gain) filtration, which is collected in batches
during the day shift. In parallel, and for most of the cases, the characterization was
performed by an Electrical Low-Pressure Impactor (ELPI) continuous particle scanner,
which was managed by ENEA technicians at all times. In some cases, a Direct Memory
Allocation (DMA) scanner contributed by the University of Naples, magnified particle
number distribution in the small diameters portion (7 to 50 nm). ELPI is equipped with a
10 um cutoff at the flue gas inlet. ELPI particle integral value always tested lower than
filter test values, around 20-40% less. The broadest deviations have been noticed for
high filtration values, likely in circumstances in which insufficient melting-coalescence
was occurring in the combustor.

The HRSG steam produced was metered by a shop calibrated orifice differential
pressure (dP) cell. Steam was then condensed by an air fin and condensate was
recycled to the HRSG at 35-40°C.

3) COMBUSTOR SLAG

Molten slag separates from the flue gas and drains to the combustor bottom and exits

through an electrically heated port, falling into a quenching water bath. A water loop
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carries solidified beads to a settler and they are recorded in batches. There are two
settlers so that one can be taken out of operation and emptied. The vitrified beads are
manually shoveled into bags and tested, shown as sampling point 3 in Figure 5. The
bags are weighed every 2-4 days, depending on the ash content of the used coal. This
is how stream number 8 is given a calculated hourly value. Because the combustor is
horizontal, the slag can accumulate at the bottom, as seen in Figure 6. This
accumulation was collected and accounted for by inspection of the combustor after

each trial.

Figure 6. Slag Residue Inside the Combustor
Even though the firing loop is simple, with compact piping pathways, ITEA alerted Enel

that the pilot firing loop construction insulation standard was not very rigorous, neither
for the combustor nor for hot flue gas piping. Thus, a blank test was performed at firing
loop temperatures corresponding to those projected for the majority of coal trials. A
steady condition at almost zero steam production was reached after firing 54 kg/hr of

light oil (LHV 44,000 kJ/kg). From this test, it was deduced that 29 kW of sensible heat
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from the flue gas was released to the atmosphere at 238°C. The “pre-empty” load,
which characterizes all unit losses (including pressurized air flushing to metal shells),
was calculated to be 637 kW, of which 264 kW were combustor losses. This huge figure
is due to the small scale and poor insulation of the pilot plant. However, Enel
engineering estimated that, given hardware typical geometry, it could be reduced by a
factor of 10 to 20 times with proper engineering at industrial scale. Pilot overhauling was
evaluated, but Enel chose not to implement the overhaul, since it was not altering the
scope of planned technology tests.

4) FLUE GAS TREATMENT

ITEA adopted, for its hazardous waste-to-energy business, a dry, sodium acid
carbonate (bicarbonate) injection into the flue gas. The flue gas at the pressurized loop
outlet was laminated to a pressure slightly above atmospheric pressure. Gas-to-solid
direct contact processing was performed in a tubular reactor. It was followed by flue gas
filtration with a fabric filter. Neutralized flue gas was released to the stack.

No additional sensible heat recovery or water vapor condensation was implemented in
the 5-MWth pilot, but can be included in future designs.

Enel considered pressurized alkali scrubbing and pressurized flue gas condensation,
but traditional unit operations were manageable by the engineering department.

Pilot airborne emission was monitored by continuous Siemen’s analyzers. After a drier,
NDIR was used for CO, SO, and NOx, and HFID was used for TOC on the airborne
emissions. Particulates were characterized by batch filtration and HCI by a wet batch
method. Dioxin, Furan, and heavy metals were characterized by accumulation methods,

sampling the gas for almost eight consecutive hours.
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5) COAL TRIALS TESTING PROCEDURE

Enel and ITEA agreed to a testing procedure for each coal trial:

The coals were selected, acquired, and characterized by Enel. A preliminary, but
extended, slurry production test and firing tests, were performed by ITEA, with Enel
assistance, and monitored by internal characterization means for durations varying from
100 hours to 350 firing hours. A final, certified firing run was conducted with the
presence of Regulatory Agency emission characterization technicians. The final run was
supported by external certified bodies, technicians, and experts (CESI, University of
Naples particulate experts, University of Bari experts) for a duration of about 120 hours.
Detailed performance data and balances are provided for one of the coal trials.

An overview of trials 1 through 8 is presented in Table 2. These are Enel coal tests that
ran from March of 2007 to May of 2009. Table 2 provides a summary of the results for

each test, along with any issues that arose during testing.

Table 2. Coal Trials Summary

Heat

Net . Rec. Slurry .
Firing (tggsle) (MIVr:/th Heat Coal iciEefrE-c I%ir(r;:]sss Remarks
Hours ) (MWth) w% y

Trial 1 - Coal Type: Fu-Kang, Indonesia Bituminous Date:

March 14-22, 2007

Poor slagging, Iron

Official Il escapes, 8
121 82 3.9 2.92 53 | 74.9% |test apes,
okay downtime events,

some flue gas ash

Trial 2 - Coal Type: Guasare, Venezuela Sub-Bituminous Date: June 4-22, 2007

- Several lance
Official cloaain
210 97 3.8 2.98 45 | 78.4% | test 9ging,
Frequent load
okay .
reduction
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Trial 3 - Coal Type: Ukraine Anthracite Date: October 10-17, 2007

Slag hourly rate
Official | too high, Slow

96 53 3.3 24 39 72.7% | test down on night shift,
okay Liquid slag port
clogged

Pilot Improvements Implemented

Trial 4 - Coal Type: Ukraine Anthracite Date: June 18-26, 2008

Official | High slag quantity
141 105 4.5 3.5 34 77.8% | test handled, Slow
okay down on night shift

Trial 5 - Coal Type: Adaro, Indonesia Bituminous Date: September 10-21, 2008

Official Iron Problem
183 135 4.9 3.85 50 78.5% | test ved fouli
okay solved, no fouling

Trial 6 - Coal Type: Gordinne, Venezuela Sub-Bituminous Date: October 6-31, 2008

Official | Peak capacity 5.3
349 291 4.9 3.97 41 81.1% | test MWth, minor
okay operations problem

Trial 7 - Coal Type: KleinKopje, South Africa Sub-Bituminous Date: November 27-
December 14, 2008

Official | Lance clogging,
187 125 4.7 3.73 39 79.4% | test muffle failure, unit
okay down for 64 hrs.

Trial 8 - Coal Type: Ukraine Anthracite Date: May 11-15, 2009

onom V255
116 88 42 3.2 41 76.2% | test q| dy o
Okay S.OW OYVI’] uring

night shift

1,403 976
hours tonnes

Total Across All Trials

From all the above trials, Trial 6 was selected as a test with representative data for this
report. The results of this trial are presented in the subsequent sections. A detailed

overview of trial 6 is displayed in Table 3.
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Table 3. Detailed Description of Coal Trial 6

Trial Duration

241 hours net from October 6—-31

Coal Fired 153 tonnes
Continuous-labor-hours limitation — 96 hours
Emergency: Slag Muffle failure and replacement —
Downtimes 21 hours

Lance tip clogging: 6 replacements — 18 hours
Slow down at lower capacity — 32 hours equivalent

Emission Certified Firing Test

Trial Duration

108 hours net from October 27-31

Coal Fired 68.5 tonnes

Power in 4.9 MWth

Downtimes Lance t!p clogg!ng and rgplacement - 3 hours
Lance tip clogging, and in place purging — 1.5 hours

Fuel

Coal Type Venezuela Gordinne

Ash Melting Temp. (Oxidizing) 1,329°C

Coal Slurry Feed Rate 932 kg/hr

6) TRIAL 6 MATERIAL AND THERMAL BALANCE

Table 4 displays the mean values of the materials at various stream points. The stream

numbers correspond to the circled numbers shown in Figure 5. The balances for the

streams were calculated and compared to metered values. The metered streams were

acceptable (<1% deviation) with calculated values. Note that the temperature leaving

the combustor was so high that it could not be measured before quenching, making

stream number 9 a purely calculated value.

Table 4. Material and Balance

1 593 634

2 298 298

3 593 339 932
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4 1,572 1,572
) 62 208 270
6 90 90

7 1,775 154 516 4,418 16 6,909
8 30

9 2,471 221 732 6,322 23 9,769
10 3,239 289 968 8,287 30 12,813
11 5,710 510 1,700 | 14,609 53 22,582
12 19,753
13 717 63 214 1,835 7 2,829

Key temperatures, pressures, and heat rate balances are given in Table 5. When
calculating the heat balance, the enthalpy was set to zero at 530K. Measured losses
from the Enel study are also represented in Table 5. Some steam energy was
recovered into the cycle in stream number 6, which is represented as a negative loss.
The measured heat rise of steam is in agreement with the thermal balances presented
above. Heat recovery in steam net efficiency for the pilot firing loop is measured to be

81.1 %. The net mass flow rate of steam generated was 4,570 kg/hr.

Table 5. Temperature, Pressure and Heat Balance for Relevant Streams

1
2
3 Ambient -307
4 Ambient -93
5 Ambient 800 17
-4.0
6 488 2,000 (steam
recovery)
7 533 470 33
8 1,600 12
9 1600 | 464 4,351 263
(combustor
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loss)

10 533 464 62

11 1030 | 463 4.052

12 533 471 95 360 (piping
loss)

13 530 440 0

Enel R&D suggested technically achievable heat losses and heat recovered from flue

gas water vapor condensation. The study calculated that the heat losses could be

reduced to 75 kW (1.5% of the total load at an industrial scale). Flue gas heat recovery

can provide 69 kW (cooling flue gas down to 460K) of sensible heat recovered from flue

gas and 730 kW of heat recovered from flue gas condensation. The study also

suggested that the injected steam recovery into the cycle could be improved to 5.3 kW.

These cycle improvements would make the heat recovery efficiency close to 100%.

7) TRIAL 6 STREAM CHARACTERIZATION DATA

The sampling point data from trial 6 is presented in detail below.
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Table 6. Trial 6 — Sampling Point 1 — Coal Feed Properties

LHV 27.84 kJ/kg
C 79.0 % wt
H 5.07 % wt
O 3.19 % wt
N 1.4 % wt
S 0.53 % wt
Ash 4.39 % wt
Moisture 6.5 % wt
Ground Coal Particle Size Screening
1,180 um 2.1 % wt
500 ym 55.6 % wt
250 ym 26.9 % wt
150 uym 9.3 % wt
Res um 6.1 % wt

The first sampling point is the coal feed, which was characterized at the laboratory scale

in parallel with the 5-MWth testing. The coal characterization is displayed in Table 6.

Table 7. Trial 6 — Sampling Point 2 — Slurry Properties

Ground Coal Feed Rate 635 kg/hr
Water Added to Coal Feed 298 kg/hr
Percent Water in Slurry 36.4%
Melting Additive K,SO4 2 kg/hr

932 kg/hr mean
Slurry Feeding to Combustor (880 min. to 950
max.)

Slurry LHV 8.145 kJ/kg

The next point of sampling is after the slurry preparation. The slurry properties for trial 6

are in Table 7.
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Table 8. Trial 6 — Sampling Point 3 — Vitrified Ash and Slag Properties

Al % 14.57 15.17 12.13 12.67 <0.02 4.21
Ca % 2.85 2.93 2.73 2.85 0.05 1.18
Fe % 9.61 8.81 7.56 7.93 0.05 5.85
K % 8.68 8.25 11.84 11.65 24.56
Mg| % 1.19 1.22 1.12 1.18 0.06 0.50
Na % 1.34 1.21 0.79 0.87 0.37 0.94
Si % 21.04 22.96 25.47 26.77 0.37 8.79
Ti % 0.49 0.58 0.57 0.58 <0.02 0.23
Ag | mg/kg| <13 <13 <13 <13 <12 <12
As | mg/kg <13 <13 <13 <13 <12 40

Ba |mg/kg| 776 763 868 830 <24 284
Be | mg/kg <13 <13 <13 <13 <12 <12
Cd |[mg/kg| <13 <13 <13 <13 <12 <12
Co | mg/kg 75 70 43 44 <12 21

Cr | mg/kg| 5,818 5,431 1,277 1,348 45 3,790
Cu | mg/kg 119 116 174 174 <12 177
Hg | mg/kg <13 <13 <13 <13 <12 <12
Mn | mg/kg | 1,647 1,598 1,558 1,564 <12 673
Mo | mg/kg <13 <13 <13 <13 <12 86

Ni | mg/kg | 1,479 1,401 548 567 20 300
Pb | mg/kg 13 14 <13 14 <12 161

Sb |mg/kg| <13 <13 <13 <13 <12 15

Se | mg/kg <13 <13 <13 <13 <12 <12
Sn | mg/kg 20 22 <13 <13 <12 37

Sr |mg/kg | 637 587 631 614 <24 182
Te | mg/kg <13 <13 <13 <13 <12 <12
Tl |mg/kg| <13 <13 <13 <13 <12 <12
V | mgkg| 577 574 674 689 <24 457
Zn | mg/kg | 6,327 5,998 1,222 1,300 <24 3,705

Vitrified slag was removed from the cycle at sampling point 3 at a rate of 30 kg/hr. For
trial 6, 9.37 kg of vitrified slag were collected in bags. Table 8 shows the composition of
four samples of vitrified slag. Since ash accumulates in the combustor, as shown in

Figure 6, the residuals are collected and analyzed after each trial. In Table 8 the
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additive composition is shown in the fifth column, and the composition of the residual
ash for trial 6 is in the sixth column.

Slag composition was in line with ash composition, apart from Chromium. The high
value is likely attributable to the failure of a brick of refractory lining. In fact, usual
hardware inspection after the trial revealed that a big surface chunk of one of the
manhole refractory bricks was missing. It is worth mentioning that carbon content is <

0.01%, both for vitrified slag and residual ashes; more precisely, it is non-detectable.

Table 9. Trial 6 — Sampling Point 4 — Water Metal Content

Ag | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Al |mg/L | 0.0150 | <0.01 0.0880 0.1990
As | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Ba | mg/L | 0.0140 | 0.0220 <0.01 <0.01
Be | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Ca | mg/L | 0.3250 | 0.3210 0.8360 1.8840
Cd | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Co | mg/L | 0.0009 | 0.0009 <0.0005 <0.0005
Cr | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Cu | mg/L | 0.0007 | 0.0009 <0.0005 <0.0005
Fe | mg/L | <0.01 <0.01 0.0180 0.1440
Hg | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
K | mg/L| 0.1640 | 0.1340 0.2670 0.2260
Mg | mg/L | 0.0630 | 0.0700 0.1450 0.1980
Mn | mg/L | 0.0142 | 0.0153 0.0164 0.0045
Mo | mg/L | 0.0592 | 0.0511 0.0255 0.0430
Na | mg/L | 0.1700 | 0.1410 0.1270 0.1140
Ni | mg/L | 0.0830 | 0.1013 0.0236 0.0052
Pb | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Sb | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Se | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Si | mg/L | 0.4990 | 0.5080 0.6320 0.9140
Sn | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Sr | mg/L | <0.01 <0.01 <0.01 0.0140
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Te | mg/L | <0.0005 | <0.0005 | <0.0005 <0.0005
Ti | mg/L | <0.01 <0.01 <0.01 <0.01
Tl | mg/L | 0.0005 | <0.0005| < 0.0005 <0.0005
V |mg/L| <0.01 <0.01 <0.01 <0.01
Zn | mg/L | <0.01 <0.01 <0.01 <0.01

Four samples of the slag-quenching water were analyzed for material content. The
results of the metal content in the water are shown in Table 9. The methodology was a
standard laboratory-leaching test, which produced results similar to the slag and ash
results.

The quenching water was also assessed for other compounds, which are displayed in
Table 10. For organic pyrolytic compounds analytical assessment, all regulated

substances are below the detection limit concentration.

Table 10. Trial 6 — Sampling Point 4 — Water Properties

pH 6.89 7
Cond | uS 55 10.1

F |mg/L| 0.07 <0.05
Cl |mg/L| 0.06 0.09

NO; | mg/L | 0.90 0.24

SOs |mg/L| 1.48 0.24

The sampling and characterization, at point 5 of stream number 11, was performed with
batch filtration onto silica microfibers. This test of the combustor outlet flue gas was

performed 44 times within the final trial. The mean, minimum, and maximum values of
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these tests are presented in Table 11. ELPI continuous scanner results are also shown

in Table 11. The results of this gave lower values, but the data was less scattered.

Table 11. Trial 6 — Sampling Point 5 — Residual Ash in Flue Gas

Mean 83 mg/Nm”®
Maximum 112 mg/Nm®
Minimum 42 mg/Nm°>

Mean 54 mg/Nm?®
Maximum 66 mg/Nm®
Minimum 46 mg/Nm?®

Inspection of the 5-MWth pilot after the trial did not reveal any appreciable accumulation
of particulate, neither in HRSG, nor along the piping. Some material was found
accumulated at the quencher outlet pipe. The material was a very small chip with a
green-violet color. This was sampled and analyzed with Inductively Coupled Plasma
(ICP) spectrometry. The composition was very similar to the 8% alumina-chromia

combustor refractory bricks.

Table 12. Trial 6 — Sampling Point 6 — Continuous Loop Gas Analysis

Mean H,O 54% vol.

Mean CO, 44% vol.

Range CO 1-2 ppv

Range SO, 1,100 -1,300 ppv

Total Organic Carbon 1 ppm (close to analyzer lower limit)
Mean Paramagnetic O, | 1.92 % vol.

Range Paramagnetic O, | 1.5-2.5 % vol.

Table 12 shows the composition of the gas that is sampled at point 6. This gas is

recirculated back to the combustor and quencher for tempering.
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Similar tests were performed on the airborne emissions at sampling point 7. Both NDIR

and HFID analyses were performed and their results are shown in Table 13. On day 1

of the trial, a peak value of 867 mg/Nm3 for the NOx-NO, equivalent reading was

recorded for 2.5 hours. This was corrected with a reduction in excess O, by 1.5-2%, and

a staging of 15% of the oxygen supply at the mid length of the combustor. After these

modifications, the continuous scanner produced the results in Table 13.

Table 13. Trial 6 — Sampling Point 7 — Stack Emissions Gas Analysis —Dry Gas

NOx-NO, equiv. 320 mg/Nm° | 320 mg/Nm® | 410 mg/Nm°
CO, 80% vol. 71% vol. 82% vol.
SO, 36 mg/Nm°> |22 mg/Nm® |41 mg/Nm®
CcO 2.2mg/Nm° [1.7 mg/Nm® | 3.5 mg/Nm®
Total Organic Carbon | 1 mg/Nm°®

Range O, 3-6 % vol.

Batch analysis was also conducted on stack emissions. With a microfiber filter, 37

samples were recorded and the results are shown in Table 14.

Table 14. Trial 6 — Sampling Point 7 — Stack Emissions Batch Filtration Analysis

Number of Samples | 37

Method Filtration onto microfiber filter

Mean 0.35 mg/Nm®

Minimum 0.085 mg/Nm”®

Maximum 2.7 mg/Nm? (isolated peak)

Method ICP (on absorbent solution with particulate)
Hg Non-detectable

Cd < 0.0001 mg/Nm°

Tl < 0.0001 mg/Nm®

Others 0.022 mg/Nm”®
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An accumulation study was also executed at the stack. This study sampled six total
hours per day and was performed four times during trial 6. One of the sampling
procedures was interrupted because of lance clogging. The results of the accumulation

studies are shown in Table 15.

Table 15. Trial 6 — Sampling Point 7 — Stack Emissions Batch Accumulation

Number of Samples 4
Duration of Sample 6 hours daily

Mean Total Dioxin Furan | 0.0076 ng/Nm°®
Mean Total PCBs 10.7 ng/Nm®

The emissions analysts provided these comments: “Apart from mercury values, which
are not significant because of the type of used coal (very low mercury in, Enel says), it
is worth mentioning the low values of non-combusted species, together with heavy
metals.”

To translate concentration value (typical of air combustion analyses) into quantitative
emission value, the airborne emission figures were converted, as shown in Table 16,
and given a 48.5% projected gross efficiency. The heavy metals and organics were far

below any emission limit and are not included in the table.

Table 16. Comparison of Results with U.S. Emission Limits

SO, 0.048 Ib/MWh heat recovered | 0.048 Ib/MWh 1.0 Ib/MWh
NOx 0.41 Ib/MWh 0.41 Ib/MWh 0.7 Ib/MWh
Particulate | 0.09 Ib/MWh 0.0004 Ib/MWh 0.09 Ib/MWh
HCI < 0.00004 Ib/MWh <0.00004 Ib/MWh | < 0.01 Ib/MWh
SwRI Project No. 18.23745; DE-FE0031580 Page 25

Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



8) ENEL COAL TRIALS REPORT TO R&D AND ENGINEERING

At the end of trial 8 in January 2010, the Enel team presented the coal trials report to its
board. The firing trials with coals of Enel Italian coal fleet demonstrated the capability to
convert quantitatively combustible species. Combining these results with other certified
characterization firing tests conducted by ITEA on diversified fuels (industrial wastes,
biomasses), it can be concluded that quantitative combustion is an intrinsic ITEA
process performance. Also obtained was vitrified fully-inert slag, which is zero-carbon
and zero-leaching.

Enel does not have any specific fundamental knowledge about the ash melting and
coalescence slagging efficiency, which may impact residual ashes content in the flue
gas, nor is there suitable information in the literature. The issue of some gas fowling
arose in trials 1 and 2 from the fugitive Iron Oxide and high-melting temperature ash.
However, ITEA developed with lab work (static crucible tests and dynamic lab pilot test)
a rapid response via melting additives, which became a successful solution to this
problem. This solution was demonstrated in trials 4 and 5. Therefore, ITEA
demonstrated the capability to manage sophisticated high-temperature inorganic
chemistry. Enel is confident that the ITEA process performance can be confirmed and,
perhaps, extended to other coals different from the ones in the Italian fleet.

Enel-ITEA elaborated a list of apparent bottlenecks and hardware weak points for coal
firing. They have been supplied in a priority list and the essential ones, for the scope of
technology validation, were planned for implementation with Enel support. ITEA

designed and implemented boiler replacement, improved slag discharge system, fabric
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filter de-bottlenecking, and other minor instrument improvements. These improvements
were successfully tested in May 2008, just before trial 4.

Injection lance tip plugging, which impeded firing tests, was considered inherent to the
small firing scale-small tip size. Cold tests, with geometrically larger tips, demonstrated
that it is no longer an issue with a 50% diameter increase. Moreover, the addition of an
in-line colloidal mill before the pump, along with slurry spraying cold tests, removed any
clogging problem just before trial effort conclusion.

Suitable solutions have been selected and validated for slurry pumping. A progressive
cavity (worm) pump provided good performance. The pump was positively cold tested
for higher process pressure, up to 15 bar of absolute pressure. A direct flame heating
device at the molten slag discharge port was designed (stoichiometric NG-Oxygen, in
diluent CO,) and implemented with positive results for high-temperature melting ashes.
The firing loop showed excessive turnaround heat losses. A final economizer on the flue
gas discharged by the firing loop and a pressurized alkali scrubber have been analyzed
and considered, but they were a lower priority for the scope of the trials and, thus, were
excluded from implementation.

Enel R&D and Engineering conclude that ITEA’s efficiency and cost of energy
projections, elaborated in cooperation with the MIT Mechanical Engineering Department
(Dr. Ghoniem), are now supported by experimental feasibility data.

Therefore, the preliminary engineering study, detailed design, and erection of a large
pilot are recommended. In addition, the continuation of experimental effort for a
technology application extension to low ranking fuels, to strengthen further economics

and a competitive position outside the Italian coal fleet.
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ITEA has been continuing the experimental application development effort on the 5-
MWth pilot, firing different fuels:

e Low-rank coals (high water, high ash content and alkaline ash, lignite, and virgin

lignite) for comprehensive 250 firing hours net

e Qil heavies and refinery residues for 750 hours net

e Municipal wastes for 620 hours net
Specific ash recipes have been tested to further compress residual ash in the flue gas.
Recipes for high vanadium content slagging and neutralization have been validated.
Patent applications have been filed for the novel solutions. Recipes for very high sodium
ash have been validated and relevant patent filing is in the pipeline.
C. CHOICE OF SCALE FOR THE LARGE PILOT
l. CURRENT TECHNOLOGY READINESS
ITEA’s FPO technology has advanced to TRL-6 according to NETL’s definition. Here is

a summary of each of the criteria associated with TRL-6 and how they were met:

e A prototype has been validated in a relevant environment — The size of the
5-MWth process development unit (PDU) qualifies as a prototypical scale for the
combustor, which was validated under operating conditions that would be seen at
a full-scale power plant using this technology. Key tests related to combustion
efficiency, environmental performance, corrosion and erosion characteristics, and

reliability were performed.

e Component integration is like the final application in most respects, and
input and output parameters resemble the target commercial application to

the extent practical: The novel aspects of a pressurized oxy-combustion system
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utilizing ITEA’s technology were validated at the PDU test facility including the
coal slurring process, pressurized conditions representative of the full-scale
application, the unique FPO combustion system, and FGR. Components that
would be needed for the commercial system including an ASU, power island,
CO;, purification, and compression island are already mature and can be plugged

in relatively seamlessly.

e Data sufficient to support the planning and design of the next TRL test
phase have been obtained: ITEA and Enel have obtained significant testing
data at the PDU site over a multi-year period and these data have been used by
ITEA and Enel to perform design and costing studies [1], [2] that were updated in
cooperation with researchers at MIT [3], [4]. ITEA has performed a front-end
engineering design study for the next-step pilot plant scale-up of the FPO
combustor system based on data and experiences from the PDU test facility.
This pilot plant and the associated testing program, the subject of this project, are

sufficient to achieve the criteria to ultimately advance to TRL-7.

e Performance attributes and requirements have been updated: Significant
testing was done to characterize and validate the design and operation of the
combustor system over a long-term operating period. Lessons learned from the
testing have been used by Enel and ITEA to update the design basis and
perform detailed engineering and cost study for a full-scale 350-MWe

pressurized oxy-combustion power plant using the technology [5].
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Il PROPOSED WORK TO ADVANCE TRL

The goal of the current DOE project is to design the next-step 20-50-MWth pilot facility
for ITEA’s FPO technology that once constructed and operated will achieve TRL-7.
Major technical uncertainties associated with the system that the project will attempt to

address to attain TRL-7 are discussed below.

1.  OVERALL PLANT DESIGN

Key aspects of the plant design will need to be verified during the pilot plant
demonstration. Due to limited experience, there is uncertainty in pressurizing the coal
feed. The slurry feed proposed by ITEA is probably the least uncertain of the options
available but needs testing at a larger scale.

The system that ITEA is developing is dependent on the performance of the FPO
combustion process. A single combustor is envisioned with a capacity of 400-MWth for
the full-scale system, 80 times the size of the PDU. ITEA is proposing an intermediate-
sized pilot plant with combustor capacity of 20-50-MWth, 4-10 times the size of the
PDU, to reduce the risk of moving directly to commercial size. The pilot plant combustor
geometry would change from a horizontal cylinder to a vertical down flow one, which is
the same that would be used at full scale. The uncertainties associated with scale up
and the geometry change will include:

e Required fuel preparation and combustion conditions and excess O, levels in the
combustor exhaust that achieve acceptable carbon burn-out and NOx production
resulting from these conditions.

e The ability of the new combustor design to capture 99%+ of the fuel ash in the

combustor slag, obviating the need for a separate particulate control device.

SwRI Project No. 18.23745; DE-FE0031580 Page 30
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



e |TEA reported that at the 5-MWth PDU, metals in the fuel (excluding mercury,
which was limited in tested coals) were captured to a high degree in the slag
flowing from the combustor. This will need to be verified at pilot scale.

e The durability of the refractories used in the combustor. Refractory maintenance
can be a significant cost / unit availability factor. The capability of the FPO
technology to achieve and maintain low loads, reducing thermal cycling of the
refractories, may minimize this uncertainty.

e New combustor design fuel flow required to maintain refractories at “standby”
temperature, such that limits on refractory temperature rise rate, do not limit
overall plant capacity increase rate.

The proposed pilot will provide experimental evidence required to develop and assess
figures of merit designed to address the issues listed above, and validate that the
projected scale-up rules are working and that any uncertainties identified for the
commercial scale-up can be managed.

D. DETAILED COST ESTIMATE AND SCHEDULE FOR PHASE Il (FEED)

For the Phase Il continuation proposal, a detailed cost estimate and schedule was
produced. A detailed program of tasks and subtasks was created to define all the
necessary efforts in Phase Il. A description of these tasks is contained within the
Phase Il continuation proposal under the Statement of Proposed Objectives.

l. DETAILED COSTS FOR PHASE I

The costs for Phase Il were estimated by project managers based on the required labor
for each effort. The breakdown of costs by task and selected subtasks is shown in

Table 17. The bar graphs in Figure 7 also help illustrate the breakdown of Phase I
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costs. The majority of the project costs will be incurred under the front-end engineering
and design (FEED) study. This is due to the level of definition required in the plant
design to achieve the required AACE Class 3 cost estimate by the end of Phase II.

The expected monthly spend curve for Phase Il is shown in Figure 8. The spending is
evenly distributed throughout the project, but a higher rate is planned for the time prior
to March 2020. This is to allow for some time to catch up by the end of the project if

some tasks are falling behind their due dates.

Table 17. Table of Costs by Task with Selected Breakdown by Subtask

Task 1.0 - Project Management and Planning $54,506
Task 2.0 - FEED Study $2,810,350
Subtask 2.1 - Pilot Design Basis Refinement $441,713
Subtask 2.2 - Equipment Development $922,256
Subtask 2.3 - Facility Development $814,051
Subtask 2.4 - Specification of Instrumentation $67,185
Subtask 2.5 - Specification of Control Software and Equipment $205,116
Subtask 2.6 - Refinement of the Phase Ill Cost Estimate $360,029
Task 3.0 - NEPA and Permitting at Host Site $314,858
Subtask 3.1 - NEPA Process $176,298
Subtask 3.2 - Permitting Process $138,560
Task 4.0 - Team and Cost Share Commitments $17,124
Task 5.0 - Updated Techno-Economic Analysis $111,414
Task 6.0 - Analytical Technical Risk Assessment $196,294
Task 7.0 - Phase Ill Controlling Documents $188,309
Task 8.0 - Updating the Technology Maturation Plan $56,695
Total Project Cost $3,760,117
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Figure 8. Monthly Spending Curve for Phase Il
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I. DETAILED SCHEDULE FOR PHASE Il

The expected schedule with associated milestones was built into a Gantt chart, as shown in Figure 9.
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Figure 9. Phase Il Detailed Gantt Chart
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E. PRELIMINARY COST ESTIMATE AND SCHEDULE FOR PHASE llI

|. CosTs FOR PHASE I

The cost estimate for Phase lll is an ongoing task that will be further refined by the
completion of Phase I. The costs for major equipment for Phase Ill are shown in

Table 18. These cost estimates are conservative and expected to be reduced before

Phase II.
Table 18. Major Equipment Costs

01 X01 Coal Slurry Bar Mill $798,000
01 X08 Coal Slurry Bar Mill Recycle Conveyor $35,000
01 X09 Coal Slurry Paddle Mixer $70,000
02 PO1A Coal Slurry Feed Pump A $16,000
02 PO1B Coal Slurry Feed Pump B $16,000
02 EO2 Combustor O2 Feed Heat Exchanger $20,930
02 RO1 Oxy-combustor Vessel $361,023
02 RO1 Oxy-combustor Vessel Injection Set $196,098
02 JO1A Flue Gas Quencher A $101,500
02 JO1B Flue Gas Quencher B $101,500

Refractory for Combustor/Quencher/Pipes $483,140
02 EO6 Once Through Steam Generator - OTSG $1,925,664
02 FO1 Recycle Flue Gas Glower Inlet Air Filter $7,000
02 CO1A Recycle Flue Gas Blower $243,600
02 VO1A Refractory Lined Quencher Inlet Pipe A $14,261
02 VO1B Refractory Lined Quencher Inlet Pipe B $14,261
02 Vo1C Refractory Lined Quencher Inlet Pipes C $14,261
02 V01D Refractory Lined Quencher Inlet Pipes D $14,261
02 VO2A Refractory Lined Quencher Outlet Pipe A $33,319
02 V02B Refractory Lined Quencher Outlet Pipe B $33,319
02V03 Refractory Lined Quencher Outlet Pipe - $33,319

Common
02 K01 Turbo-expander $1,500,000
01 DO1 Coal Storage Silo $175,000
01 X03 Coal Feed Conveyor $400,000
01 X05 Coal Reclaim Conveyor $400,000
01 X06 Coal Bucket Conveyor $400,000
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09 D04 Flush / Service Water Tank $29,100
09 D07 Demineralized Water Storage Tank $162,300
08 X01 Air Separator Unit $5,892,000
03 PO2A BFW Pump (HP) A $900,000
03 PO1 BFW Treatment Additive Pump $29,300
03 DO1 BFW Treatment Additive Tote $1,000
09 PO9A Demineralized Water Pump A $28,900
09 PO7A Flush / Service Water Pump A $31,500
04 P05 Closed Cooling Water (CCW) Pump $37,500
04 D08 Closed Cooling Water Head Tank $18,750
09 X02 Air Compressor Package $52,500
04 P02A Slag Quench Water Pump A $34,800
04 EO1 Slag Quench Heat Exchanger $13,400
04 VO1A Slag Settler A (1D:89) $92,000
04 VO1B Slag Settler B (1D:92) $92,000
04 P04 Slag Settlers Flush Water Pump $5,000
04 PO3A Slag Sump Pump A $28,800
03 X02 Super Critical Main Steam Attemperator $172,500
03 X03 Reheat Steam Attemperator $300,000
03 EO4 Air Cooled Steam Pressure Condenser (ACC) $4,500,000
04 EO3 Air Cooled Closed Cooling Water (CCW) Fin $300,000
Fan Cooler
05 X01 Turbo-expander Dynamometer $67,000
03 V01 Super Critical Steam Deaerator $122,000
03 EO5 Feedwater Heat Exchanger $37,500
HVAC Unit for Combustor Building $85,000
HVAC Unit for ASU Building $85,000
Fuel Gas Regulating Station $25,000
Combustor Building $3,600,000
ASU Building $2,900,000
Steel Flue Gas Stack $1,000,000
Electrical PDC Building $1,200,000
13.8kV Substation Circuit Breaker $25,000
DCS $900,000

Based on the projected equipment costs, a factored approach was taken for estimating

the capital costs. These factors are based on experience by S&L in developing similar
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demonstration pilots. The Phase | task to refine the costs has the goal of further
reducing the cost of equipment. The current Phase Il capital costs and the estimated
refined capital cost are shown in Table 19. By the completion of Phase |, a more
detailed cost estimate will be produced that uses estimates of labor and materials.

The operating costs for the pilot were estimated based on information available at the
site. The basis for the operating costs and the estimated costs of operating are shown in
Table 20. Combining the projected capital cost of $85.5 million with the operating costs
of the two year test plan of $21.1 million, the total projected cost for Phase Il is $106.6
million. This indicates that $36.6 million in cost share will need to be committed to by the

end of Phase II.

Table 19. Estimated Phase Ill Capital Costs for the 25-MWth Pilot Plant

Equipment $30,175,305 $25,649,009 30%
Materials $5,029,218 $4,274,835 5%
Labor & Construction Equipment | $28,163,618 $23,939,075 28%
Site Overheads (CM, field office, o

scaffold, OT, freight, G&A, profit) $20,116,870 $17,099,340 20%
Engineering $9,052,592 $7,694,703 9%
S/U & Commissioning $2,011,687 $1,709,934 2%
Escalation $6,035,061 $5,129,802 6%
Total Capital Costs $100,584,351 $85,496,698 100%

SwRI Project No. 18.23745; DE-FE0031580 Page 41

Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



Table 20. Estimated Phase Il Operating Costs for the 25-MWth Pilot Plant

Fuel Type "Super-Compliance" PRB
Nominal Plant Gross Capacity MW 25
Capacity Factor (CF) % 28.5
Heat Input to Boiler at Full Load MMBtu/hr 88
Fuel Heating Value Btu/lb 8,800
Fuel Ash Content % 4.50
Ash Removal in Boiler % 99.00
Fuel Sulfur Content % 0.22
Fuel Firing Rate at Full Load kg/s 1.27
Fuel Firing Rate at Full Load Ib/hr 10,056
Slag Production kg/s 0.06
Slag Production Ib/hr 453
No. Waste Disposal Trucks per year 50
Auxiliary Power Consumption kW 3,688
Water Analysis

Water Requirement gpm 20
Labor Rate Slyr 1,703,000
Fuel Cost $/MMBtu 5.0
Waste Disposal Cost $/ton 20.00
Waste Disposal Trucking Cost $/truck 104
Aux. Power Cost $/kWh 0.74
Make up Water Cost $/1000 gal 9.28
Water Treatment Cost $/month 50,000
Fuel Cost Slyr 1,106,100
Limestone Reagent Cost $lyr 0
Waste Disposal Cost (including Trucks) Slyr 12,800
Auxiliary Power Cost $lyr 6,859,700
Water with Treatment Cost Slyr 627,900
Total Variable O&M Cost (w/ CF) $lyr 8,006,500
Total Variable O&M Cost (@100% CF) Slyr 28,055,000
Operating Labor $lyr 1,703,000
Maintenance Material Slyr 157,000
Maintenance Labor $lyr 104,000
Total Fixed O&M Cost (w/ CF) $lyr 1,964,000
Total Fixed and Variable O&M Costs(w/CF) $lyr 10,570,500
Total O&M Costs for a 2 Year Test Plan $21,141,000
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Il CONSTRUCTION AND COMMISSIONING SCHEDULE FOR PHASE Il

A Level 1 project schedule was generated as shown in Figure 10. This schedule
includes FEED and detailed engineering phases. It also highlights the projected lead
times for major items. The detailed design, construction, and commissioning efforts will

last approximately 3 years, ending in 2023.
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Figure 10. Level 1 Project Schedule for the 25-MWth Pilot Plant
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l1l.  TEST PLAN AND OPERATIONS

The test plan includes commissioning, actual testing, and inspection work. Similar to the
size and make-up of the pilot equipment, the test plan is dependent on the amount of
funding available. If further funding is available, the pilot could perform a wide range of
tests and be used as a permanent testing facility that could be useful even after the
technology has gone commercial.

If funding is limited, there is a minimum amount of testing—both in terms of duration and
type—required to accomplish the following:

e Determine the figures of merit (FOM) required to advance the technology to TRL.

e Give confidence to potential end-users that the technology can achieve its design

targets and is safe, reliable, and less risky.
e Allow ITEA to update and finalize the design of the next system scale up in size.

In terms of the FOM, as discussed in Appendix C: FPO Pilot Testing Figures of Merit,
most necessary accomplishments require relatively little operational time—perhaps as
little as 100 hours—once the pilot has been commissioned and is operating at near-
optimal, steady-state conditions, than the FOM related to longer-term endurance
parameters.

In terms of the minimum time that end-users need to gain confidence in the potential
viability of the technology, EPRI performed a survey of the power industry and posed
the question “How many operating hours are necessary for the pilot project to be
successful?” Out of the 20 organizations that responded to the survey, all of which are
coal power producers in the U.S., the answers to this question ranged from 1,000 to

20,000 hours of operation. In addition, the majority stated that having the interested

SwRI Project No. 18.23745; DE-FE0031580 Page 45
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



power industry directly involved in the testing could help facilitate acceptance if the
technology would potentially reduce the amount of testing time required to achieve that.
Additionally, understanding and identifying sequence of operations (e.g., startup and
shutdown) and being able to run flexibly as most existing coal power plants are required
to do, it will be important test parameters for the power industry.

The sequence of operations and operational flexibility, in particular, will challenge not
only the equipment but also the underlying control system. The latter is a critical piece
that ITEA wants to validate during the testing of this pilot. ITEA is also interested in
vetting the “flexible fuel” nature of the technology by validating it can use low-ranking
coals (the standard testing coal will be PRB), expanding its potential in the marketplace.
Note that if funding and timing permits, GE, who is developing the turbo-expander
component, would like to include high-temperature (up to 700°C inlet temperature)
expander modifications for testing near the end of the program.

After the required commissioning phases, the minimum goals of the test plan were
taken to be 3,000 hours of testing. This includes steady state and flexible testing along
with performance and endurance testing. Several inspections will also be performed,
one during and one after testing, to determine if operations have had deleterious
impacts on the components.

Table 21 provides an overview of the testing phases and the anticipated time span for
each phase for the required minimum testing. Figure 11 gives the overall schedule for

commissioning and testing.
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Table 21. Testing Phases and Timeline

Cold Commissioning - - 2 months
Hot Commissioning and Startup PRB ~100 hours 6 months
Steady-State, Flexible, and Load Testing PRB 1,000 hours 6 months
Visual Inspection - 1 week 1 week
PRB
Performance and Endurance Testing* (and possibly | 2,000 hours 10 months
other coals™*)
Detailed Inspection - 4 weeks 1 month
Totals ~3,000 hours | 25 months

* Includes high-temperature turbo-expander testing, if time and funding permit.
** |f funding and time permit.

Year 0 Year1l Year2
Months From Start of Hot C issionil -3 -2 -1 1 2 3 a 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 23
Task 1: Cold Commissioni

Task 2: Start-up & Hot Com ioning

Pre-Start-up Safety Review -

Task 3: Steady-State, Flexibility, and Dynamic-
Load Testing

Task 4: Inspection Outage —

Task 5: Performance & Endurance Testing

Performance Optimi:

Performance Test

Endurance Testing

Alternate Feedstock #1

Alternate Feedstock #2

Task 6: High Temperature Turboexpander E —

Figure 11. Overall Testing Schedule
F. PRELIMINARY TECHNO-ECONOMIC ANALYSIS

l. GENERAL EVALUATION BASIS

1) INTRODUCTION

The current design of the commercial-scale FPO system is as follows:

A cryogenic air separation unit (ASU) delivers oxygen to the combustor at the required
pressure of approximately 189-203 psia (13—14 bara). Oxy-combustion then takes
place in the patented, slagging “ISOTHERM PWR” combustor with slurry coal feed and
the oxygen provided by the ASU. The combustion temperature is typically near

2,550°F (1,400°C). A flue gas recycle (FGR) system provides cooled flue gas to the

SwRI Project No. 18.23745; DE-FE0031580 Page 47
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019




combustor to dilute the combustor exhaust to an acceptable temperature. After that it
enters the (convection) once-through steam generator (OTSG), which produces
supercritical steam at 1,120°F (605°C),driving a steam-Rankine power cycle compatible
with the OTSG. The OTSG waterside path is oriented in a counter-current flow
configuration to the gas-side flow.

The environmental control system consists primarily of a direct-contact water wash to
recover heat and scrub SO,, SO3, and residual particulates issuing from the combustor.
Nearly all of the sulfur entering the combustor, organic or inorganic, leaves as either
sulfate in the slag or as SO,. The SOz content of the flue gas is reportedly at single
ppmv levels. It is anticipated that NOx produced from fuel-bound nitrogen will be
converted to HNO3 at pressure, which will also be collected in the water wash; hence,
no NOx removal technology is needed. A carbon-processing unit (CPU), within which
water and any minor species are removed, meets the product CO, design-basis
specification. The removed species include combustion byproducts such as carbon
monoxide [CO], hydrogen chloride [HCI], hydrogen fluoride [HF], residual sulfur species
like sulfur dioxide [SO,] and sulfur trioxide [SOs], and nitrogen dioxide [NO;] or any
byproducts from air separation like argon.

The remaining balance-of-plant systems are considered conventional.

The commercial FPO system employs a supercritical, single-reheat steam cycle. It is
capable of supporting a dual-reheat system. However, a single-reheat OTSG was
modeled to better compare with the performance of the NETL baseline cases, which are
all single-reheat boilers. There are several notable features of this power system

design:
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2)

The pressurized combustor is fed with a coal and water slurry, fresh oxygen, and
cooled FGR. Approximately 99% of the fuel ash leaves the combustor as a slag.
The refractory-lined combustor pressure boundary is water-cooled, but it is not a
significant contributor of heat to the power cycle. Products of combustion leave
the combustor at a temperature typically between 2,460-2,820°F (1,350-
1,450°C). The products of combustion are cooled by mixing FGR to a
temperature near 1,470°F (800°C).

Low-temperature feedwater heating is accomplished by heat recovery from flue
gas leaving the OTSG.

Low-temperature flue gas heat is recovered to the feedwater from an
intermediate water loop that is sprayed into the flue gas leaving the OTSG. This
direct-contact spray system is expected to remove most of the water-soluble
trace gases: SO,/SO3, HCI, HF, NO,, etc. Excess water condensed from the flue
gas carries these dissolved contaminants to waste.

Deaerator pressure is near 4.5 bar (65.3 psia). This pressure is set to maximize
the low-temperature heat recovered from the flue gas.

SITE CHARACTERISTICS

The site characteristics were adopted from the NETL S12B case, which is contained in

the reference document: “Cost and Performance Baseline for Fossil Energy Plants

Vol. 3b: Low-Rank Coal Electricity: Combustion Cases” [6]. The site is a greenfield

location in Montana and physical characteristics are shown in Table 22.
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Table 22. Site Conditions for the Baseline Case

Elevation, m (ft.) 1,036 (3,400)
Barometric Pressure, MPa (psia) 0.09 (13.0)
Design Ambient Temperature, Dry Bulb, °C (°F) 5.6 (42)
Design Ambient Temperature, Wet Bulb, °C (°F) 2.8 (37)
Design Ambient Relative Humidity, % 62

The characteristics of the plant, shown in Table 23, are also taken from the NETL report
[6].

Table 23. Plant Characteristics

Location Greenfield site Montana, PRB coal

Topography Level

Size, acres 300

Transportation Rail

Ash/Slag Disposal Off Site

Water Municipal (50%) / Groundwater (50%)

Access Land locked, having access by rail and highway

CO2 Storage Compressed to 15.3 MPa (2,215 psia), transported
80 kilometers (50 miles) and sequestered in a saline

3) COAL CHARACTERISTICS
For this case, the Montana Rosebud PRB coal was used. This matches the input coal

for the S12B case [6]. The characteristics of this coal are reproduced in Table 24.
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Table 24. Characteristics of the Montana PRB Coal

|Proximate Analysis
Moisture

Ash
Volatile Matter
Fixed Carbon

[Ultimate Analysis
Carbon
Hydrogen
Nitrogen

Sulfur

Chlorine

Ash

Moisture
Oxygen1

[Heating Value

HHV, kJ/kg
HHV, Btu/lb
LHV, kJ/kg
LHV, Btu/lb

Ash Mineral Analysis
Silica

Aluminum Oxide
Iron Oxide

Titanium Dioxide
Calcium Oxide
Magnesium Oxide
Sodium Oxide
Potassium Oxide
Sulfur Trioxide

Barium Oxide
Strontium Oxide
Unknown

Trace Components
Mercury2

[Hardgrove Grindability Index

Phosphorous Pentoxide

Dry Basis, %
0.0
11.04
40.87
48.09
100.0

Dry Basis, %
67.45
4.56
0.96
0.98
0.01
11.03
0.00
15.01
100.0
Dry Basis

26,787
11,516
25,810
11,096

57

SiO;
Al2O3
Fezo3
TiO,
CaO
MgO
Nazo
K20
SO3
P20s
Ba>O
SrO

Total

Hg

As Received, %
25.77

8.19
30.34
35.70
100.0

As Received, %
50.07

3.38

0.71

0.73

0.01

8.19
25.77
11.14

100.0
As Received, %

19,920
8,564
19,195
8,252

%

38.09
16.73
6.46
0.72
16.56
4.25
0.54
0.38
15.08
0.35
0.00
0.00
0.84
100.0
ppmd
0.081
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4) EMISSIONS LIMITS

Emissions are bound by limits set at the project start. For comparison, the targets set
forth in the NETL baseline [6] for new units are shown in Table 25. These values are
federally regulated according to the New Source Performance Standards (NSPS). The
FPO process slurries as-received coal with water without drying it. Therefore, the wet

basis for mercury (Hg) emission is used.

Table 25. Standards of Performance for New Electric Utilities Built
after February 28, 2015

Pollutant New Units
NETL
Baseline Project Limit
Limit
PM 0.015 0.09
Ib./MMBtu Ib./MMBtu
SO; 1.4 Ib./MWh| 1.0 Ib./MWh
NOXx 1.0 Ib./MWh| 0.7 Ib./MWh
~Hg _ 66x10° 3x10°
Subbituminous (wet units) Ib./MWh Ib./MWh

The basis for the limiting of CO, emissions is to demonstrate the potential of FPO for
carbon capture, utilization, and storage (CCUS) applications. CO, is not currently
regulated, but there is a possibility that carbon limits will be enacted in the future. Per
the guidelines in the NETL baseline reports [6], 90% of the CO, produced by the coal
will be captured.

5) CAPACITY FACTOR

Following the expectation of the NETL baseline report, a capacity factor of 85% was

used. This uses the assumption that the plant would be dispatched whenever it is
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available, and plant availability for the 400-599 MW size is typically 85% [6]. Like the
NETL baseline, the CO, capture system was assumed to have no impact on plant
availability.

6) RAW WATER WITHDRAWAL AND CONSUMPTION

The water consumption was assumed to be provided as makeup for the cooling tower
and steam systems, following the NETL baseline assumptions [6].

It should be noted that the usage of water is not required by the FPO system. In fact, a
zero water consumption case is possible with a water treatment plant. The moisture
within the PRB is not dried out of the feed but slurried with recycle water. Thus, there is
a net production of water once it is removed from the CO, stream by the direct contact
condenser (DCC). However, this scenario was not considered for this report, given that
is a departure from the NETL assumptions about water use and consumption.

Il CoST ESTIMATING METHODOLOGY

The total plant cost (TPC) and operation and maintenance (O&M) costs for the FPO
supercritical power plant were estimated, following NETL’s methodology, as follows.

1) CAPITAL COST

The baseline report for oxy-combustion cases “Cost and Performance for Low-Rank
Pulverized Coal Oxy-combustion Energy Plants” [7] provides a cost estimate for the
major subsystems of the Case S12F pulverized oxy-combustion plant with CO, capture
and purification via cryogenic distillation. This case was chosen because the types of
equipment being used in the FPO process are like the components in S12F. Using it as
the main reference cost estimate, modifications to each subsystem’s cost can be made

either by cost scaling via capacity factor or by direct replacement with proprietary
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estimates. From this approach, the overall cost estimate for the nominal 550 MWe
supercritical plant is estimated. For the subsystems in which capacity factoring is used
to generate the cost estimates, appropriate scaling parameters, from the Cost Scaling
Methodology Report [8], and exponents for capacity factoring, from the Cost Estimation
Methodology Report [9], are used. NETL Case S4A, from “Cost and Performance
Baseline for Fossil Energy Plants Vol. 3a: Low-Rank Coal Electricity” [10], was also
used for cost estimates related to coal slurrying.

The list of the expected supercritical power plant systems and subsystems are shown in
Table 26. Subsystems that are related to slurry-based coal handling and gasifier slag
handling come from case S4A [10]. NETL Case S12F [7] informs the supercritical oxy-
combustion and CO, capture subsystems. Finally, NETL Case S12B [6] is used for
steam turbine subsystems. Subsystems that are grouped within the proprietary systems
category are based on novel technologies and have no analogous counterparts within
the S12F, S4A, or S12B plants. These subsystems are shown in bold, italicized blue

font and are directly replaced with in-house estimates.
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Table 26. List of Equipment and Basis of Estimate

. Reference | Cost Estimate Cost Scaling Reference
Acct No. Item/Description ;
Case Basis Parameter [8]
1 COAL & SORBENT HANDLING
(GASIFICATION)
1.1 | Coal Receive & Unload S4A Cost Scaling Coal Feed Rate, Ib/hr
1.2 | Coal Stackout & Reclaim S4A Cost Scaling Coal Feed Rate, Ib/hr
1.3 | Coal Conveyors & Yard Crushing S4A Cost Scaling Coal Feed Rate, Ib/hr
1.4 | Other Coal Handling S4A Cost Scaling Coal Feed Rate, Ib/hr
1.9 | Coal & Sorbent Handling Foundations S4A Cost Scaling Coal Feed Rate, Ib/hr
) COAL PREP & FEED SYSTEMS
(GASIFICATION)
2.1 | Coal Crushing & Drying S4A Cost Scaling Coal Feed Rate, Ib/hr
2.2 | Prepared Coal Storage & Feed S4A Cost Scaling Coal Feed Rate, Ib/hr
2.3 | Slurry Prep & Feed N/A Proprietary N/A
2.4 | Misc. Coal Prep & Feed S4A Cost Scaling Coal Feed Rate, Ib/hr
2.9 | Slurry Prep and Feed Foundation N/A Proprietary N/A
3 FEEDWATER & MISC. BOP SYSTEMS
3.1 | Feedwater System S12F Cost Scaling HP BFW Flow Rate, Ib/hr
3.2 | Water Makeup & Pretreating S12F Cost Scaling Raw Water Makeup, gpm
3.3 | Other Feedwater Systems S12F Cost Scaling HP BFW Flow Rate, Ib/hr
3.4 | Service Water Systems S12F Cost Scaling Raw Water Makeup, gpm
3.5 | Other Boiler Plant Systems S12F Cost Scaling HP BFW Flow Rate, Ib/hr
3.6 | FO Supply Sys & Nat Gas S12F Cost Scaling Total Fuel Feed, Ib/hr
3.7 | Waste Treatment Equipment S12F Cost Scaling Water to Treatment, Ib/hr
3.8 | Misc. Power Plant Equipment S12F Cost Scaling Total Fuel Feed, Ib/hr
4 BOILER & ACCESSORIES
4.1 | ITEA FPO System N/A Proprietary N/A
42 | ASU S12F Cost Scaling O, Flow Rate, TPD
4.3 | O, Compression N/A Nexant N/A

SwRI Project No. 18.23745; DE-FE0031580
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report

Page 55
March 29, 2019



Acct No ltem/Descriotion Reference | Cost Estimate Cost Scaling Reference
| b Case Basis Parameter [8]
4.9 | FPO System Foundation
5A FLUE GAS CLEANUP
51 Pressurized Flue Gas Desulfurization N/A Proprietary N/A
System
5.9 | FGD System Foundation N/A Proprietary N/A
5B CO, REMOVAL & COMPRESSION
5B.1 | CO, Condensing Heat Exchanger S12F Cost Scaling CO; Captured, Ib/hr
. s . Compression Power
5B.2 | CO, Compression & Purification S12F Cost Scaling Requirement, MWe
6 TURBO-EXPANDER
6.1 | Turbo-expander N/A Proprietary N/A
6.9 | Turbo-expander Foundation N/A Proprietary N/A
7 OTSG, DUCTING & STACK
7.3 | Ductwork S12F Cost Scaling CirculatingaFCI;Jrﬁ Gas Flow,
7.4 | Stack S12F Cost Scaling Stack Flow, acfm
7.9 | OTSG, Duct & Stack Foundations S12F | CostScaling | Crouiating Flue Gas Flow,
8 STEAM TURBINE GENERATOR
8.1 | Steam TG & Accessories S12B Cost Scaling Turbine Capacity, MW
8.2 | Turbine Plant Auxiliaries S12B Cost Scaling Turbine Capacity, MW
8.3a | Condenser & Accessories S12B Cost Scaling Condenser Duty, MMBtu/hr
8.3b | Air Cooled Condenser S12B Cost Scaling Condenser Duty, MMBtu/hr
8.4 | Steam Piping S12B Cost Scaling HP BFW Flow Rate, Ib/hr
8.9 | TG Foundations S12B Cost Scaling Turbine Capacity, MW
9 COOLING WATER SYSTEM
9.1 | Cooling Towers S12F | Cost Scaling Cooling Tower Duty,

MMBtu/hr
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Reference

Cost Estimate

Cost Scaling Reference

Acct No. Item/Description Case Basis Parameter [8]
9.2 | Circulating Water Pumps S12F | CostScaling | cirevlating Vgstrﬁr Flow Rate,
9.3 | Circ. Water Systems Auxiliaries S12F Cost Scaling Circulating V;gtrir Flow Rate,
9.4 | Circ. Water Piping S12F Cost Scaling | Creuating Vgstrﬁr Flow Rate,
9.5 | Makeup-Water System S12F Cost Scaling Raw Water Makeup, gpm
9.6 | Component Cooling Water System S12F Cost Scaling Circulating V;z’:ﬁr Flow Rate,
9.9 | Circ. Water System Foundations S12F Cost Scaling Circulating V;z’:ﬁr Flow Rate,
11 COOLING WATER SYSTEM
11.1 | Generator Equipment S12F Cost Scaling Turbine Capacity, MW
11.2 | Station Service Equipment S12F Cost Scaling Auxiliary Load, kW
11.3 | Switchgear & Motor Control S12F Cost Scaling Auxiliary Load, kW
11.4 | Conduit & Cable Tray S12F Cost Scaling Auxiliary Load, kW
11.5 | Wire & Cable S12F Cost Scaling Auxiliary Load, kW
11.6 | Protective Equipment S12F Cost Scaling Auxiliary Load, kW
11.7 | Standby Equipment S12F Cost Scaling Turbine Capacity, MW
11.8 | Main Power Transformers S12F Cost Scaling STG Rating, MVA
11.9 | Electrical Foundations S12F Cost Scaling Turbine Capacity, MW
12 INSTRUMENTATION & CONTROL
12.6 | Control Boards, Panels & Racks S12F Cost Scaling Auxiliary Load, kW
12.7 | Computer Accessories S12F Cost Scaling Auxiliary Load, kW
12.8 | Instrument Wiring & Tubing S12F Cost Scaling Auxiliary Load, kW
12.9 | Other | & C Equipment S12F Cost Scaling Auxiliary Load, kW
13 IMPROVEMENTS TO SITE
13.1 | Site Preparation S12F Cost Scaling BEC (Minus Acts 13 and 14)
13.2 | Site Improvements S12F Cost Scaling BEC (Minus Acts 13 and 14)
13.3 | Site Facilities S12F Cost Scaling BEC (Minus Acts 13 and 14)
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Acct No ltem/Descriotion Reference | Cost Estimate Cost Scaling Reference
| b Case Basis Parameter [8]

14 BUILDINGS & STRUCTURES
14.1 | Boiler Building N/A Proprietary N/A
14.2 | Turbine Building S12F Cost Scaling BEC (Minus Acts 13 and 14)
14.3 | Administration Building S12F Cost Scaling BEC (Minus Acts 13 and 14)
14.4 | Circulating Water Pump House S12F Cost Scaling Circulating V;strir Flow Rate,
14.5 | Water Treatment Buildings S12F Cost Scaling Raw Water Makeup, gpm
14.6 | Machine Shop S12F Cost Scaling BEC (Minus Acts 13 and 14)
14.7 | Warehouse S12F Cost Scaling BEC (Minus Acts 13 and 14)
14.8 | Other Buildings & Structures S12F Cost Scaling BEC (Minus Acts 13 and 14)
14.9 | Waste Treating Building & Structures S12F Cost Scaling Raw Water Makeup, gpm
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a) Proprietary Systems Capital Cost Estimate Criteria
Costs were estimated from historical studies and updated figures for portions of the
following proprietary systems:

e Coal slurry preparation and feed

e FPO firing system

e Pressurized flue gas desulfurization system

e Pressurized flue gas turbo-expander
The cost basis is for the current year (2018), but in Euros and for a location in Italy.
ITEA provided the exchange rate (1.14 USD/Euro) and assumed a 10% location
premium for Italy over the U.S. site. ITEA provided the bare erected costs (BEC) for the
systems listed above, expressed as single line lump-sum turnkey costs for each
proprietary system.
The lump-sum turnkey costs provided by ITEA excluded the foundation and building
costs for these systems. These were estimated separately, expressed also as single
line, lump-sum turnkey costs and added to the appropriate accounts consistent with
NETL’s cost accounting system.
The team performed a bottoms-up cost estimate based on equipment sizing for
auxiliary, generic equipment that is not included in the technology licensor's package,
such as the ASU oxygen compressor. Based on the equipment sizes defined by the
process heat and material balance, the equipment cost for each piece of major
equipment was estimated using commercial estimation software (ASPEN In-Plant Cost
Estimator) with adjustments based on past quotes for similar equipment where

necessary. Installation labor hours were factored from historical data for similar
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equipment types. Total equipment plus installation labor costs gives the major
equipment cost (MEC) for a system.

Bulk material and installation costs were factored from and added to MEC to form the
total direct cost (TDC) of a system. Bulk materials cover instrumentations, piping,
structural steel, insulation, electrical, painting, concrete and site preparation works
needed to complete the major equipment installations are factored from MEC based on
historical data for similar services. Installation labor for each bulk commodity is factored
from historical data by type.

Construction indirect costs were then factored from total direct labor costs based on
historical data. Construction indirect costs cover the cost for setup, maintenance and
removal of temporary facilities, warehousing, surveying and security services,
maintenance of construction tools and equipment, consumables and utilities purchases,
and field office payrolls. These elements were added to the system TDC to give the total
field cost (TFC) for the system, which is analogous to the BEC in the NETL cost
reporting format.

b) Non-Proprietary Systems Capital Cost Estimate Criteria

The non-proprietary systems category includes all of the common systems that, except
for different capacities, have nearly identical flow schemes as the corresponding
systems in either Case S12F [7] or Case S4A [10]. Capital costs for systems in the NPS
category are scaled via capacity factor, using the appropriate scaling parameters as
shown in Table 26 and exponents for capacity factoring from the Cost Scaling QGESS

Report [8].
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As the cost estimate bases for Case S12F and Case S4A are based on the years 2007
and 2011 respectively, it is necessary to escalate these costs to current year cost basis.
It is possible to escalate subsystem costs directly from 2007 to current year cost basis
uniformly using the ratios of the Chemical Engineering Plant Cost Indices (CEPCI) for
the corresponding years. However, it was also noted from the 2007 Bituminous PC
Baseline Report and 2015 Bituminous PC Baseline Report [11], whose plant system
costs are reported in years 2007 and 2011 cost bases respectively, that the cost
escalation for the various pulverized coal (PC) subsystems were not uniformly applied.
First, the costs for Case S12F were escalated to a 2011-cost basis first, using the
factors established from the Bituminous PC Baseline Reports. Next, the 2011 cost basis
was revised to the 2018-cost basis using the CEPCI ratio.

C) Home Office, Engineering Fees, and Project/Process Contingencies

Engineering and construction management fees, home office cost, project and process
contingencies are factored from each subsystem’s BEC. These were then added to the
BEC to come up with the TPC of the system. Relevant factors from Case S12F and
Case S4A were used to obtain these fees and contingencies. The engineering and
construction management fees and home office costs were assumed at 10% of the
BEC, while project contingencies varied between 7% and 20% for different subsystems,
with the majority being at 15%. A process contingency of 15% of the BEC was applied

to the FPO firing system, which is a novel process.
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d) Owner’s Cost
The owner’s cost is then added to TPC to come up with the TOC for the system.
Owner’s costs, as defined in the NETL Cost Estimation QGESS Report [9] include the
following:
e Preproduction Costs
0 6 months of all labor cost
o 1 month of maintenance materials
o 1 month of non-fuel consumables
o0 1 month of waste disposal
0 25% of 1 month fuel cost at 100% capacity factor (CF)
o 2%TPC
e Inventory Capital
0 60 day supply of fuel and consumable at 100% CF
o 0.5% TPC
¢ Initial Cost for Catalyst and Chemicals per design
e Land Cost = $900,000 at 300 acres x $3,000/acre
e Other Owner's Costs at 15% TPC
e Financing Costs at 2.7% TPC

Capital cost levels and their elements are shown in Figure 12.
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2)

Figure 12. Capital Cost Levels and Buildup
O&M CosTs

The O&M costs pertain to those charges associated with operating and maintaining the

power plants over its expected life. These costs include:

Operating labor

Maintenance — material and labor
Administrative and support labor
Consumables

Fuel

Waste disposal

There are two components of O&M costs: fixed O&M, which is independent of power

generation, and variable O&M, which is proportional to power generation.

a)

Fixed Costs

Operating labor cost is determined based on the number of operators required to work

in the plant. Other assumptions used in calculating the total fixed cost include:
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e 2018 base hourly labor rate, $39.70 $/hr. (assumed that wages are flat since
2011)

e Length of workweek, 50 hrs.

e Labor burden, 30 %

e Administrative/support labor, 25 % O&M labor

e Maintenance material + labor, 1.74 % TPC

e Maintenance labor only, 40 % maintenance material + labor

e Property taxes and insurances, 2 % TPC
b) Variable Costs
The cost of consumables, including fuel, is determined based on the individual rates of
consumption, the unit cost of each specific consumable commodity, and the plant
annual operating hours. Waste quantities and disposal costs are evaluated similarly to
the consumables. Available commodity unit costs from the Oxy-combustion Baseline
Report [7] were escalated to 2018 dollars. Commodities not available in the Oxy-
combustion Report but available in other NETL reports were identified and escalated to
2018 dollars. The existing unit costs in the oxy-combustion baseline are for the year
2007-cost basis and were first updated to 2011-cost basis from the Bituminous Baseline
Report [11]. Following that, the unit costs were escalated to a 2018-cost basis using the
CEPCI ratios.
[I. PROCESS AREAS
The basic configuration of the commercial FPO cycle can be understood as shown in
Figure 13. In addition, the ASU, the solids receiving and handling, CO, purification,

balance of, plant, and other miscellaneous areas make up the commercial system.
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Descriptions of the process areas and a full equipment list have been described but are
not reproduced here for brevity. An update to the TEA added a second reheat to the
system because the OTSG can support this addition within a single casing. This

resulted in notably improved efficiency and economics.

Figure 13. Commercial FPO Configuration

V. FPO PLANT PERFORMANCE RESULTS

The FPO cycle was modeled in Aspen Plus and the results were compiled. Figure 14
shows the basic block flow of the cycle and the primary units that interact. Table 27
shows the stream information from Aspen Plus that corresponds to the streams in

Figure 14.

SwRI Project No. 18.23745; DE-FE0031580 Page 65
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



Table 28 shows the power parasitic losses to achieve a 550 MWe net plant. The
parasitic losses were derived from the Aspen Model, proprietary estimates of power
requirements, and scaling flows relative to S12B [6] and S12F [7] where appropriate.
The FPO plant achieved a 33.2% net efficiency relative to higher heating value (HHV) of
coal with carbon capture. Without carbon capture, the net efficiency is 36.1% HHV.

Environmental performance and heat and mass balance were analyzed but not included

in this document for brevity.
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Table 27. Plant Stream Table

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
V-L Mole
Fraction
H20 0.0064 00081 | 00000 | 00000 | 0.4636 | 0.000 | 0.0000 | 05748 0.5748 0.5748 0.5748 0.5748 05748 | 05748 | 05748 | 05748
N2 0.7759 09826 | 00163 | 00163 00112 | 0.0000 | 0.0000 | 0.0099 0.0099 0.0099 0.0099 0.0099 0.0099 | 00099 | 0.0099 0.0099
02 0.2081 0.0064 | 09495 | 0.9495 0.1952 | 0.0000 | 0.0000 | 0.0143 0.0143 0.0143 0.0143 0.0143 00143 | 00143 | 00143 0.0143
AR 0.0093 0.0025 | 00342 | 00342 00195 | 0.0000 | 0.000 | 0.0160 0.0160 0.0160 0.0160 0.0160 00160 | 00160 | 00160 | 0.0160
502 0.0000 0.0000 | 00000 | 00000 | 0.0017 | 0.0000 | 0.000 | 0.0021 0.0021 0.0021 0.0021 0.0021 00021 | 00021 | 00021 0.0021
H2 0.0000 0.0000 | 00000 | 00000 | 0.000 | 0.000 | 0.0000 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.,0000 | 0.0000 | 00000 | 0.0000
co2 0.0003 0.0004 | 00000 | 00000 | 0.3088 | 0.000 | 0.000 | 0.3829 0.3829 0.3829 0.3829 0.3829 03829 | 03829 | 0.3829 0.3829
CACO3 0.0000 0.0000 | 0.0000 | 00000 | 0.000 | 0.000 | 0.0000 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 | 0.000 | 00000 | 0.0000
CAS04-2H20 0.0000 0.0000 | 0.0000 | 00000 | 0.0000 | 0.000 | 0.000 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.,0000 | 0.0000 | 00000 | 0.0000
Total 1.0000 1.0000 1.0000 | 1.0000 1.0000 | 0.0000 | 0.0000 | 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 | 1.0000 1.0000
V-L Flowrate
(kmol/h) 71313 56057 15256 15256 78863 0 0 96205 184075 | 184075 | 184075 63606 113797 25926 6672 32598
V-L Flowrate
(ke/hn) 2060604 | 1569267 | 491337 | 491337 | 2317743 0 0 2762436 | 5285572 | 5285572 | 5285572 | 1826406 | 3267594 | 744458 | 191572 | 936030
Solids
Flowrate 0 0 0 0 0 24513 | 299390 0 0 0 0 0 0 0 0 0
(kg/hr)
(T'f)mperat“re 279 290 288 416 510 288 298 1650 1079 525 529 529 529 1079 529 973
Pressure (Bar) 0.90 1.01 1.40 12.30 12.30 0.90 0.90 12.30 12.30 12.00 12.30 12.30 12.30 12.30 12.30 12.30
(Ekr]t/i;py 77.74 -84.81 -9.90 10541 | -7718.13 -8001.58 | -8988.48 | -9827.40 | -9822.80 | -9822.80 | -9822.80 | -8988.48 | -9822.80 | -9159.23
Density 11 1.2 1.9 115 8.7 26 3.9 8.1 8.2 8.2 8.2 3.9 8.2 44
(kg/cum)
V-L Molecular
Weight 28.8951 | 27.9941 | 322058 | 32.2058 | 29.3897 287142 | 287142 | 287142 | 287142 | 287142 | 287142 | 287142 | 287142 | 28.7142
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17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
V-L Mole
Fraction
H20 0.5847 0.5847 0.8786 05913 | 00112 | 0.0000 | 0.0048 | 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
N2 0.0097 0.0097 0.0000 0.0096 | 00232 | 0.0000 | 0.323 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
02 00140 | 0.0140 | 0.0000 00129 | 00311 | 0.0000 | 0.1779 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
AR 00156 | 0.0156 | 0.0000 00154 | 00373 | 0.0000 | 0.2132 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
s02 0.0020 | 0.0020 | 0.0000 0.0001 | 0.0002 | 0.0000 | 0.0014 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
H2 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000 | 0.0000 | 0.002 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
co2 0.3739 0.3739 0.0001 03707 | 0.8969 | 1.0000 | 0.4702 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CACO3 0.,0000 | 0.0000 | 0.0612 0.0000 | 0.000 | 0.000 | 0.000 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CASO4-2H20 | 0.0000 | 0.0000 | 0.0600 0.0000 | 0.0000 | 0.0000 | 0.000 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Total 1.0000 1.0000 1.0000 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
V-L Flowrate
(kemol/b) 33376 33376 1002 33839 13990 11392 2452 71225 2067 71225 71225 67445 67445 3178 23955 70623
:/k_gL /;'f)wrate 950041 | 950041 32798 956660 | 599059 | 501360 | 95082 | 1283130 | 37246 | 1283130 | 1283130 | 1215040 | 1215040 | 57250 431556 | 1272289
Solids
Flowrate 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(kg/hr)
(TKe)mperat“re 734 432 313 384 298 300 286 882 530 709 886 305 294 288 294 397
Pressure
(B 2.40 238 0.90 2.36 2.35 153.10 28.48 240.99 20.00 80.00 76.92 0.05 0.05 0.05 3.95 3.80
Enthalpy -9567.47 | -9991.03 . Ny -8306.64 | -9196.06 i Ny N Ny N . N Ny N N
(ki/kg) ’ i 12668.78 | 10113.68 : ’ 4832.74 | 1244333 | 13050.33 | 12738.66 | 12295.27 | 13567.49 | 15884.49 | 15910.03 | 15885.15 | 15450.05
Density 11 1.9 18.2 21 41 691.0 50.9 66.7 8.8 27.3 195 0.0 998.0 999.1 998.3 939.9
(kg/cum)
V-L Molecular
Weight 284649 | 284649 | 327351 | 282712 | 42.8217 | 44.0098 | 38.7718 | 180153 | 180153 | 180153 | 180153 | 18.0153 | 18.0153 | 180153 | 180153 | 18.0153
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33 34 35 36 37 38 39 40 41 22 43 44 45 46 47 48
V-L Mole
Fraction
H20 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
N2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
02 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
AR 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
s02 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
H2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
co2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CACO3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CASO4-2H20 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Total 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
V-L Flowrate
(kemol/b) 74262 71225 133157 | 113308 | 113308 | 133157 1488 11004 7358 145 19434 19434 22136 22136 5097 5097
x(';/;'f)wrate 1337855 | 1283130 | 2398954 | 2041353 | 2041353 | 2398954 | 26816 198251 | 132570 2616 350117 | 350117 | 398789 | 398789 91827 91827
Solids
Flowrate 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(kg/hr)
(TKe)mperat“re 420 496 368 368 288 382 368 368 369 288 294 405 294 409 294 409
Pressure
(B 284.00 260.00 2.05 2.05 2.35 2.35 236 2.05 30.00 0.90 3.95 3.80 3.95 3.80 3.95 3.80
Enthalpy - - - - - - - - - - - - - - - -
(ki/kg) 15336.28 | 15006.82 | 15652.38 | 15652.38 | 16018.95 | 15589.93 | 15652.34 | 15652.38 | 15648.60 | 15908.26 | 15885.15 | 15414.87 | 15885.15 | 15397.79 | 15885.15 | 15397.79
'(::(egr/'z'l:ym) 935.2 856.1 9233 9233 1004.0 908.9 923.3 9233 923.0 1000.0 998.3 933.0 998.3 929.5 998.3 929.5
V-L
Molecular 180153 | 18.0153 | 18.0160 | 18.0160 | 18.0160 | 18.0160 | 18.0160 | 180160 | 18.0160 | 18.0153 | 18.0153 | 18.0153 | 18.0153 | 18.0153 | 18.0153 | 18.0153
Weight
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49 50 51
V-L Mole
Fraction
H20 0.0000 1.0000 1.0000
N2 0.0000 0.0000 0.0000
02 0.0000 0.0000 0.0000
AR 0.0000 0.0000 0.0000
SO2 0.0000 0.0000 0.0000
H2 0.0000 0.0000 0.0000
CO2 0.0000 0.0000 0.0000
CACO3 1.0000 0.0000 0.0000
CASO4-2H20 0.0000 0.0000 0.0000
Total 1.0000 1.0000 1.0000
V-L Flowrate
(kmol/hr) 126 69473 69473
V-L Flowrate 12600 | 1251580 | 1251580
(kg/hr)
Solids
Flowrate 0 0 0
(kg/hr)
Temperature 288 717 236
(K)
Pressure (Bar) 2.38 26.00 25.00
Enthalpy - - -
(kJ/kg) 12067.20 12634.46 12259.92
Density
(kg/cum) 2714.3 8.1 6.2
V-L Molecular | 150 0872 | 180153 | 18.0153
Weight
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2) PERFORMANCE RESULTS

Table 28. FPO Plant Performance Power Summary

Power Balance

Heat Input
Coal Feed Flowrate 299,380 kg/hr
Thermal input (HHV) 1,656,627 kWth
Thermal input (LHY) 1,596,083 kWth
Condenser Heat Duty 2,815 Glfhr
Cooling water heat rejection o968 Gl hr
Power Qutput
Steam Turbine Power 662,992 kWe
Turbo Expander Power 91,201 kWe
Auxiliary Power Load
HP Feedwater Pump 14514 kWe
LP Feedwater Pump 182 kWe
Gas Recycle Blower 6,964 kWe
ASLU Primary Fan B0,921 kWe
ASU Oxyeen Compressor 32,651 kWe
ASU Auxiliaries 1,000 kwe
Air Condenser Fans (0.81% kWe/kWth) 6,334 kWe
Cooling Tower Fans (0.73% kWe/kWth) 1962 kWe
Circulating Water Pumps [1.14% kWe/kWth) 3,064 kWe
Coal Bar Mill (18 kWe/ke/= coal) 1,487 kWe
Slurry Pump (7.7 kWe/kg/s coal) 640 kWe
Slag Handling (1.7 kWe/kg/s coal) 141 kWe
Steam Turbine Auxiliaries 328 kWe
Direct Contact Condenser Recycle Pump 34 kWe
Coal Handling and Conveying 628 kWe
FGD Auxiliaries (0.1% kWe/kWth) 16 kWe
Balance of Plant 2,000 kWe
Transformer Losses 2,629 kWe
CO2 Purification Loads
CO2 LP Compressor Power 34,088 kWwe
C02 HP Compressor Power 14,380 kWe
Plant Performance

Gross Power output 754,184 kWe
Met Auxiliary Load 155,508 kWwe
Met CO2 Purification Load 48 478 kWe
Met Flant Fower 550,208 kWe
Gross Power Efficiency (HHV) 45 5%

Met Exported Power Efficiency (HHY) 33.2%

Met Plant Heat Rate (HHWV) 10,839 kJ/kWhr
MNet Exported Power Efficiency without CO2 Capture (HHY) 36.1%

Gross Power Efficiency (LHVY) 47 3%

MNet Exported Power Efficiency (LHV) 34 5%

Met Flant Heat Rate [LHV) 10,443 kl/kWhr
MNet Exported Power Efficiency without CO2 Capture [LHVY) 37.5%
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V. PLANT COST
The TPC and O&M costs for the FPO supercritical power plant were estimated,
following NETL’s methodology, as follows.
1) CAPITAL COST RESULTS
a) FPO Power Plant Cost Estimation Results
The estimated capital cost for the commercial 550-MWe FPO supercritical power plant
is summarized in Table 29 and is consistent with the code of accounts format as
expressed in the Oxy-combustion Baseline Report [7]. The TPC costs for systems
common to the Case S12F costs are capacity-factored from that report, with appropriate
scaling parameters and exponents derived from the Cost Estimation Methodology
QGESS Report [9].
Account lines that are in bold and italicized blue font are based on costs for novel
technologies that have no analogous counterparts within the S12F oxy-combustion
plant. These are:

e 2.3: Slurry Prep & Feed

e 4.1: FPO Boiler & Auxiliaries

e 4.3: ASU Oxygen Compressor

e 5.1: Pressurized Flue Gas Desulfurization System

e 6.1: Turbo-expander

e 10: Ash Handling System (cost included with FPO Boiler account)
With the exception of Account 4.3: ASU Oxygen Compressor, ITEA provided the BEC
associated with these technology accounts, expressed as single-line lump-sum turnkey

costs. The equipment cost for the ASU oxygen compressor was estimated based on

SwRI Project No. 18.23745; DE-FE0031580 Page 73
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



equipment sizing per the process heat and material balance. The appropriate build-up
factors were then applied from historical data to the compressor’s equipment cost to
calculate its BEC.

The relevant engineering and construction management, home office and fees, and
process and project contingencies from the NETL reports were subsequently applied to
the BEC to arrive at the 550-MWe FPO supercritical power plant TPC.

Table 30 shows the owner’s costs breakdown and assumptions used to calculate the
TOC for the 550-MWe FPO supercritical power plant. Table 31 shows the plant’s annual

O&M costs based on an 85% capacity factor. All costs were escalated to 2018 dollars.
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Table 29. Plant Capital Cost Estimate for 550-MWe FPO Supercritical Power Plant

SwRI FPO Total Plant Cost Details (Jun 2018 Basis) Cost Updated for improved Efficiency
SUPERCRITICAL OXYCOMBUSTION PC PLANT WITH CO2 CAPTURE AND PURIFICATION VIA CRYOGENIC DISTILLATION Cost Basis 2018 ($x1000)
Plant Size 550 MWWe, net
Acct Equipmeni Material | Labor Lump-sum Sales |Bare Erected| Eng'g CM |Contingencies TOTAL PLANT COST
No. Item/Description Cost Cost Direct | Indirect [Turnkey Cos{ Tax Cost$ H.O & Fee Process Project § | Sk
1{COAL & SORBENT HANDLING
1.1|Coal Receive & Unload 5727 20 32,580 20 20 20 28,307 383 20 21,37 210,508
1.2|Coal Stack out & Reclaim 57,403 S0 %1655 50 S0 50 59,058 5506 S0 51,485 511,458
1.3|Coal Conveyors & Yard Crushing 56,833 20 516386 20 20 20 53,519 5352 20 21,408 210,777
1.4|Other Coal Handling 51,799 20 2373 20 20 20 22177 gkl 20 5359 22754
1.5|Sorbent Receive & Unload 388 S0 326 30 30 30 115 Ll 30 319 3145
1.5|Sorbent Stackout & Reclaim 51,422 S0 5260 50 S0 50 51,681 5168 S0 S2TT 52127
1.7|Sorbent Conveyors 2507 2110 2124 20 20 20 T4 274 20 2122 5932
1.8|Other Sorbent Handling 2307 272 2160 20 20 20 5532 254 20 539 5531
1.9|Coal & Sorbent Handling Foundations 30 56,643 28,757 20 S0 30 515,400 51,540 30 32,541 318,481
SUBTOTAL 1.| $24,135  $6,825 $15576 50 50 $0 $46,536 $4,654 80  §$7,678 $58,868 5107
2(COAL & SORBENT PREP & FEED
2.2|Prepared Coal Storage & Feed 32,455 5592 331 20 20 20 53,439 2344 20 5757 54,539
2.3 | Sturry Prep & Feed S0 S0 50 50 519,712 50 519,712 51,971 50 54337 525,020
2.4|Misc Coal Prep & Feed 81,355 5991 52919 20 20 20 £5,265 5525 20 21,158 £5,950
2.5|Sorbent Preparation Equipment 22,33 5103 2405 20 20 20 £2,990 5299 20 5493 53,782
2.5|Sorbent Storage & Feed 288 20 210 20 20 20 5398 240 20 555 2504
2.9 | Slurry Prep & Feed Foundation S0 S0 50 50 510,989 50 510,989 $1,099 50 52418 514,506
SUBTOTAL 2| $6,500  $1,687  $3,905 50 $30,702 $0 $42,793 $4,279 $0  $9,228 $56,300 5107
3|FEEDWATER & MISC BOP SYSTEMS
3.1|Feedwater System 20,728 20 36,683 20 20 20 227,411 22,741 20 24,523 534,675
3.2|Water Makeup & Pretreating $5,559 S0 51,758 50 S0 50 57317 5732 50 51,810 £9,659
3.3|Other Feedwater Systems 56,521 S0 52677 50 S0 50 59,198 5520 50 51,518 511,635
3.4|Service Water Systems 51,113 20 2582 20 20 20 £1,695 5189 20 5373 22237
3.5|Other Boiler Plant Systems 28,541 20 28,073 20 20 20 516,614 51,661 20 22,741 221,17
36|FO Supply Sys & Nat Gas $352 S0 410 50 S0 50 5762 576 50 5126 5963
3.7|Waste Treatment Equipment 3,513 S0 52,034 50 S0 50 55,547 $555 50 51,220 57,322
3.8|Misc Power Plant Eguipment 23441 20 21,084 20 20 20 24505 2451 20 5991 25047
SUBTOTAL 3.] $49,768 S0 523,281 50 50 50 §73,050 §7,305 0 $13,102 593,456 $170
4|PC BOILER & ACCESSORIEES
4.1|SwRI FPO Boiler & Auxiliaries 20 20 20 20 2204616 20 2204616 | 520,482 830692 525577 2281,247
42|A3U 205,881 20 3185785 20 20 20 $371,686 | 837,167 30 340,883 2445718
4.3 |ASU Oxygen Compressor 514,582 59,020 521244 30 50 30 544,855 54,485 30 54,924 554,275
4.9 | Boiler Foundation incl wi14.1 80 80 S0 80 80
SUBTOTAL 4.] §220,473 59,020 $187,029 50 5204,616 50 5621,139 | 562,114 §30,692 571,3M 5785,339 51,428
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5|FLUE GAS CLEANUP
5.1 | Pressurized Flue Gas Desulfurization System 50 S0 S0 S0 $33,295 50 $33,295 $3,330 S0 $3,662 540,287
5.9 | Pressurized FGD Foundations 30 30 30 30 14,485 20 314,485 31,447 S0 33,183 519,095
SUBTOTAL 5. 50 0 50 0 $47,761 0 $47,761 $4,776 S0 $5,845 $59,383 $108
SB|CO2 REMOWAL & COMPRESSION
5B.1(CO2 Cendensing Heat Exchanger %4 765 g0 5355 g0 20 20 85,160 8516 S0 5351 $6,528
5B.1(C02 Compreszsion & Purification 855,828 S0 S$B3 7S 20 20 20 2129602 212,960 S0 528513 171,075
SUBTOTAL 5B.] 570,593 S0 564,170 S0 S0 S0 §134,763 | $13476 S0 529,364 $177,603 §323
&|TURBOEXPANDER
6.7 | Turboexpandar 50 S0 S0 S0 579,134 50 579,134 57513 S0 553,705 $95,753
6.9 | Turboexpander Foundation il w141 £0 £0 $0 £0 £0
SUBTOTAL 8B. 50 0 50 0 §79,134 0 §79,134 §7,913 S0 $8,705 $95,753 §174
7[HRSG, DUCTING & STACK
7.3|Ductwork 34502 30 53,094 30 30 30 57,995 S800 S0 31,319 210,114
7.4|Stack 21,732 20 g1,007 20 20 20 £2,739 2274 S0 2301 23,314
7.9|Duct & Stack Foundations 50 5506 5601 S0 30 30 31,107 5111 S0 5244 31,461
SUBTOTAL7.| 56,634 $506 54,701 S0 0 50 $11,841 $1,184 S0 $1,864 $14,889 $27
&|STEAM TURBINE GENERATOR
8.1|Steam TG & Accessories 278,0M 30 59 371 30 30 20 385,442 28,544 S0 59,3959 5103,385
2.2|Turbkine Plant Awxiliaries 2475 g0 1,019 g0 20 20 £1,499 £150 S0 5185 81,813
2.2a|Condenzer & Auxiliaries g5 021 20 83,785 20 20 20 £9,805 5931 S0 21,079 $11,865
8.3b|Air Cooled Cendenser $56,160 30 311,185 30 30 20 367,345 56,734 50 314818 $88,895
8.4|Steam Piping 321,402 30 59 509 30 30 30 330,511 23,081 S0 35,100 238,102
8.9|TG Foundations 20 %1,376 2227 20 20 20 £3,647 £385 S0 ga02 24814
SUBTOTAL 8. 160,132 $1,376 837,140 50 50 50 §198,649 §19,865 S0 §31,361 $249,574 §454
§|COOLING WATER SYSTEM
9.1|Cooling Towers %8 685 g0 52 685 g0 20 20 211,372 21,137 S0 21,251 213,760
§.2|Circulating Water Pumps 52 445 30 5240 30 30 20 52,689 5269 S0 5255 53,254
§.3|Circ. Water System Auxiliaries 5717 g0 506 g0 20 20 5813 &1 S0 589 5524
§.4|Circ. Water Piping 20 26,043 85,473 20 20 20 211,517 21,152 S0 £1,500 514,569
9.5|Make-up Water System 5609 30 5782 30 30 20 51,391 5139 S0 2230 31,760
8.6|Compenent Cooling Water System 5584 30 5448 30 30 30 31,032 5103 S0 3170 31,306
9.9|Circ. Water System Foundations 20 £3213 85,335 20 20 20 28,543 £855 S0 21,381 211,284
SUBTOTAL 9.] $13,044 59,256 515,062 S0 S0 S0 §37,362 §3,736 S0 S5817 $46,915 $85
10 [ASHISPENT SORBENT HANDLING S5
10.1 |Slag Dewstering & Cooling incl wi 4.1 0 0 50 g0 0
10.6 | Ash Storage Silos incl w' 4.1 £0 £0 $0 £0 £0
10.7 | Ash Transport & Feed Equipment incl wi 4.1 £0 £0 50 g0 S0
10.8 | Misc. Ash Handiing Equipment incl w' 4.1 S0 S0 50 50 50
70.9 | Ash/Spent Sorbent Foundation incl w 4.1 £0 50 0 50 50
SUBTOTAL 10. 50 50 50 50 50 50 50 50 50 50 50 50
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11| ACCESSORY ELECTRIC PLANT

11.1|Generator Equipment 2434 20 g70 20 20 20 2503 250 50 339 5592
11.2 | Station Service Equipment 57,982 g0 52,676 50 50 50 510,658 51,066 50 821 512 545
11.3|Switchgear & Moter Control $9 161 20 51,591 20 20 20 510,752 51,075 20 51,183 213,010
11.4|Conduit & Cable Tray g0 56,283 520298 50 50 50 526,581 52,658 50 54,385 533625
11.5|Wire & Cable 20 511,962 521386 20 20 20 533,348 £3,335 20 25,502 242 188
11.6 | Protective Equipment g318 20 51,105 20 20 20 21,423 142 20 5156 .72
11.7 | Standby Equipment 2442 %0 210 20 20 20 2452 245 20 250 2547
11.8|Main Power Transformers 827 20 227 20 20 20 8955 3085 20 5105 31,155
11.9|Electrical Foundations %0 556 5142 20 20 20 5198 220 20 243 5261
SUBTOTAL 11.] 519,264 548,302 547304 50 50 50 $84,870 $8,487 50 812,285 $105,642 8192

12| INSTRUMENTATION & CONTROL

12.6|Control Boards, Panels & Racks 3570 50 2410 30 50 50 31,080 3108 50 5178 51,367
12.7|Computer Accessories 36775 S0 51,208 S0 20 20 57,983 5798 S0 3878 39 659
12.8|Instrument Wiring & Tubing $4 085 g0 57,432 50 g0 g0 511,518 51,152 50 31,900 514 570
12.59|Other | & C Eguipment 1,814 20 54 432 20 20 20 26,345 3535 20 $653 37 878
SUBTOTAL 12.] 513444 50 S$13483 50 50 50 $26,927 52,693 50 §3,655 §33,275 560

13| IMPROVEMENTS TO SITE

13.1|Stte Preparation <0 %63 81337 50 %0 %0 1,400 140 <0 308 $1,847
13.2|Site Improvements S0 52,087 52757 50 50 50 54,844 5484 S0 51,088 55,384
13.3|Stte Facilties 53,740 =0 83824 50 %0 %0 %7,684 <785 S0 51838 10,117
SUBTOTAL 13| $3.740 $2,44% 38,018 $0 $0 $0 $43,908 | 51,394 §0  §3,060 $18,358 §33

14|BUILDINGS & STRUCTURES

14.1|Boiler Building 20 20 20 20 £13,554 20 213,554 £1,355 50 £2,235 217,148
14.2|Turbine Building 30 | 315832 3514559 30 30 30 330,180 33,018 30 34,981 338,191
14.3| Adminizstration Building g0 5786 5829 50 g0 g0 81,615 2161 50 5266 52,043
14.4(Circulating Water Pumphouse 30 5254 5202 30 30 30 3457 346 30 375 3578
14.5|Water Treatment Buildings g0 5742 5611 50 50 50 £1,353 8135 50 5223 1,711
14.6|Machine Shop 20 8525 8351 20 20 20 5376 388 50 5145 31,109
14.7|Warehouse 20 5355 5357 20 20 20 g712 &7 20 Ak 5901
14.8(0ther Buildings & Structures 20 5240 5247 20 20 20 g538 354 50 359 5830
14.9|Waste Treating Building & Structures 20 5548 51,662 20 20 20 £2.210 8221 50 2365 32,795

SUBTOTAL 14. S0 $19,133 $18,818 50 §13,554 50 $51,505 55,151 50 $8,498 $65,154 5118

CALCULATED TOTAL COST] $587,727 §63,254 5435489 50 $375,768 $0 | $1470,238 | 5147,024 $30,692 §212,856 51,860,310 §3.383
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Description $/1,000 | $/kw
Preproduction Costs
6 months All Labor $12.355 $22
1 Month Maintenance Materials $1,902 $3
1 Month Non-Fuel Consumables $478 $1
1 Month Waste Disposal $556 $1
25% of 1 Months Fuel Cost at 100% CF $1,190 $2
2% of TPC $37,216 $68
Total $53,698 $98
Inventory Capital
60 day supply of fuel at 100% CF $9,386 $17
60 day supply of non-fuel consumables at 100% CF $944 $2
0.5% of TPC (spare parts) $9.304 $17
Total $19,634 $36
Other Costs

Initial Cost for Catalyst and Chemicals $0 $0
Land $900 $2
Other Owner's Cost $279,122 $507
Financing Costs $50,242 $91
Total Overnight Costs (TOC)| $2,264,406 | $4,117

Table 30. Owner’s Costs for 550-MWe FPO Supercritical Power Plant
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Table 31.
FPO Supercritical Power Plant

Plant Operating Cost Estimate for 550-MWe

INITIAL & ANHUAL O&M EXPENSES
Case: SwRI FPO Supercritical Oxycombustion Plant
Plant Size (MWe) 550 Heat Rate (Btu/kWh): 10,839
Primary/Secondary Fuel: Vilyoming PRB Fuel Cost (S$/MMBtu):
Design/Construction Syears Book Life (yrs): 20
TPC (Plant Cost) Year Jun-12 TPl Year: 2018
Capacity Factor (%) B3 CO2 Captured (TPD) 13345
OPERATING & MAINTENANCE LABOR
Operating Labor
Operating Labor Rate (base): 23570 Shr
Operating Labor Burden: 30.0 % of base
Labor Overhead Charge 25.0 % of labor
Operating Labor Reguirements per Shift units/mod Total Plant
Skilled Operator 2.0 2.0
Operator 9.0 9.0
Fereman 1.0 1.0
Lab Tech's etc 2.0 2.0
TOTAL Operating Jobs 14.0 14.0
Annual Cost
g
Annual Operating Labor Cost 26,329 450
Maintenance Laber Cost 8125835374
Administration & Support Labor 54 755 908
Property Taxes and Insurance 237,216 208
TOTAL FIXED OPERATING COSTS $61,237,941
VARIABLE OPERATING COSTS
Maintenance Material Cost 515,403, 0582
Consumakbles Consumptien Unit Initial Fill
Initial {Day Cost Cost
Water({/M000 gallons) 0 2,280 1.87 $0  §1,236,360
Chemicals
MU & WT Chem (lb) 0 11035 0.30 50 $957 541
Limestone (ton) 0 248 3738 50 $2,685,793
Subtotal Chemicals S0 53,643,334
Waste Disposal:
Slag (ton) 0 608 28.03 50 $5,674,502
Subtotal Waste Disposal 1] $5,674,592
By-products & Emissions
Gypsum (tons) 0 652 0.00 =0 =0
Subtotal By-Products 50 50
TOTAL VARIABLE OPERATING COSTS S0 529,957,348
Fuel (tons) 1] 3520 19.63 $0 545,533,941
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b) S12B Air-Fired Supercritical Power Plant with CO, Capture in 2018-Cost Basis
The NETL Reference Case S12B cost estimates are presented here to compare with
the oxy-combustion plant based on FPO technology. Both plants are a supercritical
power plant, producing 550-MWe of power with 90 percent CO, capture. Case S12B
from the Low-Rank Coal PC Baseline Report [6] is a 550-MWe air-fired supercritical
power plant firing PRB coal with post-combustion capture using a conventional amine
system to capture 90% of the CO, from the flue gas. Given that this plant uses the
same coal (PRB), is at the same location, and produces the same amount of net power,
it is useful for comparison.

The estimated capital cost for the S12B air-fired supercritical power plant with post-
combustion capture is summarized in Table 32. As the original cost estimate basis for
Case S12B is for year 2007, it was necessary to escalate these costs to the current
year cost basis. Per the methodology stated in Section b), the S12B costs were
escalated to year 2011-cost basis using escalation factors established from the
Bituminous PC Baseline Reports [11] before revising to 2018-cost basis using the ratio
of the corresponding CEPCI values.

Table 33 shows the owner’'s costs breakdown and assumptions used to arrive at the
total overnight cost for the 550-MWe air-fired supercritical power plant firing PRB coal.

Table 34 shows the plant’s annual O&M costs based on an 85% capacity factor.
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Table 32. Plant Capital Cost Estimate for 550-MWe Air-Fired Supercritical Power Plant

S12BTotal Plant Cost Details (Jun 2018 Basis)
AIR-FIRED SUPERCRITICAL PC PLANT WITH ECONAMINE-BASED CO2 CAPTURE Cost Basis 2018 ($x1000)
Plant Size 550 MWe, net
Acct Equipment Material | Labor | | sales Bare Erected | Eng'g CM |Contingencies| TOTAL PLANT COST
No. Item/Description Cost Cost | Direct | Indirect | Tax Cost $ HO&Fee | Process | Project | $ [ skw
1{COAL & SORBENT HANDLING
1.1|Coal Receive & Unload $6,459 $0 $2,910 $0 $0 $9,369 $937 $0 $1,546 $11,852
1.2|Coal Stack out & Reclaim $8,349 $0 $1,866 $0 $0 $10,215 $1,022 $0 $1,686 $12,922
1.3|Coal Conveyors & Yard Crushing $7,762 $0 $1,845 $0 $0 $9,608 $961 $0 $1,585 $12,154
1.4|Cther Coal Handling $2,030 $0 $426 $0 $0 $2,456 $246 $0 $405 $3,107
1.5|Sorbent Receive & Unload $78 $0 $23 $0 $0 $101 $10 $0 $17 $128
1.6|Sorbent Stackout & Reclaim $1,264 $0 $229 $0 $0 $1,493 $149 $0 $246 $1,888
1.7|Sorbent Conveyors $451 $98 $109 $0 $0 $659 $66 $0 $109 $833
1.8|Other Sorbent Handling $272 $64 $141 $0 $0 $477 $48 $0 $79 $604
1.9|Coal & Sorbent Handling Foundations $0 $7,487 $9,870 $0 $0 $17,357 $1,736 $0 $2,864 $21,957
SUBTOTAL 1. $26,666 $7,650 $17,420 $0 $0 $51,735 $5,174 $0 $8,536 $65,445 $119
2|COAL & SORBENT PREP & FEED
2.1|Coal Crushing & Drying $3,802 $0 $731 $0 $0 $4,533 $453 $0 $748 $5,735
2.2|Prepared Coal Storage & Feed $9,735 $0 $2,097 $0 $0 $11,832 $1,183 $0 $1,952 $14,968
2.9(Coal & Sorbent Feed Foundation $0 $1,026 $901 $0 $0 $1,926 $193 $0 $318 $2,437
SUBTOTAL 2. $13,538 $1,026 $3,728 $0 $0 $18,292 $1,829 $0 $3,018 $23,139 $42
3|FEEDWATER & MISC BOP SYSTEMS
3.1|Feedwater System $28,717 $0 $9,260 $0 $0 $37,977 $3,798 $0 $6,266 $48,041
3.2|Water Makeup & Pretreating $7,936 $0 $2,510 $0 $0 $10,447 $1,045 $0 $2,298 $13,790
3.3|Other Feedwater Systems $9,034 $0 $3,709 $0 $0 $12,743 $1,274 $0 $2,103 $16,120
3.4|Service Water Systems $1,589 $0 $831 $0 $0 $2,420 $242 $0 $532 $3,194
3.5|Other Boiler Plant Systems $11,954 $0 $11,304 $0 $0 $23,258 $2,326 $0 $3,838 $29,422
3.6|FO Supply Sys & Nat Gas $370 $0 $431 $0 $0 $800 $80 $0 $132 $1,012
3.7|Waste Treatment Equipment $5,207 $0 $3,014 $0 $0 $8,220 $822 $0 $1,808 $10,851
3.8|Misc Power Plant Equipment $3,612 $0 $1,117 $0 $0 $4,730 $473 $0 $1,041 $6,243
SUBTOTAL 3. $68,420 $0 $32,175 $0 $0 $100,595 $10,060 $0 $18,018 $128,673 $234
4|PC BOILER & ACCESSORIES
4.1|PC Boiler & Accessories $290,367 $0 $144,440 $0 $0 $434,807 $43,481 $0 $47,829 $526,117
4.9|Boiler Foundation w/14.1 $0 $0 $0 $0 $0
SUBTOTAL 4. $290,367 $0 $144,440 $0 $0 $434,807 $43,481 $0 $47,829 $526,117 $956
5|FLUE GAS CLEANUP
5.1|Flue Gas Desulfurization System $127,947 $0 $34,614 $0 $0 $162,562 $16,256 $0 $17,882 $196,700
5.2|Other FGD $1,652 $0 $1,064 $0 $0 $2,716 $272 $0 $299 $3,286
5.3|Bag House & Accessories w/5.1 $0 w/5.1 $0 $0 $0 $0 $0 $0 $0
5.4|Other Particulate Removal Materials $30,569 $0 $20,710 $0 $0 $51,279 $5,128 $0 $5,641 $62,048
5.5|Gypsum Dewatering System $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
5.6|Mercury Removal System w/5.1 $0 w/5.1 $0 $0 $0 $0 $0 $0 $0
SUBTOTAL 5. $160,168 $0 $56,388 $0 $0 $216,557 $21,656 $0 $23,821 $262,033 $476
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S12BTotal Plant Cost Details (Jun 2018 Basis)

AIR-FIRED SUPERCRITICAL PC PLANT WITH ECONAMINE-BASED CO2 CAPTURE Cost Basis 2018 ($x1000)
Plant Size 550 MWe, net
Acct Equipment Material | Labor | | sales Bare Erected | Eng'g CM |Contingencies] TOTAL PLANT COST
No. Item/Description Cost Cost | Direct [ indirect | Tax Cost $ HOG&Fee | Process | Project | $ [ $kW

5B|CO2 REMOVAL & COMPRESSION

5B.1|CO2 Removal System $276,197 $0 $83,229 $0 $0 $359,426 $35,943 $71,166 $93,307 $559,841

5B.2|CO2 Compression & Drying $53,669 $0 $19,937 $0 $0 $73,606 $7,361 $0 $16,193 $97,160
SUBTOTAL 5B. $329,866 $0 $103,166 $0 $0 $433,032 $43,303 $71,166 $109,500 $657,002 $1,194

7|HRSG, DUCTING & STACK

7.3|Ductwork $13,033 $0 $8,226 $0 $0 $21,259 $2,126 $0 $3,508 $26,893

7.4|Stack $11,782 $0 $6,848 $0 $0 $18,630 $1,863 $0 $2,049 $22,542

7.9|Duct & Stack Foundations $0 $1,285 $1,525 $0 $0 $2,810 $281 $0 $618 $3,709
SUBTOTAL 7. $24,815 $1,285 $16,599 $0 $0 $42,699 $4,270 $0 $6,175 $53,144 $97

8| STEAM TURBINE GENERATOR

8.1|Steam TG & Accessories $76,527 $0 $9,427 $0 $0 $85,954 $8,595 $0 $9,455 $104,004

8.2| Turbine Plant Auxiliaries $482 $0 $1,025 $0 $0 $1,508 $151 $0 $166 $1,824

8.3a|Condenser & Auxiliaries $4,043 $0 $2,542 $0 $0 $6,585 $658 $0 $724 $7,968

8.3b|Air Cooled Condenser $37,048 $0 $7,379 $0 $0 $44,427 $4,443 $0 $9,774 $58,643

8.4|Steam Piping $29,884 $0 $13,277 $0 $0 $43,161 $4,316 $0 $7,122 $54,599

8.9|TG Foundations $0 $1,437 $2,373 $0 $0 $3,810 $381 $0 $838 $5,029
SUBTOTAL 8. $147,984 $1,437 $36,023 $0 $0 $185,444 $18,544 $0 $28,079 $232,067 $422

9|COOLING WATER SYSTEM

9.1[Cooling Towers $17,945 $0 $5,550 $0 $0 $23,494 $2,349 $0 $2,584 $28,428
9.2|Circulating Water Pumps $3,600 $0 $278 $0 $0 $3,877 $388 $0 $426 $4,691
9.3|Circ. Water System Auxiliaries $926 $0 $123 $0 $0 $1,050 $105 $0 $115 $1,270
9.4|Circ. Water Piping $0 $7,793 $7,059 $0 $0 $14,852 $1,485 $0 $2,451 $18,788
9.5|Make-up Water System $755 $0 $970 $0 $0 $1,725 $173 $0 $285 $2,182
9.6|Component Cooling Water System $754 $0 $579 $0 $0 $1,333 $133 $0 $220 $1,686
9.9|Circ. Water System Foundations $0 $4,123 $6,847 $0 $0 $10,970 $1,097 $0 $2,413 $14,480
SUBTOTAL 9. $23,979 $11,916 $21,405 $0 $0 $57,301 $5,730 $0 $8,495 $71,526 $130

10|ASH/SPENT SORBENT HANDLING SYS

10.6|Ash Storage Silos $1,167 $0 $3,571 $0 $0 $4,738 $474 $0 $521 $5,733
10.7|Ash Transport & Feed Equipment $7,754 $0 $7,686 $0 $0 $15,440 $1,544 $0 $1,698 $18,683
10.9|Ash/Spent Sorbent Foundation $0 $264 $324 $0 $0 $588 $59 $0 $129 $776

SUBTOTAL 10. $8,921 $264 $11,581 $0 $0 $20,766 $2,077 $0 $2,349 $25,192 $46

11|ACCESSORY ELECTRIC PLANT

11.1|Generator Equipment $2,190 $0 $350 $0 $0 $2,540 $254 $0 $196 $2,990
11.2|Station Service Equipment $6,254 $0 $2,097 $0 $0 $8,351 $835 $0 $643 $9,829
11.3|Switchgear & Motor Control $7,177 $0 $1,247 $0 $0 $8,424 $842 $0 $927 $10,193
11.4|{Conduit & Cable Tray $0 $4,923 $15,904 $0 $0 $20,827 $2,083 $0 $3,436 $26,346
11.5|Wire & Cable $0 $9,373 $16,755 $0 $0 $26,128 $2,613 $0 $4,311 $33,052
11.6|Protective Equipment $328 $0 $1,140 $0 $0 $1,468 $147 $0 $161 $1,776
11.7|Standby Equipment $1,661 $0 $38 $0 $0 $1,699 $170 $0 $187 $2,056
11.8{Main Power Transformers $14,814 $0 $236 $0 $0 $15,050 $1,505 $0 $1,656 $18,211
11.9|Electrical Foundations $0 $411 $1,047 $0 $0 $1,459 $146 $0 $321 $1,925
SUBTOTAL 11. $32,424 $14,707 $38,816 $0 $0 $85,947 $8,595 $0 $11,838 $106,379 $193
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S12BTotal Plant Cost Details (Jun 2018 Basis)
AIR-FIRED SUPERCRITICAL PC PLANT WITH ECONAMINE-BASED CO2 CAPTURE Cost Basis 2018 ($x1000)
Plant Size 550 MWe, net
Acct Equipment Material | Labor | [ sales Bare Erected | Eng'g CM | Contingencies] TOTAL PLANT COST
No. Item/Description Cost Cost | Direct | Indirect | Tax Cost $ HO&Fee | Process | Project | $ [ skw
12|INSTRUMENTATION & CONTROL
12.6|Control Boards, Panels & Racks $623 $0 $381 $0 $0 $1,004 $100 $55 $174 $1,333
12.7|Computer Accessories $6,298 $0 $1,124 $0 $0 $7,422 $742 $408 $857 $9,429
12.8|Instrument Wiring & Tubing $3,796 $0 $6,908 $0 $0 $10,704 $1,070 $589 $1,854 $14,217
12.9|Cther | & C Equipment $1,779 $0 $4,120 $0 $0 $5,899 $590 $324 $681 $7,495
SUBTOTAL 12. $12,496 $0 $12,532 $0 $0 $25,028 $2,503 $1,377 $3,567 $32,474 $59
13|IMPROVEMENTS TO SITE
13.1|Site Preparation $0 $65 $1,392 $0 $0 $1,457 $146 $0 $320 $1,923
13.2|Site Improvements $0 $2,171 $2,869 $0 $0 $5,040 $504 $0 $1,109 $6,653
13.3|Site Facilities $3,890 $0 $4,081 $0 $0 $7,971 $797 $0 $1,754 $10,522
SUBTOTAL 13. $3,890 $2,236 $8,342 $0 $0 $14,468 $1,447 $0 $3,183 $19,098 $35
14|BUILDINGS & STRUCTURES
14.1|Boiler Building $0 $12,145 $10,673 $0 $0 $22,817 $2,282 $0 $3,765 $28,864
14.2| Turbine Building $0 $16,000 $14,902 $0 $0 $30,902 $3,090 $0 $5,099 $39,091
14.3| Administration Building $0 $802 $846 $0 $0 $1,648 $165 $0 $272 $2,084
14.4|Circulating Water Pumphouse $0 $367 $292 $0 $0 $659 $66 $0 $109 $833
14.5|Water Treatment Buildings $0 $990 $902 $0 $0 $1,893 $189 $0 $312 $2,394
14.6|Machine Shop $0 $535 $359 $0 $0 $894 $89 $0 $148 $1,131
14.7|Warehouse $0 $362 $364 $0 $0 $725 $73 $0 $120 $918
14.8|Other Buildings & Structures $0 $296 $252 $0 $0 $548 $55 $0 $90 $693
14.9|Waste Treating Building & Structures $0 $568 $1,721 $0 $0 $2,289 $229 $0 $378 $2,896
SUBTOTAL 14. $0 $32,065 $30,311 $0 $0 $62,376 $6,238 $0 $10,292 $78,905 $143
CALCULATED TOTAL COST $1,143,534 $72,586 $532,927 $0 $0 $1,749,047 $174,905 $72,543 $284,700 $2,281,194 $4,147
SwRI Project No. 18.23745; DE-FE0031580 Page 83

Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report

March 29, 2019



Table 33. Owner’s Costs for 550-MWe Air-Fired Supercritical Power Plant

Description | $1,000 | skw
Preproduction Costs
6 months All Labor $14,358 $26
1 Month Maintenance Materials $2,295 $4
1 Month Non-Fuel Consumables $1,671 $3
1 Month Waste Disposal $935 $2
25% of 1 Months Fuel Cost at 100% CF $1,455 $3
2% of TPC $45,624 $83
Total $66,339 $121
Inventory Capital
60 day supply of fuel at 100% CF|  $11,484 $21
60 day supply of non-fuel consumables at 100% CF $2,903 $5
0.5% of TPC (spare parts) $11,406 $21
Total $25,792 $47
Other Costs
Initial Cost for Catalyst and Chemicals $3,357 $6
Land $900 $2
Other Owner's Cost| $342,179 $622
Financing Costs $61,592 $112
Total Overnight Costs (TOC)| $2,781,354 $5,057
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Table 34. Plant Operating Cost Estimate for 550-MWe
Air-Fired Supercritical Power Plant

Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report

INITIAL & ANNUAL O&M EXPENSES
Case: Air-Fired Supercritical PC Plant
Plant Size (MWe) 550 Heat Rate (Btu/kWh): 12,634
Primary/Secondary Fuel: Wyoming PRB Fuel Cost ($/MMBtu):
Design/Construction 5 years Book Life (yrs): 20
TPC (Plant Cost) Year Jun-18 TPI Year: 2018
Capacity Factor (%) 85 CO2 Captured (TPD) 16110
OPERATING & MAINTENANCE LABOR
Operating Labor
Operating Labor Rate (base): $39.70 $/hr
Operating Labor Burden: 30.0 % of base
Labor Overhead Charge 25.0 % of labor
Operating Labor Requirements per Shift units/mod Total Plant
Skilled Operator 2.0 2.0
Operator 11.3 11.3
Foreman 1.0 1.0
Lab Tech's etc 2.0 2.0
TOTAL Operating Jobs 16.3 16.3
Annual Cost
$
Annual Operating Labor Cost $7,369,289
Maintenance Labor Cost $15,603,922
Administration & Support Labor " $5,743,303
Property Taxes and Insurance $45,623,885
TOTAL FIXED OPERATING COSTS $74,340,399
VARIABLE OPERATING COSTS
Maintenance Material Cost $23,405,883
Consumables Consumption Unit Initial Fill
Initial [Day Cost Cost
Water(/1000 gallons) 0 5,502 1.87 $0 $3,189,900
Chemicals
MU & WT Chem (Ib) 0 26631 0.30 $0 $2,470,528
Lime (ton) 0 147 90.73 $0 $4,137,946
Carbon (Mercury Removal) (Ib) 0 3216 1.27 $0 $1,267,394
MEA Solvent (ton) 1144 1.62 2721.80  $3,113,735 $1,367,989
NaOH (tons) 74 11.60 524.64 $38,824 $1,888,137
H2S04 (tons) 82 7.70 165.47 $13,568 $395,293
Corrosion Inhibitor 0 0.00 0.00 $191 ,347' $9,112
Activated Carbon (Ib) 0 1935 1.27 $0 $762,564
Ammonia (19% NH3) (ton) 0 32 157.03 $0 $1,558,945
Subtotal Chemicals $3,357,474 $13,857,908
Other
SCR Catalyst 0 0.49 6987.42 $0 $1,062,246
Subtotal Other $0 $1,062,246
Waste Disposal:
Flyash (ton) 0 937 28.03 $0 $8,149,028
Bottom Ash (ton) 0 160 28.03 $0 $1,391,510
Subtotal Waste Disposal $0 $9,540,537
By-products & Emissions
Gypsum (tons) 0 0 0.00 $0 $0
Subtotal By-Products $0 $0
TOTAL VARIABLE OPERATING COSTS $3,357,474 $51,056,474
Fuel (tons) 0 9750 19.63 $0 $59,379,523
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2) CosT ESTIMATE COMPARISON

Compared to the S12B air-fired supercritical power plant with CO, capture, the FPO
supercritical power plant has a total plant cost that is about 18.4% lower at $3,383/kW
vs. $4,147/KkW. Substantial savings have been realized in the FPO firing system, flue
gas cleanup, and CO; recovery and compression systems compared to Case S12B.
This is more than enough to offset the major additional costs associated with the ASU,
oxygen compressor, and pressurized flue gas turbo-expander units for the 550-MWe
FPO power plant.

After factoring in pre-production, inventory capital, and other costs, the 550-MWe FPO
supercritical plant has a lower TOC ($4,117/kW vs. $5,057/kW) compared to the air-
fired S12B case. Note that the variable O&M and fuel cost in are based on 100%
capacity factor.

For O&M costs, the FPO plant has lower fixed operating costs at $61.2MM/year
compared to the S12B power plant at $74.3MM/year. This is due to the FPO plant
having lower operating labor requirements and lower fixed operating costs associated
with the overall plant capital costs (maintenance labor and property taxes and
insurance). Its variable operating cost is also substantially lower ($48.5MM/year vs
$59.4MM/year at 100% capacity factor), due to the higher chemical costs associated
with amine-based capture. Finally, as the FPO plant has a lower heat rate than the
S12B case (110,839 Btu/kWh vs. 12,634 Btu/kWh) it uses less coal and thus has a

lower fuel cost.
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3) COST OF ELECTRICITY

The first-year power cost is the cost of electricity (COE), calculated as revenue received
by the generator per net MWh during the first year of operation. It is assumed that the
COE escalates at a nominal annual rate equal to the general inflation rate, remaining
constant in real terms over the operational period of the plant. The LCOE is the revenue
received by the generator per net MWh during the first year of operation assuming that
the COE escalates at a nominal annual rate of 0% (i.e., remains constant in nominal
terms over the operation period of the plant). NETL's Power Systems Financial Model
(PSFM) provides a reference for COE calculations. The model accepts all the economic
assumptions outlined in Table 35 as well as the specific information on capital and

fixed/variable O&M costs as outlined in Table 36.

Table 35. Model Economic Assumptions

Current Weighted After Tax
Type of (Nominal) Dollar Current Weighted Cost
Security % of Total Cost (Nominal) Cost of Capital
LOW RISK
Debt 50 4.50% 2.25%
Equity 50 12% 6%
Total 8.25% 7.39%
HIGH RISK
Debt 45 5.50% 2.48%
Equity 55 12% 6.60%
Total 9.08% 8.13%
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Table 36. Model Economic Assumptions (Continued)

Parameter |Value
TAXES
Income Tax Rate 38% Effective (34% Federal, 6% State)
Capital Depreciation 20years, 150% declining balance
Investment Tax Credit 0%
Tax Holiday Oyears

CONTRACTING AND FINANCING TERMS
Engineering Procurement Construction

Management (owner assumes project risks

Contracting Strategy for performance, schedule and cost)
Non-Recourse (collateral that secures debt is
Type of Debt Financing limited to the real assets of the project)
Repayment Term of Debt 15years
Grace Period on Debt Repayment Oyears
Debt Reserve Fund None
ANALYSIS TIME PERIODS
Capital Expenditure Period 5 Years
Operational Period 30vyears

35 Years (capital expenditure period plus
Economic Analysis Period (used for IRROE) [operational period)

TREATMENT OF CAPITAL COSTS
Capital Cost Escalation During Capital
Expenditure Period (nominal annual rate)  [3.6%
Distribution of Total Overnight Capital over
the Capital Expenditure Period (before

escalation) 5-Year Period: 10%, 30%, 25%, 20%, 15%
Working Capital zero for all parameters

100% (this assumption introduces a very small
% of Total Overnight Capital that is error even if a substantial amount of TOC is
Depreciated actually non-depreciable)

ESCALATION OF OPERATING REVENUES AND COSTS
Escalation of COE (revenue), O&M Costs,
Fuel Costs (nominal annual rate) 3.0%

A nominal average annual rate of 3.6% is assumed for escalation of capital costs during
construction. This rate is equivalent to the nominal average annual escalation rate for
process plant construction costs between 1947 and 2008 according to the CEPCI. An
average annual inflation rate of 3.0% is assumed. This rate is equivalent to the average
annual escalation rate between 1947 and 2008 for the U.S. Department of Labor’s

Producer Price Index for Finished Goods. This is used instead of the Producer Price
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Index for Electric Power Generation Industry because that data does not provide long-

term historical perspective, dating only back to December 2003.

The approaches used to calculate both first-year power costs and LCOE are described

below.

a)

First-Year Power Cost

A simplified method provided in the NETL Financial Model User's Guide was used to

calculate the first-year power cost. A first-year capital charge factor (CCF) can be used

to calculate the COE with this simplified equation:

COE = [ (CCF)(TOC) + OCgix + (CF) OCyar ]/ (CF) (MWh)

COE is the revenue received by the generator ($/MWh) during the power plant’s
first year of operation (expressed in 2018 dollars), assuming that the COE
escalates at a nominal annual rate equal to the general inflation rate; i.e., that it
remains constant in real terms over the operational period of the power plant.
CCF is the first-year CCF that matches the applicable finance structure and
capital expenditure period.

TOC is the Total Overnight Capital in 2018 dollars.

OCFIXis the sum of all fixed annual operating costs in 2018 dollars.

OCVAR is the sum of all variable annual operating costs, including fuel at 100%
capacity factor, in 2018 dollars.

CF is the plant capacity factor, assumed to be constant over the operational
period.

MWh is the annual net megawatt-hours of power generated at 100% capacity

factor.
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Based on the economic factors specified by the DOE, the CCF for a low-risk IOU and
five-year capital expenditure period is 0.116 (such as a commercial project like case
S12A). The CCF for a high-risk IOU and five-year capital expenditure period is 0.124
(such as a novel system like cases S12B or the FPO case).
b)  LCOE
The PSFM provides the LCOE on a current dollar basis over a levelization period equal
to the plant’s operational life; i.e., the LCOE is constant in current dollars over this
period. The model provides a levelization factor that can be multiplied by the COE to
give the LCOE in base-year dollars. The levelization factor for NETL-defined economic
inputs is 1.268.
C) Costs of CO, Captured and Avoided
The cost of CO, captured was calculated both from the standpoint of the cost of CO,
removed and the cost of CO, avoided.
The cost of CO; captured or removed in $/ton or $/tonne is given by:
Cost of CO, Captured = (COE,ith removal— COEw/o removal) / (CO2 Captured)

e COE is the cost of electricity ($/MWhnet)

e CO, Captured is the CO; captured (tonnes/MWhnet or tons/MWhnet)
Note that for cost of CO, captured, the COE does not include the cost of CO, transport
and storage (T&S). The equation used to calculate the cost of CO, avoided in $/ton or
$/tonne is given by:

Cost of CO, Avoided = (COEuith removal — COEwjo removat) / (CO2wio removal = CO2uiith removal)
e COE is the cost of electricity ($/MWhnet)

e (CO;is CO; emissions (tonnes/MWhnet or tons/MWhnet)
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d) Costs of CO, Transport and Storage

The cost of CO, T&S is included in the COE to derive the complete cost of capturing
and storing CO,. The updated NETL Baseline Report [12] specified the conditions and
T&S costs to be used. The costs are based on transporting high-pressure (15.17 MPa)
CO; from the power plant through a 100-km pipeline to the sequestration or enhanced
oil recovery site. The CO, leaves the pipeline at a pressure of 8.27 MPa still in a
supercritical state. For either a Midwest or Wyoming plant location used for this study,
the T&S value specified by NETL is $10/tonne-CO..

e) First-Year Power Costs and LCOE Summary

Table 37 compares the first-year power costs, broken down into their components, for
the NETL baseline cases S12A, S12B [6], and the FPO case. The first-year power cost
for the FPO case only increases by 53.4% over that of the NETL-based case without
CO; capture (S12A), compared to a 92.3% increase in first-year power cost for NETL’s
amine scrubbing based case with CO, capture (S12B). The FPO case shows potential
cost reductions over Case S12B in capital (18.5%), operating and maintenance cost
(26.9%), and fuel cost (18.6%). The O&M cost reduction is primarily due to elimination
of amine solvent expense, while the fuel cost reduction is due to the improved net plant

efficiency.
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Table 37. LCOE Comparisons (in 2018%)

Capital 447 84.2 68.6
Fixed O&M 11.1 18.2 15.0
Variable O&M 6.9 12.5 7.3
Fuel Cost 10.1 14.5 11.8
CO, T&S Cost 0.0 11.1 9.0
First Year Power Cost, $/MWh 72.8 140.4 111.7
LCOE, $/MWh 92.3 178.1 141.6

Table 37 also compares the LCOE for the base and test cases. The FPO case is 20.5%
reduced when compared to the S12B case. Similar conclusions can be drawn to those
for the first-year power costs, as relative differences between the NETL baseline cases
and the FPO case are similar.

f) Cost of CO, Avoided and Captured Summary

Table 38 shows the CO, avoided and captured costs for the NETL baseline cases S12B
[6], and the FPO case. The costs are relative to the NETL supercritical PC without CCS
(Case S12A) [6] and for the cost of CO, captured does not include T&S.

The cost of CO, avoided is 44.6% less for the FPO case than for NETL baseline
capture case S12B. On a cost of CO, captured basis, the FPO case advantage

decreases by a 35.3% reduction relative to baseline case S12B.

Table 38. CO;, Avoided and Captured Costs (in 2018%)

Cost of CO, Avoided, $/tonne Base 92 51

Cost of CO, Captured, $/tonne

(excludes T&S Cost) Base o1 33
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2. TEAM STATUS

A. HOST SITE SELECTION

l. DESCRIPTION OF HOST SITE AND EVIDENCE OF COMMITMENT

A highly detailed description of the host site can be found in the Environmental
Information Volume (EIV), contained in Section 2.D. The University of Wyoming
demonstrated its commitment by providing a signed commitment letter, which is

reproduced below in Figure 15.
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1) UNIVERSITY OF WYOMING COMMITMENT LETTER
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Figure 15. UW Commitment Letter
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Il DISCUSSION OF SITE SELECTION CRITERIA
The potential sites were reduced to the candidate host site through a checklist
developed so that the information collected could be compared on a relative basis and
each site could then be assessed based on its application to the design basis. The
checklist has been divided into four major categories that group the collected
information:

¢ Business and Financing

e Physical Attributes

e Environmental and Permitting

e Operations and Safety
A weighting system has been developed for every item in the checklist, since some
have a greater impact on the suitability of a particular host site. The preliminary
weighting, labeled as “Importance” for each item was given based on the team’s

”

assessment of its relative importance. A relative score of “High,” “Medium,” or “Low”
was given for each item with high scores given a 9, medium a 3, and low scores a 1.
Each host site will then be evaluated for each item getting a score from 5 (best) to O
(worst). This score will then be multiplied by the weighted importance to get a numerical
value for the site for the item (for example, if the item has an importance of “High” and
the site scores a 5, its score for this item is then 45). The values for every item are then
summed up to give the final score for the host site, which is then non-dimensionalized

into a percentage. In this way, each host site will be given a quantitative score between

0 and 100% relative to each of the other potential sites. Those with the highest scores
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advance to the final step of the deeper-dive assessment. The list of items selected to

assess the host sites and their relative preliminary importance is given in Table 39.

Table 39. Scoring Criteria and Associated Weighting Factors

|
Is the organization operating the host site and the host site itself Medi
. . edium
financially stable?
Are there perceived schedule risks for getting the site ready Medi
i edium
according to the schedule?
Does the host site organization have a track record working / Low
contracting with DOE?
Does the organization have a successful track record with doing L
. ow
DOE projects?
Does the organization have a well laid out plan for performing the High
project and supporting the bid?
Does the power industry support the site? Medium
Does the site have proximity to an international airport and Low
accommodations?
Does the site have special labor limitations or issues (e.g., union Medi
edium
labor agreements)?
Does’?the site have suitable insurance to cover normal operational Low
risks
Does the site have the support of the local and / or state Low
governments?
Is the host willing to provide cost share? High
Is the organization willing to and capable of contracting with other Low
organizations?
Is there a perceived risk of the host site withdrawing from the High
project?
Is there available local or state government funding for the site? Low
Is there risk associated with the cost share, e.g., is it from a source High
that may be hard to verify or has contingencies?
What is the perceived total cost of the site compared to others? High
Are there perceived construction risks / access issues? Medium
Does the host site have the ability to use different coals? Low
Does the site have a potential need for process steam? Medium
Does the site have an existing air separation unit or excess .
Medium
oxygen?
Does the site have existing infrastructure that can be used? High
Does the site have ready access to coal? High
Does the site have ready availability to all required utilities? High
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Does the site have sufficient plot space and are there no space

could impact the test plan?

. High
restrictions?
Does the site have the ability to provide power to the grid? Low
Does the site have the ability to utilize CO, or access to a nearby L
o ow
CO; pipeline?
Are there any other concerns with accessing / providing L
ow
consumables?
Are there any perceived health, safety, and environment issues? High
Are there concerns around air permitting for the site? Medium
Are there concerns around water permitting for the site? Medium
Does the site have National Environmental Policy Act High
Environmental Assessment and Categorical Exclusion? 9
Are there any noise restrictions at the site that could limit the hours Low
of operation?
Are there any security risks for the host site? Medium
Cost of operating the site? High
Does the organization have a successful track record in doing Medi
. . edium
pilot-scale testing?
Does the organization have experience with any of the core L
ow
components of the system?
Does the site have existing staff to support the project through all Medi
edium
phases?
Does the site have the ability to support full 24/7 operations? High
Does the site location have weather-related or altitude concerns? Low
Does the site, its existing equipment (if any), and its staff support Medi
i edium
long-term operations?
Is the skillset needed to perform maintenance available from the Medi
. o edium
site or nearby organizations?
Is there a risk of changes in future operations of host site that Low

In the first stage of the work, stakeholders who are owners (and potential
sponsors/funders of approximately 12 prospective host sites) were contacted in order to
develop a long list of candidate sites. Long-list sites will be assessed in more detail in

the next stage of the process, with the objective to develop a short-list of up to five sites

by June 30th for a full evaluation during the second half of 2017.
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To make the long-list, prospective host sites will have to meet the following minimum
requirements:

e Does the host site have ready access to coal?

Does the host site have the ability to receive different coals in the quantities
required?

e Does the site have sufficient plot space and are there any space restrictions?

e Are there any noise restrictions at the site that could limit the hours of operation?

e Does the site have the ability to support full 24/7 operations?
Also, the following issues are critical if they would seriously impede or prevent the
construction or operation of the pilot plant, and if there is no realistic possibility that they
can be resolved:

e Any special labor limitations or issues (e.g., union labor agreements)

e Any perceived HSE issues

e Any perceived Air or Water Permitting issues
With respect to the items above, it would be helpful if there was an NEPA -
Environmental Assessment (EA) - Categorical Exclusion (CX) determination applicable
to the site or its activities. Using these selection criteria, the University of Wyoming
(UW) Central Energy Plant (CEP) was chosen to host the pilot. The full detail on the
selection process and determining factor can be found in Appendix G: Excerpts from
DE-FE0027771 Site Selection Report.
I, ENVIRONMENTAL ANALYSIS OF THE HOST SITE
Environmental Analysis was performed on the selected host site at the UW CEP. This

information was compiled into the EIV, which is contained in Section 2.D.
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B. TEAM STATUS FOR PHASES Il AND Il

1) TEAM STRUCTURE FOR PHASE I

The structure of the team will take a single Pl delegating the management of efforts to
Technical Lead Investigators. As the prime contractor, SwRI will track the progress of
the partners, keeping regular communication with the subcontractors and vendors. The
partners have agreed to a scope of work, budget, and associated schedule. The
structure of the team and the responsibilities of each team member within the proposed

objectives are illustrated in Figure 16.

Figure 16. Team Structure for Phase Il
Part of the scope for Phase Il is to secure any further team members that will be needed

for Phase Ill. The team will target industry partners to help cover costs associated with
Phase lll. These industry partners will also represent a significant step towards
improvement of the commercialization strategy of the FPO technology.

2) EPC SELECTION FOR PHASE Il AND IlI

Sargent & Lundy was approached during the proposal process for Phase |. They have

provided cost share for their efforts in Phase |, and they will be providing cost share in

SwRI Project No. 18.23745; DE-FE0031580 Page 101
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



Phase Il, which is evidence of commitment to the project. They have extensive
experience with CO, capture projects. A summary of Sargent & Lundy’s work is below in

Table 40.
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Table 40. Sargent & Lundy Experience with CO, Capture Projects
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C. STATUS OF COST SHARE FOR PHASES Il AND Il

The breakdown of cost share for Phase |l by percentage of the total project is shown in

Table 41. Each organization will provide a commitment letter as part of the Phase I

continuation proposal.

Table 41. Cost Share for Phase Il by Organization

Southwest Research Institute® Not for Profit | $370.2k | 0.0%
Sargent & Lundy For Profit $1,869k | 9.9%

ITEA S.p.A. For Profit | $840.0k | 5.6%

General Electric Global Research Center For Profit $211.8k | 1.1%
Electric Power Research Institute, Inc. Not for Profit | $191.0k | 1.0%
University of Wyoming Not for Profit | $277.5k | 2.7%

The University of Wyoming has indicated that it can procure as much as $19 million for

Phase Ill work. This amount is subject to project approval and appropriation from the

State of Wyoming. The Phase Il organizations will also be providing cost share for

portions of their work. Any additional cost share required to fund a successful Phase Il

program will be developed with additional organizations as part of the Phase |l scope.
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D. UNIVERSITY OF WYOMING EIV

EIV ABBREVIATIONS AND ACRONYMS LIST

°C degrees Celsius

°F degrees Fahrenheit

A amp

AISC American Institute of Steel Construction

ANSI American National Standards Institute

ASHRAE Amer@c.an.Society. of Heating, Refrigerating and Air-
Conditioning Engineers

ASCE American Society of Civil Engineers

ASME American Society of Mechanical Engineers

ASTM American Society for Testing and Materials

ASU air separation unit

Bar(g) Bar gauge

BMP best management practice

BOP balance-of-plant

Btu British thermal unit

CCS carbon capture and sequestration

CEP University of Wyoming Central Energy Plant

CERCLA Comp_reh(_ansive Environmental Response, Compensation,
and Liability Act

CO carbon monoxide

COy carbon dioxide

db(A) adjusted decibels

DEQ Department of Environmental Quality

DOE U.S. Department of Energy

EIV environmental information volume

EPA U.S. Environmental Protection Agency

EPC engineering, procurement, and construction

EPRI Electric Power Research Institute

ESA environmental site assessment

DOE U.S. Department of Energy

FEED front end engineering design

FGD flue gas desulfurization

FIRM Flood Insurance Rate Map

FOM figures of merit

FPO flameless pressurized oxy-combustion

ft foot/feet

ft3 cubic foot/feet

GE General Electric

GEP good engineering practice

gpm gallons per minute
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GWC general work contractor

H20 water

Hg mercury

hp horsepower

hr hour

iPaC Information for Planning and Conservation
kg kilogram

km kilometer

kPaG kilopascal gauge

kV kilovolt

kW kilowatt

kWh kilowatt hour

Ib pound

Ib/hr pound per hour

m meter

MMBtu million British thermal unit

mm millimeter

MW megawatt

MWh megawatt-hour

MWth megawatt-thermal

NAAQS National Ambient Air Quality Standards
NEPA National Environmental Policy Act
NOAA National Oceanic and Atmospheric Administration
NOXx nitrogen oxides

NRHP National Register of Historic Places
NWI National Wetlands Inventory

O&M operations and maintenance

0O, oxygen

OEM original equipment manufacturer
OTSG once through steam generator

P&ID piping and instrumentation diagram
PCC power control center

PFD process flow diagram

PM particulate matter

ppm parts per million

ppmvd parts per million volume dry

PRB Powder River Basin

psig pounds per square inch gauge

REC recognized environmental conditions
S&L Sargent & Lundy

SO, sulfur dioxide

SwRI Southwest Research Institute

TCLP toxicity characteristic leaching procedure
TPH tons per hour
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TRL technology readiness level

USDA U.S. Department of Agriculture

USFWS U.S. Fish and Wildlife Service

USGS U.S. Geological Survey

uw University of Wyoming

V volt/voltage

VOC volatile organic compounds

WAAQS Wyoming Ambient Air Quality Standards
WYNDD Wyoming Natural Diversity Database
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Il INTRODUCTION

1) BACKGROUND

The purpose of this document is to present a site-specific EIV for a pilot plant to
demonstrate the technical feasibility of FPO technology, a technology developed and
patented by ITEA. The FPO pilot project is supported by the U.S. DOE’s Project
DE-FE0027771 to advance coal carbon capture and sequestration (CCS) technologies
in response to the recent DOE FOA: DE-FOA-0001788 for large-scale pilots for
transformational coal technologies. Southwest Research Institute, in cooperation with
ITEA, the UW, EPRI, S&L, and GE (collectively referred to as “SwRI”) is proposing to
construct and operate a 25-MWth FPO pilot unit at the UW’s existing CEP in Laramie,
Wyoming. Plans call for the construction of the FPO pilot to begin in 2022 and be in
operation by December 2023.

SwRI engaged S&L to provide engineering and technical support to the project team,
and to prepare this EIV. S&L will participate in all phases of the project, as needed, in
the capacity as a technical subcontractor to SwRI to provide technical assistance and
engineering guidance. The enclosed EIV was prepared in accordance with 40 CFR
Parts 1500-1508 and U.S. DOE Regulations for the implementation of the National
Environmental Policy Act (NEPA) (10 CFR Part 1021). This document evaluates
potential impacts to environmental resources addressed in an EIV, and identifies
potentially significant adverse environmental impacts, if any, related to the proposed
project. DOE, will review the EIV as the lead agency, to identify the level of NEPA

documentation required.
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2) DESCRIPTION OF THE PROPOSED PROJECT

FPO can be described as a next-generation oxy-combustion technology that improves
upon existing atmospheric-pressure oxy-combustion technologies. The proposed FPO
pilot project will demonstrate the technical feasibility of the FPO technology, validate
performance of FPO, and identify potential risks in the path to commercialization of the
technology as a transformative 2nd generation coal technology capable of providing
high-efficiency, low-emissions power generation.

The primary difference between the FPO system and conventional coal-fired power
generation is the method of coal combustion. In the FPO system, coal and water slurry
is fed to a pressurized combustor where it reacts (i.e., combusts) at high pressure with
oxygen provided by an air separation unit (ASU) and recirculated flue gas from the
once-through steam generator (OTSG). Flue gas from the combustion process primarily
consists of carbon dioxide (CO;) and water, with minimal, or no, emissions of other
criteria air pollutants such as nitrogen oxides (NOx) and sulfur dioxide (SOz). The high
concentration of CO; in the resulting flue gas simplifies downstream CO, capture,
allowing for CO, greater than 90% CO, capture and compression to 2,200 psig for sale
or sequestration. Potential benefits of the FPO system include smaller and less
expensive boiler equipment and the ability to provide latent heat recovery at
temperatures that are useful for power generation, resulting in improved efficiencies.
The performance of the FPO unit's novel pieces of equipment, including the coal
preparation and pressurized slurrying equipment, the FPO combustor or “Oxy-
combustor”, the hot fumes quencher located immediately after the combustor, the

OTSG, the turbo-expander quencher, and the turbo-expander will be evaluated in detail
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as part of the demonstration. SwRI will run tests on the pilot unit for approximately two
years. Following successful completion of the pilot project, the FPO unit will be turned
over to UW.

3) FPO TECHNOLOGY BACKGROUND

ITEA began developing the FPO technology in 2003 on its 5-MWth pilot unit in Gioia del
Colle, Italy. The technology was initially designed to destroy hazardous industrial waste.
In 2007, ITEA, in cooperation with Enel, modified the 5-MWth facility to tailor it for coal-
firing. In 2018, a pilot flue gas desulfurization (FGD) scrubbing column was retrofit to the
facility, and continues to operate and collect operating data. The technology was
deployed in 2009 at the 15-MWth scale at the Jurong Island petrochemical cluster in
Singapore for waste incineration.

EPRI evaluated the readiness level of the ITEA FPO technology and determined that
the current technology readiness level (TRL) is TRL-6." One of the goals of the
proposed pilot project is to advance the technology to TRL-7 so it can be ready for
commercial demonstration (TRL-8). To achieve TRL-7, the proposed pilot plant must be
scaled up from the previous 5-MWth pilot by a factor of 5 to 10 in capacity (e.g., 25 to
50-MWth), and must encompass all the novel equipment associated with the process.

4) SUMMARY OF IMPACTS

The maijority of potential environmental or socioeconomic impacts resulting from the

installation, operation, and testing of the FPO pilot can be categorized as insignificant

! TRL are based on a scale of 1 to 9, with TRL-9 equivalent to the most mature technology. See

https://swdev.epri.com/softwaretrls.asp for TRL definitions.
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and/or positive. Environmental impacts can be considered neutral or minimal, while
socioeconomic impacts can be considered overall to be positive.

The FPO pilot plant will not take up significant land, will recycle water to the greatest
extent practical, and no wastewater discharges are expected that could impact surface
or ground water quality. Storm water will be directed to the existing storm water pond
and storm sewers, and will be controlled using the proper sediment and erosion
controls. There are no streams, floodplains, or wetlands at the proposed site; therefore,
there are no anticipated impacts to water resources. There are no known sensitive
habitat areas; therefore, the construction and operation of the FPO plant is unlikely to
affect listed species. The FPO pilot plant will result in some increase to air emissions,
and an increase in waste to an off-site location in Wyoming, but these impacts are
expected to be minimal considering the size of the project and will meet regulatory
requirements.

The FPO project is expected to have a positive influence on local employees,
contractors, and vendors. New jobs will be created to support the operation of the plant,
and a construction crew will be hired to build the plant. The project will also demonstrate
the technical feasibility of a new technology, which if scaled up for commercial
demonstration, would provide an economic benefit to coal producing regions.

Some potential challenges that may be encountered include designing the FPO pilot
plant to be critically silenced in order to meet the local noise ordinance for residential
areas. Additionally, the UW host site has indicated that the city’s building permit process
can be slow, and may impact the schedule of the project. Further, the design for the

plant will need to be reviewed and approved by UW’s internal design review committee.
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I, PROPOSED PROJECT & ALTERNATIVES

1) PROPOSED PROJECT

This section of the EIV describes: (1) the proposed location of the FPO pilot project and
existing site conditions; (2) existing operation of the UW CEP; (3) the construction and
operation of the FPO unit; and (4) associated project requirements, including anticipated
changes to the existing site (e.g., land requirements, fuel and water requirements, and
environmental discharges).

a) Site Location

The FPO pilot unit will be located west of UW'’s existing CEP site in Laramie, Wyoming.
Figure 17 shows the location of the pilot project and the local topography for the site, as
depicted on the relevant U.S. Geological Survey (USGS) topographic map. The USGS
Topographic Map for the entire Laramie Quadrangle, Wyoming — Albany County, 7.5-
Minute Series in provided in Appendix A: USGS Laramie Quadrangle, Wyoming —
Albany County, 7.5-Minute Series Topographic Map. The site is located in an area of
minimal flood hazard, outside the 100-year floodplain, and no wetlands are located on
or adjacent to the site based on a review of the National Wetlands Inventory (NWI).
Soils in the area of the pilot project consist of a mixture of urban land, Alogia soil, and
Wycolo soils?. In addition to UW buildings located in the vicinity of the pilot project,

several landmarks are located within 1 mile of the proposed project including Buchanan

2 From Custom Soil Resource Report for Albany County Area, Wyoming. Alogia, and Wycolo soils are described as

well or moderately well drained.
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Center for the Performing Arts, Greenhill Cemetery, Labonte Park, Laramie Park,
Laramie Plains Museum, and War Memorial Stadium.

b) Existing Plant

UW’s existing CEP is located adjacent to the proposed location of the FPO pilot project.
The CEP consists of four units that supply steam, chilled water, and compressed air for
heating and cooling of the UW campus buildings. Unit 1 is an E. Keeler D.S. boiler
capable of firing oil and gas (37.5 MMBtu/hr). Units 2 through 4 are identical IBW VSG-
60 stoker boilers, capable of firing coal in addition to oil and gas (73.17 MMBtu/hr).
Each unit is equipped with a baghouse for particulate control. Units 2 through 4
currently fire bituminous coal from Colorado (“Twenty Mile Coal”) and have fired Powder
River Basin (PRB) coal in the past from Wyoming (“Decker Coal”). As a starting point for
Analysis, the NETL PRB coal analysis is used [13], and is included in Appendix B: CEP
& FPO Pilot Coal Analyses. During pilot development activities, the coal used for the
design basis will be adjusted to represent regional coals. Off-design analysis of using
different coals from the design PRB will be performed. Coal is delivered to site by truck
and loaded into silos. Water required for various site operations is provided by the City
of Laramie. The plant is permitted to discharge wastewater, including steam-cycle

blowdown and cooling water, to the City of Laramie Wastewater Utility.
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Figure 17. Site Detail from Laramie Quadrangle, Wyoming — Albany County
7.5-Minute Series
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Figure 18. CEP Aerial View
C) Construction and Operation

)] Description of FPO Project

The primary objective of this project is to install, test, and demonstrate the performance
of ITEA’'s FPO technology at a 25-MWth pilot unit. This project will be the first North
American demonstration of the FPO technology and the first application of this
technology utilizing PRB coal. The pilot project is designed to validate performance of
FPO, demonstrate production of a high CO, concentration flue gas stream, and develop
data to evaluate the costs and cost effectiveness of the FPO system. Equipment and

operating data developed through execution of this project will be used for future
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commercialization of the technology. Results of the operation and experimental testing
will be used to further improve the FPO design and operation.
Specific technical objectives of the FPO demonstration include, but are not limited to:
e Determine the Figures of Merit (FOM) required to advance the technology
to the next TRL (an outline of the FOM items that will be evaluated is
included in Appendix C: FPO Pilot Testing Figures of Merit):
e Give confidence to potential end-users that the technology can achieve its
design targets and is a low risk, safe, and reliable process; and
e Allow ITEA to update and finalize the design of the next system scale up in
size.
i) Description of FPO Project Phases
The proposed project will advance through three phases including conceptual design
and project development (Phase 1), Front End Engineering Design (FEED)/preliminary
engineering (Phase Il), followed by detailed design, construction and operation of a pilot
scale facility (Phase Ill). The TRL of all elements of the FPO technology will be
advanced at the end of Phase Ill to meet criteria allowing for larger scale
commercialization. The phases, along with the scheduled beginning and completion
dates and tasks are shown below:
Phase | — Conceptual Design and Project Development (04/01/18 — 07/31/19)

1. Project Management and Planning

2. Site Selection and Securing Commitments

3. Environmental Analysis

Phase Il — FEED/Preliminary Engineering (08/01/19 — 07/31/20)
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Phase Il — Detailed Design, Construction, and Operation (01/01/21 — 12/06/23)

1. Engineering Design

2. Procurement and Furnish Material

3. Construction and Commissioning

4. Start-up and Training

5. Test Campaign
SwRI, acting as the general contractor, will take the lead in all efforts required for the
execution of the demonstration project. SwRI will be performing all the major tasks
throughout the entire period of the project, and will actively participate in the operation
and testing activities that are expected to last two (2) years. ITEA, GE, and UW (the test
site host), will assist SWRI with technology aspects needed and inputs of site related
information during the phases of the project, and will be actively involved in the start-up,
training, and experimental testing of the pilot unit. S&L will participate in all phases of
the project, as needed, in the capacity as a technical subcontractor to SwRI to provide
technical assistance and engineering guidance throughout the entire project.
iii) Process Description
Process flow diagrams (PFDs) for the proposed FPO pilot unit are included in
Appendix D: FPO Process Flow Diagrams. In the FPO process, a coal slurry fuel is fed
into the Oxy-combustor where it is combusted with oxygen to generate useful heat. Pre-
crushed, low sulfur, PRB fuel will be utilized for the demonstration. Trucks will deliver
coal to the site where it will be transferred via conveyors to a dedicated coal silo. The
coal feed silo will feed directly into the wet slurry rotary rod mill by a weigh screw feeder.

A separate screw conveyor will feed crushed limestone into the rod mill, as needed. In

SwRI Project No. 18.23745; DE-FE0031580 Page 120
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



the rod mill, the coal is wet milled and slurried to maximum particle size of 0.841 mm via
a rotating classifier screen. Recycled process water transferred from the flush water
tank is used for slurry preparation. A paddle mixer immediately downstream of the mill
controls the solids content of the crushed coal slurry to approximately 60% before the
slurry is transferred directly to the Oxy-combustor. Service steam from the OTSG is
injected to the coal slurry at the burner to aide atomizing the slurry.

An Air Separation Unit (ASU) will produce O, for the Oxy-combustor. Oxygen is
delivered to the Oxy-combustor at ambient temperature and 14 bar(g) at a purity of
approximately 96%, with the balance being primarily argon with some nitrogen. The O3
product stream is preheated to 104°C with attemperated reheat steam in an Oxy
Preheater, prior to being mixed with recycled flue gas to produce a synthetic air stream
before entering the Oxy-combustor vessel.

The coal slurry is combusted with O, in the Oxy-combustor vessel. The Oxy-combustor
vessel is refractory lined with the burner mounted at the top and a slag tap at the
bottom. Oxygen flow to the Oxy-combustor is controlled to ensure complete
combustion, and a small quantity of oxygen will be present in the flue gas. Recirculated
flue gas is used to moderate the combustion process. Temperatures in the Oxy-
combustor vessel are sufficient to melt ash particles in the coal to form a liquid slag.
Previous FPO testing demonstrates that approximately 99% of the ash will be captured
as slag. Molten slag runs down the walls of the Oxy-combustor and flows through a slag
tap in the bottom of the vessel into a quenching vessel or water bath mounted beneath
the Oxy-combustor. Slag solidifies when it contacts the water and is slurried within the

quench vessel. The Oxy-combustor and quench vessel are elevated so that the
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solidified slag can flow via gravity from the bottom of the vessel into one of two slag
settlers.

The slag settlers act as a pressure lock hopper, filtration, and primary dewatering for the
slag. When the on-line slag settler is full, the empty off-line settler is brought online, the
full settler is isolated and depressurized allowing the slag to fall from the settler into a
concrete slag bunker or sump for further dewatering (by gravity). A front-end loader will
be used to transfer slag to the trucks for transport to a landfill. A slag sump pump will be
used to transfer any collected water back to the flush water tank for reuse within the
process.

Sulfur in the coal is converted primarily to sulfur dioxide (SO>) in the Oxy-combustor and
exits in the flue gas stream. The flue gas is withdrawn from four ports on the sides of the
vessel. Flue gas from the Oxy-combustor is split between two quenchers where it is
mixed with a colder recycled flue gas to control the mixed temperature to approximately
777°C. Flue gas exiting the two quenchers is combined and then divided to two lines;
the main flow feeds the OTSG and the flow feeds the Turbo-expander.

The Turbo-expander is similar to a turbine that would be located downstream of the
combustion section on a typical combustion turbine. The Turbo-expander receives flue
gas from the Oxy-combustor at approximately 500°C and a pressure of about 14 Bar(g).
The hot flue gas is expanded through the turbine section, which converts the energy to
mechanical work to drive a generator or in this case, a dynamometer. Use of the
dynamometer, in lieu of an electrical generator, avoids the costs of the associated
electrical gear needed to distribute the electrical power generated. The dynamometer

will also provide operation flexibility of the FPO pilot by allowing the unit to startup,
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shutdown, and vary load as necessary for testing activities without disruption to the
electrical grid. The dynamometer rejects the energy in the form of thermal energy (heat)
to the closed cooling water system and ultimately the fin-fan cooler.

Flue gas leaving the OTSG flows to the flue gas recycle blower. Flow from the flue gas
recycle blower is split into five lines. Two flue gas recycle lines are directed to the
quenchers; a third line flows to the combustor burner to make the synthetic air; a fourth
line flows via temperature control for mixing with the flue gas from the quenchers and
fed to the Turbo-expander; and the fifth line flows to the shell side of the OTSG, which is
used for shell pressurization. From the Turbo-expander, flue gas is mixed with reject
gases from the ASU before the combined stream is discharged to the atmosphere via a
new stack.

An air-cooled system will condense steam from the OTSG after letdown stations and
return pressurized condensate to the cycle deaerator. The closed cooling water system
will have a closed loop to circulate cooling water from the each of the heat exchangers
to a fin-fan cooler. This loop will have a corrosion inhibitor to stabilize the water and
prevent corrosion that could cause damage to the cooling system. This loop will include
an expansion/head tank to accommodate thermal expansion as the system operates
and will accept makeup water as needed to account for losses within the process.
Makeup water required for the process will be supplied by portable ion-exchange resin
vessels.

d) Project Requirements

Resource requirements for the FPO demonstration pilot, and the modifications required

to the UW CEP host site, are described in the following subsections.
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i) Land Requirements

The FPO project, including temporary construction, would occupy approximately
2.3 acres of land located to the west of the UW CEP. The site should be adequate to
include laydown areas, construction trailers, and construction equipment. Although the
majority of the land for the pilot facility is currently not developed, it has been disturbed
in the past by construction and grading activities at UW, and there are areas containing
underground infrastructure and piping that are to be avoided.

i) Fuel Requirements

Coal for the 25-MWth pilot unit will also be delivered to site by truck. The process will
require low-sulfur, crushed coal with “lumps” that are 30 mm to 40 mm in size (1.2” to
1.6”). The ultimate analyses for proposed coals to be used are included in Appendix B:
CEP & FPO Pilot Coal Analyses. In order to avoid the cost of a coal crusher for the pilot
plant, a pre-crushed PRB fuel will be utilized for the demonstration. In the event that it is
not available, coal will be crushed at the Transpro-Burgner coal storage location in
Laramie, Wyoming prior to being transported via truck to the site. Due to the FPO fuel
requirements, in lieu of utilizing the existing CEP plant’'s coal unloading facilities, a
separate system dedicated to the FPO pilot will be installed. The pilot unit will be
designed to operate at a design feed rate of approximately five (5) tons per hour (TPH)
of PRB sub-bituminous coal when operated.

Crushed limestone may also be added to the coal in order to lower the slag melting
temperature to help facilitate metal capture from the slag quenching water. Crushed
limestone would be sourced from local suppliers near Laramie, Wyoming. The need for

limestone addition will be based on the quality of the coal used during the
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demonstration. When required, limestone would be added at a rate of approximately
0.0033 tons (3 kilograms) of limestone per ton of coal fired.

Natural gas required for the FPO start-up operations to preheat the FPO and
downstream equipment will be supplied to the FPO by a tie-in to UW’s gas distribution
grid.

iii) Water Requirements

The FPO pilot unit will recycle water to the greatest extent practical. This practice
reduces the estimated total water demand for the FPO pilot plant to less than 20 gpm.
The two largest water demands are condensate make-up and fuel slurry preparation. In
order to meet these water demands, the FPO project will draw make-up water from the
City of Laramie Utility Division via a tap in the CEP’s water main. A portion of the city
water will be added to the clarified water from slag dewatering, recycled slag sump
runoff, and rain water runoff captured in the slag bunker and other project areas. As
needed, city water will be used to make up for water lost to evaporation, moisture in the
flue gas exiting the stack, and water entrained in the dewatered slag.

The majority of the city water will be demineralized in order to provide sufficient quality
for condensate makeup. Demineralization for supercritical steam generation will be
accomplished with portable ion-exchange resin vessels. If needed later for trimming
purposes, sodium zeolite softened boiler FEED water has been noted to be available
from the existing CEP facility; however, the existing volumetric capacity is unknown.
Potable water is also supplied by the UW water main tie-in at the CEP.

iv) Waste Disposal Requirements
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All water collected for various project areas will be collected and reused within the
processes to the greatest extent possible. The air-cooled systems should not generate
a wastewater stream. Therefore, there should not be a liquid wastewater discharge from
the FPO pilot facility. In the event any discharge is needed, the water will meet the
discharge limits provided by the City of Laramie Industrial Wastewater Contribution
Permit, included in Appendix E: CEP City of Laramie Industrial Wastewater Contribution
Permit, for the discharge of industrial wastewater into the City of Laramie Wastewater
Utility. Therefore, no additional wastewater treatment is required and any potential
wastewater from the FPO will be discharged from the site using the existing CEP’s
water discharge point (city sanitary sewer). A FPO wastewater flow meter will be
installed at a location upstream of tie-in point for sub-metering.

The ion-exchange resin vessels that will be utilized for the demineralized water needs
for the FPO pilot will remove hardness and other dissolved solids without the need to
produce a wastewater stream on site. Once the resin vessels are exhausted, a service
agreement for the resin vessels will include vessel replacement and removal of
exhausted resin vessels for regeneration at an off-site facility.

Dewatered slag from the Oxy-combustor is a glass-like solid waste, which is expected
to pass a Toxicity Characteristic Leaching Procedure (TCLP) and paint-filter test,
making it suitable for disposal in a non-hazardous solid waste landfill. The dewatered
slag will be loaded into trucks using a front-end loader for transport to a landfill for

disposal.
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V) Power Requirements

An estimate of the FPO unit’'s power consumption is included in Appendix F: FPO Pilot
Auxiliary Power Load List. The electrical system is connected to the UW’s 13.8 kV
electrical power supply from the existing CEP site electrical transformer area.

Vi) Labor Requirements

The FPO pilot is expected to require six full-time employees, four two-person crews to
cover three 8-hour shifts and a backup crew, and two part-time employees. The labor

required for FPO operation will be shared with CEP Operations personnel as indicated

in Table 42.
Table 42. Labor Requirements
Pilot Plant Project Full Time 1 Provided by UW
Manager (PM)
Data Analysis Support Full Time 1 UW Post-Graduate
Engineer Researcher
Design Test Engineer Full Time 1 Local Hire
Administrator Full Time 1 Local Hire
Operations Manager Full Time 1 CEP OM to split time 50%
(OM)
Maintenance Full Time 1 Local Hire
Specialist
Control Room Shift Work 4 CEP CRO to split time 50%
Operator (CRO) each shift
Infield Operator (10) Shift Work 4 CEP IO to split time 50%
each shift
EHS Support Part Time 1 Local Contractor
Analyst/Chemist Part Time 1 Local Contractor

2) ASSESSMENT OF ALTERNATIVES
This section describes the alternatives to the proposed action including (1) a no-action

alternative, (2) alternative sites considered, and (3) alternative process/design
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configurations. Note that as the FPO process is an ITEA patented technology, no other
FPO processes exist and, therefore, no other alternative technologies were considered.

a) No-Action Alternative

In this scenario, the proposed FPO technology demonstration would not be granted
financial assistance from the DOE and would result in failure to demonstrate the viability
of the project through the achievement of TRL-7 and, therefore, the FPO technology
would not be scaled up for commercial demonstration, TRL-8. This no-action alternative
would also result in a significant loss of investment.

b) Alternative Sites

A summary of the site selection for the FPO demonstration is included in
Appendix G: Excerpts from DE-FE0027771 Site Selection Report. As described in
Appendix G, several locations were considered to be feasible for the FPO
demonstration. The University of Wyoming site was selected as it was considered to
have good available infrastructure and the highest opportunity for cost sharing in the
event the project proceeds to Phase IlI.

C) Alternative Process/Design Configurations

Several alternative process and design configurations were considered over the
development of this project. The following lists the major alternative configurations and
the reasoning why they were not considered appropriate or were not selected:

e 50-MWth Pilot Unit: A larger scale, 50-MWth FPO pilot unit was initially

considered to further enhance the scale up abilities of the pilot
demonstration. However, after it was found to be cost prohibitive, the

smaller 25-MWth pilot unit was selected to reduce project costs.
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e Flue Gas Desulfurization (FGD): Initially, several coals were considered as

part of the demonstration pilot, including low sulfur PRB, mid-sulfur
bituminous (Twenty Mile Coal) and a higher sulfur lignite. A wet,
pressurized FGD process, consisting of a crushed limestone reagent
preparation system, an alkali scrubbing tower, a direct contact
cooler/demister tower, and a wet FGD solids dewatering system was
included as part of the demonstration to allow for fuel flexibility. However,
after reducing the pilot unit scale to 25-MWth, it was found that the
proposed project cost would still exceed the allotted budget, with the FGD
process being one of the largest capital and operating cost items.
Therefore, the FGD process was removed from the scope and it was
determined that the fuel would be limited to low sulfur PRB to mitigate SO,
emissions from the pilot unit.

e Propane Startup Fuel: Propane would be used during startup for heating up

the Oxy-combustor/OTSG and then continuously heating the slag tap
heater, in the event the natural gas available at the CEP site did not meet
the pressure requirements during startup. Later, it was determined that a
tie-in location on the CEP natural gas supply line, at a location upstream of
the existing units, would supply higher pressure conditions needed for
startup. Therefore, it was determined that the longer pipe routing and use
of natural gas would be more economical than the use of propane tanks,

pumps, vaporizers, and associated electrical loads. Additionally, the
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existing CEP plant is already familiar with operation and maintenance of
natural gas systems/equipment.

e Wet Cooling: A forced draft cooling tower consisting of three (3) cells, each
with its own water pump, was previously considered for the supply of
cooling water for the various FPO process needs. However, it was
determined that an air-cooled condenser system would be used instead in
order to reduce the system complexity and eliminate cooling tower
makeup, blowdown disposal, and chemical treatment needs. Overall, the
use of an air-cooled system will provide significant water savings for the
site. In addition, an air-cooled system eliminates the amount of water that
would be lost due to evaporation and drift, which can create a large plume
throughout the year and sometimes can cause icing concerns (depending
on ambient conditions).

e Steam Turbine: The steam turbine was eliminated as a means to reduce

project cost and keeping with the key goals of the pilot project (prove
scaling ability of the Oxy-combustor and OTSG technology). Instead of a
steam turbine, a series of letdown stations are used to reduce the steam
temperature and pressure accordingly to maintain OTSG operation without
the steam turbine.

V. EXISTING ENVIRONMENT

This section discusses the existing environment at the proposed site of the FPO pilot

plant and the general project area, including a 0.5-mile buffer around the project site.
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1) LAND USE

The site proposed for the FPO plant is an approximately 7-acre site owned by UW,
which is adjacent to the existing CEP. Land at the proposed site is currently used for
snow storage and storm water. The site contains a storm water pond, which will remain
after the construction of the FPO plant. The site is a grassy area, with decorative trees
for landscaping.

With the exception of the CEP, land use in the vicinity around the site is largely
residential, including housing for university students. The Green Hill Cemetery lies
approximately 200 feet to the south of the site. The nearest park is located
approximately 0.7 miles away. Utilities beneath the north and west sides of the CEP
include low voltage power (480 V), a natural gas line, a water well, and irrigation lines,
see Appendix H: CEP Site Utility General Arrangement for more details. The site is
bordered by E Harney Street to the north, the access drive to the CEP to the east, E
Gibbon Street to the south, and N 15th Street to the west.

2) ATMOSPHERIC CONDITIONS/ AIR QUALITY

The proposed site is located in the City of Laramie, Wyoming. The nearest air quality
monitor is the Cheyenne NCore monitor located in the City of Cheyenne Community
Park, part of the Environmental Protection Agency's (EPA) NCore Network of monitors.
The nearest National Oceanic and Atmospheric Administration (NOAA) Weather Station
is the Laramie Regional Airport (KLAR) station. Laramie is in American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Climate Zone 6B. The

following sections describe the local climate and air quality for the City of Laramie.
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a) Local Climate

Most of Wyoming, including Laramie, is in Climate Zone 6B, which is characterized by
generally cold and dry conditions. Based on data from the KLAR station, the annual
average temperature is 41.0°F, with an average minimum of 27.5°F, and an average
maximum of 54.5°F for the years 1981 through 2010. Maximum precipitation occurs in
spring and early summer, and is generally greater over mountain ranges and higher
elevations. The elevation at the site is approximately 7,220 feet above mean sea level.
Precipitation totals approximately 11 inches annually (1981-2010); however, 2018 was
drier than normal with precipitation totals close to 7 inches for the year. Table 43 shows
the most recent temperature and precipitation data for Laramie, Wyoming.

Wind roses for the period 2006-2015 show that the average wind direction for October
through April is generally WSW. Average wind direction May through September is
generally SSE.

Figure 19 shows the annual wind rose for Laramie, Wyoming.

Table 43. Climate Data for Laramie, Wyoming*

Fezb(;;’gry 352 | 130 | 352 11.9 0.06 0.34

January 2019 | 335 | 8.4 333 | 10.1 0.13 0.27
December

5018 325 | 87 322 | 10.0 0.09 0.32

NOZSTSber 381 | 160 | 41.3 17.4 0.33 0.54

October 2018 | 535 | 27.0 | 55.7 | 28.0 0.61 0.80

Se';tggber 76.4 | 392 | 686 | 37.9 0.07 1.11

August 2018 | 80.0 | 458 | 77.9 | 46.7 0.72 1.23

July 2018 833 | 482 | 80.1 48.0 0.89 143
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1981-2010 1981-2010

Average
Temperature Normal Precipitation Normal
°F) Temr(JOeFr)ature Totals (in)  Precipitation
Maximum | Minimum | Maximum Minimum Totals (In)
June 2018 79.2 431 72.5 41.9 1.12 1.54
May 2018 66.5 35.8 61.5 33.7 1.66 1.69
April 2018 54.8 24.3 51.1 24.6 0.30 1.07
March 2018 45.4 17.9 43.0 18.7 0.91 0.58
' Data from the Laramie Regional Airport (KLAR) Weather Station.
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Figure 19. Annual Wind Rose for Laramie, Wyoming

b) Existing Air Quality

Based on the Annual Data Summary for the Cheyenne NCore monitor for 2017, there
have been no exceedances of the National Ambient Air Quality Standards (NAAQS) or
Wyoming Ambient Air Quality Standards (WAAQS). Table 44 presents air quality data
for the air quality monitor nearest to the proposed site.

Overall air quality for the area has not changed considerably compared to 2011 when

the monitor was first installed. The UW CEP also reports emissions of PM, PMyo, PM3 5,
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CO, NOyx, SO, and VOC annually to the Wyoming DEQ, and may also affect the

ambient air quality in the vicinity of the proposed site.

Table 44. Annual Ambient Air Quality Data

) 2 0.070 ppm 4th Highest Daily Max: 4th Highest Daily Max:
8-hr Ozone (70 ppb) 65 ppb 67 ppb
i 3 2nd Highest Daily Max: 2nd Highest Daily Max:
1-hr NG, 100 ppb 40.6 ppb 38.9 ppb
Annual NO, 53 ppb Arithmetic Mean: 4 ppb Arlth?gtlgpl\élean:
) 4 2nd Highest Daily Max: 2nd Highest Daily Max:
8-hr CO 9 ppm 0.408 ppm 0.2 ppm
) 4 2nd Highest Daily Max: 2nd Highest Daily Max:
1-hr CO 35 ppm 0.734 ppm 0.358 ppm
i 5 2nd Highest Daily Max: 2nd Highest Daily Max:
1-hr SO, 75 ppb 7.3 ppb 8.9 ppb
3-hr SO, © 0.5 ppm 2nd Highest Daily Max: 2nd Highest Daily Max:
2 (540 ppb) 3.5 ppb 4.4 ppb
3 Arithmetic Mean: . . ]
Annual PMz 5 12.0 pg/m 3.4 ug/m?® Arithmetic Mean: 4.8 ppb
7 3 2" Highest Max: 2nd Highest Max:
24-hr PMz5 35 ug/m 34.3 pg/m’ 32.1 ug/m®
6 3 Arithmetic Mean:
Annual PM4g 50 pug/m 2 ug/m? --
8 3 2" Highest Max:
24-hr PM4g 150 pg/m 57 ug/m? --

' 2018 data not available until May 1, 2019.

% To attain the ozone standard, the 3-year average of the fourth-highest daily maximum
8-hour average ozone concentrations must not exceed the standard.

® To attain the NO, standard, the 3-year average of the 98th percentile value must not
exceed the standard.

* The CO standard is not to be exceeded more than once per year.

® To attain the 1-hour SO, standard, the 3-year average of the 99th percentile value
must not exceed the standard.

® Wyoming Ambient Air Quality Standards (WAAQS).

"To attain the PM, s standard, the 3-year average of the weighted annual mean must not
exceed the annual standard, and the 3-year average of the 98th percentile 24-hour
average must not exceed the 24-hour standard.

® To attain the PMy, standard, the average cannot exceed the standard more than once
per year on average over 3 years.
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3) HYDROLOGIC CONDITIONS/ WATER QUALITY

The proposed site lies within the Woodhouse Reservoir-Laramie River Watershed
(HUC12- 101800100603), which drains to the Soap Holes-Laramie River Watershed
(HUC12- 101800100605). Both of these watersheds are part of the larger Spring Creek-
Laramie River Watershed (HUC10- 1018001006). The following sections describe the
surface water and ground water resources in the vicinity of the proposed site.

a) Surface Water Quality

There are no surface water features on or within 0.5 miles of the site, with the exception
of the storm water pond on the west side of the proposed site. The nearest waterbodies
are Spring Creek, approximately one (1) mile to the south, an unnamed stream
approximately one (1) mile to the east, and a pond approximately 0.5 miles to the west.
According to the National Wetlands Inventory (NWI), there are no mapped wetlands for
the proposed site, see Appendix I: National Wetlands Inventory Map for more details.
No floodplains, floodways or floodway fringes were mapped for the proposed site. The
Flood Insurance Rate Map (FIRM) of Laramie, Wyoming is provided in Appendix J:
Flood Insurance Rate Map. Since there are no waterbodies or wetlands on the
proposed site, there are no unique aquatic habitats or recreational areas.

b) Ground Water Quality

According to the geotechnical investigation that was done for the adjacent CEP, there is
groundwater below the CEP site. Free water was encountered below the CEP site at a
depth of approximately 36 feet below the existing ground surface, see Appendix K: 1979
CEP Geotechnical Report. Assuming groundwater resources for the proposed FPO site

are similar to the adjacent CEP site, ground water would be expected below the site;
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however, at this time there is no data available for aquifers or ground water below the
proposed FPO site. If needed, this data can be acquired at a later phase of the project.
Public water supplies include water from the City of Laramie Utility Division, which will
be the source of water for the FPO pilot plant. Based on information from the host site,
there should be adequate water from the city, and there are no known constraints on
water availability, see Appendix L: DE-FE0027771 Detailed Site Assessment Questions,
UW CEP Responses. Test data for the City of Laramie water supply is available for
various water quality parameters, and is provided in Appendix M: City of Laramie Water
Analysis.

According to information from the host site, the sanitary sewer operated by the City of
Laramie Utility Division is available for wastewater disposal from the site. The existing
storm water pond and the Harney Street storm sewer are available for storm water
discharges from the site.

4) GEOLOGIC/ SoIL CONDITIONS

According to the geotechnical investigation that was completed for the adjacent CEP,
subsoil conditions at the CEP site varied from loose to dense. The first foot of soil
consisted of loose silty sand topsoil. At a depth of up to 21 feet, soil consisted of loose
to very dense silty sand dispersed with gravel and cobble. Bedrock was also
encountered for multiple borings at various depths. More details and figures are
available from the boring logs in the CEP geotechnical report; see Appendix K: 1979
CEP Geotechnical Report. Soil conditions are expected to be similar at the proposed

FPO site.
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The U.S. Department of Agriculture (USDA) web-based soil survey was reviewed to
identify soil resources for the proposed FPO site. A copy of the soil map is included in
Appendix N: USDA Albany County Area, Wyoming Soil Report for FPO Pilot Site. Two
(2) soil types were identified for the proposed site: Alogia-Urban land complex and
Wycolo-Alcova complex. Alogia-Urban land complex is characterized by a profile
including loam and clay loam. Wycolo-Alcova complex is characterized by a profile
including fine sandy loam, sandy clay loam, loam, clay loam, and bedrock. Neither soil
types are considered to be prime farmland. More detailed site-specific information on
soil characteristics is not available at this time, and can be acquired at a later phase of
the project.

5) VEGETATION AND WILDLIFE RESOURCES

A list of threatened and endangered species that may occur in the proposed project
area has been received from the U.S. Fish and Wildlife Service (USFWS) via an online
request through the Information for Planning and Conservation (iPaC) project planning
tool. According to the iPaC report, there are several federally listed threatened and
endangered species that have historical ranges within the project area, which are
summarized in Table 45. According to the iPaC report, no designated critical habitat for
any federally threatened or endangered species occurs within the project area, see
Appendix O: USFWS Wyoming Ecological Services Field Office List of Threatened and
Endangered Species.

State rare, threatened, and endangered species data was obtained from the Wyoming
Natural Diversity Database (WYNDD). WYNDD maintains a database of species of

concern, including rare, endemic, disjunt, threatened, or biologically sensitive species.
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Unlike the iPaC report, the WYNDD is not site-specific and includes information
statewide. Animal species of concern are included in Appendix P: UW Wyoming Natural
Diversity Database Animal Species of Concern, and plant species of concern are
included in Appendix Q: UW Wyoming Natural Diversity Database Plant Species of
Concern. Note that the species of concern list has no status under state legislation while

federally listed species are protected by the Endangered Species Act.

Table 45. Federally Listed Threatened and Endangered Species in the Project

Area
Preble’s
Meadow Zapus
Mammal . hudsonius Threatened
Jumping )
preblei
Mouse
Bird Least Tern Sterna Endangered
antillarum
Bird Piping Plover Charadrius Threatened
melodus
Bird Wgoopmg Grus americana | Endangered
rane
Wyomin Bufo
Amphibians y 9 hemiophrys Endangered
Toad :
baxteri
. Pallid Scaphirhynchus
Fishes Sturgeon albus Endangered
Western
Plants P_ralrle Platanthera Threatened
Fringed praeclara
Orchid

Preferred habitat for the Preble’s Meadow jumping mouse includes well-developed
plains riparian vegetation with nearby grasslands and a water source. Habitat areas for
the Least Tern include sea beaches, bays, large rivers, and salt flats. Piping plovers use

wide, flat, and open sandy beaches and nest in small creeks or wetlands. Preferred
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habitat for whooping cranes includes grassy wetlands, shallow river flats, and coastal
marshes and estuaries. Habitat for the Wyoming toad includes floodplains, ponds, and
small lakes. The Pallid sturgeon is historically known in the Missouri and Mississippi
River drainages, and prefers the bottom of large, silty rivers. The Western prairie fringed
orchid occurs in tallgrass prairies and meadows, but have also been known to occur in
old fields and roadside ditches.

Although a site-specific Rare, Threatened and Endangered Species assessment has
not been conducted for the proposed site, it is unlikely that the site would be considered
suitable habitat for these threatened and endangered species. Wyoming is not a coastal
state and there are no waterbodies, wetlands, or floodplains at the proposed site.
Therefore, there are no known sensitive habitat areas located at the FPO site. There is
also a lack of vegetation at the site that would be characteristic of a prairie or meadow,
as the site is predominately grass with decorative trees.

6) SOCIOECONOMIC CONDITIONS

Census data has been received from the U.S. Census Bureau via an online request
through the U.S. Census Bureau QuickFacts tool. The QuickFacts report may be found
in Appendix R: U.S. Census Bureau Albany County, WY QuickFacts. According to the
QuickFacts report, the population of Albany County, Wyoming, where the proposed
FPO site is located, has a population of 38,332 as of July 1, 2017. Over 96% of the
population has graduated high school and 49.8% has attained a bachelor's degree or
higher. The percentage of the population participating in the civilian labor force is
68.7%. The largest sector of the local economy is retail sales, with $480 million in 2012

revenue, followed by 2012 healthcare and social assistance receipts/revenue, $178
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million. The median household income (in 2017 dollars) is $45,816, and the percentage
of people living in poverty is 19.5%.

7) CULTURAL RESOURCES

According to the National Park Service National Historic Landmarks Program, there are
no National Historic Landmarks within 0.5 miles of the proposed site. There are 27
National Historic Landmarks in the State of Wyoming, but only one in Albany County,
the Ames Monument. The Ames Monument is located more than 15 miles away from
the proposed FPO site.

There are 41 properties and districts listed on the National Register of Historic
Places (NRHP) in Albany County. The nearest NRHP property listed is the Cooper
Mansion, located approximately 0.5 miles from the proposed site. The William Goodale
House, Old Main, and the University Neighborhood Historic District are also located
approximately 0.6 miles from the proposed FPO site.

There is a cemetery located within 0.5 miles of the proposed site. The Green Hill
Cemetery lies approximately 200 feet to the south of the site. At this time, there is no
information available on archaeological resources that may be present at the proposed
site. If needed, this data can be acquired at a later phase of the project through a site-
specific study.

8) VISUAL RESOURCES

There are no known scenic vistas, wild and scenic rivers, or wildlife areas near the
proposed FPO site. The proposed site and surrounding area are part of the University of
Wyoming campus, which has landscaping and buildings that were designed with

aesthetics in mind.
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9) HEALTH AND SAFETY FACTORS

The proposed site is currently not developed; therefore, current emissions, effluents,
and noise near the proposed site are largely from the adjacent CEP. The CEP is
currently permitted to emit criteria pollutants, hazardous air pollutants, and greenhouse
gas emissions as allowed under their current Title V permit, see Appendix R: U.S.
Census Bureau Albany County, WY QuickFacts. The CEP is also authorized to
discharge industrial wastewater into the City of Laramie Wastewater Utility, as allowed
under their Industrial Wastewater Contribution Permit, see Appendix E: CEP City of
Laramie Industrial Wastewater Contribution Permit. Ash from the CEP site is collected
by a collection service and is disposed of off-site, See Appendix U: CEP Landfill
Disposal Agreement.

The CEP plant also utilizes various chemicals for boiler treatment. Safety data sheets
are available in Appendix T: CEP Plant Safety Data Sheets. Noise data for the CEP is
not available at this time, but would be expected to meet the City of Laramie Local
Ordinance for residential noise, permissible level of level 55 db(A) 7:00 a.m. to 7:00
p.m., and 50 db(A) 7:00 p.m. to 7:00 a.m.

V. ENVIRONMENTAL IMPACTS OF THE PROPOSED PROJECT

This section discusses the anticipated environmental impacts of the FPO project on the
general project area, including a 0.5-mile buffer around the project site.

1) LAND USE

Of the 7-acre parcel, the FPO equipment and buildings are expected to occupy
approximately 2.3 acres of land to the west of the CEP. During construction, a portion of

this area will be graded for building and equipment foundation installation and parking
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for plant employees. The total area affected by the project is 4.3 acres and includes the
laydown areas, trailers, and equipment used during construction.

Waste disposal is not expected to be an issue at the site. Liquid wastewater discharge
is not anticipated from the FPO pilot plant. The FPO plant will utilize air-cooled systems;
therefore, no cooling or effluent ponds are planned for the site. During construction,
portable toilets will be employed; therefore, no sewer connections will be required. Solid
waste will be collected by a collection service and disposed off-site.

2) ATMOSPHERIC CONDITIONS/ AIR QUALITY

The FPO pilot plant is expected to contribute to minor increases in air emissions to the
surrounding area. Estimated emissions from the FPO pilot plant are provided in Table
46. This FPO pilot plant is expected to be permitted as a synthetic minor source under
Title V of the Clean Air Act, as emissions are expected to be below major source
thresholds. Estimated emissions for the FPO pilot plant are based on calculated
operating conditions provided by SwRI, with input from ITEA’s other pilot FPO
demonstrations.

Atmospheric dispersion modeling has not yet been conducted for the project, so it is not
yet known how emissions from the plant will contribute to air quality in the area, and
attainment of the NAAQS. However, at this stage of the project in order to be
conservative, the FPO pilot unit stack is assumed to be designed to meet the U.S. 40
CFR, part 51.100 (ii) good engineering practice (GEP) stack height, which ensures that
the emissions from a stack do not result in excessive concentrations of any air pollutant
as a result of atmospheric downwash, wakes, or eddy effects created by the source

itself, nearby structures or nearby terrain features. Atmospheric dispersion modeling is
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expected to be completed at a later phase of the project, in which an economic stack
height may be determined.

After the required commissioning phases, the minimum goal for the FPO pilot
demonstration testing is estimated to be 3,000 to 5,000 hours, which will likely occur
over a period of 25 months, which includes steady-state and flexible testing along with
performance and endurance testing. However, due to staffing limitations, the testing of
the unit will only be completed during the normal business days, unless specifically

planned in advance.

Table 46. FPO Pilot Plant Emissions

PM 0.0023 0.003
SO, 43.7 55
NOx 2.5 3.1
co 1.07 1.34
GHGs (COze) 18,541 23,176

'"The preliminary estimated FPO emissions are based on the low-sulfur,
FPO pilot coal included in Appendix B: CEP & FPO Pilot Coal
Analyses.

’Due to the unknown manner in which the unit is expected to operate
over the approximate 2-year test period, estimated annual emissions
are based on hourly emission rate x 5,000 hours of pilot operation total
+ 2 years + 2,000 Ibs/ton.

Add-on control technology is not expected for the FPO pilot plant. Based on testing by
ITEA, FPO results show that 99% of ash is captured in the slag, resulting in minimal

particulate emissions. Hg is removed through the slag system, and based on ITEA
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testing, no Hg was found in gas emissions. SO, emissions will be minimized by using
low sulfur, PRB fuel.

Impacts to air quality, during the construction phase of the project, will be temporary in
nature and include VOC emissions due to solvents and/or paints, emissions from
vehicle exhaust and construction equipment, and fugitive dust during transportation and
excavation. During construction, the general work contractor (GWC) will employ the
appropriate best management practices (BMPs) to control fugitive dust emissions from
the various construction traffic and activities.

Fugitive dust during operation is expected to be controlled with dust suppression
methods similar to what is currently used at the CEP. Fugitive dust from the coal
handling equipment will be mitigated through the use of water sprays, and fugitive
emissions are not anticipated during the slag truck loading.

3) HYDROLOGIC CONDITIONS/ WATER QUALITY

The FPO pilot unit will recycle water to the greatest extent practical. Liquid wastewater
discharge is not anticipated from the FPO pilot plant, as the FPO will utilize air-cooled
systems. Coal unloading is anticipated to occur directly adjacent to the FPO pilot unit
and will be transferred directly into a FPO coal feed silo; therefore, no coal storage piles
are expected to be needed on the FPO site. Also, no wastewater discharges or storage
pile runoff is expected from the proposed project that could impact surface water or
ground water quality.

During construction, the GWC will employ the appropriate BMPs to control storm water
runoff. With proper BMPs in place, no discharges to downstream surface waters are

anticipated. During operation, non-contact storm water runoff will be directed towards
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the Harney Street West Storm Sewers and collected in the 15th Street and Harney
Street South Detention Pond.

4) GEOLOGIC/ SoIL CONDITIONS

Assuming that the soil conditions for the FPO site are similar to CEP site, there should
be no subsidence or erosion. Erosion will be prevented during construction using
appropriate BMPs, and construction activities will avoid existing irrigation and wells on
site. There are no streams, floodplains, or wetlands at the proposed site; therefore, no
stream diversion, floodplain intrusion, or wetland intrusion is anticipated.

5) VEGETATION AND WILDLIFE RESOURCES

As discussed in the previous section, the proposed site is characterized by grass and
decorative trees is located in a residential area, and therefore lacks the vegetation and
water sources needed to support local flora and fauna. It is unlikely that the site would
be considered suitable habitat for threatened and endangered species, therefore, the
construction and operation of the FPO plant is unlikely to affect listed species. Further,
there are no known sensitive habitat areas located at the FPO site.

According to the iPaC Report received from USFWS, no designated critical habitat for
any federally threatened or endangered species occurs within the project area, and
USFWS does not anticipate project-related adverse impacts to listed or proposed
threatened or endangered plant or animal species.

6) SOCIOECONOMIC CONDITIONS

The capital expenditure for the proposed project would have a positive influence on
local employees, contractors, and vendors. Up to 10 additional jobs, including 5 local

hires and contractors, will be required to operate the FPO after construction. Jobs that

SwRI Project No. 18.23745; DE-FE0031580 Page 146
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



are not filled by local hires and contractors will be filled by the UW Human Resources
Department or CEP employees. Due to the size of the project, no employees are
expected to relocate to the City of Laramie to support the project. In addition to
operation of the plant, a construction crew will be hired to complete the construction
phase of the project.

7) CULTURAL RESOURCES

There are four NRHP properties and a cemetery located within the vicinity of the FPO
site. These areas are expected to be avoided during construction, and no impacts are
expected. In addition, the operation of the FPO pilot plant is not expected to impact
these properties.

At this time, there is no information available on archaeological resources that may be
present at the proposed site. A cultural resource survey will be conducted at the site of
the proposed FPO plant in accordance with Section 106 of the National Historic
Preservation Act (NHPA). Archeological or historical resources are not expected to be
impacted by the project. If any archaeological material is encountered during
construction, work will cease until a field evaluation has been conducted.

8) VISUAL RESOURCES

The design of the plant will be required to meet the 2017 UW Design Guidelines, which
will be approved by an internal UW design review committee to ensure new building
designs follow the recommendations of the UW’s Long Range Development Plan
(LRDP). It is anticipated that the project architecture will employ the same aesthetics as
other nearby UW buildings and the existing CEP plant to reduce the visual impacts of

the structures.
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9) HEALTH AND SAFETY FACTORS

The FPO facility will share operations personnel with the existing CEP facility. These
operators will be trained in the safe operation and emergency procedures for the pilot
FPO equipment. Occupational hazards are expected to be similar to the CEP, and the
FPO will employ similar environmental health and safety procedures as the existing
CEP facility. Inventories of hazardous chemicals will be minimized, and the plant will be
designed to meet the local noise ordinance for the residential areas.

10)  SoLIb AND HAZARDOUS WASTES

Dewatered slag from the Oxy-combustor is a glass-like solid waste, which should pass
a Toxicity Characteristic Leaching Procedure (TCLP) and paint-filter test, making it
suitable for disposal in a non-hazardous landfill. The dewatered slag will be loaded into
trucks using a front-end loader for transport to a land farm facility owned by TDS
Collection Services Inc. near Torrington, Wyoming for disposal. TDS confirmed that
their facility has enough capacity for the disposal of the FPO slag. Upon confirmation
from the Wyoming Department of Environmental Quality (DEQ) that the slag material is
non-hazardous, the existing UW CEP’s Service Agreement (see Appendix U: CEP
Landfill Disposal Agreement) for the other CEP’s coal combustion residues (ash and
clinkers) would be amended to include the FPO slag material. The transfer and disposal
of the FPO slag will be handled in accordance with the applicable state and federal
regulations.

Any other miscellaneous spent catalysts or absorbents that cannot be reclaimed will be

treated as hazardous wastes and disposed of accordingly.

SwRI Project No. 18.23745; DE-FE0031580 Page 148
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



11)  IMPACTS ON REGIONAL OR LOCAL PLANS

The majority of the potential impacts to the local region resulting from the installation,
operation, and testing of the FPO pilot can be categorized as insignificant and/or
positive. The FPO project will bring a significant amount of capital to the county for
construction and new jobs that will be created for administration and operation of the
pilot unit. The FPO pilot plant will not take up significant land; will recycle water to the
greatest extent practical; and no wastewater discharges are expected that could impact
surface or ground water quality. The FPO pilot plant will result in some increase to air
emissions, and an increase in waste to an off-site location in Wyoming, but these
impacts are expected to be minimal considering the size of the project.

Power, water, and natural gas for the FPO site will be supplied from UW'’s utility
distribution system. If required, additional power can be provided from existing CEP
standby generators or be imported from the local power utility, Rocky Mountain Power,
at a local substation. There should be adequate natural gas, electricity, sanitary and
storm sewer capacity for this project with minimal modification. Therefore, the project is

not expected to impact the availability of resources to the local region.

VI.  POTENTIAL LIABILITY TO DOE OF EXISTING CONDITIONS

As described in Section a) Site Location. FPO pilot project will occupy approximately
2.3 acres of land located adjacent west of the UW CEP. The CEP is the UW’s main
energy plant, and consists of four coal, oil, or gas-fired boilers that supply steam, chilled
water and compressed air for heating and cooling the UW campus buildings. The

location of the pilot project is shown in Figure 18.
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The proposed project site is largely undeveloped land owned by UW. Information
provided by UW indicates that underground infrastructure, including a natural gas line, a
water well, and irrigation lines, are located beneath the north and west sides of the
adjacent CEP. Storm water and sanitary conveyance, is located along the northern and
southern boundaries of the site, and a storm water detention pond occupies the western
portion of the property. Harney Street parallels the northern boundary of the project, and
additional undeveloped land owned by UW is located north of the site. Additional
campus buildings are located adjacent south of the project site, and the City of Laramie
Green Hill Cemetery is located approximately 200 feet south of the project site. The
nearest residential development is located approximately 700 feet west of the project
site.

Based on a limited review of available historical aerial photographs, dating back to
1994, it does not appear that the proposed project location has previously been
developed. Aerial photography does not suggest prior use of the property for
industrial/commercial activities, solid waste disposal, or material storage.

Although the risk of potential environmental liabilities associated with existing conditions
at the project site appear to be minimal, UW has not completed similar construction
activities in the recent past that would trigger NEPA review, and has not carried out a
NEPA study of the subject property for a similar DOE project. Furthermore, S&L is not
aware of, and has not reviewed, any prior Phase | Environmental Site Assessments
(ESAs) of the subject property conducted in conformance with ASTM Practice E1527-
13-Standard Practice for Environmental Site Assessments. The objective of a Phase |

ESA is to identify Recognized Environmental Conditions (RECs) in connection with the
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subject property, defined in the standard as “the presence or likely presence of any
hazardous substances or petroleum products in, on, or at a property: (1) due to any
release to the environment; (2) under conditions indicative of a release to the
environment; or (3) under conditions that pose a material threat of a future release to
the environment.” A Phase | ESA, prepared in conformance with the ASTM standard, is
generally required to qualify for the innocent landowner, contiguous property owner, or
bona fide prospective purchaser Ilimitations on Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA) liability as part of an “all

appropriate inquires” assessment as defined in 42 U.S.C. §1601(35)(B).

VIl.  REGULATORY COMPLIANCE

This section identifies federal, state, and local environmental regulations with which the
FPO pilot plant project must comply. This section also addresses required permits and
modifications to existing permits.

1) RESOURCE CONSERVATION AND RECOVERY ACT (RCRA)

The Resource Conservation and Recovery Act (RCRA) of 1976 allows the EPA to
regulate hazardous waste including the generation, transportation, treatment, storage,
and disposal of hazardous waste. Under the regulation, there are three separate
programs: (1) the solid waste program under RCRA Subtitle D, (2) the hazardous waste
program under RCRA Subtitle C, and (3) the underground storage tank program under
RCRA Subtitle I.

Dewatered slag from the Oxy-combustor is expected to pass a Toxicity Characteristic

Leaching Procedure (TCLP) and paint-filter test, making it suitable for disposal in a non-
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hazardous landfill. The dewatered slag will be loaded into trucks using a front-end
loader for transport to a land farm facility for disposal. This slag is a coal combustion
residual, which must be disposed of in a landfill that meets the requirements of subtitle
D of the RCRA. The slag will be contained in an impermeable concrete bunker with
provisions to control rainfall contacting the slag.

2) COMPREHENSIVE ENVIRONMENTAL RESPONSE, COMPENSATION, AND LIABILITY ACT
The Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA), also known as Superfund, provides federal funding to clean up uncontrolled
or abandoned hazardous waste sites, or other releases of pollutants and contaminants.
This regulation gives EPA the power to identify responsible parties and engage them for
cleanup assistance.

Based on a search of the National Priorities List (NPL) for Superfund sites, the
proposed FPO site is not on the NPL list; therefore, CERCLA does not apply to the FPO
site.

3) ToxIC SUBSTANCE CONTROL ACT

The Toxic Substances Control Act of 1976 provides EPA with authority to require
reporting, recordkeeping and testing requirements, and restrictions relating to chemical
substances and/or mixtures. These chemicals include, but are not limited to asbestos,
formaldehyde, lead, mercury, polychlorinated biphenyls (PCBs), per- and polyfluoroalkyl
substances (PFAS), and spray polyurethane foam (SPF) insulation.

The FPO plant will not import, export or manufacture any of the chemicals governed by

the Toxic Substances Control Act; therefore, the act does not apply to the FPO plant.
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4) CLEAN AIR ACT

a) New Source Review (for Pilot Plant)

New Source Review is required for new or modified sources that may cause emissions
of air pollutants or increase emissions of air pollutant from existing sources. In
accordance with Wyoming Air Quality Standards and Regulations (WAQSR) Chapter 6,
Section 2(a)(i): “Any person who plans to construct any new facility or source, modify
any existing facility or source, or to engage in the use of which may cause the issuance
of or an increase in the issuance of air contaminants into the air of this state shall obtain
a construction permit from the State of Wyoming, Department of Environmental Quality
before any actual work is begun on the facility.”

Sources located in an area meeting the NAAQS are subject to the Prevention of
Significant Deterioration (PSD) regulations in WAQSR Chapter 6, Section 4, while
sources located in areas that do not meet the NAAQS are subject to the non-attainment
area regulations in WAQSR Chapter 8. Projects subject to the NSR program must
receive a permit from the Wyoming Department of Environmental Quality (WDEQ) prior
to commencement of construction activities.

The FPO plant is located in Albany County, Wyoming. Albany County is currently
designated as “unclassifiable/attainment” for all NAAQS; therefore, the plant is subject
to the PSD regulations. It is anticipated that the project will apply for a permit from the
WDEQ and will comply with PSD regulations by meeting the emission limitations and

requirements set forth in the permit.
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b) Title V Permit Program (for Pilot Plant)

Title V of the Clean Air Act Amendments of 1990, and the implementing regulations in
40 CFR, Part 70, required Wyoming to establish an Operating Permit Program. This
program is codified in Chapter 6, Section 3 of the Wyoming Air Quality Standards and
Regulations (WAQSR).

Any major source, which has actual or potential emissions at or above the major source
thresholds, is subject to the requirements of the Operating Permit Program. In areas
designated as attainment with the NAAQS, the major source threshold is 100 tons per
year for criteria pollutants, 25 tons per year for combined HAPs, and 10 tons per year
for a single HAP.

The FPO pilot plant is expected to be permitted as a synthetic minor source and could
potentially receive an Operating Permit waiver because actual emissions will be below
major source thresholds. Although the unit has the potential to operate more, the pilot
demonstration testing is expected to be limited to 3,000 to 5,000 hours over a period of
25 months, and the FPO pilot unit will be designed to target emission levels to 80% of
the major source thresholds.

The adjacent CEP is considered a major source, subject to the Operating Permit
Program. Due to the contiguous location of the FPO pilot plant, the FPO pilot unit will
likely be rolled into UW CEP’s Title V permit, which will require a permit modification to
CEP’s current Title V permit.

C) Air Permit Modifications (for Standby Generators)

CEP has a pair of two 1,250 kW standby generators. Currently, the standby generation

plan is to only operate one 1,250 kW generator with a second 1,250 unit installed as a
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standby in case the first does not start. They both are capable of running at the same
time, but the air quality permit for those does not currently permit this mode of
operation.

The UW CEP’s peak load could be as high as 1.5 MW, but typically is less than 1 MW.
Some outage startup procedures could be changed to limit the peak load during an
outage to no more than 1 MW. The FPO plant will require more standby power than the
250 kW margin on a single standby generator; therefore, the CEP air permit will require
modification if the FPO uses the existing standby generators for emergency power.

5) CLEAN WATER AcT

The National Pollutant Discharge Elimination System is a permit program that
addresses water pollution from point sources to waters of the U.S. Liquid wastewater
discharge is not anticipated from the FPO pilot plant, as the FPO will utilize air-cooled
systems. Therefore, an NPDES permit will not be required for surface water discharge.
6) OCCUPATIONAL SAFETY AND HEALTH ACT

The proposed project would be covered under the appropriate Occupational Health and
Safety Act (OSHA) regulations as well as applicable Wyoming state health and safety
regulations. Examples of major applicable regulations are described in the following
paragraphs.

a) OSHA General Industry Standards, 29 CFR 1910

The standards of 29 CFR 1910 will be followed during the design of equipment and
buildings for the FPO plant. Examples of standards included in 29 CFR 1910 are the
following: walking and working surfaces, emergency action plans, environmental

controls, handling of hazardous materials, personal protective equipment, fire
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protection, machine guarding, “hot work” (such as welding and cutting of metal),
electrical equipment and wiring, and hazard communication.

b) OSHA Construction Standards, 29 CFR 1926

The standards of 29 CFR 1926 will be followed during the construction of the FPO plant.
Examples of standards included in 29 CFR 1926 are the following: safety training, first
aid, housekeeping, illumination, personal protective equipment, fire protection, tools,
“hot work” (such as welding and cutting of metal), fall protection, excavations, concrete
and masonry, steel erection, confined spaces, cranes, and hazard communication.

7) STATE OF WYOMING

a) Industrial Siting Division

Facilities with an estimated construction cost of $216,383,802 or more are required to
obtain a permit from the Wyoming Department of Environmental Quality, Industrial
Siting Council, and projects costing less than $173,107,041 are exempt from obtaining
an Industrial Siting Permit. The current estimate of the installed cost for the FPO project
is less than $100,000,000; therefore, an Industrial Siting Permit is not required.

b) State Department of Fire Prevention and Electrical Safety

Facilities within the City of Laramie are not regulated by the Wyoming Department of
Fire Prevention and Electrical Safety, but are within the jurisdiction of the City of
Laramie Department of Life Safety and Fire Prevention, which will be discussed below.
8) CITY OF LARAMIE LOCAL ORDINANCES

a) Building Permit

A City of Laramie building permit is required for all new construction within the city.

SwRI will submit a complete list of plans including, but not limited to, specifications, site

SwRI Project No. 18.23745; DE-FE0031580 Page 156
Flameless Pressurized Oxy-combustion Large Pilot Design, Construction, and Operation: Phase | — Phase | Topical Report ~ March 29, 2019



plan, footing and foundation plans, soils report, geotechnical report, plumbing and
electrical layouts, and other information as needed to show compliance with codes.

b) City of Laramie Department of Life Safety and Fire Protection

In addition to the City of Laramie building permit, the project must also apply to obtain
an Electrical, Mechanical, and Plumbing permit from the City of Laramie Department of
Life Safety and Fire Protection demonstrating compliance with local, national, and
international building codes.

C) Noise

Noise from the project must comply with Laramie, Wyoming Code of Ordinances,
Chapter 8.40, Article | — Noise Pollution — General. The permissible noise levels are
listed in Section 8.40.30. Due to the proximity of residential zones to the project, the
residential sound limits are applied to this project: 55 db(A) during the hours of 7:00
a.m. to the next 7:00 p.m. and 50 db(a) from 7:00 p.m. to the next 7:00 a.m. A
residential zone includes educational facilities, hospitals, nursing homes, and similar
institutions. Noise at the FPO pilot plant shall be measured at a distance of at least 25
feet at or beyond the property line. To comply with the local noise ordinance, equipment
will be critically silenced by utilizing hospital grade acoustical design.

During construction, the project shall be subject to the maximum permissible noise
levels, specified for industrial zones for the period within, which construction is to be
completed pursuant to any applicable construction permit issued by proper authority. If
no time limitation is imposed, then for a reasonable time for completion of the project,

provided that during the hours between 8:00 p.m. to the next 7:00 a.m., maximum noise
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levels shall not exceed fifty db(A), measured at the property line of the nearest occupied

dwelling, except for emergency operations.

VIIl. EXPERIENCE AND APPROACH TO ENVIRONMENTAL ISSUES

1) EDUCATION AND EXPERIENCE OF KEY PROJECT MEMBERS

Upon receipt of project funding, key project members for (1) air quality management;
(2) surface water and ground water management; (3) solid and liquid waste
management and disposal practices; (4) noise, land use, ecological and cultural
resource management; and (5) environmental permit applications, amendments and
renewals will be identified.

2) ENVIRONMENTAL POLICIES, PROCEDURES, AND PLANS

A written plan will be developed at a later phase of the project, which will outline how

environmental issues and concerns that come up during the project will be addressed.
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4. APPENDIX A: USGS LARAMIE QUADRANGLE, WYOMING —

ALBANY COUNTY, 7.5-MINUTE SERIES TOPOGRAPHIC MAP
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5. APPENDIX B: CEP & FPO PILOT COAL ANALYSES
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“Super-Compliance” Subbituminous PRB Coal [13]
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6. APPENDIX C: FPO PILOT TESTING FIGURES OF MERIT
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7. APPENDIX D: FPO PROCESS FLOW DIAGRAMS
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8. APPENDIX E: CEP CITY OF LARAMIE INDUSTRIAL WASTEWATER

CONTRIBUTION PERMIT
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9. APPENDIX F: FPO PILOT AUXILIARY POWER LOAD LIST
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10. APPENDIX G: EXCERPTS FROM DE-FE0027771 SITE SELECTION

REPORT
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