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ABSTRACT

The primary objectives of the FutureGen 2.0 Oxy-Combustion Large Scale Test Project were to
site, permit, design, construct, and commission, an oxy-combustion boiler, gas quality control
system, air separation unit, and CO2 compression and purification unit, together with the
necessary supporting and interconnection utilities. The project was to demonstrate at
commercial scale (168MWe gross) the capability to cleanly produce electricity through coal
combustion at a retrofitted, existing coal-fired power plant; thereby, resulting in near-zero-
emissions of all commonly regulated air emissions, as well as 90% COz capture in steady-state
operations. The project was to be fully integrated in terms of project management, capacity,
capabilities, technical scope, cost, and schedule with the companion FutureGen 2.0 COz Pipeline
and Storage Project, a separate but complementary project whose objective was to safely
transport, permanently store and monitor the COz captured by the Oxy-Combustion Power Plant
Project.

The FutureGen 2.0 Oxy-Combustion Large Scale Test Project successfully achieved all technical
objectives inclusive of front-end-engineering and design, and advanced design required to
accurately estimate and contract for the construction, commissioning, and start-up of a
commercial-scale "ready to build" power plant using oxy-combustion technology, including full
integration with the companion COz Pipeline and Storage project. Ultimately, the project did not
proceed to construction due to insufficient time to complete necessary EPC contract negotiations
and commercial financing prior to expiration of federal co-funding, which triggered a DOE
decision to closeout its participation in the project.

Through the work that was completed, valuable technical, commercial, and programmatic
lessons were learned. This project has significantly advanced the development of near-zero
emissions technology and will be helpful to plotting the course of, and successfully executing,
future large scale demonstration projects. This Final Scientific and Technical Report describes
the technology and engineering basis of the project, inclusive of process systems, performance,
effluents and emissions, and controls. Further, the project cost estimate, schedule, and
permitting requirements are presented, along with a project risk and opportunity assessment.
Lessons-learned related to these elements are summarized in this report. Companion reports on
Oxy-combustion further document the accomplishments and learnings of the project, including:

A.01 Project Management Report which describes what was done to coordinate the various
participants, and to track their performance with regard to schedule and budget

B.02 Lessons Learned - Technology Integration, Value Improvements, and Program
Management, which describes the innovations and conclusions that we arrived upon during the
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development of the project, and makes recommendations for improvement of future projects of a
similar nature.

B.04 Power Plant, Pipeline, and Injection Site Interfaces, which details the interfaces between
the two FutureGen projects
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1.0 EXECUTIVE SUMMARY

1.1 Summary Statement

The U.S. Department of Energy’s (DOE) FutureGen 2.0 Program involves two projects: (1) the
Oxy-Combustion Large Scale Test Project and (2) the CO2 Pipeline and Storage Project. This
report is focused on the Oxy-Combustion Large Scale Test Project as well as addressing
interface considerations between the two projects.

The project was conducted as a partnership between DOE and the FutureGen Alliance with the
active support of the State of Illinois and local community. The FutureGen Alliance is a non-
profit consortium of companies with business interests in the coal industry, currently including
Alpha Natural Resources, Anglo-American, Glencore, JoyGlobal, and Peabody Energy. In
addition, numerous technology and service providers supported the project.

The FutureGen 2.0 Oxy-Combustion Large Scale Test Project successfully achieved all technical
objectives inclusive of front-end-engineering and design, and advanced design required to
accurately estimate and contract for the construction, commissioning, and start-up of a
commercial-scale "ready to build" power plant using oxy-combustion technology including full
integration with the companion COz pipeline and storage site. Ultimately, the project did not
proceed to construction due to insufficient time to complete related EPC contract negotiations
and commercial financing prior to the expiration of federal co-funding, which triggered a DOE
decision to closeout its financial participation in the project (“closeout decision”). While most
commercial issues had been resolved at the time of the closeout decision, several interlinked
commercial issues remained to be resolved (two litigation issues, several EPC contract issues,
and final financing commitments). Had additional time been available, there was a high
likelihood all remaining issues could have been resolved.

Among the project’s accomplishments were:

e Secured approval from the Illinois Commerce Commission for 20-year power purchase
agreements (PPAs) with two Illinois utilities. The cost of service agreements provide a
guaranteed market for 100 percent of FutureGen 2.0’s energy production and provided
rate recovery for the added cost of carbon capture and storage. The PPAs were the first
to be successfully negotiated under the Illinois Clean Coal Portfolio Standard.

e Developed a detailed design for the integration of oxy-combustion boiler technology
provided by the Babcock & Wilcox company with air separation and CO2 compression
and purification technologies provided by Air Liquide; not only at steady state, but in
startup, shutdown and during transient conditions.
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e Developed an integrated approach to power plant operations, inclusive of CO2 production
from the plant, with the transportation and storage of CO2. This included not only
process controls integration, but also the conduct of an integrated hazards review that
uncovered and resolved a number of critical technology interface issues.

e Developed detailed designs for the power plant islands. In addition to completion of a
typical front-end engineering and design (FEED), the design was advanced to a much
greater state of design detail. As a result, the project scored best-in-class during a formal
project development readiness index (PDRI) review.

e Negotiated firm price contracts for all of the primary mechanical components within the
islands, and in many cases executed those contracts on a limited notice to proceed basis
in order to secure detailed vendor engineering data required for advanced plant
design. This provided both cost and design surety as the definitive cost estimate was
developed and the EPC contracts were negotiated.

e Negotiated and executed a project labor agreement (PLA) with the 17 craft labor unions
to supply construction labor for the project. While the project did not proceed to full
construction, the PLA governed early construction activities at the power plant. This
agreement was designed to ensure that the project received the skilled staffing required
for the construction effort, that work rules and work jurisdiction was negotiated and
agreed in advance, and that the cost of labor for the life of the construction project was
established and agreed. These points were critical to negotiation of the EPC contracts
and to the surety of project cost, substantially increasing project financeability.

e Attracted a major utility, partnered with a class-leading equity investment fund, which
together had completed first-level project due-diligence, and were initiating final due-
diligence to support a firm equity commitment when the closeout decision was made.

1.2 Background

The primary objectives of the FutureGen 2.0 Oxy-Combustion Large Scale Test Project were to
site, permit, design, construct and commission an oxy-combustion boiler, gas quality control
system (GQCS), air separation unit (ASU), CO2 compression and purification unit (CPU),
together with the necessary supporting and interconnection utilities. The project was to be fully
integrated in terms of project management, capacity, capabilities, technical scope, cost, and
schedule with the companion FutureGen 2.0 COz Pipeline and Storage Project.

In pursuit of this master objective, a set of performance milestones were stipulated by DOE in
the Cooperative Agreements for each of the two projects. Those that fall within the scope of the
Oxy-Combustion Large Scale Test Project are as follows:

e Submission to DOE of Power Purchase Agreements

e Completion of Front-End Engineering and Design (FEED)
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e Submission to DOE of a definitive estimate of project cost

e Execution of Engineering Procurement and Construction (EPC), and Operating &
Management (O&M) contracts

e Achieve financial close

1.3  Project Status as of the Cooperative Agreement Closeout

The status of each major Cooperative Agreement performance milestone as of receipt of the
January 28, 2015 notice that the DOE had decided to closeout its financial support of the project
(closeout decision) due to insufficient time remaining for project completion prior to expiration
of the federal funding is discussed below. The full final scientific and technical report contains
detailed information associated with each milestone as noted:

Submission to DOE of Power Purchase Agreements

On June 26, 2013, the Illinois Commerce Commission issued a final order that the power
purchase agreements negotiated by the Alliance (the seller) and Illinois utilities, Ameren and
Commonwealth Edison (ComEd) (the buyers) was approved. This led to each entity signing
PPAs effective August 22, 2013—ahead of schedule. The PPAs are notable in that they are the
first approved by the authority granted to the Illinois Commerce Commission under the Clean
Coal Portfolio Standard. The PPAs are cost-of-service based and provide a market for 100
percent of FutureGen’s electricity. The PPAs incorporate a pre-approved return on equity and
enabled the Alliance to engage the commercial financing market as a long-term contracted asset.
Feedback from financial markets on the PPAs was extremely strong.

The Alliance and Illinois Commerce Commission successfully defended an appeal in the Illinois
First District Court of Appeals. A subsequent appeal, by the Illinois Competitive Energy
Association (ICEA) and the Illinois Industrial Energy Consumers (IIEC), is currently pending
before the Illinois Supreme Court. Efforts to continue litigation of this matter are ongoing, but
are not supported by federal co-funding.

Completion of Front End Engineering Design (FEED)

The FEED was submitted to the DOE on December 13, 2013—on schedule. Over 1,100
individual deliverables were included in the FEED package and provided a solid basis for
construction estimating and planning inclusive of’

e Coordinated 3D-CAD models of the power plant islands

e Fully designed large bore and high energy 3D-CAD pipe designs

e Extremely advanced Boiler and AQCS equipment designs — approximately 80%
complete

At the time of submittal, the FEED package scored a 330 out of 1,000 (lower is better) on the
Construction Industry Institute project development readiness index (PDRI). Such a score

10
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indicates an extremely well developed project at the FEED stage, well beyond bid-ready, and
nearly construction-ready.

Submission to DOE of a definitive estimate of project cost

The definitive cost estimate of $1.27 billion was delivered on March 31, 2014—on schedule.
The capital cost estimate included EPC direct and indirect costs, owner’s costs, EPC
management reserve (contingency), EPC fees, owner’s costs (including financing costs), and
owner’s management reserve that were anticipated to be sufficient to finance and construct
FutureGen 2.0. The estimate fit within the DOE project budget, the ICC pre-approved CAPEX
limits, and the Illinois statutory rate caps. Further, the definitive cost estimate:

e Was based on a 65% to 90% complete design — well beyond normal FEED-derived cost
estimates.

e Was supported by firm price contracts for all of the primary mechanical components
within the process islands.

e Was consistent with commercial pricing for two island-based EPC contract wraps
provided by B&W and Air Liquide.

e Included the addition of a steam turbine upgrade to the CAPEX budget (later determined
to be unnecessary and resulting in subsequent cost savings).

e Was based on provision of oxygen via a traditional over-the-fence (OTF) financing
arrangement.

Issuance of Non-appealable Air and Water Permits
Air and water permits were issued by the Illinois EPA on schedule and are final and effective.

While not a formal appeal, the Sierra Club filed a citizen’s suit in the U.S. District Court for the
Central District of Illinois arguing that Ameren and the Alliance had failed to obtain a Prevention
of Significant Deterioration (PSD) permit in violation of the Clean Air Act. The court dismissed
the Sierra Club lawsuit, stating that the case should be heard by the Illinois Pollution Control
Board. The Sierra Club filed a challenge with the Illinois Pollution Control Board, which ruled
against the Sierra Club on November 6, 2014. The Sierra Club then challenged the Illinois
Pollution Control Board decision in a lawsuit filed with the Illinois Fourth District Appellate
Court. Efforts to continue litigation of this matter are ongoing, but are not supported by federal
co-funding. While not a direct appeal, depending on the type and structure of commercial
financing, the litigation causes varying degrees of investor concern. Thus, while the project’s
legal team is confident in the case ultimately being resolved in the project’s favor or settlement
being reached, the Sierra Club’s action has contributed to delays in achieving financial close and
a notice to proceed with full construction.

Execution of Engineering Procurement and Construction (EPC), and Operating &
Management (O&M) Contracts

The EPC Contracts were negotiated in nearly all respects at the time of the close-out decision
with one first-tier issue remaining to resolve, along with a handful of second-tier issues. The
first-tier issue is the ability to secure an adequate guarantee on COz flue gas concentration (CO2

11
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FGC) — a prerequisite for commercial financing. This open issue on the boiler island EPC
contract is a precursor to completing the CO2 compression and purification island EPC contract.
It is a prerequisite to managing the risk of completing the plant on schedule with the performance
required to meet the requirements of the PPA and the Clean Coal Portfolio Standard law, which
is the statutory framework under which the PPA was approved. There is little to no doubt that
the required concentration can be technically achieved; it is a question of the ability to secure an
EPC guarantee at a reasonable price.

It is noteworthy that there are several commercial and technical approaches that could be
employed together or separately to improve the ability to structure an adequate guarantee on the
CO: flue gas concentration, but the approaching federal funding expiration deadline and
associated closeout decision did not afford the time needed to implement these solutions.

Achieve Financial Close

Financial close (i.e., the final commitment of debt and equity to the project with an associated
notice to proceed to full construction) had not been reached at the time of the closeout decision.
Three interlinked factors were the drivers: (1) one outstanding appeal related to the PPA and a
collateral Sierra Club citizen suit; (2) the outstanding EPC contracts, principally driven by the
outstanding CO2 flue gas concentration issue; and (3) final debt/equity structuring and
commitment to fund requires resolution of the first two items. While there is a path to resolve all
these matters, it is a path that takes more time than remained prior to the statutory expiration of
federal co-funding.

At the time of the closeout decision, the Alliance had negotiated a letter of intent to provide full
equity to the Oxy-Combustion Large Scale Test Project contingent upon a final stage of investor
due diligence. The equity investors included a major energy company with substantial coal-fired
power plant, pipeline, and gas storage operating experience, as well as a best-in-class energy-
focused equity investment funds.

1.4 Lessons-Learned
Safety

Successful completion of all early construction efforts with zero recordable safety incidents and
no lost time accidents is certainly an important achievement of the FutureGen 2.0 Oxy-
Combustion Power Plant Project. The project involved substantial activities for nearly two years
to maintain the idled Meredosia power plant in a retrofit-ready condition. Other early
construction work, such as installation of a chimney foundation and installation of underground
piping was performed. During this work there were zero recordable safety incidents, an
achievement also met by the companion COz Pipeline and Storage Project. Demonstrated
emphasis on safety during the early stages of the project, while worker and community trust is
being built, is critical to long-term success. Safety started with a strong safety culture created by
the Alliance and subsequently reinforced with all contractors. As the work progressed, safety
priority was further implemented by selecting only contractors who demonstrated an emphasis
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on safety within their own organizations, and who achieved strong safety performance in their
prior projects. All Alliance contracts were awarded with contractor safety performance as a
primary selection criterion.

Technology Integration

Projects of this complexity require that substantial attention be paid to the integration of the
technologies. The design must take into account that the connected technology will have to start
up and shut down safely, and will have to operate, at times, in upset conditions or in a fouled or
otherwise degraded state.

Technology Guarantees

Demonstration of near-zero emissions power generation technology at commercial-scale quickly
becomes a billion-dollar plus enterprise. At this scale of resources, substantial private capital is
required beyond what government resources may be available. In the power sector, returns
(particularly when regulated) are not sufficient to justify high risk investment. Therefore, early
identification of required guarantees from technology providers and the associated financial
penalties for non-performance should be prioritized as early as possible in the project
development process and factored into contractor and technology provider selection.

Market Conditions and Contracting

With regard to EPC and operating contracts, it is important to recognize market conditions when
developing contract requirements, and to find win-win strategies when in some cases only one or
two viable service providers are available and qualified. These objectives were very successfully
achieved by the FutureGen 2.0 contract development team in most instances, as evidenced by the
high percentage of competitive firm pricing content obtained, while also maximizing joint
owner/contractor incentives to meet or beat the budget for content that was not practical to firm
price. Most significantly, stressing safety performance and safety planning as a critically
important contractor selection criterion was almost certainly a contributing factor to the project’s
outstanding safety record, and had the added benefit of aligning the project with contractors who
possess the coincident traits of strong organization and planning capabilities.
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2.0 INTRODUCTION AND PROJECT DESCRIPTION

2.1  Project Description

The Department of Energy’s FutureGen 2.0 Program has made step-change improvements to
clean coal and carbon capture and storage (CCS) technology. The program involved two
projects: (1) the Oxy-Combustion Large Scale Test Project and (2) the COz Pipeline and Storage
Project. The Oxy-Combustion Large Scale Test Project focused on the design, construction, and
subsequent commercial operation of a first-of-a-kind, near-zero emissions, coal-fueled power
plant. To support these objectives, the FutureGen Industrial Alliance (Alliance) was to permit,
construct, operate, and test an advanced oxy-combustion power generation plant at the
Meredosia Energy Center. The project was focused on repowering the Meredosia Unit 4 steam
turbine generator, capturing most of its COz for subsequent transport and storage in a linked
downstream portion of the program, undertaken separately by the Alliance. The Alliance
executed a Cooperative Agreement with the Department of Energy (DOE) for a federal cost
share of approximately $590 million of the project. The Alliance worked with Air Liquide
Process and Construction, Inc. (ALPC) and Babcock & Wilcox Power Generation Group (B&W
PGG) on the engineering design, and contracted URS Corporation (now AECOM, Inc.) as
owner’s engineer for project permitting support and other engineering services. Ameren Energy
Resources (now Ameren Medina Valley Cogen, LLC) maintained the existing, idled Meredosia
facility as well as supporting permitting activities.

The repowered plant was designed for an expected 30-year life with respect to operability,
maintainability and reliability. It was designed to utilize as much of the existing Unit 4
equipment and systems as possible, with the exception of the boiler, which was to be demolished
and replaced with an oxy-combustion boiler, while also using coal-based infrastructure from
Units 1, 2, and 3, and the plant’s common facilities. Due to the limited operating hours
accumulated on Unit 4 since its construction in 1975, much of the existing equipment was
determined to be reusable.

2.2  Project Schedule

The Oxy-Combustion Power Plant Project was divided into four phases over time, as follows.
See Section 5.3 for a detailed discussion of the schedule development.

Phase I: (October 1, 2010 — October 31, 2012) Pre-Front End Engineering Design (pre-FEED)
work necessary to establish the initial plant performance, component sizes, preliminary
specifications, and preliminary cost estimate, along with initiation of project permitting and
NEPA processes.
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Phase I1: (June 1, 2013 — August 2015) Completion of final FEED and the majority of detailed
design; NEPA process; and all major environmental permits needed for construction, including
the Clean Air Act construction permit, along with a definitive project cost estimate.

Phase III: (August 2015 — November 2018) Completion of required construction permitting,
the remainder of detailed engineering, procurement of materials and equipment, fabrication and
delivery of materials and equipment to the site, construction of the project, commissioning of
equipment, plant start-up and initial plant operations.

Phase IV: (November 2018 — June 2019) project testing, data collection, securing the final
Clean Air Act operating permit, and performance reporting.

2.3 Project Scope — Division of Responsibility

In Phase 11, design work was divided into the following engineering procurement, construction,
startup and commissioning islands:

o B&W-PGG

+  Boiler

+  Gas Quality Control System (GQCS) and

+ Balance of Plant (BOP)
e ALPC

o Air Separation Unit (ASU)

o CO2 Compression & Purification Unit (CPU)
e Alliance/URS

o Existing Facilities (Legacy Plant)

A Mechanical Interface List was developed to define the process streams and utilities and
services that cross between power plant process islands. These process streams and utilities were
to be supplied to and from a single location at or within the battery limits of each island, with
distribution of those utilities beyond the interconnect location within each island by the
individual island suppliers. This list was a dynamic list, changing as more detailed information
was developed during Phase I1.

The Alliance was to own the repowered plant and was to operate and maintain all systems within
it. An over-the-fence (OTF) commercial arrangement was to be executed for the ASU, whereby
the ASU was to be owned, operated, and maintained, in coordination with the other islands,
solely by AL under a services contract developed between the Alliance and Air Liquide Large
Industries US (ALLIUS).
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2.4  General Project Requirements and Design Philosophy

Conventional coal-fired boilers combust coal in the presence of air. An oxy-combustion boiler
combusts coal with a mixture of recycled COz-rich flue gas and nearly pure oxygen. By utilizing
oxidant that is primarily a mixture of oxygen and COz, rather than air which is primarily oxygen
and nitrogen, the post-combustion gas (flue gas) is primarily CO2, and nearly devoid of nitrogen.
Elimination of nitrogen in the flue gas significantly reduces the volume and mass of the flue gas
which needs to be exhausted and facilitates the capture of high purity COz from the flue gas for
subsequent transport and storage.

To support continuous operation of the oxy-combustion boiler, oxygen (Oz2) is supplied by an
ASU. Compression and purification of the relatively pure post-combustion flue gas is achieved
by the CPU. The CPU purifies the captured flue gas for transportation and storage.

Plant design was based on achieving successful oxy-combustion operation within the project
budget and schedule constraints. Among the overall project design objectives were:

e Minimum approximate gross electrical output of 168MWe.

e Target minimum COz capture percentage of 70% on a plant-wide annual average basis
(allowing for startups, shutdowns, and operation in air-fired mode).

e Target minimum COz capture percentage of 90% on a steady state basis while operating
in oxy-combustion mode.

e Target minimum COz annual capture rate (based on 85% capacity factor) of 1.1 million
metric tons.

e Minimum Illinois bituminous coal use of 51% of total fuel mix (the final design fuel
blend was 60% bituminous).

The boiler capacity and configuration was set to optimize performance for the oxy-combustion
operation mode, given the existing subcritical steam cycle. It should be noted that, by reusing
the existing subcritical cycle and reducing the plant capacity to something less than the original
cycle design capacity of approximately 200 MW gross, the baseline heat rate, prior to oxy-
combustion, would have been higher than a typical new conventional plant and would, therefore,
constrain the oxy-combustion cycle performance that could otherwise be achieved with a newer
plant.

The ASU and CPU were each designed with a single 100% capacity train, sized to accommodate
100% boiler Maximum Continuous Rating (MCR) load at peak summer design temperatures.
The engineering and design of the project integrated each of the process islands to provide for
fully integrated systems, such that their function, operation, safety and performance would have
been well coordinated and not impaired.
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2.5 Oxy-combustion Process Description

Figure 2-1 shows the oxy-combustion process schematic for the FutureGen 2.0 Project. The
combustion process employs the B&W PGG-ALPC cool recycle process firing a mixture of high
sulfur bituminous coal and low sulfur sub-bituminous coal. The system was optimized within the
constraints of the budget and reutilization of the existing steam cycle and equipment. Waste heat
from the ASU is incorporated into the condensate cycle, while waste heat from the steam cycle is
used for flue gas reheating and other process heat loads. Because the project involved
repowering an existing steam turbine, turbine design limits restricted the amount of heat that
could be recovered from the oxy-combustion process and utilized in the power cycle to improve
performance. Consequently, heat integration performance improvements that could be realized
for a new oxy-combustion plant design could not be achieved for this project.

In the cool recycle process, hot gas leaves the boiler and passes through a regenerative advanced
quad-sector secondary and primary recycle heater (air heater). This recycle heater is internally
arranged to prevent any leakage of the oxidant from the ASU into the flue gas stream to the stack
or CPU.

Following the air heater, the flue gas passes through a Circulating Dry Scrubber (CDS) where
most of the SOz and SOs is removed, and then into the Pulse Jet Fabric Filter (PJFF) where
particulate matter is removed. From the PJFF the flue gas pressure is boosted by the Induced
Draft (ID) fan and the flue gas flow splits. A continuous recirculation stream is sent back to the
inlet of the CDS to ensure a minimum allowable gas velocity through the CDS absorber for all
boiler loads. After this recirculation stream takeoff, the gas stream splits once again. One
stream from this split is boosted by the Secondary Recycle (SR) fan and then passes through a
gas reheater to avoid downstream moisture condensation at low loads. Oxidant (nearly pure
oxygen) is introduced into the secondary recycle flow after the SR fan via Floxynators™
(proprietary oxygen dispersion injectors) before re-entering the recycle heater for heating prior to
the boiler wind box. The SR fan controls the secondary flow to the boiler. The remaining flue
gas stream passes through a Direct Contact Cooler Polishing Scrubber (DCCPS) where moisture
is reduced and additional SOz and particulate matter is removed.

Saturated gas leaving the DCCPS is reheated to avoid downstream moisture condensation and is
again split with one stream flowing to the CPU, and the other stream supplying the Primary
Recycle (PR) fan. The PR fan provides the flow required to dry and convey the pulverized coal
to the burners. Oxidant is introduced into the primary recycle flow after the recycle heater via
Floxynators™. The oxygen concentration in this stream is controlled to mitigate risk of
combustion in the pulverizers or coal pipes. Oxidant is also injected directly into the burners to

control combustion and the remaining oxidant is mixed into the secondary recycle as previously
described.

When air firing, during start-up and shut-down, the primary and secondary recycle and CPU
streams are isolated by dampers and all of the gas leaving the ID Fan flows to the stack as in a
conventional air-fired design. The primary and secondary recycle dampers are closed and the SR
and PR fans provide fresh air to the recycle gas heater. The DCCPS and its outlet gas reheater
are not in service in this mode.

17



@ Future(>en~

ALLIANCE

DE-FEQ0005054 FutureGen 2.0 Oxy-Combustion Large Scale Test Project

B.01 - Final Scientific-Technical Report

To Storage
-
AirIntake
STG/ Recycle
Steam Cycle Damper -
Stack
Damper 3
Secondary Recycle il e
SR)Fan i NG
(SR) \ Vent Spi
CDS Recirculation " Damper
e ¥ o A g%
Boil . d 65
Burners i RAZETE IDFan &
' i N v
— PﬁmaryRecycle% ” Recycle
(PR)Fan Damper
Air Intake
Cool Recycle Process
Y v

L <

Figure 2-1: Oxy-combustion Cool Recycle Process Schematic
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3.0 Project Design

This section describes the preliminary design and performance of the project as established
during Phase II.

3.1 Plant Performance

All performance was based on annual average operating conditions, as follows:
e Ambient Dry Bulb Temperature: 11.7 °C (53 °F)
e Ambient Wet Bulb Temperature: 8.9 °C (48 °F)
e Full load operation of all islands, based on the following criteria:

o Oxy-combustion operation of boiler at maximum continuous rating on 100%
design fuel (60% Illinois No. 6 bituminous coal, 40% PRB sub-bituminous coal,
typical analyses), with 1% boiler drum blowdown.

o Steam turbine at throttle conditions of approximately 1,950 psig and 1,000° F,
with steam flow corresponding to approximately 168 MWe gross turbine output.

o ASU at 100% load, normal operating mode

o CPU at 100% load, normal operating mode, 98% COxz capture rate, discharging to
the COz pipeline, resulting in an annual capture of 1.08 million metric tons
(MMT) per year of CO2, based on a plant capacity factor of 85%.

o All heat integration between islands operating normally, per the conditions
established in the Project Design Basis Document.

Overall plant performance is presented in Table 3-1, based on both expected boiler performance
as well as on the latest agreed upon boiler performance guarantees. Based on an evaluation of
the limited Unit 4 performance data available, the expected performance figures include an
estimated 3.1% degradation from new and clean turbine performance reported on the original
turbine heat balances. The stated expected performance is as projected for oxy-combustion
repowering of an older plant with a relatively small subcritical steam cycle, and any meaningful
comparison of the results for this first-of-a-kind plant must consider the underlying technical
aspects unique to this project. When all factors are considered, the expected performance results
presented here are consistent with project expectations and objectives.
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Table 3-1: Overall Plant Thermal Performance

Boiler Performance Basis Expected Guaranteed

Steam Turbine Generator Output
(gross) 167,622 kW 160,150 kW
Generator Step-Up Transformer
Losses 674 kW 644 kKW
Steam Turbine Gross Generation
to 138 kV Grid 166,948 kW 159,506 kW
Plant Auxiliary Power

Boiler 5,776 kW

GQCs 1,162 KW

ASU 27,246 kW

CPU 21,492 kW

BOP New 5,600 kW

BOP (Legacy — Existing) 7103 kW

Aux Transformers 275 kW
Total Plant Auxiliary Power 68.654 kW 69.509 kW
Plant Net Generation 98.294 kW 89,997 kW

Boiler Heat Output

1,450.7 GJ/hr
(1,375.0 MMBtu/hr)

1,400.6 GJ/hr
(1,327.5 MMBtu/hr)

Boiler Fuel Efficiency (HHV)

87.04 %

86.80 %

Fuel Heat Input (HHV)

1,666.7 GJ/hr
(1,579.7 MMBtu/hr)

1,613.6 GJ/hr
(1,529.4 MMBtu/hr)

Coal Consumption

72,870 kg/hr
(160,640 Ib/hr)

70,545 kg/hr
(155,525 Ib/hr)

Plant Net Heat Rate, HHV

16,956 kJ/kWh
(16,071 Btu/kWh)

17,930 kJ/kWh
(16,994 Btu/kWh)

Net Plant Efficiency, HHV

21.2%

20.1%

3.1.1 Plant Power Consumption Changes from Phase |

Although auxiliary power was identified as part of the Phase I opportunity assessment for
potential Phase II performance improvements, the total plant auxiliary load for Phase 11

decreased only slightly from Phase I. While there was a reduction in auxiliary load for the ASU,
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CPU, Boiler and GQCS islands, this reduction was offset by increased BOP loads, as further
described below.

3.1.1.1 ASU and CPU
During Phase II AL considered the following possible power saving scenarios:

e Continuing process optimization studies to further improve energy efficiency (this would
potentially involve some additional investment)

e  Working with B&W PGG to optimize the split of the MP and LP Oz flowrates
e Heat recovery of the LOx purge refrigeration loss by means of an efficient heat exchange

e Optimization of membrane energy requirements (to be confirmed via physical testing),
with expected improvement (up to 10 kWh/metric ton) in predicted performance

Due to the effort in Phase 11, the auxiliary power consumption was reduced by 810 kW.
3.1.1.2 Balance of Plant (BOP)

Phase I BOP new equipment auxiliary loads were based on budgetary equipment estimates. The
cooling tower loads increased during Phase II when final heat exchanger heat duties and all
cooling water flow requirements were finalized.

The water treatment area was sized on preliminary permitting requirements. In Phase II, with the
final permit requirements, the water treatment area doubled in size and equipment requirements,
thereby increasing the auxiliary loads.

The BOP auxiliary loads effectively increased by 1,306 kW from Phase I estimated loads to
Phase II engineered loads. This increase excludes any changes due to load accounting transfers
between islands (i.e. Phase I Boiler and GQCS Island loads that were moved to the BOP Island
for Phase II).

3.1.1.3 Boiler and Auxiliaries (includes GQCS)

At the end of Phase I it was reported that options would be pursued in Phase II that could result
in a reduction in auxiliary power. The key items were:

e work with the recycle heater vendors to reduce internal leakage
e work with the selected fan vendor(s) to reduce fan auxiliary power

e optimize flue design and arrangement as well as equipment design to reduce pressure
losses which will decrease the pressure rise required by the fans

¢ refine the auxiliary power prediction for the GQCS

As a result of Phase 11, the expected auxiliary power consumption for the Boiler and GQCS
islands was reduced by approximately 563 kW (based on typical ambient conditions and typical
blend fuel) compared to the Phase I values and exclusive of any load accounting transfers.
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For the boiler island, most of the reduction came from the induced draft and primary recycle
fans, mostly due to fan efficiency data that was not available in Phase I and higher than the Phase
I estimated efficiencies. In addition, refinement of the Phase II flue and duct arrangement
resulted in a lower pressure drop throughout the system.

For the GQCS island, significant power savings came from the change in Phase II from a pebble
lime reagent system to hydrated lime reagent for the CDS. This enabled the removal of several
pairs of lime conveying blowers, the lime hydrator and associated equipment. Firming up the
design of the DCCPS piping in Phase II resulted in some additional power savings as the pumps
in the DCCPS area are relatively large power users.

3.1.2 Plant Performance Basis and Benchmark Comparison

Because the existing Meredosia plant is a relatively small commercial scale and employs a
subcritical steam cycle, turbine cycle and corresponding baseline air-fired plant efficiencies are
expected to be significantly lower than those for a typical more modern Rankine cycle plant. As
a comparison, using the original Meredosia Unit 4 turbine cycle heat rate, but assuming a typical
boiler efficiency (87%) and auxiliary load (10-11% of gross power generated) for a similar size,
coal-fueled, air-fired plant of the same vintage with all required environmental equipment,
expected net plant efficiency would be around 33.5% new and clean.

Typical large modern air-fired ultra-supercritical plants, such as American Electric Power’s Turk
plant, employing main steam pressure exceeding 3,500 psia and steam temperatures of 1,100 °F,
can be expected to achieve net plant efficiencies on the order of 38% to 40%, depending on fuel,
site conditions, and cooling system design. Most of the 4.5 to 6.5 percentage point difference
between the comparable Meredosia new and clean efficiency of 33.5% and a new modern
greenfield ultra-supercritical plant can be attributed to the difference in steam conditions, with
the rest being due to plant size disparity and the impacts of new modern equipment design
efficiencies compared to 30 year old equipment designs.

Recent studies have reported estimated efficiencies for new modern bituminous coal-fired
supercritical/ultrasupercritical oxy-combustion plants from 29% (cold recycle) to 33.6% (warm
recycle)!, and around 31.5% (warm recycle)? for a similar coal-fired plant using PRB coal.
While the current predicted efficiency for FutureGen 2.0 is only 21.2%, any direct comparison to
the higher efficiencies in these recent studies is not equitable due to the differences between the
existing Meredosia unit and a typical modern plant. A more equitable comparison can be made
by evaluating efficiencies for the same plant both with and without oxy-combustion or other
CCS technology employed.

To make such a comparison for Meredosia, the aforementioned equivalent new and clean plant
efficiency of 33.5% should also be corrected for existing Unit 4 steam turbine performance
degradation over the past 30 years, since this degradation has been included in the stated oxy-
combustion performance. Steam turbine degradation has been estimated at 3.1%, which

! DOE/NETL-2007/1291 “Pulverized Coal Oxycombustion Power Plants”, J. Ciferno, et al. August 2007.
2 EPRI Report 1021782 “Engineering and Economic Evaluation of Oxy-Fired 1100F Ultra-Supercritical Pulverized
Coal Power Plant with CO, Capture; Final Report”, D. Thimsen et al. July 2011.
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translates to a 1% reduction in net plant efficiency. This results in a comparable baseline plant
efficiency of approximately 32.5% for a coal-fueled, air-fired version of the Meredosia Unit 4
plant. Comparing this baseline efficiency to the estimated FutureGen 2.0 efficiency of 21.2%
indicates an efficiency loss of slightly more than 11 percentage points due to oxy-combustion.
For reference, recent study estimates for oxy-combustion plants firing bituminous coal showed
about a 10 percentage point loss in efficiency’-* for oxy-combustion compared to a similar air-
fired plant (due primarily to the large auxiliary power requirements for the ASU and CPU).
Lower oxy-combustion efficiency penalties, as low as about 6-7 percentage points, have been
reported, but these results are for oxy-combustion cycles that employ warm recycle, deep heat
integration including flue gas cooling after the recycle heater, and oxidant preheating, none of
which have been included in the FutureGen 2.0 design because of either project cost or technical
limitations.

It therefore appears that the predicted FutureGen 2.0 oxy-combustion penalty is only slightly
higher (1-1.5 percentage points) than what other recent studies have indicated. The small
additional penalty is likely the result of other unique aspects for the FutureGen 2.0 project not
accounted for in the above discussion, including:

e The CPU has been designed for a steady-state CO2 feed concentration of approximately
90%, yielding a COz capture rate in the CPU of 98%, vs. the typical 90% capture rate
used as the basis for the above referenced comparative studies

e Due to project capital cost limitations, comparatively low efficiency ASU and CPU
designs were selected

e The CPU design includes an oxidation catalyst to significantly reduce CO emissions

e Because of project capital cost limitations, the selected plant gross capacity of 167.6
MWe results in the existing BOP portion of the plant being operated at a less efficient
part load condition

3.2  Plant Effluents and Emissions

3.2.1 Air Emissions

Table 3-2 summarizes air emission limits for the oxy-combustion boiler, and Table 3-3
summarizes air emission limits for the auxiliary boiler as listed in the issued air construction
permit, as well as the applicable state and federal standards as referenced in Section 4 of the
construction permit application. Emissions of criteria pollutants (CO, SOz, NOx, PM, VOM,
Hg) were expected to be significantly lower than what would be expected from a new,
conventional, coal-fired plant.

* CRS Report for Congress R41325 “Carbon Capture: A Technology Assessment”, P. Folger. Coordinator, July
2010
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Table 3-2: Project Air Emissions (Oxy-combustion Boiler)

Construction Applicable Applicable
Air Permit Limits Illinois State Standards Federal Standards
Emissions 1b/hr! Tons/Year 40 CFR 60 Da 40 CFR 63
Constituent uuuuy
1.1 Ib/MWhr
o . (gross); or _
CcoO 110 281.2 200 ppr(r;%f;srg énn?;)cess air 12 lo/MWhr
(net)*
0.70 Ib/MWhr
0.25 Ib/MMBtu (ozone (gross); or -
_2
NOx 1.691.7 season average) 0.76 Ib/MWhr
(net)
VOM 2.65 9.9 - - -
PM Filterable 7.45 27.8 0.10 Ib/MMBtu - 0.090 Lb/MWhr
(gross)
0.090 Ib/MWhr
(gross); or
PM-Total - - - 0.097 Ib/MWhr -
(net)
1.0 Ib/MWhr
(gross); or
SOz -2 196.4 1.2 Ib/MMBtu 1.2 Ib/MWhr 1.0 Ib/MWhr
(net); or
97 % reduction
H 0.0080 Ib/GWh gross or
g - - 90% control - 0.0030 Ib/GWh
Pb 0.034 0.15 - - -
Fluorides 0.63 1.6 - - -
Sulfuric Acid 1.70/2.97¢ 105 - ” ”
Mist
CO2 -2 1,448,759° - - -

"Limits apply as three-hour averages

2Limits not set because continuous monitoring is required for this pollutant

3A more restricted limit, requiring a 70% reduction in CO, emissions, is a statutory requirement of the Illinois
Clean Coal Portfolio Standard

4 NOx/CO alternative to NOx standard
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Table 3-3: Project Air Emissions (Auxiliary Boiler)

Construction Applicable Applicable
Air Permit Limits Illinois State Standards Federal Standards
Emissions Ib/hr! | Tons/Year 40 CFR 60 D¢ 40 CFR 63
Constituent BARAAA]
co 35 416 200 ppm@ 50% excess - -
air

NOx - - - - -
VOM 0.4 1.66 - - -

) 0.03 Ib/MMBtu or -
PM Filterable 2.9 12.5 0.1 Ib/MMBtu Fuel Sulfur < 0.5% by

weight
PM-Total - - _ - -
Fuel Sulfur < 0.5% by
SO - 0.62 0.3 Ib/MMBtu weight -
Or
S0O2 < 0.5 Ib/MMBtu

Hg - - - ) )
Pb - - - - -
Fluorides - - - - -
Sulfuric Acid Mist - 0.0124 - - -
CO2 - - - - -

"Limits apply as three-hour averages

2NESHAP for oil fired industrial boilers at area sources does not include numerical limits.
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3.2.2 Liquid and Solid Effluents

The major project effluents at average annual operating conditions are summarized in Table 3-4.

Table 34: Project Effluents

Solid Effluents

Effluent Rate

Bottom Ash (dry)

1,179 kg/hr; 28.30 tonnes/day (2,600 Ib/hr; 31.2 tpd)

Fly Ash (dry, incl. CDS reaction products)

15,831 kg/hr; 379.93 tonnes/day (34,900 Ib/hr; 418.80
tpd)

Water/Wastewater Treatment Solids 16.2 m®day 24 yd®/day

Liquid Effluents (refer also to Water Balance) Effluent Rate

Cooling Water

34 Ml/day (9.0 MGD)

Process Wastewater

1.35 Mi/day (0.357 MGD)

Intake Screen Backwash

1.01 MI/day (0.266 MGD)

Sanitary Sewage

12.3 Ipm; 17.7 m3/day (3.25 gpm; 4.68 kgal/day)

3.2.3 CO2 Recovery, Production, and Quality

During full load steady state design oxy-combustion operating conditions, the expected CO2
recovery and production for the project, along with COz2 product quality at the CPU battery limits

are as indicated in Table 3-5.

Table 3-5: CO2 Recovery, Production, and Quality

CO2 Recovery (mass basis)

98% (of the CO:2 entering the CPU)

Mass flow (CO»)

144,700 kg/hr (319 kibs/hr)
3,473 tonnes per day (3,828 tpd)
1.08 million metric tons/year (based on 85% capacity factor)

Pressure

145 barg (2,100 psig) *

Temperature

21.7 °C (71°F)

CO2 content

99.8% (by mass, dry basis)

Inerts (Ar, N2)

< 0.04% (by mass, dry basis)

Water (H20)

<1 ppmw

Oxygen (O2)

< 20 ppmw (dry basis)
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Total Sulfur (SOy) <1 ppmw (dry basis)
Hydrogen Sulfide (H2S) Negligible
Nitrous Oxides (NOy) < 1,200 ppmw (dry basis)
Mercury (Hg) <1 ppbw (dry basis)

* Current pipeline delivery pressure specification is 145 barg (2,100 psig). However, CPU Process and
performance calculations have actually been based on 152 barg (2,200 psig) for Phase II.

3.2.4 Major Plant Consumables

Major plant consumables at average annual operating conditions are summarized in Table 3-6.
Table 3-6: Oxy-PC Plant Consumables

Consumable Consumption Rate

Boiler/GQCS Consumables

72,870 kg/hr (160.6 klb/hr)

Fuel (Coal) 1,748.9 tonnes/day (1,927.8 tpd)

43,720 kg/hr (96.4 kib/hr)

llinois Bituminous Coal 1,049.3 tonnes/day (1,156.6 tpd)

29,150 kg/hr (64.3 kib/hr)

Powder River Basin Coal 699.6 tonnes/day (771.1 tpd)

6758.6 kg/hr (14.9 kib//hr)

Lime 162.2 tonnes/day (178.8 tpd)

113.4 kg/hr (250 Io/hr)

Trona 2.7 tonnes/day (3.0 tpd)

Water (refer also to Water Balance)

River Water Intake 48.7 Ml/day (12.9 MGD)

River Water Consumption 13.3 Ml/day (3.5 MGD)

City Water 16.3 kl/day (4.3 kgal/day)

Demin Water 253 kl/day (67 kgal/day)(50 gpm)
Total Water Consumption 13.3 Ml/day (3.5 MGD)
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3.3 Plant Control
3.3.1  Oxy-PC Plant Considerations

Control of an oxy-combustion plant, though very similar to a conventional air-fired plant, would
have required some significant additional considerations. The steam cycle and balance of plant
were essentially the same as with air firing, though additional systems, such as the cooling tower
integrated with the DCCPS, were required (see Figure 3-1). There were only minor differences
in the boiler. To avoid air infiltration, the boiler was to be operated slightly pressurized on the
gas side, and due to the difference in heat transfer properties of the flue gas, the furnace was to
be slightly shorter than with air firing. The oxy-combustion boiler was to be followed by a
GQCS that would have prepared the flue gas for the CPU rather than controlling air emissions as
in a conventional Air Quality Control System (AQCS) used with air firing. The GQCS and
AQCS would have had the same equipment; a circulating dry scrubber (CDS) and a pulse jet
fabric filter (PJFF). These would have performed the same functions of removing particulate,
SOx, acid gases, and heavy metals like Hg, As and Se.

STEAM
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GENERATOR

< —— AsU Air
‘ Intake Secondary
Recycle
v > Damper
l To
o Starage
Z e H cPU »
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Figure 3-1: Oxy-combustion Plant Process Schematic

The flue gas composition leaving the boiler in oxy-combustion would have been much different,
containing about 65% COz and 26% water by volume compared to 14% CO:z and 12% water
with air firing. Due to the higher water content entering the CDS-PJFF, the adiabatic saturation
temperature in oxy-combustion would have been slightly higher than with air firing, so the water
content and temperature of the flue gas leaving the CDS would also have been somewhat higher
than with air firing. To reduce flow and power consumption in the CPU and PR fan and to
provide a drier primary recycle flow to the pulverizers, a DCCPS was to be provided. The
DCCPS process would have utilized a wet cooling tower design to provide the necessary heat
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rejection. The moisture condensed from the flue gas in the cooling process would have made up
for the water consumed in the DCCPS tower due to evaporation, thus minimizing overall
makeup water needs and avoiding the need to treat significant amounts of condensate. Since the
gas leaving the DCCPS would have been saturated, it would also have been reheated to avoid
condensation in the downstream flues. During the cooling process, some trona (sodium
sesquicarbonate) would have been added to the cooling water to further reduce the flue gas SO2
level to around 1-2 ppm to minimize corrosive conditions in the CPU.

In addition to significant differences in flue gas composition, the flue gas flow at full load would
also have been much lower in quantity than with air firing (about one-third as much mass flow)
due to the elimination of nitrogen from the combustion process.

The unit would have started up in air firing mode just as a conventional plant would, but then
would have transitioned to oxy-firing at a low load. Flue gas was to be recycled to the boiler to
make up for the mass of nitrogen that would have been present in air firing, and oxidant provided
by the ASU was to be injected in four locations; to the burners, downstream of the SR fan, and
downstream of the PR fan in the hot and tempering streams. The oxidant (the oxygen plus small
amounts of argon and nitrogen) could have been controlled separately from the recycled flue gas,
where with air-firing the oxygen content in air was to be fixed. Unlike air-firing, where separate
control of these parameters was not possible, oxy-firing allows more flexibility in controlling
where and how much oxygen was to be added in the process to optimize combustion.
Independent control of the secondary recycle flue gas flow (the primary recycle gas flow would
have been dictated by the pulverizer demand) also would have allowed freedom to adjust the
mass flow to the boiler to control reheater outlet temperature, thereby minimizing spray
attemperation and the consequent efficiency loss.

Since the unit would have started up on air firing and would have transitioned to oxy-firing, the
boiler was to be capable of maintaining a controlled steam generation rate based on gas side
measurements with two different working fluids — air for air-firing and recycled flue gas and
oxidant for oxy-firing. Therefore, normal volumetric measurements were not sufficient for
boiler control. Volumetric flows would instead have been measured and then converted to mass
flows to provide a consistent control parameter regardless of firing mode. Volumetric air flow
was to be measured at the fan air intakes; recycle gas flows were to be measured upstream of the
PR and SR fans; and oxidant was to be measured at the outlet of the ASU. Using the known
mole weights and temperatures of the various fluids, the measured volumetric flows were to be
converted to mass flows to compare with the boiler mass flow set point. This control
complication would have been an additional requirement for oxy-combustion that would not
have been necessary with air firing.

The following sections describe the control of the various major systems during startup, load
changing, shutdown, and under major trip conditions.
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3.3.2 Dynamic Modeling

3.3.2.1 Plant Operation Overview

Since there is no operating experience for a fully integrated, commercial scale, oxy-combustion
power plant, it was important to understand the physical dynamics of the plant, especially the
aspects that differ from conventional air-fired plants. Unlike conventional air-fired, pulverized
coal power plants that operate with an open, once-through gas path from fan inlet to the stack,
the plant was to operate as a closed system in oxy-combustion mode. Flue gas was to be
recycled to the boiler and, except during startup and transition, the flue gas produced by oxy-
combustion, was to be routed to the CPU, where CO2 was to be purified and compressed for
pipeline transfer and deep geologic storage. Because the CPU incorporates a very large
compressor, if not properly controlled, the CPU can adversely impact the boiler/GQCS process.
To address this concern and to ensure safety and operability, an engineering-grade dynamic
model of the plant was developed to evaluate how operational changes, trips, and transients
might have impacted plant operation.

Since the gas path was to be closed and the CPU would have influenced the gas-side dynamics in
the boiler/GQCS process, it was necessary to obtain accurate gas-side pressure transients in order
to verify that continuous and transient design gas pressures in equipment, and flues, and ducts
were not exceeded during various trip and operating conditions. Other scenarios were also
investigated to establish the validity of design parameters. Study of additional cases to support
safety investigations, were planned for Phase III. To ensure the model accurately captured the
correct gas-side pressure, temperature, and flow responses, a high level of fidelity was
incorporated. The model fidelity includes: non-approximated thermodynamic equations
(fundamental physics), sufficient nodal resolution at all locations, fine resolution of certain
physical components, and detailed controls. The dynamic model was sophisticated and exceeds
the fidelity typically found in a plant simulator for operator training. The component
characteristics were also modeled to match the final equipment characteristics to as great an
extent as practical based on the vendor supplied information and other available information. In
addition, the control philosophies for major trips (MFT, CPU trip, Pulverizer trip), and some
transients were preliminarily evaluated. Once the model was fully tuned in Phase III, a variety of
operating scenarios such as transition and pulverizer start, and the major and some minor trips
were to have been evaluated. Eventually, in the advanced stages of Phase III, this model was to
become the engine for the operator training simulator.

3.3.2.2 Model Description

The Dynamic Model was run in two modes; Worst-Case Modeling and Nominal Modeling. The
Worst-Case Model was built first and then evolved into the Nominal Model. The Worst-Case
Modeling effort was completed August 2013 and the Nominal Model continued to be developed
until the closeout decision. Both models include the boiler gas and steam systems and the
GQCS. B&W data from previous projects was used to build these systems during the initial
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modeling effort. Feedwater inlet and steam outlet to the turbine, the ASU, and the CPU were
simulated as boundary conditions in the initial worst-case model. In parallel, AL developed a
CPU model which has now been incorporated into the Nominal Model. The ASU model was to
have been added as the simulator evolved into the Operator Trainer. Other data such as the
turbine, feedwater system, and balance of plant systems had not yet been incorporated. The
Nominal Model was to have continued to be refined as vendor information, including component
control data such as fan stall characteristics and complete BMS control logic, was obtained
during Phase IIL

The Dynamic Model was built using GSE software. A schematic, depicting how the B& W-GSE
process model communicates with the AL and B&W models, is illustrated in Figure 3-2.
Although boundary conditions were used in place of the AL models for the Worst-Case
modeling, the communication shown in Figure 3-2 was expected to be used in Phase III work,
except that the AL models would have needed to physically reside close to the B&W models in
order to achieve real-time simulation. Note that the connection between the B&W-GSE process
model and the AL model is shown in the diagram. The AL CPU model for their engineering
studies was built in HYSYS. Typical variables transferred between the models included gas
flow rates, temperature, pressure, etc.

——— —— — — — — —— e — — — — — — — —

| Basic :
il s M Controls Model I
I |
| o
BRW : Protected Select Controls: | |
Controls Model —|9 Controls Model [€—| Basic and/or l
[at B&W ] | [ .exe file ] Protected |
| 1!
I |
AL L_L___ 5! Gas-Side Process Model Ly, AL
ASU MODEL (_l_' (GSE TOPMERET Software) [€ +— CPU MODEL
[at AL] | : [atAL]
| |
I |
| |
| > h 4 |
| Steam-Side Process Model |
I (Can be GSE or RELAP) |
B o o s Py e e |
Data Communication —_—
Legend: OPC/FTP Local on Computer Heat Transfer

Figure 3-2: Communication between the B&W-GSE and AL Models
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At the point where work was halted, the CPU model communicated with the boiler model over a
secure VPN connection between the AL network and the GSE network. The two models were
synchronized using a heartbeat transmission and the models each took time steps of 1/40th of a
second. The boiler model set the boundary flows and the CPU model set the boundary pressure.
This model integration scheme would have provided accurate results and would have allowed the
two models to be physically separated during development.

3.3.2.3 Preliminary Results

Two trips were identified as needing evaluation during Phase II to confirm design assumptions.
In order of priority, first was a CPU trip and the second was a single pulverizer trip. For both,
the primary question was how much time would be available for corrective action following the
event.

A CPU trip during oxy firing would result in a blocked exhaust path until the stack tight shut-off
(TSO) damper opens. If the stack TSO damper did not open or was delayed, the system pressure
would begin to rise. Of interest was the potential impact on the structural integrity of flues and
equipment and the possibility of maintaining boiler operation through and after the event.

A pulverizer trip represents a significant and rapid loss of heat input to the boiler and resulting
flue gas product. If not carefully managed, this would have resulted in a rapid drop in flow to
the CPU and potential problems for the booster fan to control the pressure at its inlet.

Since an ASU trip initiates a Main Fuel Trip (MFT), the response was straightforward and was
not evaluated at Phase I1.

Worst-case modeling conditions simulated two separate trips, each with two conditions selected
to span the anticipated range of response possibilities;

a) CPU Trip:
- CPU flow stops instantaneously
- Two conditions for stack TSO damper response
(1) does not open rapidly — remains closed
(1) opens in 5 seconds after 5 second control signal delay
(purchased stack and CPU TSO dampers can open in 1second with no delay)
b) Single Pulverizer Trip:
- One of the two operational pulverizers experiences a trip (in oxy-mode)
- Two conditions for CPU response
(1) does not run-back and continues at 100% of BMCR CO:2 compression rate
(i1) does run-back to 50% BMCR CO2 compression rate along a defined transient
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A summary of Dynamic Model preliminary results for these worst-cases were:

a) CPU Trip

The preliminary analysis indicated that the plant had between 20 and 40 seconds before
the transient design pressure limit was reached. Since the stack TSO damper was to be
fast acting (full stroke in 1 second), there would have been sufficient time for the stack
damper to open and prevent any structural damage. Figure 3-3 shows the trend of the
furnace pressure vs. time. It was also desirable to open the stack damper fast enough to
avoid an MFT due to high furnace pressure (this limit was much lower than the structural
pressure limit). Although additional evaluation was needed in Phase 111, this analysis
indicated it might be possible that the controls could be tuned and stack damper position
set to accomplish this. If the unit could run through a CPU trip, it would have allowed
time for the operator to decide whether to drop load and continue to run until the CPU
was again available or shut the unit down normally for CPU repair.

Pressure

Time

Figure 3-3: Transient Furnace Pressure vs. Time for CPU Trip with Closed Stack Damper

These preliminary worst-case results also qualitatively agreed with results from a separate B&W
in-house developed low-fidelity analytical model. That second analysis provided a ball-park
check on these higher fidelity modeling results.

b) Single Pulverizer Trip

Since the unit was designed to operate at MCR with two pulverizers in service, the loss of
one pulverizer at high load and the resulting rapid decrease in furnace heat input and flue
gas flow production could cause a CPU trip. The preliminary analysis showed that there
was roughly one minute following a single mill trip before the minimum transient design
pressure limit was reached at the CPU inlet flue (see Figure 3-4). Though this result was
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to be verified with final equipment and CPU characteristics in Phase 111, it appears
possible that the CPU could have been run-back to a lower load and avoided a CPU trip.

Pressure

Time

Figure 3-4: Transient Pressure at CPU Inlet vs. Time for Pulverizer Trip

3.3.2.4 Future Modeling

The Nominal Model, which was an engineering-grade model, was to have continued to be
developed during Phase 111, eventually evolving into the operator trainer.

Although the model continued to be refined, scenarios with full controls had not yet been
simulated. The modeling effort described here was intended to test the control philosophies and
evaluate key trips at a preliminary level. During Phase III, the model tuning based on final
vendor equipment characteristics and complete control logics was to have been incorporated, and
a more extensive list of trips and transients was to have been simulated to fully evaluate plant
response.

The Nominal Model currently requires further development to add the steam turbine, condensate
and feedwater, and other BOP systems, update physical and dynamic characteristics with actual
vendor information, enhance the control logics, and finalize the link to a real-time CPU
model(while the preliminary transient simulations have been run, the CPU was simulated by a
boundary condition). Trips & transients still requiring additional simulation to be performed
include:
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1. Determine idle positions for the Air Intake and Stack controllable dampers (find damper
position that minimizes fan upset during fast opening of TSO and establish opening rate)
Reassess MFT and CPU trip with full CPU model incorporated

Bringing a pulverizer into service

Pulverizer trip with full CPU model incorporated

Load ramps

Transition from air-to-oxy and oxy-to-air operation

Initial cold, hot and warm start-up studies

NNk WwN

Future model development work was also to have focused on human factors and developing a
link to a DCS simulator and/or hardware to facilitate implementation of an Operator/Engineer
training program.

3.3.3 Plant Start-up

3.3.3.1 General Sequence

Details on the startup of the individual process islands are provided in subsequent sections. This
section addresses the general sequence for a plant startup, which involves the following major
process island steps (see Figure 3-5):

BOP utility systems Boiler and GQCS startup
started as required to in air-firing mode
support operations Steam turbine and
remaining BOP startup
BOP auiliary boiler

startup Start up Boiler Start up Compression &

Oxy Combustion Mode Purification Unit

BOP utility systems made
available at the various
process island Start up Air
boundaries Separation Unit

Figure 3-5: General Startup Sequence

The details of exactly when each of the above steps occurs, the extent to which BOP systems
must be available, and the prerequisites necessary to perform the next step depends on the state
of the plant at the time startup is commenced and especially the duration of the previous
shutdown period. As with any plant, longer duration shutdowns require longer times for
subsequent startup. Of the various island processes involved, the startup of the ASU is the most
time consuming and will drive the overall plant startup time.

As an example of the general process sequence required for plant startup, the following describes
a nominal plant startup after a 48-hour, or longer, prior outage, with no liquid level remaining in
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the ASU cold box (i.e., 80 nominal ASU startup time). The entire process is depicted in Figures
3-6 and 3-7.

With sufficient BOP utility and support systems established, the ASU is started. Prior to the
ASU reaching 50% oxidant purity, preparations for boiler startup on air can be made, including
placing the remainder of the BOP systems in service, inclusive of boiler fuel supply systems.
Approximately 72 hours into the nominal plant startup sequence, once the necessary BOP
systems are operating and control systems permissives are met, the boiler is started on oil in air-
fired mode, and then transitioned from oil to coal, while still operating in air-fired mode. For
further description of the boiler and GQCS startup procedures, see Section 4.3.3.5.

The process of starting the boiler and turbine and achieving stable operation at the transition
point is expected to take about 8 hours. Once stable, coal-fired operation is achieved, and once
the ASU is producing oxidant of acceptable quality, the plant is ready to transition to oxy-
combustion mode.

The transition from air-firing to stable oxy-mode operation is expected to take about 30 minutes.
Throughout the entire boiler startup process to stable oxy-mode operation, boiler exhaust flue gas
is discharged to atmosphere via the main stack. With the boiler/GQCS in oxy-mode, the CPU
can be started as soon as flue gas is available at a CO2 concentration sufficient to support cold-
box cooling procedures.

The CPU startup consists of progressively processing the flue gas in a stepwise fashion,
exhausting the processed gas from each successive stage back through the stack until the entire
CPU system has reached stable operation and processed CO: purity is proven to meet the
pipeline specifications. At this point, the discharge flow of processed flue gas (COz2) is
transitioned from the stack to pipeline, for delivery to the storage site.
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Overall plant startup time for this nominal scenario is around 103 hours from ASU start to CO2
flow into the pipeline. As indicated previously, the total duration would be reduced to about 55
hours if the ASU had sufficient coldbox liquid level to start.
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Figure 3-7: Overall Plant Startup from Extended Idle Period
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3.3.3.2 BOP Startup

To support operation and startup of the boiler and ASU, the following BOP systems and
equipment were to be initially placed in service:

o Compressed Air:

@]

@]

Instrument air compressors and dryers: To provide air to air actuated valves

Service air compressors: To provide air for auxiliary and main boiler fuel
atomization

e Plant Drains: To convey plant drains to treatment systems or to plant outfall

o Water Treatment and related support systems: To provide water for maintaining
Condensate and Service Water Tank levels

@]

LP Service Water: Provides cooling water to Unit 4 turbine building system,
makeup to Unit 4 cooling tower, and supply to water treatment clarifiers

Raw Water Treatment: Clarifies river water for use in service water system

Service Water: Provides makeup water to UF/RO Water Treatment system and
miscellaneous plant water users

UF/RO Water Treatment: Provides makeup water to DCCPS storage tank and
Condensate storage tank

e Condensate: To provide auxiliary boiler water supply and ASU compressor cooling water

@]

@]

Start a condensate pump to establish flow through the condensate minimum flow
recirculation system to the condenser hotwell

Establish flow through the ASU Island which recirculates to the condenser
hotwell

Pressurize system to support makeup supply to auxiliary boiler

e Fuel Oil: To provide fuel supply to auxiliary and main boiler

e Main Cooling Water: To carry off ASU Island compressor heat load from the condenser

@]

@]

Start one circulating water pump

Operate cooling tower in bypass mode until heat load was established, then
initiate cooling tower startup

e Main Cooling Tower Chemical Feed: To treat main cooling water to control biological
growth and scale formation

e Auxiliary Steam: To provide steam for startup

@]

Startup auxiliary boiler
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o Warm up auxiliary steam lines
o Steam for turbine seals
o Steam for ASU Island
e Gland Steam: To provide seal steam to turbine seals

e Condenser Vacuum: To enable condenser to flash high temperature water to achieve a
lower temperature and condense steam

o Start both condenser vacuum pumps and establish condenser vacuum
e ASU/CPU Cooling Water System: To provide cooling to ASU Island coolers
o Start one circulating water pump and establish flow thru the ASU Island

o Operate cooling tower in bypass mode until heat load was established, then
initiate cooling tower startup

e ASU/CPU Cooling Tower Chemical Feed: To treat ASU/CPU cooling water to control
biological growth and scale formation

Other BOP systems were to remain in their normal shutdown configurations until the ASU
startup was near completion and the remainder of the plant was started. The following additional
BOP systems and components were then to be placed in service to support boiler and turbine
operation:

e (Coal Handling: To convey coal to coal silos which store coal fed to boiler
e C(losed Cooling Water Systems: To provide turbine and boiler equipment cooling
o Turbine Building system
o Boiler system
e Cycle Chemical Feed and Process Sampling: To provide water chemistry control
e Condensate: To provide condensate to the boiler feed water pumps
o Place deaerator in service
o Start second condensate pump to meet system demand
e Feedwater: Provides feedwater to boiler
o Start one pump in recirculation mode until boiler was ready to receive flow
o Start second boiler feedwater pump to meet system demand

e Steam Turbine Lube Oil and Hydraulic Oil: To provide lube oil and control oil for steam
turbine operation

e Hydrogen and Hydrogen Seal Oil: To provide generator cooling gas
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e Auxiliary Steam: To provide steam to miscellaneous plant users

o The auxiliary boiler would have operated until the main boiler was producing
sufficient main steam to meet auxiliary steam demand

o After steam was admitted to the turbine and the reheat steam system had
sufficient flow, cold reheat steam would supply the plant auxiliary steam needs

e Main Steam, Cold Reheat and Hot Reheat: To provide steam from the boiler to the steam
turbine

o Open main steam line drains to allow steam line warming

o Admit steam to the turbine after suitable steam conditions are achieved
o Roll turbine to rated speed and synchronize generator

o Increase load on turbine in coordination with boiler controls

e Vent and Drains: To vent non-condensables and drain condensate from plant steam and
feedwater systems

e HP and LP Extraction Steam: To provide steam for feedwater heating
e HP and LP Heater Drains: To return heater condensate drains to condensate system

When the boiler achieved 100% oxy-fire mode (approximately 45% boiler load) and prior to
diverting flue gas from the Chimney to the CPU Island, the following additional BOP systems
were to be in placed in service:

e DCCPS Cooling Water System:
= Start one circulating water pump and establish flow thru to the DCCPS

»  Operate cooling tower in bypass mode until heat load was established, then
initiate cooling tower startup

e DCCPS Cooling Tower Chemical Feed: To treat DCCPS cooling water to control
biological growth

e DCCPS Trona makeup system to maintain pH on the cooling water loop
e DCCPS polishing scrubber

e CPU Compressor Condensate Treatment: To neutralize CPU compressor condensate for
use in byproduct wetting and/or treatment for discharge in the Wastewater Treatment
System

e DCCPS Wastewater Treatment: Treats DCCPS and CPU compressor condensate
wastewater
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3.3.3.3 ASU Startup
Cold Box Start-up (Liquid Levels Maintained)

If the ASU has been shut down for a short period of time, the plant will still be at cryogenic
temperatures and maintaining liquid levels. In this case the plant can be restarted fairly quickly
by starting the main air compressor, establishing clean dry air flow to the cold box through the
adsorbers, and pressurizing the cold box. Once the cold box is pressurized, the expander can be
started to produce the temperature drop required for cryogenic separation, product purity and
subsequent production. The cryogenic pumps are then started and the facility placed on line.

Warm Cold-Box Start-up (After a Derime)

Starting up the ASU after a derime is essentially the same as a cold start-up with the exception of
the plant being warm and requiring a longer period of time for cool down.

3.3.3.4 Steam Turbine Startup

This section describes the general startup of the steam turbine generator, from rolling off of the
turning gear through full load operation. The steam turbine was to have been started up with the
boiler in air combustion mode, in coordination with the boiler and other BOP systems, with the
general startup process being similar to that for any conventional steam turbine generator.
Significant limitations, associated with the Meredosia turbine design and the oxy-combustion
cycle, are discussed herein, where applicable. Additional detailed limitations and starting
instructions are provided in the steam turbine operating manuals.

The prerequisite BOP systems that would have needed to be in operation to support a turbine
startup included the following:

e Condenser vacuum system was to be in operation to establish and maintain turbine
exhaust vacuum

e Condensate system was to be in operation to maintain condenser hotwell level and
provide gland steam condenser cooling and turbine exhaust hood sprays

e Main circulating water system was to be in service to provide main condenser cooling to
maintain condenser vacuum once steam flow was initiated

¢ Auxiliary steam system was to be in service to provide turbine seal steam
The following turbine auxiliary components and systems were also required be in service:
e Turbine Lube Oil System was to be in normal operating mode
e Turbine Hydraulic/Control Oil System was to be in normal operating mode
e Generator Hydrogen and Seal Oil Systems was to be operating
e Turbine Seal Steam System and Gland Steam Condenser (GSC) was to be in service

o Seal steam was to be applied
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o Condensate flow through GSC was to be established

The turbine startup sequence was dependent on the temperature of the turbine rotor prior to
startup. The initial rotor temperature was largely dependent on the duration of the previous shut
down period. A typical cold start sequence is depicted in Figure 3-7. Regardless of the initial
turbine condition, main steam was to be at a pressure of approximately 600 psig, with a
minimum temperature of 100 °F superheat. Once these conditions were achieved, the turbine
throttle valves were to be opened and steam was to be admitted to the turbine to slowly increase
turbine speed. The governor valves were to be initially set wide-open and flow control was to be
achieved using the turbine stop valve. The allowable acceleration rate of the turbine was
dependent on the mismatch between steam temperature and turbine metal temperature, as
specified in the turbine operating manual.

For a cold start, with turbine metal temperature in the HP or IP turbine less than 250 °F prior to
start, the turbine was to be initially accelerated at approximately 50 rpm per minute to a speed of
2,250 rpm. At 2,250 rpm, a hold or soak period was required to allow the turbine rotor to
achieve a more uniform temperature prior to loading, to avoid excessive component stresses
from developing due to thermal gradients. The soak time was dependent on the turbine metal
temperature, ranging from 1 hour minimum for turbine temperature just under 250 °F, to 3 hours
maximum for turbine at ambient temperature. Once the soak period was complete, turbine speed
was to be increased to synchronous speed.

For a hot start condition, with turbine rotor temperature greater than 250 °F, no soak period was
required and higher acceleration rates were to be used to bring the turbine up to synchronous
speed, again depending on actual steam-metal temperature mismatches. Maximum
recommended acceleration rates under best case hot start conditions would have resulted in
achieving near-synchronous speed in about 10 minutes.

At a turbine speed of approximately 3,450 rpm, control of the turbine was to be shifted from the
throttle stop valve to the governor valves. This transfer would have require approximately 15
minutes to regain stable operation, at which time, turbine speed was to be brought up to the
actual synchronous speed of 3,600 rpm.

Once at synchronous speed, the generator was to be synchronized with the grid and the generator
breaker closed to load the turbine to an initial minimum stable load of between 5% and 10%.
Turbine load was then to be increased in coordination with the boiler until the air-to-oxy
transition point, at approximately 45% load, was reached. The recommended rate of turbine load
change was variable, as specified in the turbine operating manual, depending on the magnitude
of the load change and the existing turbine throttle and metal temperature conditions. Boiler and
turbine load are held at the transition point until stable oxy-combustion operation was
established, at which time the boiler and turbine load were to be ramped up to MCR.

3.3.3.5 Boiler and GQCS Startup

The boiler and GQCS should be started up in parallel with the ASU, timed in such a way that the
boiler is ready to transition into oxy-combustion mode at the same time that the ASU begins
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producing oxidant of acceptable quality and quantity. This will minimize environmental issues
with running the boiler in air fired mode, and the economic consequences of producing oxidant
that is not being used.

Boiler Startup — Air Firing

Until the boiler reaches the load at which it is possible to transition into oxy-combustion mode,
the boiler, GQCS and steam cycle startup sequence is essentially identical to that of a
conventional, air-fired boiler.

As indicated in Figure 3-8, the stack dampers, as well as the PR, and SR fan air intake dampers
are fully open, and the PR and SR recycle dampers and CPU TSO damper are fully closed for air
operation.

To Storage
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Stack
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Secondary Recycle
(SR)Fan

CDS Recirculation

Gas
Reheater

Burners
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l Primary Recycle q Recycle
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Cool Recycle Process

Figure 3-8: Boiler Startup — Air Firing

The following describes the major steps in boiler and GQCS startup, but is not intended to be a
comprehensive description:

Boiler feedwater treatment must be in operation and ready to supply the boiler with water and the
steam drum must be filled to startup level. After verification that all boiler auxiliary systems are
ready for starting and all vent and drain valves are in the required startup positions, the fans are
started and the furnace purged with burner registers at their predetermined light-off position.
Once the furnace purge is complete, the lighters for the first burner group can be ignited. Lighter
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heat input is raised and additional burner group lighters are brought into service until the
required steam conditions for turbine roll are achieved. After the fuel flow increases to match
the minimum purge air flow, the burner registers can be moved from the light-off position to the
cooling position.

Once steam conditions for turbine roll are achieved, the steam turbine can be started up (see
Section 4.3.3.4 for turbine startup description). When the boiler and turbine components have
reached the desired temperatures, the first pulverizer can be started and coal firing initiated.

Prior to starting the first pulverizer, the CDS system must be started. The CDS recirculation
damper is released to open, allowing flue gas from the outlet of the ID fan to be returned back to
the CDS inlet in order to provide sufficient flow to maintain fluidization.

Once sufficient gas volume is available, hydrated lime and solids from the PJFF are injected into
the bottom of the CDS. The pressure drop across the CDS is monitored to confirm solids are
entrained, and when the entering gas temperature is high enough, water is injected. The PJFF
compartment pressure drops are also monitored to determine when back-pulse cleaning is
necessary.

With the CDS and PJFF in service, coal firing can commence. Air flow is controlled
appropriately to maintain the desired excess air (oxygen) at the boiler outlet under these
conditions. Once the first pulverizer is started and coal flow increased to the minimum
pulverizer load (about 30% of full pulverizer input), and the unit is operating in a stable
condition, the process is ready for transition to oxy-combustion. The minimum heat input may
be as low as 30% to 35% of BMCR heat input (to be determined during commissioning), but for
initial design purposes, 45% of BMCR heat input is being assumed as the transition load.

In air-fired mode, PJFF exhaust gas is discharged to atmosphere via the stack. Since there is no
NOx or Hg control at that point, it is advantageous to transition to the oxy-combustion mode at
as low a load and as soon as practical.

Transition to Oxy-combustion

Once the boiler has achieved stable operation at the transition load, and the ASU is ready to
supply oxidant at acceptable rates and purity, the transition from air firing to oxy-combustion can
commence (see Figure 3-9).

Lower purity oxidant can be used during boiler startup to reduce startup time, but if the time
required for the ASU to reach full purity is greater than the time required to ramp the boiler and
steam turbine to full load, it may extend the time required to reach full load. The actual quality
and availability of oxidant flow depends on the ASU design, but the requirements are partially
driven by the tolerance of the CPU to accept the additional argon and nitrogen concentrations in
the flue gas during CPU startup. The full transition will also depend upon the readiness of the
CPU to accept the flue gas and produce COz to the required pipeline purity. Both the ASU and
CPU use a cryogenic process so the startup time is governed by the time required to achieve the
necessary cold box conditions for oxygen separation in the ASU and COz separation in the CPU.
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Overlapping the ASU, boiler, and CPU startups not only reduces the overall startup time but
minimizes air emissions.

The transition process begins by initiating flue gas recycling.

Prior to the initiation of the transition, the SR and PR fan air intake control and isolation tight
shut-off (TSO) dampers are fully open and the SR and PR flue gas flow control dampers are
fully closed. The stack damper and stack TSO damper are both open and the CPU inlet TSO is
closed. The transition to oxy-combustion begins by first adding a specific amount of medium
pressure (MP) oxidant to the operating burners in order to maintain stable and attached flames
throughout the process. In addition, the low pressure (LP) oxidant control valves to the hot
primary, the tempering primary and secondary oxidant injectors, called Floxynators™, are
released.
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Figure 3-9: Transition to Oxy-combustion

The transition is initiated by opening the SR recycle damper, gradually allowing flue gas to be
drawn into the SR fan inlet. As the recycled flue gas flow increases, oxidant is added to the
secondary stream to maintain a safe oxygen level at the boiler exit. Once the SR recycle damper
is fully open, the SR fan inlet air damper is gradually closed, increasing the recycled flue gas
flow into the SR fan inlet flue.

Once the secondary stream has been fully transitioned, the DCCPS and gas reheater must be
started before admitting flue gas into the PR stream. Once the DCCPS sprays and gas reheater
are in service, the transition of the primary stream can commence using the same procedure as
the secondary stream; gradually opening the PR recycle damper. As the primary stream
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composition to the pulverizer transitions from air to recycled flue gas, the oxygen in the primary
stream to the pulverizers (after the recycle heater, aka airheater) is maintained at a prescribed set
point. When the PR recycle damper is fully open, the PR fan air intake damper is gradually
closed. Once both the PR and SR fan air intake dampers are fully closed, the boiler process is in
full oxy-combustion mode and the PR and SR fan air intake TSO dampers can be closed.

If the desired recycle flue gas flow is not achieved when the SR and PR fan air intake dampers
are fully closed and the flue gas recycle dampers are fully open, the stack inlet damper can be
gradually closed to increase backpressure and force additional flue gas to the SR and PR fan
inlets. Flue gas flow to the stack must be maintained until the CPU is in service and ready to
accept the flue gas.

When operating in steady-state, the flue gas flow to the CPU (or stack) is equal to the sum of the
oxidant (air and/or oxygen) added, any air infiltration, and the products of combustion, less the
constituents removed by the CDS and DCCPS and any flue gas losses to the environment.

Once the boiler process is in full and stable oxy-combustion mode (estimated to require 30 to 45
minutes), and the CPU is ready, the flue gas can be transitioned from the stack to the CPU. This
is accomplished by first opening the CPU TSO damper. The CPU booster fan is then started,
venting separately to the stack, which will draw flow into the CPU and away from the main flue
to the stack. The CPU booster fan will maintain appropriate pressure conditions at the CPU inlet
to avoid an upset to the boiler process. Once the booster fan is controlling, the stack damper is
gradually closed redirecting any remaining flow from the stack through the DCCPS, PR gas
reheater, and to the CPU. During the transition, the water flow to the PR gas reheater will be
modulated to maintain the outlet temperature above the dew point. Once all of the flue gas has
been redirected from the stack to the CPU booster fan, the CPU process startup commences
beginning with the main compressor (see CPU startup Section 4.3.3.6). The last step in the CPU
startup is to send the nearly pure COz to the pipeline for underground storage.

Unit load demand controls the PR flue gas demand to satisty the needs of in-service pulverizers
and SR flow is controlled to satisfy total mass flow to the boiler for combustion and heat
transfer. SR gas flow is also used to control reheat outlet steam temperature by varying furnace
and convection pass absorption. The SR and PR flows are measured and temperature and
density (air or oxygen/recycle gas) compensated to determine mass flows. This density
compensation accounts for the changing constituents of the SR and PR streams with air,
oxygenated flue gas, and a mixture of the two.

Oxidant (a function of oxygen purity) is demanded from the ASU as MP and LP oxidant flows.
The MP+LP demand is the quantity of oxidant required to deliver the difference between the
theoretical stoichiometric oxygen requirement corresponding to the total Btu input and the
oxygen available from any air coming into the PR or SR fans (measured). The LP demand is
then trimmed (increased or decreased) to maintain the target excess oxygen at the boiler outlet
(measured). The PR Floxynators™ automatically maintain a minimum oxygen concentration in
the hot and tempering PR streams and the remainder of the LP oxidant demand is sent to the SR
Floxynator™.
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The oxidant flow to the Floxynators™ is controlled to maintain an oxygen concentration by
volume in the SR and PR streams downstream of the injection points. The total oxidant to the
in-service burners is a proportional function of the total oxidant demand on the unit. The oxidant
flow to the individual burners associated with a pulverizer is a function of that individual
pulverizer demand compared to the total firing rate demand. Distribution between burners is
preset during commissioning using valves on each burner to optimize combustion.

The local concentration of oxygen in the recycle flue gas downstream of the Floxynator™ must
remain below maximum oxygen concentration limits under all circumstances. The demand for
Total Oxidant (MP+LP) is coordinated between the boiler and the ASU.

Once the plant is in full oxy-firing mode, a second pulverizer can be brought into service and
load raised to BMCR (see Section 4.3 .4, Load Changing).

3.3.3.6 CPU Start up

The normal CPU start-up was to be performed in sequence, such that each piece of equipment
was successively started before sending pure COz to the pipeline. When the CPU was warm,
with cryogenic equipment at ambient temperature, the start-up sequence was to be as follows:

Pre-Heating

A pre-heating step for the filters was required using gas at a pre-heat temperature superior to
40°C and below design temperature. A gas temperature of 47°C was chosen for this purpose.
This was to prevent condensation of acids when the CPU started drawing in flue gas. Acid
condensation would have damaged the filter medium permanently. The heating was to be done
with nitrogen going through an electrical heater.

Start Booster Fan with Flue Gas

During start up, it was anticipated that the boiler would have been operated at turn-down for the
CPU, with approximately 45% of the flue gas routed to the stack. The blower was to be operated
at minimum Inlet Guide Vane (IGV) position and would draw in acceptable flue gas while
venting to the stack through its blow-off valve.

Once the blower was fully started, the stack damper would have been closed (minimum
position). During this phase, the filter could have been regenerated with instrument air instead
of dry COz used during normal operation.

While the normal start was based on the 45% turn-down condition, booster fan start-up from a
full load (100%) boiler condition was also evaluated and found to be feasible.

Start Flue Gas Compressor / Product Compressor

The integration of the flue gas compressor and the product compressor would have required
start-up of both sections at the same time. The first step would have consisted of ramping up the
pressure downstream of the blower as high as possible using the blow off valve. At the same
time, nitrogen was to be injected at the inlet of the product compressor with the outlet closed to
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limit nitrogen consumption and pollution of the production line. Afterwards, the nitrogen
pressure controller was to be switched to AUTO to compensate for leakage.

The feed compressor and product compressors would then have been turned on with their recycle
full open. At this time, the blow-off of the blower was to be closed and venting of flue gas was
to be done through the blow-off valve of the compressor.

Start Dryers

The dryers were to be pressurized and the sequencer of the drying system was to be switched on.
Once the pressurization was completed, it would have been possible to regenerate the bed
through a by-pass which had been added between the outlet of the driers and the inlet of the
regeneration steam heater.

Pressurize Cryogenic Separation Section

The cold box was to be pressurized up to a minimum pressure with the dry gas using a valve at
cryo-processing inlet.

Cool Down Cryogenic Separation Section

For cooling down, cold liquid impure CO2 was to be injected from storage. This impure CO2
was to be pressurized to around 16 bara so that the pressure difference with the distillation
column would have been sufficient to naturally draw the liquid from storage to the column. The
storage tank was to be filled during normal operation of the CPU.

When liquid had started accumulating in column and kettle, this cool down step would have been
considered complete.

Stabilize Column
The column reflux was to be tuned so as to reach expected purity.
Switch Product Compressor to CO:

To limit the nitrogen consumption, it would have been beneficial to switch the product
compressor to process gas as soon as possible.

Prior to opening the compressor inlet valve and taking flue gas or potentially CO-, the suction
line was to have been pressurized up at the same pressure as the downstream heat exchanger.
This way, no pressure drop in the exchanger would have occurred when the suction was opened.
The compressor blow off valve was then to be opened to discharge the product.

Pressurize Production Line

This step would have consisted of pressurizing the discharge line of the compressor up to
product pump inlet and purge pump outlet. This step was to avoid the risk of freezing, if the
pressure was below 5.2 bara, and water hammer effect. The risk could have been avoided by
pressurizing the system with hot gas before final cooling.
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It was recommended that the production was to be at the required purity, as measured at the
discharge of the product compressor, to avoid pollution of the production line. The risk would
have been that light gases, such as nitrogen, present at the suction of the COz production pump,
might have damaged the pump during start-up. To mitigate this condition, a small manual vent
line was to be added to remove the impurities.

Start Product Compression Chain

The fans of the CO2 condenser were to be successively started and the water pump and water
circuit would then have been started. The production pump was to be started with recycle full
open until pressure was high enough to open the discharge valve.

Start Up Purge Pump

One pump was selected as backup; the other was to be started with recycle full open. Initially,
the pump would have been cooled down while the vent line was opened. Once the required
temperature had been reached, the pump would have been started up. The discharge valve would
have been opened once the product pump and purge pump were in operation.

Start Non-Condensable Gas Treatment System (CATOX)

The by-pass heater and the by-pass CATOX were to be full open. Then the inlet and outlet
valves would have been opened to pressurize CATOX and the by-pass CATOX would have been
closed. Afterwards, it would have been possible to slowly heat up the non-condensable gas by
closing the by-pass CATOX heater and switching it to AUTO. The heating rate would have
been in accordance with the supplier recommendations.

CATOX would have been started as soon as possible, as it would have reduced the CO emission,
but it would have had no impact on the critical path to CO2 production.

Start Non-Condensable Gas Treatment System: Turbine Expander

The turbine could have been started as soon as heating CATOX was activated. The requirement
was to have a gas temperature high enough to avoid low discharge temperatures that could have
damaged the pipe.

The IGV of the turbine was to be set at a minimum position and the quick shutoff valve was to
be opened. Then the turbine would have been started-up by slowly feeding the non-condensable
gas to the turbine inlet through the action of closing the by-pass line.

Start Non-Condensable Gas Treatment System: Membranes
Finally, to reach the recovery target of the CPU, the membranes would have been started up.

Once the CPU was in full operation and the plant was in near-zero emissions mode, the CPU
could have been ramped up along with the ASU and boiler to reach full capacity. It was
expected that the warm CPU start up would have taken approximately 20 hours to reach full CO2
production and recovery rate.
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It should be noted that if the start-up followed a relatively short period of shutdown, the
cryogenic section might still have been at or close to operating temperature. In this case, the
cooling step would not have been necessary. Similarly, following a trip, the pressure was to be
kept in the cryogenic section and production line, so pressurization steps could be possibly
avoided. On the contrary, a shutdown lasting more than 48 hours would cause significant loss of
liquid inventory in the cryogenic section because of boil-off. In this case, the startup sequence
and duration would have been very similar to the first warm start-up.

3.3.4 Load Changing

3.3.4.1 General

As in other electric generating facilities, load changes are initiated (either manually or
automatically) by varying the steam turbine speed control settings to demand either more (load
increases) or less (load decreases) steam to the turbine throttle, thereby generating more torque
on the turbine-generator rotor, which is converted to electrical current (load) in the generator.
The boiler controls respond to the change in steam demand by increasing or decreasing the firing
rate accordingly.

Since the steam turbine controls for this oxy-combustion plant have been configured for hybrid
sliding pressure control, the turbine steam demand is normally achieved not by changing turbine
throttle valve position, but rather by changing the steam pressure. Higher steam pressures result
in higher steam density to support increased load settings by allowing more mass flow to be
passed or “swallowed” by the fixed opening of the turbine throttle valves. Lower steam
pressures result in less mass flow for the same fixed throttle opening.

While sliding pressure control is sufficient for normal steady-state operating conditions, rapid
load changes and low load conditions require that throttle valve position control also be used to
maintain stable operation. Due to the relatively large volume of the boiler and steam piping,
steam pressure does not react rapidly to changes in boiler firing rate. Consequently, to meet the
required plant ramp rate of 1.5% of MCR load per minute, valve position control is temporarily
used during load changes to augment the sliding pressure control until the required change in
pressure can catch up to the demand. For low load operation, minimum operating throttle
pressure has been set at 500 psig. Once pressure reaches this minimum floor pressure, it is held
constant, and any further load reductions are achieved by partially closing the turbine throttle
valves to restrict steam flow.

When a signal to increase load is received, the boiler controls respond first by increasing the MP
oxidant flow to the burners, this is to ensure that the furnace is an oxygen rich environment and
to ensure flame stability during transient operation. During a load increase, the oxidant demand
will lead fuel demand and excess Oz is permitted to increase beyond the normal set point as load
is changed. Next, a signal will be sent to the coal feeders to increase the fuel feed rate. As fuel
flow increases, SR and PR flow increase as does MP and LP oxidant demands. When load is
increasing, the increased PR and SR demand will temporarily decrease the flow to the CPU and
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the CPU booster fan maintains backpressure on the system to avoid any significant pressure
upsets.

Once stable conditions are achieved at the new total heat input, MP oxidant demand is returned
to its normal set point and excess Oz is released to trim back to the normal set point at that load,
which will adjust the LP oxidant demand.

When a signal to decrease load is received, the controls respond by sending a signal to the coal
feeders to reduce the fuel feed rate. Next the oxidant demand will start to decrease after a
prescribed time delay (lag) so that an oxidant rich environment is maintained in the furnace. As
fuel flow decreases, SR and PR flow decrease as does MP and LP oxidant demands. When load
is decreasing, the decreased PR and SR demand will temporarily increase the flow to the CPU,
and the CPU booster fan will maintain backpressure on the system to avoid any significant
pressure upsets.

Recycled flue gas and oxidant flow demands will follow changes in boiler heat release demands
similar to normal air-fired systems. Since the PR streams are maintained at a specific oxygen
concentration, changes in LP demand are realized primarily in the SR recycle stream.

Boiler performance curves are generated for the boiler control system so that the control system
can feed forward to help make boiler load changes smoother and faster.

The individual load change capabilities for the boiler, GQCS, ASU, and CPU are sufficient to
support the overall plant load change requirement of 1.5% of the MCR per minute.

The load changing process described here is nearly identical to the load changing process used
on typical air-fired boilers. The most significant difference is that in an oxy-fired boiler, the
oxidant flow is controlled independent of the SR and PR flow, whereas on an air-fired boiler the
SR and PR flow is air which inherently contains oxidant.

3.3.4.2 Pulverizer Startup Description

Starting an additional pulverizer under oxy-combustion conditions is similar to starting a
pulverizer under normal air firing. The total oxidant demand (MP+LP) is increased
incrementally ahead of fuel input and the MP oxidant demand is temporarily increased to the
load change set point to maintain flame stability of the in-service burners during the transient.
The burner registers associated with the pulverizer to be placed in service are confirmed to be at
light-off position. Load is raised using the in-service pulverizer(s) and the lighters (capable of
20% of the total BMCR input) to provide about the same additional heat input as the pulverizer
being brought into service at its minimum load.

To start the pulverizer, PR flow is established when its burner line shutoff valves are opened and
increased to the required value. As the PR flow is increased, the SR flow will correspondingly
decrease to maintain total mass flow to the boiler at that load. The oxygen concentration in the
PR stream is maintained at its prescribed set point which will correspondingly reduce the oxidant
flow to the SR Floxynator™. After the PR flow is established to the pulverizer, the lance
cooling steam flow is started to the burner lances coming into service and the lances are inserted.
Once the lance temperatures are proven acceptable, the MP demand is increased to provide the
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burners coming into service with the required amount of oxidant based on the expected heat
input from their pulverizer at minimum pulverizer load. The LP oxidant demand is temporarily
increased by the same amount so as not to reduce the PR or SR oxidant flows, and excess Oz is
above the normal set point.

When oxidant injection to the burners coming into service has been established, the cooling
steam 1s stopped, the feeder is started, and coal is fed to the pulverizer and burners. Heat input is
automatically controlled as coal is fed to the pulverizer by rapidly reducing lighter input and
backing down the other in-service feeder(s) and pulverizer(s) to maintain heat input. Because
the unit is designed to be able to achieve full boiler maximum continuous rating (BMCR)
burning the design coal with two pulverizers in service and the third as spare, care must be taken
to reduce the lighter input as the coal input increases when a second (or third) pulverizer is
brought into service to avoid excessive upsets in boiler heat input.

3.3.5 Shut Down

3.3.5.1 General

To shut the plant down from oxy-firing, load was to be reduced to the transition load, with one
pulverizer in service, at minimum pulverizer load, and lighters (oil igniters) in service. The flue
gas flow was to be transitioned from the CPU back to the stack and the CPU was to be shut
down. The unit was then transitioned from oxy-firing to air-firing, in the reverse of the transition
procedure as described in Section 4.3.3.5, Boiler and GQCS Startup. Once the transition was
completed, the ASU was to be shut down. Following the transition back to air-firing, the
pulverizer and PR fan were to be shut down and the lighter heat input was to be reduced until the
steam turbine trips, after which the lighters were to be shut off. The unit was to be purged with
the SR and ID fans and then fans were to be shut down, completing the boiler shutdown. Once
the boiler was shut down, the associated BOP systems were to be taken out of service. The
following sections describe this process in more detail.

3.3.5.2 Pipeline Shutdown- Vent Product CO2

The pipeline and four injection wells were to be designed to accommodate the full flue gas
stream from the oxy-combustion power plant, i.e., purified COz stream from the COz purification
Unit (CPU). A pipeline shutdown was to have resulted in isolation of the pipeline. If necessary,
the COz in the pipeline could have been vented to the stack through a manual valve. Details of
this venting operation would have required further evaluation, but the venting would have had to
be performed slowly to limit freezing. While the production valves were closed, the COz
produced by the plant was to have been vented at the discharge of the CO2 compressor and all
downstream equipment, including aero-condenser and pump. By venting at the discharge of the
compressor, upstream from the final cooler, it would have been possible to release hot COz, thus
avoiding issues with freezing/plugging during gas expansion (see also Section 4.3.6.9).

3.3.56.3 CPU Shutdown
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If necessary to shut down the CPU, the boiler can be maintained in oxy-combustion operation by
venting flue gas ahead of the wet compression stage.

3.3.5.4 Transition from Oxy-combustion to Air-combustion

Transition from oxy-combustion back to air firing is the reverse of the transition procedure
described in Section 4.3.3.5. Load is reduced to the transition load with one pulverizer operating
at minimum stable load and the gas flow to the CPU is transitioned back to the stack by opening
the stack TSO. The stack damper is then gradually opened from its idle position allowing flue
gas to flow to the stack while backing down the CPU booster fan accordingly to control pressure
at the CPU inlet. Once the stack damper is open, the booster fan can be ramped down and the
CPU TSO closed to complete the shutdown of the CPU.

The boiler/GQCS is transitioned from oxy to air firing by transitioning the PR stream first,
followed by the SR stream. The PR and SR transitions are the same, the MP oxidant to the in-
service burners should be at the transient set point and the lighters to the in-service burners
ignited. Then the controllable PR fan air intake damper is closed from its idle position and the
TSO damper is opened. The controllable PR air intake damper is then gradually opened from its
idle position allowing air into the fan inlet flue. As air mixes with the recycled flue gas, oxidant
demand to the PR Floxynators™ will decrease to zero. As air is introduced, the LP demand will
also decrease (MP demand is held until the transition is completed). Once the controllable air
intake damper is fully open, the recycle damper is gradually closed until the PR fan is supplying
only air to the process and PR recycle flow has been stopped. The DCCPS and gas reheater can
be taken out of service at this point.

The SR is transitioned to air in the same manner. As the SR is transitioned, the LP oxidant
demand will decrease to zero. Once the LP oxidant demand reaches zero, the LP control valves
will be closed and the Floxynators™ can be locked out of service. During this process, the MP
oxidant demand has been maintained at the transition set point. Once the PR and SR streams
have been fully transitioned, the MP oxidant demand can be reduced to zero and the oxidant
system shut down.

3.3.5.5 Boiler & GQCS Shutdown

Once both the primary and secondary streams have reverted to air, no oxidant is being injected
into the recycle streams and the oxidant flow to the in-service burners is stopped. From this
state, the pulverizer is then shut down followed by the PR fan. During this process the CDS
remains in service and flue gas from the ID fan outlet is recirculated to maintain fluidization
conditions. Once the pulverizer is out of service, the CDS can be shut down. This is done by
shutting down the flow of recirculated byproduct solids and hydrated lime injection. Solids may
be retained in the PJFF hoppers for short-term shutdown periods but the solids must be kept
relatively dry by continuously operating the PJFF hopper fluidization system. Once the CDS has
shut down, load is further decreased to turbine trip load using the lighters and SR and ID fans,
and the turbine is shut down. The lighters are then shut off and the furnace is purged using the
SR and ID fans. Once the purge is complete, the SR and ID fans are also shut down, unless they
are needed to increase the boiler cool down rate.
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3.3.5.6 ASU Shutdown

In the event that the ASU was required to shut down, all products were to be vented and the
rotating equipment was to be gradually unloaded until a cold box shutdown was triggered.
Rotating equipment in the cold box would have automatically stopped, and all cold box inlet,
outlet and vent valves would have been closed, such that the cold box was completely isolated.
If abnormal operating conditions required an immediate plant shutdown, interlocks were to
conduct the process automatically. While shut down, the plant would have been continuously
monitored anytime cryogenic liquid was present. Dead ends, containing cryogenic liquid, would
have been purged periodically and the cold box casing would have been kept under continuous
purge to prevent moisture ingress.

3.3.5.7 BOP Shutdown

Several of the BOP systems were to operate whether or not the power plant was producing power
in order to provide services to support plant maintenance, general housekeeping, and to handle
miscellaneous drains and wastewater. The following BOP systems were to have remained in
service, regardless of plant operation:

e Plant instrument air service air: Compressed air system equipment was to have remained
in service to maintain system pressure and to support maintenance use and support other
systems

e Plant Drains: To collect plant wash down water, equipment drains, and rainwater and
conveys to treatment systems or plant outfall

e Water Treatment Systems:

o LP Service Water: To supply water to treatment for service water. LP service water
was to have been operated in automatic mode to maintain service water tank level.

o Raw Water Treatment: To treat LP service water for makeup to service water tank.
Raw water treatment was to have operated in automatic mode to maintain service
water tank level.

o Coal pile runoff treatment: Coal pile treatment was to have operated in automatic
mode to treat runoft from the coal pile prior to discharging to the plant outfall

e Service Water: To provide miscellaneous plant water users, e.g., wash down water.
Service water was to have operated in automatic mode based on system pressure.

e Chemical feed systems: Chemical feed systems would have been required to support Raw
Water Treatment and coal pile runoft treatment

o Fire Protection: Fire protection was to have operated in automatic mode based on system
pressure

e Potable Water System: Potable water would have been required for restrooms, sinks,
plant safety showers, and eyewash users
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Sanitary Drains System: Sanitary drains would have been required for transport of
sewage city sewer system

Nitrogen Purge System: Nitrogen purge system would have been required for extended
outages. A nitrogen cap was to be placed on the boiler drum and superheaters, deaerator,
and HP feedwater heaters.

After the ASU and CPU were shut down, the following systems could have been shut down:

ASU/CPU Cooling Water System: Shut down operating circulation water pump and
cooling tower.

ASU/CPU Cooling tower Chemical Feed: Would only have operated when circulating
water pumps were operated

CPU Compressor Condensate Treatment: Once the CPU process island was shut down
and secured, the condensate treatment system that was to have neutralized CPU
compressor condensate could have been shut down

Wastewater Treatment: The Wastewater Treatment system would have treated the
neutralized condensate from the CPU compressors and DCCPS blow down. The system
would have treated the nitrates and other constituents in the waste water stream using a
physical/chemical and biological treatment process. To maintain the biological activity
in the system during long term shutdown, an external source of nitrates would have been
needed to maintain the biological activity to support start-up of the CPU/DCCPS.
Otherwise, prior to restart of the plant, the biological treatment system would have to be
repopulated with microorganisms. Acclimation of the microorganisms to the wastewater
quality could have required several weeks. A short term shutdown, such as an extended
weekend, would not require special precautions.

Following shutdown of the Steam Turbine Generator, Boiler, and GQCS, the following systems
could have been shut down:

Condenser vacuum pumps: Would have been shut down when turbine was at zero speed

Turbine lube oil and hydraulic oil systems: Would have been shut down after turbine cool
down

UF/RO Water Treatment: Would have been shut down when the DCCPS storage tank
and Condensate storage tank were full

Main Cooling Water: Shut down operating circulation water pump and cooling tower

Main Cooling Tower Chemical Feed: Would only have operated when the circulating
water pumps operate

Coal Handling: Would have been shut down to minimize long term coal storage in the
silos
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e Boiler Island Closed Cooling Water Systems: Pumps would have been shut down after
boiler equipment had been cooled to acceptable levels

e Condensate: Shutdown operating condensate pump

o Feedwater: Operating feed water pumps would have been shut when suitable boiler drum
level was achieved

e DCCPS Cooling Water System: Shutdown operating pump and cooling tower

e DCCPS Cooling Tower Chemical Feed: Would only have operated when the circulating
water pumps operate

3.3.6 Major Trips

Though any component could have experienced a failure or trip, redundant equipment was
selectively provided to allow for continued operation of many systems. However, certain major
trips would have caused a Master Fuel Trip (MFT) and would have resulted in cessation of plant
operation.

Trips of this nature would have included:
e An ASU trip, when in oxy-firing mode
e A steam turbine trip
e A fan trip, in the case of a single 100% capacity fan

Minor trips, such as CPU compressor trip, pulverizer trip, CDS trip, DCCPS trip, or pipeline trip,
might not have led to a MFT and plant trip. The plant could usually have continued to operate
through these minor trips and provided the operator the option to shut down the plant normally,
or if the cause of the trip could have been resolved quickly, to continue to operate until the
equipment was back on-line. More detailed descriptions of the causes and consequences of
MFT, CPU, pipeline and CPU compressor trips are provided in later sections. A brief overview
of the ASU, steam turbine, pulverizer, CDS, and DCCPS trips are provided here.

3.3.6.1 ASU Trip

Should the ASU trip during startup or air firing before the transition to oxy firing, the plant will
continue to run in air-fired mode to allow the operator the option of continuing to run if the ASU
trip can be quickly remedied or shut down if it cannot (NOx emissions are the main
consideration in continuing to operate). Should the ASU trip during the transition or when oxy
firing, an MFT is automatically initiated.

3.3.6.2 Steam Turbine Trip

Prior to synchronization, a steam turbine trip will not initiate a shutdown of the boiler. In this
pre-synchronization condition, the boiler firing rate and steam flow, including reheater steam
flow, are low enough that the resulting transient can normally be accommodated by the control
systems, without tripping other components and systems and without overheating of the reheater

56



& Future &

ALLIANCE
DE-FEQ005054 FutureGen 2.0 Oxy-Combustion Large Scale Test Project
B.01 - Final Scientific-Technical Report

tubes. This allows operators the opportunity to recover and restart the turbine without the delay
of a boiler restart.

Once synchronized, a steam turbine trip will automatically initiate an MFT to protect the boiler
reheater from overheating due to the loss of reheat steam flow under the relatively high boiler
firing/load conditions.

3.3.6.3 Pulverizer Trip

On a coal-fired boiler, when a pulverizer trips, there is a load runback on the turbine due to the
rapid loss of heat input to the boiler. Though this can be a severe transient, the control system is
usually able to compensate (depending on the steam turbine response) and avoid a unit trip. In
the event of a pulverizer trip, the total oxidant demand (TOD) is maintained until combustion is
stabilized to ensure safe conditions. If the event is too rapid it will initiate a MFT.

Since the Meredosia unit was designed to operate at MCR with two pulverizers in service, the
loss of one pulverizer at high load and the resulting rapid decrease in furnace heat input and flue
gas flow production could have also caused a CPU trip. Preliminary dynamic modeling results
indicated that it might have been possible to avoid a CPU trip, but this scenario needed to be
further verified by modeling in Phase III and by controls tuning during commissioning.

3.3.6.4 Circulating Dry Scrubber (CDS) Trip
The following events could result in a trip of the CDS-Pulse Jet Fabric Filter (PJFF) system:

e Loss of both hydrated lime rotary feeder/drag conveyor trains that were to be used to
manage the turndown of lime addition

e Loss of fluidization in the PJFF hoppers or recirculation slides
e Loss of recirculation gas flow and collapse of the CDS bed due to operating at low load

e Loss of humidification water, which could lead to high temperature at the inlet of the
PJFF and reduction in SOz removal

Though it might be possible for the boiler to run through a CDS trip for a brief period of time,
depending on SOz emission limits and the level of SOz concentration in the boiler, the CO2
Compression and Purification Unit (CPU) would be tripped and gas flow redirected to the stack
to ensure that SOz concentration and gas temperature do not exceed the maximums allowed at
the CPU inlet.

Loss of the CDS bed might also cause an excessive flue gas pressure excursion at the CPU inlet
and could result in a CPU trip and possibly a MFT. If the boiler and steam cycle were to
continue to operate, it would be necessary to reduce load and exercise care to ensure that SO2
concentrations and corrosive conditions in the boiler were not excessive.

3.3.6.5 Direct Contact Cooler — Polishing Scrubber (DCCPS) Trip

A DCCPS trip would occur when there was a loss of cooling water flow. Since there were to be
redundant pumps, this would have been an unlikely event. However, in the event of a DCCPS
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trip, the temperature leaving the DCCPS would have increased from around 100°F to
approximately 190°F. This increased temperature would exceed the maximum allowable CPU
inlet temperature and would have resulted in a CPU trip with gas flow redirected to the stack
until the trip was resolved. The PR Fan would automatically compensate for the increased
temperature (volume flow change). The pulverizer outlet temperature set point might also have
needed to be increased to compensate for the increased moisture.

In the event of a DCCPS trip it would have been advantageous to remain in oxy-firing mode,
rather than transition back to air firing, because there would have been a significant reduction in
emissions in oxy-firing mode. NOx emissions, although significantly reduced by oxy-firing,
would have remained the limiting emission. Other emissions including SOx, particulate, acid
gases and metals would have remained in compliance with emissions limits with the DCCPS
offline. Once the DCCPS was returned to service, the flue gas leaving the GQCS from the stack
could have been transitioned back to the CPU with minimal impact on plant output.

3.3.6.6 Master Fuel Trips (MFT)

The MFT system was to have been a combination of control system logic and a hard-wired relay
circuit. When activated, the MFT would have stopped the flow of all fuel to the boiler within a
period of time that would not have allowed a dangerous accumulation of combustibles in the
furnace. The MFT relay circuit was to have been a “de-energize-to-trip” fail-safe system and
would have required an operator action to reset. The operator would have reset the MFT circuit
only after a boiler purge had been completed. An MFT was generated when an unsafe operating
condition was detected by the control system or by the operator. The MFT was manually
activated with the MFT pushbutton from a panel or from a pushbutton on an operator interface
screen. The MFT pushbutton would have directly de-energized the MFT relay circuit and
initiated an MFT condition in the control system logic. These MFT interlocks must never be
bypassed to achieve boiler operation. The input signals used for these interlocks were hard-
wired directly from the sensing elements and input to the BMS through redundant (two or more)
digital input modules, though there was to be only one (1) field input contact representing the
signal.

Master fuel trips would have occurred when the interlock system detected an unsafe condition,
including the following:

e Loss ofignition

e Loss of fuel flow

e Loss of SR, PR, or ID fan

o Low excess oxygen at the boiler outlet (when in transition or oxy-firing mode)
e Less than minimum air flow (air-firing mode)

e Loss of oxidant flow or ASU trip (oxy-firing mode)

e High or low boiler steam drum level
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e High or low furnace pressure
e High calculated pressure difference across the PJFF
e High PJFF inlet temperature
e High oxygen concentration in the SR or PR recycle stream
e Steam turbine trip (after synchronization)
The operator, at his discretion, could also have initiated a master fuel trip.

When an MFT was initiated, all oil lighters were stopped, all pulverizers were stopped and
isolation (swing) valves closed, the PR fan was stopped, the oxidant flow to the primary
Floxynators™ was stopped, the SR and PR air intakes were opened and the recycle dampers
closed, the CPU TSO damper was closed, the stack TSO damper was opened, and the steam
turbine was tripped. Flow of oxidant to the secondary Floxynator™ and the burners was
continued to maintain an Oz concentration of at least 21% by volume while the SR fan air intake
damper was opened and the SR recycle damper was closed. Once the SR stream had reverted to
air, the oxidant flow to the secondary Floxynator™ was stopped. The ID and SR fans would
have continued to operate for furnace post-purge. With the controllable air intake damper at its
idle position, air flow would have immediately entered the SR fan when the fast opening TSO
damper was opened.

The control system would have closed all attemperator and sootblower supply valves. The air
flow was not to be increased by deliberate manual or automatic control action. If the air flow
was above the purge rate, it was allowed to decrease gradually to the purge rate for a post-firing
purge. If the air flow was below the purge rate at the time of the trip, it was to be continued at
the existing rate for 5 minutes and then gradually increased to the purge rate air flow and held at
this value for a post-firing unit purge. All current NFPA 85 requirements must be satisfied.
Usually, the unsafe condition could be corrected and the fuel reignited with little delay following
a furnace purge.

3.3.6.7 Forced Shutdown

Forced shutdown procedures were to be used to remove the unit from service as quickly as
possible, but in a more controlled manner than with the master fuel trip. This controlled
shutdown process would have been identical to a normal load reduction and shutdown, but was
to have been accomplished as rapidly as practical.

The procedure would have required that the turbine control valves be used to reduce the plant
load down to the transition load.

Once at transition load, the flue gas flow that had been directed to the CPU flow would have
been diverted to the stack, and the CPU would have been shut down.

Once the flow to the stack had been re-established, the unit would have reverted to air-firing and
the turbine load would have been further reduced until it reached the turbine trip load.
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After the turbine was removed from service, all fuel was to have been stopped and the unit
purged.

3.3.6.8 CPU Trips

A CPU trip could have been initiated by the CPU or from the DCS. A CPU trip would have
automatically and rapidly opened the stack TSO damper and closed the CPU inlet TSO damper.
Since the controllable stack damper was to be set at its idle position, flow would have
immediately been established to the stack at a rate that minimizes the pressure upset to the
boiler/GQCS system. This would have required some tuning during commissioning but
preliminary dynamic modeling had indicated that it would be possible to safely accomplish this
transfer while keeping the remainder of the plant in service.

A DCS initiated CPU trip could have occurred for several reasons, including an MFT or a
problem within the boiler or GQCS that required redirecting flow to the stack due to potentially
unacceptable changes in composition, temperature, or pressure at the CPU inlet.

A CPU initiated CPU trip would have normally resulted in a rapid transition of the exhaust flow
from the CPU back to the stack. Once this transfer was completed, the operator would have had
to decide the appropriate action. Typically the plant would have remained in oxy-firing, with the
load reduced to the transition load point, while the cause of the CPU trip was investigated. Once
the cause had been determined, the operator would have then decided whether correction and
restarting of the CPU could be accomplished in a short enough time to continue operating the
plant considering emission limits, or if the plant was to be shut down normally to make repairs.

Within the CPU, there were several sub-system trip scenarios, similar to a pipeline trip, that
could have allowed continued CPU operation, but which would have resulted in blowing oft CO2
production to the stack through pressure reduction while determining whether further shutdown
or a global CPU trip would have been needed. In case of a main compressor trip, the booster fan
outlet flow was to be redirected to the stack while determining if a CPU trip would have been
needed. Since the flue gas would have still been flowing into the CPU inlet, this would have
shortened the start-up time considerably once the compressor was ready to restart.

However, the loss of the booster fan or determination that a sub-system trip could not be
remedied rapidly enough would have resulted in a full CPU trip.

For under-pressure protection, the filter downstream of the CPU inlet and upstream of the
booster fan was to be equipped with passive pressure relief doors, capable of passing the full
BMCR gas flow, that would open and allow air to enter the booster fan inlet before the pressure
in the upstream flue could exceed its lower pressure limit.

3.3.6.9 Pipeline Trips

The system was designed such that the pipeline and wells could dispose of all CO2 produced by
the CPU in any scenario of operation. Under no circumstances was it envisioned that the operation
of the power plant would be curtailed in order to match the capacity of the downstream facilities
to accept COx.
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If, for some reason, the wells were not able to keep pace with the full production of COz, this
would have resulted in a pressure rise in the pipeline. In order to maintain the pressure in the
pipeline within allowable limits, the volume of CO: in excess of the capacity of the pipeline and
wells could be vented from between the compressor and the condenser for short periods until full
pipeline capacity could be restored.

If the pipeline pressure could not be maintained below the maximum allowable pressure of the
pipeline, this would have resulted in complete isolation of the pipeline, and venting of the total
product stream.

Other reasons for isolation of the pipeline could have included excessive CO2 temperature or off
specification CO2 composition.

The isolation of the pipeline was to have closed valves on the production line, tripped the product
pump, and completely opened the blow-off valve at the discharge of the CO2 compressor in order
to vent COz production.

3.4 Power Block — Process System Description

3.4.1 Oxy-combustion Process Description Overview

Figure 3-10 shows the oxy-combustion process schematic selected for the FutureGen 2.0 Project.
The combustion process employed the B&W PGG-ALPC cool recycle process, firing a mixture
of high sulfur bituminous coal and low sulfur sub-bituminous coal. The entire system was to
have been integrated and optimized to the extent practical, given the existing steam cycle and
BOP equipment. Heat from the ASU was to be incorporated into the condensate cycle, while
heat from the steam cycle was to be used for flue gas reheating, as well as ASU and CPU needs
and other process heat loads. Since FutureGen 2.0 involved repowering an existing steam
turbine, turbine design limits restricted the amount of heat which could have been recovered
from the oxy-combustion process and utilized in the power cycle to improve plant performance.
Consequently, heat integration performance improvements that could have been realized for a
new oxy-combustion plant design were not achieved for this project.

In the cool recycle process, hot gas leaves the boiler and passes through an advanced
regenerative quad-sector (patent pending) secondary and primary recycle heater (aka air heater).
This recycle heater was to be internally arranged to prevent any of the oxidant fed from the ASU
from leaking into the flue gas which would then be lost to the CPU. Oxidant refers to the nearly
pure oxygen (oxygen and a small amount of impurities of argon and nitrogen) produced by the
ASU. Unnecessary loss of oxidant to the flue gas stream would have increased the size and
auxiliary power consumption of both the ASU and the CPU.

Following the recycle heater, the flue gas would have passed through a CDS and then into the
Pulse Jet Fabric Filter (PJFF) where Particulate Matter (PM) was to be removed. This
combination of the CDS and PJFF would have removed almost all of the SOz and SO3 and acid
gases, and a substantial amount of mercury. From the PJFF the flue gas pressure was to be
boosted by the induced draft (ID) fan, which controlled the pressure in the furnace to achieve a

61



& Future &

ALLIANCE
DE-FEQ005054 FutureGen 2.0 Oxy-Combustion Large Scale Test Project
B.01 - Final Scientific-Technical Report

desired pressure at the outlet of the boiler, and the flue gas flow splits. A recirculation stream
was to be sent back to the inlet of the CDS to ensure a minimum gas velocity through the CDS to
maintain fluidization for all boiler loads. After this recirculation stream takeoff, the gas stream
splits once again.

One stream from this split was to be boosted by the secondary recycle (SR) fan and then passed
through a steam-coil gas reheater (like a steam coil air heater) to mitigate cold-end corrosion of
the recycle heater by maintaining the flue gas temperature leaving the recycle heater above the
acid dew point at lower loads.

The oxidant was to be supplied from the ASU as medium pressure (MP) oxidant and low
pressure (LP) oxidant. LP oxidant was to be introduced into the secondary recycle flow after the
SR fan via Floxynators™ before re-entering the recycle heater for heating prior to the boiler
wind box. The SR fan was to control the secondary recycle flow to the boiler to provide
sufficient mass for heat transfer.

The remaining flue gas stream would have passed through a DCCPS where moisture was to be
reduced and most of the remaining SOz and particulate was to be removed. The saturated gas
leaving the DCCPS was to be reheated by a water-coil gas reheater to avoid downstream
moisture condensation and was again split with one stream flowing to the CPU, and the other
supplying the primary recycle (PR) fan. The PR fan was to have provided the flow required to
dry and convey the pulverized coal to the burners. LP oxidant was to be introduced into the
primary recycle flow after the recycle heater via Floxynators™. The oxygen concentration in
the PR stream was to be controlled at a specific concentration that mitigates risk of combustion
in the pulverizers or coal pipes, while providing some oxygen in the primary stream with the coal
to improve combustion. MP oxidant was to be injected directly into the burners to control
combustion and the remaining LP oxidant was to be mixed into the secondary recycle as
previously described.

When air-firing (during start-up and shut-down), the primary and secondary recycle and CPU
streams were to be isolated by dampers and all of the flue gas leaving the ID Fan was to flow to
the stack as in a conventional air-fired design. The primary and secondary recycle dampers were
closed and, through their air intakes, the SR and PR fans would have provided fresh air to the
recycle heater. The DCCPS and its downstream gas reheater were not in service in this mode.
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Figure 3-10: Oxy-combustion Cool Recycle Process Schematic

Boiler and Auxiliaries — Process System Description

3.4.2 Boiler and Auxiliaries Summarized Performance

The pulverized coal boiler plant was to have been designed to provide the required steam flow to
generate a nominal 168 MWe (gross) with the steam power cycle (as described in the BOP
System Description). The resultant boiler performance parameters are indicated in Table 3-7.
The boiler and GQCS process schematic is shown in Figure 3-10.

Table 3-7: Overall Expected Boiler Performance

Main Steam Flow 515,961 kg/hr (1,137.5 klb/hr)
Reheat Steam Flow 448,200 kg/hr (988.3 klb/hr)
Feedwater Flow 521,132 kg/hr (1,148.9 klb/hr)
Main Steam Outlet Pressure 140.3 barg (2,035 psig)

Main Steam / Reheat Steam Outlet
541.77539.4 °C (1,007 / 1,003 °F)

Temperatures
Total Heat Output 1,450.7 GJ/hr (1,375.0 million Btu/hr)
Total Heat Input 1,666.7 GJ/hr (1,579.7 million Btu/hr)
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Fuel Flow 72,870 kg/hr (160.6 kib/hr)

During Phase II, more in-depth engineering calculation and design work was to have been
completed to confirm, optimize, and to work out the details of the design developed in Phase 1.
Additionally, B&W had worked with the major equipment vendors to refine the design of the
equipment being supplied.

3.4.3 Boiler

The boiler was to be a pulverized coal (PC) fired 168 MWe (gross) boiler. It was to have been
7.92 m (26’-0”) wide, 12.80 m (42°-0”) deep, and the height from the bottom inlet headers to the
roof was 38.94 m (127°-2”). It was to be a balanced draft Carolina type subcritical Radiant
Drum Boiler designed for variable turbine throttle pressure operation. This unit had a series
down pass arrangement, as depicted in Figure 3-11, and was to vary the flue gas recycle rate for
reheat steam temperature control. In addition, a spray attemperator, located at the inlet to the
reheater, was to be used for reheat steam temperature control during boiler transient conditions
as well as for emergencies. The boiler was to have been designed to burn the specified range of
Mlinois #6 coal blended with PRB and was to utilize #2 fuel oil for the igniters.

Feedwater was to have entered the bottom header of the economizer. Water would have passed
upward through the economizer tube bank, through stringer tubes which support the economizer
and primary superheater banks, and discharged to the economizer outlet headers. From the outlet
headers, water would have flowed into piping which connects to the steam drum. By means of
natural circulation, the water flowed down through downcomer pipes and supply distributor
tubes to the lower furnace wall headers. From the furnace wall headers, the water/steam mixture
would have risen through the furnace tubes to the upper enclosure headers. The flow then passed
through riser tubes back into the steam drum.
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Figure 3-11: Carolina Radiant Drum Boiler with Series Down Pass

The water and steam mixture in the steam drum was to be separated by cyclone steam separators
which provided essentially steam-free water in the downcomers and water-free steam to the
drum outlet connections. The steam was to be further purified by passing through the primary
and secondary steam scrubbers within the steam drum.

Steam from the steam drum flows through multiple connections to the headers supplying the
furnace roof tubes and pendant convection pass sidewall tubes. From the furnace roof outlet
headers steam would have passed to the enclosure of the horizontal convection pass. The steam

65



& Future &

ALLIANCE
DE-FEQ005054 FutureGen 2.0 Oxy-Combustion Large Scale Test Project
B.01 - Final Scientific-Technical Report

was to flow down horizontal convection pass enclosure and into the outlet headers which were
also the inlet headers to the primary superheater.

Steam flow was to rise through the primary superheater and discharge through its outlet header
and through two (2) connecting pipes each equipped with a spray attemperator. These spray
attemperators were to be used to control the main steam outlet temperature.

The steam would then have entered the secondary superheater inlet header and flowed through
the secondary superheater sections to the outlet header nozzle which connects to the main steam
line.

Steam returning from the turbine would have passed through the reheat attemperator, located in
the inlet piping, to the reheat superheater. It would then have flowed through the pendant
reheater sections and exited the reheater through the outlet header which had a single end outlet.

The reheater outlet steam temperature would normally have been controlled by varying the gas
recycle rate. However, during transient conditions such as load changes and other operational
upsets, the attemperator, located at the reheater inlet, might have been used as a supplementary
reheater outlet steam temperature control measure. During Phase II, detailed analyses of the
furnace circulation and steam cooled membrane enclosure was to have been completed. As a
result of these analyses the materials selections were optimized and finalized. Additionally, after
the analyses, it was determined that several of the supply and riser tubes could be removed
without any detriment to performance. This would have not only saved on material costs, but
also on engineering, fabrication and erection costs.

3.4.4 Superheater and Reheater Material Selection

This unit was to have two vertical secondary superheater banks and the primary superheater was
to be comprised of four horizontal banks in the down pass and one vertical outlet bank. Note
that this unit would not have had a platen superheater.

Several factors were considered in the selection of the superheater and reheater tube materials.
The material and tube thickness must not only be adequate to meet the requirements of ASME
Code, but gas side and steam side corrosion must also be considered in the selection of the tube
materials.

Since the Illinois #6 coal contains a significant amount of sulfur and chlorine, both of which
contribute to elevated corrosion potential in the superheater and reheater banks, the material
selection would have given careful consideration to gas side corrosion. The blending of Illinois
#6 coal with PRB coal would have reduced the net sulfur and chlorine content. As a result,
corrosion potential would have been reduced with increased blending of PRB.

A detailed heat transfer analysis of the superheater and reheater tube banks, for the purpose of
tube temperature calculation and material selection, was completed in Phase II. This analysis
determined that the use SA213TP310HCbN and SA213TP310H in the outlet portions of the
superheater and reheater banks was not necessary. Therefore, a more economical material
(SA213T91) that provides the necessary corrosion resistance was selected for these portions of
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the superheater and reheater banks. A summary of the superheater and reheater tube materials is
shown in Figure 3-12.

R

“

BANK DESCRIPTION TUBE MATERIAL
A SSH Inlet Bank SA213T12 & T22
B SSH Outlet Bank SA213T22 & T91
C RH Outlet Bank SA213T22 & T91
D 2 RH Pendant Bank SA213T12
E RH Inlet Bank SA210A1
F PSH Vertical Outlet Bank SA213T22
G 13t PSH Horizontal Bank SA213T22
H 24 PSH Horizontal Bank SA213T12

1 3 PSH Horizontal Bank SA213T12
J 4™ PSH Horizontal Bank SA210C
K Economizer Bank SA210C

Figure 3-12: Superheater and Reheater Tube Material Diagram
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Since all of the recycle gas was to flow through the CDS — which would have removed SOz and
SO3 — and the primary recycle gas also would have passed through the DCCPS, the concentration
of SOz and SOs3 in the recycle gas was low. Because the SOz and SO3 have been removed from
the recycle gas, it would have diluted the SO2 and SO3 concentration resulting from the
combustion of the coal and oxidant in the furnace. This would have resulted in concentrations of
SOz and SOs that were nearly the same as would be produced when firing the same fuel with air.
Therefore, corrosion rates were expected to be very similar to an air-fired boiler burning this type
of coal.

3.4.5 Recycle Heater

One (1) quad-sector regenerative recycle preheater (aka air heater) was to be provided. The
recycle heater was to be sized to reduce inlet flue gas from approximately 349 °C (660°F) to
approximately 171 °C (340°F), excluding correction for leakage, at the BMCR load when firing
the typical blend of Illinois #6 coal and PRB.

The arrangement of the sectors (patent pending) was to be used to prevent oxygen from leaking
from the recycle gas side to the flue gas side. Oxygen was not only costly to produce in the
ASU, but it must also then be removed in the CPU.

As shown in Figure 3-13, the secondary sector was to be isolated from the gas sector by two
primary sectors on either side. Since the primary recycle stream would have been at a higher
pressure than either the secondary or the gas side, leakage would have occurred from the primary
to secondary and from the primary to the gas side. As a result, no leakage would have occurred
from the secondary to the gas side. Since the secondary recycle stream was the only stream that
was oxygenated upstream of the recycle heater, no injected oxygen would have been lost to the
gas stream. The oxygen for the primary stream was to be injected downstream of the recycle
heater.

Gas Side

Primary

Secondary

Figure 3-13: Recycle Heater (Plan View)
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Although no injected oxygen was lost to the gas stream in this recycle heater sector arrangement,
the overall leakage to the gas was increased due to the high pressure differential between the
primary sectors and the gas sector. In addition, generally leakage rates, on a mass basis, were
higher when in oxy-firing mode due to the higher densities of the gases as compared to air-firing.

3.4.6 Pulverizers

Three (3) B&W-75G pulverizers, as depicted in Figure 3-14, with external, manually adjustable,
classifier vanes, were to be located along the boiler left side wall. These pulverizers were to be
sized to meet the expected Boiler Maximum Continuous Rated (BMCR) load requirements with
one mill out of service while firing the specified typical coal blend. Each pulverizer feeds four
(4) burners, which was one level of burners (front and rear wall). Coal was to be dried in the
pulverizers and conveyed through the burner lines to the burners with recycle gas. Functionally,
the coal pulverizers would have operated in the oxy-firing mode the same way that they would
have in air-firing mode.

CenterRaw  Ppulverized Coal/
Coallnlet Primary Air to Burers

Discharge " } b
Turret ‘

Swing
Valve

Roll Wheel

Static
Classifier

Pressure Frame
Loading Springs
. Pressure Frame
Primary

Airlnlet. - Grinding Table

Roll Wheel
Assembly
Planetary —*§
Gear Drive s
~ Hydraulic

Loading Cylinder
Pyrite Box
Figure 3-14: B&W Pulverizer

3.4.7 Burners

There were to be twelve (12) B&W HV-XCL™ low NOx burners, depicted in Figure 3-15, in
three elevations on the front and rear walls of the furnace. It should be noted that each pulverizer
would have supplied all of the burners on the front and rear wall of a given elevation, thus
regardless of which pulverizer(s) was out of service, the burners in operation were always to be
directly opposed. This would have enhanced combustion stability and encouraged high
combustion efficiency.
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Each burner would have had oxygenated recycle gas supplied to it. In addition, from 10% to
20% of the total oxidant flow (nearly pure oxygen) to the boiler was to be injected into the
burner flames.

The combustion system on this boiler was to be un-staged to mitigate furnace corrosion. When
firing bituminous coals, the combustion system had a significant impact on the degree of
corrosion expected in the furnace. Medium to high sulfur coals could have been expected to
contribute to FeS deposition/corrosion and to some extent H2S gas phase corrosion in the
presence of a reducing and/or alternating reducing and oxidizing atmosphere. These conditions
would have existed in the furnace burner zone extending up to and through the OFA port
elevation on a staged combustion system. In order to avoid this hazard, an un-staged firing
arrangement was to have been utilized on this boiler. This was to eliminate the need for Inconel
622 weld overlay in the furnace. Eliminating staging was a corrosion mitigation strategy. B&W
PGG recommended only spot protection with thermal flame spray of any local areas of corrosion
should they occur in operation.

Stationary Vane

— Air Measuring e _ Sliding
Outer Zone —__| Pitot Grid e L= Disc
Adjustable Tt T
Vane
Inner Zone — 177
Adjustable

Vane _ Conical

~ Diffuser

T

,r = = - Pulverized Coal
oy _— and

Primary Air Inlet

Figure 3-15: HV-XCL Burner

A single, retractable oil lighter, with air atomization, was to be installed in each burner for
startup. Each lighter was capable of approximately 15% of the burner full load heat input (12
lighters at approximately 31.7 GJ/hr [30 MBtu/hr] based on 44,900 kJ/kg [19,300 Btu/lb] HHV
and approximately 720 kg/hr [1,600 Ib/hr] oil flow). Since this boiler was to be capable of full
load firing with two-thirds of the burners in service (one pulverizer out of service), the total heat
input capability with all oil igniters in service was approximately 22.5% of the boiler full load
heat input.
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3.4.8 Oxidant Injection

The oxidant was to be injected in three locations: the primary recycle stream after the recycle
heater and before the pulverizers, the secondary stream before the recycle heater, and into the
burner flame. In the primary stream, oxidant was to be injected to maintain the O2 concentration
in the recycle gas at slightly less than the Oz concentration in normal air. This was done to
reduce the risk of fire in the pulverizers and coal lines. Capability was provided to inject from
10% to 20% of the total oxidant flow to the boiler directly into the burner flames. The remainder
of the oxidant required for combustion was to be injected into the secondary recycle stream.

3.4.9 Fans and Air Intakes

The primary recycle fan was to be centrifugal, while the secondary fan and induced draft fan
were both axial. The primary recycle fan would have supplied the recycle gas to the pulverizers
for coal drying and to transport the pulverized coal from the pulverizers to the burners. The
primary recycle fan was to be located between the flue gas reheater, immediately after the
DCCPS outlet, and the recycle heater.

The secondary recycle fan would have supplied recycle gas to the burner wind box. It was to be
located between the induced draft fan outlet and the recycle heater. The induced draft fan would
have drawn the flue gas leaving the boiler through the CDS and the PJFF and delivered it to the
stack and/or to the secondary recycle as well as the DCCPS, depending on whether the boiler
was in air or oxy-firing mode and/or carbon-capture mode. The ID fan was to be located at the
outlet of the PJFF and before the flue split to the secondary fan and the DCCPS inlet.

Both the primary and secondary fans had inlets arranged so that either air or recycle gas could
have been supplied to them. The ducts were to have shut-off dampers so that only air was
supplied to the fans when the boiler was in the air-firing mode and only recycle gas was supplied
to the fans when the boiler was in oxy-firing mode. The inlet ducts also had dampers for
controlling the air and recycle gas flow during the transition from air-firing to oxy-firing and
vice-versa. Located downstream of the secondary fan was a steam coil heater that was to be
designed to protect the recycle heater from cold-end acid dew point corrosion when operating at
partial boiler loads.

The fans were to be designed to minimize leakage from the ambient into the gas stream because
air infiltration would have introduced nitrogen which adds flow to the gas path and the CO2 CPU
and would have increased power consumption. The fans for this project were capable of
accommodating an expanded range of operating conditions due to operational uncertainties of
the new oxy-fired technology and to allow some flexibility for research and testing. Several
options for fan design and operation were considered to determine the most economical design
that both covered the range of operating conditions and optimized the fan performance at the
expected normal operating points.

3.4.10 Sootblowers

The locations and quantities of sootblowers suitable for steam blowing were based on Diamond
Power recommendations and B&W PGG standards for firing the specified range of coals.
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Convection pass sootblowers were to be installed on one boiler side wall. The convection pass
blowers were to be Diamond Power’s IK-700’s, the recycle heater blowers were IK-DM’s and
the furnace was to be water cleaned by hydrojets. Special sealing methods were to be used to
prevent air infiltration into the boiler or flue gas leakage into the building from the sootblower
openings.

3.4.11 Bottom and Convection Pass Ash Removal

3.4.11.1 Bottom Ash

The bottom ash removal system was to have consisted of a transition chute, submerged chain
conveyor. The submerged conveyor was to have run from the furnace transition chute beneath
the furnace hopper to the bunker. The conveyor was to include the maintenance rollout feature.
This conveyor would completely clear the transition chute when in the rolled out position
allowing for direct access to the boiler throat. An OSHA compliant maintenance access platform
and staircase was to be provided for inspection and service access to the head section.

A hydraulic conveying system was also to be provided for pyrites (mill rejects). The pyrites
system was to have transported the pyrites from the pulverizers to the submerged chain conveyor
system.

3.4.11.2 Convection Pass Ash

The economizer hopper ash was to be removed from the hoppers via knife-gate valves and
discharged onto a dry single strand collecting drag conveyor located directly below the
economizer. The conveyor was to have collected the convection pass ash from two hoppers and
discharged the ash to a transfer conveyor. The transfer conveyor was to have transferred the ash
from collecting ash conveyor to the submerged bottom ash conveyor.

3.4.12 Gas Reheaters

There were to be two gas reheaters in this process, the primary gas reheater and the secondary
gas reheater. The function of the primary reheater was to heat the gas leaving the DCCPS, which
was at saturation temperature to prevent condensation in the downstream flues and fans. The
function of the secondary gas reheater was to maintain the recycle heater outlet (dirty flue gas)
temperature above the acid dew point for corrosion protection at partial loads.

The primary gas reheater was to be located in the DCCPS outlet flue before it splits to the CPU
and the primary fans. The gas was to leave the DCCPS at a typical temperature (depending on
the season) of 21°C (70°F) to 38°C (100°F). The primary gas reheater was to heat this gas by
about 14-17°C (25-30°F) using a condensate (water) extraction from the turbine as the source for
the heating fluid. Since the gas entering the primary gas reheater was to be “wet” (saturated)
with potential exposure to some sulfuric acid mist, the fins, tubing and casing were to be made of
stainless steel.

The secondary gas reheater was to be located at the outlet of the secondary fan in the flue to the
inlet of the recycle heater. The secondary gas reheater outlet gas temperature was to be
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controlled to protect the recycle heater from acid dew point corrosion at partial loads. In
addition, this heater would have served the function of preheating the combustion air for the oil
igniters during boiler start-up. The secondary gas reheater would have used cold reheat as the
source for the heating fluid.

The locations of the steam and condensate extractions were selected to minimize the impact to
the overall steam cycle efficiency while still having the capability to accomplish the required
amount of gas heating.

The gas reheaters would have incorporated features to protect against corrosion, minimize the
potential for gas side fouling, and were to be designed to accommodate future sootblowers, if
operational experience indicated that they were needed.

3.4.13 Gas Quality Control Systems (GQCS)

The GQCS was to consist of a CDS for SOz scrubbing, a PJFF for the removal of particulate
matter, and a DCCPS for flue gas dehumidification and SOz polishing. The dehumidification
was necessary to provide reasonably dry recycle flue gas to the pulverizers for coal drying and
conveying and to reduce the amount of dehumidification required in the CPU. The additional
SOz polishing of the flue gas in the DCCPS was necessary to minimize corrosion potential in the
CPU. Wherever practical, flue gas instead of air was to be used for back-pulsing, sealing and
conveying when in the oxy-firing mode to avoid introducing air into the system. Air would have
diluted the CO:2 concentration and added unwanted mass flow, increasing power consumption
and making COz purification for the pipeline more difficult.

Refer to Figure 3-16 for a key isometric showing the GQCS.

73



& Future &

ALLIANCE
DE-FEQ005054 FutureGen 2.0 Oxy-Combustion Large Scale Test Project
B.01 - Final Scientific-Technical Report

T"j
= N
0/

708
g7 i7
S

LY

kY
77
N,

7

NN
/

Secandany
Z3s Rehealer

Figure 3-16: Key Isometric of the GQCS

From the recycle heater, all of the flue gas was to be sent through the CDS where over 95% of
the SOz was absorbed. Other acid gases including SO3, HCI and HF were to be absorbed at a
similarly high efficiency and some mercury (Hg) was to be captured with the dry solid
byproduct. Similar to a conventional dry scrubbing process using a spray dryer absorber (SDA),
the flue gas exiting the CDS was not completely saturated with moisture but was to be controlled
to an allowable approach-to-saturation temperature. The process would have required a certain
amount of humidity to allow the absorption reactions to take place, but too much humidity could
have caused bag wetting problems in the PJFF. The flue gas exiting the CDS would go to the
PJFF, where more than 99% of the byproduct and fly ash material was to be captured. The CDS
reaction products, including calcium sulfite, calcium sulfate and un-reacted lime along with other
lime reaction byproducts were to be collected along with the fly ash in the PJFF hoppers.

The flue gas would then have flowed through the ID fan and, at low loads, a portion was to be
recirculated back to the CDS inlet to maintain a minimum flue gas velocity through the CDS at
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all boiler loads. Maintaining the minimum velocity was important to ensure that solids remain
suspended in the CDS. After the recirculation flue takeoft, the flue gas stream was to be split,
with a portion passing through the secondary recycle fan and gas reheater and then back through
the recycle heater to recover energy prior to entering the boiler wind box. Oxidant (from the
ASU) was to be added to the secondary recycle gas just prior to passing back through the recycle
heater.

The remainder of the flue gas from this split was to be sent to the DCCPS for dehumidification
as well as polishing of SOz, SO3 and other acid gases. The saturated flue gas leaving the DCCPS
would be passed through the primary gas reheater where it was heated to a margin above the
moisture dew point. This flue gas was to be split again, with a portion sent to the primary
recycle (PR) fan and the remainder directed to the CPU. The stream that was directed to the PR
fan was sent through the recycle heater for heating and to recover energy from the hot flue gas
exiting the boiler. A portion of this primary recycle gas would be passed through the recycle
heater and a portion bypasses the recycle heater (referred to as tempering gas). Oxidant was to
be added to both streams and the two streams were then to have been recombined to control the
temperature of the gas leaving the pulverizers.

3.4.14 Circulating Dry Scrubber (CDS)

The CDS technology was ideal for the removal of acid gases (SOz, SO3, HCI and HF) from flue
gases leaving smaller units firing medium-sulfur to high-sulfur fuels. B&W PGG was the
exclusive North American licensee for Enviroserv’s circulating fluidized-bed flue gas
desulfurization (CFB-FGD) technology. The technology was based on the circulating fluidized
bed (CFB) principle and uses dry calcium hydroxide (Ca(OH): or hydrated lime) as the
absorbent. The Ca(OH)2 reacts with the common acid gases according to the following chemical
reactions:

e SO2+ Ca(OH)2 = CaSOs3 + H20
¢ SOs3+ Ca(OH)2 = CaSO4 + H20
e 2HCI + Ca(OH). = CaClz + 2H20
e 2HF + Ca(OH): - CaF: + 2H20

The products generated by the removal of SO2 and HCI would have further reacted with the
water in the flue gas to make up the composition of the end byproduct according to the following
chemical reactions:

e CaSO3+ 0.5 H20 » CaS03*0.5H20
e CaSO4+ 0.5 H20 = CaS04*0.5H20
e CaClz+2 H20 = CaCl*2H20

An acid gas removal efficiency of >95 % could have been reached with a CDS/PJFF system. In
order to optimize the CDS process, flue gas, absorbent/solids, and water must be homogeneously
mixed in the CDS vessel. This would have been achieved in the CDS absorber using four (4)
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venturis for solids injection and four (4) flow back lances for high-pressure water injection. The
CDS itself was an almost empty, vertically-arranged flue with a venturi section. The flue gas
was to enter the bottom of the absorber, turned and entered the venturi section where the
recycled solids from the PJFF were to be directed into the bottom of the venturi. The solids and
flue gas were passed through the venturis where the flue gas and solids were to be accelerated by
the constriction of the venturis. The optimum heat and mass transfer properties of the CDS were
the result of the venturis, which would have maximized the slip velocity between flue gas and
the fine-core particles.

Above the venturis, in the absorber body, a high solids concentration and turbulent environment
was to be established. The relatively high density of solids would have provided sufficient
surface area for the absorption of the acid gases. Additionally, the high solids density would
have allowed water to be injected directly into the absorber above the venturi section in order to
cool the flue gas closer to the optimum acid absorption temperature. The water injection control
loop was to be independent of the control loop used to control the removal of acid gases. The
acid gas removal rate was to be controlled by adjusting the amount of fresh hydrated lime
entering the CDS. The hydrated lime would have entered the CDS vessel via a tubular drag
chain conveyor that would have dropped hydrated lime into the flue section just upstream of the
inlet bend of the CDS vessel. The body of the absorber was to be cylindrical in shape and the
length of the body would have been sufficient to completely evaporate the water sprayed into the
absorber. After some internal circulation due to the turbulence in the absorber, the dry byproduct
solids were to leave with the flue gas to the downstream PJFF.

There was a critical velocity required to suspend the fluidized bed in the absorber. Below this
critical velocity, solids would have begun to fall out of suspension in the absorber. Therefore, a
clean gas recirculation flue was to be used to recirculate clean flue gas from the discharge of the
ID fan to maintain the flue gas velocity in the absorber safely above the critical velocity during
periods of low load operation.

Refer to Figure 3-17 for a typical arrangement using a CDS Absorber with a PJFF particulate
collector.

3.4.14.1 Absorbent Feed — Hydrated Lime

Hydrated lime was to be trucked to the site and pneumatically conveyed via a truck-mounted
blower into the Hydrated Lime Storage Silo. A mechanical drag chain conveyor was to be used
to transport the hydrated lime from the silo to the flue directly upstream of the CDS inlet bend.
The flow of hydrated lime was to be controlled using a rotary feeder with variable frequency
drive (VFD) at the silo hopper exit. The tubular drag chain conveyor would have transported the
lime to the CDS inlet flue where a rotary airlock was to be used to drop the dry hydrated lime
into the flue while minimizing air infiltration into the process. The Hydrated Lime Storage Silo
would have had dual outlets with each outlet serving a dedicated rotary feeder/drag conveyor
train. Either train or both trains might have been used to manage the turndown of lime addition
needed for the design basis of the project. The silo would have had a storage capacity of four (4)
days at the maximum design conditions.
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Figure 3-17: Typical CDS and PJFF Arrangement

3.4.14.2 Humidification Water

Water was to be sprayed into the absorber to cool and humidify the flue gas to an optimum
temperature above the water dew-point to balance safe operating conditions and efficient acid
gas removal. Fine water droplets would have ensured complete evaporation of the water before
leaving the absorber. The water was to be introduced above each venturi by lance/nozzle
assemblies designed to maintain the desired droplet size for the required turndown of the flue gas
system. The pressure needed to achieve proper water droplet distribution was too high for a
conventional service water system. Therefore a high pressure water system would have been
required. This system would have pumped water in a continuous flow loop at a high pressure
(~580 psig) to ensure availability of water for the absorber. The system was to consist of a small
water tank, duplex strainer, redundant pumps, control valves and instrumentation, and spillback
water lance/nozzle assemblies (see Figure 3-18). The water must be low in suspended solids but
could generally have been poor in quality. For this project the source of the water was to have
been a composite of primarily clarified river water with ability to accept other water streams on a
batch basis from the waste water treatment system. Such other water streams might have
included Reverse Osmosis (RO) reject water, Ultra Filtration (UF) reject water, treated DCCPS
cooling tower blowdown water, and untreated CPU condenser blowdown water. A
Humidification Water Tank was to have served as the collection point for the water streams and
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was a head tank for the high-pressure, multi-stage pumps that would have fed the injection
lances.

Figure 3-18: Typical Spillback Nozzle and Lance Assembly for CDS System Humidification

3.4.15 Pulse Jet Fabric Filter (PJFF)

The single, 100% capacity, six (6) compartment PJFF was to be designed to remove the
particulate matter and SO2/SO3/H2SOu4 reaction products entrained in the flue gas discharged
from the CDS absorber. Since it was critical to prevent air infiltration into the oxy-firing
process, the pulse gas system was to use clean, dry flue gas (mostly COz) returned from the CPU
for filter bag cleaning when in the oxy-fired mode. Instrument air from the plant compressed air
system was to be used to clean the filter bags when the unit was in the air-fired mode. The solids
removed by the PJFF but not recirculated to the CDS absorber was to have been sent to the
Byproduct Solids Storage Silo. A pressure pneumatic conveying system was to be used to
convey these unused solids to the Byproduct Solids Storage Silo.

The PJFF was to be a self-cleaning dust collector designed to remove particulate matter from the
flue gas stream. The PJFF was to be designed to capture the majority of the fly ash/CDS
reaction products from the gas prior to it entering the DCCPS. It was to be an integral
component of the CDS system since the CDS relies on the recirculated solids collected in the
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PJFF for additional gas-solids contact and absorption reaction. Figure 3-19 shows the PJFF that
had been designed for this project.
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Figure 3-19: Pulse Jet Fabric Filter

The PJFF was to be located downstream of the CDS. Flue gas was to be directed into the
individual compartments of the PJFF via the PJFF’s inlet manifold. The particulate matter
entrained in the flue gas was to be treated in the PJFF compartments, would have exited through
the common outlet manifold, and then was to be directed to the ID Fan which would have
discharged to the secondary recycle flue and DCCPS.

The PJFF consists of six (6) gas-tight filter bag compartments. Each filter bag compartment
would have contained 729 filter bags. Each filter bag was to be 15.2 cm (6 inch) nominal
diameter by 10 meters (32.8 ft) long. The air to cloth ratio with one (1) compartment out of
service for maintenance was to be approximately 2.99 to 1 ft/min. The air to cloth ratio with all
compartments in service was to be approximately 2.49 to 1 ft/min.

Flue gas laden with particulate matter was to enter each PJFF compartment below the filter bags,
slowing down and changing direction prior to passing through the filter bags from the exterior to
the interior of the filter bags. The mechanics of turning and slowing the gas would have resulted
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in some of the particulate matter falling directly into the hopper; the remainder was to be
deposited on the outside surfaces of the filter bags.

Each compartment of the PJFF was to be equipped with a broken bag detector that was to have
activated an alarm in the event that a filter bag breaks. The operator would then have isolated
the affected compartment until the filter bag could have been replaced. The PJFF was to be
designed to operate at full load with one compartment out of service.

Pulse Headers

To keep pressure losses at an acceptable level, the filter bags were to be periodically cleaned.
During operation, the PJFF filter bags were to be cleaned using a short pulse of dry compressed
medium; air during air-firing and dry flue gas (mostly COz) when oxy-firing. The dry flue gas
was to be provided by the CPU, when the CPU was in service, and was to be stored locally in the
pulse gas receiver. During air-fired operation or when the CPU was not in service, dry
compressed air was to be used to clean the filter bags. In both cases, the compressed gas would
have entered the bag from the top via the blow pipe. The air or gas pulse would have expanded
the filter bag and released collected dust cake on the outside surface of the filter bag.

The six (6) pulse header assemblies, including pulse valves and blow pipes, were to be designed
to accept pulse gas from either the pulse gas system or the pulse air system. Air from the pulse
air receiver or dry flue gas from the pulse gas receiver was to be directed to the pulse headers
which were to be sized to supply a sufficient quantity of gas to each pulse valve with each
cleaning pulse. The pulse header was to include connections for each pulse valve, a drain valve,
and a pressure gauge with isolation valve.

3.4.16 Byproduct Solids Recirculation and Handling

The fabric filter hoppers were to collect solids that fall out of the flue gas stream or were
discharged from the filter bags above. At the outlet of each hopper, one roller control gate would
have modulated to control the flow of solids back to the CDS inlet via recirculation slides. The
recirculation slides were to use clean flue gas or air for the conveying medium, depending on the
operating mode. The clean flue gas was to be pulled from the flue downstream of the primary
gas reheater and recycle damper but upstream of the PR fan. When in oxy-fired mode, clean flue
gas that was of the same composition of that going to the CPU, was to be used for conveying.
When in air-fired mode, air pulled from this same flue was to be used for conveying and the
transition from air to flue gas would have occurred automatically as the primary stream was
transitioned from air to recycled flue gas with oxy-firing.

Each of three (3) hopper discharge recirculation slides would have fed a longer recirculation
slide that was dedicated to one side of the PJFF. At the CDS vessel, this long recirculation slide
was to be split into two smaller recirculation slides; one (1) per venturi. See Figure 3-20, below,
for a model image showing the routing of the recirculation slides from the PJFF hoppers into the
CDS. The continuous flow of solids returned to the absorber would have helped maintain a
sufficiently high solids density in the absorber. This was important for the absorption process as
the humidification of the gas stream would depend, in part, on the large surface area of solids
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present. Continuous recirculation of byproduct solids would also have helped increase the
hydrated lime utilization.

Figure 3-20: Byproduct Recirculation Slides

3.4.17 Byproduct Removal System

From the continuous removal of acid gases, the inventory of byproduct solids in the fabric filter
hoppers would have increased. A conventional pressure pneumatic handling system was to have
conveyed a portion of the recirculation solids to the Byproduct Solids Storage Silo. The pressure
system was to consist of airlocks, positive displacements blowers, and piping designed to convey
the byproduct solids. The byproducts were to be removed from the recirculation slide via an
opening on the bottom of the slide that allows solids to enter a rotary feeder. From the feeder the
solids drop into a byproduct bin. The byproduct bin would have allowed for some temporary
storage of byproduct solids for increased reliability. The byproduct bin was to have discharged
into the airlock and solids were to be pneumatically conveyed to the Byproduct Solids Storage
Silo as they dropped from the airlock into the conveying line. A single conveying line with
pickup points at each of the two airlocks (side A and side B) was to be used.

The byproduct solids storage was to consist of a storage silo complete with bin vent, a silo
discharge fluidizing air system including two (2) 100% byproduct storage silo fluidizing air
blowers (one (1) operating and one (1) spare), two (2) 100% capacity byproduct storage silo
fluidizing air heaters and two (2) 100% capacity pugmill mixer unloaders. Refer to Figure 3-21
for a model and schematic of the byproduct storage silo and stack-up equipment.
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The silo was to be sized to hold enough byproduct solids to maintain approximately seventy-two
(72) hours of system operation when in the oxy-firing mode and burning the coal that produces
the typical byproduct quantity.
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