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Disclaimer

“This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.”
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Abstract

The objectives of this project were to carry out an experimental program to enable development and
design of near zero emissions (NZE) CO, processing unit (CPU) for oxy-combustion plants burning high
and low sulfur coals and to perform commercial viability assessment. The NZE CPU was proposed to
produce high purity CO, from the oxycombustion flue gas, to achieve > 95% CO, capture rate and to
achieve near zero atmospheric emissions of criteria pollutants. Two SOx/NOx removal technologies were
proposed depending on the SOx levels in the flue gas. The activated carbon process was proposed for
power plants burning low sulfur coal and the sulfuric acid process was proposed for power plants burning
high sulfur coal. For plants burning high sulfur coal, the sulfuric acid process would convert SOx and
NOx in to commercial grade sulfuric and nitric acid by-products, thus reducing operating costs associated
with SOx/NOx removal. For plants burning low sulfur coal, investment in separate FGD and SCR
equipment for producing high purity CO, would not be needed. To achieve high CO, capture rates, a
hybrid process that combines cold box and VPSA (vacuum pressure swing adsorption) was proposed. In
the proposed hybrid process, up to 90% of CO, in the cold box vent stream would be recovered by CO,
VPSA and then it would be recycled and mixed with the flue gas stream upstream of the compressor. The
overall recovery from the process will be > 95%.

The activated carbon process was able to achieve simultaneous SOx and NOx removal in a single step.
The removal efficiencies were >99.9% for SOx and >98% for NOx, thus exceeding the performance
targets of >99% and >95%, respectively. The process was also found to be suitable for power plants
burning both low and high sulfur coals. Sulfuric acid process did not meet the performance expectations.
Although it could achieve high SOx (>99%) and NOx (>90%) removal efficiencies, it could not produce
by-product sulfuric and nitric acids that meet the commercial product specifications. The sulfuric acid
will have to be disposed of by neutralization, thus lowering the value of the technology to same level as
that of the activated carbon process. Therefore, it was decided to discontinue any further efforts on
sulfuric acid process. Because of encouraging results on the activated carbon process, it was decided to
add a new subtask on testing this process in a dual bed continuous unit. A 40 days long continuous
operation test confirmed the excellent SOx/NOx removal efficiencies achieved in the batch operation.
This test also indicated the need for further efforts on optimization of adsorption-regeneration cycle to
maintain long term activity of activated carbon material at a higher level.

The VPSA process was tested in a pilot unit. It achieved CO, recovery of > 95% and CO, purity of >80%
(by vol.) from simulated cold box feed streams. The overall CO, recovery from the cold box VPSA
hybrid process was projected to be >99% for plants with low air ingress (2%) and >97% for plants with
high air ingress (10%).

Economic analysis was performed to assess value of the NZE CPU. The advantage of NZE CPU over
conventional CPU is only apparent when CO, capture and avoided costs are compared. For greenfield
plants, cost of avoided CO, and cost of captured CO, are generally about 11-14% lower using the NZE
CPU compared to using a conventional CPU. For older plants with high air intrusion, the cost of avoided
CO; and capture CO, are about 18-24% lower using the NZE CPU. Lower capture costs for NZE CPU are
due to lower capital investment in FGD/SCR and higher CO, capture efficiency.

In summary, as a result of this project, we now have developed one technology option for NZE CPU
based on the activated carbon process and coldbox-VPSA hybrid process. This technology is projected to
work for both low and high sulfur coal plants. The NZE CPU technology is projected to achieve near zero
stack emissions, produce high purity CO, relatively free of trace impurities and achieve ~99% CO,
capture rate while lowering the CO, capture costs.
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Executive Summary

The objectives of this project were to carry out an experimental program to enable development and
design of near zero emissions (NZE) CO, processing unit (CPU) for oxy-combustion plants burning high
and low sulfur coals and to perform commercial viability assessment. The NZE CPU was proposed to
produce high purity CO, from the oxycombustion flue gas, to achieve > 95% CO, capture rate and to
achieve near zero atmospheric emissions of criteria pollutants. Conventional CPU includes the steps of
cooling, compression, pretreatment and final purification in coldbox. In the conventional process, almost
all the SOx and a large portion of NOx contained in the flue gas end up in the purified CO, stream. High
air ingress in the existing plants limits the amount of CO, that can be recovered using a conventional
process (cold box alone) to < 80%. To overcome these limitations, a NZE CPU with additional processing
steps for SOx/NOx removal and recovery of CO, from coldbox vent stream was proposed.

Two SOx/NOx removal technologies were proposed depending on the SOx levels in the flue gas. The
activated carbon process was proposed for power plants burning low sulfur coal and the sulfuric acid
process was proposed for power plants burning high sulfur coal. By carrying out these unit operations at
high pressure within CPU, it was envisioned that capital costs would be reduced while achieving very low
levels of SOx and NOx in the CO, stream. For plants burning high sulfur coal, the sulfuric acid process
would convert SOx and NOx in to commercial grade sulfuric and nitric acid by-products, thus reducing
operating costs associated with SOx/NOx removal. For plants with existing FGD and SCR, the operating
cost savings could be realized by shutting down those units. For plants burning low sulfur coal,
investment in separate FGD and SCR equipment for producing high purity CO, would not be needed.

To overcome the CO, recovery limitation, a hybrid process that combines cold box and VPSA (vacuum
pressure swing adsorption) was proposed. In the proposed hybrid process, up to 90% of CO, in the cold
box vent stream would be recovered by CO, VPSA and then it would be recycled and mixed with the flue
gas stream upstream of the compressor. The overall recovery from the process will be > 95%.

Activated carbon process tests were carried out first in a single bed bench-scale unit operating in a batch
mode and subsequently in a dual bed continuous unit. This process was able to achieve simultaneous SOx
and NOx removal in a single step. The removal efficiencies were >99.9% for SOx and >98% for NOx.
With 450 ppm SOx and 200 ppm NOx in the feed, the process was able to achieve < Sppm for both SOx
and NOx in the purified flue gas. This process was able to effectively remove up to 4000 ppm SOx from
the simulated feeds corresponding to oxyfuel flue gas from high sulfur coal plants. In summary, the
activated carbon process exceeded performance targets for SOx and NOx removal efficiencies and it was
found to be suitable for power plants burning both low and high sulfur coals. In the longevity tests
performed on a batch unit, the retention capacity could be maintained at high level over 20 cycles,
however, in similar test on a continuous unit, the retention capacity of carbon for SOx and NOx reduced
significantly over a 40 day period of operation. These contradictory results indicate the need for
optimization of adsorption-regeneration cycle to maintain long term activity of activated carbon material
at a higher level and thus minimize the capital cost of the system.

The VPSA process was tested in a pilot unit. It could recover > 95% of CO, at >80% purity (by vol.) from
simulated cold box feed streams. The VPSA process and system were optimized by performing
technoeconomic analysis. The six-bed VPSA process with adsorbent Q and one stage of vacuum pump
were found to be optimum. The optimum CO, purity from VPSA was found to be >80% (by vol.) in order
to minimize processing costs in CPU. Based on these results, process simulations were performed for the
NZE CPU. The overall CO, recovery was projected to be >99% for plants with low air ingress (2%) and
>97% for plants with high air ingress (10%). Based upon limited data on the bench-scale unit, it was
concluded that any residual SOx and NOx in the cold box vent stream did not affect the performance of
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the VPSA adsorbent. In parallel to the test program, an attempt was made to develop a simulation tool
that can be used to design and predict the performance of the VPSA process. However, the simulation
tool could not achieve good match with the pilot test data.

Sulfuric acid process did not meet the performance expectations. Although it could achieve high SOx
(>99%) and NOx (>90%) removal efficiencies, it could not produce by-product sulfuric and nitric acids
that meet the commercial product specifications. A key stumbling block for the process was its inability
to remove NOx from the produced sulfuric acid. The acid produced from the process was predicted to
contain roughly 2.5wt% NOx, which is a very high level of NOx impurity compared to the NOx impurity
spec in commercial grade acid of <Sppmw. The sulfuric acid will have to be disposed of by
neutralization, thus lowering the value of the technology to same level as that of the activated carbon
process. Although irrelevant now, other factor that would have reduced the value of sulfuric acid
technology is a 4000 ppm threshold for SOx levels allowed in the current generation of boilers. To keep
SOx below 4000 ppm in the recirculated flue gas, >60% SOx would have to be removed by FGD for
plants burning high sulfur coal. As a result, potential for saving operating costs for the sulfuric acid would
have been reduced significantly anyway. Since activated carbon process was shown to remove SOx from
flue gas obtained from high sulfur coal plants and since it is a less complex process than the sulfuric acid
process, it was decided to discontinue any further efforts on sulfuric acid process after the work proposed
in the project was completed.

The commercial viability assessment for retrofitting existing and new power plants with oxyfuel
technology was carried out. Foster Wheeler performed power plant performance assessment and
concluded that the retrofit is technically feasible. Their study pointed out that the recirculated flue gas
stream used as ‘primary air’ must be treated in FGD for SOx removal and the SOx level in the boiler must
be below 4000 ppm. The cost of retrofitting boiler island of a 460 MW power plant with oxyfuel
technology was estimated to be $95 MM to $99 MM. Praxair performed economic feasibility study using
the DOE’s guidelines for 550 MW net power plants. The efficiency penalty for 99.3% CO, capture was
estimated to be ~8.0 percentage points assuming advanced air separation unit (ASU) and CPU designs for
parasitic load estimates. The cost of electricity (COE) for existing plant without CCS (CO, capture and
storage) increased from $35/MWh to $96/MWh for CCS with conventional CPU and to $98/MWh for
CCS with NZE CPU. The CO, avoided costs for NZE CPU and conventional CPU were $65/ton and
$85/ton, respectively. Large reduction in CO, mitigation cost for NZE CPU compared to conventional
CPU were due to higher capture rate and savings in capital investment for FGD and SCR. For greenfield
plant, the COE increased from $82/MWh to $148/MWh for conventional CPU and $146/MWh for NZE
CPU. The CO, avoided costs were ~12% lower for NZE CPU at $63/ton compared to $72/ton for
conventional CPU.

For scale-up towards commercialization, about one year of further development is recommended for the
activated carbon process with the emphasis on adsorption-regeneration cycle optimization. Next step for
scaling up this technology is a demonstration of entire NZE CPU at a 20 tpd (tons per day) scale. Cost
estimation for this demonstration was estimated with U. of Utah as a potential host site. The total capital
cost for a demonstration unit was estimated to be ~$§15 MM and the operating costs for a three year
operation were estimated to be ~§16 MM.

In summary, as a result of this project, we now have developed one technology option for NZE CPU
based on the activated carbon process and coldbox-VPSA hybrid process. Although proposed for only
low sulfur coal plants, activated carbon process is projected to work for high sulfur coal plants as well.
The NZE CPU technology is projected to achieve near zero stack emissions, produce high purity CO,
relatively free of trace impurities and achieve ~99% CO, capture rate while lowering the CO, capture
costs.
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Task 1 — Program Management
Technology Overview

Oxyfuel combustion is one of the leading options being considered for capturing and sequestering CO,
from coal-fired power plants. A schematic diagram of a coal power plant is shown in Figure 1.1. In the
oxyfuel technology, coal plant is fitted with air separation unit (ASU) and CO, processing unit (CPU) as
shown in Figure 1.2 such that boiler and steam cycle process conditions remain similar to those in the air-
fired operation. Coal is combusted using a mixture of oxygen and recirculated flue gas as an oxidant to
produce flue gas consisting mainly of CO, and water vapor. The CO, concentration in the flue gas
increases from ~14% (by vol. on a dry basis) in air-fired operation to ~80% in the oxy-fired operation.
The COy-rich flue gas from oxy-coal boiler can be easily compressed and purified using a conventional
CPU technology (Figure 1.3) to produce >95% CO, at > 2000 psia pressure needed for sequestration.

o -

Secondary air | ‘

Coal

Primary air

Figure 1.1 Schematics of Coal Power Plant Without CCS

N

Air 0O, il Flue Gas
<€ __
Boi co,

Secondary air
Coal
Primary air

Figure 1.2 Schematics of Oxy-Coal Power Plant With CCS

The conventional CPU process suffers from several limitations when it comes to retrofitting oxyfuel
technology to old existing plants. The CO, capture rates are limited to < 80% for old plants with high air
ingress (~10% of total flue gas volume). A conventional CPU has no unit operations for the purpose of
removing SOx, NOx and CO from the flue gas. These compounds are typically distributed between the
process condensate, the CPU vent and the purified CO,. To produce CO, stream relatively free of SOx
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and NOx from a conventional CPU, they must be removed in the boiler island using the FGD and SCR
units.

Vent
Cold Box
Vent
FG Cooler/
Condenser
. l Compressor
CO,-Rich, /
Oxyfuel H,O > 95%
Flue Gas / : Expander co,
—) | | cold
I \ 1 Box
Hg
I 25 - 35 bar

|

Figure 1.3 Schematics of Conventional CO; Processing Unit

Condensate

The oxyfuel technology presents an excellent opportunity for achieving near zero emissions from the
existing PC (pulverized coal) power plants. The volume of net flue gas from boiler that needs to be
processed is reduced by a factor of four to five (on a dry basis) due to elimination/reduction of nitrogen
from combustion. This reduced volume of CO,-rich flue gas has to be compressed to 25 to 35 bar (a) for
purification, thus further reducing the actual volume of flue gas by a factor of 25 to 35. If the equipment
for removing trace impurities (SOx, NOx and Hg) are installed downstream of the flue gas compressor,
the capital investment could be significantly reduced compared to that for the air-fired operation.
Furthermore, by processing the entire volume of flue gas in the CO, purification unit, it is possible to
remove and concentrate the trace impurities in the solid and liquid waste streams and to produce a vent
stream with near zero emissions and a high purity CO, relatively free of trace impurities.

Praxair proposed two near zero emissions (NZE) CPU technology concepts that overcome the limitations
of conventional CPU while leveraging the synergies offered by the high pressure operation of CPU and
reduced flue gas volume. Schematic diagrams of these two concepts are shown in Figures 1.4 and 1.5.
Details for these processes are also published in the patents [1, 2] and a patent application [3]. Difference
in two concepts is the process used for SOx and NOx removal. Two SOx/NOx removal technologies were
proposed for different SOx levels in the flue gas. The activated carbon process was proposed for power
plants burning low sulfur coal and the sulfuric acid process was proposed for power plants burning high
sulfur coal. The sulfuric acid process would convert SOx and NOx in to commercial grade sulfuric and
nitric acid by-products, while the activated carbon process would produce dilute acid stream that must be
disposed of. Common elements in the two concepts are coldbox-VPSA (vacuum pressure swing
adsorption) hybrid purification process for achieving high CO, capture rate and a catox (catalytic
oxidation) unit for minimizing CO emissions to atmosphere. The VPSA captures and recycles CO, from
the coldbox vent that would otherwise be vented to atmosphere and increases CO, capture rates to ~99%.
The catox unit eliminates CO emissions to air by converting CO to CO,. The catox unit was not shown in
the original proposal. Since then, Praxair has promoted near zero emissions technology to include the
catox unit. As a result, catox unit has been considered as an integral part of the NZE CPU in the present
report.
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Figure 1.4 Schematics of NZE CPU Based on Activated Carbon Process
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Figure 1.5 Schematics of NZE CPU Based on Sulfuric Acid Process

The NZE CPU technology was projected to reduce emissions of SOx and Hg by >99% and NOx
emissions by >95% compared to an air-fired power plant. The benefits of the technology include
mitigation of air ingress problem, capital and operating cost savings for SOx and NOx removal, reduction
in CO; capture cost and production of high purity CO, stream for sequestration. These benefits will
translate to lower cost of electricity for power plants with CO, capture.
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Project Plan

Objectives

The overall objective of the project was to reduce the cost of CO, capture and achieve >95% CO,
recovery with oxy-combustion in existing PC (pulverized coal) power plants while significantly reducing
the atmospheric emissions of criteria pollutants and producing purified CO, stream containing very low
concentrations of trace impurities for sequestration or EOR (enhanced oil recovery). These objectives
would be accomplished by integrating a unique combination of existing chemical processing technologies
for contaminant removal (NOx, SOx, Hg) with Praxair’s advanced CO, compression and purification
concept. Specific tasks were to carry out an experimental program to enable development and design of
separate contaminant removal processes for plants burning high and low sulfur coals and high CO,
recovery process and to perform commercial viability assessment. Key benefits include high CO,
recovery even from plants with high air ingress and production of saleable sulfuric acid for plants burning
high sulfur coal. The % increase in cost of electricity (COE) for retrofit plants was projected to be in 10 -
35% range when compared to a new coal fired power plant without CO, capture.

Scope of Work

The project was divided into five major tasks: a project management Task (1), three Tasks (2, 3 and 4) on
experimental programs and a Task (5) on assessing commercial viability. Two of the experimental
programs were focused on SOx/NOx removal from high sulfur (Task 2) and low sulfur (Task 3) coal oxy-
combustion flue gases. Third experimental program was directed towards developing VPSA technology
(Task 4), which will enable high CO, recovery from a coldbox-VPSA hybrid process. The commercial
viability assessment (Task 5) comprised of techno-economic feasibility, operability and market analyses
and it involved three other participants — Foster Wheeler, AES and WorleyParsons.

Statement of Work in Brief
Table 1.1 shows a revised list of milestones that was used for measuring the progress of the project.

Table 1.1 Milestones Log

Project Year 1 | Project Year 2 | Project Year 3

#  |mILESTONES Q1|02|03]|04|01{02|03]|04]01|02] 03|04

M1 ]2.1 Test Unit for Task 2 Operational X

M2 3.2 Test Unit for Task 3 Operational X

M3 4.3 Lab Unit for Task 4 Operational X

M4 ]2.3 NOx Oxidation Catalyst Selection X

M5A |5.2 Power Plant Performance Report — Low S coal X

M5B 5.2 Power Plant Performance Report — High S Coal X

M6 ]2.2 SOx/NOx Removal Target Reached X

M7 2.3 By-Product Purity Achieved X

M8 3.3 SOx/NOx Removal Target Reached X

M9 ]4.3 Separation Agent Selection for Pilot Unit X

M10 ]4.4 Pilot Test Unit Operational X

M11 ]2.5 Process for High Sulfur Coal Defined X

M12 5.3 By-Product Commercial Viability X

M13 ]4.4 High CO; Recovery Process Definition X

M14 |5.4 Cost of Electricity Targets Achieved X

M15 |5.6 Pilot Demonstration Plan X

M16 |3.5 Continuous Unit Longevity Tests Completed X
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The following is a brief statement of work extracted from a detailed year by year statement of work
submitted in the proposal.

Task 1.0 — Project Management

Provide a single point of contact with DOE for contractual matters and ensure compliance with contract
terms and conditions. Assign necessary skills and resources and coordinate activities with participants to
ensure that progress remains on schedule and that the milestones (Table 1.1) are delivered on time. Keep
DOE informed of the progress on an ongoing basis and prepare reports described under ‘Deliverables’.
Adjust the plan as necessary based on the results.

Task 2.0 — SOx/NOx/Hg Removal for High Sulfur Coal

Conduct bench-scale experiments for key unit operations of the process that removes SOx/NOx/Hg from
flue gas obtained by oxy-combustion of high sulfur coal and produces saleable H2SO4 and HNO3. Prove
the concept for meeting performance targets and collect data needed for system design.

Subtask 2.1 Bench-Scale Test Unit.

Fabricate and install a bench-scale experimental unit (Milestone M1) based on a single vessel capable of
testing multiple unit operations in subtasks 2.2 and 2.3.

Subtask 2.2 SOx/NOx Removal Tests

Perform experiments at elevated pressures (100 — 300 psia) to collect the required equilibrium vapor
pressure data and performance parameters for two NOx removal unit operations to achieve <50 ppm NOx
in flue gas. Determine optimal conditions for conversion of SOx into by-product and conclude SOx/NOx
removal tests upon achieving the performance targets (Milestone M6).

Subtask 2.3 NO Oxidation Tests

Screen catalysts using a small batch reactor for selection of the most efficient NO oxidation catalysts
(Milestone M4).

Subtask 2.4 By-Product Purification

Define an additional unit operation necessary for removing residual NOx from by-product (Milestone
M7).

Subtask 2.5 Mercury Removal Research

Collect information on a low pressure version of the mercury removal process from literature. Determine
the necessary operating conditions and mercury removal efficiencies from high pressure oxy-coal
combustion flue gas, for use in process simulation. Upon completion of this subtask, deliver a report on
the SOx/NOx/Hg removal process for high sulfur coal (Milestone M11).

Task 3.0 — SOx/NOx/Hg Removal for Low Sulfur Coal

Conduct bench-scale experiments for key unit operations of the process that removes SOx/NOx from flue
gas obtained by oxy-combustion of low sulfur coal with the goal of achieving performance targets (Table
1.2). Define unit operations based on conventional technologies for neutralizing dilute acids produced in
the process and removing mercury and any residual NOx from flue gas.

Subtask 3.1 SOx/NOx Removal Material Selection

Review literature and contact vendors to identify suitable materials for SOx/NOx removal. Obtain
samples of potential materials and test them in a laboratory-scale apparatus to screen them based on their
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capacity and selectivity of SOx/NOx capture from the flue gas stream. Select up to three top performing
materials for further testing in a bench-scale unit.

Subtask 3.2 Bench-Scale Test Unit

Fabricate and install a bench-scale test unit based on a single vessel for testing multiple unit operations of
the process at pressures expected in the flue gas purification process (Milestone M2).

Subtask 3.3 SOx/NOx Removal Tests

Test top performing materials selected in subtask 3.1 in a bench-scale unit. Estimate SOx/NOx removal
effectiveness and utility consumption. Perform tests to select the catalyst based on the durability of
catalyst to maintain capacity and activity. Select the best performing materials for process design with the
goal of achieving desired SOx removal and maximum possible NOx removal (Milestone M8).

Subtask 3.4 Hg and Residual NOx Removal

Define unit operations based on conventional technologies for removal of mercury and residual NOx for
process design activity.

Subtask 3.5 Continuous Operation Unit

Design a dual bed activated carbon continuous operation unit. Complete longevity tests (24 hours/5 days
continuous operation repeated over a two months period) in Q3 of Year 3 (Milestone M16). Upon
completion of this subtask, deliver a topical report on the SOx/NOx/Hg removal process for low sulfur
coal in Q4 of Year 4.

Task 4.0 — High CO2 recovery

Subtask 4.1 Separation Agent Identification
Identify top performing separation agents for further testing in Subtask 4.3.

Subtask 4.2 Simulation Tool

Develop a process simulator to simulate the VPSA processes that can produce CO2 at different purities.
Upgrade the simulator when data from laboratory testing and large unit testing become available.

Subtask 4.3 Bench-Scale Tests

Design, construct and commission a bench-scale test unit to process ~ 50 SCFH of feed gas (Milestone
M3). Test promising separation agents identified from Subtask 4.1. Select two separation agents and
several process configurations based on experimental data and results from simulator obtained in Subtask
4.2 (Milestone M9).

Subtask 4.4 Continuous Operation Tests

Design, construct and commission the unit with the capability to operate 24/7 to study the complete
process (Milestone M10). Continue experiments on the pilot test unit for various process configurations.
Achieve steady state operation and collect a single data point for each experiment. Analyze data and
optimize the process with respect to CO, product purity, CO, recovery and CO, productivity. Deliver a
final report on optimized high CO, recovery process (Milestone M14).
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Task 5.0 — Commercial Viability Assessment

Perform techno-economic evaluation to determine the cost of electricity with CO, capture and storage for
proposed processes relative to existing concepts. Assess operability and ease of integration with the
power plants.

Subtask 5.1 Process and Systems Engineering

Define existing power plant cases based on high and low sulfur coal with input from Foster Wheeler and
AES. Perform process simulations for the NZE CPUs. Develop heat and mass balances and estimate
utilities. Size equipment used in both flue gas purification processes and estimate costs. Estimate
equipment cost deltas for different process configurations.

Subtask 5.2 Power Plant Performance

Foster Wheeler to estimate performance of the air and oxyfuel PC power plants burning low and sulfur
coals. Define flue gas conditions to enable design of flue gas purification process in Subtask 5.1. Prepare
topical report (Milestone M5).

Subtask 5.3 By-Product Commercial Viability

With input from WorleyParsons, evaluate technical feasibility of the sulfuric acid process for high sulfur
coal. Complete a revised commercial viability assessment and deliver a final report prepared by
WorleyParsons in Q1 of Year 3 (Milestone M12).

Subtask 5.4 Economic Feasibility

Perform an economic feasibility evaluation of power plants with and without CO, capture. Estimate costs
based on published reports and Praxair’s internal studies. Determine CO, recovery, the cost of electricity
increase for CCS and the cost of CO, capture. Carry out a detailed economic feasibility study based on
DOE’s guidelines. Determine the impact of the proposed technologies on the overall plant efficiency and
on the COE. Determine the CO, recovery, the cost of electricity increase for CCS and the cost of CO,
capture. Estimate COE for various process configurations tested in Task 4 and determine optimum CO,
purity for the process developed in Task 4 (Milestone M14).

Subtask 5.5 Integration and Operability

Obtain consultation from AES on practical aspects of integrating flue gas purification process into a
power plant.

Subtask 5.6 Plan for Pilot Scale Demonstration

Assuming successful outcome in achieving DOE’s goals, prepare a plan for pilot scale demonstration
(Milestone M15) including the scope of demonstration, location, scale of operation, timeline for operation
and a preliminary budget but excluding a detailed engineering study.
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Performance Targets

The performance targets for CO, quality and emissions reduction are shown in Table 1.2.

Table 1.2 Environmental Performance

Integrated Acid Process for High Sulfur Coal

% Distribution of components
Among CO, and vent

Compo | CO; Quality | Purified CO, Vent to % Removal/ Disposition of
nent Stream Atmosphere Reduction
Integrated Acid Process for High Sulfur Coal
CO, > 96% 96% 4% 96%
SOx <100 ppm <5% Negligible >99% Product H,SO,
NOx <20 ppm <5% <5% >90% Product HNO;
Hg Negligible Negligible Negligible >99% Disposable HgSO4
Activated Carbon Based Process for Low Sulfur Coal
CO, > 96% 96% 4% 96%
SOx <100 ppm <5% Negligible >95% Gypsum waste
NOx <20 ppm <5% <5% >90% Dilute HNO; waste
Hg Negligible Negligible Negligible >99% On disposable carbon
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Project Execution — Milestones
Table 1.3 shows final milestones status of the project.

Table 1.3 Final Milestones Status

Planned | Planned | Actual Actual
Start End Start End
# MILESTONES Date Date Date Date
M1  |2.1 Test Unit for Task 2 Operational 1/1/09 | 6/30/09 | 1/1/09 | 7/27/09
M2  |3.2 Test Unit for Task 3 Operational 4/1/09 | 9/30/09 | 1/1/09 | 9/30/09
M3 4.3 Lab Unit for Task 4 Operational 4/1/09 | 9/30/09 1/1/09 9/1/09
M4 [2.3 NOx Oxidation Catalyst Selection 7/1/09 | 12/31/09 | 8/1/09 | 12/31/09
MSA (5.2 Power Plant Performance Report 7/1/09 | 12/31/09 | 7/1/09 | 12/14/09
Low Sulfur Coal
M5B (5.2 Power Plant Performance Report 1/1/10 | 6/30/10 | 1/1/10 7/20/10
High Sulfur Coal

M6 2.2 SOx/NOx Removal Target Reached 7/1/09 | 12/31/10 | 10/1/09 | 12/30/10
M7 2.3 By-Product Purity Achieved 4/1/10 | 12/31/10 | 4/1/10 | 12/30/10
M8  |3.3 SOx/NOx Removal Target Reached 10/1/09 | 9/30/10 | 10/1/09 | 8/31/10
M9 4.3 Separation Agent Selection for Pilot Unit 10/1/09 | 9/30/10 | 10/1/09 | 7/15/10
M10 |4.4 Pilot Test Unit Operational 7/1/09 | 9/30/10 | 7/1/09 7/29/10
MI11 2.5 Process for High Sulfur Coal Defined 7/1/10 | 3/31/11 | 7/1/10 4/29/11
M12 |5.3 By-Product Commercial Viability 10/1/09 | 3/31/11 | 10/6/09 | 4/29/11
M13 |4.4 High CO, Recovery Process Definition 1/1/11 | 9/30/11 1/3/11 | 10/13/11
M14 (5.4 Cost of Electricity Targets Achieved 1/1/11 | 12/31/11 | 11/9/10 | 12/21/11
M15 |5.6 Pilot Demonstration Plan 7/1/11 | 12/31/11 | 9/1/10 | 12/20/11
M16 3.5 Continuous Unit Longevity Tests Completed | 5/1/11 | 9/30/11 | 12/28/11 | 3/16/12

All the tasks associated with the proposed milestones were completed. Detailed discussion on the
outcome by Task is described below.

Task 2 SOx/NOx/Hg Removal for High Sulfur Coal

The objective of Task 2 of this project was to evaluate the sulfuric acid process for SOx, NOx and Hg
removal from flue gas produced by burning high sulfur coal in oxy-combustion power plants. The goal of
the program was not only to investigate a new method of flue gas purification but also to produce useful
acid byproduct streams as an alternative to using a traditional FGD and SCR for flue gas processing.

In Q1 2010, it was recognized that the Task 2 progress had fallen behind the original proposal schedule. A
number of reasons such as complexity of handling concentrated acid, operational issues identified after
commissioning and changes in lab technicians contributed to this delay. With the approval of the DOE
manager, the affected Task 2 milestones were reset for measuring progress going forward. Although some
of the individual milestones were set back by three quarters, the overall Task 2 completion date was
delayed by only four months. Instead of completion in December 2010, Task 2 (Milestone M11) was
completed in April 2011.

Milestone M1 — Test Unit for Task 2 Operational

A bench-scale unit for testing the sulfuric acid process was successfully designed and constructed. The
unit was designed around a single gas/liquid contacting column with provisions for supplying sulfuric
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acid and SOx/NOx containing flue gases at different temperatures, pressures and compositions. The
process conditions in the column could be varied to simulate various unit operations of the sulfuric acid
process. The test unit allowed us to collect data necessary to evaluate technical feasibility of the process
as discussed below.

Milestone M1 was completed one month behind schedule (in July 2009) due to resource constraints,
higher than anticipated complexity of the test unit and extra effort needed to ensure safe handling of
hazardous chemicals. The delay in this milestone did not impact the overall project schedule.

Milestone M4 — NOx Oxidation Catalyst Selection

Milestone M4 dealt with the catalyst selection for NOx oxidation step in the sulfuric acid process of Task
2. After sulfuric acid removes NOx from flue gas, a catalytic reactor in the process was proposed to
simultaneously oxidize NO to NO, and strip NO2 from the acid. The test results showed low activity for
NOx removal from NOx contaminated sulfuric acid. Consequently, this unit operation was dropped from
the sulfuric acid process.

Milestone M4 was completed on schedule in December 2009.

Milestone M6 — SOx/NOx Removal Target Reached

Various unit operations of the sulfuric acid process were tested under this milestone. They included NOx
stripper (removal of NOx from NOx-rich acid), SO, oxidation reactor (removal of SOx from flue gas) and
NOx absorber (removal of NOx from flue gas). Catalytic NOx oxidation reactor was not tested due to
unsuccessful results in Milestone M4. The results showed that both SOx and NOx could be effectively
removed from the flue gas by sulfuric acid; however, it was not feasible to strip NOx from the acid.
Inability to remove NOx from the sulfuric acid was a key stumbling block for the process. Process
simulations showed that accumulation of NOx in the sulfuric acid would reduce the NOx removal
efficiency to only 73%. It also showed that the residual NOx in the flue gas would be in the form of NO..
It is possible to add a water scrubber to remove NO2 from flue gas and produce dilute nitric acid. This
additional processing step will increase NOx removal efficiency to >95%. There was no negative impact
of NOx accumulation on SOx removal from flue gas and SOx removal efficiency of >99% could be
achieved. Thus, from flue gas purification perspective, this technology could meet SOx and NOx removal
targets. However, the potential value of technology could not be realized as NOx-contaminated acid could
not be sold for revenue.

Milestone M6 was completed in Q4 2010 as proposed in the revised schedule.

Milestone M7 — By-Product Purity Achieved

Based on the result in Milestone M4, the NOXx striping reactor was removed from the process, making old
Milestone M7 (NO Oxidation Test Complete) unnecessary. This possibility was considered when the
proposal was written and Task 2.4 was included to address this concern. The new milestone M7 was
proposed to find alternate acid purification method. Task 2.4 was now needed to determine how the
process needs to change for removal of NOx from acid and/or from the process in general. After
investigating several options, it was concluded that none of the alternative methods would be
economically attractive.

Milestone M11 — Process for High Sulfur Coal Defined

During the project two main constraints were identified that limit the ability of the process to achieve the
project goals. 1) Due to boiler island corrosion issues >2/3" of the fired sulfur must be removed in the
boiler island with the use of an FGD. 2). A suitable method could not be found to remove NOx from the
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concentrated sulfuric acid product, which limits marketability of the acid, as well as the cycle’s NOx
capture rate. The acid stream would have to be disposed of by neutralization. The value of this technology
would be similar to that of the activated carbon process being developed in Task 3. And by the time of
this milestone, the results in Task 3 were exceeding our expectations. As a result, it was decided to
discontinue further development in the acid process in Q1 2011. A topical report was prepared and
submitted to the OSTI site.

Milestone M12 — By-Product Commercial Viability

WorleyParsons Canada performed the commercial viability assessment of the acid process. The capital
investment estimated for the acid process was well within the estimates presented by Praxair in the
original proposal to the DOE. The amount of acid that can be produced from 10 such plants could be
casily absorbed by the existing market. If the sulfuric acid product could be sold at the market prices, the
technology would be economically viable. After reviewing the test results and projected sulfuric acid
purity, WorleyParsons indicated that the very high levels of NOx in the product acid would make the acid
unmarketable to conventional acid customers, which was the target for the produced acid due to the size
of the market. The high levels of NOx in sulfuric acid presents additional safety and corrosion issues
because dilution or neutralization of acid would liberate gas phase NOx, which would have to then be
contained via an elaborate vent and scrubbing system.

Task 3 SOx/NOx/Hg Removal for Low Sulfur Coal

The objective of Task 3 of this project was to evaluate the activated carbon process for SOx, NOx and Hg
removal from flue gas produced by burning low sulfur coal in oxy-combustion power plants. This
technology was envisioned to replace traditional FGD and SCR for flue gas processing and save capital
costs when CO, capture was required.

Original project plan called for testing this technology in a single column bench-scale unit operated in a
batch mode. The bench-scale testing was completed in Q3 2010 as planned. Based on the encouraging
results, additional scope of testing the process in a dual-bed continuous unit was added to this Task.

Milestone M2 — Test Unit (Single-Bed Unit) for Task 3 Operational

A bench-scale unit for testing the activated carbon process was successfully designed and constructed.
The unit was designed around a single column containing carbon bed with provisions for supplying
SOx/NOx containing flue gases at different temperatures, pressures and compositions and water and
nitrogen for regeneration of carbon bed. It was designed to operate during the day shift

Milestone M2 was completed in Q3 2009 as planned.

Milestone M8 — SOx/NOx Removal Target Reached

Removal of SOx and NOx on activated carbon was investigated by varying key operating conditions such
as temperature, pressure, inlet NO/SO, molar ratio, residence time and water vapor presence in the feed.
Excellent simultaneous removal of SOx and NOx was achieved at high pressures (> 200 psia) and
ambient temperatures, with efficiency higher than 99.9% for SO, and up to 98% for NOx. This
performance was maintained when flue gas containing 4000 ppm SOx corresponding to high sulfur coal
plant was fed to the unit. In the longevity tests performed on a batch unit, the retention capacity could be
maintained at high level over 20 cycles. In summary, the activated carbon process exceeded performance
targets for SOx and NOx removal efficiencies and it was found to be suitable for power plants burning
both low and high sulfur coals.
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The SOx/NOx removal targets for the activated carbon process were achieved one month ahead of
schedule in August 2010. Based on the encouraging results, additional subtask of testing the process in a
continuous unit was proposed (Milestone M16).

Milestone M16 — Continuous Unit Longevity Tests Completed

A new Milestone M16 was added for Task 3 with a target of completing longevity tests on a continuous
activated carbon test unit by the end of Q3 2011.

The design and development of a continuous process capable to process adequate flue gas flowrates
requires additional study in order to address the challenges related to the process scale-up, optimization,
material longevity and waste minimization. In order to achieve some of these objectives a dual bed
continuous unit with a capacity of 0.125 TPD CO, was designed, built and operated. The unit was
designed for an automated operation with minimum supervision. The plan was to start the unit on
Monday morning and shut it down on Friday afternoon repeating adsorption and regeneration steps
alternatively on both the beds and run the unit in this manner for 8 weeks (32 days of operation). After
commissioning the unit, it was decided to run the unit 24/7. First such run was carried out for about 25
days. After this run, the unit was modified to improve switching of beds from adsorption to regeneration.
A second run was carried out for 40 days resulting in higher than planned operating time without any
interruptions. In both of these runs, activated carbon achieved excellent SOx/NOx removal. However,
retention capacity of activated carbon for SOx/NOx was significantly declined. The tests conducted on a
single-bed bench unit showed that retention capacity was maintained over 20 cycles. Because of these
contradictory results, future work should focus on optimization of adsorption-regeneration cycle to
maintain long term activity of activated carbon material at a higher level and thus minimize the capital
cost of the system.

The longevity tests were begun in December 2012, which was seven months later than originally planned.
Complexity of the unit and unavailability of some key resources for wiring and control system design
caused delays. A no-cost time extension was obtained from the DOE to allow us to complete these tests.
Milestone M 16 was completed in March 2012.

Task 4 — High CO, Recovery

The objective in this Task was to perform experiments at bench-scale and pilot-scale to enable
development and design of a “vacuum pressure swing adsorption” (VPSA) unit that will enable a
coldbox-VPSA hybrid process to attain > 95% CO, recovery even from plants with high air ingress.
Additional objective was to determine optimum CO, purity from VPSA that will result in maximum
overall system efficiency.

All the milestones and associated tasks were met either earlier or on-time. We will now discuss some
details:

Milestone M3 - Lab Unit for Task 4 Operational

The lab unit was designed to measure the equilibrium capacity of various adsorbents and to carry out
cyclic tests that mimic process cycle steps of a multi-bed VPSA unit. The bench unit was designed with a
small diameter (17.5 mm) short length (1524 mm) single column. This helps to speed up the experiments
and test several adsorbents in a timely manner.

Work for building experimental test system began in Q1 and finished somewhat ahead of schedule in Q3

2009. After safety inspection and approval, the bench-unit for Task 4 was tested and actual tests started in
early October 2009.
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Milestone M9 - Separation Agent Selection for Pilot Unit

Literature search, an essential part of any R&D project was finished in Q2 2009. As a result, we identified
six potential adsorbents for further testing. One process concept was also identified. The bench tests
identified three adsorbents with a potential for achieving the target CO, recovery and CO, purity. Vacuum
pump size and cost of adsorbent were also considered in selecting these adsorbents. After further review
of safety issues, one adsorbent was dropped leaving two adsorbents for pilot testing. Along with testing
the adsorbents in cyclic mode, breakthrough curves were also measured on the bench-scale test unit in
preparation for milestone M13.

This milestone was finished two months ahead of the schedule in Q3 2010.

Milestone M10 - Pilot Test Unit Operational

A pilot scale test unit with 12 adsorber vessels was built. This provided us with options to test various
process cycles. Each vessel is ~ 11 feet long and has an internal diameter ~ 2.5 inch. Due to early
completion of bench scale test unit, the resources assigned to bench unit were diverted toward
construction of the continuous operation unit in Q4 2009. Continuous operation unit was commissioned
two months ahead of schedule in Q3 2010.

Milestone M13 - High CO, Recovery Process Definition

Three different process options based on four, five and six bed systems were tested in the pilot unit. One
VPSA process with eight beds was also considered theoretically. Test data were used in performing
process simulations for the entire CO, processing unit that included coldbox-VPSA hybrid purification
process. Projected process performances from simulations and capital cost estimates for the VPSA unit
were used to optimize number of beds, number of vacuum pump stages, purification costs with different
adsorbents and CO, purity from VPSA unit. The optimized process parameters were as follows: six bed
VPSA unit, one stage vacuum pump, adsorbent Q and CO, purity of > 80%. In addition, adsorbent Q was
found to be tolerant to SOx and NOx in the exposure tests carried out in bench unit.

Milestone M 13 was completed in Q4 2011.

Task 5 — Commercial Viability Assessment

Milestone M5 — Power Plant Performance Report

Foster Wheeler used a real plant that was built by them as a reference plant for performing oxyfuel retrofit
evaluations. A major conclusion from their study was that oxyfuel retrofit is technically feasible for both
low and high sulfur coals. They also identified following limitations of existing boiler design for SOx
levels in circulating flue gas. A portion of the recirculated flue gas that is used in place of primary air
must be free of SOx. The maximum SOx level in the flue gas cannot exceed 4,000 ppm. These constraints
lowered the value of NZE technology somewhat due to necessity of having at least a small FGD unit in
the boiler island.

Milestone M5 was delayed significantly due to a delay in signing subcontract with Foster Wheeler. With
agreement from the DOE project manager, the milestone date was reset for completion in Q2 2010. This
revision did not impact the overall project schedule or cost. Milestone M5 by Foster Wheeler was
completed and a draft report was issued in July 2010 within three weeks of the scheduled completion
date. The cost estimates for oxyfuel retrofits in the boiler island were also completed in July 2010 two
months ahead of the schedule.
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Milestone M14 — Cost of Electricity Targets Achieved

The value of technology was evaluated for different retrofit and greenfield scenarios. The costs of
electricity and CO, capture were estimated for conventional and near zero emissions CPUs. The highest
value of the NZE technology was found to be for the existing plants with high air ingress. In this
situation, NZE CPU achieved significantly higher CO, recovery compared to the conventional CPU. The
NZE technology was also found more valuable when existing plant did not have either FGD or SCR and
CO, purity specifications were stringent with respect to SOx and NOx. In this scenario, NZE CPU
minimized additional capex required for achieving desired CO, purity.

The cost of electricity for oxycombustion plants with NZE CPU was $2 - $4/MWh lower than that for
oxycombustion plants using conventional CPU. The CO, avoided costs were $8/ton to $21/ton lower for
NZE CPU when compared to conventional CPU.

Milestone M 14 was completed in Q4 2011 as planned.

Milestone M15 — Pilot Demonstration Plan

Based on the favorable results in Tasks 3 and 4, efforts for pilot demonstration were kicked off in Q3
2010 three Quarters ahead of the schedule. By then it had become apparent that one near zero emissions
technology option was technically feasible. University of Utah was found to be a suitable site due to
existing infrastructure for oxycombustion tests. The capacity for pilot scale demonstration was fixed at 2
MW thermal boiler and 20 tpd CO, CPU. The total cost of building and operating the unit for three years
was estimated to be ~ $31MM.

Milestone M 15 was completed in Q4 2011 as planned.
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Cost Status

The final cost status is reported in Table 1.4. The cumulative incurred costs exceeded the budget in Q4
2011. After federal share of the budget was exhausted, all the expenses over the budget were borne by
Praxair. The final cost was ~7% higher than the budget forecasted in the continuation application (Q4
2010) for budget year 3. The main reasons for the budget overruns were changes in labor rates
implemented in middle of 2011 and delay in completion of Task 3 by two quarters beyond the planned
completion date.

Table 1.4 Final Cost Status

Reporting Quarter in 2009 Q1 Q2 Q3 Q4
Baseline cost plan (SF-424A)

Federal Share $474,864 $505,163 $372,504 $352,032
Non-Federal Share $316,576 $336,775 $248,336 $234,689
Total Planned $791,440 $841,938 $620,840 $586,721
Cumulative Baseline Cost $791,440 $1,633,378 | $2,254,218 | $2,840,939
Actual Incurred Costs

Federal Share $292,340 $401,350 $309,159 $334,656
Non-Federal Share $194,894 $267,567 $206,106 $223,104
Total Incurred Costs $487,234 $668,916 $515,265 $557,760
Cumulative Incurred Costs $487,234 $1,156,150 | $1,671,415 | $2,229,175
Variance

Federal Share -$182,524 | -$103,813 -$63,345 -$17,376
Non-Federal Share -$121,682 -$69,208 -$42,230 -$11,585
Total Variance Quarterly -$304,206 -$173,022 -$105,575 -$28,961
Cumulative Variance Quarterly -$304,206 -$477,228 -$582,803 -$611,764
Reporting Quarter in 2010 Q1 Q2 Q3 Q4
Baseline cost plan (SF-424A)

Federal Share $227,569 $229,207 $229,207 $257,607
Non-Federal Share $151,712 $152,805 $152,805 $171,738
Total Planned $379,281 $382,012 $382,012 $429,345
Cumulative Baseline Cost $3,220,220 | $3,602,232 | $3,984,244 | $4,413,589
Actual Incurred Costs

Federal Share $236,416 $189,410 $280,377 $244,656
Non-Federal Share $157,611 $126,274 $186,918 $163,104
Total Incurred Costs $394,026 $315,684 $467,295 $407,760
Cumulative Incurred Costs $2,623,202 | $2,938,886 | $3,406,181 | $3,813,941
Variance

Federal Share $8,847 -$39,797 $51,170 -$12,951
Non-Federal Share $5,899 -$26,531 $34,113 -$8,634
Total Variance Quarterly $14,745 -$66,328 $85,283 -$21,585
Cumulative Variance Quarterly -$597,018 -$663,346 -$578,063 -$599,648
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Table 1.4 (cont.)

Reporting Quarter in 2011 Q1 Q2 Q3 Q4
Baseline cost plan (SF-424A)

Federal Share $181,579 $161,107 $181,190 $68,416
Non-Federal Share $121,053 $107,405 $120,794 $45,611
Total Planned $302,632 $268,512 $301,984 $114,027
Cumulative Baseline Cost $4,716,221 | $4,984,733 | $5,286,717 | $5,400,745
Actual Incurred Costs

Federal Share $374,831 $216,696 $259,624 $183,519
Non-Federal Share $249,887 $144,464 $173,083 $122,346
Total Incurred Costs $624,718 $361,160 $432,707 $305,864
Cumulative Incurred Costs $4,438,659 | $4,799,818 | $5,232,525 | $5,538,390
Variance

Federal Share $193,252 $55,589 $78,434 $115,102
Non-Federal Share $128,834 $37,059 $52,289 $76,735
Total Variance Quarterly $322,086 $92,648 $130,723 $191,837
Cumulative Variance Quarterly -$277,563 -$184,915 -$54,192 $137,645
Reporting Quarter in 2012 Q1 Q2

Baseline cost plan (SF-424A)

Federal Share $0 $0

Non-Federal Share $0 $0

Total Planned $0 $0

Cumulative Baseline Cost $5,400,745 | $5,400,745

Actual Incurred Costs

Federal Share $127,062 $29,639

Non-Federal Share $84,708 $19,759

Total Incurred Costs $211,771 $49,398

Cumulative Incurred Costs $5,750,160 | $5,799,559

Variance

Federal Share $127,062 $29,639

Non-Federal Share $84,708 $19,759

Total Variance Quarterly $211,771 $49,398

Cumulative Variance Quarterly $349,416 $398,814

Key Accomplishments

As a result of this project, one near zero emissions oxycombustion flue gas purification technology option
has been developed. This technology is based on the activated carbon process for SOx/NOx removal and
coldbox-VPSA hybrid process for achieving high CO, recovery. This technology will produce high purity
CO, relatively free of trace impurities, achieve high CO, capture rate even from plants with high air
ingress and achieve near zero stack emissions.

Environmental Performance

Environmental performance for this process is shown in Table 1.5. The activated carbon process met or
exceeded the environmental performance targets for low sulfur coal plants. Although this process was
proposed for only low sulfur coal plants, it met or exceeded performance targets for the high sulfur coal
as well as shown in Table 1.5 for case 26.
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Table 1.5 Environmental Performance

% Distribution of components
Among CO, and vent

Compo | CO, Quality | Purified CO, Vent to % Removal/ Disposition of
nent Stream Atmosphere Reduction impurities
Targets for Activated Carbon Based Process for Low Sulfur Coal
CO, > 96% 96% 4% 96%
SOx <100 ppm <5% Negligible >95% Gypsum waste
NOx <20 ppm <5% <5% >90% Dilute HNO; waste
Hg Negligible Negligible Negligible >99% On disposable carbon
Projected performance of Activated Carbon Based Process for Low Sulfur Coal (Case 14)
CO, 95.5% 99.3% 0.7% 99.3%
SOx 2 ppm <0.1% Negligible >99.9%  |47% as Gypsum waste
NOx 11 ppm 4.7% 0.5% 94.8% Dilute acid waste
Hg Negligible Negligible Negligible >99.9% | On disposable carbon
Projected performance of Activated Carbon Based Process w/Distillation-Based Cold Box
(Case 19
CO, >99.9% 99.0% 1% 99.0%
SOx 2 ppm <0.1% Negligible >99.9%  |47% as Gypsum waste
NOx 12 ppm 4.5% 0.7% 94.8% Dilute acid waste
Hg Negligible Negligible Negligible >99% On disposable carbon
Projected performance of Activated Carbon Based Process for High Sulfur Coal (Case 26)
CO, 95.3% 99.3% 0.7% 99.3%
SOx 4 ppm <0.1% Negligible >99.9% 60% as Gypsum waste
NOx 27 ppm 4.7% 0.5% 94.8% Dilute acid waste
Hg Negligible Negligible Negligible >99% On disposable carbon

Cost of Electricity

For retrofitting existing coal plants with oxycombustion, the NZE CPU technology will actually increase
the cost of electricity by $2 - $5/MWh in comparison to a conventional CPU technology. However, the
benefit of the NZE CPU is only apparent when CO, capture costs are compared as this technology
dramatically increases the capture rates. The cost of avoided CO, and capture CO, are about 18% to 24%
lower using the NZE CPU. The cost difference is due to higher CO, capture rate of the NZE CPU and
capex reduction for SOx/NOx removal equipment.

For greenfield oxycombustion plants, the NZE CPU will lower COE by $2 to $3.5/MWh compared to
conventional CPU. The cost of CO, capture for the NZE CPU is 11 — 12% lower compared to a
conventional CPU. The relative contributions for lower capture costs achieved by NZE CPU are
estimated to be ~67% from the activated carbon process and ~33% from the VPSA process.

The COE for retrofitting CCS to an existing subcritical plant is only 11% - 18% higher than the COE for
a new ultrasupercritical plant without CCS.

Path to Commercialization

Current technology readiness level (TRL) defined by DOE for this project is 3. In the NZE CPU, there are
two new unit operations — activated carbon process and VPSA. Other unit operations such as flue gas
cooler, flue gas compressor, dryer and coldbox do not need technology development. Activated carbon
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process needs about one year of further testing at bench-scale to optimize the adsorption-regeneration
cycle for maintaining the activity of activated carbon at high level. The VPSA was tested in a continuous
pilot-scale unit. Praxair is currently commercializing VPSA technology in a different application at 100
tpd scale. Based on that experience, VPSA is ready for commercial scale deployment even today.

After activated carbon process is optimized, next step for this technology towards commercialization is to
integrate all the unit operations in a pilot-scale process development unit and test it in a real environment
by connecting it to an oxy-coal boiler. Pilot demonstration plan proposed under Task 5 includes a 2
MWth oxycoal boiler and a 20 tpd NZE CPU. Cost estimation for this demonstration was estimated with
U. of Utah as a potential host site. The total capital cost for a demonstration unit was estimated to be ~$15
MM and the operating costs for a three year operation were estimated to be ~$16 MM. Successful pilot
scale demonstration will take this technology to TRL 6. At that point, Praxair will undertake a detailed
engineering design of a NZE CPU for a 200+ MW power plant. If this design effort projects that the
technology will meet Praxair’s standards for reliability, operability and safety, then it will be considered
as ready for commercial scale deployment.
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Task 2 — SOx/NOx/Hg Removal for High Sulfur Coal
Approach

Efforts for technical and commercial feasibility assessments were divided into multiple different tasks
involving experimental testing and process simulations by Praxair, power plant performance assessment
by Foster Wheeler and commercial viability assessment by WorleyParsons, Canada. These activities were
conducted in parallel. Initial process simulations of the sulfuric acid process were carried 