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1.0 Executive Summary

As part of the Greenidge Multi-Pollutant Control Project, CONSOL Energy Inc. (CONSOL), AES
Greenidge LLC (AESG), and Babcock Power Environmental Inc. (BPEI) installed and are
testing an integrated multi-pollutant control system on one of the nation’s smaller existing coal-
fired power plants - the 107-MWe AES Greenidge Unit 4 (Boiler 6). The overall goal of this
approximately 2.5-year project, which is being conducted as part of the U.S. Department of
Energy’s (DOE’s) Power Plant Improvement Initiative (PPII), is to demonstrate that the muilti-
pollutant control system that was installed, which includes a hybrid selective non-catalytic
reduction / selective catalytic reduction (SNCR/SCR) system and a Turbosorp® circulating
fluidized bed dry scrubbing system with baghouse ash recycling and activated carbon injection,
can cost-effectively reduce emissions of NO,, SO,, Hg, acid gases (SO;, HCI, HF), and
particulate matter (PM) from coal-fired electric generating units (EGUs) with capacities of 50
MWe to 600 MWe. Smaller coal-fired units, which constitute a significant portion of the nation’s
existing generating capacity, are increasingly vulnerable to retirement or fuel switching as a
result of progressively more stringent state and federal environmental regulations. The
Greenidge Project will demonstrate the commercial readiness of an emissions control system
that is particularly suited, because of its low capital and maintenance costs and small space
demands, to meet the requirements of this large group of existing EGUs. All funding for the
project is being provided by the U.S. DOE, through its National Energy Technology Laboratory
(NETL), and by AES Greenidge.

The multi-pollutant control system is depicted in Figure 1. The NO, control system consists of
commercially available combustion modifications (installed outside of the scope of the DOE
project), a urea storage, dilution, and injection system (SNCR), and a single-bed, in-duct SCR
reactor that is fed by ammonia slip from the SNCR process. The Turbosorp® system for SO,
SO; (visible emissions), mercury, HCI, HF, and particulate matter control consists of a lime
hydrator and hydrated lime feed system, a process water system, the Turbosorp® vessel, a
baghouse for particulate control, an air slide system to recycle solids collected in the baghouse
to the Turbosorp® vessel, and an activated carbon injection system for mercury control. A
booster fan is also installed to overcome the pressure drop resulting from the installation of the
SCR catalyst, Turbosorp® scrubber, and baghouse.

Specific objectives of the project are as follows:

e Demonstrate that the hybrid SNCR/SCR system, in combination with combustion
modifications, can reduce high-load NO, emissions from the 107-MWe AES Greenidge Unit
4 to =0.10 Ib/mmBtu (a reduction of 260% following the combustion modifications) while the
unit is firing >2%-sulfur coal and co-firing up to 10% biomass.

o Demonstrate that the Turbosorp® circulating fluidized bed dry scrubber can remove 295% of
the SO, emissions from AES Greenidge Unit 4 while the unit is firing >2%-sulfur coal and
co-firing up to 10% biomass.

e Demonstrate 290% mercury removal via the co-benefits afforded by the SNCR/SCR and
Turbosorp® circulating fluidized bed dry scrubber (with baghouse) systems and, as required,
by carbon or other sorbent injection.

e Demonstrate 295% removal of acid gases (SOs, HCI, and HF) by the Turbosorp® circulating
fluidized bed dry scrubber.

e Evaluate process economics and performance to demonstrate the commercial readiness of
an emission control system that is suitable for meeting the emission reduction requirements
of boilers with capacities of 50 MWe to 600 MWe.



This quarterly report, the tenth to be submitted for the Greenidge Multi-Pollutant Control Project,
summarizes work performed on the project between July 1 and September 30, 2008. During
the period, commercial operation of the multi-pollutant control system at AES Greenidge Unit 4
continued. AESG continued to operate the hybrid NO, control system above its performance
target of 0.10 Ib/mmBtu but within its permit limit of 0.15 Ib/mmBtu for high-load NO, emissions
in order to achieve acceptable combustion characteristics. (NO, emissions averaged 0.14
Ib/mmBtu during the quarter). In spite of this, two coal burners were damaged by flame
attachments in August, causing the unit to be derated by several megawatts for the second half
of the quarter. (The unit was further derated for a time while it co-fired Powder River Basin coal
with eastern U.S. bituminous coal). The pressure drop across the in-duct SCR reactor
increased slightly during the quarter, suggesting some accumulation of large particle ash (LPA)
in the catalyst, but this pressure drop did not cause any derates or outages. (The SCR was
vacuumed, however, during an economizer tube leak outage at the beginning of the quarter).
Additional operating experience is required to determine the effectiveness of the smaller-pitch
LPA screen that was installed above the SCR in May 2008. The Turbosorp® system continued
to operate commendably, achieving an average SO, emission rate of ~0.12 Ib/mmBtu, which is
well below the unit's permitted rate (30-day rolling average) of 0.19 Ib/mmBtu. We completed
laboratory analyses for the process performance tests and follow-up tests that were conducted
at AES Greenidge in May and June 2008. These tests continued to demonstrate attainment of
the project's performance targets for SO,, Hg, SO;, and HCI removal efficiency. (The
performance target for NO, emissions was not satisfied). Again, no activated carbon injection
was required to meet the performance target of >90% Hg removal efficiency. Moreover,
particulate matter emissions continued to average < 0.001 Ib/mmBtu during the tests. Finally,
we began to prepare for the conclusion of the project in October 2008. The final critical path
project milestone under the DOE cooperative agreement and the final two EPC contract
milestones were achieved. We finished drafting the Final Public Design Report for the project;
we developed an outline of the final report, and we continued to present project results at
technical conferences. The project performance period under the DOE cooperative agreement
will end on schedule on October 18, 2008; work on writing the final report will continue for up to
90 days beyond that date.
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Figure 1. Schematic of the multi-pollutant control system being demonstrated at AES Greenidge Unit 4.



2.0 Work Performed and Results Obtained During the Reporting
Period

Highlights of the Greenidge Multi-Pollutant Control Project during the period from July
2008 through September 2008 included the completion of laboratory analyses related to
field testing of the multi-pollutant control system, the achievement of the project’s final
critical path project milestone and final two EPC contract milestones, and the continued
communication of project results. Work performed and results obtained between July 1,
2008, and September 30, 2008, are described below by Statement of Project Objectives
task number.

Tasks 1.1 and 2.1 — Project Management

These tasks are complete. Project management activities during the third quarter of
calendar year 2008 are summarized below under Task 3.1 — Phase 3 Project
Management.

Task 1.2 — Total Process Definition and Design

As discussed in the quarterly progress report for the third calendar quarter of 2006, this
task is complete.

Task 1.3 — Procurement

As discussed in the quarterly progress report for the fourth calendar quarter of 2006,
this task is complete.

Task 1.4 — Environmental/Requlatory/Permitting

As reported during the fourth calendar quarter of 2007, the modified Title V air permit for
AES Greenidge was issued in final form by the New York State Department of
Environmental Conservation (DEC) on November 5, 2007. This renewed permit, which
reflects the emission requirements set forth in the consent decree between AES and the
State of New York, is valid through November 4, 2012. In addition, as reported during
the first quarter of 2008, on February 28, 2008, the New York State DEC approved the
curve that establishes the permitted NOy emission rate for AES Greenidge Unit 4 as a
function of unit load.

The new solid waste permit for the Lockwood Landfill (where AES Greenidge disposes
its ash) was issued on September 5, 2008, and it is valid through September 4, 2018.
The State Pollutant Discharge Elimination System (SPDES) permits for AES Greenidge
and for the Lockwood Landfill are in various stages of renewal. These permits are
being modified to reflect changes resulting from the installation of the multi-pollutant
control system.



Task 1.5 — Environmental Information Volume

As discussed in the quarterly progress report for the second calendar quarter of 2006,
this task is complete.

Task 1.6 — Baseline Testing

As discussed in the quarterly progress report for the second calendar quarter of 2006,
this task is complete.

Tasks 2.2 and 2.3 — General Civil/Structural and Process System Construction

As discussed in the quarterly progress report for the first calendar quarter of 2007,
these tasks are complete.

Task 2.4 — Plant Start-Up and Commissioning

In September 2008, Babcock Power Environmental achieved the final two engineering,
procurement, and construction (EPC) contract milestones associated with Task 2.4 (i.e.,
achievement of final completion, submittal of final documents). All activities under this
task are now complete.

Task 3.1 — Phase 3 Project Management

Project management activities during the third quarter of calendar year 2008 focused on
preparing for the conclusion of the project in October 2008 and on publicizing project
results. Throughout the quarter, we worked on completing our process performance
and economic evaluations of the multi-pollutant control system for the final report. A
draft of these evaluations was submitted to DOE on September 30, satisfying our final
critical path project milestone under the cooperative agreement. Also, as discussed
above under Task 2.4, in September 2008, Babcock Power Environmental achieved
their two remaining EPC contract payment milestones for the project. All milestones
associated with the EPC contract are now complete. On August 14, representatives
from CONSOL, DOE, and AES met at AES Greenidge to review the project’s status and
discuss plans for the final report. An outline of that report was developed and
distributed to the project team for review. The project remained on track for completion
on its scheduled end date of October 18, 2008. (Work on writing the final report will
continue for up to 90 days beyond the project end date, as allowed under the DOE
cooperative agreement). The project’s cost and schedule performance through the end
of the third quarter of 2008 are presented in greater detail in Section 3.0 of this report.

During the quarter, we finished drafting the Final Public Design Report for the project.
The draft report was distributed to the project team on September 25 for review. On
August 6, CONSOL and Babcock Power gave a presentation on the project to
engineers from WorleyParsons at their Reading, PA, office. A copy of CONSOL'’s
presentation is included as Attachment A to this report. Then, on August 28, we gave a



presentation titled "The Greenidge Multi-Pollutant Control Project: Performance and
Cost Results from the First Year of Operation" at the 2008 Power Plant Air Pollutant
Control "MEGA" Symposium in Baltimore, MD. Copies of the proceedings paper and
presentation from the MEGA Symposium are included as Attachments B and C,
respectively, to this report. Babcock Power also featured the project as part of their
booth at the Symposium. In addition, we submitted a paper titled "The Greenidge Multi-
Pollutant Control Project: Demonstration Results and Deployment of Innovative
Technology for Reducing Emissions from Smaller Coal Fired Power Plants" to the
organizers of the 2008 International Pittsburgh Coal Conference, which was held in
Pittsburgh, PA, on September 29 — October 2. The Pittsburgh Coal Conference paper
is included as Attachment D to this report, and the associated slides are included as
Attachment E. Finally, we submitted an abstract titled “The Greenidge Multi-Pollutant
Control Project: Demonstration of Innovative Technology for Reducing Air Emissions
from Smaller Coal-Fired Units” to the organizers of the 2008 Joint Meeting of the
Pittsburgh Coal Mining Institute of America / Society for Mining, Metallurgy and
Exploration, which was held in Canonsburg, PA, on October 30-31, 2008. A copy of
that abstract is included as Attachment F to this report.

Task 3.2 — Plant Operations

Routine commercial operation of the multi-pollutant control system at AES Greenidge
Unit 4 continued throughout the third quarter of calendar year 2008. During the quarter,
the system achieved an average SO, emission rate of ~0.12 Ib/mmBtu when Unit 4 was
operating above 42 MW, and it achieved an average high-load NO, emission rate of
~0.14 Ib/mmBtu (based on preliminary hourly average data, weighted by heat input,
from the unit’s stack continuous emissions monitor).

As discussed in our last quarterly progress report, in May 2008, AESG implemented
modifications to improve the performance of the large particle ash removal system that
is installed above the in-duct SCR reactor. At the beginning of the current quarterly
reporting period, on the evening of July 4, AES unexpectedly had to take Unit 4 offline
to repair an economizer tube leak. Although unrelated to the multi-pollutant control
system, the outage gave plant personnel an opportunity to inspect the in-duct SCR
reactor and gauge the performance of the LPA removal system. Just prior to the
outage, the pressure drop across the SCR catalyst (excluding the large particle ash
screen) had risen to about 1.7 i.w.c. at full load. Upon inspecting the reactor, plant
personnel found that the large particle ash (LPA) screen and catalyst screen were
partially plugged with wet fly ash and some LPA. It is unclear how much the tube leak
contributed to this plugging. Some catalyst channels were plugged, but these were
fairly well distributed across the cross section of the catalyst. There were no piles of fly
ash on top of the catalyst screen, as had been observed during some previous outages,
and the extent of catalyst plugging appeared to be less than it would have been in the
past after ~8 weeks of operation. Plant personnel vacuumed the LPA screen and
catalyst screen (they did not remove the catalyst screen to vacuum the catalyst directly),
and the unit returned to service on the morning of July 6.



Following the outage, the pressure drop across the in-duct SCR catalyst returned to
about 1.5-1.6 i.w.c. at full load (109 MWyg). This is approximately equal to the pressure
drop that was observed in mid-June 2008, when plant personnel began operating the
rake soot blower four times per day at a pressure of 60 psi. AES has continued to abide
by this soot blowing strategy. In early August 2008, Unit 4 experienced problems with
burner flame attachments, and it was derated by several megawatts throughout the rest
of the quarter because 1-2 damaged burners had to be taken out of service. In spite of
the derate, the pressure drop across the in-duct SCR reactor increased slightly during
August. As of August 2, the pressure drop across the SCR catalyst (excluding the LPA
screen) was 1.6-1.7 i.w.c. when the unit was operating at ~108 MWy. By August 25, the
pressure drop had increased to ~1.8-2.0 i.w.c. when the unit was operating at only ~105
MWyg. Near the end of August, plant personnel blew the rake soot blower above the
catalyst several times at a higher-than-normal pressure in an effort to reverse the
increasing trend in pressure drop. Although it is more difficult to track the pressure drop
when the unit is derated, operating the rake in this way appeared to have some effect.
As of the beginning of September, the pressure drop across the SCR catalyst was ~1.5
i.w.c. when the unit was operating at 100 MW,

Unit 4 was further derated by about 3-7 MW during several weeks in September while
AES co-fired Powder River Basin (PRB) coal with Northern Appalachian coal. (The
derate was required because of the high moisture content of the PRB coal. Co-firing
PRB coal at up to 25% by weight of the total fuel had no observable effect on the
performance of the multi-pollutant control system). The pressure drop across the in-
duct SCR catalyst appeared to increase slightly during September. As of September
29, it was ~1.7 i.w.c. when the unit was operating at 93 MWy. Because of the derates,
economizer tube leak, and changes in sootblowing strategy that occurred since the May
2008 outage, it has been difficult to ascertain the extent of improvement in performance,
if any, afforded by the smaller-pitch LPA screen that was installed during that outage.
Additional operating experience is required to confirm the effectiveness of the LPA
removal system.

The only noteworthy problem encountered with the hybrid SNCR/SCR system during
the quarter occurred on July 26, when the SNCR system tripped out of service while the
urea tank was being filled. (The trip was triggered by the high level indicator on the
urea tank). The system remained offline for several hours before plant personnel could
restart it. (There was a problem with one of the set points in the control system, and it
took several hours to diagnose this issue). The unit was operating at low load while the
problem was being resolved, however, and its NOx emission average was therefore
impacted only minimally.

Apart from a few short-lived problems, the Turbosorp® scrubber and ancillary equipment
operated commendably throughout the third quarter of 2008, maintaining SO, emissions
well below the unit’s permit limit of 0.19 Ib/mmBtu on a 30-day rolling avera%e basis.
Plant personnel reported just three operational issues related to the Turbosorp™ system
during the quarter. Once in July, the hydrated lime silo level monitor malfunctioned,
causing the hydrated lime silo level to drop to zero. Plant personnel were able to



overcome the problem by increasing the rate of hydrated lime production to rebuild the
silo inventory, without having to introduce any hydrated lime from their onsite storage
tanker. In September, plant personnel found it difficult for a time to maintain
an inventory of product ash in one of the air slides, but they easily overcame this
problem by adjusting set points associated with the air slide level control. Later that
month, AES Greenidge experienced some minor problems with plugging in the hydrated
lime feed pipe to the Turbosorp® system, which may have been promoted by very misty
weather conditions that were experienced at the plant. The plugs were cleared,
allowing the system to continue to operate normally.

Task 3.3 — Testing and Evaluation

As reported in our last quarterly report, all remaining field sampling activities under Task
3.3 were completed during the second calendar quarter of 2008. These included a
week of process performance testing in May, a week of process performance testing in
June, and a week of follow-up testing in June. During the current quarterly reporting
period, we finished analyzing the samples that were collected during the May and June
testing campaigns. Results are described in the subsections below.

May 2008 Process Performance Testing Results

Process performance tests were conducted at AES Greenidge on May 19-22, 2008, to
generate additional information about the performance of the multi-pollutant
control system at reduced unit loads and, in particular, to thoroughly characterize the
performance of the NOy control system (i.e., ammonia slip, NOx and CO concentration
profiles around the SCR) as a function of load.

During the May test period, ten ammonia slip tests were conducted at the air heater inlet
using a modified version of U.S. EPA Conditional Test Method 027. The urea injection
scheme for the selective non-catalytic reduction (SNCR) system at AES Greenidge
changes as a function of unit load. In order to examine the effect of these changes on
ammonia slip, three tests were conducted while the unit was operating at ~56 MWy (with
urea injection into zone 1 only); two tests were conducted while the unit was operating
at ~81 MWy (with urea injection into zones 1 and 2); two tests were conducted while the
unit was operating at ~90 MWy (with urea injection into zones 2 and 3), and three tests
were conducted while the unit was operating at ~109 MW, (with urea injection into
zones 2 and 3). The average ammonia slip measured at the air heater inlet was 0.2
ppmvd for the tests at 56 MW, 2.3 ppmvd for the tests at 81 MW, 3.4 ppmvd for the
tests at 90 MW, and 3.0 ppmvd for the tests at 109 MW (all concentrations corrected
to 3% O,). These results closely parallel those obtained during a similar parametric
testing campaign in November 2007. As was the case in November, the ammonia slip
appeared to correlate more strongly with the zone 2 urea injection rate than with any
other measure of urea injection rate, increasing from 0.2 ppmvd at low load to more
than 2 ppmvd when zone 2 injection was introduced at intermediate load. The ammonia
slip values measured in May 2008 were consistently lower than those measured in
November 2007 (when average concentrations were 0.2 ppmvd at low load, 4.2 - 5.3



ppmvd at intermediate load, and 6.2 ppmvd at full load), likely because the SCR catalyst
was cleaner in May than it was in November.

NO,x measurements made at the SCR inlet and outlet sampling grids using U.S. EPA
Method 7E indicated that the NO4 removal efficiency across the SCR catalyst averaged
27.4% at full load, 31.9% at intermediate load, and 3.5% at low load. CO
concentrations measured at the SCR inlet sampling grid using U.S. EPA Method 10
averaged 170 ppmvd @ 3% O, at full load, 25 ppmvd @ 3% O, at intermediate load,
and 19 ppmvd @ 3% O, at low load.

In addition to the ammonia slip, NOy, and CO tests, two Hg tests, five SO tests, and
five HCI/HF tests were completed during the May sampling campaign while Unit 4
operated at reduced loads. Both of the Hg tests were conducted at low load (~ 56
MWy); the average coal-to-stack Hg removal efficiency measured during these tests
was 98%. Each of the five SOj tests and five HCI/HF tests included simultaneous
measurements at the air heater outlet and stack. For each analyte, two tests were
completed at intermediate unit loads (i.e., ~80-90 MWy), and three tests were completed
at low unit load (i.e., ~56 MW,). The average SO3; removal efficiency measured at
intermediate load was 97.8%, and the average removal efficiency measured at low load
was 96.7% - both greater than the project's targeted removal efficiency of 95%. The
average HCI removal efficiency was also greater than the project’s target of 95% at both
low load and intermediate load. HF concentrations measured at the inlet and outlet of
the Turbosorp® system in May were allnear the detection limit, precluding
the determination of a removal efficiency for HF. The average particulate matter
emission rate measured at the stack during the Hg and HCI/HF tests in May was 0.001
Ib/mmBtu, consistent with the results of previous performance tests.

June 2008 Process Performance Testing Results

The testing in June included one week of follow-up testing (June 10-13), which was
designed to evaluate the performance of the multi-pollutant control system under design
conditions after more than a year of commercial operation, and one week of Turbosorp
parametric testing (June 16-19), which was designed to evaluate the relationships
among SO, removal efficiency, approach to adiabatic saturation temperature, and
hydrated lime consumption in the Turbosorp® system.

As with many previous tests, the June tests continued to demonstrate attainment of the
project’s performance targets for SO,, SO3, Hg, and HCI removal efficiency. SO
removal efficiencies greater than the target of 95% were consistently observed
throughout the test period. Operating conditions in the Turbosorp® system were altered
each day during the parametric tests on June 16-19. The system demonstrated 92%
SO, removal efficiency with a calcium-to-sulfur molar ratio (Ca/S) of 1.3, 95% SO
removal efficiency with a Ca/S of 1.6, and 98% SO, removal efficiency with a Ca/S of
1.9, while the Turbosorp outlet temperature was held at 160 °F. When the temperature
was raised to 165 °F, a Ca/S of 1.8 was required to achieve 95% SO, removal
efficiency.



The average gas-phase SO3 concentrations measured at the air heater outlet and stack
during follow-up testing of the multi-pollutant control system on June 10-11 (4 tests)
were 15.3 ppmvd and 0.6 ppmvd, respectively (both corrected to 3% O,), resulting in an
average removal efficiency of 96% across the Turbosorp® system. This exceeds the
project's performance target of 95% SOj3; removal. SO; measurements conducted
during the Turbosorp® parametric testing period also met or exceeded this target.
Three SO3 measurements including simultaneous sampling at the air heater outlet and
stack were completed during each day of parametric testing. The average gas-phase
SO3 removal efficiency measured during each of the four test days was at least 95%.
(SO3 removal efficiencies measured during the 12 individual tests on June 16-19 ranged
from 93.6% to 99.4%).

Four Hg tests were conducted during follow-up testing of the multi-pollutant control
system on June 12-13, and four additional Hg tests were conducted as part of the
Turbosorp® parametric testing on June 16-19. (The tests on June 12-13 included
simultaneous sampling via the Ontario Hydro method and U.S. EPA Method 30B, and
the tests on June 16-19 were conducted using U.S. EPA Method 30B). All of the tests
showed greater than 97% Hg removal efficiency on a coal-to-stack basis. (The Hg
concentrations determined in the 30B sorbent traps were so low that they approximately
equaled the background concentrations determined in blank sorbent traps, making it
impossible to satisfy the method's quality control criterion for Hg breakthrough). Hence,
every Hg measurement that has been conducted as part of the project has exceeded
the performance target of 90% coal-to-stack removal efficiency. Hg material balances
were performed for the four Ontario Hydro tests that were conducted on June 12-13.
The material balance closure (total Hg out / total Hg in) ranged from 99-102%, giving
credence to the test results.

All but one of the 12 HCI tests that were performed during June 10-11 and 16-19
demonstrated 95% or greater HCI removal efficiency across the Turbosorp® system,
consistent with the project’s performance target for HCI. (The lone exception showed
91% removal efficiency). Once again, concentrations of HF at both the inlet and outlet
of the Turbosorp® system were near or below the detection limit, precluding the
calculation of a removal efficiency for HF. The average particulate matter emission rate
measured at the stack during the 12 HCI/HF tests was < 0.001 Ib/mmBtu.

The only performance targets that were not attained during the June test period were
those for NO, and ammonia slip. NOy emissions continued to average between 0.10
and 0.15 Ib/mmBtu at full load — slightly above the targeted emission rate of 0.10
Ib/mmBtu. The average ammonia slip measured at the air heater inlet at full load during
the follow-up tests was 5.8 ppmvd @ 3% O,. This is greater than the full-load ammonia
slip measured approximately one month earlier during the May test period (3.0 ppmvd
@ 3% Oy), likely because the SCR catalyst was more plugged during the June tests
than it was during the May tests. The project’s performance target for ammonia slip is 2
ppmvd @ 3% O-.



3.0 Status Reporting

3.1 Cost Status

Table 1 summarizes the cost status of the Greenidge Multi-Pollutant Control Project
through the end of the third quarter of calendar year 2008. As shown in the table, actual
incurred costs for the third quarter of 2008 were $574,941 greater than baseline
planned costs for that quarter, and cumulative actual incurred costs were $1,862,140
greater than cumulative planned costs as of the end of the quarter.

The positive cost variance (i.e., indicating that actual incurred costs exceeded baseline
planned costs) for the third quarter of 2008 arose in part because costs for
consumables (i.e., urea, pebble lime, and hydrated lime) were $278,578 greater than
originally budgeted for the quarter. As discussed in previous quarterly progress reports,
the higher-than-expected costs for consumables resulted primarily from significant price
escalation that has occurred since the baseline cost plan was developed. In addition,
the cost variance for the third quarter of 2008 includes $266,084 associated with two
EPC contract payment milestones that were originally budgeted for the first quarter of
2007 but were not achieved until the current quarter. Hence, this portion of the variance
represents an improvement in schedule performance rather than a budget overrun.
Finally, costs for testing and project administration were $30,278 greater than originally
planned for the quarter. Again, this variance reflects an improvement in schedule
performance, as most of the additional costs for the quarter were related to the
completion of laboratory and data analysis work associated with the delayed process
performance test series that were conducted at AES Greenidge in May and June 2008.

Because costs for consumables have been greater than expected, the project as a
whole was about 6% over budget as of the end of the third quarter of 2008. The
cumulative cost variance of $1,862,140 includes $2,070,085 in cost overruns for
consumables. These overruns are partially offset by a negative variance of $207,946
associated with testing and project administration. (Most of this variance arose because
AES Greenidge’s project management costs were less than budgeted throughout the
project period).

As discussed in the two most recent progress reports for the project, during the first
quarter of 2008, cumulative actual costs for consumables and EPC contract milestones
surpassed the project’s total budgeted cost for these items. As a result, beginning in
mid-March 2008, AES Greenidge began covering 100% of the cost of these items so
that remaining DOE funds could be used to complete remaining testing and reporting
requirements, in accordance with the overall project budget. Therefore, the federal
share of the actual incurred costs and variance shown in Table 1 for the third quarter of
2008 is less than 43.8%, which had been the federal cost sharing percentage in all
quarters prior to 2008. The AES Greenidge cost share has increased correspondingly.
(The variance for the federal cost share during the third quarter of 2008 is actually
negative, because most of the costs that were incurred in that quarter were associated
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with consumables and EPC contract milestones and were not billed to DOE). Although
not shown in Table 1, the cumulative variance for the federal cost share through the end
of the third quarter of 2008 was -$6,434. Hence, if we exclude the cost overruns for
consumables, which are being covered by AESG, the project was approximately on
budget as of the end of the third quarter of 2008.

3.2 Milestone Status

The critical path project milestone plan (from the Statement of Project Objectives) and
status for the Greenidge Multi-Pollutant Control Project are presented in Table 2. As
shown in the table, the last of the project’'s six critical path project milestones
(“Complete analyses of process performance and economics”) was achieved as
planned during the current quarterly reporting period. As discussed under Task 3.1 in
Section 2.0 above, we submitted a draft of our process performance and economic
evaluations to DOE on September 30, satisfying this milestone.

There are no additional critical path project milestones for the project. All critical path
project milestones were completed on or ahead of schedule.
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Table 1. Cost plan/status for the Greenidge Multi-Pollutant Control Project.
Baseline Reporting YEAR 1 Start: 1/1/2006 End: 12/31/2006 YEAR 2 Start: 1/1/2007 End: 12/31/2007 YEAR 3 Start: 1/1/2008 End: 12/31/2008
Quarter Q1 Q2° Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Baseline Cost Plan
By Calendar Quarter

Federal Share $7,276,205 $1,806,841 $2,135,468 $1,581,828 $365,626 $239,208 $228,040 $235,068 $292,521 $176,448 $4,170
Non-Federal Share $9,336,136 $2,318,366 $2,740,030 $2,029,651 $469,137 $306,930 $292,599 $301,617 $375,335 $226,402 $5,351
Total Planned (Federal $16,612,341 | $4,125,207 $4,875,498 $3,611,479 $834,763 $546,138 $520,639 $536,685 $667,856 $402,850 $9,521
and Non-Federal)
Cumulatéve Baseline $16,612,341 | $20,737,548 | $25,613,047 | $29,224,525 | $30,059,288 | $30,605,426 | $31,126,065 | $31,662,750 | $32,330,606 | $32,733,456 | $32,742,976
ost

Actual Incurred

Costs?
Federal Share $6,610,049 $1,878,193 $1,644,001 $1,105,221 $544,600 $1,518,234 $511,623 $382,148 $93,113 $43,637
Non-Federal Share $8,481,387 $2,409,918 $2,109,425 $1,418,114 $698,779 $1,948,053 $656,465 $663,091 $945,391 $934,154
Total Incurred Costs- $15,091,436 | $4,288,111 $3,753,426 $2,523,335 $1,243,379 $3,466,287 $1,168,088 $1,045,239 $1,038,504 $977,791

Quarterly (Federal and
Non-Federal)

Cumulative Incurred $15,091,436 $19,379,547 $23,132,973 $25,656,308 $26,899,687 $30,365,974 | $31,534,062 | $32,579,301 | $33,617,805 | $34,595,596
Costs
Variance®
Federal Share ($666,156) | $71,352 ($491,467) | ($476,607) | $178,974 $1,279,026 | $283,583 $147,080 ($199,408) | ($132,811)
Non-Federal Share ($854,749) | $91,552 ($630,605) | ($611,537) | $229,642 $1,641,123 | $363,866 $361,474 $570,056 $707,752
Total Variance- ($1,520,905) | $162,904 ($1,122,072) | ($1,088,144) | $408,616 $2,920,149 | $647,449 $508,554 $370,648 $574,941

Quarterly (Federal and
Non-Federal)

Cumulative Variance ($1,520,905) | ($1,358,001) | ($2,480,074) | ($3,568,217) | ($3,159,601) | ($239,452) | $407,997 $916,551 $1,287,199 | $1,862,140

Notes: Some numbers may not add perfectly because of rounding. ®Costs for Q2 2006 include costs for that quarter as well as pre-award costs incurred
beginning in January 2002. Unallowable direct costs totaling $359,077 and indirect costs totaling $25,135 that were applied to these direct costs have been
removed from the baseline costs for Q2 2006, consistent with Amendment No. A002 to Cooperative Agreement DE-FC26-06NT41426. ®Actual incurred
costs are all costs incurred by the project during the quarter, regardless of whether these costs were invoiced to DOE as of the end of the quarter. “Negative
variance, ( ), means that actual incurred costs are less than baseline planned costs.
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Table 2. Milestone plan / status report.

Critical Path Proiect Project Duration - Start: 5/19/06 End: 10/18/08 Planned Planned Actual Actual Comments (notes, explanation of

M”e‘;fonea Desgf‘iion 2006 2007 2008 Start End Start End deviation from baseline plan)
P Q1|2 Q3|4 | Qi [Q2 Q3| Q4| Qi]Qz [Q3 Q4 Date Date Date Date

Initiate scrubber AlP 9/30/06 | 9/30/06 | 5/30/06 | 5/30/06

system installation

Commence tie-in AP 12/31/06 | 12/31/06 | 9/29/06 | 9/29/06

outage

Begin p

guarantee/performance A 3/31/07 3/31/07 3/28/07 3/28/07

testing

Begin routine plant

operation and data P 6/30/07 | 6/30007 | 6/21/07 | 6/21/07

collection for long-term A

testing

Begin follow-up testing Z 6/30/08 6/30/08 6/10/08 | 6/10/08

Complete analyses of p

process performance A 9/30/08 9/30/08 9/30/08 9/30/08

and economics

NOTE: “A” indicates actual completion; “P” indicates planned completion.
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4.0 Significant Accomplishments during the Reporting Period

Significant accomplishments during the third quarter of calendar year 2008, which are
described more fully in Section 2.0 above, were as follows:

e Continued commercial operation of the multi-pollutant control system

e Achievement of the project’s final two EPC contract milestones

e Completion of laboratory analyses for the May 2008 process performance tests,
June 2008 process performance tests, and June 2008 follow-up tests

e Determination that the project’'s performance targets for SO,, Hg, SO3;, and HCI
removal efficiency were all satisfied during the follow-up tests in June 2008, after
more than a year of commercial operation of the multi-pollutant control system (the
performance target for NOx was not met during the follow-up tests)

¢ Determination that particulate matter emissions during the May and June test series
continued to average < 0.001 Ib/mmBtu

e Establishment of the relationships among performance and operating conditions in
the Turbosorp® scrubber on the basis of data collected during the June 2008
process performance tests

e Completion of a draft of the project’s Final Public Design Report

e Completion of a draft evaluation of the performance and economics of the multi-
pollutant control system

e Development of an outline of the project’s final report

e Presentation of project results at the MEGA Symposium and at the Pittsburgh Coal
Conference

5.0 Problems/Delays and Actions Taken/Planned to Resolve Them

No major problems were encountered with the multi-pollutant control system during the
third quarter of 2008. This was the first full quarterly reporting period following the
installation of a smaller-pitch LPA screen above the in-duct SCR reactor in May 2008.
Although the pressure drop across the in-duct SCR reactor increased slightly during the
quarter, indicating that some LPA had likely accumulated in the catalyst, this pressure
drop did not cause any outages or derates. However, the SCR reactor was vacuumed
during an economizer tube leak outage at the beginning of the quarter, and Unit 4 was
derated throughout the second half of the quarter because of damaged coal burners
(resulting from flame attachments) and/or high coal moisture (resulting from PRB co-
firing). These events could have delayed any potential problems related to LPA
accumulation in the catalyst. Additional operating experience is required before the
performance of the smaller-pitch LPA screen can be determined. AES continues to
evaluate catalyst design as an alternative means for mitigating the LPA problem, and
they are working to develop a catalyst management plant that will account for the
impact of LPA on the operation and performance of the SCR.

As described in Section 2.0, the plant encountered several minor operational problems
during the quarter with plugging in the hydrated lime feed system and with instrument or
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control system malfunctions in the SNCR system, lime hydration system, and ash
recirculation system. These problems were transient and were able to be resolved
without a significant impact on unit operations. The problem with the SNCR system was
resolved while Unit 4 was operating at low load, thereby minimizing its impact on the
unit's 30-day rolling average NOy emission rate under its Title V permit. AESG
continues to routinely operate the Turbosorp® system with an SO, emission setpoint of
0.10 Ib/mmBtu — well below the permit limit of 0.19 Ib/mmBtu (30-day rolling average) —
to provide flexibility for tolerating occasional operational upsets. The plant also
continues to maintain an onsite inventory of hydrated lime to provide for uninterrupted
operation of the Turbosorp® system in the event of problems with the lime hydration
system.

The project currently is not experiencing any significant delays, and the project
performance period under the DOE cooperative agreement will conclude on the
scheduled end date of October 18, 2008. Work on writing the final report will continue
for up to 90 days beyond the project end date, as allowed under the cooperative
agreement.

6.0 Products Produced and Technology Transfer Activities
Accomplished During the Reporting Period

As discussed in Section 2.0 above, CONSOL and Babcock Power gave a presentation
on the project to engineers from WorleyParsons at their Reading, PA, office on August
6. We gave a presentation titled "The Greenidge Multi-Pollutant Control Project:
Performance and Cost Results from the First Year of Operation" at the 2008 Power
Plant Air Pollutant Control "MEGA" Symposium (Baltimore, MD, August 25-28, 2008),
and we gave a presentation titled "The Greenidge Multi-Pollutant Control Project:
Demonstration Results and Deployment of Innovative Technology for Reducing
Emissions from Smaller Coal-Fired Power Plants" at the 2008 International Pittsburgh
Coal Conference (Pittsburgh, PA, September 29 — October 2, 2008). Copies of the
WorleyParsons presentation, MEGA proceedings paper, MEGA presentation, Pittsburgh
Coal Conference Proceedings paper, and Pittsburgh Coal Conference slides are
included as Attachments A, B, C, D, and E, respectively, to this report. In addition, we
submitted an abstract titled “The Greenidge Multi-Pollutant Control Project:
Demonstration of Innovative Technology for Reducing Air Emissions from Smaller Coal-
Fired Units” to the organizers of the 2008 Joint Meeting of the Pittsburgh Coal Mining
Institute of America / Society for Mining, Metallurgy and Exploration (Canonsburg, PA,
October 30-31, 2008). A copy of that abstract is included as Attachment F to this report.
Finally, during the quarter, we finished drafting the Final Public Design Report for the
project. That report is now being reviewed by the project team.
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ATTACHMENT A

The Greenidge Multi-Pollutant Control Project: Demonstration of an
Innovative Retrofit Solution for Reducing Emissions from Smaller
Coal-Fired Power Plants

Presented at WorleyParsons, August 6, 2008, Reading, PA



The Greenidge Multi-Pollutant
Control Project: Demonstration of
an Innovative Retrofit Solution for
Reducing Emissions from Smaller

Coal-Fired Power Plants

Dan Connell
CONSOL Energy Inc. Research & Development

Jien, (9AES |

WorleyParsons, Reading, PA
August 6, 2008

Existing U.S. Coal-Fired EGUs
50-300 MW,

= ——

oeans
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AES Greenidge Unit 4
(Boiler 6)
Dresden, NY
Commissioned in 1953
107 MW, (EIA net winter capacity) ;
Reheat unit

Boiler:

= Combustion Engineerin
tangentially-fired, balanced draft

= 780,000 Ib/h steam flow at 1465
psig and 1005 °F

Fuel:
= Eastern U.S. bituminous coal
= Biomass (waste wood) — up to 10% heat input
Existing emission controls:
= Overfire air (natural gas reburn not in use)
= ESP
= No FGD — mid/high-sulfur coal to meet permit limit of 3.8 Ib SO,/MMBtu

Greenidge Multi-Pollutant
Control Project

Part of U.S. DOE’s Power Plant Improvement Initiative

Participants

= CONSOL Energy Inc. (administration, testing, reporting)
= AES Greenidge LLC (host site, operations)

= Babcock Power Environmental Inc. (EPC contractor)

Funding
= U.S. Department of Energy, National Energy Technology Laboratory
= AES Greenidge LLC

Goal: Demonstrate a multi-pollutant control system that can
cost-effectively reduce emissions of NO,, SO,, mercury,
acid gases (SO, HCI, HF), and particulate matter from
smaller coal-fired EGUs

Existing U.S. Coal-Fired EGUs
50-300 MW,

~ 420 units not equipped with FGD, SCR, or Hg control
= Represent almost 60 GW of installed capacity

= Greater than 80% are located east of the Mississippi River
= Most have not announced plans to retrofit

Difficult to retrofit for deep emission reductions

= Large capital costs

= Space limitations

Increasingly vulnerable to retirement or fuel switching because of
progressively more stringent environmental regulations

= State and federal

Need to commercialize technologies designed to meet the
environmental compliance requirements of these units

Design Objectives

m Deep emission reductions

= Low capital costs

= Small space requirements

= Applicability to high-sulfur coals
= Low maintenance requirements

m Operational flexibility




Multi-Pollutant Control Process

m Combustion modifications

= NO,OUT CASCADE® hybrid SNCR/SCR

= Activated carbon injection

= Turbosorp® circulating fluidized bed dry scrubber

= Pulsejet baghouse

Hybrid NO, Control

m Combustion Modifications
= Replace coal, combustion air, and overfire air nozzles
= Improve fuel/air mixing, burner exit velocity, secondary
airflow control, and upper furnace mixing; reduce CO
= Reduce NO, to 0.25 Ib/MMBtu
= SNCR
= CO(NH,), +2NO +% 0,— 2N, + CO, + 2 H,0
= Reduce NO, by ~42.5% (to 0.144 Ib/MMBtu)
= SCR
= 4NO+4NH; +0, > 4N, +6H,0
= NO + NO, + 2 NH; —» 2 N, + 3 H,0
= Reduce NO, by > 30% (to < 0.10 Ib/MMBtu)

Single-Layer, In-Duct SCR

Compact design
= Bed depth~1.3m
= Cross section ~ 45’ x 14’
No ammonia injection grid
Designed for lower NO, removal efficiency than conventional SCR

Includes Delta Wing™ static mixers to improve reagent, flow, temperature, and ash
distribution

Process Flow Diagram

Dilution
Water

Urea

Dilution /
Distribution -
Modules

SNCR| (

Existing
ID Fans
Coal
Biomass

To
Disposal

¢ = = = = = = = = = =

Hydrator

SNCR for Hybrid System

NOx Removal / Urea Injected

1500 1700 1900 2100

Temperature (°F)
= Hybrid SNCR operates at lower temperature than stand-alone SNCR

= Enables greater NO, reduction and better urea utilization by SNCR
= Provides ammonia slip for additional NO, reduction by SCR

Turbosorp® System

Completely dry

Separate control of
hydrate, water, and
recycled solid injection

Applicable to high-sulfur
coals

High solids recirculation

Hydrated ron s To Stack 15-25% lower reagent
e consumption than spray
dryers

Low capital and
maintenance costs
relative to other FGD
technologies




Circulating Fluidized Bed Dry Scrubber
Chemistry

Ca(OH), + SO, <> CaS0; - % H,0 + % H,0
Ca(OH), + SO, <> CaS0, - % H,0 + % H,0
CaSO,- % H,0 + % 0, < CaS0, - % H,0
Ca(OH), + 2 HCl «» CaCl, + 2 H,0
Ca(OH), + 2 HF < CaF, + 2 H,0
Ca(OH), + CO, <> CaCO, + H,0

Design Features for Mercury Control

Cools flue gasto  Fijter cake provides
~160°F and provides gas/solids contact;

X gas/solids contact via removes solids/H
= i Adsorbs Hg® fluidized bed g
Oxidizes Hg° and Hg?* from flue gas

to Hg?*
Turbosorp®
Activated Circulating
Carbon Fluidized Bed
Injection Dry Scrubber
WA

Combustion IS(I)HS‘S Promotes high
Modificati Captures Hg?* (Including sorbent

and removes (Casiiviiil o) utilization

Increase i
S0, to Disposal

unburned C
in fly ash

NO, Emission Rate
March 28, 2007

0.400 - -
‘ NSR (2 - mol urea + mol inlet NO,) = 1.35 ‘

Target = 0.10 Ib/mmBtu

NOX, Ib/mmBtu
°
N
8

0.100 " [ S W S + h. —N
0.050 - Average = 0.096 Ib/mmBtu
0.000 i i ' ' '
N D D> U © N
N vV N N ) N
o 3 W Q> $ «®
& & & & $ &

AES Greenidge Installation

B = Small footprint
Turbosorp®

Absorber : = Carbon steel construction
Vessel e

= Includes:
Activated carbon injection
system
Onsite lime hydration
system

Eight-compartment
pulsejet fabric filter
Booster fan

Uses existing stack (liner
not required)

Projected Ca/S is 1.6-1.7
mol/mol for design fuel

Guarantee Tests
March-May 2007, 2.4-3.2% Sulfur Eastern U.S. Bituminous Coal

rformance Measured
Parameter Target

<0.10 l/mmBtu_| 0.10 lo/mmBtu
9%

Hg removal 2 90%
Activated C Injection 294%
No Activated C Injection 295%

* Performance of hybrid NO, control system has been affected by large particle ash
and ammonia slip. Plant typically operates at 0.10-0.15 Ib/mmBtu to maintain
acceptable combustion characteristics.

NO, Emissions vs. Load
January - March 2008
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Ammonia Slip Parametric Testing

Nov 2007 / May 2008, EPA CTM 027, Air Heater Inlet

Large Particle Ash — The Problem

‘l:l Ammonia —#—Urea Zone 1 —&— Urea Zone 2 —®—- Urea Zone 3 ‘

NH3 Slip (ppmvd @ 3% O2)
F-y
;,
Relative Urea Flow Rate

3 4
+ 2 v
27 Decreased NO, removal efficiency
i +1 . T

1 Increased urea consumption, ammonia slip
0 e — 1L 0

LowLoad MidLoad MidLoad High Load Increased pressure drop

(56 MW) (80 MW) (87 MW) (106 MW) Forced outages for catalyst cleaning

SO, Removal Performance

Large Particle Ash — The Solution January — March 2008

Flue Gas & LPA — Inlet SO2 — Stack SO2 (Ib/ —s02 iciency (%) |
from Economizer
5.00 100%
4.50 4 0% T
S 4.00 80% >
]
’-"E‘ 3.50 0% §
E 3001 60% 2
o
= 2504 Weighted Averages (heat input): 50% "'_J
Q ©
e 5 2001 Inlet SO, 3.41 Ib/mmBtu 40% 2
1.50 - 30% £
LPA to S Stack SO, 0.125 Ib/mmBtu ° 9
" @ 1.00 20% &
Disposal : SO, Removal  96.3% )
0.50 10% ¢
0.00 0%
11/08 1/21/08 2110/08 311/08 3/21/08

Hydrated Lime Utilization Long-Term Cal/S

August 2007 — January 2008

220 1 Average SO, at scrubber inlet (Ib/mmBtu)

October 2007 Testing

= 200 . - Average SO, removal efficiency (%)
% 2001

< - =1 verage scrubber outlet temperature

£ Ca/S =1.68 A bber outlet t ture (°F 162

0 1.80

g . S .

= 160 -
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Hg Removal, Coal-to-Stack

100.0%
90.0%

80.0% 7
70.0%
60.0%
50.0%
40.0%
30.0% 7
20.0%
10.0% 1

0.0%

Hg Testing Results

Ontario Hydro Method

[ Full load, no ACI [ Full load, with ACI  [[] Reduced load, no ACI

52222 O - M

Mercury Oxidation

March 2008, Ontario Hydro Method, 4 Tests

Hg?" / (Hg® + Hg?')

HCI Testing Results
U.S. EPA Method 26A

Summary Data from 18 Tests

Scrubber
Inlet, Removal
Efficiency,
0,

%o

Plant Conditions During Hg Tests

Coal Hg content (Ib / TBtu) 6.4 -13.7

Coal Cl content (wt. %, dry)
Biomass co-firing (% of heat input) -5

SO; Testing Results

Controlled Condensation Method

Summary Data from 26 Tests

Scrubber
Inlet, Removal
ppmvd @ Efficiency,

Particulate Testing Results

EPA Method 5/17, Full Load

0.09 1 >98%
” Reduction New baghouse
§ 0089 significantly
8 o007 reduces particulate
&5 0061 matter emissions
5 g relative to old ESP,
g £ 0.05 1 in spite of
o 2 0044 increased particle
2 003 loading from
'§ ooz ] Turbosorp®
o scrubber

0.01 1

0 ‘ :

Baseline Tests Performance Tests
(11/04) (3/07-3/08)

Error bars represent * 1 standard deviation




Turbosorp® Product Ash
Similar to spray dryer ash
Dry powder (~1% moisture)

Contains CaSO; and CaSO, (hydrates), fly ash, CaCO;,
Ca(OH),, CaO, CaCl,, CaF,, inerts

AES Greenidge sends to landfill
(adjacent to plant site)

3,500 tons used as flowable fill

Other potential uses

= Mine reclamation

= Manufactured aggregate
Leachable Hg (EPA Method

1312) is < 1.5% of total Hg
in ash (7 samples)

Other Turbosorp® O&M Experience

= Turbosorp® water injection lance

= Changed about once per week
(preventative maintenance)

= Retrofitted with high-pressure
quick disconnects

= Ash recycle and disposal system
= Ash silo vents tend to plug

= Occasional problems with
clogging / freezing

= Baghouse
= Compressed air demand greater than expected
= Temporary / permanent compressor capacity added

= Instrumentation

= Occasional issues (e.g., hydrate silo level transmitter, Turbosorp®
pressure transmitters)

Economics
NO, Control

$/MWh $/ton NO,
removed
Levelized Capital (TCR) $2.24 $2,251

Fixed O&M $0.39 $395

Variable O&M $0.84 $841
(U [ woe |

Replacement Catalyst 7
Power/Water $
Total Levelized Cost

O&M Experience - Turbosorp®

AES Greenidge has operated and
maintained system without adding
any new O&M personnel

No condensation issues encountered
in absorber or baghouse

Most maintenance is associated with
lime hydration system
= Most mechanically complex part of process

= Problems often result from plugging in
hydrated lime classifier

n Classifier rotary feeder adjusted to
reduce accumulation of fines

= Can use delivered / stored hydrate to allow offline maintenance

= AES Greenidge is increasing its onsite hydrate storage capacity

Economics
AES Greenidge Design Case

Constant 2005 Dollars

Fixed & Variable
O&M| Cost Total Levelized

SO, Control

Hg Control

stem
scrubber, process water system, lime storage and hydration system, baghouse, ash recirculation
m, and bo
*Based on performal sting results to-date

Assumptions: Plant size = 107 MW net, Capacity factor = 80%, Coal sulfur = 4.0 Ib SO,/mmBtu.
SNCR NSR = 68, 50 /gal, Quicl

Internal COE = $40/MWh, Plant life = 20 years, Fixed charge factor

assumptions based on Greenidge desian basis, common cost estimating pra

Economics
SO, Control

$/MWh $/ton SO,
removed
Levelized Capital (TCR) $4.54 $241

Fixed O&M $0.88

Variable O&M $5.62 $298
([ ime + Waste Disposal | 5479 | 5258 [
$0.70 $37

Power/Water
Baghouse Bags/Cages $0
Total Levelized Cost 11
» Hg, acid gas, and improved primary particulate control for “free”




Summary - Results from AES Greenidge
Unit 4 (107 MW)
EPC capital cost = $343/kW (2005)

Footprint < 0.5 acre

Performance tests have consistently
shown:

= >95% SO, removal
(for coals up to 4.9 Ib SO, / mmBtu)

= 2 95% Hg removal

|
(no activated carbon required) . "'}
= PM emissions < 0.001 Ib / mmBtu ——

= Very low emissions of SO; and HCI

NO, emission profile significantly improved

O&M handled by existing plant staff

Plant continues to operate profitably (20-30 year life extension)
Commercial viability demonstrated after a year of operation

Disclaime

This presentation 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 Greenidge Multi-Pollutant Control Project is being conducted at the 107-MW AES Greenidge
Unit 4 as part of the U.S. Department of Energy’s (DOE) Power Plant Improvement Initiative
(PPII) to demonstrate an innovative combination of technologies that is well-suited for reducing
emissions from the nation’s large fleet (~60 GW) of smaller coal-fired units. The technologies,
which include a NOXOUT CASCADE® hybrid selective non-catalytic reduction / selective
catalytic reduction (SNCR/SCR) system and a Turbosorp” circulating fluidized bed dry scrubber,
were installed in 2006 with a capital cost of < $350/kW and a footprint of < 0.5 acre, substantially
less than the cost and space that would have been required for a conventional SCR and wet
scrubber.

Testing in 2007 with 2.4-3.2% sulfur coal demonstrated the system’s ability to reduce NOx
emissions to 0.10 Ib/mmBtu and emissions of SO,, SO3, and HCI by 96-97%. Mercury emissions
were reduced by more than 95% without any activated carbon injection (ACI). Additional tests
have been conducted through mid-2008 to establish the effects of plant operating conditions on the
performance of the multi-pollutant control system. These tests have consistently shown at least
95% SO, removal, > 95% mercury removal (with no activated carbon injection), and very low
emissions of SO3, HCI, and particulate matter. NOy emissions have averaged between 0.10 and
0.15 Ib/mmBtu during longer-term operation. The performance of the multi-pollutant control
system during its first year of commercial operation is discussed, and process economics are
presented.

INTRODUCTION

The Greenidge Multi-Pollutant Control Project is being conducted as part of the U.S. Department
of Energy’s Power Plant Improvement Initiative to demonstrate an air emissions control retrofit
option that is well-suited for the nation’s vast existing fleet of smaller, uncontrolled coal-fired



electric generating units (EGUs). There are about 420 coal-fired EGUs in the United States with
capacities of 50-300 MW, that currently are not equipped with selective catalytic reduction, flue
gas desulfurization (FGD), or mercury control systems. These smaller units are a valuable part of
the nation’s energy infrastructure, constituting almost 60 GW of installed capacity. However,
with the onset of various state and federal environmental regulations requiring deep reductions in
emissions of SO,, NOy, and Hg, the continued operation of these units increasingly depends upon
the ability to identify viable air pollution control retrofit options for them. The large capital costs
and sizable space requirements associated with conventional technologies such as SCR and wet
FGD make these technologies unattractive for many smaller units.

The Greenidge Project seeks to establish the commercial readiness of a multi-pollutant control
system that is designed to meet the needs of smaller coal-fired EGUs by offering deep emission
reductions, low capital costs, small space requirements, applicability to high-sulfur coals, low
maintenance requirements, and good turndown capabilities. The system includes combustion
modifications and a NOXOUT CASCADE®™ hybrid SNCR/SCR system for NOy control, as well as
a Turbosorp” circulating fluidized bed dry scrubber for SO,, SO3, HCI, and HF control. A
baghouse, integral to the Turbosorp” system, provides particulate control. Baghouse ash is
recycled to the scrubber to improve sorbent utilization. Mercury control is accomplished via the
co-benefits afforded by the in-duct SCR, Turbosorp”™ scrubber, and baghouse, and, if required, by
injection of activated carbon upstream of the scrubber.

The multi-pollutant control system is being demonstrated at the 107 MW, (Energy Information
Administration net winter capacity) AES Greenidge Unit 4 in Dresden, NY. Unit 4 (Boiler 6) is a
1953-vintage, tangentially-fired, balanced draft, reheat unit that fires pulverized eastern U.S.
bituminous coal as its primary fuel and can co-fire biomass (waste wood) at up to 10% of its heat
input. As such, it is representative of many of the 420 smaller coal-fired units described above.
Before the multi-pollutant control project, the unit was equipped with a separated overfire air
(SOFA) system for NOy control and an electrostatic precipitator (ESP) for particulate matter
control; fuel sulfur content was restricted in order to meet its permitted SO, emission rate of 3.8
Ib/mmBtu.

The Greenidge Project is being conducted by a team including CONSOL Energy Inc. Research &
Development (CONSOL R&D) as prime contractor (responsible for project administration,
performance testing, and reporting), AES Greenidge LLC as host site owner (responsible for site
management, permitting, and operation of the multi-pollutant control system), and Babcock Power
Environmental Inc. (BPEI) as engineering, procurement, and construction (EPC) contractor. The
NOxOUT CASCADE" technology was supplied by Fuel Tech under subcontract to BPEI; the
SCR reactor was supplied by BPEI, and the Turbosorp” technology was supplied by BPEI under
license from Austrian Energy and Environment. All funding for the project is being provided by
the U.S. DOE, through its National Energy Technology Laboratory, and by AES Greenidge. The
overall goal of the Greenidge Project is to show that the multi-pollutant control system being
demonstrated, which had a capital cost of less than $350/kW and occupies less than 0.5 acre for
the AES Greenidge Unit 4 application, can achieve full-load NOy emissions of < 0.10 Ib/mmBtu,
reduce SO, and acid gas (SO3, HCI, and HF) emissions by > 95%, and reduce Hg emissions by >
90%, while the unit is firing 2-4% sulfur eastern U.S. bituminous coal and co-firing up to 10%
biomass.



Start-up and commissioning of the multi-pollutant control system at AES Greenidge were
completed in early 2007, and the system has now operated commercially for more than one year.
During that time, the performance of the multi-pollutant control system has been monitored
closely using plant operating data and data that were generated during a series of performance
testing campaigns led by CONSOL R&D. This paper focuses on key performance results
observed between March 2007 and May 2008. Process economics incorporating these
performance results are also presented.

PROCESS DESIGN

Figure 1 presents a schematic of the multi-pollutant control process that is being demonstrated as
part of the Greenidge Project. The design for AES Greenidge Unit 4 retrofit is based on the use of
a 2.9%-sulfur bituminous coal, co-fired with up to 10% waste wood, and on a baseline full-load
NOy emission rate of ~ 0.30 Ib/mmBtu prior to the installation of the new combustion
modifications.

Figure 1. Schematic of the multi-pollutant control process being demonstrated at AES
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NOx control is the first step in the process and is accomplished using urea-based, in-furnace SNCR
followed by a single-layer SCR reactor that is installed in a modified section of the ductwork
between the unit’s economizer and its two air heaters. The SCR process is fed exclusively by
ammonia slip from the SNCR process. Static mixers located just upstream of the SCR are used to
homogenize the velocity, temperature, and composition of the flue gas to promote optimal
ammonia utilization and NOy reduction across the relatively small SCR catalyst, which consists of
a single layer that is ~ 1.3 meters deep. Because the SCR reactor is able to consume ammonia slip
(typically a limiting factor in SNCR design), the upstream SNCR system can operate at lower
temperatures than a stand-alone SNCR system would, resulting in improved urea utilization and
greater NOy removal by the SNCR system, as well as sufficient NHj slip to permit additional NOy



reduction via SCR. The hybrid NOy control system at AES Greenidge Unit 4 also includes
combustion modifications (low-NOy burners and SOFA) to achieve further reductions in NOx
emissions and to improve the performance of the hybrid SNCR/SCR system. Hence, the system is
designed to achieve a full-load NOy emission rate of < 0.10 Ib/mmBtu by combining the
combustion modifications, which are designed to produce NOy emissions of 0.25 Ib/mmBtu, the
SNCR, which is designed to reduce NOy by ~ 42% to 0.144 Ib/mmBtu, and the SCR, which is
designed to further reduce NOx by > 30% to < 0.10 Ib/mmBtu. The SNCR system at AES
Greenidge includes three zones of urea injection. At high generator loads, urea is injected into the
mid- and low-temperature zones to maximize NOy removal and generate ammonia slip for the
SCR reactor. At generator loads that produce economizer outlet temperatures below the minimum
operating temperature for the SCR reactor, urea injection into the lowest-temperature zone is
discontinued; however, urea continues to be injected into one or both of the mid- and high-
temperature zones until the minimum SNCR operating temperature is reached, resulting in
continued NOy removal of 20-25% via SNCR. Below the minimum SNCR operating temperature,
NOy emissions continue to be controlled by the unit’s low-NOy combustion system.

Emissions of SO, and other acid gases are reduced by > 95% in the Turbosorp® circulating
fluidized bed dry scrubber system, which is installed downstream of the air heaters. In the
Turbosorp® system, water and dry hydrated lime (Ca(OH),), which is produced from pebble lime
in an onsite hydrator installed as part of the project, are injected separately into a fluidized bed
absorber. There, the flue gas is evaporatively cooled to within 45 °F of its adiabatic saturation
temperature and brought into intimate contact with the hydrated lime reagent in a fast fluidized
bed. The basic hydrated lime reacts with the acidic constituents of the flue gas (i.e., SO,, SOs,
HCI, and HF) to form dry solid products (i.e., hydrates of CaSO; and CaSQs, CaCl,, CaF,), which
are separated from the flue gas in a new eight-compartment pulse jet baghouse. More than 95% of
the collected solids are recycled to the absorber via air slides in order to maximize pollutant
removal and lime utilization. As shown in Figure 1, a flue gas recycle system is also included to
provide sufficient flue gas flow to maintain a fluidized bed in the absorber at low-load operation.
A new booster fan, which was installed upstream of the unit’s existing induced-draft fans to
overcome the pressure drop created by the installation of the in-duct SCR, fluidized bed absorber,
and baghouse, provides the motive force for flue gas recycle. The booster fan accounts for a
majority of the multi-pollutant control system’s parasitic power requirement, which totals about
1.8% of the net electric output of AES Greenidge Unit 4.

Because water and dry hydrated lime are injected separately into the Turbosorp” absorber vessel,
the hydrated lime injection rate is controlled solely by the SO, loading in the flue gas and by the
desired SO, emission reduction, without being limited by the flue gas temperature or moisture
content. As a result, the Turbosorp® system affords greater flexibility than a spray dryer for
achieving deep emission reductions from a wide range of fuels, including high-sulfur coals. This
is an important feature, as more than 80% of the 420 candidate units identified earlier are located
east of the Mississippi River, where high-sulfur coal is a potential fuel source. The high solids
recycle rate from the baghouse to the absorber vessel promotes efficient sorbent utilization in the
Turbosorp® system. The projected calcium-to-sulfur (Ca/S) molar ratio for the design fuel (4.0 1b
SO, / mmBtu) is 1.6-1.7, based on moles of inlet SO,. Finally, unlike wet FGD systems and spray
dryers, the Turbosorp”® system does not require slurry handling. This is expected to result in
reduced maintenance requirements relative to the alternative technologies.



Mercury control in the multi-pollutant control system is accomplished via the co-benefits afforded
by the combustion modifications, in-duct SCR, circulating fluidized bed dry scrubber, and
baghouse, and, if required, by injection of activated carbon just upstream of the scrubber. From a
mercury control perspective, the Greenidge multi-pollutant control process is similar to a
conventional air pollution control configuration comprising an SCR, spray dryer, and baghouse.
Measurements have demonstrated that this configuration, when applied to plants firing bituminous
coal, achieves a high level of mercury removal (i.e., 89-99%) without the need for any mercury-
specific control technology.'! This high level of removal likely results from a combination of
factors, including the conversion of elemental mercury (Hg") to oxidized mercury (Hg”") across
the SCR catalyst, the removal of Hg”" (a Lewis acid) and SO; (which can interfere with Hg
adsorption on carbon particles) by moistened, basic Ca(OH), particles in the scrubber, and the
removal of Hg*" and Hg" via adsorption onto carbon-containing fly ash and Ca(OH), at low
temperatures in the baghouse, which facilitates contact between gaseous mercury and carbon or
other sorbent contained in the dust cake that accumulates on its numerous filter bags. The
Greenidge multi-pollutant control process includes all of these components, and hence, it might be
expected that its combination of an in-duct SCR, Ca(OH),-based scrubber, and baghouse would
result in high mercury removals without any activated carbon injection when applied to
bituminous coal-fired units. The combustion modifications (including those that were in place
prior to installation of the multi-pollutant control system) also contribute to Hg removal by
increasing the unburned carbon content of the fly ash, thereby improving its capacity for Hg
capture. In addition, the multi-pollutant control system includes an activated carbon injection
system installed upstream of the Turbosorp® absorber vessel. Relative to simple duct injection,
very effective utilization of the activated carbon and high mercury capture are expected to result
from the high solids recycle ratio, long solids residence time, and low temperature (~160 °F)
provided by the circulating fluidized bed dry scrubber and baghouse.

Figures 2 and 3 present photographs of the in-duct SCR reactor and Turbosorp”™ system,
respectively, at AES Greenidge Unit 4. The SCR reactor fits within the existing boiler building in
a space with horizontal dimensions of 52 ft by 27 ft and a vertical height of 23 ft. (The cross
section of the reactor is 45 ft by 14 ft). Because of this compact reactor design, the hybrid
SNCR/SCR system avoids many of the capital costs associated with the multi-layer reactor,
structural support steel, foundations, and new ductwork runs required for a conventional stand-
alone SCR system. The arrangement of the circulating fluidized bed dry scrubber, baghouse, and
associated equipment is also compact. As shown in Figure 3, the various pieces of equipment are
vertically tiered to permit gravity-assisted transport of solids where possible, and as a result, the
entire installation at AES Greenidge requires only ~ 0.4 acre of land. Unlike a wet FGD system,
the Turbosorp® system does not produce a saturated flue gas, and therefore it is constructed from
carbon steel and does not entail the installation of a new corrosion-resistant stack. These factors,
coupled with the mechanical simplicity of the Turbosorp® system relative to a wet FGD system,
contribute to its comparatively lower capital costs.

PERFORMANCE AND COST RESULTS

Circulating Fluidized Bed Dry Scrubber

Guarantee testing of the multi-pollutant control system at AES Greenidge Unit 4 was completed
during March — May 2007. The Turbosorp® system demonstrated attainment of its performance



target for SO, removal efficiency on March 29, achieving 96% removal while the unit fired coal
with a sulfur content of 3.8 Ib SO, / mmBtu. (SO, was measured at the scrubber inlet using EPA
Method 6C and at the stack using the unit’s continuous emissions monitor).

Figure 3. Photograph of the Turbosorp® system at
AES Greenidge Unit 4.

Figure 2. Photograph of the in-duct SCR reactor at AES
Greenidge Unit 4.

This level of performance continued throughout the first year of operation of the Turbosorp™
system while Unit 4 fired mid-to-high sulfur eastern U.S. bituminous coals. To exemplify the
longer-term SO, reduction efficiency of the circulating fluidized bed dry scrubber, Figure 4 shows
the hourly SO, rate measured at the Turbosorp” inlet and stack during the first three months of
2008, as well as the hourly SO, removal percentages calculated from these data. Hourly average
inlet SO, rates ranged from 2.62 to 4.52 Ib/mmBtu during the quarter. Overall, the Turbosorp”
system reduced SO, emissions from 3.41 Ib/mmBtu to 0.13 Ib/mmBtu during January-March,
resulting in a removal efficiency of 96.3%.

AES Greenidge routinely operates the scrubber with an SO, emission rate set point of 0.10
Ib/mmBtu, which is below its permitted emission rate of 0.19 Ib/mmBtu (30-day rolling average),
in order to provide a margin for transient upsets in system performance. These upsets, which are
evidenced by the spikes in stack SO, emission rate in Figure 4, can be caused either by routine
operating and maintenance activities (e.g., change-out of the water injection lance) or by
unexpected equipment problems (e.g., frozen valves and pressure transmitters during cold weather
periods). However, such upsets occur infrequently, and the Turbosorp”® system has easily
maintained SO, emissions within the unit’s permit limit. The system is also capable of attaining
very deep SO, removal efficiencies, even when the unit fires high-sulfur coals. During the three
months depicted in Figure 4, removal efficiencies > 99% were observed during 23% of the one-
hour periods for which SO, data were available. Moreover, during performance testing in October



2007, the scrubber achieved 96-97% SO, removal while Unit 4 fired coal containing 4.5-4.9 1b
SO, / mmBtu.

Figure 4. SO, removal performance of the Turbosorp” system at AES Greenidge Unit 4
during January-March 2008. Data were obtained from the unit’s air heater outlet SO,

monitor and stack continuous emissions monitor.
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The variable operating costs of the Turbosorp® process depend strongly on the amount of hydrated
lime required to achieve a given level of SO, removal. Ca/S molar ratios (based on inlet SO;)
were estimated during six days of process performance testing in October 2007. Scrubber
operating conditions were varied over the course of these six days. The ratios were derived from
the pebble lime feed rate, change in hydrated lime silo level, and coal feed rate and sulfur content
measured on each day. For each daily ratio, the number of moles of calcium is based on the
available Ca(OH), content of hydrated lime samples collected on that day, and the number of
moles of inlet sulfur is computed as 95% of the sulfur fed with the coal. (Available Ca(OH)s,
determined in accordance with ASTM C25, averaged 96% of the total elemental calcium in the
samples). It is important to recognize that these Ca/S ratios depend on a number of measurements
and, hence, are susceptible to several sources of error. Nevertheless, the ratios generally varied
according to expectation. Process conditions on October 9 and 10 (coal sulfur content = 4.1 1b
SO, / mmBtu, SO, removal efficiency = 95%, Turbosorp” outlet temperature = 160 °F) were very
similar to the design specification for AES Greenidge Unit 4; the average Ca/S molar ratio
computed from process data on these days was 1.68, consistent with the projected range of 1.6-1.7
cited earlier in this paper. Higher Ca/S molar ratios (average = 2.0) were required on the first two
days of testing, when the coal sulfur content (average = 4.6 1b SO, / mmBtu) and SO, removal
efficiency (average = 97%) were greater than design conditions, and on the last day, when the
scrubber outlet temperature was raised by 5 °F from its typical set point of 160 °F. (The coal
sulfur content on this last day of testing was 4.2 Ib SO, / mmBtu, and the SO, removal efficiency
was 93%). Additional parametric testing of the Turbosorp® system was conducted on June 16-19,
2008, to elucidate the relationships between SO, removal efficiency, approach to adiabatic
saturation, and Ca/S; however, results of this testing are not yet available.



Sorbent utilization in the Turbosorp® system was also analyzed over the six-month period from
August 1, 2007, through January 31, 2008, using lime delivery data (i.e., truck weights) and SO,
data from the plant’s online analyzers. During this period, the average SO, rate measured at the
inlet to the Turbosorp” scrubber was 3.83 Ib/mmBtu, and the average SO, removal efficiency was
95.9%. Lime consumption (measured as available CaO) totaled 10,792 tons, and the amount of
SO, fed to the scrubber totaled 6,848 tons, resulting in an average Ca/S molar ratio of 1.80. This
is slightly greater than the targeted ratio of 1.6-1.7, although the SO, removal efficiency was
slightly higher than the design efficiency of 95%, and the calculation is susceptible to a number of
sources of measurement error, including errors in the truck weights, stack flow rate measurements,
available CaO measurements, and SO, measurements. (The SO, content measured at the scrubber
inlet tends to be biased low relative to the coal sulfur content).

The Turbosorp® system also achieved its performance targets for SO3; and HCI removal efficiency
(both > 95%) during guarantee testing in May 2007. The average SO; removal efficiency
measured during the May test period (using the controlled condensation method) was 97.1%, and
the average HCI removal efficiency measured during that period (using U.S. EPA Method 26A)
was 97.2%. (HF concentrations were also measured using Method 26A; however, concentrations
at the inlet and outlet of the scrubber were near or below the method detection limit, precluding
the determination of a removal efficiency). Table 1 summarizes all of the SO; and HCI
measurements that have been performed at AES Greenidge Unit 4 through May 2008. The
average HCl removal efficiency observed during 18 tests between March 2007 and May 2008 was
96.1%. SOj; removal efficiencies measured since the guarantee test period have varied
considerably, owing largely to variations in SO3 concentrations at the Turbosorp” inlet. These
variations in removal efficiency are likely due to fluctuations in fuel sulfur content, boiler
operating conditions, scrubber operating conditions, and SO; removal across the air heater.
(During the SOj; tests, unit loads varied from 55 MW, to 109 MW,; coal sulfur content varied
from 3 Ib/mmBtu to 5 Ib/mmBtu, and SO, removal efficiency varied from < 85% to > 99%). The
average SOs concentration measured at the stack since the installation of the multi-pollutant
control system is 0.7 ppmvd @ 3% O,; twenty-three of the 26 stack SO3 concentrations measured
to-date were less than 1 ppmvd, which approaches the practical field detection limit of the
controlled condensation method. Hence, installation of the Turbosorp® system has resulted in
very low SOs emissions from AES Greenidge Unit 4.

Table 1. Summary of results from SO; and HCl testing performed at AES Greenidge Unit 4 between March 29,
2007, and May 22, 2008. SO; was measured using the controlled condensation method, and HCI was measured
using U.S. EPA Method 26A.

Concentration at Concentration at
Turbosorp® Inlet, Stack, Removal Efficiency,
Number of ppmvd @ 3% O, ppmvd @ 3% O, %
Analyte Tests M ean (Range) M ean (Range) Mean (Range)
SO, 26 12.1 (4.7 - 28.7) 0.70.2-1.7) 93.0 (78.8 - 98.4)
HCI 18 36.9 (26.1 - 48.6) 14(0.2-29) 96.1 (89.5 - 99.4)

Installation of the Turbosorp” system, including a new baghouse, at AES Greenidge Unit 4 has
resulted in a substantial reduction in primary (non-condensable) particulate matter (PM) emissions
from the unit. Figure 5 compares PM emission rates measured before and after installation of the
system (using U.S. EPA Method 5 or 17). The average PM emission rate measured during 30 full-
load tests between March 2007 and March 2008, following the installation of the multi-pollutant
control system, was < 0.001 Ib/mmBtu. This represents a more-than 98% reduction over the



baseline full-load PM emission rate of 0.063 Ib/mmBtu measured in November 2004. (The
average PM emission rate observed during 11 reduced-load tests in November 2007 and May
2008 was similarly < 0.001 Ib/mmBtu). The improvement in PM emissions has occurred in spite
of the substantial increase in flue gas particulate loading brought about by the hydrated lime,
reaction products, and high solids recycle rate in the Turbosorp®™ system. It results largely from
the superior performance of the baghouse relative to the unit’s old ESP. Particle agglomeration in
the fluidized bed absorber may also contribute to improved PM capture efficiency.

Figure 5. Summary of particulate matter emission
rates measured at AES Greenidge Unit 4 before and
after installation of the multi-pollutant control system.
Error bars represent + 1 standard deviation.
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As discussed above, the Turbosorp® system is mechanically simple relative to many alternative
FGD technologies, and therefore, it is expected to afford low maintenance requirements. This has
generally been true at AES Greenidge during the first year of operation of the system. AES has
been able to operate and maintain the Turbosorp” system (and the rest of the multi-pollutant
control system) without adding any new operating and maintenance (O&M) personnel. The
majority of the O&M requirements associated with the Turbosorp™ system have involved the lime
hydration system, which is the most mechanically complex part of the process. The most common
problem has been plugging in the hydrated lime classification system. Problems with the lime
hydration system have usually been resolved without impacting the operation of the Turbosorp”
scrubber. Plant personnel can continue to operate the scrubber while the hydrator is offline by
using hydrated lime from their onsite inventory or by taking deliveries of hydrated lime.
However, in a few instances, lack of hydrated lime availability has forced the unit to derate.
Hence, AES is increasing the plant’s onsite storage capacity for hydrated lime. Other routine
maintenance requirements in the Turbosorp” system include changing out and cleaning the
Turbosorp” water injection lance (about once per week) and unplugging the vents from the ash
disposal silos (several times per day). In addition, there have been occasional problems with
malfunctioning instruments and with plugging of lines and valves in the ash recirculation and
disposal system. However, no condensation problems have been observed in the absorber vessel
or baghouse.



The only major byproduct from the multi-pollutant control system is the product ash from the
Turbosorp® system, which is very similar to spray dryer ash. Approximately 3.2 tons of scrubber
byproduct (excluding fly ash) are produced for each ton of SO, removed, assuming design
conditions. AES Greenidge generally disposes of the product ash at a landfill adjacent to the plant
site. However, plant personnel succeeded in supplying 3,500 tons of product ash for use as
flowable fill, and the project team continues to seek potential beneficial reuses for the ash, which
could also include use in mine reclamation or use in manufactured aggregate production.

Hybrid NO, Control System

The hybrid NOy control system has significantly reduced NOy emissions from AES Greenidge
Unit 4, although it has performed less optimally than the Turbosorp”™ system. During guarantee
testing on March 28, 2007, the combustion modifications and hybrid SNCR/SCR system
demonstrated an average full-load NOy emission rate of 0.10 Ib/mmBtu, thereby satisfying the
project’s performance target for NOy emissions. However, AES Greenidge has been unable to
achieve this emission rate in the long term while also maintaining acceptable combustion
characteristics, sufficiently high steam temperatures, and sufficiently low ammonia slip for routine
operation. During the guarantee test period, the unit experienced flame attachments that damaged
several burners, forcing plant personnel to reduce the aggressiveness of low-NOy firing. This
change in turn caused boiler conditions to deviate from the design basis for the SNCR system,
promoting less-than-optimal performance of that system. The NOy control problems have been
exacerbated by the accumulation of large particle ash (LPA) in the in-duct SCR reactor, which
contributes to decreased NOy removal efficiency and increased ammonia slip from the reactor. As
a result, the unit has generally operated with high-load NOy emissions of 0.10-0.15 1b/mmBtu
since the guarantee testing period.

Figure 6 shows average NOy emissions from AES Greenidge Unit 4 as a function of gross
generator load during the first three months of 2008. As illustrated in the figure, the unit’s permit
limit varies according to the turndown strategy for the hybrid NOy control system. The permitted
NOy emission rate is 0.15 Ib/mmBtu for gross generator loads above 68 MW, but it increases to
0.28 Ib/mmBtu when the gross generator load is between 53 and 68 MW and to 0.35 Ib/mmBtu
when the gross generator load is between 43 and 52 MW. The overall average NOy emission rate
during January-March 2008 was 0.15 Ib/mmBtu. The average NOy emission rate for gross
generator loads above 68 MW was 0.14 Ib/mmBtu, and the average rate for gross generator loads
between 53 and 68 MW was 0.23 Ib/mmBtu. This NOy emission profile is typical of that observed
at AES Greenidge Unit 4 during the first year of operation of the multi-pollutant control system.

Figure 7 illustrates the relationship between unit load, urea injection scheme, and ammonia slip for
the hybrid SNCR/SCR system at AES Greenidge Unit 4. Data were obtained during parametric
testing of the system in November 2007 and May 2008. As discussed earlier, at low load, urea is
only injected into Zone 1 (high-temperature zone), and at high load, urea is only injected into Zone
2 (mid-temperature zone) and Zone 3 (low-temperature zone). Injection of urea into lower-
temperature regions of the boiler generates ammonia; however, the SCR reactor is designed to
consume almost all of this ammonia via reaction with NOy, leaving very little ammonia slip at the
air heater inlet. Ammonia slip can cause ammonium bisulfate fouling in the air heaters; hence, it
is a particular concern for plants like AES Greenidge that fire high-sulfur coal. The project’s
targeted ammonia slip for all unit loads is <2 ppmvd (corrected to 3% O5) at the air heater inlet.
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Figure 6. NO, emissions (stack continuous emissions monitor) as a function of gross
load at AES Greenidge Unit 4 during January-March 2008. The red line indicates
the unit’s permit limit (30-day rolling average).
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Figure 7. Ammonia slip as a function of gross unit load and urea injection regime
at AES Greenidge Unit 4. Ammonia was measured at the air heater inlet using
U.S. EPA CTM 027 during testing campaigns in November 2007 and May 2008.
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As shown in Figure 7, the ammonia slip is well within this target at low unit load, but it increases
rapidly upon introduction of urea into Zone 2 at intermediate load. Ammonia slip concentrations
measured at mid and high unit loads during the project’s performance evaluation period have
ranged from 2 to 7 ppmvd @ 3% O,. Thus far, the higher-than-expected ammonia slip has not
significantly affected unit operability or byproduct handling, as it has only led to a need for
periodic washing of the air heater baskets. However, the effect of ammonia slip will continue to
be monitored as catalyst activity decreases with time.
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Ammonium bisulfate fouling is also promoted by high concentrations of SO; in the flue gas. The
catalyst in the hybrid SNCR/SCR system fosters the oxidation of a small portion of SO, to SOs.
During performance testing of the multi-pollutant control system in March 2008, SO;
concentrations were measured at the inlet and outlet of the SCR reactor, as well as at the air heater
outlet and stack, in order to evaluate the SO,-to-SO3 conversion across the catalyst. The average
SO; concentrations measured during four test runs were 10.1 ppmvd at the SCR inlet, 18.4 ppmvd
at the SCR outlet, 7.7 ppmvd at the air heater outlet, and 0.7 ppmvd at the stack (all concentrations
corrected to 3% O;). The increase in SO; concentration across the SCR reactor corresponded to
an SO,-to-SO; conversion rate of 0.5%, which is within the project’s target of < 1% conversion.
The significant decrease in the measured SO; concentration between the SCR outlet and air heater
outlet may reflect the formation of ammonium bisulfate in the air heaters, especially given the
relatively high ammonia slip (5.9 ppmvd @ 3% O,) observed during the test period. It may also
result simply from the condensation of SOs as sulfuric acid on the air heater baskets and its
subsequent loss to the incoming combustion air.

The most troublesome problem encountered during operation of the multi-pollutant control system
at AES Greenidge has been the accumulation of large particle ash in the in-duct SCR reactor. The
LPA, which consists of pieces of slag that in many cases are too large to pass through the
honeycomb catalyst, becomes lodged in the catalyst channels and promotes subsequent
accumulation and bridging of fly ash, eventually plugging a substantial portion of the catalyst.
This causes an increase in the pressure drop across the SCR reactor. At AES Greenidge, the
pressure drop becomes substantial enough over time that it could cause downstream ductwork to
collapse. As a result, the unit must be derated and/or taken offline for catalyst cleaning. LPA
accumulation in the SCR catalyst can also contribute to decreased NOy removal efficiency,
increased ammonia slip, and increased catalyst erosion.

The development of an effective LPA removal system for the in-duct SCR at AES Greenidge Unit
4 has been very challenging. The flue gas flows vertically downward between the economizer and
SCR reactor, with no available 90° bends or hoppers that can be used for inertial capture of the
LPA (as is often done in conventional SCR installations). The solution that has been implemented
consists of a sloped screen installed in the ductwork between the economizer and the catalyst to
remove the LPA from the flue gas. The screen crosses an expansion joint, and hence, it is
installed in two sections. Eight vacuum ports were installed at the base of the screen to remove
the collected LPA; soot blowers are located beneath the screen to help transport the LPA to the
vacuum ports. The screen, vacuum ports, and two soot blowers were originally installed in May
2007. In September 2007, the two soot blowers were replaced with four rotary soot blowers, and a
spring seal was installed to close the gap between screen sections. A rake soot blower was also
installed above the SCR catalyst to aid in resuspending accumulated fly ash. In spite of these
improvements, however, LPA particles that were large enough to plug the catalyst still passed the
screen. This is evident in Figure 8, which shows the pressure drop across the SCR catalyst and
LPA screen as a function of time from July-December 2007. Accumulated LPA and fly ash were
cleaned from the reactor during six outages in this six-month period. (Four of these outages were
a direct result of the LPA problem, and two were caused by other plant problems). In late 2007,
patches were installed to eliminate openings in several areas of the screen, and the catalyst was
replaced with a clean layer. Unit 4 operated from January 3-May 2, 2008, without an outage,
although it was derated for the last month of this period because of elevated pressure drop across
the in-duct SCR reactor and air heaters. In May 2008, the existing LPA screen was removed and
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replaced with a new, smaller-pitch screen to more efficiently remove small pieces of LPA from the
flue gas. It is expected that this will significantly reduce the severity of the SCR plugging
problem.

Figure 8. Pressure drop measured across the SCR catalyst and LPA screen at AES Greenidge Unit 4, July - December
2007. Red arrows indicate outages during which the SCR reactor was cleaned.
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Mercury Control

The multi-pollutant control system at AES Greenidge Unit 4 has consistently exceeded its
performance target of > 90% Hg removal efficiency. As shown in Figure 9, twenty-five mercury
tests were completed at AES Greenidge between March 2007 and May 2008. For each test, Hg
concentrations at the stack were determined using the Ontario Hydro method (ASTM D 6784-02),
and Hg concentrations in the coal were determined by ASTM D 6722. (For the first six tests, Hg
was determined in the Ontario Hydro samples using cold vapor atomic absorption spectroscopy,
and all Hg concentrations at the stack were below the method detection limit. Cold vapor atomic
fluorescence spectroscopy was employed for subsequent tests so that stack Hg concentrations
could be detected). All of the tests surpassed the project’s target for Hg removal; measured coal-
to-stack Hg removal efficiencies ranged from 92.8% to 99.8%. Moreover, 20 of the 25 tests were
conducted without any activated carbon injection; the average Hg removal efficiency observed
during these tests was 98.1%. (The activated carbon injection rate during the five tests that
included ACI was approximately 3 Ib/mmacf). High mercury removal efficiency was observed
irrespective of plant operating conditions. During all of the test periods, AES Greenidge Unit 4
fired typical eastern U.S. bituminous coals containing 6.4 — 13.7 b Hg / TBtu, 3.3 — 4.9 Ib SO, /
mmBtu, and 0.07 — 0.11 % (dry) CI. For the four tests on March 11-12, 2008, it also co-fired
sawmill waste wood at less than 5% of the total heat input. The gross generator load during the
reduced-load tests on November 13-15, 2007, and May 19-20, 2008, ranged from 56 to 84 MW;
during the other 19 tests, the unit operated between 105 and 109 MW,,oss. AES Greenidge Unit 4
produces fly ash with appreciable amounts of unburned carbon. The fly ash carbon content ranged
from 9.2 to 25.3% over the course of the 25 Hg tests, likely contributing to the high Hg removal
efficiencies that were observed.

As discussed above, the in-duct SCR reactor is also expected to contribute to the high Hg removal
efficiency by converting some elemental mercury to oxidized mercury, which is more easily
captured in the circulating fluidized bed dry scrubber. Hg oxidation is often observed across
conventional SCR reactors, but the extent to which Hg would be oxidized across the
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comparatively small in-duct SCR at AES Greenidge Unit 4 was uncertain when the process was
being designed. To investigate Hg oxidation across the in-duct SCR catalyst, concentrations of
Hg’ and Hg*" were measured at the inlet and outlet of the SCR reactor during the four tests on
March 11-12, 2008. These measurements were conducted using a modified version of the Ontario
Hydro method, in which sampling was performed at a constant, reduced flow rate, with the nozzle
oriented away from the direction of flow to reduce uptake of particulate matter. (Hg speciation
results determined using the Ontario Hydro method can be biased in high-dust locations by
adsorption of Hg onto the fly ash that is collected on the sample filter. The fly ash can also
promote Hg oxidation. However, these artifacts are expected to be minimal at the high
temperatures around the SCR. The likelihood of bias is further reduced if the fly ash uptake is
minimized. It is also important to note that the Ontario Hydro method has not been validated for
high-temperature testing; however, flue gas conditions were similar at the SCR inlet and outlet,
reducing the probability of relative measurement bias between those locations, and total Hg
concentrations determined at both locations showed reasonable agreement with the coal Hg
content and feed rate.) On average, Hg*" accounted for 70% of the total gas-phase Hg (i.e., Hg" +
Hg”") at the SCR inlet, and it accounted for 96% of the total gas-phase Hg at the SCR outlet. This
result supports the role of the in-duct SCR in oxidizing Hg. Additional Hg measurements were
performed around the SCR reactor in May and June 2008 to confirm the data from March;
however, results of those additional measurements are not yet available.

Figure9. Summary of coal-to-stack Hg removal efficiencies, March 2007 — May 2008.
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Process Economics
Table 2 summarizes the estimated economic performance of the multi-pollutant control system at

AES Greenidge Unit 4. The process economics are expressed in constant 2005 dollars, consistent
with the start of construction at AES Greenidge, and are based on design information and actual
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cost and operating data (where available) for the Unit 4 installation. Key assumptions are listed
below the table.

Table 2. Process economics (constant 2005 dollars) for the multi-pollutant control system at AES Greenidge Unit 4.

EPC Capital Cost Fixed O& M Costs Variable O& M Costs Total
($kW) ($MWh) ($MWh) L evelized Cost
NOy Control 114% 0.39 0.84 $3,487 / ton NO,
SO, Control 229 0.88 5.62 $586 / ton SO,

“Includes combustion modifications, SNCR, in-duct SCR, static mixers, and LPA removal system. ®Includes
scrubber, process water system, lime storage and hydration system, baghouse, ash recirculation system, and booster
fan. Assumptions: Plant size = 107 MW net, Capacity factor = 80%, Coal sulfur = 4.0 1b SO, / mmBtu, NSR = 1.35,
Ca/S = 1.68 mol/mol, Pebble lime available CaO = 90%, NO, emissions = 0.10 Ib/mmBtu, SO, removal efficiency =
95%, Parasitic power = 1.84% of net load, 50% urea solution = $1.35/gal, Pebble lime = $115/ton, Waste disposal =
$17/ton, Internal COE = $40/MWh, Plant life = 20 years, Fixed charge factor = 13.05%, AFUDC = 2.35%, Other
assumptions based on Greenidge design basis, common cost estimating practices, and market prices.

The total EPC capital cost for the multi-pollutant control system (excluding the ACI system, but
including all other ancillary equipment) was $343/kW. This is about 40% less than the estimated
cost to retrofit AES Greenidge Unit 4 with conventional SCR and wet FGD systems. Costs for the
activated carbon injection system are not shown in Table 2, because testing has shown that the
ACI system is not needed to achieve the project’s Hg removal target. If included, the ACI system
would add about $6/kW to the EPC capital cost.

As discussed above, no new employees were required to operate the multi-pollutant control
system at AES Greenidge. However, the fixed O&M costs presented in Table 2 preliminarily
assume 16 hours per day of operating labor to account for increased overtime and training arising
from the system. Maintenance labor and materials costs are estimated as 1.5% of the total plant
cost (40% labor, 60% materials), and administrative and support labor costs are estimated as 30%
of total O&M labor costs. Actual fixed O&M costs will be tabulated at the end of the project’s
performance evaluation period.

Variable O&M costs include costs for pebble lime, urea, waste disposal, electricity, water,
replacement catalyst, and replacement baghouse bags and cages. These costs were calculated
using actual pricing and operating data from AES Greenidge, where available. Urea and pebble
lime account for more than half of the variable O&M costs for the NOy and SO, control systems,
respectively. Costs for urea were computed assuming a normalized stoichiometric ratio (NSR = 2
x moles of urea + moles of inlet NOy) of 1.35, consistent with that observed during guarantee
testing of the multi-pollutant control system in March 2008. (The process economics in Table 2
assume a NOy emission rate of 0.10 Ib/mmBtu, even though NO, emissions have averaged higher
than this during routine operation of the multi-pollutant control system). Costs for lime assume a
Ca/S molar ratio of 1.68, per the October 2007 performance testing results that were presented
earlier.

Total levelized costs for the multi-pollutant control system, including levelized capital and fixed
and variable O&M costs, are about $3,487 / ton of NO, removed and $586 / ton of SO, removed.
These prices also cover mercury control, acid gas control, and improved primary particulate matter
control, which are co-benefits of the SO, and NOy control systems and add no incremental cost.
Installation of the multi-pollutant control system has enabled AES Greenidge Unit 4 to satisfy its
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air emissions requirements while remaining profitable, thereby contributing to a 20-30 year life
extension for the unit.

SUMMARY

In conclusion, the Greenidge Project has demonstrated the commercial viability of a multi-
pollutant control system that is designed to meet the needs of small coal-fired power plants that
have traditionally been difficult to retrofit. The system, which includes combustion modifications,
a hybrid SNCR/SCR system, and a circulating fluidized bed dry scrubber (with new baghouse),
required an EPC capital cost of $343/kW ($2005) and a footprint of < 0.5 acre at the 107-MW
AES Greenidge Unit 4. This is substantially less than the capital cost and space that would have
been required to retrofit the unit with conventional SCR and wet FGD systems. The multi-
pollutant control system has operated commercially for more than a year, and it has generally met
or exceeded the project’s performance targets. Tests completed since start-up of the system in
early 2007 have consistently shown > 95% SO, removal, > 95% mercury removal (with no
activated carbon injection), and very low emissions of SOs, HCI, HF, and particulate matter. SO,
removal efficiencies greater than 95% have been observed even when the unit fires high-sulfur
coals containing up to 4.9 Ib SO, / mmBtu. The performance of the hybrid SNCR/SCR system
has been affected by problems with large particle ash, ammonia slip, and less-than-optimal
combustion characteristics, and NOy emissions have typically averaged closer to 0.15 Ib/mmBtu
than to the targeted emission rate of 0.10 Ib/mmBtu. Nevertheless, the system has substantially
improved the unit’s NOx emission profile. Further testing of the multi-pollutant control system at
AES Greenidge Unit 4 was completed in June 2008; results from those tests will add to the data
presented here. Information generated as part of the Greenidge Project is useful for informing the
decisionmaking of generators seeking affordable retrofit options for their smaller coal-fired units.
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AES Greenidge Unit 4 (Boiler 6)

+ Dresden, NY

« Commissioned in 1953

* 107 MW, (EIA net winter capacity)
* Reheat unit

« Boiler:

— Combustion Engineering
tangentially-fired, balanced draft

— 780,000 Ib/h steam flow at 1465
psig and 1005 °F
* Fuel:
— Eastern U.S. bituminous coal
— Biomass (waste wood) — up to 10% heat input

« Existing emission controls:
— Overfire air (natural gas reburn not in use)
- ESP
— No FGD - mid/high-sulfur coal to meet permit limit of 3.8 Ib SO,/mmBtu

Greenidge Multi-Pollutant Control Project

» Part of U.S. DOE’s Power Plant Improvement Initiative

» Participants
— CONSOL Energy Inc. (administration, testing, reporting)
— AES Greenidge LLC (host site, operations)
— Babcock Power Environmental Inc. (EPC contractor)

» Funding
— U.S. Department of Energy, National Energy Technology Laboratory
— AES Greenidge LLC

» Goal: Demonstrate a multi-pollutant control system that can
cost-effectively reduce emissions of NO,, SO,, mercury,
acid gases (SO3, HCI, HF), and particulate matter from
smaller coal-fired EGUs

Existing U.S. Coal-Fired EGUs
50-300 MW,

~ 420 units not equipped with FGD, SCR, or Hg control
— Represent almost 60 GW of installed capacity

— Greater than 80% are located east of the Mississippi River
— Most have not announced plans to retrofit

Difficult to retrofit for deep emission reductions
— Large capital costs
— Space limitations

Increasingly vulnerable to retirement or fuel switching because of
progressively more stringent environmental regulations
— State and federal

Need to commercialize technologies designed to meet the
environmental compliance requirements of these units
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Hybrid NO, Control System

» Combustion Modifications
— Low-NO, burners, SOFA
— Reduce NO, to 0.25 Ib/mmBtu

*+ SNCR
— Three zones of urea injection

— Provide NHj slip for SCR
(NO,OUT CASCADE®)

— Reduce NO, by ~ 42.5%
(to 0.14 Ib/mmBtu)

+ SCR
— Single catalyst layer (1.3 m)
— Cross section = 45" x 14’
— Fed by NH, slip from SNCR
— Reduce NO, by 2 30%
(to < 0.10 Io/mmBtu)

Design Features for Mercury Control

Turbosorp® Circulating Dry Scrubber

Completely dry
Turbosorp®
Absorber » Separate control of
Vess| J . hydrated lime, water, and
recycled solids injection
« High solids recirculation
* Small footprint
» Carbon steel construction
» No wet stack
» Few moving parts

* Projected Ca/Sis 1.6-1.7
mol/mol for design fuel

Filter cake provides

gas/solids contact;

removes solids/Hg
from flue gas

Cools flue gas to
~160°F and provides

Adsorbs Hg® /solid tact
Oxidizes Hg“ and Hg?* gas/solids contaci

to Hg?*

Turbosorp®

Activated Circulating
SNCR Carbon Fluidized Bed
Injection Dry Scrubber

Solids Recycle

Guarantee Testing Results
March-May 2007, 2.4-3.2% Sulfur Eastern U.S. Bituminous Coal

Performance Measured

Parameter Target Performance
NO, emission rate <0.10 Ib/mmBtu (C  0.10 Ib/mmBtu D
SO, removal = 95% 96%
Hg removal 290%

Activated C Injection = 94%
No Activated C Injection > 95%
SO, removal > 95% 97%
HCI removal > 95% 97%
HF removal > 95% Indeterminate

Performance of hybrid NO, control system has been affected by large particle
ash and ammonia slip. Plant typically operates at 0.10-0.15 Ib/mmBtu to
maintain acceptable combustion characteristics.

Combustion Solids Promotes high
Modifications Captures Hg?* (Including sorbent
and removes Captured Hg) utilization
Increase so to Disposal
unburned C 3
in fly ash Hg Reduction Target: 2 90% (coal-to-stack)
NO, Emissions vs. Load
January - June 2008
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Ammonia Slip Parametric Testing
Nov 2007 / May 2008, EPA CTM 027, Air Heater Inlet
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SO, Removal Performance
January - June 2008
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Mercury Testing Results
Ontario Hydro Method
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SO, Testing Results
Controlled Condensation Method
Summary Data from 42 Tests
May 2007 - June 2008
Scrubber
Inlet, Stack, Removal
ppmvd @ ppmvd @ Efficiency,
3% O, 3% O, %
Average 14.1 0.7 95.3
Range 4.7-28.7 0.1-17 78.8-99.4
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HCI Testing Results
U.S. EPA Method 26A
Summary Data from 18 Tests
March 2007 - May 2008
Scrubber
Inlet, Stack, Removal
ppmvd @ ppmvd @ Efficiency,
3% O, 3% O, %
Average 36.9 1.4 96.2
Range 26.1-48.6 02-29 89.5-99.4




Particulate Testing Results
EPA Method 5/17, Full Load

Turbosorp® System O&M Experience

O&M handled by existing plant staff
Lime hydration system is most
maintenance-intensive part

— Use delivered / stored hydrated lime
to allow offline maintenance

— Most problems involve ball mill and classifier

Had to add compressed air capacity to
satisfy baghouse demand

Flue gas recycle not used because of |
problems with reverse flow - b A

Occasional issues with plugging in the ash recirculation /
disposal system

No condensation issues in the scrubber or baghouse

01
>98%
0.09 4 °
» Reduction New baghouse
§ 008y significantly
& 007 reduces particulate
&5 006 1 matter emissions
5 % relative to old ESP,
'E"" E 0.05 1 in spite of
o 2 0041 increased particle
3 o003 loading from
8 Turbosorp®
T o002
a scrubber
0.01 4
0 ; x
Baseline Tests Performance Tests
(11/04) (3107-3/08)
Error bars reeresent + 1 standard deviation
Process Economics
AES Greenidge Unit 4 Design Case
Constant 2005 Dollars
EPC
Capital |Fixed & Variable
Cost O&M Cost Total Levelized
($/kW) ($/MWh) Cost
NO, Control 1142 1.23 $3,487 / ton NO,
SO, Control 2290 6.49 $586 / ton SO,

2Includes combustion modifications, SNCR, in-duct SCR, static mixers, and LPA removal system

®Includes scrubber, process water system, lime storage and hydration system, baghouse, ash recirculation
system, and booster fan

Assumptions: Plant size = 107 MW net, Capacity factor = 80%, Coal sulfur = 4.0 Ib SO,/mmBtu,

SNCR NSR = 1.35, Ca/S = 1.68, 50% Urea = $1.35/gal, Quicklime = $115/ton, Waste disposal = $17/ton,

Internal COE = $40/MWh, Plant life = 20 years, Fixed charge factor = 13.05%, AFUDC = 2.35%, Other

assumptions based on Greenidge design basis, common cost estimating practices, and market prices

Summary
Results from AES Greenidge Unit 4 (107 MW)

EPC capital cost = $343/kW (2005)
Footprint < 0.5 acre

Performance tests have consistently
shown:

— 295% SO, removal
(for coals up to 4.9 Ib SO, / mmBtu)

— 295% Hg removal

(no activated carbon required)
— PM emissions < 0.001 Ib / mmBtu
— Very low emissions of SO, and HCI
NO, emission profile significantly improved
O&M handled by existing plant staff
Plant continues to operate profitably (20-30 year life extension)

Commercial viability demonstrated after a year of operation

Disclaimer

This presentation 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

There are more than 420 coal-fired electric generating units (EGUs) in the United States with capacities of
50-300 MW that currently are not equipped with selective catalytic reduction (SCR), flue gas desulfurization
(FGD), or mercury control systems. Many of these units, which collectively represent almost 60 GW of
installed capacity, are difficult to retrofit for deep emission reductions because of space constraints and
unfavorable economies of scale, making them increasingly vulnerable to retirement in the face of
progressively more stringent environmental regulations.

The Greenidge Multi-Pollutant Control Project is being conducted as part of the U.S. Department of
Energy’s (DOE) Power Plant Improvement Initiative to demonstrate a solution for these units. The project
seeks to establish the commercial readiness of a multi-pollutant control system that is designed to meet the
needs of smaller coal-fired EGUs by offering deep emission reductions, low capital costs, small space
requirements, applicability to high-sulfur coals, mechanical simplicity, and operational flexibility. The
system comprises an innovative combination of technologies including combustion modifications, a
NOxOUT Cascade® hybrid selective non-catalytic reduction (SNCR) / in-duct SCR system, and a
Turbosorp® circulating fluidized bed dry scrubbing system with baghouse ash recycling and activated
carbon injection. These technologies were retrofitted to the 107-MW AES Greenidge Unit 4 by Babcock
Power Environmental Inc. (BPEI) in 2006, with a total plant cost of ~ $340/kW and a footprint of < 0.5 acre.
Extensive testing has been carried out through mid-2008 to evaluate the performance of the multi-pollutant
control system during its first year-and-a-half of commercial operation.

This paper summarizes performance and cost results from AES Greenidge Unit 4 and discusses
commercial deployment of the demonstration technology. Guarantee tests conducted at AES Greenidge in
2007 proved that the multi-pollutant control system was capable of reducing NO, emissions to 0.10
Ib/mmBtu, SO, emissions by 96%, SO3; and HCI emissions by 97%, and mercury emissions by > 95% while
the unit fired 2.4-3.2% sulfur eastern U.S. bituminous coal. Additional tests have since been conducted to
characterize the performance of the system as a function of unit operating conditions; the results of these
tests are presented. The predominant operating challenges encountered to-date have arisen from the
combustion system and from accumulation of large particle ash (LPA) in the in-duct SCR catalyst; as a
result, the unit has required several outages for catalyst cleaning and has routinely operated with NO,
emissions slightly greater than 0.10 Ib/mmBtu. The Turbosorp® scrubber has operated commendably,
routinely achieving > 95% SO, removal efficiency while the unit is firing mid-to-high sulfur coals (e.g.,
containing 2.5-5.0 Ib SO, / mmBtu). Moreover, all tests performed to-date have demonstrated 93-99%
mercury removal as a co-benefit of the hybrid NO, control and Turbosorp® systems, without the need for
any activated carbon injection.



As a result of the success at AES Greenidge, three additional retrofit applications of the Turbosorp® system
have been announced for small to moderate-sized coal-fired EGUs (i.e., 50-300 MW) in the United States.
Additional announcements are anticipated. Key characteristics of these announced deployments, including
unit and fuel characteristics and performance targets, are discussed.

INTRODUCTION

The Greenidge Multi-Pollutant Control Project is being conducted as part of the U.S. Department of
Energy’s Power Plant Improvement Initiative to demonstrate an air emissions control retrofit option that is
well-suited for the nation’s vast existing fleet of smaller, uncontrolled coal-fired electric generating units.
There are about 420 coal-fired EGUs in the United States with capacities of 50-300 MW, that currently are
not equipped with selective catalytic reduction, flue gas desulfurization, or mercury control systems. These
smaller units are a valuable part of the nation’s energy infrastructure, constituting almost 60 GW of installed
capacity. However, with the onset of various state and federal environmental regulations requiring deep
reductions in emissions of SO,, NO,, and Hg, the continued operation of these units increasingly depends
upon the ability to identify viable air pollution control retrofit options for them. The large capital costs and
sizable space requirements associated with conventional technologies such as SCR and wet FGD make
these technologies unattractive for many smaller units.

The Greenidge Project seeks to establish the commercial readiness of a multi-pollutant control system that
is designed to meet the needs of smaller coal-fired EGUs by offering deep emission reductions, low capital
costs, small space requirements, applicability to high-sulfur coals, low maintenance requirements, and
good turndown capabilities. The system includes combustion modlflcatlons and a NOxOUT CASCADE®
hybrid SNCR/SCR system for NO, control, as well as a Turbosorp® C|rculat|ng fluidized bed dry scrubber
for SO,, SO3, HCI, and HF control. A baghouse, integral to the Turbosorp® system, provides particulate
control. Baghouse ash is recycled to the scrubber to improve sorbent utilization. Mercury control is
accomplished via the co-benefits afforded by the in-duct SCR, Turbosorp scrubber, and baghouse, and, if
required, by injection of activated carbon upstream of the scrubber.

The multi-pollutant control system is being demonstrated at the 107 MW, (Energy Information
Administration net winter capacity) AES Greenidge Unit 4 in Dresden, NY. Unit 4 (Boiler 6) is a 1953-
vintage, tangentially-fired, balanced draft, reheat unit that fires pulverized eastern U.S. bituminous coal as
its primary fuel and can co-fire biomass (waste wood) at up to 10% of its heat input. As such, it is
representative of many of the 420 smaller coal-fired units described above. Before the multi-pollutant
control project, the unit was equipped with a separated overfire air (SOFA) system for NO, control and an
electrostatic precipitator (ESP) for particulate matter control; fuel sulfur content was restricted in order to
meet its permitted SO, emission rate of 3.8 Ib/mmBtu.

The Greenidge Project is being conducted by a team including CONSOL Energy Inc. Research &
Development (CONSOL R&D) as prime contractor (responsible for project administration, performance
testing, and reporting), AES Greenidge LLC as host site owner (responsible for site management,
permitting, and operation of the multi-pollutant control system), and Babcock Power Enwronmental Inc. as
engineering, procurement, and construction (EPC) contractor. The NOxOUT CASCADE® technology was
supplied (g/ Fuel Tech under subcontract to BPEI; the SCR reactor was supplied by BPEI, and the
Turbosorp™ technology was supplied by BPEI under license from Austrian Energy and Environment. All
funding for the project is being provided by the U.S. DOE, through its National Energy Technology
Laboratory, and by AES Greenidge. The overall goal of the Greenidge Project is to show that the multi-
pollutant control system being demonstrated, which had a capital cost of less than $350/kW and occupies
less than 0.5 acre for the AES Greenidge Unit 4 application, can achieve full-load NO, emissions of < 0.10
Ib/mmBtu, reduce SO, and acid gas (SO3, HCI, and HF) emissions by = 95%, and reduce Hg emissions by
= 90%, while the unit is firing 2-4% sulfur eastern U.S. bituminous coal and co-firing up to 10% biomass.

Start-up and commissioning of the multi-pollutant control system at AES Greenidge were completed in
early 2007, and the system has now operated commercially for more than a year. During that time, the
performance of the multi-pollutant control system has been monitored closely using plant operating data
and data that were generated during a series of performance testing campaigns led by CONSOL R&D.



This paper summarizes performance testing results, operating and maintenance (O&M) experience, and
costs from the first commercial deployment of the multi-pollutant control system at AES Greenidge Unit 4.

Moreover, the successful implementation of the Turbosorp® system at AES Greenidge has led to three
additional announced deployments of that technology in the United States. All three of these announced
deployments involve retrofit application of the technology to coal-fired EGUs with capacities between 50
and 300 MW, consistent with the population of EGUs targeted by the Greenidge Project. Key
characteristics of these additional applications of the Turbosorp® technology, including similarities and
differences relative to the application at AES Greenidge Unit 4, are discussed.

PROCESS DESIGN

Figure 1 presents a schematic of the multi-pollutant control process that is being demonstrated as part of
the Greenidge Project. The design for the AES Greenidge Unit 4 retrofit is based on the use of a 2.9%-
sulfur bituminous coal, co-fired with up to 10% waste wood, and on a baseline full-load NO, emission rate
of ~ 0.30 Ib/mmBtu prior to the installation of the new combustion modifications.
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Figure 1. Schematic of the multi-pollutant control process being demonstrated at
AES Greenidge Unit 4.

NO, control is the first step in the process and is accomplished using urea-based, in-furnace SNCR
followed by a single-layer SCR reactor that is installed in a modified section of the ductwork between the
unit’s economizer and its two air heaters. The SCR process is fed exclusively by ammonia slip from the
SNCR process. Static mixers located just upstream of the SCR are used to homogenize the velocity,
temperature, and composition of the flue gas to promote optimal ammonia utilization and NO, reduction
across the relatively small SCR catalyst, which consists of a single layer that is ~ 1.3 meters deep.
Because the SCR reactor is able to consume ammonia slip (typically a limiting factor in SNCR design), the
upstream SNCR system can operate at lower temperatures than a stand-alone SNCR system would,
resulting in improved urea utilization and greater NO, removal by the SNCR system, as well as sufficient
NH; slip to permit additional NO, reduction via SCR. The hybrid NO, control system at AES Greenidge
Unit 4 also includes combustion modifications (low-NO, burners and SOFA) to achieve further reductions in
NO, emissions and to improve the performance of the hybrid SNCR/SCR system. Hence, the system is
designed to achieve a full-load NO, emission rate of < 0.10 Ib/mmBtu by combining the combustion



modifications, which are designed to produce NO, emissions of 0.25 Ib/mmBtu, the SNCR, which is
designed to reduce NO, by ~ 42% to 0.144 Ib/mmBtu, and the SCR, which is designed to further reduce
NO, by = 30% to < 0.10 Ib/mmBtu. The SNCR system at AES Greenidge includes three zones of urea
injection. At high generator loads, urea is injected into the mid- and low-temperature zones to maximize
NO, removal and generate ammonia slip for the SCR reactor. At generator loads that produce economizer
outlet temperatures below the minimum operating temperature for the SCR reactor, urea injection into the
lowest-temperature zone is discontinued; however, urea continues to be injected into one or both of the
mid- and high-temperature zones until the minimum SNCR operating temperature is reached, resulting in
continued NO, removal via SNCR. Below the minimum SNCR operating temperature, NO, emissions
continue to be controlled by the unit’'s low-NO, combustion system.

Emissions of SO, and other acid gases are reduced by = 95% in the Turbosorp® circulating fluidized bed
dry scrubber system, which is installed downstream of the air heaters. In the Turbosorp® system, water
and dry hydrated lime (Ca(OH),), which is produced from pebble lime in an onsite hydrator installed as part
of the project, are injected separately into a fluidized bed absorber. There, the flue gas is evaporatively
cooled to within 45 °F of its adiabatic saturation temperature and brought into intimate contact with the
hydrated lime reagent in a fast fluidized bed. The basic hydrated lime reacts with the acidic constituents of
the flue gas (i.e., SO, SO3, HCI, and HF) to form dry solid products (i.e., hydrates of CaSO3; and CaSO,,
CaCl,, CaF;), which are separated from the flue gas in a new eight-compartment pulse jet baghouse. More
than 95% of the collected solids are recycled to the absorber via air slides in order to maximize pollutant
removal and lime utilization. As shown in Figure 1, a flue gas recycle system is also included to provide
sufficient flue gas flow to maintain a fluidized bed in the absorber at low-load operation. A new booster fan,
which was installed upstream of the unit’s existing induced-draft (ID) fans to overcome the pressure drop
created by the installation of the in-duct SCR, fluidized bed absorber, and baghouse, provides the motive
force for flue gas recycle. The booster fan accounts for a majority of the multi-pollutant control system'’s
parasitic power requirement, which totals about 1.8% of the net electric output of AES Greenidge Unit 4.

Because water and dry hydrated lime are injected separately into the Turbosorp® absorber vessel, the
hydrated lime injection rate is controlled solely by the SO, loading in the flue gas and by the desired SO,
emission reduction, without being limited by the flue gas temperature or moisture content. As a result, the
Turbosorp® system affords greater flexibility than a spray dryer for achieving deep emission reductions from
a wide range of fuels, including high-sulfur coals. This is an important feature, as more than 80% of the
420 candidate units identified earlier are located east of the Mississippi River, where high-sulfur coal is a
potential fuel source. The high solids recgcle rate from the baghouse to the absorber vessel promotes
efficient sorbent utilization in the Turbosorp™ system. The projected calcium-to-sulfur (Ca/S) molar ratio for
the design fuel (4.0 Ib SO, / mmBtu) is 1.6-1.7, based on moles of inlet SO,. Finally, unlike wet FGD
systems and spray dryers, the Turbosorp® system does not require slurry handling. This is expected to
result in reduced maintenance requirements relative to the alternative technologies.

Mercury control in the multi-pollutant control system is accomplished via the co-benefits afforded by the
combustion modifications, in-duct SCR, circulating fluidized bed dry scrubber, and baghouse, and, if
required, by injection of activated carbon just upstream of the scrubber. From a mercury control
perspective, the Greenidge multi-pollutant control process is similar to a conventional air pollution control
configuration comprising an SCR, spray dryer, and baghouse. Measurements have demonstrated that this
configuration, when applied to plants firing bituminous coal, achieves a high level of mercury removal (i.e.,
89-99%) without the need for any mercury-specific control technology." This high level of removal likely
results from a combination of factors, including the conversion of elemental mercury (Hgo) to oxidized
mercury (Hg”) across the SCR catalyst, the removal of ng+ (a Lewis acid) and SO; (which can interfere
with Hg adsorption on carbon particles) by moistened, basic Ca(OH), particles in the scrubber, and the
removal of Hg*" and Hgo via adsorption onto carbon-containing fly ash and Ca(OH), at low temperatures in
the baghouse, which facilitates contact between gaseous mercury and carbon or other sorbent contained in
the dust cake that accumulates on its numerous filter bags. The Greenidge multi-pollutant control process
includes all of these features, and hence, it might be expected that its combination of an in-duct SCR,
Ca(OH),-based scrubber, and baghouse would result in high mercury removals without any activated
carbon injection when applied to bituminous coal-fired units. The combustion modifications (including
those that were in place prior to installation of the multi-pollutant control system) also contribute to Hg



removal by increasing the unburned carbon content of the fly ash, thereby improving its capacity for Hg
capture. In addition, the multi-pollutant control system includes an activated carbon injection system
upstream of the Turbosorp® absorber vessel. Relative to simple duct injection, very effective utilization of
the activated carbon and high mercury capture are expected to result from the high solids recycle ratio,
long solids residence time, and low temperature (~160 °F) provided by the circulating fluidized bed dry
scrubber and baghouse.

Figures 2 and 3 present photographs of the in-duct SCR reactor and Turbosorp® system, respectively, at
AES Greenidge Unit 4. The SCR reactor fits within the existing boiler building in a space with horizontal
dimensions of 52 ft by 27 ft and a vertical height of 23 ft. (The cross section of the reactor is 45 ft by 14 ft).
Because of this compact reactor design, the hybrid SNCR/SCR system avoids many of the capital costs
associated with the multi-layer reactor, structural support steel, foundations, and new ductwork runs
required for a conventional stand-alone SCR system. The arrangement of the circulating fluidized bed dry
scrubber, baghouse, and associated equipment is also compact. As shown in Figure 3, the various pieces
of equipment are vertically tiered to permit gravity-assisted transport of solids where possible, and as a
result, the entire installation at AES Greenidge requires only ~ 0.4 acre of land. Unlike a wet FGD system,
the Turbosorp® system does not produce a saturated flue gas, and therefore it is constructed from carbon
steel and does not entail the installation of a new corrosion-resistant stack. These factors, coupled with the
mechanical simplicity of the Turbosorp® system relative to a wet FGD system, contribute to its
comparatively lower capital costs.

RESULTS FROM AES GREENIDGE UNIT 4
Hybrid NO, Control System

Emission Reduction Performance

The hybrid NO, control system has significantly reduced the NO, emissions from AES Greenidge Unit 4,
although it has fallen slightly short of the project’s performance target for NO, during long-term operation.
Guarantee testing of the multi-pollutant control system at AES Greenidge Unit 4 was completed in March-
May 2007. On March 28, 2007, the combustion modifications and hybrid SNCR/SCR system
demonstrated an average full-load NO, emission rate of 0.10 Ib/mmBtu, thereby satisfying the project’s
performance target for NO, emissions. However, AES Greenidge has been unable to achieve this
emission rate in the long term while also maintaining acceptable combustion characteristics, sufficiently
high steam temperatures, and sufficiently low ammonia slip for routine operation. During the guarantee
test period, the unit experienced flame attachments that damaged several burners, forcing plant personnel
to reduce the aggressiveness of low-NO, firing. This change in turn caused boiler conditions to deviate
from the design basis for the SNCR system, promoting less-than-optimal performance of that system. The
NO, control problems have been exacerbated by the accumulation of large particle ash in the in-duct SCR
reactor, which contributes to decreased NO, removal efficiency and increased ammonia slip from the
reactor. As a result, the unit generally has operated with high-load NO, emissions of 0.10-0.15 Ib/mmBtu
since the guarantee testing period.

Figure 4 shows average NO, emissions from AES Greenidge Unit 4 as a function of gross generator load
during the first six months of 2008. As illustrated in the figure, the unit's permit limit varies according to the
turndown strategy for the hybrid NO, control system. The permitted NO, emission rate is 0.15 Ib/mmBtu for
gross generator loads above 68 MW, but it increases to 0.28 Ib/mmBtu when the gross generator load is
between 53 and 68 MW and to 0.35 Ib/mmBtu when the gross generator load is between 43 and 52 MW.
The overall average NO, emission rate during January-June 2008 was 0.15 Ib/mmBtu for gross generator
loads above 42 MW. The average NO, emission rate for gross generator loads above 68 MW was 0.14
Ib/mmBtu, and the average rate for gross generator loads between 53 and 68 MW was 0.22 Ib/mmBtu.
This NO, emission profile is typical of that observed at AES Greenidge Unit 4 during routine operation of
the multi-pollutant control system, and it represents a substantial improvement relative to the NO, emission
profile observed prior to the multi-pollutant control project. For comparison, during the first six months of
2005, before the hybrid NO, control system was installed, AES Greenidge Unit 4 had an average NO,



emission rate of 0.32 Ib/mmBtu when it operated above 42 MWg,ss. The average NO, emission rate was
0.31 Ib/mmBtu for gross generator loads above 68 MW, and it was 0.40 Ib/mmBtu for gross generator loads
between 53 and 68 MW. Hence, the combustion modifications and hybrid SNCR/SCR system have
reduced the unit's NO, emissions by more than 50% (high-load NO, emissions have decreased by more
than 50%, and reduced-load NO, emissions have decreased by more than 40%) and enabled the unit to
satisfy its permit requirements for NO,.
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Figure 2. Photograph of the in-duct SCR reactor at
AES Greenidge Unit 4.
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Operating and Maintenance Experience

Day-to-day maintenance requirements for the hybrid NO, control system at AES Greenidge Unit 4 are
minimal. However, the system has been affected by problems with large particle ash and greater-than-
expected ammonia slip. These problems are discussed in more detail below.

The most troublesome problem encountered during operation of the multi-pollutant control system at AES
Greenidge has been the accumulation of large particle ash in the in-duct SCR reactor. The LPA, which
consists of pieces of slag that in many cases are too large to pass through the honeycomb catalyst,
becomes lodged in the catalyst channels and promotes subsequent accumulation and bridging of fly ash,
eventually plugging a substantial portion of the catalyst. Figure 5 presents a photograph showing LPA in
the SCR catalyst at AES Greenidge. The accumulation of LPA and fly ash causes an increase in the
pressure drop across the SCR reactor. At AES Greenidge, the pressure drop becomes substantial enough
over time that it could cause downstream ductwork to collapse. As a result, the unit must be derated
and/or taken offline for catalyst cleaning. Several outages were held for this purpose during the first year of
operation of the multi-pollutant control system. LPA accumulation in the SCR catalyst can also contribute
to decreased NO, removal efficiency, increased ammonia slip, and increased catalyst erosion.

|
Figure 5. Photograph showing large particle ash accumulation in
the in-duct SCR catalyst at AES Greenidge Unit 4.

The development of an effective LPA removal system for the in-duct SCR at AES Greenidge Unit 4 has
been challenging. The flue gas flows vertically downward between the economizer and SCR reactor, with
no available 90° bends or hoppers that can be used for inertial capture of the LPA (as is often done in
conventional SCR installations). The solution that was implemented consists of a sloped screen installed in
the ductwork between the economizer and the catalyst to remove the LPA from the flue gas. The screen
crosses an expansion joint, and hence, it is installed in two sections. Eight vacuum ports are installed at
the base of the screen to remove the collected LPA; soot blowers are located beneath the screen to help
transport the LPA to the vacuum ports. The screen, vacuum ports, and two soot blowers were originally
installed in May 2007. In September 2007, the two soot blowers were replaced with four rotary soot
blowers, and a spring seal was installed to close the gap between screen sections. A rake soot blower was
also installed above the SCR catalyst to aid in resuspending accumulated fly ash. In spite of these
improvements, however, LPA particles that were large enough to plug the catalyst still passed the screen.
In late 2007, patches were installed to eliminate openings in several areas of the screen, and the catalyst
was replaced with a clean layer. Unit 4 operated from January 3-May 2, 2008, without an outage, although
it was derated for the last month of this period because of elevated pressure drop across the in-duct SCR



reactor and air heaters. In May 2008, the original LPA screen was removed and replaced with a new,
smaller-pitch screen to more effectively remove small pieces of LPA from the flue gas. It is expected that
this will significantly reduce the severity of the SCR plugging problem; experience to date has been good.

Ammonia slip from the hybrid SNCR/SCR system at AES Greenidge Unit 4 has also been greater than
expected during the first year of operation. This problem is much less troublesome than the LPA problem.
Nevertheless, since AES Greenidge Unit 4 fires high-sulfur coal, ammonia slip is a particular concern
because it can cause ammonium bisulfate fouling in the air heaters, thereby decreasing their heat transfer
capability and adding pressure drop. As discussed above, the accumulation of LPA in the SCR catalyst
contributes to the ammonia slip, although ammonia concentrations greater than the target of 2 ppmvd @
3% O, have been observed at the air heater inlet even when the unit was operating with a relatively clean
catalyst. Thirty-eight ammonia slip measurements were performed at the air heater inlet between May
2007 and June 2008 while AES Greenidge Unit 4 was operating at intermediate or high loads (i.e., 79
MWjgross OF above). Ammonia concentrations measured during these tests ranged from 1.6 to 7.3 ppmvd @
3% O,. During all of the tests, one or both of the mid- and low-temperature urea injection zones were in
service. (In contrast, six low-load tests conducted at 55-56 MW, With only the high-temperature urea
injection zone in service, had ammonia slip concentrations of 0.1 to 0.3 ppmvd @ 3% O,). Thus far, the
greatest consequence of the higher-than-expected ammonia slip has been some pressure drop resulting
from ammonium bisulfate fouling in the air heaters. This adds to the pressure drop caused by LPA
accumulation in the in-duct SCR catalyst, and plant personnel have had to wash the air heater baskets
during several outages. (Ammonium bisulfate fouling has not directly caused any outages, though). The
higher-than-expected ammonia slip has not affected byproduct handling. The effect of ammonia slip will
continue to be monitored as catalyst activity decreases with time.

Process Economics

The total EPC capital cost for the hybrid NO, control system at AES Greenidge Unit 4, expressed in 2005
dollars (consistent with the start of construction at AES Greenidge), was $114/kW. This cost includes the
combustion modifications, SNCR system, in-duct SCR system, static mixers, large particle ash removal
system, and all supporting equipment.

Table 1 summarizes the levelized costs, including levelized capital costs and fixed and variable O&M costs,
for the NO, control system. Process economics were calculated using design information and actual cost
and operating data (where available) from the AES Greenidge installation. Key assumptions are listed
below the table.

Table 1. Process economics (constant 2005 dollars) for the hybrid NO, control system at AES Greenidge
Unit 4.

$/MWh $/ton NO, removed

Levelized Capital (Total Capital Requirement)® $2.24 $2,251
Fixed O&M $0.39 $395
Variable O&M $0.84 $841

Urea $0.62 $626

Replacement Catalyst $0.17 $168

Power and Water $0.05 $48
Total Levelized Cost $3.47 $3,487

®Includes combustion modifications, SNCR, in-duct SCR, static mixers, and LPA removal system. Assumptions: plant size = 107 MW
net, capacity factor = 80%, inlet NO, = 0.30 Ib/mmBtu, NO, emission = 0.10 Ib/mmBtu, urea NSR = 1.35, 50% urea solution =
$1.35/gal, Internal cost of electricity = $40/MWh, plant life = 20 years, fixed charge factor = 13.05%, allowance for funds used during
construction = 2.35%; other assumptions based on Greenidge design basis, common cost estimating practices, and market prices.

Fixed O&M costs were derived using common cost estimating practices. Actual fixed O&M costs will be
tabulated at the end of the project’'s performance evaluation period. No new employees were required to
operate the NO, control system. However, the fixed O&M costs presented in Table 1 preliminarily assume
4 hours per day of operating labor to account for increased overtime and training arising from the system.
Maintenance labor and materials costs are estimated as 1.5% of the total plant cost (40% labor, 60%
materials), and administrative and support labor costs are estimated as 30% of total O&M labor costs.



Variable O&M costs were calculated using actual pricing and operating data from AES Greenidge, where
available. Costs for urea were computed assuming a normalized stoichiometric ratio (NSR = 2 x moles of
urea + moles of inlet NO,) of 1.35, consistent with that observed during guarantee testing of the muilti-
pollutant control system in March 2007. In addition, the process economics in Table 1 assume a NOy
emission rate of 0.10 Ib/mmBtu, even though NO, emissions have averaged higher than this during routine
operation of the multi-pollutant control system.

The total levelized cost for the hybrid NO, control system at AES Greenidge Unit 4 is about $3,487 / ton of
NO, removed. The cost for urea, which is the portion of the cost that figures into the economic dispatch
calculations for Unit 4, is $626 / ton of NO, removed. (AES Greenidge is a merchant plant that dispatches
when its variable cost of producing electricity is less than the market price of electricity).

Circulating Fluidized Bed Dry Scrubber

Emission Reduction Performance

The Turbosorp system at AES Greenidge Unit 4 has performed commendably since it started up in early
2007. During the guarantee test period, the Turbosorp system surpassed its performance target for SO,
removal efficiency (= 95%), achieving 96% removal on March 29, 2007, while Unit 4 fired coal with a sulfur
content of 3.8 Ib SO, / mmBtu. (SO, was measured at the scrubber inlet using EPA Method 6C and at the
stack using the unit’s continuous emissions monitor).

This level of performance continued throughout the first year of operation of the Turbosorp® system while
Unit 4 fired mid-to-high sulfur eastern U.S. bituminous coals. To exemplify the longer-term SO, reduction
efficiency of the circulating fluidized bed dry scrubber, Figure 6 shows the hourly SO, rates measured at
the Turbosorp inlet and stack during January-June 2008, as well as the hourly SO, removal percentages
calculated from these data. Hourly average inlet SO, rates ranged from 2.62 to 4.52 Ib/mmBtu during the
six-month period. Overall, the Turbosorp system reduced SO, emissions from 3.41 Ib/mmBtu to 0.11
Ib/mmBtu during January-June, resulting in an average removal efficiency of 96.6%.
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Figure 6. SO, removal performance of the Turbosorp® system at AES Greenidge Unit 4
during January-June 2008. Data were obtained from the unit's air heater outlet SO,
monitor and stack continuous emissions monitor.



AES Greenidge routinely operates the scrubber with an SO, emission rate set point of 0.10 Ib/mmBtu,
which is below its permitted emission rate of 0.19 Ib/mmBtu (30-day rolling average), in order to provide a
margin for transient upsets in system performance. These upsets, which are evidenced by the spikes in
stack SO, emission rate in Figure 6, can be caused either by routine operating and maintenance activities
(e.g., change-out of the water injection lance) or by unexpected equipment problems (e.g., frozen valves
and pressure transmitters during cold weather periods). However, such upsets occur infrequently, and the
Turbosorp® system has easily maintained SO, emissions within the unit’'s permit limit. The system is also
capable of attaining very deep SO, removal efficiencies, even when the unit fires high-sulfur coals. During
the six months depicted in Figure 6, removal efficiencies = 99% were observed during 24% of the one-hour
periods for which SO, data were available.

The variable operating costs of the Turbosorp process depend strongly on the amount of lime that is
required to achieve a given level of SO, removal. Sorbent utilization in the Turbosorp system was
analyzed over the same six-month period that is depicted in Figure 6 using lime delivery data (i.e., truck
weights) and SO, data from the plant’s online analyzers. During this period, lime consumption (measured
as available CaO) totaled 9,980 tons, and the amount of SO, fed to the scrubber totaled 6,161 tons,
resulting in an average Ca/S molar ratio of 1.85. This is slightly greater than the targeted ratio of 1.6-1.7;
however, some deviation from the target might be expected, because the six-month lime total includes
excess lime that is wasted during periods when SO, emissions are over-controlled (e.g., the
aforementioned periods with 2 99% SO, removal efficiency) or when lime is over-fed to the scrubber to
compensate for temperature upsets resulting from load swings or maintenance activities (e.g., change-out
of the water injection lance). The calculation is also susceptible to a number of sources of measurement
error, including errors in the truck weights, stack flow rate measurements, available CaO measurements,
and SO, measurements. For example, the SO, content measured at the scrubber inlet historically has
been biased low relative to the measured coal sulfur content; this would cause the calculated Ca/S to be
biased high.

Parametric testing of the Turbosorp® system at AES Greenidge Unit 4 was conducted on June 16-19, 2008,
to enable an evaluation of lime consumption under controlled measurement and operating conditions,
thereby reducing the possibility that results would be biased by measurement error or by operatlonal upsets
that cause excess lime consumption. The set points for SO, removal and Turbosorp® operating
temperature were varied over the four test days so that the effects of these variables on lime consumption
could be studied. On the morning of each test day, after the unit reached full load, the desired set points
were established, and the system was allowed to reach apparent steady state. It was then operated at
steady state for approximately 6.5 hours. During that time, plant operating data were recorded by the
plant’s data historian, and samples of coal, hydrated lime, and fly ash (sampled upstream of the scrubber)
were collected for use in determining the Ca/S ratio. At the conclusion of the period of steady-state
operation, 5 -gal samples of product ash (i.e., mixture of solid scrubber byproduct and fly ash) from the
Turbosorp system were collected in dupllcate These samples were analyzed by inductively coupled
plasma-atomic emission spectroscopy to determine Ca and S. In all cases, the duplicate sample analyses
from a given test day agreed within 5% (relative percent difference). Ca/S molar ratios were then
computed from the concentrations of Ca and S determined in the product ash samples. These ratios were
corrected to remove the Ca and S that are attributable to coal fly ash, to adjust for the available Ca(OH),
content of the hydrated lime being used in the process (determined by ASTM C25), and to base them on
moles of inlet sulfur (as opposed to moles of sulfur removed).

Figure 7 shows the Ca/S molar ratios that were determined in this way, as well as relevant plant operating
data from each test day. The coal sulfur content during the test period was 3.5-3.7 Ib SO, / mmBtu. During
the first three test days, the Turbosorp operating temperature was held constant at 160 °F while the SO,
removal efficiency was increased from 92% to 98%. As expected, the Ca/S ratio increased with increasing
SO, removal efficiency, varying from about 1.3 at 92% SO, removal to about 1.9 at 98% SO, removal. The
Ca/S molar ratio was 1.6 for 95% SO, removal efficiency with a 160 °F scrubber operating temperature.
This is at the low end of the projected range of 1.6-1.7 cited earlier in this paper, perhaps because the coal
sulfur content (3.7 Ib SO, / mmBtu) was slightly less than the design basis of 4.0 Ib SO, / mmBtu. On the
last day of testing, the SO, removal efficiency was held at 95% while the Turbosorp® operating temperature
was raised by 5 °F to 165 °F. As anticipated, increasing the operating temperature (and, hence, moving
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further from the adiabatic saturation temperature in the fluidized bed absorber) caused an increase in the
CalS ratio that was required to achieve 95% SO, removal (to approximately 1.8).
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Figure 7. Calcium-to-sulfur molar ratios determined during parametric testing of the Turbosorp®
system at AES Greenidge Unit 4 in June 2008. Relevant plant operating conditions are also
shown.

The multi-pollutant control system at AES Greenidge Unit 4 has also consistently exceeded its performance
target of 2 90% Hg removal efficiency. As shown in Figure 8, twenty-five mercury tests were completed at
AES Greenidge between March 2007 and May 2008. For each test, Hg concentrations at the stack were
determined using the Ontario Hydro method (ASTM D 6784-02), and Hg concentrations in the coal were
determined by ASTM D 6722. (For the first six tests, Hg was determined in the Ontario Hydro method
samples using cold vapor atomic absorption spectroscopy (CVAAS), and all Hg concentrations at the stack
were below the method detection limit. Cold vapor atomic fluorescence spectroscopy was employed for
subsequent tests so that stack Hg concentrations could be detected). All of the tests surpassed the
project’s target for Hg removal; measured coal-to-stack Hg removal efficiencies ranged from 92.8% to
99.8%. Moreover, 20 of the 25 tests were conducted without any activated carbon injection; the average
Hg removal efficiency observed during these tests was 98.1%. (The activated carbon injection rate during
the five tests that included ACI was approximately 3 Ib/mmacf). High mercury removal efficiency was
observed irrespective of plant operating conditions. During all of the test periods, AES Greenidge Unit 4
fired typical eastern U.S. bituminous coals containing 6.4 — 13.7 Ib Hg / TBtu, 3.3 — 4.9 Ib SO, / mmBtu,
and 0.07 — 0.11 % CI. For the four tests on March 11-12, 2008, it also co-fired sawmill waste wood at less
than 5% of the total heat input. The gross generator load during the reduced-load tests on November 13-
15, 2007, and May 19-20, 2008, ranged from 56 to 84 MW, during the other 19 tests, the unit operated
between 105 and 109 MWygs. AES Greenidge Unit 4 produces fly ash with appreciable amounts of
unburned carbon. The fly ash carbon content ranged from 9.2 to 25.3% over the course of the 25 Hg tests,
likely contributing to the high Hg removal efficiencies that were observed.

The Turbosorp® system also achieved its performance targets for SO; and HCI removal efficiency (both =
95%) during guarantee testing in May 2007. The average SOj; removal efficiency measured during the
May test period (using the controlled condensation method) was 97.1%, and the average HCI removal
efficiency measured during that period (using U.S. EPA Method 26A) was 97.2%. (HF concentrations were
also measured using Method 26A; however, concentrations at the inlet and outlet of the scrubber were
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near or below the method detection limit, precluding the determination of a removal efficiency). Table 2
summarizes all of the SO3; and HCI measurements that have been performed at AES Greenidge Unit 4
through May 2008. The average HCI removal efficiency observed during 18 tests between March 2007
and May 2008 was 96.1%. SOj; removal efficiencies measured since the guarantee test period have varied
considerably, owing largely to variations in SO; concentrations at the Turbosorp® inlet. These variations in
removal efficiency are likely due to fluctuations in fuel sulfur content, boiler operating conditions, scrubber
operating conditions, and SO; removal across the air heater. (During the SOj; tests, unit loads varied from
55 MW to 109 MWyg; coal sulfur content varied from 3 Ib/mmBtu to 5 Ib/mmBtu, and SO, removal efficiency
varied from < 85% to > 99%). The average SO; concentration measured at the stack since the installation
of the multi-pollutant control system is 0.7 ppmvd @ 3% O,; 23 of the 26 stack SO; concentrations
measured to-date were less than 1 ppmvd, which approaches the practical field detection limit of the
controlled condensation method. Hence, installation of the Turbosorp® system has resulted in very low
SO; emissions from AES Greenidge Unit 4.
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Figure 8. Summary of coal-to-stack Hg removal efficiencies, March 2007 — May 2008.

Table 2. Summary of results from SO; and HCI testing performed at AES Greenidge Unit 4 between March
29, 2007, and May 22, 2008. SO; was measured using the controlled condensation method, and HCI was
measured using U.S. EPA Method 26A.

Concentration at Concentration at
Turbosorp® Inlet, Stack, Removal Efficiency,
Number of ppmvd @ 3% O, ppmvd @ 3% O, %
Analyte Tests Mean (Range) Mean (Range) Mean (Range)
SO3 26 12.1 (4.7 - 28.7) 0.7 (0.2-1.7) 93.0 (78.8 - 98.4)
HCI 18 36.9 (26.1 - 48.6) 1.4(0.2-2.9) 96.1 (89.5-99.4)

Installation of the Turbosorp® system, including a new baghouse, at AES Greenidge Unit 4 has resulted in
a substantial reduction in primary (non-condensable) particulate matter (PM) emissions from the unit.
Figure 9 compares PM emission rates measured before and after installation of the system (using U.S.
EPA Method 5 or 17). The average PM emission rate measured during 30 full-load tests between March
2007 and March 2008, following the installation of the multi-pollutant control system, was < 0.001
Ib/mmBtu. This represents a more-than 98% reduction over the baseline full-load PM emission rate of
0.063 Ib/mmBtu measured in November 2004. (The average PM emission rate observed during 11
reduced-load tests in November 2007 and May 2008 was similarly < 0.001 Ib/mmBtu). The improvement in
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PM emissions has occurred in spite of the substantial increase in flue gas particulate Ioadlng brought about
by the hydrated lime, reaction products, and high solids recycle rate in the Turbosorp system. It results
largely from the superior performance of the baghouse relative to the unit's old ESP. Particle
agglomeration in the fluidized bed absorber may also contribute to improved PM capture efficiency.
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Figure 9. Summary of primary particulate
matter emission rates measured at AES
Greenidge Unit 4 before and after installation
of the multi-pollutant control system. Error
bars represent + 1 standard deviation.

Operating and Maintenance Experience

As discussed earlier, the Turbosorp® system is mechanically simple relative to many alternative FGD
technologies, and therefore, it is expected to afford low maintenance requirements. This has generally
been true at AES Greemdge during the first year of operation of the system. AES has been able to operate
and maintain the Turbosorp system (and the rest of the multi-pollutant control system) W|thout adding any
new O&M personnel. The majority of the O&M requirements associated with the Turbosorp® system have
involved the lime hydration system, which is the most mechanically complex part of the process. The most
common problem has been plugging in the hydrated lime milling and classification system. Problems W|th
the lime hydration system have usually been resolved without impacting the operation of the Turbosorp
scrubber. Plant personnel can continue to operate the scrubber while the hydrator is offline by using
hydrated lime from their onsite inventory or by taking deliveries of hydrated lime. However, in a few
instances, lack of hydrated lime availability has forced the unit to derate. Hence, AES is increasing the
plant’s on3|te storage capacity for hydrated lime. Other routlne maintenance requirements in the
Turbosorp® system include changing out and cleaning the Turbosorp® water injection lance (preventative
maintenance performed about once per week) and unplugging the vents from the ash disposal silos
(several times per day). In addition, there have been occasional problems with malfunctioning instruments
and with plugging and formation of deposits in the ash recirculation and disposal system. However, no
condensation problems have been observed in the absorber vessel or baghouse.

The only major byproduct from the multi-pollutant control system is the product ash from the Turbosorp®
system, which is very similar to spray dryer ash in that it is a dry powder (~ 1% moisture) containing
hydrates of CaSO; and CaSOy,, fly ash, CaCO3, Ca(OH),, Ca0, CaCl,, and CaF,. Approximately 3.2 tons
of scrubber byproduct (excluding fly ash) are produced for each ton of SO, removed, assuming design
conditions. AES Greenidge generally disposes of the product ash at a landfill adjacent to the plant site.
However, plant personnel succeeded in supplying 3,500 tons of product ash for use as flowable fill, and the
project team continues to seek potential beneficial reuses for the ash, which could also include use in mine
reclamation or use in manufactured aggregate production. The product ash contains the Hg captured by
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the multi-pollutant control process. Mercury leaching tests were performed on seven product ash samples
using the Synthetic Precipitation Leaching Procedure (U.S. EPA Method 1312). For each of these
samples, the amount of Hg in the leachate was < 0.35 ug/L (the detection limit for the CVAAS method),
which equates to < 1.5% of the total Hg in the ash.

Process Economics

The total EPC capital cost for the Turbosorp® system at AES Greenidge Unit 4, expressed in 2005 dollars
(consistent with the start of construction at AES Greenidge), was $229/kW. This cost includes the absorber
vessel, process water system, lime storage and hydration system, baghouse, ash recirculation system,
booster fan, and all supporting equipment. The cost for the activated carbon injection system is not
included in this total, because testing has shown that the ACI system is not needed to achieve the project’s
Hg removal target. If included, the ACI system would add about $6/kW to the EPC capital cost.

Table 3 summarizes the levelized costs, including levelized capital costs and fixed and variable O&M costs,
for the Turbosorp® system. As with the process economics for the hybrid NO, control system, economics
for the Turbosorp® system were calculated using design information and actual cost and operating data
(where available) from the AES Greenidge installation. Key assumptions are listed below the table.

Fixed O&M costs were derived using common cost estimating practices. Actual fixed O&M costs will be
tabulated at the end of the project's performance evaluation period. As discussed above, no new
personnel were required to operate the Turbosorp® system. However, the fixed O&M costs presented in
Table 3 preliminarily assume 12 hours per day of operating labor to account for increased overtime and
training arising from the system. Maintenance labor and materials costs were estimated according to the
same assumptions described above for the NO, control system.

Variable O&M costs were calculated using actual pricing and operating data from AES Greenidge, where
available. Costs for lime assume a Ca/S molar ratio of 1.68, based on measurements made at AES
Greenidge in October 2007 when the unit was operating near design conditions (i.e., 4.1 Ib SO, / mmBtu
coal, 95% SO, removal efficiency, 160 °F scrubber operating temperature).

Table 3. Process economics (constant 2005 dollars) for the Turbosorp® system at AES Greenidge Unit 4.

$/MWh $/ton SO, removed

Levelized Capital (Total Capital Requirement)® $4.54 $241
Fixed O&M $0.88 $47
Variable O&M $5.62 $298

Lime and Waste Disposal $4.79 $254

Power and Water $0.70 $37

Baghouse Bags and Cages $0.12 $6
Total Levelized Cost $11.04 $586

®Includes scrubber, process water system, lime storage and hydration system, baghouse, ash recirculation system, and booster fan.
Assumptions: plant size = 107 MW net, capacity factor = 80%, coal sulfur = 4.0 Ib SO, / mmBtu, Ca/S = 1.68 mol/mol, pebble lime
available CaO = 90%, SO, removal efficiency = 95%, pebble lime = $115/ton, waste disposal = $17/ton, internal cost of electricity =
$40/MWh, plant life = 20 years, fixed charge factor = 13.05%, allowance for funds used during construction = 2.35%; other
assumptions based on Greenidge design basis, common cost estimating practices, and market prices.

The total levelized cost for the Turbosorp® system at AES Greenidge Unit 4 is about $586 / ton of SO,
removed, and the cost for lime and waste disposal, which is the portion of the cost that figures into the
economic dispatch calculations for Unit 4, is $254 / ton of SO, removed. These prices also cover mercury
control, acid gas control, and improved primary particulate matter control, which are co-benefits of the
Turbosorp® system and add no incremental cost.

DEPLOYMENT OF THE DEMONSTRATION TECHNOLOGY

Following the successful demonstration at AES Greenidge, three additional projects are underway to
retrofit Turbosorp® circulating fluidized bed dry scrubbers to coal-fired EGUs in the United States. Key
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features of these additional projects are summarized in Table 4.
application are also included for comparison). All are designed to achieve SO, removal efficiencies of 95%

(Key features of the AES Greenidge

or more, with fuel sulfur contents ranging from 2.3 to 4.6 Ib SO, / mmBtu.

Table 4. Turbosorp® projects at coal-fired electric generating units in the United States.

AES AES GRU FirstLight
Greenidge 4 Westover 8 Deerhaven 2 Mt. Tom 1
Unit C it
Y 107561 84ne 248505 1561055
Turbosorp® . _
Start-Up Spring 2007 Fall 2008 Spring 2009 Fall 2009
Fuel Bituminous Bituminous Bituminous Bituminous
Pulverized Coal | Pulverized Coal | Pulverized Coal | Pulverized Coal
Inlet SO,
Ib/mmBtu 4.0 3.4 2.3-3.9 2746
Outlet SO,
Ib/mmBtu <0.2 <0.17 <0.10 0.14-0.23
SO R(,Zmo"a' > 95 > 95 >95.6-97.4 > 95
Hydrator 1 x 100% No 2 x100% No
Existing ESP Cold Side Cold Side Hot Side Cold Side
9 Abandon Abandon Retain Retain
New Baghouse Yes Yes Yes Yes
Activated SCarbon Injection Yes No Provisions Yes
ystem
SCR Compact/Hybrid Yes Yes Existing

As discussed above, a particulate control device is an integral part of the Turbosorp® technology. Although
it is possible to install a Turbosorp® system with an ESP to remove the reaction products and spent sorbent
from the flue gas, baghouses are generally preferred because they provide for deeper emission reductions.
All of the projects in Table 4 include a new baghouse as part of the Turbosorp® system. The existing
particulate control device can be either retired (as it was at AES Greenidge) or retained (because of
economic and/or operating considerations). At AES Westover Unit 8, as at AES Greenidge Unit 4, the
existing cold-side ESP will be abandoned, with fly ash being collected along with the spent sorbent and
reaction products in the new baghouse. At these sites, both the booster fan and the existing ID fans are
located downstream of the Turbosorp® reactor and baghouse. The hot-side ESP at GRU Deerhaven Unit 2
will be retained, allowing the new SCR reactor and the existing air heater to operate with low dust loading.
The cold-side ESP at Mt. Tom will also be retained. In both plants, the Turbosorp® system will be located
downstream of the existing ID fan; retaining the ESP allows the fly ash to be disposed or sold separately
from the scrubber product, if desired. However, the ESP can be operated at reduced power, because the
baghouse provides supplemental particulate emission control.

The hydrated lime required by the Turbosorp® system can be either produced from pebble lime in an onsite
hydrator, as it is at AES Greenidge, or it can be purchased and delivered to site for direct use in the
process. The Turbosorp® installations at AES Westover and FirstLight Mt. Tom do not include hydrators;
both of these units will use hydrated lime that is delivered by truck. At GRU Deerhaven, two complete
hydration trains will provide fully redundant, on-site hydration capacity, while allowing for delivery of both
pebble lime and hydrated lime. The lime hydration system specified for the Deerhaven project completely
eliminates post-hydrator milling and classification, with a significant reduction in equipment and
maintenance requirements relative to the lime hydration system at AES Greenidge.
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None of the three additional announced deployments of the Turbosorp® system are being installed in
combination with the hybrid SNCR/SCR system that was included at AES Greenidge. However, all of
these deployments will include a conventional SCR upstream of the Turbosorp® system. Two of the
projects include SCR as part of the retrofit; an SCR system was recently installed at Mt. Tom Unit 1 and will
continue in service.

The Turbosorp® projects currently in construction closely match the population of coal-fired EGUs targeted
by the Greenidge Project. In addition, BPEI is developing projects that involve application of the
Turbosorp® process to low sulfur-coals, to opportunity fuels such as petroleum coke and biomass, and as a
polishing scrubber to achieve very low emissions from a circulating fluidized bed boiler.

SUMMARY

The Greenidge Project has demonstrated the commercial viability of a multi-pollutant control system that is
designed to meet the needs of small coal-fired power plants that have traditionally been difficult to retrofit.
The system, which includes combustion modifications, a hybrid SNCR/SCR system, and a circulating
fluidized bed dry scrubber (with new baghouse), required an EPC capital cost of $343/kW ($2005) and a
footprint of < 0.5 acre at the 107-MW AES Greenidge Unit 4. This is substantially less than the capital cost
and space that would have been required to retrofit AES Greenidge Unit 4 with conventional SCR and wet
FGD systems. The multi-pollutant control system has operated commercially for more than a year, and it
has generally met or exceeded the project’'s performance targets. Tests completed since start-up of the
system in early 2007 have consistently shown = 95% SO, removal, = 95% mercury removal (with no
activated carbon injection), and very low emissions of SO3, HCI, HF, and particulate matter while the unit
fires mid-to-high sulfur eastern U.S. bituminous coals (e.g., containing 2.5 - 5.0 Ib SO, / mmBtu). The
performance of the hybrid SNCR/SCR system has been affected by problems with large particle ash,
ammonia slip, and less-than-optimal combustion characteristics, and NO, emissions have typically
averaged closer to 0.15 Ib/mmBtu than to the targeted emission rate of 0.10 Ib/mmBtu. Nevertheless, the
system has substantially improved the unit's NO, emission profile. Installation of the multi-pollutant control
system has enabled AES Greenidge Unit 4 to satisfy its air emissions requirements while remaining
profitable, thereby contributing to a 20-30 year life extension for the unit.

Following the successful demonstration of the Turbosorp® circulating fluidized bed dry scrubber at AES
Greenidge Unit 4, three additional deployments of that technology have been announced for coal-fired
EGUs in the United States. These announced deployments are consistent with the objectives of the
Greenidge Project. All are designed to achieve at least 95% SO, removal from smaller coal-fired units (80-
250 MW) that fire mid-to-high sulfur coals (2.3-4.6 Ib SO, / mmBtu). Additional projects involving
application of the Turbosorp® technology to a wide variety of units are anticipated.
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Greenidge Multi-Pollutant Control Project

» Part of U.S. DOE’s Power Plant Improvement Initiative

» Participants
— CONSOL Energy Inc. (administration, testing, reporting)
— AES Greenidge LLC (host site, operations)
— Babcock Power Environmental Inc. (EPC contractor)

» Funding
— U.S. Department of Energy, National Energy Technology Laboratory
— AES Greenidge LLC

+ Goal: Demonstrate a multi-pollutant control system that can
cost-effectively reduce emissions of NO,, SO,, mercury,
acid gases (SO3, HCI, HF), and particulate matter from
smaller coal-fired EGUs

Existing U.S. Coal-Fired EGUs
50-300 MW,

A1

* About 420 units (halmost 60 GW) not equipped with FGD, SCR,
or Hg control technology

AES Greenidge Unit 4 (Boiler 6)

Dresden, NY
Commissioned in 1953 -
107 MW, (EIA net winter capacity) £ =
Reheat unit :

Boiler:

— Combustion Engineering
tangentially-fired, balanced draft

— 780,000 Ib/h steam flow at 1465
psig and 1005 °F

Fuel:

— Eastern U.S. bituminous coal
— Biomass (waste wood) — up to 10% heat input

Existing emission controls:

— Overfire air (natural gas reburn not in use)

- ESP

— No FGD — mid/high-sulfur coal to meet permit limit of 3.8 Ib SO,/mmBtu

Process Flow Diagram
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Hybrid NO, Control System

» Combustion Modifications
— Low-NO, burners, SOFA
— Reduce NO, to 0.25 Ib/mmBtu

+ SNCR
— Three zones of urea injection
— Provide NH, slip for SCR
(NO,OUT CASCADE®)
— Reduce NO, by ~ 42.5%
(to 0.14 Ib/mmBtu)

+ SCR
— Single catalyst layer (1.3 m)
— Cross section = 45’ x 14’
— Fed by NH; slip from SNCR

— Reduce NO, by 2 30%
(to < 0.10 Ib/mmBtu)




Turbosorp® Circulating Dry Scrubber

+ Completely d
o Quicklime P Y ary
Turbosorp silo.

Absorber - » Separate control of

o el - hydrated lime, water, and
" ot recycled solids injection

» High solids recirculation

* Small footprint

» Carbon steel construction

» No wet stack

» Few moving parts

* Projected Ca/Sis 1.6-1.7
mol/mol for design fuel

Design Features for Mercury Control

Filter cake provides
Cosls flue gas to gas/solids contact;
~160°F and provides  rempoves solids/Hg

Adsorbs Hg° i
Oxidizes Hg ! HgQ*g gas/solids contact from flue gas
to Hg?*
Turbosorp®
Activated Circulating
SNCR Carbon Fluidized Bed

Injection Dry Scrubber

) G

Solids Recycle

Guarantee Testing Results
March-May 2007, 2.4-3.2% Sulfur Eastern U.S. Bituminous Coal

Combustion Solids Promotes high
Modifications Captures Hg?* C("‘C'“d'"g sorbent
aptured Hg) e
Increase and removes to Disposal utilization
unburned C S0,
in fly ash Hg Reduction Target: 2 90% (coal-to-stack)
Long-Term Performance Results
Test Number Measured
Parameter Period of Tests Performance
NQ‘ CEEE Aug 07 —Jul 08 | continuous 0.14 Ib/mmBtu
(high load)
SO, removal Aug 07 — Jul 08 | continuous 96%
Hg removal
ACI Mar 07 — Oct 07 5) 94%
No ACI Mar 07 — Jun 08 28 98%
SO, removal May 07 — Jun 08 42 95%
HCI removal Mar 07 — Jun 08 30 97%
HF removal Mar 07 — Jun 08 31 Indeterminate

Performance of hybrid NO, control system has been affected by large particle
ash and ammonia slip. Plant typically operates at 0.10-0.15 Ib/mmBtu to
maintain acceptable combustion characteristics.

Performance Measured
Parameter Target Performance
NI}, GrilIsElen L <010 b/mmBtu |  0.10 Ib/mmBtu
(high load)
SO, removal > 95% 96%
Hg removal 2 90%
ACI > 94%
No ACI > 95%
SO, removal = 95% 97%
HCI removal 2 95% 97%
HF removal > 95% Indeterminate
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Mercury Testing Results
Ontario Hydro Method or U.S. EPA Method 30B
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Particulate Testing Results
EPA Method 5/17, Full Load
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Operating and Maintenance Experience

* O&M handled by existing plant staff
* Ammonia slip is higher than expected

* Lime hydration system is most
maintenance-intensive part of process

— Use delivered / stored hydrated lime
to allow offline maintenance

— Most problems involve ball mill and classifier

* Flue gas recycle not used because of
problems with reverse flow

» Occasional issues with plugging in the
ash recirculation / disposal system

» No condensation issues in the scrubber or baghouse

Process Economics
AES Greenidge Unit 4 Design Case

Additional Turbosorp® System Deployments

Constant 2005 Dollars

EPC Fixed Variable Total
Capital O&M O&M Levelized
Cost Cost Cost Cost
($/kW) | ($/MWh) | ($/MWh) ($/MWh)
NO, Control 1142 0.40 0.85 3.49
SO, Control 2290 0.87 5.41 10.82

aIncludes combustion modifications, SNCR, in-duct SCR, static mixers, and LPA removal system
®Includes scrubber, process water system, lime storage and hydration system, baghouse, ash recirculation
system, and booster fan

Assumptions: Plant size = 107 MW net, Capacity factor = 80%, Coal sulfur = 4.0 Ib SO,/mmBtu,

SNCR NSR = 1.35, Ca/S = 1.65, 50% Urea = $1.35/gal, Quicklime = $115/ton, Waste disposal = $17/ton,
Internal COE = $40/MWh, Plant life = 20 years, Fixed charge factor = 13.05%, AFUDC = 2.35%, Other
assumptions based on AES Greenidge design basis, common cost estimating practices, and market prices

AES GRU First Light
Westover 8 Deerhaven 2 Mt. Tom 1
Unit Capacity (MWe) 84 (net) 248 (gross) 155 (gross)
Start-Up Fall 2008 Spring 2009 Fall 2009
Inlet SO, (Ib/mmBtu) 3.4 2.3-39 2.7-4.6
S0, Removal Goal (%) 295 295.6-97.4 295
Hydrator No 2x100% No
Existing ESP Cold Side Hot Side Cold Side
Abandon Retain Retain
New Baghouse Yes Yes Yes
ACI System No Provisions Yes
SCR Yes Yes Existing




Additional Turbosorp® System Deployments

GRU Deerhaven

AES Westover

Summary
Results from AES Greenidge Unit 4 (107 MW)

EPC capital cost = $343/kW (2005)
Footprint < 0.5 acre

Performance tests have shown:

— >95% SO, removal
(for coals up to 4.8 Ib SO, / mmBtu)

— 98% Hg removal
(no activated carbon required)

— PM emissions < 0.001 Ib / mmBtu
— 295% SO; and HCI removal

NO, emission profile significantly improved
O&M handled by existing plant staff
Plant continues to operate profitably (20-30 year life extension)

Success has led to additional Turbosorp® deployments

Disclaimer

This presentation 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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The Greenidge Multi-Pollutant Control Project: Demonstration of
Innovative Technology for Reducing Air Emissions from Smaller Coal-
Fired Units
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The Greenidge Multi-Pollutant Control Project: Demonstration of
Innovative Technology for Reducing Air Emissions from Smaller Coal-
Fired Units

Daniel P. Connell
CONSOL Energy Inc. Research & Development, South Park, PA

Douglas J. Roll, P.E.
AES Greenidge LLC, Dresden, NY

Wolfe P. Huber, P.E.
U.S. Department of Energy, National Energy Technology Laboratory, Pittsburgh, PA

The Greenidge Multi-Pollutant Control Project was conducted as part of the U.S. Department of
Energy’s (DOE’s) Power Plant Improvement Initiative to demonstrate an innovative combination
of technologies that is well-suited for reducing emissions from small (i.e., 50-300 MW), difficult-
to-retrofit coal-fired electric generating units (EGUs). Many of these smaller units, which
collectively account for nearly 60 GW of generating capacity in the U.S., cannot afford the capital
costs or space required to retrofit with conventional technologies for deep emission reductions.
Thus, in the face of progressively stringent environmental regulations, the continued operation of
these units depends upon the ability to identify viable emissions control retrofit options for them.

The technology demonstrated as part of the Greenidge Project is designed to meet the needs of
these smaller units. It includes a NOxOUT CASCADE® hybrid selective non-catalytic reduction
/ selective catalytic reduction (SNCR/SCR) system for NO, control and a Turbosorp” circulating
fluidized bed dry scrubber system for SO,, Hg, SO;, HCI, HF, and particulate matter control. The
demonstration was conducted at the 107-MWe AES Greenidge Unit 4 in New York State by a
team including CONSOL Energy Inc., AES Greenidge LLC, and Babcock Power Environmental
Inc. Funding was provided by the U.S. DOE and by AES Greenidge. Project goals included
reducing high-load NOy emissions to <0.10 Ib/mmBtu; reducing SO,, SO;, HCI, and HF
emissions by at least 95%; and reducing Hg emissions by at least 90% while the unit fired 2-4%
sulfur eastern U.S. bituminous coal and co-fired up to 10% biomass.

Start-up of the multi-pollutant control system was completed in early 2007, and the performance
of the system was evaluated during the more-than year-long period from March 2007 through
June 2008. This presentation summarizes final results from the project. Guarantee tests
conducted in March-May 2007 demonstrated attainment of all of the emission reduction goals
listed above. Additional tests completed throughout the performance evaluation period
consistently showed >95% SO, removal, >90% mercury removal (with no activated carbon
injection), and very low emissions of SO;, HCI, HF, and particulate matter. Greater than 95%
SO, removal efficiency was observed even when the unit fired high-sulfur coals containing up to
4.9 1b SO, / mmBtu. The performance of the hybrid SNCR/SCR system was affected by
problems with large particle ash, ammonia slip, and nonideal combustion characteristics, and NOy
emissions typically averaged 0.10-0.15 Ib/mmBtu in the longer term. Nevertheless, the system
has significantly improved the unit’s NO4 emission profile. Installation of the multi-pollutant
control system has helped to enable a 20-30 year life extension for AES Greenidge Unit 4, while
requiring capital costs of <§350 / kW (2005%) and a footprint of <0.5 acre — both substantially
less than would have been required to retrofit the unit with a conventional SCR and wet scrubber.
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