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Section 1 

INTRODUCTION 

This report is the eighth in a series of reports describing the results of testing and analytical 
services for the Innovative Clean Coal Technology Demonstration of Selective Catalytic Reduction 
(SCR) Technology for the control of nitrogen oxide (NO,) emissions from high-sulfur, coal-fired 

The air heater evaluations were conducted at the beginning (June 1994) and end (October 1994) of 
the second sequeice of parametric testing under Task 4: Long-Term Parametric Tests. The tests in 
June 1994 (SO,, SO3, and particulate mass concentrations) were specifically conducted to 
establish a set of baseline performance values. (The air heaters had been washed and a partial 
replacement of baskets had occurred on the two rotary air heaters (A and B) during the May/June 
1994 outage.) 

boilers. The test results for the second sequence of air heater tests are summanzed - inthisreport. 

The SCR test facility is located at Gulf Power Company's Plant Crist Unit 5 in Pensacola, Florida. 
The test facility includes three large SCR reactors, each designed to treat 5000 wscfin of flue gas, 
and six small reactors, each processing 400 w s c h  of flue gas. An air heater capable of removing 
sufficient heat to reduce the flue gas temperature from a range of 600 to 750 "F down to 300 'T 
was included in the design of each of'the three large reactors. The three large reactors are 
designated as reactors A, B, and C. Reactors A and B incorporate Ljungstrom-type air heaters and 
Reactor C's air heater incorporates a heat pipe design. 

The original design of the SCR test facility also included bypass heat exchangers on each of the 
three large rdctors. These units were intended for use during parametric testing of the reactors 
(Task 4: Long Term Parametric Tests) so that flue gas containing higher concentrations of slip 
ammonia could be diverted around the air heaters. However, the bypass heat exchangers did not 
function as planned and the practice of bypassing the air heaters on Reactors A, B and C during 
parametric testing was abandoned. Thus, the air heater test data presented in this report include 
the effects of day-long periods of exposure to ammonia concentrations normally ranging from a 
few parts per million by volume ppm(v) to 20 ppm(v), although brief excursions approached 100 
PPm(v). 

The air heater testing included the determinations of particulate mass concentration (outlet of 
Reactor A and B air heaters) and measurements of the concentrations of sulfur dioxide, sulfbr 
trioxide, hydrogen chloride and ammonia (inlet and outlet of Reactor A, B and C air heaters). All 
tests were conducted with manual samplig methods. Ammonia samples were segregated into solid 
and gas-phase fractions to characterize the gas/solid phase partitioning of ammonia across the air 
heaters. In general, simultaneous tests were performed at the inlet and outlet of each of the three 
air heaters. 

This report is divided into several sections. Section 2 describes the test methods used for the air 

Section 4. Tables containing original data summaries that were produced for the air heater testing 
are contained in Appendix A. 

heater testing. Section 3 reviews all of the test results. The test data are briefly summarized in 

1-1 

a 



Section 2 

TEST METHODS 

A variety of test methods were used to characterize air heater performance. The following 
subsections briefly describe the test methods for ammonia (NH3), sulfbr dioxide (SO,), sulf-br 
trioxide (SO3), hydrogen chloride (HCI), and particulate mass concentration. Figure 2-1 shows a 
sketch of a large reactor and its air heater (not to scale). The test port locations for air heater inlet 
and outlet measurements are indicated on the diagram. Test ports (three horizontal ports) 
downstream of the third catalyst layer (the normal reactor outlet test location) were used to 
measure concentrations of air heater inlet gas constituents. Three test ports (horizontal) were 
installed in a transition piece in the outlet ducting of the Reactor A and B air heaters that were 
suitable for particulate and gas phase flue gas constituent testing. Test ports at this same location 
in the-Reactor-C air-heater-outlet were not installed. However, a single test port (horizontal) in a 
section of ducting at the inlet transition to the cyclone on Reactor C (downstream of the reactor 
bypass duct) was suitable for testing gas phase flue gas constituents (Reactor C air heater outlet). 
Turbulent flow at this location precluded mass concentration tests, however. 

Air heater tests were performed with the reactors operating at Test Condition 22, the normal 
baseline or long-term operating condition. These operating conditions included a flue gas 
temperature of 700 OF, an NH3MOx ratio of 0.8, and a flue gas flow rate of 5000 wscfin (100% of 
design flow rate). During measurements of air heater inlet and outlet ammonia concentrations 
only, additional tests were performed at Test Condition 24. The operating parameters for these 
tests were a flue gas temperature of 700 OF, an NH3/N0, ratio of 1.0, and a flue gas flow rate of 
5000 wscfm. 

AMMONIA 

Ammonia concentrations were measured simultaneously at the air heater inlet (downstream of the 
third catalyst layer) and at the air heater outlet on each of the large reactors. At each site and at 
each test condition, three independent tests were performed to determine an average ammonia 
concentration. Sampling ports located downstream of the third catalyst layer were used to measure 
air heater inlet ammonia concentration. Flue gas was sampled at three equally-spaced points in 
each of the three test ports (a total of nine traverse points) to determine an average inlet ammonia 
concentration for each test. At the air heater outlet sampling location on Reactors A and B the 
probe also sampled at three equally-spaced points in each of the three test ports (a total of nine 
traverse points). At the single Reactor C outlet test port, the ammonia probe traversed three, 
equally-spaced, points (front to rear) during each test. 
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figure 2-1. Schematic drawing of SCR reactor and air heater cross section (side view). 
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Figure 2-2. Schematic diagram of the ammonia sampling train. 

A schematic drawing of the ammonia sampling train is shown in Figure 2-2. The flue gas sample 
is drawn through a glass-lined probe and a heated filter to remove particulate. The filter is 
maintained at the nominal flue gas temperature. The gas sample passes through a length of PTFE 
tubing to a set of three impingers in an ice bath. The first two impingers contain a 0.1 normal 
solution of sulfhric acid. The third impinger sewes as a trap to prevent the solutions from 
accidentally being drawn into the pump. A second glass wool plug is placed in the line between the 
iast two impingers to collect any ammonia aerosols that may escape the second impinger. The 
remainder of the train consists of a silica gel column to remove the last traces of water from the 
flue gas sample, a leak-fiee pump, and a dry gas meter to measure the volume of the sample. 

- The samples were segregated during sample colIection into a solid-phase sample and a gas-phase 
sample. The solid-phase sample consisted of the heated filter, all of the collected particulate, and 
the probe-wash liquid. The gas-phase sample consisted of the impinger liquids and the wash and 
rinse liquids. The two samples were analyzed separately to characterize the ammonia partitioning 
between the gas and solid phases. 

At the outset of the Task 4 parametric testing, modified Greenberg-Smith type impingers were used 
for ammonia sampling. However, 100 ml gas sampling impingers, each containing about 50 ml of 
solution, were used for the air heater ammonia testing to reduce the detection limit to less than 1 
ppm(v) for a reasonable sample volume, about 3 it3 of gas. The lower detection limit was needed 
for much of the air heater ammonia testing be&use ammonia concentrations are very low at the 
reactor exit when ope-g at the reactor design condition with an NH3/N0, ratio of 0.8. 

The impinger solutions are made alkaline in the laboratory (converting the NH4+ ion to free NH3 in 
solution). The concentration of ammonia is then determined with an ammonia ion specific 
electrode, Orion Model 920A. As mentioned above, three individual measurements of ammonia 
concentration are made for each test condition. Two independent determinations of the ammonia 
concentration are then conducted on each sample. 

SULFUR DIOXIDE AND SULFUR TRIOXIDE 

During the air heater evaluation, SO, and SO3 concentrations were measured simultaneously at the 
reactor outlet downstream of the third catalyst layer (air heater inlet) and the air heater outlet. 
S u b  dioxide (S0-J and sulfhr trioxide (SO3) were collected in a controlled condensation 



sampling thin. All tests were conducted using single-point sampling in either the right-hand port 
(air heater inlet test location) or middle port (air heater outlet test location). 
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Figure 2-3. Schematic diagram of the controlled condensation sampling train for SO2 and SO3. 

A schematic drawing of the S02/S03 sampling train is shown in Figure 2-3. The flue gas sample 
is drawn through a heated, quartz-lined probe maintained above 550 OF. The sample then passes 
through a quartz filter housed in a heated quartz filter holder, also maintained at 550 OF. The next 
element in the train is the SO3 condenser. .The condenser is a length of quartz tubing packed with 
quartz wool gfld maintained between 120 OF and 130 OF in a heated water bath. The sample next 
passes through a length of PTFE tubing to a set of three impingers in an ice bath. The first two’ 
impingers contain a 3% solution of hydrogen peroxide to oxidize S02 .  The third impinger serves 
as a trap to prevent the solutions from accidentally being drawn into the pump. The remainder of 
the train consists of a silica gel column to remove the last traces of water from the sample, a leak- 
fiee pump, and a dry gas meter to measure the volume of the sample. 

. 

The SO3 is collected in the condensing element and the SO2 is collected in the bubblers by 
oxidation with the hydrogen peroxide, converting it to H2SO4 in solution. In the condenser the 
SO3 present begins a hydration reaction with the water vapor present making H2S04. The excess 
water vapor also condenses to produce a condensate of concentrated aqueous H2SO4. Thus, two 
solutions of H2S04 are collected; one a very concentrated solution of limited amount containing the 
original SO3 and the other a relatively weak solution in fhr greater amount containing the original 
SO2 The concentrations of the sulfkte ion are determined by ion chromatography using a 
DIONEX Model DX-100 Ion Chromatograph. 
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Figure 2-4. Schematic d i a g m  of the chloride sampling train. 

A schematic sketch of the chloride sampling train is shown in Figure 2-4. The flue gas sample is 
drawn through a heated, quartz-lined probe maintained above 550 OF. The sample then passes 
through a quartz filter housed in a heated quartz filter holder, also maintained at 550 OF. The 
sample next passes through a length of PTFE tubing to a set of three impingers in an ice bath. The 
first two impingers contain type 1 de-ionized water for removal of HCI vapor., The third impinger 
serves as a trap to prevent the solutions fiom accidentally being drawn into the pump. The 
remainder of the train consists of a silica gel column to remove the last traces of water fiom the 
sample, a leak-fiee pump, and a dry gas meter to measure the volume of the sample. 

The chloride ion concentration is determined by ion chromatography using a DIONEX Model DX- 
100 Ion Chromatograph. Hydrogen chloride concentrations were determined by single-point 
sampling (at the mid-point of the duct) at the air heater inlet (downstream of the third catalyst 
layer, right-hand port) and at the air heater outlet (middle port). Inlet and outlet tests were 
conducted simultaneously. 
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mss CONCENTRATION 

Mass concentration was measured using a sampling train similar to that defined in the EPA 
Reference Test Method 17. A schematic drawing of the train used for mass concentration 
sampling is shown below in Figure 2-5. 
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Figure 2-5. Schematic drawing of the mass concentration sampling train. 

This train consists of a filter holder and nozzle that is designed to operate in the flue gas stream, 
followed by a heated sampling probe, a condenser, a drying column, a gas meter, a pump, and 
finally a flow control mechanism, usually a calibrated orifice. An S-type pitot and thermocouple 
located near the nozzle provide a means for sampling isokinetically during each test. The glass 
fiber thimbles are desiccated before and after sampling and then weighed on an electronic 
microbalance. 

Particulate mass concentrations were measured simultaneously upstream of catalyst layer 4 (air 
heater inlet) and at each air heater outlet (except Reactor C). At the air heater inlet, the three 
sample ports immediately above the access door at the fourth catalyst layer were used to obtain the 
sample. During each test particulate was sampled at three, equally-spaced, positions within the 
three test ports (a total of nine traverse points). At the air heater outlets on reactors A and B, three 
ports are available for mass sampling. During each test particulate was sampled at three, equally- 



spaced, positions within the three test ports (a total of nine traverse points). Three runs were made 
at each test site to give a meaningfbl statistical average. 

.SAMPLING QUALITY ASSURANCE 

The measures adopted to ensure that meaningfbl results were obtained during the various testing 
procedures can be divided into three categories; equipment maintenance and calibrations, operating 
techniques, and analytical techniques. New equipment was obtained for use in the SCR testing 
program and preventive maintenance and calibrations are performed at regular intervals. Due to 
the dynamic nature of the process, each measurement requires three replicate samples. The 
replicates are averaged to yield a representative value. Variability gives a means to discern any 
anomalies not revealed by other quality control checks. 

The sample trains are leak-checked by drawing a vacuum of 15 in. Hg before and after each 
sampling run. No in-leakage is tolerated. If any loss of pressure is observed within one minute, 
the source of the leakage is found and eliminated prior to testing. During each run the oxygen level 
of the gas exiting the dry gas meter is measured to detect--air in-leakage that could dilute the 
samples. 

Ammonia samples aie analyzed with an ion-specific electrode. The instrument is calibrated using 
0.1 &nl, 0.5 pg/ml, l.O-pg/d, 5.0 pg/ml and. 10. pg/d standards. At the conclusion of each 
analytical session, a sample spiked with a known amount of ammonia is analyzed and the result 
compared with the predicted concentration. A blank sample is analyzed to detect zero drift and a 
mid-range standard is also analyzed to detect calibration drift. 

Both the sulfate (SO2 & SO3) samples and the chloride (HCI) samples are analyzed by means of 
ion chromatography. This instrument is calibrated using a minimum of three points on the 
calibration curve. As with the ammonia analysis,' spiked samples, blanks, and standards are 
analyzed to ensure that calibration drift has not occurred. 

While gas-phase flue gas constituents are being sampled, both field blanks and sample blanks are 
run as quality control checks. The field blank consists of a container of type 1 de-ionized water 
that is exposed to ambient air at the samplig site. Sample blanks are obtained by passing ambient 
air through the probe and through the impingers filled with the appropriate solution. These blanks 
would detect sample contamination should it occur. 
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Section 3 

AIR HEATER TEST RESULTS 

AMMONIA CONCENTRATIONS 

Concentrations of ammonia were measured simultaneously at each of the three air heater inlet and 
outlet test locations with the reactors operating at Test Condition 22, the baseline operating 
condition (NHJNO, = 0.8), and at Test Condition 24 (NHJNO, = 1.0). The ammonia testing 
protocol, designed to differentiate between gas-phase and solid-phase ammonia, as described in 
Section2, wasused. 

The test data and estimated solid-phase ammonia concentrations on a mass of ammonia per mass 
of ash basis are presented in Table 3-1. The mass-basis ammonia concentrations shown in the table 
for the ash entering and exiting the air heater were derived both from solid-phase ammonia 
measurements conducted simultaneously with the gas-phase measurements and mass concentration 

. measurements made earlier at the same location. The ammonia partitioning between the gas and 
solid phases shown in the table are similar for all three air heaters. These data show that ammonia 
partitioning at the inlet to the air heater is roughly equal (on a flue gas volumetric basis or 
ammonia mass basis) between the gas and solid phases and that the ammonia shifts heavily to the 
solid phase as it cools while passing through the air hGter. 

As expected, the data in Table 3-1 show a significant increase in ammonia concentration in both 
the gas and solid phase (except the gas phase at the air heater outlets) during operation at the 
higher NHJNO, ratio at Test Condition 24. For the gas phase at the air heater inlets, the range of 
concentrations at Test Condition 24 was 1.2 to 7.3 ppm(v) dry @ 3 % 02, while at Test Condition 
22 the range of concentrations was 0.4 to 1.3 ppm(v) dry @ 3 % 02. For the solid phase 9 the air 
heater inlets the range of ammonia concentrations at Test Condition 24 was 1.4 to 6.5 ppm(v) dry 
@ 3 % 02, (188 to 887 pg/g of ash), while at Test Condition 22 the range of ammonia 
concentrations was 0.4 to 2.0 ppm(v) dry @ 3 % 02 (51 to 270 pg/g of ash). The partitioning 
shifts heavily toward the solid phase at the air heater outlets. As expected, a significant increase in 
total ammonia concentration was measured during operation at the higher. NH3/NOx ratio at Test 
Condition 24. 

Each ammonia sampling train was used to run a blank sample by sampling ambient air before each 
set of tests was run to demonstrate the integrity of the equipment. The original data summaries 
from these blank ammonia concentration tests can be found in Table A-1 in Appendix A. The 
original data summaries for the actual ammonia concentration tests at Test Conditions 22 and 24 
can be found in Table A-2 in Appendix A. 

SO2 and SO, CONCENTRATIONS 

Concentrations of sulfur dioxide and sulfur trioxide were measured simultaneously at the air heater 
inlet and outlet test locations of Reactors A, B, and C during operation at Test Condition 22. Tests 
were conducted both at the beginning (baseline performance) and the end of the second parametric 
test sequence under Task 4 (June and October 1994). Concentrations of sulfur dioxide and sulfur 
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Table 3-1. SCR Reactor Air Preheater Tests, September and October, 1994: Ammonia Concentrations 

? 

I 

w 
k 

.. 
j 

Reactor 

I 

A 

A 

B 

B 

C 

C 

Date 

13-Oct-94 

13-Oct-94 

12-Oct-94 

12-Oct-94 

29-Sep94 

30-Sep94 

- 
NH3 
NO, - 
0.8 

1 .o 

0.8 

1 .o 

0.8 

i .0 - 

Air Preheater 
Location 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Gas-Phase NH3, 
PPm(v)* 

@ 3% 02, dry 

0.4 * 0.1 
~ 0 . 6  

1.2 f 0.3 
~ 0 . 6  

0.6 f 0.1 
< O S  

7.3 f 6.3 
C O S  

1.3 f 0.4 
~ 0 . 5  

3.6 f 0.5 
~ 0 . 5  

Solid-Phase NH3 
Equivalent 

PPm(v)l @ 3% 
0 2 1  dry 

0.7 f 0.2 
1.4 f 0.2 

1.4 f 0.2 
1.7 f 0.1 

0.4 f 0.1 
0.8 f 0.1 

4.9 f 3.7 
6.5 f 5.5 

2.0 f 0.2 
2.4 f 0.2 

6.5 f 0.8 
7.2 f 3.5 

Estimated 
Solid-Phase 
NH3, PtSh 

87 
191 

188 
233 

51 
119 

692 
923 

270 
324 

887 
990 - 

Estimated 
Upper Umit 
Solid-Phase 
NH3, PSIS 

119 
222 

226 
252 

61 
134 

1 233 
1731 

314 
359 

1 028 
1 523 - 

- 
Estimated 

Lower Umit 
Solid-Phase 
NH3, PSIS - 

58 
163 

152 
21 5 

41 
104 

170 
141 

228 
291 

755 
491 - 



trioxide were also measured in October 1994 at the split inlet upstream of the three large reactors. 
The test data are sllllllllslllzed ' in Table 3-2 (June 1994) and Table 3-3 (October 1994). 

In June 1994 SO3 concentrations at the air heater inlets ranged from 10 to 19 ppm(v) dry @ 3% 
02, while SO3 concentrations at the air heater outlets ranged from 10 to 16 ppm(v) dry @ 3% 02 
Reductions in SO3 concentration across the air heaters ranged fiom 0% on Reactor B to 11% on 
Reactor A to 32% on Reactor C. Within the tolerance of the standard deviations given for average 
SO2 concentrations in Table 3-3, there was only a slight increase in SO2 concentration across the 
individual air heaters. The reason for this slight increase in concentration is not known. Air heater 
inlet SO2 concentrations averaged 2038 f 191 ppm(v) dry @ 3% 02, while the air heater outlet 
SO2 concentrations averaged 2143 f 179 ppm(v) dry @ 3% 02.  Table A-3 in Appendix A 
contains the original data summaries for these tests. 

In October 1994 SO2 and SO3 concentrations were measured at the split inlet upstream of the-three- 
large reactors. The average SO2 concentration was 1880 f 11 ppm(v) dry @ 3% 0 2  and the 
average SO3 concentration was 1.3 f 0.01 ppm(v) dry @ 3% 02. Table A 4  in Appendix A 
contains the original data summaries for these tests. 

During the October 1994 tests SO3 concentrations at the air heater inlets ranged from 3.8 to 21.7 
ppm(v) dry @ 3% 02,  while SO3 concentrations at the air heater outlets ranged fiom 7.3 to 15.6 
ppm(v) dry @ 3% 02. Changes in SO3 concentrations across the air heaters ranged from factors 
of 0.72 on Reactor A to 2.52 on Reactor B to 1.78 on Reactor C. Within the tolerance of the 
standard deviations given for average SO2 concentrations in Table 3-3, there were measurable 
reductions in SO2 concentrations across the individual air heaters. The reason for these rather 
large decreases in SO, concentration is not known. SO2 concentrations changed by fkctors of 0.75 
(Reactor A), 0.85 (Reactor B), and 0.76 (Reactor C). Overall, air heater inlet SO2 concentrations 
averaged 1,957 f 71 ppm(v) dry @ 3% 02,  while the air heater outlet SO2 concentrations 
averaged 1,539 f 165 ppm(v) dry @ 3% 02.  Table A-5 in Appendix A contains the original data 
summaries for these tests. 

HCI CONCENTRATION 

Measurements of the concentration of hydrogen chloride were conducted simultaneously at the inlet 
and outlet of each of the three large reactor air heaters in October 1994. Three independent tests 
were performed at each test location. Single point sampling was used. The test results are 
presented in Table 3-4 as the average concentration and the standard deviation. Air heater inlet 
HC1 concentrations fell within the range of 92.8 to 101 ppm(v) dry @ 3% 02.  Air heater outlet 
HCI concentrations fell within the range of 81.1 to 93.1 ppm(v) dry @ 3% 0,. The decrease in 
HCI concentration across the air heaters ranged from 7.8% on Reactor B to 14.9% on Reactor C. 
The specific cause for this reduction in HCI concentration across the reactor air heaters is not 
known at this time. The original data summaries for these HCI tests are presented in Table A d  in 
Appendix A. 

PARTICULATE MASS CONCENTRATION 

Particulate mass concentrations were measured only at the outlet of the air heaters on Reactors A 
and B during the baseline performance tests in June 1994. No outlet measurement was possible on 
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B 

C 

I 10.0 f 5.1 10.0 f 1.4 2104 f 458 2190 f 27 

18.8 f 3.1 12.6 +, 0.7 1822 f 33 1945 f 24 

~ Table 3-2. SCR Reactor Air Heater Tests: SOz and SOs Concentratlons (June 1994) 

2294*24 I 16.0k 1.4 I 2187955 
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Table 3-3. SCR Reactor Alr Heater Tests: SOz and SOs Concentrations (October 1994) 

15.6f3.1 I 1890f67' 1413 f 48 

I B I 3.8k1.2 9.6f1.8 1 2032f31 1726 f 92 

I C  I 4.1 f0.8 7.3 f 0.5 I 1949f14 1479 f 46 

i 



Table 34. SCR Reactor Air Heater Tests: HCI Concentrations 

B 

C 

)Reactor HCI 
Inlet Outlet 

101 f 5.0 93.1 &4.1 

99.8 f 4.0 84.9 f 0.8 

I 81.1 f 1.0 



.I 

Table 3-5. SCR Reactor Air Heater Tests: Outlet Mass Concentrations 

Reactor Air Heater Outlet 
arldscf 

I B 2.34 f 0.04 

I C I Not Tested I 
! 



the ReactorC air heater because sampling ports in a location suitable for mass concentration 
measurements could not be installed on that reactor. 

Table 3-5 presents the mass concentration data for the air heater tests. The average air heater 
outlet mass concentration was 2.48 f 0.12 gr/dscf on Reactor A and 2.34 f 0.04 gr/dscf on 
Reactor B. The original data summaries for the mass concentration tests can be found in Table A- 
7 in Appendix A. 
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Section 4 

SUMMARY 

This report is the eighth in a series of reports describing the results of testing and analytical 
services for the Innovative Clean Coal Technology Demonstration of Selective Catalytic Reduction 
(SCR) Technology for the control of nitrogen oxide (NO,) emissions from high-sulfur, mal-fired 
boilers, The test results for the second sequence of air heater tests are summanzed ' in this report. 
The air heater evaluations were conducted at the beginning (June 1994) and end (October 1994) of 
the second sequence of parametric testing under Task 4: Long-Term Parametric Tests. The t&ts in 
June 1994 (SOz, SO3, and particulate mass concentrations) were specifically conducted to 
establish a set of baseline performance values. (The air heaters had been washed and a partial 
replacement of baskets had occurred on the two rotary air heaters (A and B) during the May/June 
1994 outage.) 

The SCR test facility is located at Gulf Power Company's Plant Crist Unit 5 in Pensawla, Florida. 
The test hi l i ty  includes three large SCR reactors, each designed to treat 5000 wscfin of flue gas, 
and six small reactors, each processing 400 wsdm of flue gas. An air heater capable of removing 
sufficient heat to reduce the flue gas temperature from a range of 600 to 750 OF down to 300 OF 
was included in the design of each of the three large reactors. The three large reactors are 
designated as reactors A, B, and C. Reactors A and B incorporate Ljungstrom-type air heaters and 
Reactor C incorporates a heat pipe design. 

The air heater testing included the determinations of particulate mass concentration and 
measurements of the concentrations of sulfur dioxide, sulfur trioxide, hydrogen chloride and 
ammonia with manual sampling methods. Ammonia samples were segregated into solid and gas- 
phase hctions to characterize the @solid phase partitioning of ammonia across the air heaters. 
Tests were performed at the inlet and outlet of each of the three air heaters (except for mass 
concentration measurements at the inlet of each reactor air heater and the outlet of the Reactor C 
air heater). 

AMMONIA CONCENTRATIONS 

At the air heater inlets, during measurements conducted in October 1994, the ammonia present was 
roughly divided equally between gas phase and solid phase. At the air heater outlets, the gas phase 
ammonia concentrations were below the detection limit, indicating that nearly all of the ammonia 
present had partitioned to the solid phase. 

As expected, there was a measurable increase in ammonia concentration in both the gas and solid 
phases at the air heater inlets during operation at the higher NHmO, ratio at Test Condition 24 
compared to Test Condition 22. At both parametric operating conditions, slip ammonia partitioned 
mostly to the solid phase at the air heater exit after being cooled while 'passing through the air 
heater. 

4- 1 
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SO, and SO, CONCENTRATIONS 

In June 1994 (baseline prefoxmance) SO3 inlet concentrations ranged from 10 to 19 ppm(v) dry @ 
3% 0 2 ,  while SO3 concentrations at the reactor outlets ranged from 10 to 16 ppm(v) dry @ 3% 
02. Reductions in SO3 concentration across the air heaters ranged from 0% on Reactor B to 11% 
on Reactor A to 32% on Reactor C. Within the tolerance of the standard deviations given for 
average SO2 concentrations, there was only a slight increase in SO2 concentration across the 
individual air heaters. The reason for this slight increase in concentration is not known. Air heater 
inlet SO2 concentrations averaged 2038 f 191 ppm(v) dry @ 3% 02 ,  while the air heater outlet 
SO2 concentrations averaged 2143 f 179 ppm(v) dry @ 3% 02.  

In October 1994 SO2 and SO3 concentrations were measured at the split inlet upstream of the three 
large reactors. The average SO2 concentration was 1880 f 11 ppm(v) dry @ 3% 0, and the 
average SO3 concentration was 1.3 f 0.01 ppm(v) dry @ 3% 0 2 .  

During the October 1994 tests SO3 concentrations at the air heater inlets ranged from 3.8 to 21.7 
ppm(v) dry @ 3% 02, while SO3 concentrations at the air heater outlets ranged from 7.3 to 15.6 
ppm(v) dry @ 3% 02. Changes in SO3 concentrations across the air heaters ranged from fhctors 
of 0.72 on Reactor A to 2.52 on Reactor B to 1.78 on Reactor C. Within the tolerance of the 
standard deviations given for the average SO2 concentrations, there were measurable reductions in 
SO2 concentrations across the individual air heaters. The reason for these rather large decreases in 
SO2 concentration is not known. SO2 concentrations changed by factors of 0.75 (Reactor A), 0.85 
(Reactor B), and 0.76 (Reactor C). Overall, air heater inlet SO2 concentrations averaged 1,957 f 
71 ppm(v) dry @ 3% 02, while the air heater outlet SO2 concentrations averaged 1,539 f 165 
PPmW dry @ 3% 0 2 .  

HCI CONCENTRATIONS 

Air heater inlet HCI concentrations, measured in October 1994, fell within the range of 92.8 to 101 
ppm(v) dry @ 3% 02. Air heater outlet HCl concentrations fell within the range of 81.1 to 93.1 
ppm(v) dry @ 3% 0,. The decrease in HCl concentration across the air heaters ranged from 7.8% 
on Reactor B to 14.9% on Reactor C. The specific cause for this reduction in HCI concentration 
across the reactor air heaters is not known at this time. 

MASS CONCENTRATIONS 

The average air heater outlet mass concentrations, measured during baseline performance tests in 
June 1994, were 2.48 f 0.12 gr/dscf for the Reactor A air heater and 2.34 f 0.04 gr/dscf for the 
Reactor B air heater. 
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APPENDIX A 

ORIGINAL DATA SUMMARIES 
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I93 AAI NHG0211043 1120 13-oc1-941< 0.3 I 0.089 1 334 2.4 0.3 I 22 5Ooo 705 0.8 79 28 
0.097 2.4 0.3 
0.179 304 3.9 0.5 
0.177 3.8 0.5 
0.118 305 2.6 0.4 
0.118 2.5 0.4 

22 5OOO 705 0.8 79 2.6 

22 5OOO 705 0.8 76 2.6 

lrrtlng lntrrval Avrragn 78 2.7 
I I Ppm(vI,dW @ 3% 02 a 1.7 0.1 

393 AAI NHS02 1043 1120 13-oc1-94 

D93 AAI NHS 03 1135 1215 I=-94 i 0.005 0.363 215 5.8 
0.366 5.6 

D93 AAI NHSM 1237 1318 13-oc1.94 0.8 0.01 0.348 216 5.4 0.7 
0.353 5.4 0.8 

Avrmgr NY CeunatnUon, 0.7 0.20 

0.OOO 1 380 2.7 0.6 
0.OOO 2.7 0.8 
0.OOO 372 2.7 0.6 
0.OOO 2.7 0.6 
0.OOO 380 2.7 0.8 
0.OOO 2.7 0.8 

D93 AAO NHG 031 1135 1204 13-oc1-941< 0.8 

D93 AAO NHG 0411238 1304 1303-941< 0.8 

0.03 

0.03 

0.502 1 208 7.5 1.6 
0.512 7.6 1.6 
0.457 192 6.3 1.4 
0.470 8.4 1.4 
0.37 224 8.4 1.3 

22 5Ooo 705 0.8 79 2.8 

22 5OOO 705 0.8 79 2.6 

22 5Ooo 705 0.8 76 2.8 

T d n g  lnlrwal Av8ragrS 78 2.7 
a 1.7 0.1 

22 5Ooo 705 0.8 79 8.8 

22 5OOO 705 0.8 79 9.2 

22 5OOO 705 0.8 76 8.6 

Trstlng Intawst Avamgas 78 8.9 
a 1.7 0.3 

22 5Ooo 705 0.8 79 8.8 

22 5OOO 705 0.8 79 9.2 

22 5OOO 705 0.8 78 8.6 

Trrtlng Interval Avrragn 78 8.9 
CI 1.7 0.3 

73 635.m 641.m stad(1 0.m 

156.98 296 73 647.400 653.400 Shdcl 0.998 

71 641.200 647.200 Stack1 0.998 

73 647.400 653.400 stack1 0.998 156.98 296 29.98 

72 534.200 540.200 SR13 0.9891 

71 540.500 546.500 SR13 0.9891 

156.91 293 29.98 88 546.800 552.800 'SR13 0.9891 

72 534.200 540.200 SR13 0.9891 ::I::.......,../ 88 548.800 552.800 SR13 0.9891 

1156.91 293 29.98 



Table A-2, continued (Reference Table 3-1) 

093 AAI NHG 05 

093 AAI NHG 06 

093 AAI NHG 07 

IReactor Condltfons 

1441 1519 1303.94 1.5 f 0.01 0.573 1 261 10.7 1.5 24 400 705 I 77 2.9 155.52 298 29.98 76 79 653.800 659.800 -1 0,998 

1534 1613 13-OCt-94 1.1 f 0.01 0.439 244 7.7 1.1 24 400 705 1 77 2.8 154.66 300 29.88 80 81 660.000 666.000 Stack1 0.988 

1626 1704 13-0-3-94 1.0 * 0.80 0.129 348 3.2 0.5 24 400 705 1 78 2.6 154.51 300 29.98 81 81 666.200 672.200 W1 0.988 

0.577 10.8 1.5 

0.438 7.6 1.1 

0.450 11.1 . 1.6 
AverageNH,CencrntnUen, 1.2 f 028 

pprnlv), dry @ 5% 0 2  

093 AAI NHS 05 1441 1519 13-ocl-94 1.2 f 0.004 

093 AAI NHS 06 1534 1613 1303-94 1.3 t 0.03 

093 AAI NHS 07 1828 1704 13-oc1.94 1.6 f 0.00 

Avenge NH, Cennntntlon, 1.4 f 0.21 
pprnlvt, dry @ 3% 0 3  

093 AAO NHG 05 1439 1512 13-oc1-94 C 0.7 

093 A40 NHG 06 1535 1605 139c1-94 0.6 

093 AAO NHG 07 1625 1652 139cl-94 C 0.5 

Avenge NH, CencrntmUon, < 0.6 
PPmIvt,dry@5%04 

t d n g  Interval ~ v e r a g n  77 2.8 
e 0.6 0.2 

0.443 I 276 8.7 1.3 24 400 705 1 77 2.9 155.52 298 29.98 76 79 653.800 659.800 Stack11 0.998 

0.564 217 9.1 1.3 24 400 705 1 77 2.8 154.66 300 29.98 80 61 660.ooO 666.ooO Stack1 0.998 
0 . a  9.4 1.3 
0.711 226 11.6 1.8 24 400 705 1 78 2.6 154.51 300 29.98 81 81 666.200 672.200 Stack1 0.998 
0.719 11.6 1.6 

0.441 8.7 1.2 

Testing Intewnl Averaga 77 2.8 
u 0.6 0.2 

1 

0.000 1 393 2.8 0.7 24 400 705 1 77 10.1 154.42 298 29.98 75 78 553.700 559.700 SR13 ' 0.9891 
0.000 2.8 0.7 
0.000 403 2.9 0.6 24 400 705 I 77 9.3 153.70 299 29.98 78 80 560.000 566.000 SR13 0.9891 
0.000 2.9 0.6 
0.000 315 2.3 0.5 24 400 705 1 78 9.0 153.70 299 29.98 78 80 568.300 572.300 SR13 0.9891 
0.000 2.3 0.5 

Testing lntrwal Avenger 77 9.5 
u 0.6 0.6 

0.464 7.6 1.7 
0.534 210 8.0 1.8 400 705 1 9.0 
0.528 7.9 1.7 

Testing lntrwd Averages 9.5 

093 AAO NHS 05 1439 1512 13-oc1-94 

093 AAO NHS 06 1535 1605 I--94 

093 AAO NHS 07 1625 1652 13-oc1-94 

80 560.000 566.000 SR13 O.@l 

153.70 299 29.98 80 566.300 572.300 SR13 0.9891 

1.8 f 0.02 

1.7 f 0.02 

1.7 f 0.01 

I 
I ,  



mc- 

ppmlvLY.QIWOI 

W 8  O N  
e I a u  
e I s m  
k e  b 

e 
r 

I I  
a 

093 BAl NW02 1043 1118 12- 0.6 f 0.03 

093 BAl NttG 03 1137 1215 12-013 0.6 t 0.00 

093 BAl NHG 04 1233 1312 12- 0.7 f 0.01 

AVWSI~*NH,CMWB~~~~, 0.6 f 0.06 

Po5slbl.a lerP 

, 

' !  

Analytical Reactor Conditions Dry Gas Meter - UnkS 
C o n d l h ~  Flar lwnp, No. w,,r sunpk Vdunr, fhomtd~ T# T w n ~  Vdunr, V d m  con. 

Lb.d, 4 Total AW ~ m u n  -In ~ n d  apln ~ n d  -'lD ~ . c t O r  
Nlb MI V d  Nlb Nlb Hunkr - Ppm(vhW cctm 'C NW % yw4 'IC lnttg *I 'I tt' rr' 

3% 4 

0.187 1 277 3.7 0.6 22 5OOO 705 0.8 84 4.0 156.09 297 29.95 74 76 593.OW 599.OW Stack1 0.998 
0.200 4.0 0.6 
0.182 302 3.9 0.6 22 5OOO 705 0.8 88 4.2 157.95 288 29.95 76 79 599.200 605.300 stsdc1 0.898 
0.180 3.9 0.6 
0.204 313 4.6 0.7 22 5OOO 705 0.8 83 4.2 154.93 299 29.95 78 80 605.500 611.500 Stack1 0.898 
0.199 4.4 0.7 

l d n g  Interval Avrngn 84 4.1 

! 

Ppmlv), dry @ 3% 0 2  I I a 1.5 0.1 I 1 
093 EA0 NHQ 02 1042 1111  12- 0.5 0.030 1 323 2.3 0.5 22 5OOO 705 0.8 84 8.0 156.31 294 29.95 68 71 489.700 495.700 SR13 0.9891 

093 BAO NHG 03 1137 1206 12- 0.5 0.016 354 2.5 0.5 22 5OOO 705 0.8 88 7.5 156.60 293 29.95 67 70 496.200 502.200 SR13 0,9891 

093 BAONHG04 1234 1303 12- < 0.5 0.014 371 2.7 0.5 22 5OOO 705 0.8 83 7.3 156.01 294 29.95 69 72 502.700 508.700 SR13 0.9891 

0.027 2.3 0.5 

0.017 2.5 0.5 

0.014 2.7 0.5 ~ 

Average NH, CrncrabrUw, 4 0.5 lasting Interval Avrngrr 84 7.6 
ppm(v), dry @ 3% 0 2  a 1.5 0.4 

093 BAO NHS 02 1042 1111  1 2 0 3  0.7 f 0.01 0.348 1 148 3.7 0.7 22 5OOO 705 0.8 84 8.0 156.31 294 29.95 68 71 489.700 495.700 SR13 0.9891 

093 BAO NHS 03 1137 1206 12- 0.9 f 0.01 0.426 158 4.8 0.9 22 5OOO 705 0.8 88 7.5 156.60 293 29.95 67 70 498.200 502.200 SR13 0.9891 

093 @A0 NHS 04 1234 1303 12-013 0.8 f 0.01 0.344 184 4.5 0.9 22 5OOO 705 0.8 83 7.3 156.01 294 29.95 69 72 502.700 508.700 SR13 0.9891 

0.355 3.8 0.7 

0.435 4.9 0.9 

0.340 4.5 0.8 
I AvrngrHH,Cermbath, 0.8 f 0.10 T d n g  Interval Avrmges 84 7.6 

ppmlv), dry@ 3% 02 a 1.5 0.4 

P~mlv),dry@3%02 I I a 1.5 0.1 I 1 

0.00 

Avrngr NH,Cennamltlw, OA f 0.06 

0.184 193 2.5 5OOO 705 0.8 
0.191 2.6 0.4 
0.171 213 2.6 0.4 5OOO 705 0.8 4.2 
0.171 2.6 0.4 

T d n g  Interval Avenges 4.1 

79 599.200 605.300 'Stack1 0.998 

80 605.500 611.500 Stack1 0.998 



Table A-2, continued (Reference Table 3-1) 

cn 

093 BAl NHG05 1457 1535 12-03 2.2 f 0.03 0.660 1 299 14.1 2.2 24 400 705 I 82 4.4 1 s . s  m 29.95 n 76 611.700 817.700 SWI 0.998 
0.873 14.4 2.2 

1.560 35.2 5.5 

4.790 93.1 14.3 ' 

093 BAl N H G M  1554 1633 1 2 0 3  5.5 f 0.05 1.540 316 34.8 5.4 24 400 705 1 80 4.4 155.95 297 29.95 76 75 617.900 623.900 Stack1 0.W 

093 BAl NHG 07 1848 1727 12-03 14.3 f 0.00 4.790 272 93.1 14.3 24 400 705 1 80 4.2 155.80 297 29.95 76 76 624.100 630.100 Stack1 0.998 

AvrngrNH,Ctucrnmtkn, 7.3 f S.29 T d n g  Interval Avrngrr 81 4 
ppmlv), dry @! 3% 0 2  a 1.2 0.1 

I 

093 BAl NHS 05 1457 1535 12-03 1.8 f 0.07 0.609 1 204 11.8 1.8 24 400 705 1 62 4.4 155.65 298 29.95 77 76 611.700 617.700 Stack1 0.998 

093 BAl NHS08 1554 1633 1 2 0 3  3.9 f 0.00 1.770 200 25.3 3.9 24 400 705 I 80 4.4 155.95 297 29.95 76 75 617.900 623.900 Stack1 0.998 

093 BAl NHS 07 1648 1727 12-03 8.9 f 0.05 3.830 213 58.3 9.0 24 400 705 1 80 4.2 155.80 297 29.95 76 76 624.100 630.100 Stack1 0.998 

0.763 11.1 1.7 

1 .TI0 25.3 3.9 

3.800 57.8 8.9 
Avrngr NH, Conrmtntlon, 4.9 f 3.67 T d n g  IntrWal AV8fageS 81 4 

ppmlvt, dry@ 3% 0 3  a 1.2 0.1 

093 BAO NHO 05 1456 1528 12-03 < 0.5 0.008 1 355 2.5 0.5 24 400 705 1 82 7.5 154.41 297 29.95 74 78 509.400 515.400 SRll 0.9891 

093 BAONHQO6 1556 1624 1 2 0 3  < 0.5 0.W 351 2.5 0.5 24 400 705 1 80 7.3 153.84 299 29.95 76 80 516.000 522.000 SRll 0.9891 

093 BAO NHO07 1846 1720 12-03 < 0.5 0.010 342 2.4 0.5 24 400 ' 705 1 80 7.0 154.12 298 29.95 78 76 522.500 528.500 SRll  0.9891 

0.008 2.5 0.5 

0.009 2.5 0.5 

0.049 2.4 0.5 
Avrragr NH, Concmtnllrn, 0.5 T d n g  Interval Avrngrr 61 7.3 

ppmlv). dry g! 3% 0)  a 1.2 0.3 

093 BAO NHS 05 1456 1528 12- 2.3 f 0.02 0.869 1 191 11.9 2.3 24 400 705 1 82 7.5 154.41 297 29.95 74 78 509.400 515.400 SRII 0.9891 

093 BAO NHS 08 1556 1624 12-03 4.5 f 0.03 2.820 117 23.6 4.5 24 400 705 1 80 7.3 153.84 299 29.95 76 80 516.000 522.000 SRll 0.9891 

093 BAO NHS07 1648 1720 12- 12.7 f 0.03 5.230 182 68.0 12.7 24 400 705 1 80 7.0 154.12 298 29.95 78 76 522.500 528.500 SRll 0.9891 

0.879 12.0 2.3 

2.790 23.3 4.5 

5.250 68.3 12.8 
Avrnpr NH, Ctacmtntkn, 6 4  f 5.61 T d n g  lntrrvll Avrmgbs 81 7.3 

ppmlv), dry Q 3% M a 1.2 0.3 
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L91 CAI NHO 02 

)91 CAI NHG 03 

)91 CAI NIX3 04 

Table A-2, continued (Reference Table 3-1) 

w- Analytical Reactor Conditions Dry Gas Meter 
bn. 

UnH 6 

p p n l r L ~ . Q t W ~  NH, MI VoL NH, NH, Nunkc Flow 1% Total Avg. R w u n  fIogln End -In End -1' Factor Lmd, a, 
COndHkn W blkr &mpk V d U n .  TWnR BWWWMC 1- TwnP, VdUn,  V d ~ r  

YW % 'Y  kLHg 'I 'I tt' tt' 
dry 

Utm *I ~ p m ( V ) .  dry, 
bgln ThY,lTrl End Drtr Awmgn ml fl swa, a 

1 

1028 1104 29-Sep 1.7 t 0.03 0.311 1 368 8.2 1.7 22 5OOO 705 0.8 85 2.0 102.76 302 30.04 83 87 439.300 443.300 W k 1  1.001 

1259 1335 29-Sep 1.4 f 0.00 0.516 255 9.4 1.4 22 5W0 705 0.8 85 2.8 15247 306 30.04 90 92 445.600 451.600 Strdcl 1.001 

1354 1432 29-Sep 0.8 f 0.01 0.280 288 5.8 0.8 22 5OW 705 0.8 85 2.5 151.78 307 30.04 93 94 451.800 457.800 W l  1.001 

0.318 8.4 1.7 

0.518 9.4 1.4 

0.285 5.9 0.8 

'i 
1 .  .i 

AvrmgrNH,Cunntntlrm, 1.3 f OM 
ppm(ut,dry@! 5%02 

)91 CAI NHS 02 1028 1104 29-Sep 2.1 f 0.05 0.650 1 218 10.1 2.1 
0.671 10.4 2.2 

)91 CAI N H S  03 1259 1335 29-Sep 1.7 f 0.00 0.781 209 11.7 1.7 
0.781 11.7 1.7 

)91 CAI NHS 04 1354 1432 29-Sep 2.1 f 0.02 0.953 212 14.4 2.1 
0.969 14.7 2.1 

Avrmgr NH, Cwtnntntlrn, 2.0 f 015 
ppm(v), dry @ 3% 0 2  

)91 CAONHG02 1033 1104 2Bsep 0.5 0.033 1 388 2.8 0.5 
0.031 2.8 0.5 

)91 CAONHG03 1304 1335 29-Sep < 0.5 0.0271 420 3.0 0.5 
0.025 3.0 0.5 

)91 CAONHO04 1359 1429 29-Sep 0.4 0.014 338 2.4 0.4 
0.01 1 2.4 0.4 

Avrragr NH, CrrnntnUla, 0.5 
ppm(v), dry @ 3% 02 

I 

1.rtlnglnbwJAvrmgts 85 2 
a 0  0 

22 5OOO 705 0.8 85 2.0 102.78 302 30.04 83 07 439.300 443.300 Stac!(l 1.001 

22 5W0 705 0.8 85 2.6 152.47 306 30.04 90 92 445.600 451.600 -1 1.001 

22 5WO 705 0.8 85 2.5 151.78 307 30.04 93 94 451.800 457.800 Stacp1 1.001 
. 

TdnglnbwdAvrragrs 85 2 
a 0  0 

22 5WO 705 0.8 85 5.0 152.59 302 30.04 82 86 391.200 397.200 sR13 0.989 

22 5oM) 705 0.8 85 5.3 151.20 305 30.04 87 91 397.500 403.500 SR13 0.989 

22 5WO 705 0.8 85 5.2 150.24 307 30.04 92 93 404.000 410.000 sR13 0.989 

T8stinglnhwJAvrragrs 85 5 
a 0  0 

)91 CAO NHS 02 1033 1104 29-Sep 2.2 f 0.01 0.736, 1 248 13.0 2.2 
0.742 13.1 2.2 

0.788 14.5 2.5 
)91 CAO NHS 04 1359 1429 29-Sep 2.5 i 0.03 0.843 240 14.5 2.5 

0.m 14.7 2.5 

191 CAO NHS 03 1x14 1335 29-sep 2.4 0.03 o m  257 14.2 2.4 

AvrmgrNH,Cni~wntratkn, 2A f 0.17 
ppm(v), dry @ 3% 0 2  

22 5WO 705 0.8 85 5.0 

22 5OOo 705 0.8 85 5.3 

22 50W 705 0.8 85 5.2 

TosMnglntrnnlAvrmgrr 85 5 
a 0  0 

152.59 302 30.04 82 86 391.200 397.200 sR13 0.989 

151.20 305 30.04 87 gl 397.500 403.500 SR13 0.989 

150.24 307 '30.04 92 93 404.000 410.000 SR13 0.989 



Table A-2, continued (Reference Table 3-1) 
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nb- Analytical Reactor Conditions Dry Gas Meter W 8  O N  
b I a U  

UnA 8 t e m  
p p m ( v ) , c b y , ~ l % &  NH, MI Vd. NH, NH, CondH1on Flow Tmp, 2 Wkr lkmpk volulw, lWnR B a ~  lWnR vdunm "dm con. k b  b 

r 
Numkr Ld o, T&I ~ v g .  P-- kgh ~ n d  a p l n  E& F.c(M 

m % 'K hhh 'I 'I ft' ft' 
dry 

.cfm 'I a mphnl Ppn(vhdW* 
3% or rkn'lrkml DItb AVbNpb -In End 

091 CAI NHG 06 0921 0957 3osep 3.1 f 0.07 1.21 1 257 22.2 3.1 24 400 705 1 86 2.3 154.86 301 30.04 80 65 464.600 470.600 -1 1,001 

091 CAI NHG 07 1020 1058 3osep 3.7 f 0.02 1.27 283 25.7 3.6 24 400 705 1 66 2.5 153.44 304 30.04 66 89 470.800 476.600 sbckl 1.001 

091 CAI NHO 08 1239 1315 30-Sep 4.1 f 0.01 2.43 254 44.1 4.1 24 400 705 1 67 1.9 226.23 309 30.04 96 98 477.000 486.000 -1 1.001 

1.25 22.9 3.2 

1.28 25.9 3.7 

2.42 43.9 4.1 
AveragrNH,CoanatnUon, 3.6 f 0.48 TrdnglntrwalAvengts 86 2 ' 

ppmlvk dry@ 3% 0 2  a 1  0 

091 CAI NHS 06 0921 0957 30-Sep 6.5 f 0.00 3.12 I 208 46.4 6.5 24 400 705 1 86 2.3' 154.86 301 30.04 80 65 464.600 470.600 Stack1 1.001 

091 CAI NHS 07 1020 1058 30-Sep 7.2 f 0.01 3.44 207 50.6 7.2 24 400 705 1 86 2.5 153.44 304 30.04 86 89 470.800 476.800 Stack1 1.001 

091 CAI NHS 08 1239 1315 WSep 5.7 t 0.08 4.21 204 61.3 5.7 24 400 705 1 87 1.9, 226.23 309 30.04 96 98 477.000 486.000 Stack1 1.001 

3.12 46.4 6.5 

3.45 51.0 7.2 

4.13 60.2 5.6 
Avemgr NH, C*ncmtntlon, 6.5 f 0.78 Testhg Inhwal Averages 66 2 ' 

ppm(v), dry@ 3% 0 3  a 1  0 
I 

091 CAONHG06 0926 0957 3osep 0.5 0.004 1 377 2.7 0.5 24 400 705 1 86 5.7 153.44 300 30.04 78 a.~ 414.300 420.300 S R I ~  0.w 

091 CAO NHG 07 1025 1053 WSep 0.5 f 0.05 0.094 333 2.4 0.4 24 400 705 1 86 6.9 152.17 303 30.04 85 86 420.700 426.700 SR13 0.989 

091 CAO NHG 08 1244 1316 WSep < 0.5 0.088 388 2.6 0.5 24 400 705 1 67 6.7 150.38 306 30.04 90 94 427.200 433.200 SR13 0.989 

0.008 2.7 0.5 

0.116 2.6 0.5 

0.080 2.8 0.5 
Avcragr NH, Connntmllon, Ob Tednp Intrrval Avrragcr 66 6 

ppmlv). dry@ 3% 04 a 1  1 

1.54 1 232 25.5 4.4 
1.54 25.5 4.4 

24 400 705 1 66 5.7 

24 400 705 1 86 6.9 

24 400 705 1 a7 6.7 

Trdng lntrrval Averaga 66 6 
a 1  I 

1091 CAO NHS 0711025 1053 30-Sep I 11.1 f 0.00 I 3.65 227 59.2 11.1 

im.44 300 30.04 78 a.~ 414.300 420.300 S R I ~  0.989 

152.17 303 30.04 85 86 420.700 426.700 SR13 0.989 

150.38 308 30.04 90 427.200 w.200 SRM 0.989 
. 59.2 11.1 

I091 CAO NHS 08 I 1244 1316 30-SepI 6.1 f 0.06 I 2.63 171 32.1 6.0 
3.65 

I I 2.67 32.6 6.1 
AvengrNII,C~mcrntra~, 7.2 f 3.61 

ppmlv), dry @ 3% 05 



Table A-3 

192 SI SO, 01 1004 l q l 8  7-oc1-94 

192 SI SO, 02 1030 1043 7 0 3 - 9 4  

192 SI SO, 03 1054 1107 7-oc1-94 

N 
U 

e l  

k e  r 

1.1 f 0.00 4.199 1 95.4 4 1.1 88 1.8 

1.3 f: 0.00 3.868 1 114 5 1.3 88 1.8 

1.3 f 0.00 4.730 1 03.6 5 1.3 89 1.8 

4.210 4 1.1 

3.888 5 1.3 

4.734 5 1.3 
Average SO1 Concentration, 1.3 f 0.01 

ppm(v), dry I@ 3% 02 
Avomgr 88 1.8 
u 1 0.0 

77.57 301 30.13 79 84 536.100 539.100 Stack1 0.998 

76.58 304 30.13 86 91 539.300 542.300 staekl 0.998 

76.23 306 30.13 89 93 542.600 545.600 Slack1 0.998 

192 SI SO, 01 

192 SI SO, 02 

192 SI SO, 03 

1004 I018 7.ocl-94 1876 f 9.8 4.898 200 682 6959 1883 
4.862 6908 1869 

1030 1043 7 0 3 - 9 4  1893 f 3.3 4.498 736 6897 1891 
4.509 6914 1895 

1054 1107 7.ocl-94 1872 f 1.9 4.794 680 6792 1870 
4.801 6801 1873 



Table A 4  (Reference Table 3-2) 

’ 
E; 

076 AAI SO3 01 1320 1% 15Jun.94 14.3 f 0.10 

076 AAI SO3 02 1349 1406 15Jun.94 20.1 f 0.10 

076 AAI SO3 03 1427 1441 15Jun.94 20.5 f 0.23 

Avrragr So, Concentration, 20.3 t 0.3 
PPm(V)* wat Q, 3% 02 

076 AAI SO2 01 1320 I335 15Jun.94 2191.6 f 0.64 4.614 200 716 7161 2192.1 
4.812 7176 2191.2 

076 AAI SO2 02 1349 14W lWun4M 2238.8 f 4.71 5.386 654 7336 2242.2 
5.370 7317 2235.5 

Analyti 

1.646 25 109 47 14.3 
1.664 47 14.4 
1.888 128 66 20.2 
1.881 65 20.0 
2.438 108 88 20.4 
2.477 70 20.7 

I a 0 0.3 

Avrragr SOr Concrnbstion, 2184 f 77 

22 5 700 0.6 64 3.4 

22 5 700 0.6 84 3.4 

22 5 700 0.8 64 2.9 

Trrtlng lrrtrml Avrngrr  84 3.2 

4.588 
4.517 

758 7223 2145.6 
7114 2113.3 

076 AAO SO3 01 1325 I338 15Jun-94 14.5 i 0.04 

076 AAO SO3 02 1408 1420 15Jun.94 17.1 f 0.04 

076 AAO SO3 03 1434 l U 7  15Jun.94 16.5 f 0.03 

Avrragr SOa Concrntration, 16.8 t 0.4 
PPmIV), WQ, 3% 0 2  

2.1u 17.0 
1.917 81.7 41 16.5 700 0.8 84 7.5 
1 .e22 41 16.6 

Trstlng IntowaI Avrragrt 64 7.5 
I a 0 0.1 

5838 2266.3 

5828 2296.4 

4.202 5727 2319.3 
Avrragr Concrntntlon, 2306 t 

102 614.300 617.300 Stack1 1.Mxx) 

14.89 312 102 102 617.700 820.700 Sack1 1.oooO 

74.69 30.17 101 321.300 324.300 Wl 1.oooO 

I 

106 58.800 81.800 Stack2 0.9897 

30.17 105 65.200 66.200 Sbck2 0.9897 73.88 



Table A-4, continued (Reference Table 3-2) 

078 BAl SO2 01 1307 1320 14Jun.84 

~078 EA1 SO2 02 1335 1340 14Jun.84 
I 

AvmgrSOrCcncrntnUon, 12.1 f 5.2 

2007 f 38 

2654 f 32 

al IReactor Cc ditions 

0.828 25 84.8 20 0.7 
0.824 20 8.8 
1.220 74.3 24 8.8 
1.200 23 0.0 
1.037 I01 27 11.4 
1.045 27 11.5 

Vd. 

I 

ml 
I 

22 5 700 0.8 79 0.2 74.48 311 30.18 100 I00 48.800 49.800 Stack2 0.W1 

22 5 700 0.8 80 8.1 74.46 311 30.18 100 1W 50.100 53.100 Sack2 0.8897 

22 5 700 0.8 80 8.0 74.38 311 30.18 100 101 53.400 58.400 Stpck2 0.8887 

T d n g  Intow11 Avrragrr 80 8.1 
a 1 0.1 

0.631 25 115 I O  8.0 
0.812 18 5.8 
0.605 130 27 8.6 
o.no 28 0.2 
1.788 . IC4 48 15.7 
1.782 49 15.7 

078 BAO SO3 01 

078 EA0 SO3 02 

22 5 700 0.8 70 4.0 

22 5 700 0.8 80 3.9 

22 5 700 0.8 78 4.2 

1312 1325 14Jun.94 8.6 f 0.03 

1341 1355 14Jun.84 8.8 f 0.12 

TrrtlngIntwvaIAvrn~n 78 ' 4.0 

IS Meter 

30.10 102 im 582.200 sss.200 mi i.m 

74.50 314 30.18 i 105' 100 588.280 SQ2.280 Sack1 1.oooO 

Avrmgr~ConcantfaUon, 10.6 f 1.1 
* ppm(v), mt @ 3% 02 

Avrmgo~Concrntntlon, 2190 f 18 
PPm(Vh mt t2 3% 0 2  

4.384 200 703 0421 2033.0 
4.288 6251 1880.1 
4.881 837 8476 2878.4 
4.780 8335 2631.8 
3.892 685 5115 1048.4 
3.705 5133 1854.2 

4.011 200 813 5122 2172.0 
4 . w  5116 2168.3 
3.838 841 5258 2211.3 
3.827 5244 2200.3 
3.007 845 5223 2182.4 
3.815 5281 2188.1 



Table A-4, continued (Reference Table 3-2) 

078 CAI SO2 01 1338 I350 13Jun.M 1860 f 17 

078 CAI SO2 02 1403 1418 13Jun.M 1805 f 0 

078 CAI SO2 03 1427 1442 13Jun.M I802 f 3 

AvrragrS&Concrntratlon, 1822 t 33 
ppm(v), wet @ 3% 02 

076 CAO SO3 01 1342 1358 15Jun.94 11.9 f 0.05 

076 CAO SO3 02 1408 1421 13Jun.94 13.2 f 0.08 

076 CAO SO3 03 1435 1448 13Jun.94 12.8 f 0.07 

Avrngr SO, Mncrntntlon, 13.0 f 0.3 
pprnlv), mt @ 3% 02 

al 
I 

Vol 

I 

ml 

5.457 200 553 8287 18a.l  
5.388 6205 1647.7 
4.801 596 8085 1805.0 
4.802 8087 1805.4 
4.513 637 5889 1799.7 
4.523 8002 1803.7 

1.535 25 88 34 11.8 22 5 700 0.8 80 5.4 75.26 307 30.13 94 93 35.800 38.800 Stack2 0.9897 
1.544 35 11.9 
1.938 75 38 13.1 22 ’ 5 700 0.8 80 5.8 75.48 308 30.13 92 92 39.300 42.300 Stack2 0.9897 
1.851 38 13.2 
1.378 103 37 12.8 22 5 700 0.8 80 5.8 75.48 308 30.13 92 92 42.800 45.800 Stack2 0.9897 
1.385 37 12.7 

T d n g  lntrwal Avrngn 80 5.5 
a 0 0.1 

078 CAI SO3 01 1338 1350 13Jun.M 15.3 f 0.00 2.181 25 80.3 51 15.3 22 5 700 0.8 80 3.4 

076 CAI SO3 02 1403 1418 13Jun.94 21.2 f 0.07 2.628 104 71 21.1 22 5 700 0.8 80 3.3 

076 CAI SO3 03 1427 1442 13Jun.M 20.1 f 0.13 2.452 105 87 20.1 22 5 700 0.8 80 3.4 

AvrngrSDIConcrntntlon, 20.6 t 0.0 T d n g  lntawal Avrngtr 80 3.4 

2.182 51 15.3 

2.640 72 21.2 

2.429 88 20.0 

076 CAO SO2 01 1342 1358 13Jun.94 

076 CAO SO2 02 1408 1421 13Jun.M 

076 CAO SO2 03 1435 I448 13Jun.M 

87 570.500 573.500 Sbdcl 1.oooO 

78.25 308 93 577.400 580.400 Stack1 1.oooO 

1683.4 t 3.7 4.474 Mo 812 5704 1960.8 
4.488 5720 1888.0 

1853.4 f 9.1 4.288 832 5643 1859.8 
4.258 5808 1847.0 

1918.0 f 9.3 3.941 875 5542 1924.8 
3.914 5504 1911.4 



Table A-5 (Reference Table 3-3) 

' 

'p 
c. 
W 

084 MI so3 01 o g s ~  i o i o  i7-ocl.04 23.2 i 0.01 6.6338 12s 86.5 75 23.2 22 m 700 0.8 80 4.3 
e.632 * 75 23.2 

4.837 79 24.3 
004 MI SO3 02 1016 1040 17-ocl.04 22.0 f 1.97 4.108 131 70 21.5 22 so00 700 0.8 80 4.4 

004 AAI SO3 03 1055 I l O b  17-ocl.04 10.1 f 0.02 4.085 114 80 10.1 22 5WO 700 0.8 80 4.5 

084 AAI SO2 01 0058 1010 17-ocl.04 1854 f 0.7 

084 MI SO2 02 1026 1040 17-ocl.04 1800 f 2.2 

77.77 300 90.18 80 82 ~n.500 p7e.500 mi 0.9980 

70.11 301 30.18 82 83 87e.800 079.980 swt i  0.9980 

77.34 302 30.18 83 85 06Q.m 883.m sbdtl 0 . m  

3.812 200 782 8zw) 1853.4 
3.814 8283 1054.5 
3.678 808 8178 1807.8 
3.873 8iea i8w.e 

I I I 4.071 Bo 18.1 .... 
~ AvrrageSOaConcrntratlon, 21.0 f 2.7 Tosting Interval A v r n g a  80 4.4 

1821 t 8.6 

Avrragr SO, Concrnbatlon, 1890 f 67 

3.432 803 5741 1814.0 
3.455 5780 1827.1 

094 AAO SO3 01 0040 1001 17-ocl.04 18.8 t 0.07 

O84 AAO SO3 02 lOZ0 lW7 17-ocl.04 12.5 f 0.02 

004 AAO SO3 03 1050 1105 17-ocl44 15.4 f 0.06 

3.804 12.5 90.0 50 18.8 
3.874 50 18.7 
2.510 104 34 12.5 
2.512 34 12.5 
3.870 85.3 41 15.4 .. 

I I 3.880 
Avrraar 801 Concrntratlon, 16.6 f 3.1 

084 AAO so2 01 0840 1001 i7-ocl.04 

004 AAO SO2 02 1020 1037 l7.ocl.04 

004 AAO SO2 03 lo50 110s 17-ocl.04 

22 m 1700 0.8 80 7.3 

iw t 5.9 2.783 200 e a  m 1302.e 
2.788 3807 1354.2 

1428 t 4.8 2.935 637 3895 1432.0 
2.821 3876 1425.2 

1451 f 1.8 2.810 858 3853 1451.8 
2.814 3848 1440.2 

22 5ooo 700 0.8 80 7.0 

22 so00 700 0.8 80 7.3 

Trstlng Interval A v r n g a  80 7 
a 0 0.2 

78.53 285 30.18 70 72 572.800 575.800 SR13 0.0801 

78.48 285 30.18 71 72 578.500 579.500 SR13 0.0801 

78.24 288 30.18 73 73 570.800 582.:800 SR13 0.0801 



Table A-5, continued (Reference Table 3-3) 

' 4.284 8858 2002.4 
783 8853 2024.0 093 BAl SO2 811347 1400 11-Od.MI 2028 f 5.8 14.201 

I I 
Avmgr S%,Concmballon, 2032 t 31 

ppmlvh w i t  @ 3% 02 

4.402 e824 2058.8 

- 
Analyti al Dry  Gas Meter 

I 

1.285 12.5 0~3.3 i e  4.8 
1.283 i e  4.8 
1 . 1 ~  103 l e  4.8 
1.1~7 16 4.8 
0.738 100 10 3.0 

22 5000 700 0.8 88 3.4 

22 5000 700 0.8 88 3.8 

22 5000 700 0.e 89 3.7 

78.47 29fJ I 30.00 73 73 579.200 582.200 Stack1 0.696 

78.47 290 30.00 73 73 582.800 585.800 Stack1 0.098 

78.40 206 30.00 73 74 585.800 588.800 Stack1 0 .W 0.05 

Avmg.  S a  Concinbatlon, 3.8 1.2 
ppm(v), wet @ 3% 0 2  

0.722 10 3.0 
T M n g  Intowrl A v i n g a  88 3.8 

a 1 0.2 

2.805 13 73.8 28 11.7 22 SMX) 700 0.8 88 8.7 78.73 282 30.00 85 88 472.300 475.300 SR13 0,9691 
2.813 28 11.7 ;:: I ; 5000 700 0.e 1 ;; 
1 .e48 21 

1408 1425 l l9cl*84 1.487 118 23 8.8 5O0O 700 0.8 89 
1.482 23 8.8 

~ l p ~  So1 Concrnlratlon, 9.6 1.8 Testing lntrrvil Avrragw 

78.38 284 30.00 e7 71 47e.m 479.000 S R I ~  0 . ~ 1  

78.51 293 30.00 88 88 478.800 462.600 SR13 0.9691 
r BAo SO3 O1 
,093 BAO SO3 01 

I A 

093 BAO SO2 01 

093 BAO SO2 01 

093 BAO SO2 01 

3.515 200 588 4145 1730.2 
3.508 4138 1727.2 
2.858 703 4858 1818.8 

4643 1813.4 

~ 2.608 4239 1627.9 
A 



Table A-5, continued (Reference Table 3-3) 

Xeactor Conditions 

Unk 5 

Lord, Ol 
Mdttlon Fkw lrmp, Ktk SIrnpk Nurnbu )ro. 

MW x rCtm 'F 

i 

Dry Gas Meter 

torr. 
Tohl Avg. PRt.un -In End Bqin End -ID Fiao, 

Volumo, I m p ,  t3rWmbk Tmp, Temp, Vdumo, Vdumo, 

STD'* * K  1n.w n' 
dry 

0.m 12.5 101 11.8 3.4 22 5 0 ~ )  700 0.8 88 2.8 n.87 297 29.04 n 75 s4a.m ~1.200 MI 0 . 0 ~ )  
0.898 11.8 3.4 
1.078 118 18.5 4.7 22 5OOO 700 0.8 88 2.7 78.17 296 29.94 74 74 549.700 552.700 Sack1 0.988 
1.094 18.8 4.7 
0.880 111 12.4 3.5 22 so00 700 0.8 89 2.7 78.31 296 29.94 73 73 sb3.ooO 558.ooO Strckl 0.988 
0.874 12.8 3.8 . n 

T d n g  lntrrvrl Avrragn 88 2.7 
a I 0.1 

A 

093 CAI SO3 03 1041 10% l M . 9 4 I  3.5 f ' 0.04 I 

093 CAI SO3 01 0931 0947 1 M . 9 4  

083 CAI SO3 02 1003 1017 10.03.94 

Avangr Sa ConcanWaUon, 1949 f 14 
pprnlv), w d  @ 3% 0 2  

3.4 f 0.01 

4.7 f 0.06 

0.01 

1.888 12.5 97.8 25.3 7.5 22 5000 700 0.8 ea 3.5 
2.005 25.5 7.8 
1.701 118 25.8 7.8 22 5ooo 700 0.8 89 3.5 
1.703 25.7 7.8 
1.718 101 22.6 8.8 22 5OOO 700 0.8 89 3.5 

ns 296 29.94 73 74 a7.400 440.400 S R I ~  0.989 

77.88 294 T.94 71 70 441.100 444.100 SR13 0.989 

78.35 293 F.94 88 88 445.200 448.200.' SR13 0.989 

4.178 200 793 8899 1962.5 
4.184 6912 1968.3 
4.312 787 8880 1942.0 
4.283 6880 1933.4 
4.441 747 6911 1944.2 
4.440 6910 1943.8 

I I I 1.720 22.6 8.7 
Avrmg.S&Concmtntlan, 7.3 t 0.6 TlstlnglntrwalAvrraaa 89 4 

3.998 200 612 5095 1514.1 
3.888 5099 1515.2 
3.703 627 4837 1428.4 
3.890 48x1 1424.3 
3.348 727 5088 1490.5 

I I 3.385 5097 1488.9 
AVrngbSO1CoIIConb.tlofI, 1478 t 46 



Table A-6 (Reference Table 3-4) 

Tlmo, 
Bylln 

! 

Tlrnr, Dltr 
End 

P 
+I 
o\ 

Concenlnllon 

094 AAI HCI 01 1309 1323 17.Ocl 92.4 f 0.32 

094 AAI HCI 02 1334 1347 17-03 94.2 f 0.45 

094 AAI HCI 03 I356 1408 1 7 0 3  91.5 f 0.40 

Average HCI Concentratlon, 93 f 1.9 
pprn(v), wet@ 3% 0 2  

Lvrmgr 

1.428 25 783 291 92.6 
1.421 290 92.2 
1.335 853 297 93.9 
1.344 299 94.5 
1.610 680 285 91.8 
1.600 283 91.2 

a 

22 5OW 700 0.8 80 4.5 76.85 304 30.18 88 87 683.500 688.500 Stack 

22 5OW 700 0.8 80 4.4 76.78 304 30.18 88 88 686.900 689.900 Stack 

22 5OOO 700 0.8 80 4.6 76.43 306 30.18 90 91 690.200 693.200 Stack 

Testlng Interval Averages 80 4.5 

0.986 25 790 203 77.6 
1.101 221 86.6 
1.160 697 211 81.4 
1.146 208 80.4 
1.098 735 210 80.6 
1.W 208 79.9 

1093 A40 HCI 021 1328 1i43e17.0ct I 1 1 0,; 

Average HCl Concentration, 
pprnfv), wet 3K02 

093 A40 HCI 03 1350 1404 17-ocl 80.2 f 0.52 

22 50W 700 0.8 80 7.4 77.65 298 30.18 76 78 583.300 586.300 SR13r 0,9891 

22 50W 700 0.8 80 7.5 77.44 299 30.18 78 79 586.900 589.900 SR13 0.9891 

22 50W 700 0.8 80 7.4 77.44 299 30.18 78 79 590.300 593.300 SR13 0.9891 

Testing Interval Averages 80 7 

- 
0.998 

0.998 

0.998 

I a 0 0.1 I 



I 

. 

Table A-6, continued (Reference Table 3-4) 

Concmlnllon vtical qeactor Conditions ITV Gas Meter 

Flow Tamp 

H 
W 8  

* I :  b 
k *  

r 

* I  = :  

T h e ,  Tlmr, 
-In End 

oltr 

:ondHlo 
Numlmi 

- 
4ver8ge 0 

093 BAl HCI 01 0954 1008 11-Oct 105.2 f 6.98 

4 093 BAl HCI 02 1018 1031 11-Oct 97.8 f 0.15 

093 BAl HCI 03 1046 1059 1l.oct 104.8 It 0.61 

? 
c 

Average HCI Concentratlon, 101 f 6.0 
ppm(v), wet@ 3% 0 2  

78.32 296 30.00 74 74 568.800 571.900 Stack1 0.998 

78.32 296 30.00 74 74 572.300 575.300 Stack1 0.998 

78.32 296 3O.h 74 74 575.800 578.800. Stack1 0.998 
1.418 335 97.5 
1.695 810 358 105.2 5ooo 700 0.8 89 

I 1.681 355 104.3 
Tcstlng Interval Averages 89 3.4 

1.205 25 740 232 88.0 
1.214 234 88.7 
1.317 774 265 99.9 
1.188 239 90.1 
1.095 753 215 94.7 
1.124 2iU 97.2 

22 SMX) 700 0.8 88 7.4 78.36 294 30.00 68 70 461.200 464.200 SR13 0.9891 

78.38 294 30.00 68 70 481.800 487.800 SR13 0.9891 

78.36 294 30.00 68 79 488.500 471.500 SR13 0.9891 

1093 BAO HCI 02 1012 1028 11-0~4 95.0 f 6.92 I I 22 5ooo 700 0.8 89 7.3 

22 SMX) 700 0.8 88 9.3 

Testing Interval Averages 88 8 
a 1 . 1  

Average HCI Concentratlon, 93 f 4.1 



Table A-6, continued (Reference Table 3-4) 

N 
W 8  

a t  ' b  

r 

* i o :  

k e  * .  

Drt.  Tlmr, Tlmr, 
k g l n  End 

Analvtical IReactor Conditions lDrv Gas Meter 

1093 CAI HCI 02 1359 1412 IOQct I 96.9 f 2.42 

0.73 
I I t Average HCI Concentratlon, '85 f 0.8 

ppmtv), wet @ 3KO2 

2.009 25 777 407 114.8 
1.719 348 98.2 
1.612 807 339 95.2 
1.870 351 98.7 
1.644 848 362 102.8 
1 . a 7  361 102.4 

1.540 25 720 289 85.9 
1.516 284 84.6 
1.516 725 288 64.7 
1.545 292 86.4 
1.554 701 284 84.5 
1.535 280 83.4 

22 5OOO 700 0.8 89 2.6 

22 5OOO 700 0.8 89 2.6 

22 5OOO 700 0.8 88 2.8 

Tedlng Interval Averages 89 2.7 

22 5ooo 700 0.8 89 3.5 

22 5OOO 700 0.8 89 3.4 

22 5OOO 700 0.8 89 3.5 

Tcstlng Interval Averages 89 3 
u o  0 

n.58 BJ 29.94 79 , n ~ 6 . 2 0 ~  5y.m mi 0.w 

77.95 297 29.94 76 75 559.700 92.700 Stack1 0.998 

78.02 297 29.94 75 75 563.100 566.100 Stack1 0.998 
' I  

I 
' , I  

n.40 297 29.94 75 453.500 4y.500 SR13 0.9891 

n.40 297 29.94 75 457.400 460.400 SR13 0.9891 

I 



Table A-7 (Reference Table 3-5) 

INPUT DATA 

. "  DATE:' 6/9/94 
RUN ID: 075-AA0-01 

Flue gas 0 2  
Flue gas C02 

Flue gas N2 
Flue gas H20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

Volume water 
Particle mass 

Run time 
Meter Temp 

8.3 % wet 
10.7 % wet 

72.32 % wet 
8.68 % wet 

30.01 in. Hg 
-22.5 in. H20 

338.67 O F  

Nozzle diameter 
Gas meter corr. 
Pitot corr. (Cp) 

Duct Area 

0.219 in. 
1.002 
0.821 
3.36 ft2 

104 ml Meter volume 54.666 ft3 
8542.8 mg SQRT DP pitot 0.9326 

104.61 O F  
90 min AVG DH orifice 1.31 in. H20 

:INAL CALCULATED DATA 

% WATER 
% ISOKINETIC 

STACK VEL. 

STACK FLOW 
STACK FLOW 

8.68% 
98.69% 

64.43 ftls 

12989 ACFM (wet) : 
7295 SCFM (dry) 

grlACF : 
gr/SCF : 

mg/ACM : 
mg/SCM : 

LB/MBTU 

1.4629 wet 
2.5970 dry 

3347.80 wet 
5942.89 dry 

5.9336 
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Table A-7, continued (Reference Table 3-5) 

INPUT DATA 

DATE 6/9/94 
RUN ID: 075-AA0-02 

Flue gas 02 
Flue gas C02 

Flue gas N2 
Flue gas H20 

8.3 % wet 
10.7 % wet 

72.24 % wet 
8.76 % wet 

Ambient Pressure 30.01 in. Hg 

Stack Temp 339 OF 
Stack Pressure -22.5 in. H20 

Volume water 104.2 ml 
Particle mass 7693.8 mg 

Run time 90 min 
Meter Temp 108."F 

Nozzle diameter 0.219 in. 
Gas meter con. 1.002 
Pitot con: (Cp) 0.821 

Duct Area 3.36 ft2 

. 
Meter volume 54.551 ft3 

SQRT DP pitot 0.951 8 
AVG DH orifice 1.302 in. H20 

:INAL CALCULATED DATA 

%WATER 8.76% gr/ACF : 1.3266 wet 
% ISOKINETIC 96.00% gr/SCF : 2.3584 dry 

STACK VEL. 65.78 ftls . mglACM : 3035.86 wet 
mglSCM : 5396.93 dry 

STACK FLOW 13262 ACFM (wet) 
STACK FLOW 7438 SCFM (dry) LBIMBTU 5.3885 
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Table A-7, continued (Reference Table 3-5) 

INPUT DATA 

DATE: 6/9/94 
RUN ID: 075-AA0-03 

Flue gas 0 2  8.3 % wet Nozzle diameter 0.219 in. 

Flue gas N2 722 % wet Pitot corr. (Cp) 0.821 
Flue gas C02 10.7 % wet Gas meter corr. 1.002 

Flue gas H20 8.8 % wet Duct Area 3.36 ft2 . 
Ambient Pressure 30.01 in. Hg 

Stack Pressure -22.5 in. H20 
Stack Temp 337.89 OF 

Volume water 1062 ml Meter volume . 55.522 ft3 
Particle mass 82372 mg SQRT DP pitot 0.9303 

Run time 90 min AVG DH orifice 1.304 in. H20 
Meter Temp 110.278 O F  

'INAL CALCULATED DATA 

96 WATER 8.80% gr/ACF : I .4023 wet 
% ISOKINETIC 99.55% grlSCF : 2.4903 dry 

STACKVEL. , 64.25 ftls mglACM : 3209.06 wet 
mglSCM : 5698.71 dry 

STACK FLOW 12953 ACFM (wet) 
STACK FLOW 7272 SCFM (dry) LBIMBTU 5.6898 

F 
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Table A-7, continued (Reference Table 3-5) 

INPUT DATA 

DATE: 611 0194 
RUN ID: 075-BA0-01 

Flue gas 02 
Flue gas C02 

Flue gas N2 
Flue gas ti20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

7.8 % wet 
13 %wet 

71.24 %wet 
7.96 % wet 

30.04 in. Hg 
-21 in. H20 

317.56 'F 

Nozzle diameter 
Gas meter corr. 
Pitot cor. (Cp) 

Duct Area 

0.219 in. 
1.002 
0.821 
3.36 ft2 

Volume water 102 ml Meter volume 58.302 f13 
Particle mass 8454.9 mg SQRT DP pitot 0.9984 

Run time 90 min AVG DH orifice 1.5 in. H20 
Meter Temp 99.78 O F  

:IN= CALCULATED DATA 

%WATER 
I ISOKINETIC 

STACK VEL. 

STACK FLOW 
STACK FLOW 

7.96% 
97.58% 

67.44 ft/s 

13596 ACFM (wet) 
7936 SCFM (dry) 

grlACF : 1.3982 wet 
grlSCF : 2.3858 dry 

mglACM : 3199.69 wet 
mglSCM : 5459.75 dry 

LB/MBTU 5.2431 
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Table A-7, continued (Reference Table 3-5) 

INPUT DATA 

DATE 611 0194 
RUN ID: 075-BA0-02 

Flue gas O2 
Flue gas COz 

Flue gas N2 
Flue gas H20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

Volume water 
Particle mass 

Run time 
Meter Temp 

7.8 % wet 
13 %wet 

71.22 % wet 
- - 7.98 %wet 

30.04 in. Hg 
-21.0 in. H20 

314 O F  

101.3 rnl 
8093.5 mg 

90 rnin 
105 OF 

Nozzle diameter 
Gas meter con. 
Pitot corr. (C,) 

Duct Area 

0.219 in. 
1.002 
0.821 
3.36 f f  

Meter volume 58.259 ft3 
SQRT DP pitot 1.0089 
AVG DH orifice 1.53 in. H20 

:INAL CALCULATED DATA 

% WATER 
% ISOKlNETlC 

STACK VEL. 

. STACKFLOW 
STACK FLOW 

7.98% 
95.41% 

67.99 Ws 

13706 ACFM (wet) 
8038 SCFM (dry) 

grlACF : 1.3579 wet 
grlSCF : 2.3062 dry 

mglACM : 3107.35 wet 
mglSCM : 5277.62 dry 

LBlMBTU 5.0682 

A-23 

, 



Table A-7, continued (Reference Table 3-5) 

I INPUT DATA 

DATE: 611 0194 
RUN ID: 0 7 5 a ~ e 0 3  

Flue gas 02 
Flue gas CO2 

Flue gas N2 
Flue gas H20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

Volume water 
Particle mass 

Run time 
Meter Temp 

7.8 % wet 
13 %wet . 

71.24 % wet 
7.96 % wet 

30.04 in. Hg 
-21 in. H20 

316.55 O F  

104.6 ml 
8464 mg 

90 min 
107.83 'F 

Nozzle diameter 
Gas meter cor. 
Pitot con= (Cp) 

Duct Area 

0.219 in. 
1.002 
0.821 
3.36 ft2 

Meter volume 60.638 f13 
SQRT DP pitot 1.0552 
AVG DH orifice 1.661 in. H 2 0  

FINAL CALCULATED DATA 

%WATER 
% ISOKlNETlC 

STACK VEL. 

STACK FLOW 
STACK FLOW 

7.96% 
94.61 % 

71.23 ft/s 

14360 ACFM (wet) 
8393 SCFM (dry) 

grlACF : 1.3664 wet 
grlSCF : 2.3285 dry 

mglACM : 3126.94 wet 
mglSCM : 5328.59 dry 

LBlMBfU 5.1172 
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Section 1 

INTRODUCTION 

This is the fifth in a series of reports describing the results of testing and analytical services for the 
Innovative Clean Coal Technology Demonstration of Selective Catalytic Reduction (SCR) 
Technology for the control of nitrogen oxide-(NOx) emissions from high-sulfhr,. coal-fired boilers. 
The test results for the initial set of air heater tests are summarized in this report. The air heater 
tests were conducted during the last week of April and the first two weeks of May, 1994, following 
the completion of the first sequence of parametric testing under Task 4: Long-Term Parametric 
Tats. 

The SCR test facility is located at Gulf Power Company's Plant Crist Unit 5 in Pensacola, Florida. 
The test k i l i ty  includes three large SCR reactors, each designed to treat 5000 wscfin of flue gas, 
and six small reactors, each processing 400 wscfin of flue gas. An air heater capable of removing 
sufficient heat to reduce the flue gas temperature fiom a range of 600 to 750 O F  down to 300 "F 
was included in the design of each of the three large reactors. The three large reactors are 
designated as reactors A, By and C. Reactors A and B incorporate Ljungstrom-type air heaters and 
Reactor C'S air heater incorporates a heat pipe design. 

The original design of the SCR test facility also included bypass heat.exchangers on each of the 
three large reactors. These units were intended for use during parametric testing of the reactors 
(Task 4: Long Term Parametric Tests) so that .flue gas containing higher concentrations of slip 
ammonia could be diverted around the air heaters. However, the bypass heat exchangers did not 
function as planned and the practice of bypassing the air heaters on Reactors A, B and C during 
parametric testing was abandoned. Thus, the air heater test data presented in this report include 
the eff i ts  of day-long periods of exposure to ammonia concentrations normally ranging from a 
few parts per million by volume ppm(v) to 20 ppm(v), although brief excursions approached 100 
PPm(v). 

The air heater testing included the determinations of particulate mass concentration and 
measurements of the concentrations of sulfbr dioxide, s u b  trioxide, hydrogen chloride and 
ammonia. All tests were conducted with manual sampling methods. Ammonia samples were 
segregated into solid and gas-phase fractions to characterize the @solid phase partitioning of 
ammonia across the air heaters. in general, simultaneous tests were performed at the inlet and 
outlet of each of the three air heaters (except for mass concentration measurements at the outlet of 
the Reactor C air heater). The fly ash (particulate) catches from the mass concentration 
measurements were further analyzed in the laboratory to determine particle size distributions, ash 
mineralogy, and ash resistivity. 

This report is divided into several sections. Section 2 describes the test methods used for the air 

Section 4. Tables containing original data summaries that were produced for the air heater testing 
are contained in Appendix A. 

heater testing. Section 3 reviews all of the test results. The test data are briefly summarized in 
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Section 2 

TEST METHODS 

A variety of test methods were used to characterize air heater performance. The following 
subsections briefly describe the test methods for ammonia (NH,), sulfur dioxide (SO2), sulfur- 
trioxide (SO3), hydrogen chloride (HCl), and particulate mass concentration, particle size, ash 
mineralogy, and ash resistivity. Figure 2-1 shows a sketch of a large reactor and its air heater (not 
to scale). The test port locations for air heater inlet and outlet measurements are indicated on the 
diagram. Test ports (three horizontal ports) upstream of catalyst layer 4 (the normal reactor outlet 
test location) were used to measure concentrations of air heater inlet particulate and gas 
constituents. Three test ports (horizontal) were installed in a transition piece in the outlet ducting 
of the Reactor A and B air heaters that were suitable for particulate and gas phase flue gas 
constituent testing. Test ports at this same location in the Reactor C air heater outlet were not 
installed. However, a single test port (horizontal) in a section of ducting at the inlet transition to 
the cyclone on Reactor C (downstream of the reactor bypass duct) was suitable for testing gas 
phase flue gas constituents. Turbulent flow at this location precluded mass concentration tests. 

, 

Air heater tests were performed with the reactors operating at Test Condition 22, the normal 
baseline or long-term operating condition. These operating conditions included a flue gas 
temperature of 700 OF, an NH3/NOx ratio of 0.8, and a flue gas flow rate of 5000 wscfin. During 
measurements of air heater inlet and outlet ammonia concentrations only, additional tests were 
performed at Test Condition 24 (except Reactor A). The operating parameters for these tests were 
a flue gas temperature of 700 OF, an NH3/NOx ratio of 1.0, and a flue gas flow rate of 5000 
wscfin. 

AMMONIA 

Ammonia concentrations were measured simultaneously at the air heater inlet (upstream of catalyst 
layer 4) and at the air heater outlet on each of the large reactors. At each site and at each test 
condition, three independent tests were performed to determine an average ammonia concentration. 
Sampling ports located upstream of catalyst layer 4 were used to measure air heater inlet ammonia 
concentration. Flue gas was sampled at three equidistant points in each of the .three test ports (a 
total of nine traverse points) to determine an average inlet ammonia concentration for each test. At 
the air heater outlet sampling location on Reactors A and B the probe also sampled at three 
equidistant points in each of the three test ports (a total of nine traverse points). At the single 
Reactor C outlet test port, the ammonia probe traversed three, equally-spaced, points (fiont to rear) 
during each test. 
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RWre 2-1. Schematic drawing of SCR reactor and air heater cross section (side view). 
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Figure 2-2.- Schematic-diagram of the ammonia sampling train. 

A schematic drawing of the ammonia sampling train is shown in Figure 2-2. The flue gas sample 
is drawn through a glass-lined probe and a heated filter to remove particulate. The filter is 
maintained at the nominal flue gas temperature. The gas sample passes through a length of PTFE 
tubing to a set of three impingers in an ice bath. The first two impingers contain a 0.1 normal 
solution of sulfuric acid. The third impinger serves as a trap to prevent the solutions from 
accidentally being drawn into the pump. A second glass wool plug is placed in the line between the 
last two impingers to collect any ammonia aerosols that may escape the second impinger. The 
remainder of the train consists of a silica gel column to remove the last traces of water from the 
flue gas sample, a leak-free pump, and a dry gas meter to measure the volume of the sample. 

The samples were segregated during sample collection into a solid-phase sample and a gas-phase 
sample. The solid-phase sample consisted of the heated filter, all of the collected particulate, and 
the probe-Gh liquid. The gas-phase sample consisted of the impinger liquids and the wash and 
rinse liquids. The two samples were analyzed separately to characterize the ammonia partitioning 
between the gas and solid phases. 

At the outset of the Task 4 parametric testing, modified Greenberg-Smith type impingers were used 
for ammonia sampling. However, 100 mL gas sampling impingers, each containing about 50 mL 
of solution, were used for the air heater ammonia testing to reduce the detection limit to less than 1 
ppm(v) for a reasonable sample volume, about 3 ft3 of gas. The lower detection limit was needed 
for much of the air heater ammonia testing because ammonia concentrations are very low at the 
reactor exit when operating at the reactor design condition with an NH3M0, ratio of 0.8. 

The impinger solutions are made &line in the laboratory (converting the NH4+ ion to free NH3 in 
solution). The concentration of ammonia is then determined with an ammonia ion specific 
electrode, Orion Model 920A. As mentioned above, three individual measurements of ammonia 
concentration are made for each test condition. Two independent determinations of the ammonia 
concentration are then conducted on each sample. 

SULFUR DIOXIDE AND SULFUR TRIOXIDE 

During the air heater evaluation, SO2 and SO3 concentrations were measured simultaneously at the 
xeactor outlet upstream of catalyst layer 4 (air heater inlet) and the air heater outlet. Sulfur dioxide 
(S02)  and sulfur tfioxide (SO3) were collected in a controlled condensation sampling train. All 
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tests were wnducted using single-point sampling in either the right-hand port (air heater inlet test 
location) or middle port (air heater outlet test location). 

REACTOR WALL 

J 
PROBE 

HYDROGEN PER0 METER JMPINGER JMPINGERS 

Figure 2-3. Schematic diagram of the controlled condensation sampling train for SO2 and SO3. 

A schematic drawing of the S02/S03 sampling train is shown in Figure 2-3. The flue gas sample 
is drawn through a heated, quartz-lined probe maintained above 550 OF. The sample then passes 
through a quartz filter housed in a heated quartz filter holder, also maintained at 550 OF. The next 
element in the train is the SO3 condenser. The condenser is a length of quartz tubing packed with 
quartz wool and maintained between 120 O F  and 130 O F  in a heated water bath. The sample next 
passes through a length of PTFE tubing to a set of three impingers in an ice bath. The first two 
impingers contain a 3% solution of hydrogen peroxide to oxidize SO,. The third impinger serves 
as a trap to prevent the solutions from accidentally being drawn into the pump. The remainder of 
the train consists of a silica gel column to remove the last traces of water from the sample, a leak- 
free pump, and a dry gas meter to measure the volume of the sample. 

The SO3 is collected in the condensing element and the SO2 is collected in the bubblers by 
oxidation with the hydrogen peroxide, converting it to H2SO4 in solution. In the condenser the 
SO3 present begins a hydration reaction with the water vapor present making H2S04. The excess 
water vapor also condenses to produce a condensate of concentrated aqueous H2SO4. Thus, two 
solutions of H2S04 are collected, one a very concentrated solution of limited amount containing the 
original SO3 and the other a relatively weak solution in far greater amount containing the original 
S02.  The concentrations of the sulfate ion are determined by ion chromatography using a 
DIONEX Model DX-100 Ion Chromatograph. 
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Figure 2-4. Schematic diagram of the chloride sampling train. 

A schematic sketch of the chloride sampling train is shown in Figure 2-4. The flue gas sample is 
drawn through a heated, quartz-lined probe .maintained above 550 OF. The sample then passes 
through a quartz filter housed in a heated quartz filter holder, also maintained at 550 OF. The 
sample next p s e s  through a length of PTFE tubing to a set of three impingers in an ice bath. The 
first two impingers contain type 1 de-ionized water for removal of HCI vapor. The third impinger 
serves as a trap to prevent the solutions from accidentally being drawn into the pump. The 
remainder of the train consists of a silica gel column to remove the last traces of water from the 
sample, a leak-fiee pump, and a dry gas meter to measure the volume of the sample. 

The chloride ion concentration is determined by ion chromatography using a DIONEX Model DX- 
100 Ion Chromatograph. Hydrogen chloride concentrations were determined by single-point 
sampling (at the mid-point of the duct) at the air heater inlet (upstream of the 4th catalyst layer, 
right-hand port) and at the air heater outlet (middle port). Inlet and outlet tests were conducted 
simultaneously. 
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MASS CONCENTRATION 

Mass concentration was measured using a sampling train similar to that defined in the EPA 
Reference Test Method 17. A schematic drawing of the train used for mass concentration 
sampling is shown below in Figure 2-5. 
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MANOMETER 
REACTOR 
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TEMPERATURE 
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ORIFICE DRYGAS PUMP 
MANOMETER METER 

Figure 2-5. Schematic drawing of the mass concentration sampling train. 

This train consists of a filter holder and nozzle that is designed to operate in the flue gas 
stream, followed by a heated sampling probe, a condenser, a drying column, a gas meter, a 
pump, and finally a flow control mechanism, usually a calibrated orifice. An S-type pitot and 
thermocouple located near the nozzle provide a means for sampling isokinetically during each 
test. The glass fiber thimbles are desiccated before and after sampling and then weighed on an 
electronic microbalance. 

Particulate mass concentrations were measured simultaneously upstream of catalyst layer 4 (air 
heater inlet) and at each air heater outlet (except Reactor C). At the air heater inlet, the three 
sample ports immediately above the access door at the fourth catalyst layer were used to obtain 
the sample. During each test particulate was sampled at three, equally-spaced, positions within 
the three test ports (a total of nine traverse points). At the air heater outlets on reactors A and 
B, three ports are available for mass sampling. During each test particulate was sampled at 



three, equdiy-spaced, positions within the three test ports (a total of nine traverse points). 
Three runs were made at each test site to give a meaningful statistical average. 

ASH MINERALOGY, PARTICLE SIZE, ASH RESISTIVITY 

After the particulate catches were weighed, they were transported to SRI's Birmingham 
laboratories where particle size distributions, ash mineralogy and ash . resistivity were 
determined. The instrument used to determine particle size distribution of the fly ash was a 
Shimadzu Model SA-CP4 Centrifugal Particle Size Analyzer. It is able to size the particles 
into approximately 25 size intervals between 0.056 and 56.2 micrometers physical diameter (or 
Stokes diameter, based on assumed spherical shape and true, or actual, particle density). Ash 
resistivity-was determined -using the IEEE 548 (1984) ash resistivity test method, commonly 
referred to as a descending temperature method. The humidity of the atmosphere surrounding 
the resistivity test cell was controlled to a moisture content of 8.7%, _approximately the same as 
that measured in the flue gases at the Plant Crist SCR Test Facility. 

SAMPLING QUALITY ASSURANCE 

The measures adopted to ensure that meaningful results were obtained during the various testing 
procedures can be divided into three categories; equipment maintenance and calibrations, operating 
techniques, and analytical techniques. New equipment was obtained for use in the SCR testing 
program and preventive maintenance and calibrations are performed at regular intervals. Due to 
the dynamic nature of the process, each measurement requires three replicate samples. The 
replicates are averaged to yield a represenhtive value. Variability gives a means to discern any 
anomalies not revealed by other quality control checks. 

The sample trains are leak-checked by drawing a vacuum of 15 in. Hg before and after each 
sampling run. No in-leakage is tolerated. If any loss of pressure is observed within one minute, 
the source of the leakage is found and eliminated prior to testing. During each run the oxygen level 
of the gas exiting the dry gas meter is measured to detect air in-leakage that could dilute the 
samples. 

Ammonia samples are analyzed with an ion-specific electrode. The instrument is calibrated using 
0.1 pg/mL, 0.5 pg/mL, 1.0 pg/mL, 5.0 pg/mL and 10 p g / d  standards. At the conclusion of each 
analytical session, a sample spiked with a known amount of ammonia is analyzed and the result 
compared with the predicted concentration. A blank sample is analyzed to detect zero drift and a 
mid-range standard is also analyzed to detect calibration drift. 

Both the s u a  (SO2 & SO$ samples and the chloride (HCI) samples are analyzed by means of 
ion chromatography. This instrument is calibrated using a minimum of three points on the 
calibration curve. As with the ammonia analysis, spiked samples, blanks, and standards are 
analyzed to ensure that calibration drift has not occui-red. 

,- 

While gas-phase flue gas constituents are being sampled, both field blanks and sample blanks are 
run as quality control checks. The field blank consists of a container of type 1 de-ionized water 
that is exposed to ambient air at the sampling site. Sample blanks are obtained by passing ambient 
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air through the probe and through the impingers filled with the appropriate solution. These blanks 
would detect sample contamination should it occur. 
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Section 3 

AIR HEATER TEST RESULTS 

AMMONIA CONCENTRATIONS 

Concentrations of ammonia were measured simultaneously at ea& of the three air heater inlet and 
outlet test locations. The tests were conducted so as to differentiate- between gasLphase-and solid- 
phase ammonia. All three air heaters were tested with the reactors operating at Test Condition 
22, the baseline operating condition. The Reactor B and G air heaters were also tested'at Test 
Condition 24 (NHJNO, = l.O), however, the Reactor A air heater was not tested at this condition 
because of concern that the air heater might become plugged during operation with the higher inlet 
ammonia concentration. 

The test data are summarized in Table 3-1. Table 3-1 also gives estimated-solid-phase ammosa 
concentrations on a mass of ammonia per mass of ash basis. The values shown in the table were 
derived both from solid-phase ammonia measurements made at the same time the gas-phase 
measurements were made and mass concentration measurements made earlier at the same location. 
The ammonia partitioning between the gas and solid phases shown in the table are similar for the 
air heaters on reactors B and C. These data show that ammonia partitioning at the inlet to the air 
heater is roughly equal (on a flue gas volumetric basis or ammonia mass basis) between the gas 
and solid phases on reactors B and C. On both reactors the partitioning shifts toward the solid 
phase at the air heater outlet. As expected, a significant increase in total ammonia concentration 
was measured during operation at the higher NH3/N0, ratio at Test Condition 24 for both the air 
heater inlet and air heater outlet on Reactors B and C. The test run on the Reactor A air heater at 
Test Condition 22 indicated a higher total ammonia concentration at the air heater inlet than at the 
air heater outlet with the ammonia strongly partitioned to the solid phase. The total ammonia 
measured at the Reactor A air heater outlet was less than one-half of the total ammonia measured 
at the air heater inlet with the ammonia more evenly partitioned between the gas and solid phases. 
The lack of ammonia mass balance closure suggests an error in the measurement so that this result 
should be disregarded until further testing is done. The original data summaries for these tests can 
be found in Table A-1 in Appendix A. 

SO, and SO, CONCENTRATIONS 

Concentrations of sulfir dioxide and sulhr trioxide were measured simultaneously at the air heater 
inlet and outlet test locations of Reactors A, B, and C during operation at Test Condition 22. The 
test data are summanzed in Table 3-2. 

SO3 inlet concentrations ranged from 8 to 19 ppm(v) dry @ 3% 02, while SO3 concentrations at 
the reactor outlets ranged from 5 to 11 ppm(v) dry @ 3% 0 2 .  Reductions in SO3 concentration 
across the air heaters ranged from 37.5% on Reactor B to 42.1% on Reactor A. Within the 
tolerance of the standard deviations given for average SO2 concentrations in Table 3-2, there was 
no measurable change in SO2 concentration across any of the three air heaters. Air heater inlet 
SO2 concentrations averaged 2044 f 41 ppm(v) dry @ 3% 02,  while the air heater outlet SO2 
concentrations averaged 2095 f 34 ppm(v) dry @ 3% 02. Since the standard deviations of the 
mean concentrations at the inlet and outlet overlap, it can be concluded that no measurable 
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w 
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- 
Reactor 

A 

A 

B 

B 

C 

C 

Table 3-1. SCR Reactor Air Heater Tests: Ammonia Concentrations 

Date 

1 1 -May94 

Not Tested 

10-May94 

10-May-94 

6-May94 

9-May94 

- 
NHa 
NO, - 
0.8 

1 .o 

0.8 

1 .o 

0.8 

1 .o - 

Air Preheater 
Location 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Inlet 
Outlet 

Gas-Phase NH3, 
PPm(v), 

@ 3% 02, dry 
~~~ ~ 

0.6 iO.1 
0.6 f 0.1 

c 0.4 
c0.3 

1.8 f 0.4 
0.4 

0.7 f 0.1 
c 0.3 

3.3 f 0.3 
C 0.3 

Solid-Phase NH3 
Equivalent 

PPm(v)l @ 3% 
0 2 1  dry 

3.3 f 0.2 
1.0 f 0.2 

0.2 f 0.01 
0.5 f 0.01 

1.9 f 0.5 
1.3 f 0.2 ’ 

0.6 f 0.1 
1.0 f 0.1 

3.8 f 0.5 
6.7 f 1.6 

Estimated 
Solid-Phase 
NH31 ! d g  

307 
108 

22 
65 

186 
162 

56 
116 

332 
746 

~ ~~~ 

Estimated 
Upper Limit 
Solid-Phase 
NH~I pglg 

I 

372 
139 

24 
70 

239 
189 

68 
137 

390 
1003 

Estimated 
Lower Limit 
Solid-Phase 
NH3, W g  

256 
84 

20 
61 

137 
137 

45 
99 

280 
525 



Table 3-2. SCR Reactor Air Heater Tests: SOz and SOa Concentrations 

w 
6 

Reactor SO3 SO* 
Inlet Outlet . Inlet Outlet 

5.0 f 0.4 I 2087 f 17 2078 f 15 

I 2134 k 144 C I 17f0.5 I O  2 3.2 2005 k 50 



difference iri'S02 concentration was observed. Table A-2 in Appendix A contains the original data 
summaries for these tests. 

HCl CONCENTRATION 

Measurements of the concentration of hydrogen chloride were conducted simultaneously at the inlet 
and outlet of each of the three large reactor air heaters. Three independent tests were performed at 
each test location. Single point sampling was used. The test results are presented in Table 3-3 as 
the average concentration and the standard deviation. All HCI concentrations fell within the range 
of 221 to 233 ppm(v) dry @ 3% 02. There was no measurable change in HCI concentration 
across any of the three air heaters. The original data summaries for these HCI tests are presented 
in Table A-3 in Appendix A. 

PARTICULATE MASS CONCENTRATION 

Particulate mass concentrations were measured simultaneously at the inlet and outlet of the air 
heaters on Reactors A and B. Particulate mass concentration was measured only at the inlet to the 
heat pipe air heater on Reactor C. No outlet measurement was possible on the Reactor C air heater 
because sampling ports in a location suitable for mass concentration measurements could not be 
installed on that reactor. 

Table 3-4 presents the mass concentration data for the air heater tests. The average air heater 
inlet mass concentration ranged from 3.42 f 0.12 (Reactor B) to 3.84 f 0.17 gddscf (Reactor C). 
The Reactor .A inlet and outlet average mass concentration values 'were within one standard 
deviation of each other, while the Reactor B average outlet mass concentration was 19% lower 
than the Reactor B average inlet mass concentration. The original data summaries for the mass 
concentration tests can be found in Table A-4 in Appendix A. 

PARTICLE SIZE DISTRIBUTIONS 

The particulate collected during the air heater inlet and outlet particulate mass concentration tests 
was analyzed using a.Shimadzu Model SA-CP4 Centrifigal Particle Size Analyzer to determine 
particle size distribution. Table 3-5 presents the mass median diameter (MMD) as the Stokes' 
diameter (micrometers) for each of the ash samples. The Stokes' or physical diameter is based on 
the assumption of spherical particles and the true, or actual, particle density. The mass median 
diameters ranged from'9.9 to 10.4 micrometers at the air heater inlets, and were 10.5 and 11.2 
micrometers at the outlet of the Reactor A and B air heaters, respectively. No significant change in 
MMD across the air heaters was evident from these data. Figures A-1 through A-5 in Appendix A 
show the particle size distributions graphically on both a cumulative per cent mass basis and a 
differential mass basis. The figures visually demonstrate the similarity between the particle size 
distributions among the various ash samples. 

ASH MINERALOGY 

Fly ash samples collected during mass concentration tests at the air heater inlet and outlet test 
locations were submitted for ash mineralogy tests. Fly ash samples were available for air heater 
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Table 3-3. SCR Reactor Air Heater Tests: HCI Concentration 

- 
teactor 

Inlet Outlet 

222 k 5.7 221 k 7.2 

233 f 2.8 221 k8.5 



I 
I 

B 

C 

Table 34 .  SCR Reactor Air Heater Tests: Inlet and Outlet Mass Concentrations . 

3.42 f 0.12 2.76 f 0.14 

3.84 f 0.17 Not Tested 



Table 3-5. SCR Reactor Air Heater Tests: Fly Ash Particle Size 

B 10.4 10.5 

C 10.0 Not Tested 



inlets on Rkctors A, B and C and for the air heater outlets on Reactors A and B. No fly ash 
samples were collected at the outlet of the Reactor C air heater. The test results are presented in 
Table 3-6. There were no significant differences in the chemical constituents of the fly ash 
between the air heater inlets and outlets or among the three air hcaters. 

ASH RESISTIVITY 

Laboratory measurements of ash resistivity were conducted on fly ash samples collected at the inlet 
and outlet of the three large reactor air heaters, except the outlet of the Reactor C air heater. The 
test data (pages A-33 to A-38) are summarized in Figure 3-1. The resistivity/ternperature relation- 
ships for the five ash samples are very similar. For all of the ash samples the peak in the resisti- 
vity ranging from 4.5 x 1011 to 1 x 10l2 ohm-cm, occurs at about 300 OF. The ash resistivity 
measured during the Task 1 baseline testing at the location of the SCR test ficility inlet scoop was 
3.9 x 10” ohm-crn @ 293 OF. Based on these two measurements, the SCR process appears to have 
little or no effect on fly ash resistivity. 
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Table 3-6. SCR Reactor Air Heater Tests: Ash Mineralogy 

Reactor A 
Inlet 

% weight 

0.03 
0.97 
2.4 
0.98 
3.5 
18.7 
22.2 
48.0 
1.1 

0.14 
1.1 

14.7 

Reactor A 
Outlet 

% weight 

0.03 
0.91 
2.2 
0.97 
3.7 
20.3 
22.0 ' 

47.4 
1.1 

0.14 
" 1.0 . 

16.5 

Reactor B 
Inlet 

0.03 
1.2 
2.4 
1 .o 
2.9 
18.5 
22.3 
49.3 
1.1 

0.14 
0.78 

16.3 

Reactor B 
Outlet 

0.03 
1.1 
2.5 
0.97 
2.9 
18.2 
21.7 
49.3 
0.91 
0.15 
0.27 

16.9 

Reactor C 
Inlet 

YO weight 

0.04 
0.91 
2.5 
1 .o 
3.3 
18.5 
21.9 
49.0 
0.91 
0.14 
0.78 

16.3 b 



. LABORATORY DUST RESISTIVITY 
PLANT CRIST SCR TEST FACILITY 
LARGE REACTOR AIR HEATERS 
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Figure 3-1. Resistivity/temperature relationship for air heater inlet and outlet fly ashes. 
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Section 4 

SUMMARY 

This report describes the initial air heater performance characterization tests for the Innovative 
Clean Coal Technology Demonstration of Selective Catalytic Reduction (SCR) Technology for the 
control of nitrogen- oxide (NO,)- emissions from high-sulfir, coal-fired boilers. The SCR test 
facility is located at Gulf Power Company's Plant Crist Unit 5 in Pensacola, Florida. The air 
heater evaluations were conducted during the last weck of April and the first two weeks of May, 
1994, following the completion of the first sequence of parametric testing under Task 4: Long- 
Term Parametric Tests. 

The SCR test facility at the Plant Crist test site includes three large SCR reactors, each designed to 
treat 5000 w s c h  of flue gas, and six small reactors, each processing 400 w s c h  of flue gas. An 
air heater capable of removing sufficient heat to reduce the flue gas temperature from a range of 
600 to 750 OF down to 300 OF was included in the design of each of the three large reactors. The 
three large reactors are designated as reactors A, B, and C. Reactors A and B incorporate 
Ljungstrom-type air heaters and Reactor C incorporates a heat pipe design. 

The air heater testing included the determinations of particulate mass concentration and 
measurements of the concentrations of sulhr dioxide, sulfur trioxide, hydrogen chloride and 
ammonia with manual sampling methods. Ammonia samples were segregated into solid and gas- 
phase fractions to characterize the gadsolid phase partitioning of ammonia across the air heaters. 
Tests were performed at the inlet and outlet of each of the three air heaters (except for mass 
concentration measurements at the outlet of the Reactor C air heater). The fly ash (particulate) 
catches from the mass concentration measurements were further analyzed in the laboratory to 
determine particle size distributions, ash mineralogy, and ash resistivity. 

AMMONIA CONCENTRATIONS 

Concentrations of ammonia were measured simultaneously at each of the three air heater inlet and 
outlet test locations. The tests were conducted so as to differentiate between gas-phase and solid- 
phase ammonia. The majority of the ammonia was found in the solid phase. Most of the gas 
phase ammonia concentrations were below the detection limit, especially at the air heater outlets. 
A measurable increase in ammonia concentration in the solid phase was detected during operation 
at the higher NH3/N0, ratio during operation at Test Condition 24 (1.8 to 6.7 ppm(v) dry @ 3% 
0, at Test Condition 24 versus 0.2 to 1.0 ppm(v) dry @ 3% 02 at Test Condition 22 on Reactors 
B and C). 

SO, and SO, CONCENTRATIONS 

Concentrations of sulfur dioxide and sulfur trioxide were measured simultaneously at the air heater 
inlet and outlet test locations of Reactors A, B, and C during operation at Test Condition 22. 
SO3 inlet concentrations ranged from 8 to 19 ppm(v) dry @ 3% 02, while SO3 concentrations at 
the reactor outlets ranged from 5 to 11 ppm(v) dry @ 3% 02. Reductions in SO3 concentration 
across the air heaters ranged from 37.5% on Reactor B to 42.1% on Reactor A. Within the 

4-1 



tolerance of .the standard deviations for the average SO2 Concentrations, there was no measurable 
change in SO, concentration across any of the three air heaters. Air heater inlet SO, 
concentrations’ averaged 2044 f 41 ppm(v) dry @ 3% 02, while the air heater outlet SO, 
concentrations averaged 2095 f 34 ppm(v) dry @ 3% 0,. 

HCl CONCENTRATION 

Measurements of the concentration of hydrogen chloride were conducted simultaneously at the inlet 
and outlet of each of the three large reactor air heaters. All HCI concentrations fell within the 
range of 221 to 233 ppm(v) dry @ 3% 02. There was no measurable change in HCI concentration 
across any of the three air heaters. 

MASS CONCENTRATION 

Mass concentration was measured simultaneously at the inlet and outlet of the air heaters on 
Reactors A and B. Mass concentration was measured only at the inlet to the heat pipe air heater on 
Reactor C. 

The average air heater inlet mass concentrations ranged from 3.42 f 0.12 (Reactor B) to 3.84 f 
0.17 gr/dscf (Reactor C). The Reactor A inlet and outlet average mass concentration values were 
within one standard deviation of each other, while the Reactor B average outlet mass concentration 
was 19% lower than the Reactor B average inlet mass concentration. 

PARTICLE SIZE DISTRIBUTIONS 

The particulate collected in the Method 17 thimbles during the reactor inlet and outlet mass 
concentration tests was analyzed using a Shimadzu Model SA-CP4 Centrifugal Particle Size 
Analyzer to determine particle size distribution. The mass median diam’eters (Stokes’ diameters) of 
the fly ashes ranged from 9.9 to 11.2 micrometers. The Stokes’ or physical diameter is based on 
the assumption of spherical particles and the true, or actual, particle density. No significant 
change in MMD across the air heaters was evident in these data. 

ASH MINERALOGY 

Fly ash samples collected during mass concentration tests at the air heater inlet and outlet test 
locations were submitted for ash mineralogy tests. Fly ash samples were available for air heater 
inlets on Reactors A, B and C and for the air heater outlets on Reactors A and B. No fly ash 
samples were collected at the outlet of the Reactor C air heater. There were no signiscant 
differences in the chemical constituents of the fly ash between the air heater inlets and outlets or 
among the three air heaters. 

ASH RESISTIVITY 

Laboratory measurements of ash resistivity were conducted on fly ash samples collected at the inlet 
and outlet of the three large reactor air heaters, except the outlet of the Reactor C air heater. The 
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resistivity/temperature relationships for the five ash samples are very similar. For all of the ash 
samples the peak in the resistivity, ranging from 4.5 x 1-01-1 to 1-x l-0l2 ohm-cm, occurs at about 
300 OF. These ash resistivities are similar to those measured during Task 1 on ashes collected 
from the Unit 5 ESP inlet duct. 
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Table A-1 (Reference Table 3-1) 
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Table A-2, continued (Reference Table 3-2) 
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Table A-3 (Reference Table 3-3) 
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Table A-3, continued (Reference Table 3-3) 
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Table A 4  (Reference Table 3-4) 

DATE: 4/25/94 
RUN ID: 69-AAI-Ml7-01 

INPUT DATA 

Flue gas O2 
Flue gas COz 

Flue gas N2 
Flue gas H 2 0  

Ambient Pressure 
Stack Pressure 

Stack Temp 

Volume water 
Particle mass 

Run time 
Meter Temp 

5.5 % wet 
13 %wet 

73.66 % wet 
7.84 % wet 

30.01 in. Hg 
-11 in. HzO 

683.78 O F  

32.1 mi 
4437.8 mg 

45 min 
88.94 O F  

Nozzle diameter 
Gas meter corr. 
Pitot corr. (C,) 

Duct Area 

Meter volume 
SQRT DP pitot 
AVG DH orifice 

0.469 in. 
1 :OS5 
0.821 
15.47 f? 

17.434 ft3 
0.1789 

0.54 in. H 2 0  

FINAL CALCULATED DATA 

. %WATER 
% ISOKINETIC 

STACK VEL. 

STACK FLOW 
STACK FLOW 

7.84% 
91.08% 

14.49 ftls 

13450 ACFM (wet) 
5482 SCFM (dry) 

grlACF : 
grlSCF : 

mglACM : 
mglSCM : 

LBlMBTU 

1.5996 wet 
3.9134 dry 

3660.59 wet 
8955.45 dry 

7.3157 
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Tabie A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE: 4/25/94 
RUN ID: 69-MI-M17-02 

Flue gas 02  5.5 % wet Nozzle diameter 0.469 inches 
Flue gas C02 13 %wet Gas meter corr. 1 .055 

Flue gas N2 71.68 % wet Pitot corr. (Cp) 0.821 
Flue gas H20 9.82 %wet Duct Area 15.47 ft2 

Ambient Pressure 30.01 inHg 
Stack Pressure -11 in H20 

Stack Temp 683.78 O F  

Volume water 41.4 rnl Meter volume 17.61 ft3 
Particle mass 4122.8 rng SQRT DP pitot 0.1 789 

Run time 45 rnin AVG DH orifice 0.54 in H20 
Meter Temp 89.889 O F  

FINAL CALCULATED DATA 

%WATER 9.82% gr/ACF : 1 A422 wet 
% ISOKINETIC 93.54% grlSCF : 3.6055 dry 

STACK VEL. 14.54 ft/s mglACM : 3300.37 wet 
mglSCM : 8250.88 dry 

STACK FLOW 13495 ACFM (wet) 
STACK FLOW 5382 SCFM (dry) ' LBlMBTU 6.7401 
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Table A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE: 4/25/94 
RUN ID: 69-AAI-Ml7-03 

Flue gas 02 5.5 % wet 
Flue gas C02 13 %wet 

Flue gas N2 72.28 % wet 
Flue gas H20 9.22 % wet 

Ambient Pressure 30.01 in Hg 
Stack Pressure -11 in H20 

StackTemp , 696 "F 

. Volume water 39 ml 
Particle mass 3505.1 rng 

Run time 45 min 
Meter Temp 94.7 O F  

Nozzle diameter 0.469 inches 
Gas meter wrr. 1 .os5 
Pitot WIT. (cp) 0.821 

Duct Area 15.47 f't2 

Meter volume 17.927 ft3 
SQRT DP pitot 0.1 789 
AVG DH orifice 0.54 in H20 

FINAL CALCULATED DATA 

% WATER 9.22% gr/ACF : 1.21 01 wet 
% ISOKINETIC 94.37% gr/SCF : 3.0375 dry 

STACK VEL. 14.60 ftls mgIACM : 2769.09 wet 
mg/SCM : 6950.98 dry 

STACK FLOW 13554 ACFM (wet) 
STACK FLOW 5383 SCFM (dry) LBIMBTU 5.6783 



Table A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE: 4/25/94 
RUN ID: 69-AAO-Ml7-01 

Flue gas 02 5.5 % wet Nozzle diameter 0.219 inches 

Flue gas N2 73.55 % wet Pitot corr. (Cp)- 0.821 
Flue gas C02 13 %wet Gas meter corr. 1.002 

Flue gas H20 7.95 % wet Duct Area 3.36 ft2 
Ambient Pressure 30.01 in Hg 

Stack Pressure -22.5 in H20 
Stack Temp 318.44 O F  

Volume water 40.4 ml Meter volume 22.585 ft3 
Particle mass 4856.6 mg SQRT DP pitot 0.7984 

Run time 45 min , AVG DH orifice 0.9522 in H20 
Meter Temp 85.11 O F  

[FINAL CALCULATED DATA 

%WATER 7.95% gr1ACF : 2.01 17 wet 
% ISOKINETIC 97.17% grlSCF : 3.4530 dry 

STACK VEL. 54.15 fils mglACM : 4603.66 wet 
mglSCM : 7901.93 dry 

STACK FLOW 10916 ACFM (wet) 
STACK FLOW 6341 SCFM (d.ry) LBIMBTU 6.4551 
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Table Ad,  continued (ReTerence Table 3-4) 

INPUT DATA 

DATE: 4/25/94 
RUN ID: 69-AAO-Ml7-02 

Flue gas 0 2  5.5 % wet Nozzle diameter 0.219 inches 
Flue gas C02 13 %wet Gas meter WIT. 1.002 

Flue gas N2 72.19 % wet Pitot corr. (Cp) 0.821 
Flue gas H20 9.31 %wet Duct Area 3.36 ft2 

Ambient Pressure 30.01 in Hg 
Stack Pressure -22.5 in H20 

Stack Temp 317.2 OF 

Volume water 52.4 ml Meter volume 24.92 ft3 
Particle mass 5096.7 mg SQRT DP pitot 0.8626 

Run time 45 min AVG DH orifice 1.11 in H20 
Meter Temp 91.28 O F  

FINAL CALCULATED DATA 

% WATER 9.31 % gr/ACF : 
% ISOKINETIC 99.29% grISCF : 

STACK .VEL. 58.59 ftls mglACM : 
mglSCM : 

STACK FLOW 
STACK FLOW 6771 SCFM (dry) LBIMBTU 

11 812 ACFM (wet) 

1.9088 wet 
3.3201 dry 

4368.12 wet 
7597.76 dry 

6.2066 
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Table A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE 4125194 
RUN ID: 69-AAO-Ml7-03 

Flue gas 02 5.5 % wet Nozzle diameter 
Flue gas C02 13 %wet Gas meter torr. 

Flue gas N2 72.56 % wet Pitot corr. (Cp) 
Flue gas H20 8.94 % wet Duct Area ' 

Ambient Pressure 30.01 in Hg 
Stack Pressure -22.5 in H20 

Stack Temp 316.G- OF 

Volume water 50.8 ml Meter volume 
Particle mass 4427.7 mg SQRT DP pitot 

Run time 45 min AVG DH orifice 
Meter Temp 93.83 O F  

0.219 inches 
1.002 

' 0.821 
3.36 ft2 

25.36 ff3 

1.096 in H20 
0.8577 

FINAL CALCULATED DATA 

%WATER 8.94% grlACF : 1.6453 wet 
% ISOKINETIC 100.76% grlSCF : 2.8475 dry 

STACK VEL. 58.19 ft/s mglACM : 3765.00 wet 
mglSCM : 6516.19 dry 

STACK FLOW 11732 ACFM (wet) 
STACK FLOW 6758 SCFM (dry) LBlMBTU 5.3231 



Table A-4, continued (Reference Table 3-4) 

DATE: 5/2/94 
RUN ID: 70-BAI-Ml7-01 

INPUT DATA 

Flue gas 0 2  
Flue gas C02 

FJue gas N2 
Flue gas H20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

3.5 %wet 
15 %wet 

72.2 % wet 
9.3 % wet 

30.1 in Hg 
-14 in H20 

689.89 O F  

Nozzle diameter 
Gas meter corr. 
Pitot corr. (Cp) 

Duct Area 

0.469 inches 
1.055 
0.821 
15.47 ft2 

Volume water. 33.9 ml Meter volume 14.683 ft3 
Particle mass 3422 mg SQRT DP pitot 0.1549 

Run time 45 min AVG DH orifice 0.38 in H20 
Meter Temp 68.89 O F  

%WATER 
% ISOKINETIC 

STACK VEL. 

9.30% 
94.1 8% 

12.61 ft/s 

gr/ACF : 
gr/SCF : 

mglACM : 
mglSCM : 

1.371 6 wet 
3.4431 dry 

3138.76 wet 
7879.23 dry 

STACK FLOW 
STACK FLOW 

11703 ACFM (wet) 
4634 SCFM (dty) LBIMBTU 5.6967 

FINAL CALCULATED DATA 
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Table A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE 5/2/94 
RUN ID: 70-BAI-M17-02 

Flue gas 02 3.5 % wet Nozzle diameter 0.469 inches 
Flue gas C02 15 %wet Gas meter cor. 1.055 

Flue gas N2 71.83 % wet Pitot corr. (Cp) 0.821 
Flue gas H20 9.67 % wet Duct Area 15.47 ft2 

Ambient Pressure 30.1 in Hg 
Stack Pressure -14 in H20 

Stack Temp 687.33 O F  

Volume water 35.1 ml Meter volume 14.846 ff3 
Particle mass 3240.8 mg SQRT DP pitot 0.1 549 

Run time 45 min AVG DH orifice 0.38 in H20 
Meter Temp 79.17 OF 

=INAL CALCULATED DATA ’ . 

%WATER 9.67% gr/ACF : 1.3073 wet 
% ISOKINETIC 93.62% gr/SCF : 3.2877 dry 

STACK .VEL. 12.60 fUs mglACM : 2991.57 wet 
mg/SCM : 7523.62 dry 

STACK FLOW 11697 ACFM (wet) 
STACK FLOW 4623 SCFM (dry) LB/MBTU 5.4396 
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Table A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE: 6/2/94 
RUN ID: 70-BAI-Ml7-03 

Flue gas 0 2  3.5 %wet Nozzle diameter 
Flue gas C02 15 %wet Gas meter COK. 

Flue gas N2 70.35 % wet Pitot COK. (Cp) 
Flue gas H20 11.15 %wet Duct Area 

Ambient Pressure 30.1 in Hg 
Stack Pressure -14 in H20 

Stack Temp 689.11 O F  

Volume water 41.1 ml Meter volume 
Particle mass 3479.2 mg SQRT DP pitot 

Run time ’ 45 min AVG DH orifice 
Meter Temp 84.83 OF 

0.469 inches 
1.055 
0.821 
15.47 ft2 

14.983 ft3 
0.1 549 

0.38 in H20 

FINAL CALCULATED DATA 

%WATER 11.15% gr/ACF : 1.3800 wet 
% ISOKINETIC 94.90% gr/SCF : 3.5340 dry 

STACK VEL. 12.64 IUS mglACM : 31 58.06 wet 
mglSCM : 8087.28 dry 

STACK FLOW 11735 ACFM (wet) 
STACK FLOW 4555 SCFM (dry) LBlMBTU 5.8471 



Table Ad,  continued (Reference Table 3-4) 

INPUT DATA 

DATE: 512194 
RUN ID: 70-BAO-Ml7-01 

Flue gas 0 2  3.5 % wet Nozzle diameter 0.219 inches 

Flue gas N2 72.59 % wet Pitot corr. (Cp) 0.821 
Flue gas C02 15 %wet Gas meter con: 1.002 

Flue gas H20 8.91 % wet Duct Area 3.36 fl2 
Ambient Pressure 30.1 in Hg 

Stack Pressure -20 in H20 
Stack Temp 317.33 O F  

Volume water 46.7 ml Meter volume 22.585 ff3 
Particle mass 3837.4 mg SQRT DP pitot 0.7703 

Run time 45 min AVG DH orifice 0.904 in H20 
Meter Temp 75.61 "F 

FINAL CALCULATED DATA 

%WATER 8.91 % grlACF : 1.5582 wet 
% ISOKINETIC 103.41 % grlSCF : 2.6731 dry 

STACK VEL. 51.91 ft/s mg1ACM : 3565.87 wet 
mglSCM : 6117.18 dry 

STACK FLOW 10465 ACFM (wet) 
STACK FLOW 6064 SCFM (dry) LBIMBTU 4.4227 



Table A-4, continued (Reference Table 3-4) 

INPUT DATA 
- 

DATE 5/2/94 
RUN ID: 70-BAO-Ml7-02 

Flue gas 02 
Flue gas C02 

Flue gas N2 
Flue gas H20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

Volume water 
Particle mass 

Run time 
Meter Temp 

3.5 % wet 
15 %wet 

72.14 %wet 
9.36 % wet 
30.1 in Hg 
-20 in H 2 0  

315.78 O F  

50.1 ml 
’ 391 1.2 mg 

45 min 
85.11 O F  

Nozzle diameter 
Gas meter corr. 
Pitot WIT. (Cp) ~ 

D u d  Area 

Meter volume 
SQRT DP pitot 
AVG DH orifice 

0.219 inches 
1.002 
0.821 
3.36 ft2 

23.343 ft3 
0.7898 
0.9489 in ti20 

FINAL CALCULATED DATA 

%WATER 
% ISOKINETIC 

STACK VEL. 

STACK FLOW 
STACK FLOW 

9.36% 
102.76% 

53.21 fvs 

10728 ACFM (wet) 
6198 SCFM (dry) 

grlACF : 
grlSCF : 

mglACM : 
mglSCM : 

LBIMBTU 

1.5590 wet 
2.6826 dry 

3567.71 wet 
6138.76 dry 

4.4383 
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Table A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE: 5/2/94 
RUN ID: 70-BAO-Ml7-03 

Flue gas 0 2  3.5 % wet Nozzle diameter 
Flue gas C02 15 %wet Gas meter WIT. 

Flue gas H20 9.77 % wet Duct Area 
Flue gas N2 71.73 % wet Pitot corr. (Cp) 

Ambient Pressure . 30.1 in Hg 
Stack Pressure -20 in H20 

Stack Temp 315.22 O F  

Volume water . 52.4 ml Meter volume 
Particle mass 4242.7 mg SQRT DP pitot 

Runtime. 45 min AVG OH orifice 
Meter Temp 90.78 O F  

0.219 inches 
1.002 
0.821 
3.36 ft2 

23.527 f13 
0.7948 
0.962 in H20 

FINAL CALCULATED DATA ’ 

%WATER 9.77% gr/ACF : 1.6889 wet 
% ISOKINETIC 102.21 % grlSCF : 2.9171 dry 

STACK VEL. 53.57 ftls mglACM : 3864.93 wet 
mg/SCM : 6675.53 dry 

STACK FLOW 10799 ACFM (wet) 
STACK FLOW 6215 SCFM (dry) LBIMBTU 4.8264 
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Table A-4, continued (Reference Table 3-4) 

INPUTDATA 

DATE: 4/26/94 
RUN ID: 69-CAI-M17-01 

Flue gas 0 2  
Flue gas C02 

Flue gas N2 
Flue gasH20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

4 % wet 
13 %wet 

71.00 % wet 
11.12 % wet 
30.02 in Hg 

-11 in H20 
686.1 O F  

Nozzle diameter 
Gas meter con: 
Pitot con= (Cp) 

Duct Area 

0.469 inches 
1.055 
0.821 
15.47 ft2 

Volume water 47.5 ml Meter volume 17.597 ft3 
Particle mass 4154.9 mg SQRT DP pitot 0.1789 

Run time 45 min AVG DH orifice 0.54 in H20 
Meter Temp 90.67 O F  

%WATER 
% ISOKINETIC 

STACK VEL. 

11.12% 
94.49% 

14.60 fvs 

gr/ACF : 
gr/SCF : 

mglACM : 
mglSCM : 

I .4326 wet 
3.6402 dry 

3278.45 wet 
8330.32 dry 

STACK FLOW 
STACK FLOW 

13553 ACFM (wet) 
5316 SCFM (dry) LBlMBTU ' 6.2010 
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Table A-4, continued (Reference Table 3-4) 

INPUT DATA 

DATE: 4/26/94 
RUN ID: 69-CAI-M17-02 

Flue gas 02 4 % wet Nozzle diameter 0.469 inches 
Flue gas C02 13 %wet Gas meter cor. 1.055 

Flue gas N2 72.41 % wet Pitot corr. (Cp) 0.821 
Flue gas H20 10.59 % wet Duct Area 15.47 ft2 

Ambient Pressure 30.02 in Hg 
Stack Pressure -11 in H20 

Stack Temp 682 OF 

Volume water 45.4 ml Meter volume 17.843 ft3 
Particle mass 4480.1 mg SQRT DP pitot 0.1789 

Run time 45 min AVG DH orifice 0.54 in H20 
Meter Temp 93.11 OF 

FINAL CALCULATED DATA 

%WATER 10.59% gr/ACF : 1 S449 wet 
% 1SOKlNETIC 94.74% gr/SCF : 3.8882 dry 

STACK VEL. 14.56 ftls mglACM : 3535.26 wet 
mg/SCM : 8897.76 dry 

STACK FLOW 13516 ACFM (wet) 
STACK FLOW 5353 SCFM (dry) LBIMBTU 6.6234 



Table A-4, continued (Reference Table 3-4) 
.. 

INPUT DATA 

DATE: 4/26/94 
RUN ID: 69-CAI-Ml7-03 - 

Flue gas 0 2  
Flue gas C02 

Flue gas N2 
Flue gas H20 

Ambient Pressure 
Stack Pressure 

Stack Temp 

4 % wet 
13 %wet 

70.38 % wet 
12.62 % wet 
30.02 in Hg 

-11 in H20 
683.67 O F  

Nozzle diameter 
Gas meter WIT. 
Pitot con: (Cp) 

Duct Area 

Volume water 54.8 mi Meter volume 
Particle mass 4537.9 mg SQRT DP pitot 

Run time 45 min AVG DH orifice 
Meter Temp 99r44-OF 

0.469 inches 
1.055 
0.821 
15.47 ft2 

17.869 ft3 
0.1789 

0.54 in H20 

FINAL CALCULATED DATA 

% WATER 
% ISOKINETIC 

STACK VEL. 

12;62%- 
95.72% 

14.62 Ws 

gr/ACF : 
gr/SCF : 

mglACM : 
mglSCM : 

1 S423 wet 
3.9777 dry 

3529.43 wet 
9102.50 dry 

STACK FLOW 
STACK FLOW 

13573 ACFM (wet) 
5246 SCFM (dry) 
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figure A-1. Particle size distributions (cumulative % mass, top; differential % mass, 
bottom) of fly ash collected at the Reactor A air heater inlet. 
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Figure A-2. Particle size distributions (cumulative % mass, top; differential 9% mass, 
bottom) of fly ash collected at the Reactor A air heater outlet. 
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Figure A-3. Particle size distributions (cumulative ?4 mass, top; differential % mass, 
bottom) of fly ash collected at the Reactor B air heater inlet. 
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Figure A-4. Particle size distributions (cumulative % mass, top; differential % mass, 
bottom) of fly ash collected at the Reactor B air heater outlet. 
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Figure A-5. Particle size distributions (cumulative % mass, top; differential % mass, 
bottom) of fly ash collected at the Reactor C air heater inlet. 
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1. Introduction 

c 

A. Test Background 
From May 1993 through July 1995, two LjungstromQ3 rotary regenerative air heaters 
and one Q-Pipe@ heat pipe air heater were operated downstream of several SCR 
DeNOx reactors as part of a DOE Clean Coal Demonstration Project a t  Southern 
Company's Plant Crist #5. Performance data were collected during this period to 
see if there were any significant long term effects on the operating characteristics of 
the air heaters due to fouling of their heat transfer surfaces. These data are impor- 
tant because the sulfur compounds and the ammonia contained in the gas leaving 
an SCR reactor can combine to form ammonia bisulfate' (ABS), which can  condense 
on the heat transfer surfaces in the air heater to form a solid at normal air heater 
temperatures. This results in fouling and piugging of the heat transfer surfaces in 
the air heater. Aggressive cleaning techniques such as water washing and frequent 
sootblowing of the air heaters were used to clean the heat transfer surfaces. 

6. Description of Air Heaters 
The two rotary regenerators are identified as air heaters (AM) A and B. The total 
depth of element in A/H A is 72 inches, divided into a 30 in.. hotend (HE)_layer and a 
42 in. cold end (CE) layer. AIH B also has a total element depth of 72 inches, but it 
is divided into three separate layers - an 18 in. HE layer, a 42 in.. intermediate layer, 
and a 12 in. CE layer. The reason for testing both a two and a three layer design is 
that the three layer arrangement is more traditional because it allows the 12 inch 
cold end layer to be easily replaced if it suffers excessive corrosion. On the other 
hand, it was also believed that the discontinuity that exists a t  the leading edges of 
the.CE layer of A/H B could be more conducive to the accumulation of ABS deposits 
than the continuous channels of the 42 in. CE layer ofNH A There was also some 
question as to which design would be easier to clean with sootblowers, since it was 
believed that the kinetic energy of the sootblower jet would be severely attenuated 
by the gap between the CE layer and the intermediate layer of the 3 layer A/H. If the 
inter-layer gap actually does dissipate the kinetic energy of the sootblower jet, then 
using a 42 in. CE layer would allow more element to be cleaned by the same soot- 
blowers than would a 12 in. CE layer. 
The Q-Pip& air heater was designated as NH C, and it contained a n  array of 
finned, 2 inch OD in-line heat pipes. On the gas side of each heat pipe, there were 
three solid fins per inch, the fin OD was 3.5 inches, and the fin thickness was 0.059 
in. The centerline spacing between tubes was 3.75 inches in the two directions per- 
pendicular to the tube axis. 

. 

C. Effects of Fouling and Cleaning on Regenerators and Recuperators 
To knowledgeably compare a regenerative air heater to a recuperative air heater r e  
quires some understanding of the fundamental differences between the two, espe- 

- cially insofar as th'eir performance is affected by a certain amount of fouling (Le., a 
deposit on the heat transfer surface). The thermal performance of a regenerative air 
heater tends to be less sensitive to fouling because the heat transfer process in a re- 
generator mainly just involves convection of heat into and out of the heat transfer 
surface. There does need to be a certain amount of heat storage by the heat trans- 
fer surface, but-this can be accomplished by almost any type of mass. It is not 
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necessary for the heat to be conducted completely through the full thickness of the 
heat transfer surface, as in a recuperator. Thus, when the heat transfer surface of a 
re.generator is coated by a layer of deposit, the deposit itself can act as the new heat 
transfer surface. As long as the gas and air can still flow over the deposit, convec- 
tion (and heat storage) will still take place, and the regenerator will still function well, 
albeit not quite a t  its full design capacity. The thermal conductivity of the deposit 
has a small impact on the performance of a regenerative air heater. If a regenerator 
contains a "closed channel"' heat transfer surface that becomes plugged, then the 
performance of the regenerator should decline noticeably because neither the air 
nor the gas would be able to reach any of the heat transfer surface inside the 
plugged channels anywhere along their length. The 42 in. CE layer of NH A is a 
closed channel surface, as are  the 12 in. CE layer and 42 in. intermediate layer of 
A/H B. 
A recuperator is much less tolerant of deposits on its heat transfer surface than a re- 
generator because the deposit layer tends to act as an insulator that inhibits the flow 
of heat into the heat transfer surface. If a layer of deposit covers some part of the 
heat transfer surface of a recuperator, the heat must be conducted completely 
through that deposit in order to get to the heat transfer surface. Thus, the thermal 
conductivity of the deposit layer will have a strong effect on the performance of a 
recuperator. 
The effects of sootblowing are  also believed to be different for a LjungstromQ3 regen- 
erator compared to .a finned. tube recuperator. The particular heat transfer surfaces 
used in the cold end layers of air heaters A and B (and the intermediate layer of AM 
B) are more easily cleaned by sootblowing than is an  array offinned tubes, because 
they allow the sootblower jet to pass  straight through the flow channels. A finned 
tube array is difficult to clean with a sootblower because the tube row nearest the 
sootblower acts as a shield to deflect the sootblower jet before it can reach the other 
rows in the array. 

II. Measurements 
Since an air heater's most important performance parameters are its thermal 
effectiveness and its air and gas side pressure drops, these were the parameters 
that were emphasized in planning the data acquisition system and in analyzing the 
data. The amount of air to gas leakage that occurs in a LjungstromO air heater is 
needed to do the performance calculation, but it was felt that the leakage rate itself 
was not a key component of the analysis, since it was expected to be independent of 
the fouling that was expected as a result of the ABS condensation. 

* A closed channel heat transfer surface is one  wherein flow channels are  open 
to flow at each end so that any fluid that enters that channel is confined to that chan- ' 

ne1 for the entire length of that layer of heat transfer surface. An open channel heat 
transfer surface allows the fluid to enter or leave the channel at numerous places 
along its length. 

2 
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me primary goal of these A(H tests was to measure the net effect on thermal per- 
formance and pressure drop of the ABS fouling after mitigation by the cleaning proc- 
ess. In order to calculate the effectiveness of the air heaters, the following 
parameters were measured for all three air heaters (except where noted): 

1. Air inlet flow rate 
2. Gas inlet flow rate 
3. Air inlet temperature 
4. Gas inlet temperature 
5. Air outlet temperature 
6. Corrected gas  outlet temperature (A and B only) 
7. Gas outlet temperature (C) 

The corrected g a s  outlet temperature is defined to be the temperature of the gas 
leaving the air heater after it has mixed with the air that is allowed to-leak into the 
gas  stream by the air heater. Using the corrected gas  outlet temperature and the 
amount of air to gas leakage (NH's A and B only) allows a calculation of the uncor- 
rected gas  outlet temperature, which is needed to determine the capacity ratio for 
the two regenerative A/H's. Note that since N H  C does not leak, it only has  a gas  
outlet temperature, not a corrected and an uncorrected gas  outlet temperature. To 
know the pressure drops of all three NH's (except for the air  side pressure drop of 
AIH C) and the leakages of N H ' s  A and B, the following parameters were measured: 

1. Gas inlet 0, concentrations (A, B, and C) 
2. Gas outlet 0, concentrations (A and B) 
3. Gas side pressure drops (A, B, and C) 
4. Air side pressure drops (A and B) 

The air side pressure drop of AIH C was not of interest because it was never ex- 
posed to any gas flow. On the other hand, the air side'pressure drops of M ' s  A 
and B were expected to increase over time as a result of fouling and plugging in 
those NH's,  because the same heat transfer surface is alternately exposed to both 
the air and gas  flows as the rotor rotates from one side to the other. Thus, if the heat 
transfer surface in either N H  A or B becomes fouled, it would be expected that 
the air and the gas side pressure drops for that air heater would rise. 

111. Data Analysis 
A. General 
The purpose of the data analysis is to use the measured data to present a meaning- 
ful picture of the steady state performance trends for the three NH's. The degree to 
which the performance of a n  N H  changes over time would then indicate the net ef- 
fect of both fouling and cleaning on that N H .  Thus, it is necessary that the perform- 
ance parameters be chosen so that;as much as possible, they will accurately reflect 
performance changes rather than some other change, such as flow. To accomplish 
this, the parameters Ntu (Number of transfer units) and Euler number (a measure of 
flow resistance, Le., pressure drop divided by velocity head) were selected as meas- 
ures of thermal performance and pressure drop, respectively, since these two dimen- 
sionless parameters are least sensitive to flow rate. As an  additional precaution 
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against the inadvertent inclusion of flow effects, it was decided to only include those 
data points with a gas flow between 4900 and 5100 sdm. Thus, while there may be 
some impact on Ntu and Eu from the changes in air flow over time, they are believed 
to 'be minimal. 

B. Data Selection 
The large quantity of data that was taken for the three air heaters from May, 1993 
through July, 1995 was selectively reduced down to daily averages of the following 
parameters: 

1. Gas inlet flow rate 
2. Air inlet flow rate 
3. Gas inlet temperature 
4. Air inlet temperature 
5. Gas outlet temperature 
6. Corrected gas outlet temperature (A and 8 only) 
7. Gas outlet temperature (C) 
8. Gas inlet 0, concentration 
9. Gas outlet 0, concentration (A and B only) 
10. Gas side pressure drop 
1 1 .Air side pressure drop (A and B only) 

Only some of the measured .data was selected for use in the daily averages, since 
only the steady state performance of the air heaters was being analyzed. All data 
taken during or soon after a sootblowing event, a flow change; ora large-tempera-. 
ture change were eliminated because these events produced performance tran- 
sients. This eliminated temperature and pressure drop spikes or dips that were flow 
related. In the graphs that accompany this report, each data point represents the 
average value for a single day. If a single day's average value was obtained from 
fewer than five steady state readings, that data point was eliminated for statistical 
reasons. 

C. Calculation of Leakage and Uncorrected Gas Out Temperatures for NH's A 

AS discussed in the Appendix, the measured inlet and outlet O2 concentrations for 
A/H's A and B were used to calculate the amount of air to gas leakage. Then, the 
amount of leakage, the air inlet temperature, the gas inlet flow, and the corrected 
gas outlet temperature were used to get an uncorrected gas outlet temperature and 
the air out flow. 

& B  

c. 

D. Calculation of Air Out Flow 
The air out flow for A/H C is assumed to be the same as the air in flow (which was 
measured), since it is assumed that A/H C did not leak To calculate the air out 
flows for N H ' s  A and 8, there are actually three methods available. The first method 
simply involves subtracting the calculated leakage flow from the measured air inlet 
flow. The second method uses a heat balance between the air and gas flows, which 
involves the four terminal temperatures, the gas entering flow, and an assumed spe- 
cific heat ratio. The third method uses pressure drop data, fluid properties, the 
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meaSur8d gas  in flow, and the assumption that the ratio of the gas  flow resistance to 
the air flow resistance (Eu$Eu,) does not change with the amount of fouling on  the 
heat transfer surface. The first two methods both rely on the leakage calculation in 
order to get the uncorrected g a s  out temperature, while the third method depends on 
the assumption that the EuJEu, ratio does not change as a result of fouling. The de- 
tails of the second and third methods of calculating the air out flow are  discussed in 
the Appendix. 
When these three methods of calculating the air out flow were applied to the test 
data, it was found that the second and third methods agreed fairly well with each 
other, but that the air out flow obtained by the first method often deviated signifi- 
cantly from the other two. For this reason, it was decided that the air out flow to be 
used in the analysis should be the average of the second and third methods. In cal- 
culating the air out flow based on a heat balance, a constant value of 0.95 was used 
for the ratio of the air specific heat to the gas specific heat. This is a typical value for 
air heaterson coal fired boilers. The value of b (where b is the slope of the f vs. Re 
curve - see the Appendix) that was used for N H  A was different than the value of b 
for AIH 8, because the relative lengths of smooth and undulated heat transfer sur- 
faces in the two AM's differed. Both b values were between -0.3 and -0.5. 
A comparison of the mass flows from all three methods is given in Figures 1 and 2 
for An-l's A and B, respectively. It can be seen  that there is a lot of scatter in the air 

< 
. (  

k 
flows obtained from the leakage calculation, but that both the second and third meth- 
ods (heat balance and flow resistance) yield air flow values that lie within 21 0% of 
the air flow used to calculate performance, which is just the average of the flows 
from those two methods. 

E. Calculation of E, C-, and Ntu 
The Appendix gives equations for finding the effectiveness (E) and the capacity ratio 
(C') from just the four terminal temperatures. From the effectiveness and the capac- 
ity ratio, the value of Ntu was found. Figures 3-5 show the trend of effectiveness 
over time for all three NH's, and Figures 6-8 show the trend of Ntu with time. 

F. Calculation of Flow Resistances ( see  Appendix) 
Values of Eu, for all ihree NH's and Eu, for A(H's A and B were calculated by simply 
dividing the measured pressure drops by the calculated velocity heads (velocity 
head = p v  = G2/p, where G = pv). For the air sides of M ' s  A and B, the calculated 
air out flows were used. Figures 3-5 show the measured AP's for all three NH's over 
time, and Figures.9-13 show the trend of Eu with time. 

IV. Discussion of Results 
A. N H  A (2 layer regenerator) - See Figures 3,6,9, & 12 

0 The effectiveness and g a s  side pressure drop as a function of time a re  shown 
in Figure 3. The effectiveness varied from a low of around 8546% in 
Jun-Aug. of 1994 (months 14-1 6) up to a maximum of 91 % in late 1993 
(months 5-8). There is only a slight degradation in effectiveness from the 
beginning of the test to the end, from about 88% down to about 86%. There is 

5 



f :  -- 

C 

a noticeable dip in effectiveness that coincides-with the period of high 
pressure-drop in months 14-1 6. 

.a The gas side pressure drop (AP,) for N H  A shows definite effects of fouling 
and probably some plugging. The first six months of operation show a 
relatively constant value of APg, but then a steady increase from about 4 in. 
WG to over 9 in. WG during the next 6 months. Water washing NH A in May 
1994 brought-AP,-down again to the 557.5 range during month 14, but an 
apparent sootblower failure allowed AP, to quickly jump up to 13 in. WG in 
month 15. Rewashing of A/H A cut AP, down to about 6 in. WG, and then 
another sporadic increase up to 9 in. WG occurred during months 16-20. The 
final 3-4 months of operation saw another increase in APg from about 5.5 up to 
7 in. WG. A plot of the gas side Eu numbers as a function of time is shown in 
Fig. 9. They follow the same trend as the gas side AP. 

0 The air side AP (Fig. 3) for N H  A follows roughly the same trends as the gas 
side AP, except that the APa values are lower due to the lower velocity head on 
the air side. A plot of the air side Eu numbers as a function of time is given in 
Fig. 12. They follow the same trend as the air side pressure drops, and they 
correlate well with the gas side Eu numbers, as expected. 

0 A plot of Ntu vs. time for NH A is given in Figure 6. The value of Ntu is a 
somewhat better indicator of the heat transfer capability of the NH than E is, 
because-& is a stronger function of the air flow rate. The value of Ntu is 
somewhat dependent on the air and gas flow rates through the AIH, but it 
should reflect to a large degree the amount of fouling on the heat transfer 
surfaces of the N H .  The Ntu values for N H  A show a greater loss of 
performance than the E values. Fig. 6 shows that there is a general decline in 
Ntu from an initial value of about 3.75 down to a final value of about 3.3. Also, 
the period of very high pressure drops in month 15 coincides with a dip in Ntu 
down to about 3.1. . 

B. NH 5 (3 layer rotary regenerator) - See Figures 4, 7, 10, & 13 
0 The effectiveness and gas side pressure drop as a function of time are shown 

in Figure 4. The effectiveness reached a low of around 81432% in Jun-Aug. of 
. 1994 (months 14-16) and a high of 91-92% in Dec. 1993 (month 8). As with 

A/H A, A/H B did not show any significant decrease in effectiveness over time, 
with the possible exception of the E values from months 25-26. The data for 
these last two months seems to be questionable, however, because there is 
no known reason for the low E values. The low E values were the result of air 
out temperature readings that were about 40 O F  lower than the earlier data, 
possibly as a result of an instrumentation problem with the thermocouples in 
the air out dud. It is suspicious that these E readings are so low immediately 
after the A/H had been washed, and at a time when the pressure drops are 
relatively low. Therefore, these data points are labeled as "questionable" on 
Figure 7, and are omitted from Table 2. 

possibly some plugging. The first six months of operation show a relatively' 
constant value of AP, followed by a spike up to 10.5 in. WG in month 7. This 
is followed by a sporadic drop down to almost 5 in. WG by the end of month 

0 The gas side pressure drop for N H  B shows some signs of fouling and 
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12. Water washing of the NH in month 13 lowered AP, further, down to about 
3.5 in. WG. A general upward trend in AP, during months 4 4-1 9 is culminated 
by severe spikes- in_months-2O-and-2Ia- &water washing in early 1995 brought 
the APg back down to 4-5 in. WG in months 25-26. A plot of the gas side Eu 
numbers is given in Fig. 10. They follow the same general trend as the gas 
side AP, but with somewhat less scatter in the data. 
As with N H  A, the air side AP for AM B also follows the same trends as the 
gas side AP. The air side Eu numbers vs. time for A/H B are presented in Fig. 
13. They follow the same general pattern as the air side pressure drops 
shown in Fig. 4, and they agree quite closely with the gas side Eu numbers 
shown in Fig. 10. 
A plot of Ntu vs. time for AIH B is given in Figure 7. Although the Ntu values 
for Mi B show the same general trend as the Ntu values for AM A, the drop 
in Ntu over the period of the test is smaller than it is for A/H A, dropping from 
about 3.5 to about 3.25 during the first 21 months of the test period (ignoring 
the questionable data in months 25-26). This is attributable to the fact that 
NH B received much less NH, than did N H  A 

C. A/H C (Heat pipe recuperator) - See Figures 5,8, & 11 
0 

0 

0 
0 

The effectiveness and APg of N H  C are shown in Figure 5. The effectiveness 
trend for NH C is different than it is for A and B, with a general decrease in E 
over the first 19 months of testing from about 7475% down to about 63%. 
However, during months 20 and 21 , there was a partial recovery in E back up 
to around 68-73%. Final E values for NH C were around 64% in months 

The AP, of A/H C is fairly constant during months 1-5, and then it gradually 
increases in months 6-8. An apparent cleaning reduced APg back down to 
less than 2 in. WG, but then a gradual increase over the next 9 months raised 
it to around 3 in. WG. A sharp spike up to 14 in. WG, a APg reduction, and 
then another increase to about 12 in. WG occurred in months 19-21. The final 
APg values for NH C ended up at 6-7 in. WG in months 25-26. The gas side 
Eu numbers vs. time for AIH C are shown in Fig. 11. They follow the same 
trends as the gas side AP's. 
No measurements of AP, were made for N H  C. 
A plot of Ntu vs. time for NH C is given in Figure 8. Although the Ntu values 
for NH C show the same general trend as the E values, the value of Ntu is 
seen to drop from a n  initial value of about 2.40 down to a value of about 1.40 
at the end of month 19. A recovery of Ntu back up to about 1.8 occurred in 
month 20. Values of Ntu for NH C during months 25-26 were not available 
due to insufficient flow data. There seemed to be little correlation between the 
Ntu decreases and the pressure drop increases for A/H C, except that during 
months 1 1-1 8 the steady drop in Ntu coincided with a steady rise in APa . 

25-26. 

I 

c 
D. Measured NH, slips into the NH's 
Each of the three M i ' s  was located downstream of its own SCR reador, and each 
reactor contained its own particular type of catalyst. The operation and performance 
of the different catalysts determined how much NH, slip entered each of the three 
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N H s .  Periodic measurements of the NH, slip indicated that N H ' s  A and C consis- 
tently received higher concentrations of NH, than did A/H B by a factor of about 4.5. 
A tabulation of estimated NH, slips into each N H  is given in Table 1. 

V. Conclusions 
As measured by the drop in Ntu from the initial values to the final values, the thermal 
performance of AM's A, B, and C dropped by about 11 %, 7016, and 25%, respec- 
tively. The fact that A/H B seemed to deteriorate less than the others is attributed to 
the fact that A/H 8 received significantly less NH, slip than the other two N H ' s  (see 
Table 1). It is believed that N H  C deteriorated the most because it is a recuperator, 
and is therefore more sensitive to a given amount-of fouling than a regenerator. 
As one would expect, the gas  side pressure drops were more sensitive to the degree 
of fouling and plugging than the Ntu values were. In general, all three N H ' s  showed 
generally steady increases in AP, during the test period, punctuated by occasional 
spikes which may have been caused by a system upsets such as a sootblower 
failure. 
In general, the high AP's could be reduced by aggressive cleaning methods, includ- 
ing sootblowing at 4 hour intervals, thorough water washing, and occasional in- 
creases in the gas outlet temperature. It was not possible, however, to maintain the 
original, clean AP of any of the NH's.  The air and gas Eu numbers for NH A in- 
creased by 145% and 115%, respectively, from the beginning of the test to the end. 
For AIH B, the increases in both Eu numbers were in the 5045% range. 
Although the 3 layer AIH appeared to perform better than the 2 layer N H , +  it cannot 
be concluded that the 3 layer design is superior to the 2 layer design. This is be- 
cause the 2 layer A/H received much more NH, than the 3 layer N H  - possibly as 
much as four to five times more. Given this significant difference in operating condi- 
tions, the 2 layer A4-i performed remarkably well, and might very well have done bet- 
ter than the 3 layer design if the concentration of NH, into the two regenerators had 
been equal. 
The Q-Pipm NH seemed to steadily lose thermal performance with time during 
most of the test, although a partial recovery was achieved during months 19-20. It is 
possible that some part of this performance loss may have been due to the loss of 
some of the heat pipes in the unit as a result of the sootblower jet penetrating the 
tube wall and the consequent loss of heat transfer fluid from those pipes. However, 
the majority of the drop in Ntu is believed to be attributable to fouling of the finned 
tubes on the gas side. 
A separate report (see Reference 1) dealing with the corrosion tests on various heat 
transfer surface materials used in N H ' s  A and B recommends that enameled heat 
transfer surface should be used for LjungstromO air heaters when ammonia and sul- 
fur compounds are both present in the gas stream. 
Table 2 summarizes the changes in Ntu, Eu,, and Eu, for the three NH's. It com- 
pares worst case values and final values to initial values of all three parameters 
based on Figures 6-1 3. Worst case increases in Eug varied from 185% up to 320%. 
Worst case increases in APa varied from 245% up to 345%. Final air and gas Eu 
numbers were about 1 15-1 45% higher than initial values on AIH A, and about 
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5045% higher on A/H 8. This is roughly consistent with the declines in Ntu (final vs. 
initial) of 1 1 % for AIH A and only 7% for Mi B, since the AIH with the higher in- 
crease in Eu (AR1 A) also had the greater loss of Ntu.. 
. .  

C: 
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Dates 

923i93-1lQ94 
lt7l94W24iW 

6R719610R4194. 
10/25r946/3/95 
W4&7i1#95 

c. 

No.dDays Nyconc. Days'conc. 
doperation @pm) 0 

129 5.7 735.3 
74 2 148 
-99 22 217.8 - 
88 3 264 
38 3.3 1Z.4 

Tatal 
Average 

428 - I 1490.5 
I 3.5 - - 

Dates 

9/2%33-12/15193 
12/15193-1ff/94 

No.ofDays NH,conc. Days'conc. 
of- @pm) @pmd) 

63 0.9 56.7 
'12 12 14.4 

c. N H C  

lt71%-7/12/94 
7/13194-10/25/94 
1- 

135 0.4 54 
92 0.8 73.6 
82 1 -1 902 

I11/3/94-619/95 I 60 . I 5.4 I 324 I 

w-7m5 
TOM 

Avemge 

37 0.7 25.9 
421 - 314.8 - - 0.75 

I -  I 3.3 , I 

12/15193-1/5194 
1/5194-7/12/94 
7/12Bl-11/2/94 

, 

5 2 10 . 
89 1 .l 97.9 
67 27  1 80.9 

11 

6/10/95-7/l345 
TOW 

p 

14 5 70 
273 - 895.6 

, ,. 
Q 



c 

A 
B 

Table 2: Summary of Decreases in Ntu and Increases in Pressure 
Drops for the three N H ' s  

. (Worst Case and Final Values Compared to Initial Values) 

Value VaIUe Value wc vs-I F v s r  

35 140 75 +300% +115% 
28 118 43 +320% +55% 

0 cwc) 0 

b. Gas Side Eu Number (from Figs. 9-11) 
I AM I Initial IWOrst Case1 F W l c a s e ' I  %change 1 %chan!k 

AM 

A 
B 

Initial Worstcase FdCase %Change %Change 
Value Value Value WCVSI F v s l  
0 W) 0 
40 1 37 98 +24% +le% 
35 155 53 +34!5% +50% 

I I I I C 63 180 135 I +185% I +115% 

Excludes questionable data from months 25-26. 
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Fig. I: Comparison of Air Out Flows for A/H "A" 
Southern Co. - Plant.Crist #5 - May 1993 thru July 1995 
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Fig,, 2: Comparison of Air Out Flows for A/H "B" 
Southern Co. - Plant Crist #5 - May I993 thru July 1995 
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Fig. 4: NH "B" I Effectiveness & Pressure Drops 
Southern Co. - Plant Crist #5 - May 1993 thru July 1995 
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Fig. 5: NH "C" = Effectiveness & Pressure Drop 
Southern Co. - Plant Crist #5 - May I993 thru July 1995 
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Fig. 6: Ntu for AIH "A" 
Southern Co. - Plant Crist #5 = May 1993 thru July 1995 
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Fig. 7: Ntu for A/H "B" 
Southern Co. - Plant Crist #5 - May I993 thru July 1995 
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Fig. 8: Ntu for AIH "C" 
Southern Co. - Plant Crist #5 - May 1993 thru July 1995 
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Fig. 9: Gas Side Eu Numbers for AIH "A" 
Southern Co. =- Plant Crist #5 - May 1993 thru July 1995 
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Fig. I O :  Gas Side Eu Numbers for A/H vvIB" 
Southern Co. = Plant Crist #5 - May I993 thru July 1995 . 
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i Fig. 11: Gas Side Eu Numbers for A/H gWC" 
Southern Co. = Plant Crist #5 - May 1993 thru July 1995 
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Fig. 12: Air Side Eu Numbers for A/H "A" 
Southern Co. - Plant Crist #5 - May I993 thru July 1995 

200.0 

180.0 

160.0 
! 

I 

n to fn 

0 
v) 
C 

C 140.0 
.- 
8 120.0 

2 100.0 

3 

.- z 
E 

Y 80.0 
W 

t 
d) 

5 60.0 

40.0 

20.0 

0.0 
0 2 4 8 10 12 14 

Time (Months) 
16 18 20 22 24 26 

Feb. 19.1996 



(1 
-3 

Fig. 13: Air Side Eu Numbers for A/H llgww 
Southern Co. - Plant Crist #5 - May 1993 thru July 1995 
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Appendix 
i This appendix describes the nomenclature and some of the equations that were used to 

analyze the data from the three air heaters that were tested. Much of the material in this 
appendix also appears in the book ComPact Heat Exchanners by Kays and London. The 
reader may wish to consult this reference for further details. 

I The effectiveness-Ntu method 
A. This method is normally used to calculate the two fluid outlet temperatures of a heat 

exchanger when the heat transfer coefficients, areas, fluid flow rates, fluid properties, 
and inlet temperatures are known. In this analysis, however, the outlet temperatures 
were measured, so values for effectiveness and Ntu were calculated and plotted as a 
function of time. 

B. The dimensionless parameters used in this method are  defined to be: 

Lmin 2. Capacity ratio: c* = - 
cmax 

UA 3. Number of transfer units: Ntu = - 
G i n  

C. In addition to the above definitions, the following nomenclature is used in this appendix: 6 .  T = Temperature (“F) 
m = Mass flow (Ibhr) 
c = Average fluid specific heat (BtullbPF) 
C = Thermal capacity (Btu/hrPF) 
Cfi= Min(C,,C,) (BtulhrPF) 

h = Average convective heat transfer coefficient (BtulhriffZPF) 
A = Surface area for heat transfer (ft‘) 
U = An overall convective coefficient that accounts for convection on both the 

q = Heat actually transferred by the heat exchanger (BtMr) 
q, = Maximum amount of heat that could theoretically be transferred from the 

Subscripts: 

. -  
w 

c-= Max( c,, ch) (Btu/hrPF) . 

hot and cold sides of the heat exchanger. 

hot fluid to the cold fluid 

a -air 
c - cold side fiuid 
c - m&ed (in mbination with subscripts g,o) 

C 

9 - gas 
h - hotside fluid 
i - at inlet 
o - atoutIet 
u - u m e c t e d  (in combination with subscripts g,o) 



D. The effectiveness of a pure counterflow heat excbanger is a function of Ntu and C' 
only: 

forC*#l or 1 - exp(-Ntu(1 - C')) 
1 - C'exp(-Ntu(1 - C')) E =  

E = 1 - exp(-Ntu) for C* = 1 

Note also that if the four terminal temperatures are known, then the definition of 
effectiveness implies that: 

E. If E and C' are known, Ntu can be calculated by solving the above equation for Ntu: 
Nfu = In( '--E )forC*+1 c - 1  1 - C . E  
Ntu = -h(l - E) for C* = 1 

F. The value of A is usually chosen to be either A=A, or A=&. It is not important wbich 
one is selected because the value of U'will change based on which A value is chosen. 
What is important is that the product UA be correct. For the typical Ljungstrom rotary 
regenerator, Ac=A,,=A, and U is calculated as follows: 

1 
1 - UA = 

f- hcAc h d h  

c .  
Then, for the special case where A=A,=&, this simplifies to 

II Other equations for heat transfer and pressure drop were used in the analysis 
A. A heat balance on the' heat exchanger requires that 

qc = q, which means that 

This can be rewritten as: 

and then we can say that 

c. 
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Thus, simply by knowing the four terminal temperatures, both the effectiveness (E) and 
the capacity ratio (C') can be found. If the four terminal temperatures, the specific heat 
ratio (cJc,,), and mh are all known, the cold flow, m, can be found as follows: 

B. Pressure drop (AP) through each side of the heat exchanger was assumed to be due to 
frictional losses only. Using the Fanning friction factor to relate velocity head to AP 
yields: 

- 

where f = Fanning friction factor 
L = Flow length through heat exchanger 
Dh = Hydraulic diameter of heat transfer surface 
p = Fluid density 
V = Average fluid velocity 
g, = Conversion factor = 32.2 ft-lbJ(se$ - Ib,) 

This equation is useful when it is applied to a LjungstromQS rotary regenerator because 
the ratio mh must be the same for both the cold fluid and the hot fluid, since the 
rotation of the heat transfer surface (from the air stream to the gas stream and back 
again) means that the same heat transfer surface is used on both sides, even when the 
heat transfer surface is fouled. Thus, the ratio of APc to AP,, should be: 

c:. 

Since pc, PhJ Vc, and vh c21n all be calculated from mass flows and temperatures, it is possi- 
ble to obtain the ratio fJf; 

c. it can furthermore be assumed that both f, and fh can be expressed as functions of the 
Reynolds number (Re) in the following forms: 

and that the f vs. Re curve is the same for both fluids, so that a,=ah=a and b,=bh=b. 
This assumption is known to be valid for LjungstromB air heater heat transfer surfaces 
in the clean condition, and it is expected to be true for fouled heat transfer surfaces jf 
the fouling does not produce asymmetric deposits. An asymmetric deposit would 
create more drag on flow in one direction than it would on flow in the other direction 
(see paragraph 0.3, below) 
Substituting for fc and fh gives: 

fc = a, ..Rebcc and fh = a h  Rep 

. c  



I 

Then, since Re = G Dh/p, where G is the ratio of mass flow to flow area, and 

p p  = G21p, we can solve for the ratio GJG,, as follows: 

But since the flow area on the hot side should be equal to the flow area on the 
cold side, it is possible to say that 

-- Gc mc - - so we can find m, if everything on the right hand side 
G h  mh' 

of the following equation is known: 

Although a measured value of b for the fouled heat transfer surfaces in NH's A and B is 
' not known precisely, €he values of b for the two heat transfer surfaces in the clean 
condition are -0.3 and -0.8. Thus a typical value for b might be about -0.5. 

D. It is expected that fouling of the heat transfer surface could affect the AP of the heat 
exchanger in one or more of the following ways: 
1. Block part of the open area that was open to flow when the surface was clean. This 

would increase the fluid velocity in other parts of the heat exchanger (assuming that 
mass flow stays constant) and therefore cause an increase in AP as a result of a 
higher average fluid velocity. Full blockage of a closed channel could have a 
severe effect on thermal performance as well, because it removes heat transfer 
area from the AH. 

height to the pipe diameter is large enough, it will raise the friction factor of the pipe. 
Likewise, a deposit on the A/H heat transfer surface would probably raise the 
friction factor simply due to its roughness. This type of fouling would probably not 
have a noticeable impact on thermal performance, since it does not actually remove 
area from the N H .  

surface, it is possible that the deposits could add to the AP by forcing the flow to 
move around them. This causes form drag. If the deposits are shaped 
asymmetrically, they could produce a different amount of form drag on the gas than 
they do on the air. This would mean that the ratio of flow resistances might change. 

2. Roughen the heat transfer surface. For pipe flow, if the ratio of the roughness 

3. Increase the form drag. Besides blocking the flow channels or roughening the 

c: 



111 Leakage Effects 
A. All Ljungstrod air heaters (in this case, NH's A and B) experience leakage from the 

higher pressure fluid to the lower pressure fluid. In this case, some of the inlet air leaks 
into-the gas stream, where it mixes with the gas leaving the NH's.  

6. For the purpose of analyzing the performance of a Ljungstrod rotary regenerator, it is 
assumed that all of this air-to-gas leakage occurs at the cold end of the N H .  This 
assumption allows the performance calculation and the leakage calculation to be 
independent of each other, which greatly simplifies the analysis. 

C. It is standard practice to calculate the performance of an A/H on the basis of zero 
leakage, that is, ,as if the leakage does not occur at all. This means that the 
performance of an A/H is based on the following parameters: 
1. The air 
2. The gas @ flow, not the gas out flow 
3. The uncorrected gas out temperature, not the corrected gas out temperature (which 

is what is measured). Thus the value for ThP mentioned elsewhere in this Appendix 
would have to be the uncorrected gas out temperature. 

i" 

flow, not the air in flow 

D. This means that we must calculate the uncorrected gas out temperature based on the 

E. Leakage Equations and Calculations: 
corrected gas leaving temperature and the measured amount of leakage. 

1. The amount of air that leaks into the gas stream is normally expressed as a percent 
of the gas in flow on a weight basis. It is calculated as follows: 

(02 ,out  - 02 , in )  = 90 Air to gas Ikg. (Ibhr) 
Gas in flow (Ibhr) %Lkg= loo( 

where 
90 = Empirical constant to convert from volumetric basis to weight 

O,,& = Volumetric 0, concentration at gas out (%) 
02, = Volumetric 0, concentration at gas inlet (%) 
21 = Volumetric 0, concentration in the leaking air (%) 

2. Assuming that the air #at leaks into the gas is at its inlet temperature, and that it 
has a specific heat that is equal to the specific heat of the leaving gas, we can find 
the difference between the corrected and the uncorrected gas out temperatures 
from a heat balance: 

basis 

This assumes that the air is the cold fluid and the gas is the hot fluid. 
This equation allows us to calculate Too" I .  if we know Taa Tgoc, I .  and the leakage. 

c 
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INTRODUCTION 

On May 18, and 19,1994, five specially prepared testbaskets were loaded into the A and B 
LjungstromEO air preheaters at Plant Crist. A basket had been prepared for each layer of 
each air preheater. Each basket contained heat transfer surface made from carbon steel, 
low alloy corrosion resistant steel (IACR), and porcelain enamel coated steel. There were a 
total of six heat transfer surface bundles in each basket as shown in the following sketch. 

6 

2.5 - Enamel 
3.6 - Carbon steel 

Ljungstrorn0 air preheater A had two layers, a 30' hot layer and a 42' cold layer. 
Ljungstromo air preheater 8 had three layers; a 18' hot layer, 42' intermediate layer, and 
12' cold layer. Each of the Ljungstrom0 air preheaters was on a different gas train during 
the testing and the ammonia slip through each gas train was not equivalent. 

Although the test baskets were installed on May 18 and 19,1994, all the baskets were 
subjected to an external wash on February 7,8, and 9,1995. Every effort was made to 
assure the baskets were thoroughly washed during this outage. At the end of the testing 
period, the baskets were removed from the Ljungstrom@ air preheaters and examined. The 
results of this examination are reported herein. 

The Q-Pipe0 air preheater was examined during demolition. This unit was built as three 
modules so the module splits were examined. Since the heat pipes were filled with 
flammable liquids and solids, no plans were made to remove samples from the unit. 
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Conclusions 

1. Ammonia bisulfate (ABS) or its corrosion products were shown to be major 
constituents in the Ljungstrom@.air preheater deposits at temperatures less than the 
ABS dewpoint. 

and deposit accumulations in the units. b 

and carbon steel materials with regard to corrosion losses and deposit 
accumulations. 

LACR and carbon steel materials. 

2. The magnitude of the ammonia slip had a significant effect on the corrosion losses 

3. The enameled heat transfer surface was an order of magnitude superior to the LACR 

4. The enameled heat transfer surface exhibited superior cleanability compared to the 

Recommendation 

Enameled heat transfer surface should be strongly considered for 
LjungstromO air preheaters in applications were ammonia is used 
for denitrification of a flue gas stream prior to the air preheater. 

Results 
LiungstromB Air Preheaters 

. Each pack of heat transfer surface was weighed as received from the testing then pressure 
washed to remove the deposits and scale. Then, each pack was weighed in the cleaned 
condition. Table 1 reports the original weights, the dirty weights, and the cleaned weights. 
Table 2 reports the percent weight lost for each pack of heat transfer surface. 

Deposits were collected according to their appearance on the heat transfer surface. 
Differences in color, adhesion, and thickness were noted and samples were scraped from 
the Keat-transfer surface and collected. LjungstromB air preheater A was extensively 
sampled because of the ammonium slip into this unit was 3.3 ppm NH,and the slip into 
LjungstromO air preheater B was 0.7 ppm NH,. This was reported in Mr. James Seebald's 
report, 'Final Test Report on Three Air Preheaters on a SCR DeNOx Demonstration Project at 
Plant Crist', dated February 19, 1996. Figure 1 shows the locations of the samples. 
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The deposit samples from the Ljungstrom@ air preheater A and one sample from the 
Ljungstrom@ air preheater B were analyzed by combustion techniques, solution pH, x-ray 
fluorescence (XRF), and x-ray diffraction (XRD). These results were reported in the attached 

*'Final Report of the Analysis of Air Heater Deposits', by Mr. Kurt Johnson, dated January 29, 
1996. Table 3 summarized the x-ray diffraction results from this report. 

@PiDe@ Air Preheater 

The Q-Pipe@ unit was examined after removal from the test area. The overall gas inlet and 
outlet exhibited severe pluggage. Figures 2 and 3 show the inlet and outlet of the hot 
module. Figures 4 and 5 show the inlet and outlet of the intermediate module. Figures 6, 7, 
and 8 show the inlet and outlet of the cold module. 

This unit had rotary sootblowers installed between each module (tube bundle) and water 
washing headers installed at outlets of the hot and intermediate layers (see figures 3 and 5). 
There was severe sootblowing damage noted on the water washing headers and the tubes 
at the inlet of the intermediate and cold modules (see figures 9, 10, 11, and 12). Close 
examination of figure 12 revealed that a heat pipe tube was perforated. 

Discussion 

There were four anomalies in the weight loss data presented in Table 1 and 2. Because of 
these anomalies, the weight loss and deposit loss data for each type of heat transfer surface 
was plotted. The bar charts are shown in figures 13 through 18. The data was statistically 
analyzed and this information is reported in Table 4. This analysis indicated that all the data 
is significant. 

First, the deposit loss for Layers 1 and 2 of the hot layer for LjungstromD air preheater B is 
zero. No explanation was discovered, apparently there were no or minimal deposits on the 
material in these two layers. 

Second, the weight gains for the cold layer basket, Layers 4 and 5 in Ljungstrom@ air 
preheater B. The heat transfer surface was inspected and there was no evidence indicating 
a weight gain. It is puzzling that the LACR material did not exhibit a significant weight loss as 
this material was as rust coated as the other LACR materials. 

Third is the relatively high weight loss of the cold layer, Layer 2 of LjungstromQD air 
preheater B. The enameled heat transfer surface was examined and there were no 
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indications of the weight loss. The heat transfer surface sheets were all the same length and 
there was evidence of enamel on all edges of some of the sheets. In fact, the enameled 
surfaces in the cold layer still had a gloss after cleaning, indicating no corrosion to the 
enamel surface. There is a suspicion that this heat transfer surface pack was not weighed 
correctly when the baskets were assembled. 

Fourth is the relatively high deposit loss for the cold layer, layer 2 of Ljungstroma air 
preheater A. This loss can be attributed to a heat transfer surface channel that was plugged 
near the cold end and filled with flyash. 

During the cleaning of the heat transfer surface, it was noted that the carbon steel and the 
LACR sheets were difficult to clean while the enamel coated sheets were much easier and 
less time consuming to clean. This cleanability is because the ABS does not corrode the 
enamel and does corrode the carbon steel and LACR. The corrosion products and the 
oxidation of the steel materials provide sites that anchor the scale and corrosion products to 
the steel's surface, making the cleaning process more difficult. Also, the enamel coated 
heat transfer sheets exhibited improved corrosion resistance when compared to the carbon 
steel and IACR. 

The corrosion of the enameled heat transfer sheets occurs at the edges of the heat transfer 
sheets and proceeds at a much slower material loss. The steel heat transfer sheets are 
subject to corrosion over their entire surfaces, so that a slow corrosion rate can quickly 
remove the 0.025' to 0.040' of heat transfer surface material thickness. A similar amount 
of corrosion on just the edge of enameled heat transfer sheet is insignificant to the life of the 
heat transfer surface. Because the enameled surface is not attacked, the corrosion 
proceeds as though it were attacking an extremely 'thick piece' of material. Therefore, 
enameled heat transfer surface can have a significantly longer life in a LjungstromO air 
preheater exposed to ammonia slip from a selective catalytic reduction (SCR) unit. 
The report from Kurt Johnson indicates that the deposits are 'hydrated ironand iron sulfate 
compounds'; one of the iron sulfate compounds is ammonio jarosite, (NH,)Fe,(SO,),(OH), 
which is a corrosion product of ABS and iron (steel). The other iron sulfur compounds 
(hydronium jarosite, rozenite, and bilinite) may be corrosion products of ABS or sulfur 
trioxide (SO,). The iron oxides (hematite, maghemite, and geothite) are corrosion products 
of iron, oxygen, and water. 
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The quantity of the ammonlc, jarosite may be calculated from the nitrogen content reported 
in the combustion results. 

Percent , 

SamDle # Ammonio iarosite 
4 10.3 % 
5 27.4 % 
6 13.7 % 
10 '44.5 % 

Since ammonio jarosite is a corrosion product of ABS and steel, the ammonio jarosite in the 
deposits indicate that ABS has been corroding the heat transfer surface. The pressure drop 
fluctuations experienced by the units were attributed to ABS deposition and this deposit 
confirms the source of the problems. 

The dewpoint of ABS is a function of the NH, content and the SO, content of the flue gas. 
For Ljungstromo air preheater A the ABS dewpoint is in the range of 417'F to 426'F 
(213.9"C to 218.9"C) and for Ljungstrom@ air preheater B the ABS dewpoint is in the range 
of 408°F to 416°F (208.9' to 213.3"C). The dewpoints are based on an SO, content that 
varied between 700 ppm to 1600 ppm and a 2% total SO, to SO, conversion factor. It is 
well known that when a material condenses from a gas, that the bulk of the condensation 
occurs at temperatures lower than the dewpoint. Therefore, the ABS will condense over a , 

range of temperatures and a length of heat transfer surface. Also, the flow in the 
LjungstromGB air preheater determines metal temperatures and changes the temperature 
profile through the unit (see Figures 19 and 20). 

The percentages of ammonio jarosite present in the deposits correspond to the temperature 
profiles through the Ljungstrom@ air preheaters. Compare Figures 1,19, and 20 with the 
percent ammonio jarosite table. The greatest quantities of ammonio jarosite are found 
below the ABS dewpoint ranges, consistent with ABS condensation theory. Remember that 
the liquid ABS will attract flyash and will become a solid although the metal temperature is 
above the solidification temperature of the ABS. This phenomenon slows the corrosion of 
the steel as the flyash neutralizes the ABS and confines it. Corrosion studies of steel 
samples in liquid ABS showed very high corrosion rates that have not materialized in service 
due to the flyash in the ABS. ABS will not condense at temperatures below its freezing point 
but as Figures 19 and 20 show, essentially the entire cold end heat transfer surface is above 
the freezing point of ABS. 
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The pluggage evidence at the inlet of the Q-PipeQ air preheater was intensified by the 
damper in the inlet piping of the unit. When the damper was closed, flyash would collect on 
the damper and opening the damper would dump a large quantity of flyash into the unit. The 
damper would have been closed during demolition and removal of the unit from the steel 
work. The damper was open at the lay down field so the flyash trapped by the damper 
probably fell into the unit adding to the pluggage. The majority of the pluggage was gray 
colored and appeared as flyash. . 

File: 93m030p 
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Layer # 
6 CS hole 
5 Enamel 
4 LACR 
3 CS hole 
2 Enamel 
1 LACR . 

6 
5 
4 
3 
2 
1 

B or 1 
6 
5 .  
4 
3 
2 
1 

Aor2  
6 
5 
4 
3 
2 
1 

CS hole 
Enamel 
LACR 
CS hole 
Enamel 
LACR 

CS hole 
Enamel 
LACR 
CS hole 
Enamel 
LACR 

CS hole 
Enamel 
LACR 
CS hole 
Enamel 
LACR 

CS hole 
Enamel 
LACR 
CS hole 
Enamel 
LACR 

TABLE 1 
WEIGHT LOSS DATA 

Original 
Pairs/Layer Weight 

39 Ib. 4 oz. I 2" 8 
12l 7 
1 2" 7 
12l 8. 
1 2l 6 
12' 7.5 

18" 
18l 
18" 
1 8 I  
1 8' 
18@ 

30" 
30" 
30" 
30" 
30" 
30" 

42" 
42" 
42" 
42" ' 
42l 
42" 

42l 
42" 
42l 
42l 
42l 
42" 

6.5 
5 
5 
4 
5 
6 

10 
7 
8 
8 
7 
8.5 

30 Ib. 10 oz. 
25 Ib. 15 oz. 
27 Ib. 9 oz. 
17 Ib. 10 oz. 
16 Ib. 6 oz. 

30 Ib. 4 oz. 
15 Ib. 13 oz. 
19 Ib. 
20 Ib. 
19 lb. 10 oz. 
13 Ib. 

48 Ib. 2 oz. 
39 Ib. 8 oz. 
31 lb. 10 oz. 
22 Ib. 12 oz. 
24 Ib. 13 oz. 
22 Ib. 4 oz. 

93 Ib. 
81 Ib. 
67 Ib. 
58 Ib. 5 oz. 
52 Ib. 4 oz 
37 Ib. I 1  oz. 

86 Ib. 2 oz. 
86 Ib. 8 oz. 
76 Ib. 
57 Ib. 1 5 oz. 
51 Ib. 1 3 oz. 
40 Ib. 12 oz 

. Weight Weight 
Before After 

Washing Washing 
39 Ib. 1 oz. 38 Ib. 2 oz. 
31 Ib. 3 oz; 
27 Ib. 8 oz. 
27 lb. 14 oz. 
16 Ib. 13 oz. 
16 Ib. 11 oz. 

29 Ib. 12 oz. 
15 Ib. 12 oz. 
18 Ib. 15 oz. 
19 Ib. 15 oz. 
19 lb. 9 oz. 
12 Ib. I 1  oz. 

47 Ib. 1 oz. 
39 Ib. 8 oz. 
31 Ib. 2 oz. 
21 Ib. 11 oz. 
24 Ib. 13 oz. 
20 Ib. 7 oz. 

92 Ib. 13 oz. 
80 Ib. 12 oz. 
67 Ib. 12 oz. 
58 Ib. 12 oz. 
52 Ib.. 0 oz. 
36 Ib.. 11 oz. 

84 Ib. 13 oz. 
86 Ib. 15 oz. 
75 Ib. 14 oz. 
57 Ib. 10 oz. 
52 Ib. 14 oz. 
41 Ib. 14oz. 

30 Ib. 12 oz. 
26 Ib. 5 oz. 
26 Ib. 15 oz. 
16 Ib. 10 oz. 
16 Ib. 1 oz. 

29 Ib. 1 1 oz. 
15 Ib. 11 oz. 
18 Ib. 11 oz. 
19 Ib. 13 oz. 
19 Ib. 9 oz. 
12 Ib. 11 oz. 

41 Ib. 0 oz. 
39 Ib. 6 oz. 
28 Ib. 3 oz. 
20 Ib. 4 oz. 
24 Ib. 11 oz. 
19 Ib. 1 oz. 

90 Ib. 7 oz. 
80 Ib. 6 oz 
65 Ib. 5 oz. 
57 Ib. 0 oz. 
51 Ib. 8 oz. 
36 Ib. 0 oz. 

75 Ib. 12 oz. 
86 Ib. 4 oz. 
68 Ib. 10 oz. 
51 Ib. 12 oz. 
51 Ib. 9 oz. 
36 Ib. 14 oz. 
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TABLE 2 
DEPOSIT- AND-CORROSION- LOSS-DATA 

LjungstromB Air Preheater A 
Layer Corrosion 

Layer #l Material Thickness Pairs/Layer Loss, % 
6 CS hole 30" 
5 Enamel 30" 
4 LACR 30" 
3 CS hole 30" 
2 Enamel 30" 
1 LACR 30" 

6 CS hole 42" 

4 LACR 42l 
3 CS hole 42l 
2 Enamel 42l 
I LACR 42" 

5 Enamel , 42l 

Ljungstromo Air Preheater B 
6 
5 
4 
3 
2 
1 

6 
5 
4 
3 
2 
1 

6 
5 
4 
3 
2 
1 

CS hole 
Enamel 
LACR 
CS hole 
Enamel 
LACR 

CS hole 
Enamel 
LACR 
CS hole 
Enamel 
LACR 

CS hole 
Enamel 
LACR 
CS hole 
Enamel 
LACR 

18" 
18" 
1 8" 
18" 
1 8l 
18" 

42l 
42l 
42l 
42l 
42l 
42" 

12" 
1 2l 
12l 
12l 
12@ 
12* 

6.5 
5 
5 
4 
5 
6 

9 
8 
9 
8 
8 
8 

7 
3 
5 
6 
6 
6 

10 
7 
8 
8 
7 

8.5 

8 
7 
7 
8 
6 

7.5 

14.81 
0.32 

10.87 
10.99 

0.5 
14.33 

12.05 
0.29 
9.7 

10.68 
0.48 
9.51 

1.86 
0.79 
1.64 
0.94 
0.32 
2.4 

2.76 
0.77 
2.52 
2.25 
1.44 
4.48 

2.87 
-0.41 
-1 -45 
2.27 
5.67 
1.91 

Deposit 
Loss, % 

12.88 
0.32 
9.44 
6.63 
0.5 

6.73 

10.69 
0.79 
9.56 
10.2 
2.48 

11.94 

0.21 
0.4 

1.32 
0.63 
0 
0 

2.56 
0.46 
3.6 

2.98 
0.96 
1.87 

2.4 
1.4 

4.32 
3.36 
1.12 
3.75 
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TABLE 3 
X-RAY DIFFRACTION RESULTS COMPARED TO HEAT TRANSFER-SI;IRFA~E-~~P~H- 

LiungstromO LiungstromO Maior Minor Trace 
Air Preheater Air Preheater 

- A - B 

0' to 16' Maghemite Butlerite- Quartz 
Hematite Hydronium Jarosite Rozenite 

16' to 30' 

30' to 35' 

Maghemite Hydronium Jarosite Rozenite 
Hematite Butlerite 

Maghemite Hematite Hydronium Jarosite 
Rozenite, Butlerite 

35' to 44' - Maghemite Ammonio Jarosite Hydronium Jarosite 
Hematite Rozenite, Goethite 

40' to 60' Ammonio Jarosite Maghemite, Goethite Bilinite, Rozenite 
Hydronium Jarosite Hematite, Quartz 

44' to 82' 

82' to 86' 

Maghemite Ammonio Jarosite Goethite, Rozenite. 
Hydronium Jarosite Bilinite 

Quartz, Hematite 

Maghemite Rozenite Quartz, Bilinite 
Hydronium Jarosite 
Ammonio Jarosite 
Goethite 
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TABLE 4 
STATISTICAL ANALYSIS - WEIGHT LOSS & DEPOSIT LOSS DATA 

Corrosion 
Enamel 

IACR 
Carbon Steel 

DeDosit 
Enamel 

LACR 
Carbon Steel 

Ljungstromo 
. Air Preheater A 

. Standard Deviation 

0.108 
2.234 
1.879 

0.991 
2.13 
2.59 

Ljungstro m@ 
Air Preheater B Both 

Standard Deviation Standard Deviation 

2.165 
1.928 
0.702 

0.523 
1.681 
1.293 

1.701 
5.1 21 
5.29 

0.709 
3.99 

4.534 
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Figure 1 
Locations of the Deposit Samples 

16" ,-e=14" 5" 9" +-. 24" --e+* 

H e a t e r  A 

Hot End 

I o  l o  Bl@I 0 
I I I I I Cold End 

H e a t e r  B 
Hot End Cold End 

Circled numbers indicate sample numbers 
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__--  I 

?igure 2 

The gas side hot module 
inlet of the Q-Pipe@ unit. 

d 

Figure 3 

The gas side hot module 
outlet of the Q-Pipe@ unit. 

y 
1 p +. 
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Figure 4 
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Figure 7 

The gas side half of the cold 
module outlet of the 
Q-Pipe@ unit. 
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Figure 10 

Sootblower damage to the 1 water wash pipe in the outlet 
of the intermediate module. I 

'1 bracing bar damage. 
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Figure 12 

Sootblower damage to the 
heat pipes in the inlet of the 
cold module. Note the 
erosion through the tube 
wall in the middle tube. 
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Figure 13 
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Figure 14 

Deposit Loss for LACR Element 
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Figure 15 
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Figure 16 

Deposit Loss for Enameled Element 
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Figure 17 

Corrosion Loss for Carbon Steel Element 
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Deposit Loss for Carbon Steel Element 
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ASEA BROWN BOVERl January 29,1995 

Mr. Scott Hatting 
Senior Matrials Engineer 
ABB Air Preheater Inc. 
Post Office Box 372 
Wellsville, New York 14895 

Subject: Final Report of the Analysis of Air Heater Deposit Samples 

Re: ABB Air Preheater 
Project 96234001 (PO P5X4023) 

Dear Scott: 

This is the final report of the analytical work that you in your letter of December 6, 1995. Unfortunately, 
we were unable to start these analyses unit after January 1 because of our laboratory relocation. I hope 
that this delay did not cause any serious inconvenience. Preliminary data including the x-ray diffraction 
(XRD) data were faxed to you on January 19,1996. 

The seven (7) samples are identified as follows: . 

51915-A Sample 1 - "A" hot end top 16" 51916-A Sample 2 "A" hot end bottom 14" 
51917-A Sample 3 "A" cold end top 5" 51 91 8-A Sample 4 "A" cold end top 5-14" 
51 91 9-A Sample 5 "A" cold end 14-38" 51 920-A Sample 6 "A" cold end bottom 4" 
51921-A Sample 10 "B' intermediate bottom 20" 

These deposit samples were analyzed for ash content, carbon, hydrogen, and nitrogen content using the 
applicable ASTM coal standard methods. Each sample was also analyzed for XRD compound ident- 
ificatioh, solution pH, and elemental composition of the ignited material. The results of these tests are 
enclosed in the attached data sheets and memos. 

The results of the XRD analyses shows all 7 of these samples to contain hydrated iron and iron sulfate 
compounds. This is confirmed by their loss on ignition (ash), hydrogen content, and acidic solution pH. 
In addition, XRD detected the presence of ammonium iron sulfate (ammoniojarosite) in samples 51918, 
51 91 9, 51 920, and 51 921. Each of these samples contain nitrogen in excess of 0.1 %. The gravimetric 
factor from nitrogen to ammoniojarosite is 34.24, meaning that each 1 % nitrogen content is equivalent to 
34.24% ammoniojarosite. This yields a low value of 0.7% ammoniojarosite in sample 51916-A (which is 
below the sensitivity of XRD) to a high of 42.8% ammoniojarosite for sample 51921-A. 

The XRF elemental cornpoistion was measured on an ignited fraction of each sample. This data shows 
the samples to be predominantly iron. Their composition is consistent with ferrous corrosion products 
containing approximately 7% to 30% coal ash. Given the low pH of the deposit solution and the highly 
hydrated form of the compounds present, it is no wonder that corrosion occurs in such a wet and acidic 
environment. 

If 1 can be of any furthur assistance, please call me at 203-285-5747. 

Sincerely, 

Kurt W. Johnson '* ' 
Coordinator - PPL Chemical Analytical Services 

ABB Power Plant Laboratories 

Combustion Engineering, Inc. 1000 Prospect Hill Road 
Post Office Box 500 
Windsor. Connecticut 06095-0500 

Telephone (203) 688-191 1 
Fax (203) 285-9512 
Telex 99297 COMBEN WSOR 



Memo 

ICDD# Formula Mineral Confidence 

X-Ray Diffraction 
Report 

Level 

To: Kurt W. Johnson/USPPL/ABB 

From: Arnold L Tyler/USPPL/ABB 
(Phone: + 1-203-285-2689) 

Date: 01 /17/96 06:16:58 PM 
Subject: ABB Air Preheater, Wellsville (NY) [Ashes] 

cc: 

25-1 402 
33-0664 

25-0409 
31-0650 

33-1 161 
1 9-0632 

Samples of seven ashes from ABB Air Preheater, Wellsville, were submitted to  the ABB-PPL X-Ray 
Laboratory for qualitative x-ray diffraction analyses. These samples were identified as follows: 

Maghemite 
Hematite 

Fe203 

Fe203 

Fe(0H 1 S04.2H20 Butlerite 
(H30)Fe3(S04)2(OH)8 Hydronium jarosite 

SiO, Quartz 
FeS0;4H20 Rosenite 

Hot End Top 16" PPL 5-1 91 5-A 
Hot End Bottom 14" PPL 5-1 91 6-A 
Cold End Top 5" PPL 5-1 91 7-A 
Cold End Top 5-14" PPL 5-1 91 8-A 
Cold End 14-38" PPL 5-1 91 9-A 
Cold End Bottom 4" PPL 5-1 920-A 
Intermediate Bottom 20" PPL 5-1 921-A 

Definite 
Definite 

Possible 
Probable 

i 

The polycrystalline phases indicated in these analyses are given in the tables below. 

Minor 
Minor 

Trace 
Trace 

Maghemite Definite 
Hematite Definite 

39-1 346 Fe203 

Fe203 
33-0664 

Major 
Major 

Hot End Top 16" PPL 5-1 91 5-A 

Definite 
Definite 

Major 
Major 

I 

Hot End Bottom 14" PPL 5-1 91 6-A 



3 1 -0650 
19-0632 

25-0409 

(H30)Fe3(S04)2(OH)B Hydronium jarosite Definite Minor 
Fe S 0;4 H 2O Rosenite Definite Trace 

Fe (0 H) S0;2H20 Butlerite Definite Trace 

Maghemite . 
Hematite 39-1 346 Fe203 

Fe203 
33-0664 

31 -0650 (H30)Fe3(S04)2(OH)d Hydronium jarosite . 
1 9-0632 FeS0;4H20 Rosenite 

25-0409 Fe(OH)S04*2H20 Butlerite 

Cold End 14-38" 

Definite Major 
Definite Minor 

Definite Trace 
Definite . Trace 

Definite Trace 

PPL 5-1 91 9-A 

Maghemite Definite 
Ammoniojarosite Definite 39-1 346 Fe203 

26-1 01 4 (N H,) Fe3(S Oj2(OH 1 

Hematite Definite 
Rozenite Definite 33-0664 Fe203 

19-0632 FeS044H20 

31 -0650 (H30)Fe3(S04)2(OH)B Hydronium jarosite Possible 
29-071 3 FeO(0H) Goethite Probable 

Major 
Minor 

Minor ~ 

Trace 

Trace 
Trace 

Maghemite Definite 
Ammoniojarosite Probable 39-1 346 Fe*03 

26-1 01 4 (NH,) Fe3(S0,)2(OH)B 

31-0650 (H30)Fe3(S04)2(OH)B Hydronium jarosite Probable 
29-071 3 FeO(OH1 Goethite Definite 

19-0632 FeSO4-4H20 Rozenite Definite 
25-1 53 FeFe2(S04);22H20 Bilinite Possible 

Major 
Minor 

Minor 
Trace 

Trace 
Trace 



I I I 
Possible 
Possible 

33-1 161 
33-0664 

Trace 
Trace 

Si02 

Fe203 

39-1 346 
1 9-0632 

Quartz 
Hematite 

Fe203 

FeS0;4H20 

I I 

33-1 161 
25-1 1 53 

SiOz 
FeFe2(S04)422Hz0 

Cold End Bottom 4" PPL 5-1 920-A 

3 1-0650 
26-1 01 4 

(H301Fe3(S0,)z(OH)B 
( N H,) Fe3 ( S 0,) 2( 0 H ) 

Maghemite 
Rozenite 

29-07 1 3 FeO(0H) Goethite 

Quartz 
Bilinite 

26-1 01 4 
39-1 346 

(NH4)Fe3(S0,)2(OH)B Ammoniojarosite 
Maghemite 

Fe203 

Hydronium jarosite 
Ammoniojarosite 

29-071 3 
31  -0650 

FeO(0H) 
(H30)Fe3(S0,)2(0H)B 

Intermediate Bottom 20" PPL 5-1 921-A 

25-1 153 
9-0632 

Definite 
Definite 

FeFe2( S04);22Hz0 
FeS0;4H20 

Possible 
Possible 

33-0664 
33-1 161 

Probable 
Possible 

Fez03 
SiOz 

Probable 

Major 
Minor 

Trace 
Trace 

Trace 
Trace 

Trace 

Definite 
Probable 

Major 
Minor 

Goethite 
Hydronium jarosite 

Bilinite 
Rozenite 

Definite 
Probable 

Definite 
Definite ' 

Minor 
Minor 

Trace 
Trace 

Hematite 
Quartz 

Probable 
Possibe 

Trace 
Trace 

. I  

' I  
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COMPANY : 
LOCATION : 
SAMPLE ID: 
CONTRACT : 

ABB COMBUSTION ENGINEERING 
POWER PLANT LABORATORIES CHEMICAL ANALYTICAL SERVICES 

WINDSOR, CONNECTICUT 
' FUEL ANALYSIS REPORT 

ABB AIR PREHEATER 
WELLSVILLE, NY 
SAMPLE I t l "  HOT END TOP 16" 
P5X4023 

ULTIMATE ANAL., WT. 
HYDROGEN 
CARBON 
NITROGEN 
ASH 
TOTAL 

AS 
RECEIVED - - - - - -__ 

PERCENT 
1.0 
0.1 
0 . 0  
78.6 

100 

ASH COMPOSITION, WT. 
Si02 
A1203 
Fe203 
CaO 
MgO 
Na20 
K20 
Ti02 
P205 
SO3 
MnO 
Total 

BASE/ACID 
Fe203/Ca0 
Si02 /A1203 

RATIOS 

KDL NUMBER: 
ANAL DATE : 

PROJECT : 

PERCENT 
4.3 
2.2 
90.4 
0.3 
0.1 
0.4 
0.3 
0.1 
0.1 
0.9 
0.2 
99.3 

13.86 
301.33 
1.95 

5-1915-A 
01/29/96 

234001 

REMARKS/OTHER DATA 
PH OF A 1% SOLUTION = 2.8 



ABB COMBUSTION ENGINEERING 
POWER PLANT LABORATORIES CHEMICAL ANALYTICAL SERVICES 

WINDSOR, CONNECTICUT 
FUEL ANALYSIS REPORT 

COMPANY : ABB AIR PREHEATER ' 

LOCATION : WELLSVILLE, NY 
SAMPLE ID: SAMPLE 112" HOT END BOTTOM 14" 
CONTRACT : P5X4023 

ULTIMATE ANAL., WT. PERCENT 
HYDROGEN 
CARBON 

ASH 
TOTAL 

NITROGEN ~- 

1.0 
0 . 0  
0;o 

8 0-.-4 
100 

ASH COMPOSITION, W T .  
Si02 
A1203 
Fe203 
CaO 

Na20 
K20 
Ti02 
P205 
SO3 
MnO 
Total 

BASE/ACID 
Fe203/Ca0 
SiO2/A1203 

MgO 

RATIOS 

KDL NUMBER: 5-1916-A 
ANAL DATE : 01/29/96 

PROJECT : 

PERCENT 
2.5 
1.4 

94.3 
0.1 
0.1 
0.3 
0.2 
0.1 

c- 0.1 
0.6 
0.2 
99.8 

23.75 

1.79 
943.0 

234001 

REMARKS/OTHER DATA 
pH OF A 1% SOLUTION = 3.0 

fi IJ 



ABB COMBUSTION ENGINEERING 
POWER PLANT LABORATORIES CHEMICAL ANALYTICAL SERVICES 

WINDSOR, CONNECTICUT 
FUEL ANALYSIS REPORT 

COMPANY : ABB AIR PREHEATER KDL NUMBER: 5-1917-A 
LOCATION : WELLSVILLE, NY MAL DATE : 01/29/96 
SAMPLE ID: SAMPLE 113" COLD END TOP 5" 
CONTRACT : P5X4023 PROJECT : 234001 

AS 
RECEIVED -------- 

ULTIMATE ANAL., WT. PERCENT 
HYDROGEN 0.7 
CARBON 0.0 
NITROGEN 0.1 
ASH 83.6 
TOTAL 100 

ASH -COMPOSITION, WT. PERCENT 
Si02 1.7 
A1203 1.1 

- Fe203 95.7 
CaO < 0.1 

0.1 
0.3 

MgO 
Na20 
K20 0.1 
Ti02 < 0.1 
P205 < 0.1 
SO3 0.6 
MnO 0.2 
Total 99.9 

BASE/ACID 33.89 
Fe203 /CaO 2392.50 
Si02/A1203 1.55 

RATIOS 



y 

COMPANY : 
LOCATION : 
SAMPLE ID: 
CONTRACT : 

ABB COMBUSTION ENGINEERING 
P.OWER PLANT LABORATORIES CHEMICAL ,ANALYTICAL SERVICES 

WINDSOR, CONNECTICUT 
FUEL ANALYSIS REPORT 

ABB AIR PREHEATER 
mLLSVILLE, NY 

P5X4023 
SAMPLE "4" COLD END TOP 5-14!' 

ULTIMATE ANAL., WT. PERCENT 
HYDROGEN 
CARBON 
NITROGEN 
ASH 
TOTAL 

0.8 
0.1 
0.3 
84.7 
1 0- 0- 

ASH COMPOSITION, W T .  PERCENT 
Si02 0.9 
A1203 0.8 
Fe203 96.9 
CaO < 0.1 

0.1 
0.2 

MgO 
Na20 
K20 0.1 
Ti02 0.1 
P205 < 0.1 
SO3 0.6 
MnO 0.2 
Total 100.0 

BASE/ACID 54.08 
Fe203 /CaO 2422 -50 
SiO2/A1203 1.13 

RATIOS 

KDG- NUMBER?. 5; 19 18--A- 
ANAL DATE : 01/29/96 

PROJECT : 234001 

REMARKS/OTHER DATA 
pH OF A 1% SOLUTION = 3.4 
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COMPANY : 
LOCATION : 
SAMPLE ID: 
CONTRACT : 

ABB COMBUSTION ENGINEERING 
POWER PLANT LABORATORIES CHEMICAL ANALYTICAL SERVICES 

WINDSOR, CONNECTICUT 
FUEL ANALYSIS REPORT 

ABB AIR PREHEATER 
WELLSVILLE, NY 
SAMPLE "5 "  COLD END 14-38'' 
P5X4023 

ULTIMATE ANAL., WT. PERCENT 
HYDROGEN 
CARBON 
NITROGEN 
ASH 
TOTAL 

1.4 
0.3 
0.8 
75.8 

100 

ASH COMPOSITION, WT. 
Si02 
A1203 
Fe203 
CaO 
MgO 
Na20 
K2 0 
Ti02 
P205 
SO3 
MnO 
Total 

BASE/A&D 
Fe203/Ca0 
SiO2/A1203 

RATIOS 

KDL NUMBER: 5-1919-A 
ANAL DATE : 01/29/96 

PROJECT 

PERCENT 
6.8 
4.1 
85.1 
0.6 
0.3 
0.4 
0 . 5  
0.2 
0.1 
1.3 
0.2 
99.6 

7.83 
141.83 
1.66 

: 234001 

REMARKS/OTHER DATA 
pH OF A 1% SOLUTION = 3.2 

I 



ABB COMBUSTION ENGINEERING 
POWER PLANT LABORATORIES CHEMICAL ANALYTICAL SERVICES 

WINDSOR, CONNECTICUT 
FUEL ANALYSIS REPORT 

COMPANY : ABB AIR PREHEATER 
LOCATION : WELLSVILLE, NY 
SAMPLE ID: SAMPLE "6l' COLD END BOTTOM 4" 
CONTRACT : P5X4023 

ULTIMATE ANAL., W T .  
HYDROGEN 
CARBON 
NITROGEN 
ASH 
TOTAL 

As 
RECEIVED - - - - - - - -  

PERCENT 
2.2 
0.5 
0.4 
55.5 

100 

ASH COMPOSITION, WT. 
Si02 
A1203 
Fe203 
CaO 

Na20 
K20 
Ti02 
P205 
SO3 
MnO 
Total 

Fe203/Ca0 
Si02/A1203 

MgO 

RATIOS 
BASE /ACID 

KDL NUMBER: 5-1920-A 
AN= .DATE : 01/29/96 

PROJECT : 234001 

PERCENT 
15.3 
8.4 
68.1 
1.1 
0.7 
1.2 
1.1 
0.5 
0.3 
2.2 
0.1 
99.0 

2.98 
61.91 
1.82 

REMARKS/OTHER DATA 
pH OF A 1% SOLUTION = 2.8 



COMPANY : 
LOCATION : 
SAMPLE ID: 
CONTRACT : 

ABB COMBUSTION ENGINEERING 
POWER-PLANT LABORATORIES CHEMICAL ANALYTICAL SERVICES 

WINDSOR, CONNECTICUT 
FUEL ANALYSIS REPORT 

ABB AIR PREHEATER 
WELLSVILLE, NY 
SAMPLE 'I 10 B INTERMEDIATE- BOTTOM- 
P5X4023 

ULTIMATE ANAL., 
HYDROGEN 
CARBON 
NITROGEN 
ASH 
TOTAL 

AS 
RECEIVED -------- 

WT. PERCENT 
1.9 
0.4 
1.3 
66.4 

100 

KDL NUMBER: 
ANAL DATE : 

PROJECT : 
4- 11- 

ASH COMPOSITION, WT. PERCENT 
Si02 
A1203 
Fe203 
CaO 
MgO 
Na20 
K20 
Ti02 
P205 
SO3 
MIlO 
Total 

BASE/ACID 
Fe203 /CaO 
SiO2/A1203 

8.8 
5.4 
79.5 
1.3 
0.4 
0.5 
0.8 
0.4 
0.2 
2.2 
0.2 
99.7 

RATIOS 
5.65 
61.15 
1.63 

5-1921-A 
01/2 9/96 

234001 

REMARKS/OTHER DATA 
p H  OF A 1% SOLUTION = 3.5 
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Section 1 

This report Srimmarizes the results of a laboratory study, conducted at Southern Research 
Institute for Southern Company Services, Inc., to evahlilfe the effects of S(=R ammonia on 
ammonia volatilization, ammonia extraction, and metals extractability fkom fly ash. To 
conduct the study, samples of pre-reactor (ammonia-fkee) and post-reactor (ammonia- 
exposed) fly ash were collected at SCR Reactors B and C at Plant Crist. 

Ammonia Extractability and Volatilization from SCR Fly Ash 

Almost no ammonia volatilized fiom the SCR ash until a signiiicant amount ofwater 
vapor was absorbed by the ash A plausible mechanism for the apparent volatilizaton that 
occurred is that enough water was gained by the ash to form a moist layer with a pH high 
enough to evolve gas-phase ammonia fkom the ammonium compounds on the ash Nearly 
all of the ammonia on the ash evolved to the gas phase in the closed-container 
experiments. Ammonia concentrations in enclosed spaces depend on the ammonia 
concentration of the ash, the volume of air above the ash available for dddon, and the 
presence of a humid atmosphere. 

The extraction of ammo& fiom fly ash seems to depend upon pH. Evidently, all or nearly 
all of the ammonia present was extracted in the buffered solutions at pH 4.7 and pH 6.2, 
but not all was recovered in alkaline unbuffered extracts. In the pH 6.2 bufKer, however, 
the completeness of extraction seemed to frill off somewhat as the ratio of ash to buffer 
increased. At 3 g of ash per 50 mL+ of pH 6.2 buffer, the amount of ammonia extracted 
was about 200 &g, whereas at 1 g per 50 d, the amount was near 250 pdg. 

Ammonia concentration in the ash was much higher for the smaller particle sizes, but most 
of the total ammonia was found to reside with the larger particles simply because these 
comprise the vast majority of the ash mass: The implication is that very little slip ammonia 
will exit the process when high efficiency particulate emission controls are in pIace since 
all detectable ammonia is in the solid phase at the air heater exit and most of the ammonia 
is associated with the Iarger particle sizes which are most readily coUected. 

Metals Extractability from SCR’Ny Ash 

The SCR fly ash samples were subjected to extraction with water, and the extracts were 
analyzed for each of 28 metals. This was done to ascatam whether exposure of the fly 
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ash to ammonia vapor caused an &cement of the metals extractabilities under 
conditions resembling those that might exist in an ash pond. 

Ofthe 28 metals included in the study, only 17 could be detected in the fly-ash extracts. 
Ofthese 17 detectable m a s ,  only barium underwent an increase in extractabiity 
following exposure to ammonia, The magnitude of the increase was found to depend 
directly on the magnitude of the NHJNOx ratio in the SCR unit, however, the increase 
was slight for ail Mt/No, ratios tested. Ofthe 16 additional metals that could be 
detected in the fly-ash extracts, none displayed what we considered to be genuine 
enhancements in extractabiity, and several exhibited decreases in extractability as a result 
of exposure of the fly ash to ammonia. Although one of these metals - Se - displayed a 
large apparent increase in extmdabity on exposure to ammonia, we concluded that the 
selenium found in the reactor-outlet sample extracts must have condensed fiom the gas 
phase onto the fly ash at the reactor outlet. Finallyy a deliberate downward adjustment in 
the pH of one sample solution caused enhancements in the extractabiities of several 
metak, most notably Mg, but also Mn, Ca, As and Fe to a lesser degree. 

1-2 



I 

Section 2 

INTRODUCTION 

The Selective Catalytic Reduction-(SCR) process is a pollution-control strategy that is 
designed to reduce the emidons of NO, f?om power plants. In this process, gaseous 
ammonia is injected into the flue-gas stream, where it chemically reduces the NO, to 
nitrogen gas at an elevated temperature. The SCR process has recently been evaluated at 
DOE’S. SCR Demonstration Plant at GulfPower Company’s Plant Crist. 

Unfortunately, the ammonia added in the SCR process does not completely react with 
NO,. Of course, it is possible to increase the efficiency of NO, removal by increasing the 
amount of ammonia @’e., by boosting the NHJNOx ratio in the reactor). But this also 
increases the amount of excess, unreacted ammonia in the flue stream. Much of this 
excess ammonia is known to be taken up by the entrained fly ash, however, this almost 
always occurs because of a reduction in flue gas temperature as happens in an air heater. 
The injection of ammonia in the presence of fly ash at 700T may not cause any ammonia 
to deposit or be absorbed on the fly ash. Nevertheless, the eff’ects of absorbed ammonia 
on the properties of the fly ash are not well understood. 

One of the major concerns about By ash that has been exposed to ammonia in the SCR 
process is how the ammonia in the ash m y  be extracted and what will be the resulting 
ammonia concentration measured in the laboratory. The species is likely to occur in the 
ash as ammonium sulfate (NH&SO4. Either the ammonium ion @E&’) or fiee ammonia 
(NH3) is likely to be easily dissolved in water. The completeness of extraction, however, 
may depend on the pH of the extracting medium, which regulates the balance between m+ and N H 3  in the extract. Either the innate alkalinity of the ash and the pH the ash 
produces when wet, or the pH of a buffer used for extraction, may influence the efficiency 
of ammonia removal fiom the ash 

Another concern is the volatility of ammonia in ash. In the form W+ there is likely to be 
only an infinitesimal volatility. Moisture in air, however, is capable of hydrolyzing the 
ammonium ion and forming the much more volatile N H 3  species: 

The hydronium ion, or hydrated proton shown as a product in this reaction, will be 
neutralized by alkalinity in the ash, and thus the reaction made to proceed firther tow&d 
completion Air with a high relative humidity which may lead to a high concentration of 
adsorbed moisture, or liquid water that actually wets the ash, are likely to increase 
volatilization. 



Still another major concern about the presence of ammonia in the fly ash is whether the 
ammonia-influences-the watexextractability of pollutant metals fiom the ash. That is, will 
the presence of ammonia in the ash lead to an increase in the mount of dissolved metals in 
the ash ponds? Clearly, the answer to-this question could have a significant impact on the 
abiity of a power plant to meet the requirements of its regulatory pollutant-discharge 
permits. 

This report describes a brief laboratory study performed at Southern Research Institute 
(Southem Research), for Southern Company Services, Inc., to addieSs the questions of 
ammonia extractabiity, ammonia volatilization, and metals extractability fiom ammonia- 
exposed fly ash. Samples of fly ash were- collected both upstream-and downstream fiom 
SCR Reactor B and C at Plant Crist. Because the upstream ash samples had not been 
exposed to ammonia, their presence in this study allowed a direct comparison between 
ammonia-fie and ammonia-containhg ash fiom the same flue gas stream, as well as the 
attendant effects of temperature reduction as the flue gas passed through the air heater. 

Section 3 of this report describes the various ash samples collected for these studies. 
Section 4 describes the results of the ammonia extractability and volatilization tests. The 
results of tests on metals extrackbiity fiom SCR fly ash are summarized in Section 5. 
Test data are presented in various tables throughout each section. 
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Section 3 

DESCRWIION OF ASH SAMPLES 

- .  
Ash samples for this work were obtained during the last two weeks of January 1995 
during routine operation of the Plant Crist SCR DemonstrationPlant. Three buik samples 
of hopper ash were collected fiom the cyclones located downstream fkom the air heaters 
on large SCR reactors B and C. These ash samples were collected fiom the cyclone 
hoppers following a lli day of reactor operation at one of three SCR, parametric operating 
conditions. A fidl day of operation prior to sample collection at each test condition was 
required to provide sufEcient time for ammonia eqgilibrium to be achieved. The reactor's 
flow rate and temperature were identical at all three parametric conditions - 5000 scfh 
(wet) and 700 T, respectively. Only the ammonia to nitrogen oxides ratio (NHJNOJ 
differed. The NHJNOx ratios were 0.6 pest Condition 21), 0.8 (Test Condition 23, or 
1.0 (Test Condition 24). Hopper samples were collected from the Reactor B cyclone 
hopper for Test Conditions 21 and 24. For Test Condition 22 a cyclone hopper sample 
was collected fromReactor C. 

A second set of fourteen ash samples was collected fiom Reactor B while operating at 
Test Conditions 21,22, and 24. Table 3-1 provides information about each sample (test 
location, date of test, start time, end time, etc.). The Samples were collected isokinetically 
usiig an in-stack filter simultaneously at two locations. Fly ash samples upstream of 
ammonia injection were collected at test ports located downstream of the reactor venturi 
flow meter. Ash samples downstream of ammonia injection were collected at the outlet of 
the Reactor B air heater. 

A third set of size-segregated ash samples was collected at the outlet of the Reactor B air 
heater using a Southern Research fivestage cyclone, an in-stack sampling device. This 
device separated the particulate matter into five size hctions as it'- collected. Since 
the cross-section ofthe duct at the test point was quite small (1 A by 3 ft) in relation to the 
sampling device which is more than two feet in length, the samples were collected 
isokinetically at the center point of the duct. Two runs were completed while the reactor 
operated at parametric test condition 22, the normal baseline operating condition (a flue 
gas flow rate of 5000 scfin (wet), a flue gas temperature of 700 "E: a N&/NOx ratio of 
0.8). 
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Table 3-1. ldenfification of Reactor B inlet and air heater outlet ash samples. 

Sample 
Code Numbef 

BI 2 
BI 3 
B14 . 
BI 5 
BI 6 
BI 7 
BI 8 

Test Identification 
Number 

108-B t-M17-02 
108-BI-M17-03 
108-Bl-M17-04 
1 08-BI-Mi 7-05 
1 08-8 I-Ml 7-06 
108-81-M17-07 
108-Bl-M17-08 

Test 
Date 

1/23/95 
1-724/95- 
1l24195 
1/25/95 
msm5 
1/26/95 
1126/95 

Start 
Time 

1530 
1020 
1445 
930 
1500 ' 

1010 
1430 

. End 
Time 

1630 
1220 
1630 
1130 
1630 
121 0 
1615 

na 
na 
na 
na 
na 
na 
n8 

BAO 2 108-BAO-Ml7-02 1/23/95 1535 1635 0.8 
BAO 3 108-BAO-M17-03 1/24/95 1020 1220 0.8 
BAO 4 1 08-BAO-Ml7-04 1/24/g5 1446 1617 0.8 
BAO 5 108-BAO-Ml7-05 1/25/95 930 1130 0.6 
BAO 6 108-BAO-M17-06 1/25/95 1500 1630 0.6 
BAO 7 1 08-BAO-M17-07 1/26/95 1010 1210 1 .o 
BAO 8 108-BAO-M17-08 1/26/95 1430 1615 1 .o 

Cyclone 1 128-BAO-CYC-01 6/17/95 959 1059 0.8 
Cydone 2 128-BAO-CYC-02 6/17/95 1330 1430 0.8 , 

* - BI - Reactor B Inlet; BAO - Reactor B Air Heater Outlet 
na - Not applicable to inlet tests. 
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Section 4 

INVESTIGATION OF AMMONIA EXTRACTABILITY AND 
VOLATILIZATION FROM FLY ASH 

Prior to the volatilization and W o n  studies, the ammonia content of the hopper ash 
samples was determined by extracting a onegram sample of the ash in f B y  milliliters of 
deionized water to which 4 drops of 1: 1 sulfuric acid had been added. Ammonia 
concentrations were determined by the ion-specifiodectrode method. The results of these 
extractions are shown in Table 4-1. As expected, higher ammonia concentrations were 
measured for the fly ash samples collected during operation at higher NHJNOx ratios. (It is 
important to note that the addition of 1:l sulhic acid, as descn'bed here, makes a pH of 
about 1.7 in the ash slurry. This pH is substantially more acidic than that in either of the . 

buffers descrikd later €or controlling the pH during ammonia extraction.) 

An ammonia train was run at the Reactor B air heater outlet after-the collection-of-the- 
seven isokinetic ash samples to measure total ammonia in the gas stream. AU ammonia 
concentrations were determined by the ion-specifioelectrode method. The total ammonia 
concentration measured by the ammonia train and the solid phase ammonia concentration 
ftom the ash sample collected at the outlet of the air heater were used to determine 
ammonia partitioning between the gas and solid phases. Table 4-2 shows the results of 
these analyses and the resulting ammonia partitioning. Solid-phase ammonia 
concentrations are shown both on a mass &action basis and a volume basis ~ ~ e c t e d  to 
3% 02 (dry). The gas-phase ammonia concentration was calculated as the difference 
between the total ammonia and solid-phase ammonia concentrations. Please note that the 
samples were collected on different days. This could account for some of the variabiity 
observed in the ammonia partitioning. The average ratio of solid-phase ammonia to gas- 
phase ammonia was 0.53,3.3, and 0.38 forNHJNOx ratios of 0.6,0.8, and 1.0, 
respectively. 

Solid-Phase Ammonia Concentration and Ash SIuny pH 

Two preliminary analyses of the isokinetic ash samples were performed before they were 
forwarded to Southern Research's Birmingham laboratories for trace metals analysis. The 
pH of each sample when 0.1 g of ash fiom the filter catch was mixed with 50 mL of 
deionized water was measured. The mixture of ash and water was placed in a seated 
bottle and agitated for four hours before measuring the pH. The pH of the ash-water 
mixtures for the samples collected upstream of ammonia injection ranged &om 7-90 to 
9.94. For the ash samples collected at the air heater outlet for NHJNOx ratios of O.6,0.8, 
and 1.0, the average pHvalues were 9.20,9.34, and 9.77, respectively. Also, one-gram 
samples of the ash were placed in 50 mL of deionized water with four drops of 1 :I sulfuric 



Table 4-1. Amrnonla concentrations of the SCR hopper ash samples used 
in the ammonia volatillzation experiments. 

Reactor Flow Reactor Inlet Average NH3 

O F  

NHdNO, Rate, scfrn, Tanperature, Parametric SCR 
Condition Reador Conc., pglg wet 

21 B 0.6 5,000 700 40 e 
h, 

22 C 0.8 5,000 , 700 254 

24 B 1 .o 5,000 700 . 352 

*: Extractions performed by placing 1 g of ash in a beaker, adding 50.0 ml D.I. H20, 
4 drops of 1:l HzS04, and stirring for 5 minutes. 



Table 4-2. Partitioning of ammonia slip between gas phase and solid phase 
at the outlet of the B reactor air heater. 

t 

BAO 5 0.6 2.9 2.74 93 1 .o 1.9 

BAO 6 0.6 2.9 3.1 3 79 1 .o 1.9 

BAO 2 0.8 3.5 3.10 185 2.5 1 .o 
BAO 3 0.8 3.3 2.89 236 2.9 0.3 

BAO 4 0.8 3.2 3.14 175 2.2 1 .o 
BAO 7 1 .o 32.1 2.83 888 10.2 21.0 

BAO 8 1 .o 34.6 2.68 735 8.0 26.6 



acid, stirred for 5 minutes, and the ammonia concentration measured with an ion-specific 
electrode (these data are also included in Table 4-2). As expected, no ammonia (generally 
less than the detection limit) was found in the ash samples collected upstream of ammonia 
injection. Average ammonia concentrations in the ash samples collected at the air heater 
outlet for =Ox ratios of O.6,0.8, and 1.0 were 86,199, and 812 pg/g r-ely. 
The results of these analyses are shown in Table 4-3. 

Also included in this table are the measured pH and ammonia concentrations for the three 
cyclone hopper samples fkom Reactors B and C. The pH values for the hopper ash 
samples were slightly higher on average (10.23) than those fiom the air heater outlet 
(9.42). A possible, explanation for this is that the cyclone hopper ash is coarser in particle 
size, has a lower surface/mass ratio, contains less adsorbed SO, and therefore is more 
alkaline. The ammonia concentrations shown in Table 4-3 are different fkom those in 
Table 4-1 because separate analyses were performed. For comparison the pH of a de- 

. ionized water blank is also presented. 

Ammonia Vohtilition from the Ash 

Ammonia volatihtion tests were performed by placing thkty-gram samples of hopper ash 
in a petri dish and a beaker containing 50 mL of 0.1 N sulfkic acid together in individual, 
sealed, 2.65 L plastic containers. The ammonia concentration of the acid solution was 
measured to determine the extent of transfer of ammonia fkom the ash to the liquid. Three 
trials were needed to produce appropriate results. Initially, it was assumed (inmmectly) 
that the ammonia on the ash would volatilize continuously. Duplicate samples of ash fkom 
each of the three operating conditions (at the three NHJNOx ratios) were placed in six 
containersy two for each NHJNOx ratio. The first sample for each NH3/NOx ratio was 
analyzed after 14 days had elapsed. It was found that nearly all of the ammonia &om the 
ash had transferred to the acid solution. The second sample was then analyzed two days 
later, confirming the earlier result. Table 4-4 summarizes these test results. Between 71% 
and 99% of the original ammonia in the ash volatilized and was captured in the sulfuric 
acid solution. There appeared to be a dependency of volatilization on the original 
concentration of ammonia in the ash, however, the N H 3  remaining on the ash was more or 
less independent of the ammonia initially present on the ash. Ammonia recovery values . 
were 87% or higher. 

It should be noted that the samples in the initial closed-container experiment were 
subjected to wide variations in temperature. Overnight temperatures fell below 309; in the 
laboratory when no heat was on over a weekend. Normal indoor temperatures above 705; 
prevailed during working hours. At the cooler temperature, the air in the sealed 
containers became saturated with water vapor and condensation was obsented on the 
interior container walls. When the containers were opened to analyze the acid solution for 
ammonia, it was also observed that the ash sample had agglomerated. 
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Table 4-3. Mass concentration, sluny pH, and NH3 concentration for the isokinetic ash 
samples and the hopper ash samples used for the SCR ash study. 

Mass Concentration 
Sample Code gr/dscf 

Number 8 3% Hzo (dry) 
BI 2 
BI 3 
BI 4 
BI 5 
BI 6 
BI 7 
BI 8 

BAO 2 
BAO 3 
BAO 4 
BAO 5 
BAO 6 
BAO 7 
BAO 8 

Hopper Ash Sample 
Hopper Ash Sample 
Hopper Ash Sample 

D.I. H20 Blank 

2.93 
3.01 
320 
3.1 5 
3.26 
2.92 
2.64 

3.1 0 
2.89 
3.14 
2.74 
3.13 
2.83 
2.68 

PH 

na 
na 
na 
na ~ 

na 
na 
na 

0.8 
0.8 
0.8 
0.6 
0.6 
1.0 
I .o 
0.6 
0.8 
1 

9.44 
9.03 
7.98 
7.90 
8.82 
8.90 
9.05 

9.94 
8.87 
9.22 
921 
9.1 9 
9.69 
9.85 

10.1 7 
10.1 0 
10.43 

5.60 

samples were agitated in sealed bottles for 4 hours before measuring pH (except D.I. H20) 
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185 
236 
175 
93 
79 
888 
735 

49 
234 
349 



The initial attempt to characterize ammonia volatihation fiom the SCR ash indicated that 
water absorption and the resulting pH may play an important role in the mechanisns 
involved. The behavior of the pH of a mixture of SCR ash and deionized water over a 
period of about 8 minutes is shown in Figure 4-1. Fifty milliliters of deionized water were 
allowed to come to pH equilibrium with the atmosphere and one gram of ash was then 
added while the mixture was stirred. The pH of the &my dropped immediately fiom 5.3 
to 3.7 and then rose rapidly until finally s t a b i i g  at 11.1. The volatibtion of the 
ammonium compounds on the ash to gaseous ammonia would be expected to begin as the 
pH rose to 9 and above. 

The results of a second closed-container volatilbtion expe*ent are shown in Table 4-5. 
Samples of condition 22 ash, prepared as in the first closed-container test, were analyzed 
after 1 , 2, 3, and 7 days. The air t e m p m e  in the laboratoxy was kept near 70 "F. 
Almost no ammonia was found in the sulfuric acid solution for the f5st three days (0.1 to 
0.2%), however, a si@cant percentageof the ammonia (87%) had transferred to the 
acid solution after 7 days. The weight gain of the ash samples, presumably due to 
absorbed water, was also measured. Almost no ammonia t r d e r  was noted when the 
weight gain of the 30 g ash Sample was 1.6% after three days, however, a significant 
percentage of the ammonia (87%) had transferred to the acid solution when the weight 
gain of the ash was only 2.1% after seven days. Ammonia recovery values for this 
experiment were very good (87.0 to 104.3%). 

A third closed-container volatilization experiment was conducted to determine when 
ammonia transfer fiom the ash to the acid solution O C C U K ~ .  Seven samples of condition 
22 ash were placed in separate containers along with beakers of 1:1 sulfiuic acid. 
Laboratory temperature was kept near 70 T. A container was opened and the ash and 
acid solution analyzed for ammonia daily for the succeeding 7 days. Table 4-6 shows the 
results of these tests. Most of the ammonia was transferred fiom the solid to the liquid 
between the fourth and sixth days. As in the earlier experiment, little ammonia transfer 
was observed until the ash weight had increased by 1.8% or greater. Figure 4-2 shows a 
plot of the hctions of ammonia on the ash and in the sulkric acid solution over the seven 
days of this experiment. This graph shows the rate of transfer of ammonia fiom one phase 
(solid) to another (gaseous). The two points fiom the fourteenth day and the sixteenth 
day fiom the earlier work were added to show the continuing nature of the ammonia 
volatilization. 

A dynamic volatilization experiment was also run in which a large volume of ambient air 
was passed over a sample of ash before being scrubbed of ammonia in a set of impingers 
filled with 0.1 N sutfuric acid. This experiment with ash in the sample container was run 
twice. To deteimine whether ammonia actually volatilized from the ash, a third, blank test 
was conducted in which the identical sampling procedure was followed, but there was no 
ash in the sample container. A set of 100 mL impingers, two containing 50 niT, of acid 
and a third serving as a trap, was used for the first test. Due to the small volume of acid 
and the long duration of the run, the liquid was lost by evaporation and it was necessary to 
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Figure 4-1. pH of a slurry of one gram of ash in fifty milliliters of deionized water. 
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Table 4-5. Summary of the second closed container volatilization experiment using ash collected 
! at 0.8 NHdNO, ratio. 

Test Duration, Initial NH3 On Final NH3 On Ash Mass Final NH3 in NH3 NH3 Recovery, 
days Ash, )lg Ash, c(9 Gain, % H2S04, pg Volatilized, % % 

1 7,054 6,965 0.9% 7 0.1% 98.8% 

2 7,053 7,344 1.3% 13 0.2% 104.3% 

3 7,167 7,144 1 -6% 0 0.0% 99.7% 

7 ’  7,184 333 2.1 % 5,920 82.4% 87.0% 



e 
2; 

Table 4-6. Summary of the third closed container volatilization experiment using ash collected 
at 0.8 NHdNO, ratio. 

Test Duration, Initial NH3 On Final NH3 Ash Mass Final NH3 in NH3 Volatilized, NH3 
days Ash, On Ash, pg Gain, % H2S04, ' %  Recovery, % 

7,358 

7,355 

7,325 

7,325 

7,425 

7,322 

7,331 

7,418 

7,285 

6,806 

6,949 

6,731 

6,918 

3,883 

1,258 

490 

0.8% 

1.2% 

1.5% 

1.7% 

1.7% 

1.8% 

1.9% 

2.0% 

* 6  

11 

6 
6 

7 
1,943 

6,056 

5,768 

0.1% 

0.2% 

0.1% 

0.1% 

0.1% 

26.5% 

82.6% 

77.8% 

99.1% 

92.5% 

94.9% 

92.0% 

' 93.2% 

79.6% 

99.8% 

84.4% 
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Figure 4-2. Transfer of ammonia from the solid phase to a sulfuric acid solution. 
Both the ash and the acid solution were in a in a sealed container. 



replenish the acid solution periodically during the firs& run which was terminated after five 
days (sample 115-NHx-ASH-01). For the second test and the third blank test, three 500- 
I& Smith-Greenburg hpingen, two co&g 200 mT., of 0.1 N sulfuric acid and the 
third Serving as a trap, were used (sample 115-m~-ASH-02 and blank 121-NHx-AsH- 
01). The second test was run for ten days. The blank test was mn for eight days. 

The analytical results of these three tests are shown in Table 4-7. A small, but measurable, 
mass of ammonia was collected in the impingers during aJl three tests, indicatixig that there 
was no measurable volatibtion of ammonia &om-the-dry-ash: The ambient air used for 
this-experiment-contained-an unlarown and unmeasured concentration of water vapor, but 
it was known to be well below the saturation point (< lW? RH). Thus, in this 
experiment, the water vapor could not be taken up to reach the nominal 2% level and 
therefore little N H 3  volatilization occurred. For this test then, volatilization was 
prevented, not by the dynamics, but by the absence of water vapor. 

Ammonia Extraction 

’ The extraction of ammonia in an addwater slurry was also investigated. A test matrix of 
nine samples defined by three different quantities of ash and three different pH levels were 
analyzed for ammonia content. Samples of approximately 1,2, and 3 grams of the 
condition 22 hopper ash were placed in fifty milliliters of deionized water, fifty milliliters 
of an acetate buffer, and in fifty milliliters of a phosphate buffer, allowed to stand for 24 
hours, and analyzed for ammonia concentration. The resulting pH levels and ammonia 
concentrations are shown in Table 4-8. Ammonia concentration of the buffered solutions 
agreed with predicted concentrations based on ammonia extractions in dilute sulfiiric acid. 
However, the ainmonia concentration of the ash samples extracted in deionized water 
were much lower than predicted. 

Two factors may have produced the lower ammonia concentrations observed in the 
deionized water slurry. First, a portion of the ammonia may not have been extracted fiom 
the ash, and secondly, the ammonia may have escaped fiom the open beakers as gas-phase 
ammonia. Because gas-phase ammonia is li’berated in solutions at higher pH levels like 
those observed when SCR ash was mixed with water, the water extractions were repeated 
using sealed bottles. The ammonia concentrations shown in Table 4-9 for the ammonia 
extractions in sealed bottles with deionized water were higher than when open beakers 
were used, but still lower than predicted. The ash filtrate was re-extracted in the acetate 
buffer solution with results as shown in the table. These results indicate that a portion of 
the ammonia escaped fiom the solution before the analysis was completed and that 
another portion was not extracted fiom the ash by the deionized water. 

I 



Sample 

Table 4-7. Dynamic ammonia volatilization experiment. 

Conc., 

N 

Liquid 
Ash Sample Dllution C14,mlas 

Mass' Volume, Factor 
ml g 

NH3 
Mass, 
NJ 

NH3 Conc. 
Air Volume, in Air, 
Standard L * ppm(v) 

(dry) ----- 
1 15-NHx-ASH-01 260 113.4 1 0.645 a9 23,263 0.005 

11 5-NHx-ASH-02 

121-NHB-ASH-01 

220 

0 

473.8 1 

388.9 1 
c x  .* 

0.201 

0.0601 

116 

28 

33,927 

12,178 

0.004 

0.003 



Table 4-8. Ammonia exttactionC from Test Condition 22 (0.8 NHJNOJ hopper ash atthree pH values. 

Buffer 1 
Buffer2 

1 1.0155 
1D 1 .os26 

2 3.0071 
2D 3.1297 

3 5.1103 
3D 5.2750 

4 1.0423 
4D 1 .1374 

5 3.074 
5D 3.0890 

6 5.0583 . 
6D 5.0772 

7 1.0153 
7D 1.0442 

8 3.0233 
8D 3.0824 

9 5.0525 
9D 5.0933 

3D spike (+ZO mo 
6D spike (+2.0 pgM) 
1 .OO STD 
D.I. &O blank 

4.62 
6.1 8 

4.8 
4.67 

4.67 
4-67 

4.67 
4.67 

6.1 6 
6.16 

6.17 
6.17 

6.1 8 
6.1 9 

9.10. 
9.19 

9.51 
9.54 

9.75 
9.67 

50 
50 

5 
5 

0.814 
0.852 

24? 
259 

243 
246 

B W l  
Buffsc 1 

50 
50 

Buffer 1 
B u & r l  

10 
10 

1-19 
1.26 

723 
765 

240 
244 

50 
5 0 .  

Buffer 1 
Buffer 1 

10 
10 

205 
219 

1245 
1330 

244 
252 

50 
50 

Buffer2 
Buffsc2 

10 
10 

0.485 . 
0.465 

294 
282 

283 
248 

50 
50 

Buffer2 
Buffq2 

10 
10 

1.15 
1-19 

693 
723 

227 
234 

50 
50 

Buffer2 
Buffer2 

10 
10 

1 66 
1 -84 

100s 
1117 

199 
220 

50 
50 

D.I. l+O 
0.1. ti& 

, l  
1 

1.69 
1 -68 

103 
102 

101 
98 

50 
50 

D.I. ti& 
D.I. l+O 

1 
1 

3.3 
3.3 

200 
200 

66 
65 

50 
50 

D.I. 
0.1. ti& 

1 
1 

4.05 
6.39 

246 
388 

49 
76 

4.14 
3.54 
1 -06 

O.O13/BDL 
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Table 4-9. Closed-container ammonia extractions from Test Condition 22 hopper ash in D.I. water. 

11 3.020 93.76 D.I. H2O 11.31 2 1.74 360 131 

12 5.000 96.38 D.I. H2O 11.45 2 3.44 805 161 

Re-extractions in acetate buffer, pH 4.8 
10 1.013 37.0 4.8 na 5 0,249 . 56 

11 3,020 42.9 4.8 na 5 0.254 66 

12 5.000 41 .l 4.8 na 5 0.306 76 

Extraction of ash in 0.1 N sulfuric acid 
Ash 1.004 42.5 25 0.232 299. 

55 

22 

15 

298 



Particle Size Dependency of Ammonia Concentration 

To investigate the dependency of ammonia concentration on particle size, two special tests 
were conducted at the outlet of the Reactor B air heater with a five-stage cyclone particle 
size instrument. This device which is operated in situ samples the flue gas isokinetically 
and then passes it though five sequential cyclones. Each cyclone is designed to remove a 
smaller size particle. For this test the cyclone "cut" Sizes were approximately 7.8,4.5,2.5, 
1.8, and 0.8 micrometers diameter (Stokes aerodynamic). 

Tables 4-10 and 4-1 1 show data summaries for the two cyclone tests at the outlet of the 
Reactor B air heater. The analysis of the distriiution of ammonia was confined to the ash 
actually captured in the five cyclone stages since a quantitative analysis of pre-collector 
and back-up flter material waq not conducted. For the purpose of this study, the median 
particle diameter for each stage, the mass of ash collected in each stage, and the mass- 
basis ammonia concentration of the particulate in each stage were of primary interest. The 
data in the tables confirmed that the ammonk concentration (mass basis) of the fly ash is 
strongly dependent on particle size. The ammonia concentration in the ash increased by 
nearly two orders of magnitude &om the 7.8 micrometer diameter particles to the 0.8 
micrometer diameter particles. This relationship is illustrated in Figure 4-3. A power 
curve is superimposed on the data to illustrate the apparent trend of the relation but is not 
meant to suggest any definitive relationship. 

The ammonia concentration in the ash was much higher in the d e r  particle sizes, but 
most of the total ammonia was found to reside with the larger particles simpIy because 
these comprise the vast majority of the ash mass. The ammonia distriiution is presented as 
a fiaction of the total ammonia resident in each particle size group in figure 4-4. The 
linear trend line superimposed on the data is included only to aid the visual presentation of 
the data and is not meant to show that any relationship has been conclusively 
demonstrated. The average total mass of ash collected for the two cyclone runs was 
6.026 grams and the average mass of ammonia extracted form all the ash was 528.7 
micrograms. These values give a ammonia concentration (mass basis) of 88 ppm(w) or 
micrograms of ammonidgram of ash. 

Figure 4-5 shows the cumulative ammonia distribution plot of the sum of all ammonia in 
the particle size at which the point is plotted plus all of the ammonia in the smaller particle 
size stages. These data imply that very littie slip ammonia will exit the stack when high 
efficiency particulate emission controls are in place since all detectable ammonia is in the 
solid phase at the air heater exit and most of the ammonia is associated with the Iarger 
particle sizes which are most readily collected. 

i' 
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Table 4-10. Summary of the first five-stage cyclone test. 

TEST DESIGNATOR: 
TEST TYPE: 
RUN NUMBER: 

Actual Flow Rate: 
Standard Flow Rate: 
016 isokinetic: 
viscosity: 
Calculated Cyclone AP: 

Cyclone 1 
INLET 

128.BAO-CYC-01 

0.889 ft31min 
0.532 ft3/mln 
96.57 % 

229.3E-06 g1g-S 
1.92 in. Hg 

Cunningham Ds, pm D50, W Cumulative Reynolds NH3 
Stage Correction (Classical (Stokes FWuencY, Number Jv/, Mass,g Conc., 

Fador Aerodynamic) Aerodynamic) 96 WfJ . 

1 1.033 7.639 7.765 15.7444 1461 0.195 5.1647 24.6 
2 1 .os9 4.277 4.402 5.0997 1858 0.158 0.6525 98.8 
3 1.109 2.333 2.458 1.7113 2475 0.136 0.2077 198.2 
4 1.158 1.616 1.739 0.3051 3639 0.172 0.0802 421.4 
5 1.401 0.677 0.802 0.2007 8085 0.172 0.0064 734.0 

Back-up Filter 0.0123 

Stage Cut Diameters Based on Particle Denstty = 2.5 g1m3 

Total Mass Concentration: 6780 mg/m3 (dry), STD 
4060 mg/m3 actual 
2.96 grlscf, dry 
1.77 grlacf 



Table 4-11. Summary of the second five-stage cyclone test. 

TEST DESIGNATOR Cyclone 2 ’ 

TEST TYPE: INLET 
RUN NUMBER: 128-BAO-CYC-02 

Actual Flow Rate: 
Standard Flow Rate: 
% Isoklnetic: 

Calculated Cyclone AP: 
Viscosity: 

0.866 rt3/mtn 
0.516 ft3/mln 
93.78 % 

229.3E-08 g/pS 
1.82 in. Hg 

NH3 * 
Reynolds Mass,g Conc., 

Cunnlngham 050, pm Dw, prp Cumulative 
Stage Correction (Classical (Stokes F W u e W ,  Numbr & 

Factor Aerodynamic) Aerodynamic) % W4.l 
1 1.033 7.781 7.907 15.5336 1423 0.196 5.0951 22.8 
2 1.058 4.393 4.51 8 5.0065 . 1807 0,160 0.6350 104.3 

- 3  1.108 2.399 2.522 1.7606 2409 0.138 0.1958 189.7 
4 1,154 1.660 , 1.783 0.3597 3543 0.174 0.0845 403.3 I 
5 1.387 0.698 0.822 0.2039 5924 0.174 0.0094 734.0 

0.0652 Back-up Filter 

Stage Cut Dlameters Based on Particle Density = 2.5 g/cm3 

Total Mass Concentration: 6880 mg/m3 (dry), STO 
41 00 mg/m3 actual 
3.01 gr/scf, dry 
1.79 grlacf 
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Figure 43.  Mass concentration of ammonia as a function of particle size. 
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Conclusions 

Almost no ammonia volatibd fiom the SCR ash until a sinificant amount of water 
vapor was absorbed by the ash. A plausible mechanism for the apparent volatilization that 
occurred is that enough wakr was gained by the ash to form a moist layer with a pH high 
enough to evolve gas-phase ammonia fiom the ammonium compounds on the ash. Neariy 
all of the ammonia on the ash evolved to the gas phase in the closedGontainer 
experiments. Ammonia concentdons in enclosed spaces will depend on the ammonia 
concentration of the ash, the volume of air above the ash available for dilution, and the 
presence of a humid atmosphere. 

The extraction of ammonia fiom By ash seems to depend upon pH. Evidently, all or nearly 
all, of the ammonia present was extracted in the bufFered solutions at pH 4.7 and pH 6.2, 
but not all was recovered in alkaline unbuffered adracts. In the pH 6.2 bufCer, however, 
the completeness of extraction seemed to fill off somewhat as the ratio of ash to buffer 
increased. At 3 g of ash per 50 mL of pH 6.2 buffer, the amount of ammonia extracted 
was about 200 pg/g, whereas at 1 g per 50 mL, the amount was near 250 pgg. 

The hopper ash that was collected at the same -Ox ratio as the suspended fly ash 
(ratio, 0.8) was extracted with sulfuric acid (at pH 1.7) and found to contain ammonia at a 
concentration of about 250 pg/g or about the same concentration as in the fly ash 
extracted with pH 4.7 bufCkr. The ashes differ in particle size and perhaps in ammonia 
content; ifthe hopper ash contains less ammonia, as may reasonably be suspected, because 
of its coarser particle size, then it is conceivable that the equivalent amounts of ammonia 
extracted fiom both ashes mean the pH 4.7 buffer is somewh.at less effective for extraction 
than the dilute sulfuric acid. The available data do not permit this uncertainty to be llly 
resolved. 

The effect of pH descriied above indicates that extraction is more complete when 
ammonia appears in the extract as the ammonium ion=* rather than the fiee base 
molecule NH3.  At pH 1.7, the ratio NH++/NH3 is approximately lO,OOO,OOO. At pH 4.7, 
the value decreases to about lO,ooO, and at pH 6.2 it is roughly 100. When the pH 
reaches 1 1, however, in the absence of a buffer, N H 3  is predominant, and the %+ ratio is 
only about 0.01. The correlation of extraction withN&+ion, however, cannot be 
explained theoretically. "he solubility of N H 3  is not limited in a practical way by pH. The 
volatility Of NH3,  on the other hand, is appreciable, and this property Of N H 3  may be 
substantially responsible for the data indicating that N H 3  is not completely extracted. 

It is surprising to see that the addition of ammonia apparently makes the ash more alkaiine 
(shown by comparing outlet ash with inlet ash). It is probably not the ammonia per se, 
however, that is responsible. Even without ammonia, the ash makes such a high pH in a 
duny that ammonia can contn'bute nothing as a base. Near pH 11, dissolved ammonia is 
too weak as a base to capture protons and thus exhibit the property of a base. Ammonia 
can capture protons when the pH is well below 9 and the proton concentration is relatively 



high. It cannot capture protons when the pH is much above 9 and the proton 
concentration is vecy low. In such an atkaline medium, the NE4 molecule is not reactive; 
its behavior is not very difkent fiom that of the water molecule. 

The paradox of increased slurry pX is likely due to an indirect effect fiom ammonia 
Ammonia will neutralize the sulfuric acid that would otherwise OCCUT on the ash dace. 
Ifsutfuric acid is nwttalized by ammonia, it is not available to neutralize other e d l e  
base in the ash and thus the pH of the slurry rises to a higher value. 
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section5 . 

INVESTIGATION OF METALS EXIL'RACTABILWY FROMFLY ASH 

The fourteen, isokinetically collected ash samples were received in our Birmingham 
laboratories and were cornposited to produce six samples, one representing each of three 
chosen N H a O x  molar ratios in the reactor at each of two sampling locations, one at the 
inlet to SCRReactor B and one at the outlet fkom the Reactor B air heater. Note that, 
because the upstream (inlet) samples were never exposed to ammonia in the reactor, all 
three of the inlet samples should have been essentially identical in composition "he target 
NHflOx molar ratios selected for this study were (nominaUy) 0.6,0.8, and 1.0. 

Through informal laboratory experimentation with another similar fly ash sample, we 
learned that the ash produces a solution pH of about 11 when combined with water in the 
ratio indicated above. We also leamed that the large reservoir of soluble base in the ash 
makes pH control at some other lower value impractical, as painstaking incremental 
additions of acid would have to be continued indefinitely to achieve apredehed lower pH 
level. Of course, a buffer a d d  be used to control pH, but the buffer itselfmight easiIy 
alter the extractabilities of certain metals, leading to erroneous conclusions about what 
might happen in an ash pond. In addition, the wastewater permits that we are aware of 
limit discharge pHs to the alkaline range. It was primarify for these reasons that, except 
for one specially prepared ash sample (0.8 NHJNOx molar ratio), we chose to forego any 
pH adjustment in these Sample extracts. 

The purpose in lowering the pH.of one of the samples was to give insight to the probable 
direction of extractability changes when fhctors in the natural environment overcome the 
high alkalinity of this ash. As noted below, the time interval at this lower pH value was 
transient indicating the reserve of slowly dissolving alkali in this ash. 

Each sample was subjected to an extraction process that was intended to at least roughly 
simulate the leaching that occurs when ash is sluiced or allowed to settle in an ash pond. 
That is, duplicate 5-g portions of each sample were accurately weighed into precleaned 
125-mL, polyethylene (Nalgene) bottles and combiied with 1oo-mL aliquots of deionized 
water. An extra sample of reactor outlet ash cOrreSpOnding to a NHJNOX ratio of 0.8 was 
similarly prepared for use in an experiment involving pH adjustment of the extract. Two 
extraction blanks were aIso prepared by adding 100 mL of deionized water to each of two 
empty bottles. Note that the above amounts of water and ash represent a water-to-ash 
ratio of 20: 1, which is a consistent, but conservative, ratio identified by the customer for 
sluicing operations. This ratio was also fixed at the lowest'reasonable value (consistent 
with the 20-to-25-g sample sizes that were available) to allow us to detect as many of the 
metals of interest as possible in the extracts. 



All sample and blank solutions were placed in stumbling apparatus and tumbled for 
approximately 96 hr. h u t  24 hr before the end of this period, however, the extra 
reactor outlet sample mentioned above was briefiy removed fiom the tumbling apparatus 
and combmed with 0.85 fiiL of 1.0 N sdfiuic acid. The sample pH immediately dropped 
to 7, then began to slowly increase. Ttre Tefion-coated magnetic Stir bar added to this 
sample to fsciltate the pH adjustment could not be removed fiom the solution without 
losing part of the ash sample. Thus, the stir bar was left in place, and another stir bar was 
added to one of the blanks to enable it to save as a blank for this sample._ Then all 
samples were returned to the tumbling apparatus, and tumbling was continued for the 
duration of the 96-hr agitation interval. 

. 

Mer the above d o n  process, each sample was removed fiom the tumbling apparatus 
and allowed to stand for about three days to pennit the undissohred ash to settle out of the 
solution. We then checked the solution pH with a pH meter and filtered the aqueous 
phase through an Acrodisc syringe filter into a precIeaned 125-mL polyethylene (Nalgene) 
bottle. From each filtered sample, a 25-mL+ aliquot was transferred to a precleaned 60-mL 
amber glass bottle for mercury determination. The remainder was reserved for microwave 
digestion and analysis for other metals. The pertinent sample-preparation data are 
synopsized in Table 5-1. 

Preparation of Fly-Ash Extracts for Analysis 

The sample extracts were dhmtely andyzed for all metals that were thought to be 
pertinent to the problem at hand, including the 20 metals that were previously determined 
in Plant Crist fly ash d c  (As), barium @a), beryllium (Be), cadmium (Cd), cerium 
(W, cob* (W, chromium (cr), copper (W, mercury Wg), manganese W), 
molybdenum (Mo), nickel @Ti), lead (Pb), rubidium (HI), antimony (Sb), selenium (Se), 
tin (Sn), strontium (Sr), vanadium 0, and zinc (Zn). In addition, we also analyzed the 
extracts for silver (Ag), boron @), phosphorus (P), thallium or), duminum (At), calcium 
(Ca), iron @e), and magnesium (Mg). 

The sample artracts were prepared for Hg analysis essentially by the preparation method 
given in EPA Method 7470. Using this method as a guideline, we diluted a 10-mL aliquot 
of each extract to 100 mL. The diluted solution was transferred to a BOD (biological 
oxygen demand) bottle and combined with 5 mL of concentrated sulfiuic acid, 2.5 mL of 
concentrated nitric acid, 15 mL of 5% (w/v) aqueous potassium permanganate, and 8 mL 
of 5% (w/v) potassium persulfkte. The bottle was then placed on a hot plate at 95 "C for 
2 hr. Afterward, the sample solution was cooled and combined with 6 mL of an aqueous 
reagent solution consisting of 12% (w/v) hydroxylamine hydrochloride and 12% (w/v) 
sodium chloride. 

For the purpose of matrix matching, the calibration standards were treated in the same 
manner as set forth above. A digestion blank and an independent QC sample (i.e., water 
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Table 5-1. Sample Preparation Data for Plant Crist SCR Fly Ash Samples 

Reactor B Inlet Samples 

SamdeNo. NH?MO, AshWei0ht.q d Volume. mL Final DH 
1A-1 , 0.8 5.00 92 100 11.1 
1A-2 0.8 4.9848 100 11.4 
2A-1 0.6 5.0093 100 11.3 
2A-2 0.6 5.0161 100 11.2 
3A-1 1 .o 5.0080 100 11.3 
3A-2 1 .o 5.0022 100 . 11.3 

Reactor B Air Heater Outlet Samples , 

Sample No. 
1 5 1  
1 5 2  
1 &3* 
251 
2 5 2  
3 5 1  
3 5 2  

0.8 
0.8 
0.8 
0.6 
0.6 
1.0 
1 .o 

Ash Weioht. Q 
5.01 39 
5.0028 
5.0026 
5.0012 
5.0062 
5.0071 
5.01 71 

Extract Volume. mL 
100 
100 

100.85 
100 
100 
100 
100 

Final DH 
11.3 ‘ 

11.3 
9.1 
11.4 
11.3 
11.7 
11.7 

Extraction Blanks 

SamdeNo. NHaO, AsbW einht. Q Extract Volume. mL Final DH 
100 5.5 - 100 5.5 

WB-1 - - 
WB-2 I 

“This sample received 0.85 mL of 1 .O N sulfuric acid in an attempt to adjust its 
pH downward (see text). 
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containing spiked mercury at a level that was unknown to the analyst) were also prepared 
in this way. Furthermore, two additional aliquots of one of the real samples were spiked 
with mercury and carried through the above preparation procedure exactly like the other 
samples. Real samples spiked and treated in this manner are refmed to subsequently in 
this report as "matrix spikes". 

For determinations of all other metals except Rb, the sample extmcts were digested 
according to EPAMethod 3015 -Microwave Assisted Acid Digestions for Aqueous 
Samples and Extracts. That 4 a 40-nrT, aliquot of each sample was placed into a Teflon 
microwave digestionvessel. M e r  the addition of 5 niL, of concentrated nitric acid to each 
vessel, the vessels were capped and placed in the microwave oven. The samples were 
heated for a total of 20 min in a two-stage heating program. After a brief cooling period, 
0.5 mI, of an internal standard solution (scandium, Sc) was added to each vessel, and the 
contents of each vessel were rinsed into a 50-mL polyethylene (Nalgene) volumetric flask 

. After mixing the solutions, we transferred them to 125-mL Ndgene bottf&. 

Two separate digestions of the type descriied above were required to prepare all of the 
samples. Thus, each digestion run included a digestion blank. In addition, a certified QC 
simple was included in one of the runs. Moreover, two matrix spikes were prepared as 
descriied previously, i.e., by spiking a real Sample with the elements of interest. The spike 
levels were chosen to be roughly the same as the natural @e., unspiked) metal 
concentrations in the sample, as determined in a prehinary analysis of the sample in 
question. Ifthe natural metal concentration was at or below our detection limit, then the 
sample was spiked with that metal at a concentration that was very close to the detection 
limit to enable us to iden@ even'minor spectral and matrix interferences. AU metals of 
interest were included in the matrix spikes except Ca and B, which were present at such 
high levels that a comparable spike would have required an unacceptable expansion of the 
solution volume. For all 8118fyses, calibration standards were made up in 5% (vh) nitric 
acid fiom certified 1000-ppm stock solutions. 

For determinations of Rb, the sample extracts were not digested; they were merely 
combined with concentrated nitric acid to form a 5% (v/v) solution and fbrther combined 
with potassium chloride to form a 0.2% (wh) solution. 

Analysis of Sample Extracts 

All metals except Ha, Pb, TI, and Rb were initially determined by inductively-coupled 
plasma atomic emission spectrometry (ICPAES). The ICPAES conditions and methods 
were essentially those set forth in EPA Method 60 10. The instrument was a Perkin-Elmer 
Plasma 400 Spectrometer with QC Expert software and an AS-90 Autosampler. A six- 
point calibration curve (including a calibration blank) was used for each element except 
As, which tends to fkU out of solution at high concentrations when other metals are 
present at high concentrations. For As, therefore, we used a five-point calibration cucve 
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covering a relatively short concentration range. A calibration check standard was 
analyzed at thebegirming and end of& instnunen tal run. To check for spectral 
interferences, As, Sb, and Se were adyzed at each of two wavdengths. Au qmtitation 
was performed by computing the ratio ofthe response fiom the andyte to the response 
fiom the internal standard (Sc). 

Graphite-hmace atomic absorption spectrometry (GFAAS) was the only analysis method 
used for determining Pb and Ti. In addition, after we reviewed the ICPAES data, we 
decided to use this techuique also to redetermine Ag, As, Cd, Cu, and Sb, *-in an 
attempt to achieve lower detection limits. A calibration check standard and two 
calibration blanks were xun essentially as descriied above for ICPAES. A 20-ppm Ni 
solution was used as a matrix modifier for the TI, As, and Sb amlyses. Our GFAAS 
methods were adapted &om the 7000 Series of methods promulgated in EPA SW-846. 
The instrument used for this work was a Perkin-Elmer Model 3 100 Atomic Absorption 
Spectrometer equipped with an HGA-600 Graphite Furnace assembly, au AS40 
Autosampler, and Perkin-Elmer 5100 Software. The instrument uses deuterium 
background COK&OII, electrodeless discharge lamps (for As and Sb), hollow cathode 
lamps (for aU other elements), and a pyrmated graphite tube fitted with a L'vov 
platform. 

' 

After a review of the GFAAS data for Cu, we decided that the ICPAES method had . 
provided a slightly better detection limit; hence, the Cu data reported here are those fiom 
the ICPAES andyses. But for those samples that yielded an unambiguously positive 
ICPAES response to Cu, we were able to confinn the found concentrations fiom the 
GFAAS data. 

Our Hg analyzer, a PSA Analytical Merlin.Plus System with a hydriddvapor generator 
and an autosampler, has the unique feature of analyzing samples simultaneously by two 
different methods: atomic absorption and atomic fluorescence. The atomic fluorescence 
unit is the more sensitive one; it is able to measure Hg concentrations down to about 20 
parts per trillion in caliiration standards. With regard to caliiration check standards and 
other QC samples, this instrument was evaluated during u& in much the same way as the 
others. 

Determinations of Rb were carried out by the atomic emission technique on a Perkin- 
Elmer Model 2380 instrument. A slot-type &-acetylene flame was used as the emission 
source. Again, QC checks were much the same as for the other instruments. 

In this test program, we used an aggressive but risky definition of detection Iimit. 
Specifically, we chose to report numerical concentration values for all andyte responses 
lying more than one standard deviation above the average response to two digestion 
blanks, two calibration blanks, and two extraction blanks. (There were generally no 
signi6cant differences in response fiom these three merent types of blanks.) In a table of 
normal curve areas, one finds that about 14% of blank responses can be expected to lie at 

'F ,'. . 
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or beyond one standard deviation above the average blank value, assuming that the blank 
data at least rou- &proximate a mmul distn’bution. ~ h u s ,  the risks associated with 
this approach, Le., the risk of mistaking a blank response for an w e  signal (and vice 
versa), are @e significant. 

However, this approach also mrudmizes the usefut quantitative information obtainable 
fiom those analyses where the d y t e  is present at or near the detection limit. Note that, 
ifthe odds are about 14% that 
standard-deviation cutoe then the odds are substantially less than 14% that two 
successive blank measurements will fall at or above this level. Thus, one can examine the 
results oftwo or more replicate analyses and of€en make reasonably sound, low-risk 
judgments about-the validity of response data that might otherwise have been discarded 
because they were too close to the detection limit. Nevertheless, all response data lying 
between one and three standard deviations above the average blank response are, in this 
report, enclosed within parentheses to &&light their tenuous nature. 

blank measurement will fall at or above the one 

Test Results 

Table 5-2 contains the chemical analysis data for the Plant Crist fly-ash sample extracts. 
Note that the table reflects duplicate analyses (ReplicateNo. 1 and Replicate No. 2) of 
each sample extract. In cases where the response to a partidar metal wuld not be 
distinguished from the blank response, the found concentration was reported as “less than” 
(<) the detection limit. 

From the data of Table 5-2, we concluded that Ag, Be, Ce, Cy Hg, Mn, N h  Pb, Sn, “I, 
and Fe were present at such low levels in most of the sample extracts that they could not 
be determined with any confidence. Atthough some samples produced detectable amounts 
of some of these elements, most samples yielded either no detectable response or a very 
weak response, so that no conclusions wuld be drawn with regard to the effects of 
ammonia on the extractabilities of these metals. Hence, all statements in this report about 
the effects of ammonia on the extractabiities of the metals should be interpreted to pertain 
only to the detectable metals in our study. 

We compared the data of Table 5-2 with the results of previously obtained anaIyses of two 
fly-ash samples from Plant Crist with a view toward roughIy estimating the &action of 
each metal extracted in ow experiments. We found that the fkction of the metal content 
extracted fiom the ash in the present study ranged from about 0.1 down to <0.001 for the 
majority of metals for which fly-ash adysis’data were available (Le., all metals of interest 
here except Ag, B, Ce, P, AI, Ca, Fey and Mg). Very high extractabiities, roughty on the 
order of 0.5 (50%) to 1.5 (150??), were estimated for Mo and Se. This result for Se may 
be explained on the basis of the very high voIatility of selenium dioxide at the temperature 
of the reactor inlet, but much reduced volatility at the air heater outlet.. That is, most of 
the Se in the fly ash at the air heater outlet might reasonably be expected to be present as a 



Table 5-2. Metafs Concentrations in Extracts of SCR Fly Ash Samples 

EIement 

A0 

A8 

Be 

Ba 

Be 

Cd 

ce 

co 

Cr 

cu 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

Concentration, mglmL (ppb) 

e 5  
4 . 5  
e 5  

104 
86.9 
93.6 

15 
17 

16.3 

192 
198 
200 

6.09 
6.09 
6.09 

1.32 
0.712 
0.55 

46.2 
462 
-46.2 

(6.44) 
(1 0.2) 
6.76 

74.9 
84.8 
109 

-3.21 
e 2 1  
(4.W 

e 5  
(2.5 
-2.5 

101 
84.4 
90.8 

15.1 
18.9 
18.3 

191 
215 
241 

(5.25) 
(5.25) 
6.09 

0.488 
3.68 
0.475 

46.2 
46.2 
46 .2  

6.76 
(11.4) 
(8.23) 

66.5 
82.8 
91.9 

-3.21 
(3.21 
(3.53) 

(2.5 
(2.5 
-2.5 

103 
85.6 
92.2 

15.1 
18 

17.3 

192 
207 
221 

6.25 
-6.19 
6.09 

0.904 
2 2  

0.513 

462 
4 6 2  
46.2 

4.10 
10.8 

c7.00 

70.7 
83.8 
100 

4.21 
4.21 
4.1 
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Reactor Air Heater Outlet 
ReDticateReP[icate 
#la 

e 5  
e 5  
-2.5 

68.6 
67.3 
53 

1018 
125 
11.3 

21 1 
226 
271 

(5.09 
(5.09 
(5.09 

*0250 
224 

c0.250 

46.2 
46.2 
46.2 

(9.91) 
(5.76 
(11.4) 

59.3 
81.5 
84.1 

(3.40) 
12.4 

-3.21 

rr 
e 5  
e 5  
e 5  

64.9 
60.5 
49 

11.9 
14 

125 

238 
264 
294 

6.05 
4.09 
6.09 

~ 0 2 5 0  
4 2 5 0  
(0250 

462 
(50.2) 
4 6 2  

(122) 
13.9 

(128) 

60.6 
n.6 
73 

(7.08) 
-321 
-3.21 

c25 
e 5  
e 5  

66.8 
63.9 
51 

11.4 
13.3 
11.9 

225 
245 
283 

*5.!57 
S5.09 
(5.09 

(0.250 
cl  2 5  
4.250 

46.2 
(48.2 
46.2 

11-1 
~9.83 
121 

60 
79.6 
78.6 

5.24 
(7.81 
~3.21 

e 5  

98.8 

17.9 

142 

5.66 

1.4 

4 6 2  

6.76 

69.1 

4.91 

‘ I  

‘ I  



Table 5-2 Metals Concentrations in Extracts of SCR Fly Ash Samples, continued 

Concentration, mglmL @pb) 

Mn 

Mo 

Ni 

P 

Pb 

Rb 

Sb 

se 

Sn 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

0.6 
0.8 
1 

4.200 
4.200 
4.200 

9.240 
a.240 
3.43 

722 
81 0 
771 

4.60 
(6.60 
(1 3.0) 

(98.8) 
(105) 
~76.1 

4.25 
6.25 
(6.25 

140 
140 
120 

116 
116 
97.4 

48.8 
48.8 
48.8 

(22.0 
-0 
rt2.0 

4.200 
C0.200 
9.200 

9 2 4 0  

9 2 4 0  

743 
866 
877 

4-60 
4.60 
4.60 

(irQ.6) 

Cn.1) 

4.25 
4.25 
4.25 

140 
140 
120 

103 
124 
89.6 

48.8 
48.8 
48.8 

~ 0 2 4 0  

(95.21 

(24.0) 
e . 0  
e . 0  

< O m  
9 2 0 0  
9 2 0 0  

e0240 
~0.240 
4.84 
733 
838 
a24 

4.60 
4.60 
4-80 

89.2 
100 

~76.6 

4.25 
4.25 
4.25 

140 
140 
120 

110 
120 
93.5 

48.8 
48.8 
48.8 

e3.0 
42.0 
42.0 

Reactor Air Heater Outlet 
Repficate Redcate Averane. LowpH 
#l' rr Sampkb 

4.200 
4.200 
4.200 

4.240 
(0.28) 
4.240 

737 
745 
758 

(1.79) 
68 

(9.80) 

~76.1  
(76.1 
~76 .1  

(6.25 
(6.25 
(6.25 

120 
100 
80 

65.1 
47.6 
33 

244 
469 
350 

(22.0 
(22.0 
-22.0 

9.200 
4.200 
<0200 

9 2 4 0  
e0.240 
4.240 

798 
844 
835 

(8.24) 
4.60 
4.60 

~76.1 
~76.1 
(76.1 

e.25 
4.25 
4.25 

120 
loo 
80 

57.5 
54.5 ' 

30.6 

228 
518 
390 

-22.0 
a . 0  
-22.0 

c0.200 
e0.200 co.200 
e0.200 

s0.240 . 

4.240 
(0.26 2.63 

867 
795 
797 

8.02 
97.3 
~8.20 

e76.1 
~76.1 
~76.1 

(6.25 
~6.25 
(6.25 

120 
100 
ao 

61.3 
51.1 
31.8 

236 
494 
370 

(22.0 
(22.0 
a . 0  

880 

9.75 

92.5 

4.25 

100 

1 52 

516 

(22.5) 



Tablo 5-2. Metals Concentratlons in Extracts of SCR Fly Ash Samples, contlnued 

Concentration, m@mL (ppb) 

Element 

SrC 

Ti 

V 

zn 

Al' 

Cae 

Fe 

Mg 

Reactor Inlet Reactor Air Heater Orrttet 
NHWOx R e a t e  Redicate Averaae Replicate Repticate A v w e  LowpH 

#l* wr #la n' Sampleb 

0.6 1.02 1.14 1.08 0.974 1.16 1.07 
0.8 1.03 1.16 1.1 0.965 1.07 1.02 1.07 
1 0.954 1.06 1-01 0.878 0.945 . 0.912 

0.6 4 2 5  42.5 4 2 5  42 .5  4 2 5  42 .5  
0.8 42.5 42.5 42.5 4 2 5  4 2 5  (125 4 2 5  
1 4 2 5  42.5 4 2 5  42 .5  4 2 5  42 .5  

0.6 203 243 223 247 295 271 
0.8 280 329 305 265 300 283 124 
1 250 289 270 198 230 214 

0.6 71.6 4-10 a . 9  77.8 4 . 1 0  43 .0  
0.8 (11.3) 4 .10  G.7 19.9 4 . 1 0  ~ 1 4 . 0  38 
1 25.5 19.2 22.4 86 4.10  47.1 

0.6 6.21 5.99 6.1 0.761 0.792 0.777 
0.8 5.73 6.48 6.1 1 2 7  269 2.7 217 
1 6.09 5.83 5.96 0.448 0.49 *. 0.469 

0.6 31 8 298 308 299 292 296 
0.8 317 303 31 0 310 297 304 455 
1 302 296 299 306 303 305 

0.6 (47.7) (37.8 M2.8 -7.8 97.8 e37.8 
0.8 (37.8 47.8 47.8 (38.1) 97.8 -38.5 129 
1 97 47.8 67.4 56.4 97.8 47.1 

0.6 39.6 42.1 40.9 61.3 64.4 629 
0.8 58.5 66.3 62.4 54.6 56.5 55.6 12,500 
1 38.4 34.5 36.5 43.1 36.8 40 

These columns contain the concentrations for RepScate #l and Replicate #2 of the 
indicated sample types. 

Thii column contains the concentrations for the extra sample from the Reactor B air heater 

The concentration da@ for these metats are expressed in un'b of @mL (ppm), rather 

outletthatwas subjected to pt.r adjustment during the extraction procsss (see text). 

than in the u n b  indicated at the top of the cdumn. , 



condensate on the &ce of the ash, where it would be relatively easy to extract. But we 
currently have no explanation for the high extractability of Mo. 

The data of Table 5-2 appear to suggest that exposure of the fly ash to ammonia enhanced 
the exbadability of Se and possiily also Ba. But the apparent enhancement of Se 
extractability is probably due to the condensation of Se on the reactor outlet @-ash 
particles, as explained above. The observed effect on Ba was quite we& the average 
increase in Ba extractabi  due to ammonia exposure was 22%. This is such a d 
increment that it may not be real. In other words, a Variation of this magnitude could have 
resulted fiom a combiion of wiabiity in sample composition and error in analytical 
measurement. However, the data do reflect a consistent upward trend in Ba extractability 
as the NJNOX ratio increases. This observation, together with the consistently higher Ba 
extractabifties in the reactor d e t  samples (versus the inlet samples), leads us to suspect 
that the observed effkct of ammonia on Ba extractability may be genuine, but leaves the 
unanswered question as to the mechanism for the effect. 

. 

None of the other detectable metals appeared to undergo an extractabiity enhancement 
due to ammonia exposure. Indeed, the ammonia exposure actually seemed to diminish the 
extractabiities of several metals, most notably Al, Cd, and Sb, and possibly also P, By Rb, 
and As. Exposure to ammonia seemed to have no effect on the extractabiities of Cr, Mo, 
Co, Sr, V, Zn, Ca, and Mg. 

Correlations. between metal extractabity and NH&VOx ratio were frequently inconsistent 
and hence inconclusive. Apparently, the combined &xts of variabiity in sample 
composition and variabiity due to analytical error were often sufficient to mask any effects 
caused by the intentional variation of the NHJNOX ratio. As has already been noted, 
however, there was a consistent trend of increasing Ba ex traWiwi th  increasing 
NH3/No, ratio. In addition, the opposite trend, i.e., decreasing metal extractability with 
increasing NHJNOx ratio, was observed for several other metals, e.g., Rb, Sb, Asy and 
Mg. Note that, for each of these metals except Mg, this trend was consistent with the 
extractability-decreasing effect of ammonia exposure (versus no ammonia exposure) that 
was obsewed for these metals. 

In the last column of Table 5-2, data are given for the sample in which a pH adjustment 
was attempted. In this column, one sees that the pH acijustment greatly enhanced the 
extractabiity of M g  fiom the fly ash. It may also have enhanced the extractabiities of Mn, 
Ca, As, and Fe. Some of these observations are explainable on the basis of the dfiering 
solubilities of the corresponding metal hydroxides at the two pH levels (see Table 5-1). 
For example, the solubility of M g ( 0 Q  at pH 11 is markedly lower than it is at pH 9, and 
a similar but d e r  solubility difference exists for Mn. But this explanation may not filly 
account for all of the observed solubility increases. 



QC Data 

Our QC data generally indicated very few problems with interferences, diration errors, 
and so on. Responses to both extradon blanks were uniformy below or (occasionally) 
very near our detection'limits for all metals except Hg. For Hg, our blank responses were 
more than twefold higher than our detection limit. But no Hg blank response above the 
detection limit was obtained for any of the real-sample extracts. Thus, the background Hg 
in the real-sample exttacts may have been precipitated by the alkalinity or absorbed by the 
flyashintheseextracts. 

Among the more revealing-QC samples-are-the-rnatrix-qikes: Because they represent the 
recovery of spiked analyte &om the actual sampleextract matrEq-they are-capable of 
identifjing the presence of 8 variety of different types of matrix and spectral interferences. 
Hence, the matrix-spike recoveries are summaflzed m Table 5 3  and are d i d  M e r  
here. In view of the very low spike levels that were used in this work we considered the 
vast majority of these recoveries to be dsfktory for the intended purpose. 

However, the recoverieS for Sb and Fe were systematically high, which suggested a 
possible matrix or spectral interference in each case. Moreover, the recovery of Sn'was 
erratic; this is a common problem with this element. But Sn and Fe were not detected at 
high enough levels in the sample extracts to enable us to draw any conclusions with regard 
to the effects of ammonia Therefore, these interferences were of no particular 
significance to this study. But the problem with Sb is significant to the extent that the 
absolute magnitudes of the Sb found concentrations may be in error. However, the 
precision of the Sb responses was good, and thus the observed changes (ie., trends) in Sb 
extractabiity as a hct ion of ammonia exposure were, in our opinion, quite valid. 

Conclusions 

We concluded &om this study that the extractabii of Ba fiorn fly ash by water is slightly 
enhanced by prior exposure of the fly ash to ammonia m the SCR system. In addition, the 
magnitude of this enhancement depends directly on the magnitude of the WJNOx ratio in 
the SCR unit. Ofthe 16 additional metals that could be detected in the fly-ash extracts, 
none displayed what we considered to be genuine enhancements in extractabii, and 
several exhibited decreases in extractability as a result of exposure of the fly ash to 
ammonia. Although one of these metals - Se - displayed a large apparent increase in 

. extractabiity on exposure to ammonia, we concluded that the Se found in the reactor- 
outlet sample extracts must have condensed fiom the gas phase onto the fly ash at the 
reactor outlet. Finally, a deliirate downward adjustment in the pH of one sample 
solution caused enhancements in the extractabiities of several metals, most notably Mg, 
but also Mn, Ca, As and Fe to a lesser degree. 
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Table 5-3. Recoveries of Matrix Spikes 

Matrix Spike Recovery, W 

Element Matrix Matrix Avemge 
se&!au.-- 

As 
As 
B 

Ba 
Be 
cd 
ce 
co 
Cr 
cu 
Hs 
Mn 
Mo 
Ni 

m 
91 

a 

105 
87 
76 
111 
84 
108 
121 
89 
92 
104 
90 

- 
104 
108 

a 

95 
86 
130 
114 
94 
118 
128 
93 
91 
100 
1 02 

- 
100 
100 

100 
87 
103 
113 
89 
113 
125 
91 
92 
102 
96 

a - 

Matrix Spike Recovery, K 

Element Matrix Matrix Average 
SDikeW SDike#Z Recovery 

P 
Pb 
Rb 
Sb 
Se 
Sn 
Sr 
TI 
V 
zn 
AI 
Ca 
Fe 
Mg 

110 
122 
1 02 
159 
100 
228 
99 
106 
100 
91 
106 

a 

127 
104 

- 

118 114 
1 24 123 
102 1 02 
145 I 152 
1 02 101 
71 150 
96 98 
108 1 07 
100 100 
94 93 
119 113 

a 

193 160 
89 97 

- a - 

a No matrix spikes were attempted for B and Ca because of their high natural concentrations 
in the samples (see text). 
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.. 
The results of our d y s e s  raise several questions requiring discussion fiom theoretical 
perspectives: 

* Should ammonia alter the m i  of any of the metals? 

* Could thevery marked appareat increase in the-ktmtabii  of selenium actually 
be due to ammonia rather than the temperature change already suggested? 

* How can the increase in extractability of bariunibe explained? 

* How can the decreases in srtractabity of certain other metals be explained? 

Increase in metal solubility due to comulex ion formation with ammonia 

Several metals react with ammonia to form a series of complex ions. This phenomenon is 
illustrated by the following reactions beginnins with Co”’ion: 

co+2 + N H 3  = Ki 

co(NH3)+2 + N H 3  = K2 

Co(m3)+*  + N H 3  = co(NH3)3+2 K 3  

co(NH3)+2 + m3 = c0(N&)c2 & 

The enhanced solubility of cobalt can be expressed as the ratio R of total dissolved cobalt, 
including the complexed and uncomplexed metaJ, to the uncomplexed metal as a function 
of the several complexation constants and the concentration of excess, uncomplexed 
ammonia: 

R = potal Comncomplexed Co] 

The values of the logarithms of these complexation constants involving CO”~ ,and M3 are 
approximately as follows: 

10gK2=3.50 

log K3 = 4.43 

log ]E4 = 5.07 
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Ifthe concentration of urrcomplexed N H 3  is, for example, 0.009 M, the value of the ratio 
R is 1.32. Ifthere-were-no other form of cobalt in solutio4 then, the presence of N H 3  in 
an amount providing an uncomplexed Concentration of0.009 M would increase the 
solubility of cobalt by 32%. 

The compilation of complexation constants published by Bjemun indicates that there are 
six metal ions that are significantly complexed by ammonia These are the ions of 
cadmium, cobalt, copper, nickel, silver, and zinc. All but silver produce at least four 
complexes as illustrated above for cobalt; silver, on the other hand, produces onlythe 
complexes with one and two moles of ammonia Bjermm lists several sets of values for 
the compfexation constants of each metal; the reader cannot easily establish the best set of 
values for each metal. For the present purposes, however, a set of approximately correct 
values has been selected for each metal; these sets ofvalues are presented m Table 5-1 
(the selected set for cobalt is the same as the one listed above in the text). The ratios of 
concentrations of each metal in all forms to that in uncomplexed form have subsequently 
been calculated, with the results given in Table 5-2. As before, the uncomplexed 
concentration of N H 3  was assumed to be 0.009 M (a d u e  to be commented upon 
momentarily). 

The concentrations ratios listed in Table 5-2 are provisional values only, which require 
M e r  discussion. "hey indicate, however, that ammonia has a Ew greater solubilizing 
effect on copper than on any of the other metals, because of course the complexes based 
on copper are more stable than those of any other metal. For copper, the multiplying 
factor is 5430; for cobalt it is just 1.32. 

The assumed value of 0.009 M for uncomplexed ammonia is more than of incidental value. 
Suppose that ammonia is retained by fly ash at a concentration of 1000 @g, a value just 
slightly higher than that measured for any m3/NOx ratio in this investigation. Ifthis ash 
is then placed inwater m the ratio of 5 g per 100 niL and all the ammonia goes into 
solution, the ammonia concentration will be 0.009 M. Moreover, if only a very much 
d e r  concentration of a metal is extracted, as in aIl solutions analyzed in this 
investigation, the wncentmtion of uncomplexed ammonia will remain near 0.009 M. This 
concentration, then, and the results in Table 5-2 based on this concentration have a 
provisional applicability for predicting enhanced metal extractabiities in this investigation, 

. 

None of the observed enhancements that can be assigned numerical values clearly 
conforms to the prediction. This perhaps can be said most emphatically for copper, for 
which the enhancement seems certainly not to be three orders of magnitude. Whether 
silver satisfies the prediction of an enhancement by the &tor 158 cannot be said, because 
this metal was not measurable with or with ammonia added. Cadmium is not enhanced by 

3. Bjermm et al., S t a b i i  Constants of Metal-Ion Complexes, with Solulbiity Products of 
Inorganic Substances, Part II: Inorganic Ligands, The Chemical Society, London, 1958. 
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a factor of 2.26 but instead seems to have been diminished significantly. Cobalt, nickel, 
and zinc are diflicult to discuss because of the ambiguous data. 

What can be said about the erroneous prediction for copper? Probably the explanation lies 
in the amphoteric character of this metal, which makes the simple uncomplexed metal ion 
relatively unimportant at the high pH values of the ash extracts investigated. The 
amphoteric character of copper is illustrated by the following equation: 

+ 40H = Cu(0€€J2 

The equilibrium constant for this process is about 1 x lox6 and at pH 11 the concentration 
ratio of the hydroxide complex (more often called cuprate ion) to the uncomplexed ion is 
about 10,OOO. Thus, the complexing action of hydroxide is greater than that of ammonia, and 
the large enhancement in solubiity due to ammonia cannot be readily seen. Ifammonia 
increases the solubiity of the fiee metal ion by the factor 5,000 and hydroxide does so by the 
factor 10,000 at pH 11, the net eff'ect of ammonia alone will be to increase total solubility by 
just the factor 1.5. 

Zinc also is amphoteric and would have the s o l u b i i g  effect of ammmia damped by the 
corresponding but stronger effect of hydroxide. The other four metals of concern are not 
amphoteric but still, with the exception of silver, would not be strongIy affected by 
ammonia. As &dicated before, silver may be influenced strongly by ammonia in a relative 
sense but not enough in an absolute sense for the eff'ect to be measured. 

Increase in the extractabilitv of selenium 

There is the possibility of a reaction between S a ,  the volatile form of selenium, and NH3 
to cause deposition of selenium on the ash surfkce: The r*ion is the reduction of the 
oxide to the much volatiIe metak 

3 S a  + 4NH3 = 3Se + 2 N 2  + 6 H 2 0  

The literature discusses this reaction and cites the utility of the reaction for refining elemental 
selenium fiom the oxide (the process entailing oxidation of the crude element to the volatile 
oxide and the subsequent reduction of the latter with NH-J). Chemists at Southern Research 
Institute have identified the reaction as an explanation for deposition of an orange film 
(elemental selenium) on baghouse filters when ammonia is used for conditioning .the filter 
cake to lower the pressure drop across the deposit. 

We cannot state which is the more probable process - deposition of S a  as the resuIt of the 
temperature reduction or deposition of elemental selenium as the result of the oxide reduction 
with ammonia. Attributing the increased extraction of seIenium to the first ofthese processes 
seems the more natural choice, however, because of the very sharp reduction in volatility of 
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S a  between 700" anci 300" F. The reduction in volatitity fiom that of S a  to that of the 
element at 300" F provides a less dramatic driving force for the deposition of selenium. 

Increase in extractabilitv of barium 

Bjermm'gEves no indication that barium reacts with ammonia to produce complex ions. 
Thus, if ammonia is the cause of increased extractabiity of this metal, the effect must be 
through another mechanism, none of wfrich is apparent as a direct process. Conceivably, the- 
effect on barium is not due to ammonia wen indirectly. It may be the result of the change in 
temperature that accompanied the addition of ammonia-(because samples containing 
ammonia were collected after the temperature had decreased in a heat exchange process). 
No way to explain an increased extractablity of barium at a lower sampling temperature, 
however, is evident. Specifically, no process analogous to the condensation of S a  on ash 
surfhes as the temperature M s  can be postulated. Barium is essentially as involatile at the 
higher temperature (around 700' F) as at the lower temperature (300' F). 

Decrease in extractabilitv of other m e w  

These effects occutred with severg metals and require commentjust as does the contrary 
effect with barium. It is reasonable to ask the question of whether processes can be 
suggested whereby ammonia directly or indirectly lowers metal solubility. There are rare 
processes if any that produce relatively insoluble aggregates of a metal ion with ammonia. 
None can be suggested that are associated with those metals that seems to have decreased 
extrslctabity fiom fly ash as the result of the presence of ammonia. 

Aluminum is perhaps the metal with the greatest apparent reduction in extractabii  with 
ammonia present. This metal has no reaction with ammonia known to the present 
investigators. Its behavior is not readily explained by the decrease in temperature that 
accompanied the addition of ammonia, nor is it explained by the other phenomenon known to 
occur - the increased pH of the extract. In fact, aluminum is amphoteric and if influenced by 
the chahge in pH it should have increased in extractability, not decreased. 
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This report presents the results of an economic evaluation produced as part of the Innovative 
Clean Coal Technology project, which demonstrated selective catalytic reduction (SCR) 
technology for reduction of NOx emissions fiom utility boilers burning U.S. high-& coal. The 
project was sponsored by the U.S. Department of Energy (DOE), managed and cofimded by 
Southern Company Services, Inc., (SCS) on behalf of The Southern Company, and also cohded  
by the Electric Power Research Institute (EPRI) and Ontario Hydro. 

The document includes a commercial-scale capital and O&M cost evaluation of SCR technology 
applied to a new facility, coal--fired boiler utilizing high-sulfk, U.S. coal. The base case presented 
herein determines the total capital requirement, k e d  and variable operating costs, and levelized 
costs for a new 250-MW pulverized coal utility boiler operaing with a 60-percent NOx removal. 
Sensitivity evaluations are included to demonstrate the variation in cost due to changes in process 
variables and assumptions. 

This report also presents the results of a study completed by SCS to determine the cost and 
technical feasibility of retrofitting SCR technology to selected coal-fired generating units within 
the Southern electric system. While retrofit issues will vary fiom plant to plant and company to 
companyy the results of this study reflect the typically wide range of retrofit costs due to site- 
specific issues encountered at those plants studied. 

The conclusion shows &e 250-MW base case unit capital and first year O&M (in 1996 dollars) 
are $13,415,000 ($54/kW) and $1,045,000, respectively. Levelized cost for the base case unit is 
$2,50O/ton on a current dollar basis and $17802/ton on a constant dollar basis. Busbar cost is 
2.57 mills/kWh on a current dollar basis and 1.85 millskwh on a constant dollar basis. 

For the new plant applications, total capital requirement for a 60 percent NOx removal design 
ranged fiom $45/kW for a 700-MW unit to $61/kW for a 125-MW unit. Associated current 
dollar levelized cost ranged fiom $2,165/ton to $2,81l/ton for the 700-MW unit and 125-MW 
unit, respectively. 

Capital cost variation as a hc t ion  of NOx removal for a 250-MW unit ranged fiom $57kW for 
an 80 percent design to $52kW for a 40 percent removal design. Corresponding current dollar 
levelized cost ranged fiom $2,036/ton to $3,502/ton for the 80 percent and 40 percent removal 
cases, respectively. 

Retrofit applications for a 60 percent removal design show a range of capital requirements fiom 
$59/kW for an 880-MW unit size to $87/kW for a 100-MW units size. There are two plants 
having capital requirements of $130kW and $1 12kW due to balanced draft conversion of the 
units. Levelized costs range fiom $1,848/ton to $5,108/ton on a current dollar basis. 

ix 





Demonstration of Selective Catalytic Reduction (SCR) Technology for the Control of 
Nitrogen Oxide (NO,) Emission from High-Sulfur, Coal-Fired Boilers 

DOE ICCT Project DE-FC22-90PCS9652 

Economic Evaluation 
of Commercial-Scale SCR Applications for Utility Boilers 

1.0 Introduction 

This report presents the results of an economic evaluation produced as part of the Innovative 
Clean Coal Technology project, which demonstrated selective catalytic reduction (SCR) 
technology for reduction ofNOx emissions from utility boilers burning U.S. high-s&r coal. The 
project was sponsored by the U.S. Department of Energy (DOE), managed and cofbnded by 
Southern Company Services, Inc., (SCS) on behalf of The Southern Company, and also cofimded 
by the Electric Power Research Institute (EPRI) and Ontario Hydro. Six world-wide catalyst 
suppliers and major equipment suppliers also participated with technical and financial 
contributions to the project. The project was located at Gulfpower Company’s Plant Crist Unit 5 
(75-MW tangentially fired boiler) located near Pensacola, Florida. The test program was 
conducted for approximately 2 years to evaluate catalyst deactivation and to quant@ operational 
impacts of SCR technology employed in a high-sdfhr environment. The SCR test facility 
included nine reactors: three 2.5-MW (large) reactors rated at approximately 5000 scfin (8500 
Nm3/hr) and six 0.2-MW (small) reactors rated at approximately 400 scfin (680 Nm3/hr). Eight 
reactors operated in a hot-side, high-dust configuration while the ninth reactor operated in a hot- 
side, low-dust configuration. All reactors operated in parallel with commercially available SCR 
catalysts. 

Ultimately, the goal of any test facility is to gather information and gain experience to enable a 
more accurate performance evaluation as well as economic analysis when extrapolated to 
commercial size installations. From its inception, the SCSLDOE test facility was designed to 
minimize the uncertainty associated with application of pilot scale test results to a fidl scale 
installation. Significant resources have been expended to present realistic costs and perfbrmance 
expectations of SCR technology based on the results of the 2-year test program. It is anticipated 
that the economic analysis presented in this report will assist interested parties with evaluating 
SCR compared to other possible NOX control alternatives for hture emission control 
requirements. 

There are several regulatory and environmental drivers in various stages of consideration which may 
increase the likelihood of employing SCR technology in the fbture. Recent experience of applying 
SCR to new coal-fired installations has created regulatory precedent under New Source Review, 
which will affect fbture best available control technology PACT) and lowest achievable emission 
rate (LAER) determinations for other new units. With one exception, these new installations are 
owned andor operated by independent power producers (lPPs) who report that adopting SCR 
technology was necessary to quickly obtain the construction and/or operating permits. 
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The 1990 Clean Air Act Amendments (CAM) mandated several NOx control requirements and 
regulatory reviewsto-reduce-NOx emissions from utility boilers. Application of SCR to existing 
boilers is being considered for units located in areas designated under Title I (nonattainment 
provisions) for attainment of the ambient ozone standard. Recent efforts by the Ozone Transport 
Assessment Group (OTAG) have focused on NOx reduction strategies on a broader scale, 
encompassing all states in the central and eastern part of the United States. Results of the OTAG 
review may increase the likelihood for retrofits of SCR technology, particularly if emission 
averaging and NOx trading are allowed. Additionally, nationwide reductions in NOx mandated 
under Title N (acid rain provisions) will be required by the year 2000. In order to meet these 
additional NOx reductions, utilities are given flexibility in selecting the most suitable and cost- 
effective NOX control technologies for-their situation. 

This report is written from the perspective of a utility end user of SCR technology. As such, the 
results are meant to establish a range of financial exposure representative of most domestic 
electric utilities. It is recognized that there will be utility specific instances where the cost (or cost 
effectiveness) of SCR technology may be higher or lower than what is contained in this report as 
evidenced in previous papers representing diverse views regarding the cost of SCR technology. 
(refer to section 5.0 for a list of reference papers). In an effort to present the most effective 
economic evaluation possible, information was obtained and incorporated fiom several sources 
including: 

Test Facility Data - Measured data and operational lessons learned at the SCSDOE test 
facility over the 2-year test program formed the basis of the technical performance 
estimates. 

Peer Review - Comments were solicited from cohders, project participants, and 
independent consultants. The review cycle accomplished a key objective of obtaining peer 
review of the material as well as challenging the results based on differing viewpoints. 

Technology Suppliers - Analytical and engineering analysis received fiom vendor 
participants contributed greatly to the success of the project. The catalyst management 
plans presented in this report are based on vendor generated laboratory data of catalyst 
deactivation (k/ko) over time. Additionally, air preheater performance, material testing, 
and deposit analysis were supplied by the air preheater vendor. 

Full-scale, Coal-Fired Experience - Results of the economic analysis are enhanced by 
incorporating current market trends based on SCS participation in one of the first 
commercial coal-fired SCR installations in the United States. Information from the other 
U.S. coal-fhed SCR installations was also considered when developing the economic 
evaluation. 

The economic evaluation presented in this report is not meant to supplant the need to perform, 
site-specific financial and pro-forma analyses when evaluating SCR technology for a specific 
project. It is recognized that there will likely be project-specific constraints, sensitivity analyses, 
and market forces which no generalized economic evaluation will capture. Rather, the 
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information reported herein is presented so the user can m o d e  key financial and technical 
assumptions to customize the results to a specific situation. 

Section 1.0 of this document provides a brief overview of the project and outlines major market 
drivers for consideration of SCR technology for fbture NOx reduction requirements. 

Section 2.0 presents a commercial-scale capital and O&M cost evaluation of SCR technology 
applied to a new facility, coal-fired boiler utilizing high-sulfur, ,U.S. coal. The base case presented 
herein determines the total capital requirement, fixed and variable operating costs, and levelized 
costs for a new 250 MW pulverized coal utility boiler. Economic factors are calculated according 
to guidelines established by EPRI, taking into account financial parameters such as the cost of 
capital, income tax rates, and the rate of inflation. Two different sets of factors are calculated to 
permit the economics to be presented either on a current dollar basis, which includes the effect of 
inflation, or constant dollar basis which ignores inflation. Reporting of thexesults are based on 
“General Guidelines for Public Design Report and Final Report” prepared by Burns and Roe 
Services Corporation for the DOE Pittsburgh Energy Technology Center (PETC). 

Section 3.0 contains sensitivity evaluations which are included to demonstrate the variation in cost 
due to changes in process variables and assumptions. The following sensitivity cases are included . 
in this evaluation: 

e 

e 

e 

e 

e 

e 

Capital, O&M, and levelized cost for new SCR vs. unit size (60 percent NOX removal). 

Capital, O&M, and levelized cost for new SCR vs. NOX removal efficiency (250-MW 
plant size). 

Levelized cost for new SCR vs. inlet NOX concentration (250-MW plant size and 
60 percent NOX removal). 

Levelized cost for new SCR vs. catalyst relative activity (catalyst management plans for 
250-MW plant size and 60 percent NOX removal). 

Levelized cost for new SCR vs. return on common equity (ROE for 250-MW plant size 
and 60 percent NOx removal). 

Capital, O&M, and levelized cost for new SCR vs. catalyst price (250-MW plant and 
60 percent NOX removal). 

Section 4.0 presents the results of a study completed by SCS to determine the cost and technical 
feasibility of retrofitting SCR technology to selected coal-fired generating units within the 
Southern electric system. While not the direct result of the SCSLDOE test facility, many of the 
same methodologies and lessons learned have been applied to utility-scale applications in an effort 
to maximize the value of the test facility investment to The Southern Company. While retrofit 
issues will vary fiom plant to plant and company to company, the results of this study reflect the 
typically wide range of retrofit costs due to site-specific issues encountered at those plants studied 
within the Southern electric system. 

Section 5.0 contains a list of references which were consulted for supplemental information 
included in this document. 

3 

____ ~ . .  ’ -  ’, - / -  . : , - .: . -. , 



This Page Intentionally Left Blank 

4 



2.0 

2.1 Technical Premises 

Apdication of SCR Technology For a New Unit 

The economic evaluation presented in this section is based on the application of a high-dust, hot- 
side SCR configuration (i.e., located between the boiler economizer outlet and the air preheater 
inlet) at a new coal-fired facility. Where applicab1e;design premises that have a major impact on 
cost estimating are described in more detail. 

The technical design premises used to prepare the economic analysis were selected to be 
representative of actual or anticipated plant configurations and NOX control requirements 
currently being permitted or likely to be permitted on new coal-fired boilers in the United States. 
Therefore, defining assumptions were selected in an effort to have broad utility applicability. The 
following paragraphs describe major features of the base case installation. 

2.2 250-MW Base Case Unit Description 

The base case represents a new, base-load 250-MW pulverized-coal power plant typical of the 
majority of new coal-fired projects currently under development, construction, or recently 
declared in commercial operation. The 250 M W  plant size is consistent with current and future 
capacity trends of new domestic power plants. The plant is located in a rural area with minimal 
space limitations. The fuel is a high-sukr bituminous Illinois No. 6 coal having an analysis shown 
in table 1. 

Table 1 
Coal Analysis Used for Economic Evaluation 

Proximate Analvsis Drv Basis As Received 
Ash 9.30 % 8.39 % 
Volatile Matter 37.88 % 34.16 % 
Fixed Carbon 52.82 % 47.65 % 
Moisture 9.80 % 
Total 100.00 % 100.00 % 

Ultimate Analvsis 
Carbon 
Hydrogen 
Nitrogen 
Sufir 
Chloride 
oxygen 
Ash 
Water 
Total 

Dry Basis 
74.82 % 
5.00 % 
1.58 % 
2.58 % 
0.16 % 
6.56 % 
9.30 % 

100.00 % 

As Received 
67.48 % 
4.51 % 
1.43 % 
2.33 % 
0.14 % 
5.92 % 
8.39 % 
9.80 % 

100.00 % 

Higher Heating Value 0 13,265 Btu/lb 12,500 B k l b  
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The plant utilizes a single, balanced-draft, pulverized-coal fired boiler complete with all required 
auxiliary equipment. The boiler is designed to produce approximately 1,610,000 I b h  of main 
steam at turbine inlet conditions of 2400 psig and 1000°F. Utilizing current generation low-NOX 
combustion systems, the boiler will produce a NOX emission rate of 0.35 I b W t u .  For purposes 
of this study, it is assumed that tangentially fired boilers and wall-fired boilers are interchangeable 
with respect to thermal performance and flue gas constituents. 

Coal is delivered through gravimetric feeders to the pulverizers and then to the coal nozzles 
located in the fiunace walls. Primary combustion air will flow through the pulverizers to transport 
the pulverized coal to the h a c e .  Secondary combustion air fiom the forced draft fans is 
preheated in the air preheater and will then be ducted to the boiler windbox to be injected into the 
hate through the burners and ovedre air ports. 

The flue gas exits the boiler and enters a single, hot-side SCR reactor. Flue gas flow is vertically 
downward through the reactor. The physical arrangement of the SCR is located directly above . 
the air preheater. The SCR is designed as a universal reactor able to accept either (or both) plate- 
or honeycomb-type catalysts. Nominal generic catalyst module dimensions of 2 meter (1) x 1 
meter (w) x 1 meter (h) were assumed for this study. Anhydrous ammonia is used as the reagent. 
Ammonia injection dilution air will utilize stand alone air fans rather than combustion air fiom the 
primary air system. 

A single, trisector, Ljungstrom regenerative air preheater is utilized to reclaim heat fiom the flue 
gas stream and transfer that heat to the primary and secondary air. The heat transfer surface 
arrangement includes hot, intermediate, and cold sections. Physical features of the air preheater 
are typical of what is commercially offered as a deNOx air preheater as mentioned later in this 
report. As a result of the air preheater materials testing, the intermediate and cold end heat 
transfer surface are enamel coated. 

Sulfur dioxide removal is accomplished by a lime spray dryer flue gas desufirization (FGD) system. 
The FGD system includes two 50-percent absorber vessels equipped with rotary atomizers that 
produce very fine droplets to enhance the reactivity of the slurry. The absorber vessels will be 
designed with suilicient residence time to ensure complete evaporation of the water and collection of 
the acid gases. 

A reverse gas, fabric-filter baghouse is used to collect the dried reaction products fiom the spray 
dryer as well as the flyash produced in the boiler by the combustion of coal. The baghouse will be 
constructed in multiple compartments that allow on-line cleaning and maintenance. Each 
compartment is equipped with a single ash hopper. Clean gas fiom each compartment passes to an 
outlet manifold common to all compartments. The clean gas exits out of the baghouse and to the 
induced d r a f l o )  fans for discharge out the stack. 

Assumptions used to prepare the material balance and combustion calculations for the 250-Mw 
base case unit are shown in table 2. The combustion calculation output for the 250-Mw base 
case is shown in exhibit B. 
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.. Table 2 
250-MW Base Case Material Balance and Combustion Calculation Assumptions 

Unit Capacity (Gross) 
Capacity Factor 
Type of Installation 
Boiler Type 
Heat Input 
Coal Feed 
Gross Plant Heat Rate 
,Type of Air Preheaters 
Number of Air Preheaters 
Air Preheater Outlet Temperature 
Air Preheater Leakage 
Excess Air @ Boiler Outlet 

250 MW 
65% 
New facility 
Wall-fired or tangentially fired 
2375 MBhdhr 
190,000 Ib/hr 
9500 Btu/kWh 
Vertical shaft, Ljungstrom 
One 
300°F 
13% 
18% 

2.3 250-MW Base Case SCR Design Criteria 

General design criteria for the. SCR assumed for this study are shown in table 3. This criteria is 
predominantly based on the design of the SCR test facility as previously reported in "Plant Crist SCR 
Project SCR Test Facility Design Basis," Volume 1 and 2 submitted to DOE as the Public Design 
Report. Where, applicable, design criteria have been modified to better reflect operational lessons 
learned fiom the test facility and/or current utility industry trends in post combustion NOx control. 

Table 3 
250-MW Base Case SCR Design Criteria 

Type of SCR 
Number of SCR Reactors 
Reactor Configuration 
Initial Catalyst Load 
Required Range of Operation 
NOX Concentration @ SCR Inlet 
Design NOx Reduction 
Flue Gas Temp @ S,CR Inlet 
Flue Gas Pressure @ SCR Inlet 
Design Ammonia Slip 
Guaranteed Catalyst Life 
SO;! to SO3 Oxidation 
Maximum Pressure Drop 
Velocity Distribution 

Ammonia Distribution 
Temperature Distribution 

Hot-side 
One 
3 catalyst support layers + 1 dummy layer 
2 of 3 layers loaded, 1 spare layer 
35% to 100% boiler load 
0.35 lb/MBtu 
:60% 
7OOOF 
-5 in. W.G. 
5 PPm 
2 years (16,000 hours) 
0.75% (initial catalyst load) 
6 in. W.G. (Illy loaded reactor) 
AV / Vma < 10% over 90% of reactor area 
AV / Vm- < 20% over remaining 10% area 
AC / < 10% 
A T < 10°C max deviation fiom mean 
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Specific design criteria and technical assumptions which have a major impact on capital and 
operating cost estimation are described in more detail in the following paragraphs. 

2.3.1 SCR Reactor 

The following assumptions were used in the development of the SCR reactor capital cost: 

Although the test facility reactors were designed with four catalyst layers plus one flow 
straightener (dummy layer), this configuration is not thought to be representative of 
current commercial trends for new units equipped with state of the art low-NOX burner 
technology. The test facility reactors were designed with maximum possible flexibility in 
anticipation of potential problems developing during the test program. The spare layer 
was not utilized by any catalyst vendor during the test program. It was also assumed that 
for a new facility with no space limitations, the cross section of the reactor and the height 
of the catalyst modules could be adjusted within acceptable ranges to allow the initial load 
of catalyst to be housed in two layers rather than three. Thus, the reactor assumed for this 
study utilizes a codguration with three catalyst layers plus a flow straightener layer. 

A single, vertical downflow reactor is provided. 

The flow straightener layer consists of fabricated modules of 2 in. x 2 in., 16-gauge mild 
steel tube approximately. 18-inches-in length. The design objective for the flow 
straightener is to ensure that the ratio of hydraulic diameter of the channel openings to the 
length of flow is sufficient to produce vertical flow streamlines at the inlet to the first layer 
of catalyst. 

The reactor is equipped with an economizer bypass to permit SCR operation at lower 
boiler loads. The economizer bypass was siied to allow up to 5 percent of the boiler flue 
gas flow. It is recognized that the economizer bypass may be different in size or 
eliminated completely depending on project specific requirements. 

Consistent with many of the new commercial installations, the SCR reactor was assumed 
to be integral to the boiler house structure &d enclosed with-aroof and siding. 

All catalyst layers include steam sootblowers. The sootblower design is identical to those 
used in the test facility. 

2.3.2 Initial Space Velocity and Catalyst Volume 

Space velocity is a process variable which is used in determining the quantity of catalyst required 
for a given NOX removal requirement. Space velocity is defined as the volume of flue gas treated 
per unit volume of catalyst. The standard convention for expressing flue gas flow rate is in ft3/hr 
(m3/h) corrected to conditions of 32°F (OOC) and 1 atmosphere (1 bar). Catalyst volume is 
'expressed in corresponding units of ft3 or m3. Thus, space velocity can be expressed: 



SV ( l h )  = Flue Gas Flow (fi3/hr or m3h)  / Catalyst Volume (fi3 or m3) 

The relationship between initid space velocity and NOX removal used in this evaluation is shown 
in figure 1. The relationship for new units is represented by a least squares curve fit of space 
velocities taken from the five new coal-fired SCR installations in the U.S. Design information was 
assembled from commercial bid evaluations, project specific design criteria, and publicly available 
technical literature. A total of nine data points indicative of both honeycomb- and plate-type 
catalysts was used to construct the curve. Thus,. depending on the project specific evaluation and 
catalyst geometry selected, the actual space velocity may be slightly higher (as in the case of 
honeycomb catalyst) or slightly lower (in the case of plate catalyst) than the indicated curve. 

The relationship for retrofit units was developed using a least squares curve fit of test facility data 
measured during parametric testing and each catalyst supplier’s proposed space velocity based on 
the test facility steady state design criteria. The relationship does not represent a single catalyst 
supplier’s offering, but rather a composite of all catalyst space velocities. This approach was 
selected to provide a reasonable method for estimating space velocity which is independent of 
catalyst geometry. From a user perspective, this permits consideration of a reactor capable of 
housing different catalysts (“universal reactor”) to allow end-users to evaluate different catalyst 
offerings directly fiom the catalyst supplier rather than through a process or system supplier. 

2.3.3 Catalyst Life and Catalyst Management Plan 

The term “catalyst life guarantee” is often misinterpreted to mean that the performance of the 
SCR sharply decreases and the entire volume of catalyst must be replaced after the guarantee 
period. This interpretation is not correct. Performance during early project years (or months) 
normally exceeds the guaranteed values. Over time, the catalyst performance will gradually 
deteriorate until the SCR is unable to maintain the required NOX removal while simultaneously 
achieving the required ammonia slip. (Most SCR installations operate on a constant NOX removal 
to allow continued operation with permitted NOX emissions at the expense of increased ammonia 
slip.) Even though the SCR cannot meet guaranteed ammonia slip vs. NOX performance, the 
catalyst still has considerable activity remaining. 

As noted above, the SCR reactor for this evaluation includes space for three catalyst layers plus a 
flow straightener. At time zero, two of the three catalyst layers are loaded with catalyst. The 
third layer, which is empty, allows catalyst suppliers to develop optimized catalyst management 
plans which increase catalyst utilization. Thus, a fresh catalyst layer can be added to the reactor 
after the guarantee period when the ammonia slip begins to exceed the guaranteed limit. The 
activity of the new catalyst combined with the residual activity of the existing catalyst restores the 
performance of the SCR and extends the next additiodreplacement outage beyond the initial 
guarantee interval. 

Catalyst deactivation data were periodically measured by taking catalyst samples from the test 
facility reactors and returning the samples to the respective catalyst supplier. The catalyst 
suppliers performed a standard protocol of Iaboratory and bench scale tests to develop an activity 
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decline vs. operating time relationship. The base case catalyst management plan shown in figure 2 
was derived using data collected at the test facility from all catalyst suppliers. Figure 3 shows that 
a least squares curve fit of catalyst relative activity data from the test facility results in a k/ko 
value of approximately 0.80 after 16,000 hours. Refer to the catalyst management plan sensitivity 
section of this report for additional discussion regarding volatility of the k/ko data. 

The management plan is based on a 16,000-hour (2-year) catalyst life guarantee period. M e r  the 
initial guarantee period of 2 years, a new layer of catalyst is added to the reactor spare layer, thus 
taking advantage of the residual activity in the initial layers to boost the pefiomance of the SCR. 
The next addition of catalyst is required in project year 6, when one of the initial layers is 
replaced. M e r  year 6, staged replacement of catalyst layers occurs approximately every three 
years over the remaining life of the project. 

Because the majority of SCR installations contractually obligate the catalyst (or process) supplier 
to dispose of spent catalyst as part of the initial contract, catalyst disposal costs are not included 
as part of these cost estimates. This obligation typically is not contingent on catalyst replacement 
sales. The user pays all shipping costs for transporting the spent catalyst back to the supplier 
where it is recycled and/or reclaimed. One catalyst supplier has identified a party interested in 
reclaiming the vanadium as a feedstock for other industrial uses. 

2.3.4 Air Preheater 

The incremental cost of a deNOx air preheater (APH) over a non-SCR application air preheater is 
included in the economic evduation. Further, based on test facility results provided by ABB Air 
Preheater, Inc., their recommendation of utilizing enamel coating for the intermediate and cold 
end heat transfer surface is also included in the evaluation. The following summarizes the air 
preheater assumptions: 

0 

e 

0 

0 

A single Ljungstrom, regenerative trisector air preheater. 

Intermediate heat transfer surface constructed of 20-gauge ( U S )  low-alloy, corrosion- 
resistant material. Cold end heat transfer surface constructed of 18 gauge (U .S . )  low- 
alloy, corrosion-resistant material. Normal construction without SCR is 24-gauge (U.S.)  
open hearth material. 

Intermediate heat transfer surface fabricated with notched flat, 6mm (NF6) Surface profile. 
Normal intermediate surface profile is a more efficient double undulating (DU) surface 
profile. Cold end heat transfer surface fabricated with NF6 surface profile. Normal cold 
end surface profile is more efficient with the NF3.5 surface profile. 

With looser, less efficient heat transfer surface in the intermediate and cold end sections, 
more heat transfer surface will be required to maintain a net zero impact on the thermal 
performance of the air preheater. More surface area translates to larger, heavier air 
preheater housing and rotor which requires an upgrade in the support bearing. 
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As a result of a heat transfer material evaluation performed at the test facility, ABB Air 
Preheater, Inc., has recommended the use of enamel coating on the intermediate and cold 
end heat transfer surface. Therefore, this incremental cost is included in the estimate. 
This also will have an impact on the air preheater weight, requiring firther upgrade in 
support bearings. 

0 Additional steam sootblowers and water washing equipment are provided on both hot and 
cold ends of the deNOx air preheater. 

0 Slightly higher air leakage rates can be expected with incrementally lower flue gas static 
pressures. 

2.3.5 IDFan 

Comparison of ID fan duty with and without SCR will indicate a differential cost due to increased 
flow and static pressure requirements for the ID fan with the SCR installation. The economic 
evaluation includes the incremental capital and O&M cost for the ID fan. The following 
summarizes the ID fan assumptions: 

0 

0 

0 

0 

2.3.6 

Two 55-percent capacity fans with direct drive electric motors and inlet vane control. 

It was assumed that the SCR would increase the test block static pressure +9 inches W.G. 
This corresponds to a system pressure drop of approximately +6 inches W.G. with a filly 
loaded reactor. A 2-percent increase in flue gas mass flow rate was assumed due to 
increased air preheater leakage. 

While no change in ductwork thickness was required, the higher negative pressures 
required a slight increase in ductwork stiffening steel. 

Incremental cost includes the sum of fan and motor differential costs. 

Ammonia Storage, Handling, and Injection System 

The following assumptions were used in the development of the ammonia storage, handling, and 
injection system: 

0 Anhydrous ammonia delivered by truck. 

One 15,000-gallon tank to provide 10 days of storage at 100 percent boiler load. 

The base case unit utiIizes two 100-percent capacity 60-kW electric vaporizers integral to 
the ammonia storage tank. Higher ammonia consumption due to larger unit size and/or 
increased NOX reduction may require the use of steam vaporizers in lieu of electrical 
vaporizers. 
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Ammonia will be conveyed to the ammonia injection grid using dilution air. Three 50- 
percent capacity dilution air fans will provide dilution air at a ratio of 95 percent air / 5 
percent ammonia (by volume). 

The ammonia injection grid will include “tunable” zones to allow optimization of the 
ammonia injection. The number of zones will vary with the required NOX removal 
percent age. 

2.4 Economic Premises 

The base case economic evaluation includes total capital requirement, fixed and variable operating 
costs, and levelized costs-for a new 250-Mw pulverized coal utility boiler. Two different sets of 
economic factors are calculated to permit the economics to be presented either on a current dollar 
basis, which includes the effect ofinflation, or constant dollar basis which ignores inflation. The 
methodology used to calculate the economic factors is consistent with guidelines established by 
EPRI in their Technical Assessment Guide (TAG). 

2.5 Economic Evaluation Parameters 

A detailed list of economic evaluation parameters used to calculate capital charge and levelization 
factors is presented in exhibit A. The economic parameters assumed for this evaluation, while not 
company specific, are representative of typical domestic utility financing. Adjustments in 
economic assumptions were made, since the construction of an SCR in the context of a new plant 
will have some shared expenses and economies of scale which are not applicable to stand alone 
retrofit situations. The assumptions include: 

0 

0 

0 

0 

A 30-year plant life was considered applicable for new SCR construction. 

For purposes of calculating the allowance for funds during construction (AFUDC), the 
SCR construction period was assumed to be 18 months. This resulted in a multiplier of 
1.91 percent for the SCR equipment. 

Construction downtime is not applicable for new construction. 

None of the new coal-5red SCR installations in the United States have included a royalty 
fee to the end user. Therefore, this cost is assumed to be zero. 

AU cost data are presented in 1996 dollars. A 3-percent annual inflation rate is assumed 
for the current dollar analysis. 

A DOE spreadsheet model was utilized to compute the capital charge factors and O&M 
levelization factors. The model, developed by Burk & Roe Services Corporation for utilization 
by PETC in evaluating a variety of clean coal technologies, utilizes the EPRI TAG methodology 
in calculating the applicable financial factors. The factors being utilized for this economic 
evaluation are presented below in table 4. 
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_ -  Table 4 
Capital Charge Factors and O&M Cost Levelization Factors 

Current Dollar Analysis: 

Capital Charge Factor 
O&M Cost Levelization Factor 

Constant Dollar Analysis: 

Capital Charge Factor 
O&M Cost Levelization Factor 

2.6 Capital Cost Methodology 

0.150. 
1.362 

0.116 
1.000 

The capital cost methodology must reflect all utility costs incurred (including incremental costs) and 
address a complete scope of supply for a commercial SCR system. For example, the differential cost 
of an ID fan for a unit without. SCR, compared to a unit with SCR, is seldom assessed against the 
SCR scope of the project. This differential cost, while real to the utility, is more commonly assessed 
to either a fan or draft system account which does not fblly capture the economic impact to balance- 
of-plant systems due to the SCR. Similarly, differential structural steel cost for the SCR portion of a 
boiler building is small in the context of the overall boiler building and, therefore, is often included in 
the boiler building scope and not included as an incremental cost in the SCR scope. 

In contrast, the capital cost estimates prepared for this economic evaluation include incremental 
cost adders applicable to new facilities, which are due to incorporation of SCR into the flue gas 
train. The following elements are typical of the incremental costs included in the capital cost 
estimates: 

Incremental boiler house structural steel, siding, and roofing. 

0 Incremental foundation cost to support the SCR structure. 

Incremental air preheater cost (size, weight, coatings, motor, appurtenances). 

0 Incremental ID fan (fan and motor) cost due to increased volume and static requirements. 

0 Incremental ash handlinghoppers due to additional ductwork and/or SCR reactor. 

Capital costs were developed based on detailed equipment scope estimates and material take-off 
quantities. Equipment fabrication and erection estimates were developed using industry standard 
cost estimating techniques. Much of the cost estimating was accomplished using SCS data based 
on historical plant design projects. Vendor quotes were obtained for components when little or 
no data were available or when specific incremental costs were needed. Where possible, 
validation of the SCR estimates using commercially available literature was used in an effort to 
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reinforce confidence of the estimates. The capital cost also reflects lessons learned from the 
design, construction, and operation of the SCR test facility. 

All capital cost estimates are divided into process areas to provide interested parties sufficient 
detail to modify costs for project-specific or utiliw-specific analysis. The major process areas 
used in the capital cost estimate include: 

Catalyst - Catalyst estimates are applicable for either (or both) honeycomb or plate type 
catalysts. Current market pricing of $4OO/fi3was the basis of the estimate. 

Reactor Housing, Ductwork, Steel - This area includes all scope associated with the 
reactor housing; straightening grid (dummy bed); economizer bypass; ductwork; dampers; 
expansion joints; structural steel; foundations; access platforms; grating; insulation; and 
flow model study. 

Sootblowers - All catalyst layers include rake-type, retractable steam sootblowers 
complete with steam piping, valves, insulation, hangers, and steam traps. 

Ammonia Storage, Handling, and Injection - This scope is associated with receiving, 
storing, handling, and injecting of anhydrous ammonia which includes pressure vessel 
storage tank(s); steam and/or electric vaporizer; truck unloading facilities; civil works; 
water deluge/fire protection system; dilution air fans; ammonia piping; valves; multiple- 
zone, in-duct injection piping; and safety equipment. 

ID Fan Differential - This area reflects the cost differential (fan and motor) due to the 
increased volume and static pressure duty caused by the SCR. All fans are directly 
connected with inlet vane control. The SCR-fir not impact the costs of variable speed 
drives or fluid couplings. 

0 Air Preheater Differential - This area captures the incremental cost differences, such as 
basket material changes, of a deNOx air preheater relative to a non-SCR application air 
preheater. Enamel coating of intermediate and cold end heat transfer surface; additional 
steam sootblowers and water washing equipment; and upgrading ,of support bearing due - 
to larger, heavier air preheater are other such incremental cost differences which might be 
present or anticipated. 

Ash Handling Differential - The ammonia slip from a new SCR reactor is assumed to be 
controlled to prevent unacceptable ammonia-in-flyash contamination and that no flyash 
treatment systems for ammonia removal will be required. This area captures incremental 
equipment and pneumatic handling systems present or necessary because of additional ash 
hoppers either on ductwork or the reactor housing. 

Electrical - The SCR is assumed not to significantly impact the station service transformer 
or switchyard for a new unit. This area captures the incremental electrical scope (motor 
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control centers, motor starters, cable, conduit, cable tray, etc.) associated with the SCR 
equipment only. 

Instrument & Controls - This area includes additional instruments such as pressure, flow, 
and temperature transmitters; wiring; and increased I/O on the plant control system. Inlet 
and outlet NOX and 0 2  measurement equipment (separate fiom the plant CEM system) is 
also included. 

Testing, Training, Commissioning - Costs associated with startup, commissioning, 
optimization testing, contract acceptance testing, .and plant personnel training-are 
included. 

Indirect Costs 

General facilities are typically calculated as a percentage of total process capital (TPC). A 
multiplier of-2 percent-was-assumed for- the SCR portion of the general facilities. 

Similar to general facilities, engineering and home office fees are also calculated as a percentage 
of TPC. Because the catalyst is a significant percentage of the capital cost typically engineered by 
the catalyst supplier, a multiplier of 8 percent of TPC was assumed. This multiplier was an effort 
to ensure engineering cost is not improperly applied to large, subcontracted items not typically in 
the scope of the architedengineer. 

The project contingency factor utilized in this evaluation indicates the level of confidence in the 
total process capital cost of the SCR scope. Project contingencies for a new plant case are lower 
in comparison to retrofit applications where additional complexity and unknowns related to 
equipment demolition and relocation can have a significant cost impact. 

Project contingency factors are somewhat subjective and reflect an element of uncertainty in both 
the estimate accuracy and the application of the technology. An overall project contingency of 
15 percent was assumed due to offsetting circumstances. High contingency factor circumstances 
include process uncertainty and operational problems on high-sulfur fuels. Low contingency 
factor circumstances include unencumbered new unit construction, an estimate that is better than 
conceptual but not as good as budget, and test facility data. 

Preproduction costs as defined by EPRI represent a 1-month total O&M cost (fixed + variable) 
plus miscellaneous cost items prior to commercial plant operation. For purpose of this evaluation, 
preproduction costs were estimated using a simpler procedure (as recommended in the DOE 
guidelines document) in which the total monthly O&M expenses are multiplied by the number of 
months of anticipated startup operation before the commercial operation date. 

Preproduction Cost = total O&M costs (less by-moduct credit) x 2 months of startup 
12 months 
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Inventory capital is calculated as the value of 60 days expendable commodities (assumed to be the 
variable O&M portion) as defined by the foUowing relationship: 

Inventory Capital = variable O&M cost (less by-product credit) x 60 days 
365 days 

Initial catalysts and chemicals are assumed to be zero, since the initial catalyst volume is captured 
in the direct capital cost and the ammonia, lubricants, and expendables are captured under 
preproduction and inventory capital costs. 

2.7 Operation and Maintenance (O&M) Costs 

Fixed O&M costs include estimates of operating labor, maintenance labor, administratiodsupport labor, 
and maintenance material. Operating labor costs are calculated as the product of the number of 
operators per shift, the total operating hours per year, and the operating labor pay rate. It was assumed 
that the SCR would require one plant equipment operator per shift working half-time. The unit labor 
man-hour rates are included in the fixed and variable O&M assumptions shown in table 5. 

Consistent with EPRI's methodology, total maintenance cost is calculated as a percentage of the total 
process capital and then apportioned between maintenance labor and maintenance material. For 
processing liquids and gases, a multiplier of 2 percent was used to determine total maintenance. The 
proportions of 40 percent and 60 percent, respectively, were used to calculate maintenance labor and 
maintenance material. 

Administrative and support labor is calculated as 30 percent of the total operating and maintenance 
labor costs. 

Variable O&M captures the cost of all commodities as well as costs of expendables such as 
anhydrous ammonia, catalyst additionheplacement, and utilities. Variable O&M also includes the 
boiler efficiency penalty incurred due to increased APH outlet gas temperature. Because variable 
O&M costs are dominated by catalyst replacement, the catalyst management plan is one of the 
most significant factors affecting overall costs of SCRTechnology. As noted above, a catalyst 
guarantee l i e  of 2 years along with deactivation data as measured in the test facility were used to 
determine the catalyst management plan. 

There are two possible sources of heat rate (boiler efficiency).penalty due to the application of SCR 
to a high-sulfur coal unit. The first, which is included in the O&M costs, is due to the increase of 
SO3 in the flue gas which results in a higher acid dew point and corresponding higher air preheater 
outlet gas temperature. Based on the design criteria of 0.75 percent oxidation of SO2 to form SOs 
across the catalyst, the resulting increase in air preheater outlet gas temperature is approximately 
10OF. The penalty was estimated as incremental fbel burned due to loss in boiler efficiency. 

The second source of heat rate penalty, which is not included in this estimate, is due to the 
required operation of the SCR at lower boiler loads when bypass of the economizer is necessary 
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to maintain the minimum operating temperature of the SCR. Because it is assumed that the new 
unit dispatches as a base load unit, it is anticipated that this penalty will be small. However, as 
evidenced in the retrofit section where the cycling pattern of a given unit is known, the economic 
penalty for low-load operation can be sigdicant. 

Table 5 
Fixed and Variable O&M Assumptions and Unit Costs 

SCR inlet NOX 
SCR reduction efficiency 
Anhydrous ammonia cost 
SCR catalyst cost 
SCR catalyst guarantee period 
SCR catalyst escalation 
Power cost 
ID fan efficiency 
SCR draft loss ( f l y  loaded reactor) 
Ductwork draft loss 
Ammonia injection grid draft loss 
Unrecoverable air preheater draft loss 
Fuel cost (delivered) 
Operating labor man-hour rate 
Maintenance factor (% of total process capital) 

0.35 Ib/MBtu 
60% 
$25 O/ton 
$400/R3 
2years . 
3.0% 
30 miliskwh 
75% 
3.0 in. W.G. 
0.75 in. W.G. 
0.75 in. W.G. 
1.0 in. W.G. 
$2.00/MBtu 
$23.00/hr 
2.0% 

The following O&M costs were not included in this evaluation due to the difficulty in estimating the 
overall impact: 

Catalyst Disposal - Based on current commercial experience, it is assumed that the catalyst 
supplier would take back spent catalysts. 

Sootblowing Steam - Superheated sootblowing steam required for the SCR was assumed to be 
small in comparison to the amount used by the boiler. 

Table 5 presents the assumptions and unit costs used to calculate the k e d  and variable O&M costs for 
the base case evaluation. 

2.8 250-MW Base Case Results 

Exhibit D contains detailed results of the capital, O&M, and levelized costs for the 250-MW base 
case unit. The total capital requirement for a new SCR installation was estimated at $54kW or 
$13,415,000 in 1996 dollars. Total first year O&M is $1,045,000 in 1996 dollars. Table 6 
summarizes the results shown in. exhibit D. 
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.. Table 6 
250-MW Base Case - New SCR Results 

Total Capital Requirement $ 13,415,000 
Total Capital Requirement $54/kW 
First Year Fixed Operating Cost $ 3  12,ooo/yr 
First Year Variable Operating Cost $733,00O/yr 

Current Dollar Analysis 
Levelized Cost (millskwh) 2.57 
Levelized Cost ($/ton NOX Removed) $2,500 

Constant Dollar Analysis 
Levelized Cost (millskWh) 1.85 
Levelized Cost ($/ton NOx Removed) $1,802 

The base case results include some interesting comparisons related to the influence of catalyst cost - 
on the capital and O&M cost of an SCR. The catalyst accounts for approximately 21 percent of 
the total process capital for the SCR installation. From an O&M perspective, catalyst is 
approximately 61 percent of the variable O&M and 43 percent of the total annual O&M cost. 
This result underscores the fact that O&M costs are dominated by catalysts. 

When comparing SCR with other NOx reduction alternatives, the higher capital costs of SCR 
dominate the levelized cost. For the 250-MW base case, the capital cost is 59 percent of the 
current dollar total levelized cost, indicating a major portion of the levelized cost is going toward 
debt service (revenue requirement) of the capital investment rather than operating costs. 
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3.0 Sensitivitv Analyses (Effect of Variables on Economics) 

Sensitivity analyses were performed to examine the impact of major process variables on the 
capital, O&M, and levelized cost of SCR technology. The major sensitivity cases examined as 
part of this evaluation are summarized in the following sections. 

3.1 Capital, O&M, and Levelized Cost for New SCR Vs. Unit Size (60 Percent 
NOx Removal) 

In order to examine the change in SCR costs vs. unit size, additional capital and O&M 
estimates were prepared for a 125-MW unit and 700-MW unit. To maintain consistency 
with the 250-MW base case unit, an SCR removal efficiency of 60 percent NOX reduction 
was assumed. Where possible; consistent (or identical) assumptions were made with regard to 
the 125-MW and 700-MW units. 

The combustion calculations for a new 125-MW unit are shown in exhibit F. All assumptions 
used to prepare the combustion calculation are identical to the 250-MW base case unit. The 
resulting heat input and coal feed are 1 , 188 MBtu/hr and 95,000 l b h ,  respectively. A single SCR 
reactor having similar design criteria as the 250-Mw base case (shown in table 3) is assumed for 
the 125-MW size unit. 

The combustion calculations for a new 700-MW unit are shown in exhibit H. All assumptions 
used to prepare the combustion calculation are identical to the 250-MW base case unit. The 
resulting heat input and coal feed are 6,650 MBtu/hr and 532,000 I b h ,  respectively. Due to the 
size of the 700-MW unit, it is assumed that the draft train is split into two 50-percent capacity 
SCR reactors, each one having similar design criteria as the 250-MW base case (shown in table 
3). Two air preheaters are assumed for the 700-MW unit. 

When plotted in $/kW vs. unit size, the total capital requirement of the SCR system shows a trend 
of decreasing unit cost with increasing unit Size, indicating significant economy of scale. Total 
capital requirement ranges fiom $61/kW for the 125-MW unit to $45/kW for the 700-MW unit. 
Figure 4 shows a graphical representation of total capital requirement ($/kW) vs. unit size. 

Figure 5 shows the levelized cost ($/ton) vs. unit size. The levelized cost decreases with 
increasing unit size due, in part, to larger NOx tonnages removed; however, the trend does not 
appear to be overly sensitive to unit size. 

Tabular results showing capital, O&M, and levelized cost vs. unit size for an SCR with 60 percent 
NOx removal efficiency are summarized in table 7. 
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Table 7 
Capital, O&M, and Levelized Cost for New SCR Vs. Unit Size 

(60 Percent NOx Removal) 

Unit Size (MW) 

Base Case 

125-MW 250-MW 700-MW 

Total Capital Requirement $7,602,000 $13,415,000 $3 1,327,000 
Total Capital Requirement $61/kW $54/kW $45/kW 
First Year Fixed Operating Cost $213,000 $3 12jOOO $614,000 - 

First Year Variable Operating Cost $367,000 $733,000 $2,0 5 3 , 00 0 

* .  Current Dollar Analysis 
Levelized Cost (millskWh) 2.89 2.57 2.22 
Leveked Cost ($/ton) $231 1 $2,500 $2,165 

Constant Dollar Analysis 
Levelized Cost (millskwh) 2.09 1.85 1.59 
Levelized Cost ($/ton) $2,037 $1,802 $1,547 

Exhibits G and I include capital, O&M, and levelized cost summaries for the 125-Mw and 
700-MW units, respectively. The 250-MW base-case unit summary is included in exhibit D. 

3.2 Capital, O&M, and Levelized Cost for New SCR Vs. NOx Removal Efficiency 
(250-MW Plant Size) 

In addition to the 250-MW base case with a NOX removal efficiency of 60 percent, two additional 
NOx removal cases at 40 percent and 80 percent were calculated to examine the impact of 
levelized cost vs. NOX removal efficiency. 

Figure 6 shows the levelized cost ($/ton) vs. NOX removal efficiency. The levelized cost 
decreases with increasing NOX removal percentages and is fairly sensitive to the percentage 
removal. Thus, once committed to an SCR, sigmficant levelized cost savings (%/ton) can be 
realized for an incremental increase in capital cost. As seen in table 8, the incremental capital cost 
difference between 40 percent and 80 percent removal is $1,168,000 or approximately a 9 percent 
increase in capital cost over the 40 percent design. The corresponding difference in current dollar 
levelied cost is $1466/ton, a 58 percent decrease in $/ton cost fiom the 80 percent case 
compared to the 40 percent case. This difference is primarily due to the increased number of tons 
removed at 80 percent vs. 40 percent. 

This trend in lower levelized cost is also very evident in high-NOx emitting boilers where similar 
NOx removal designs (as a percentage) yield lower $/ton due to a larger number of tons removed. 
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Tabular results showing capital, O&M, and levelized cost vs. NOx removal efficiency for a 
250-MW unit are summarized in table 8. 

Table 8 
Capital, O&M, and Levelized Cost for New SCR Vs. NOx Removal Efficiency 

(250-MW Plant Size) 

NOx Removal Efficiency 

Base Case 

Total Capital Requirement $12,974,000 
Total Capital Requirement $52kW 
First Year Fixed Operating Cost $305,000 
First Year Variable Operating Cost $621,000 

Current Dollar Analysis 
Levelized Cost (millskWh) 
Levelized Cost ($/ton) 

Constant Dollar Analysis 
Levelized Cost (millskWh) 
Levelized Cost ($/ton) 

2.39 
$3,502 

1.74 
$2,536 

60% - 
$13,415,000 
$54kW 
$3 12,000 
$733,000 

2.57 
$2,500 

1.85 
$1,802 

80% - 
$14,142,000 
$57/kW 
$324,000 
$857,000 

2.79 
2,036 

2.00 
$1,460 

Exhibits Cy D, and E include 250-MW unit capital, O&M, and levelized cost summaries for the 40 
percent, 60 percent, and 80 percent NOX removal cases, respectively. 

3.3 Levelized Cost for New SCR Vs. InIetNOx Concentration (250-MW Plant and 
60 Percent NOx Removal) 

Many new boiler installations face dficult decisions on how to best optimize overall NOX 
reduction requirements using a combination of a low-NOX combustion system and SCR. While 
maximizing combustion NOX reductions can allow lower SCR variable O&M, it may have a 
negative impact to plant cycle efficiency due to increased LO1 in the flyash. Increased carbon 
monoxide production may also be a limiting factor during deep staged combustion. Opti-g 
the combustion system to minimize LO1 can lead to higher NOX concentrations entering the SCR 
and, therefore, higher variable O&M costs to achieve a permitted outlet NOx emission limit. 

The relationship between leveliied cost ($/ton) vs. SCR inlet NOx concentration shown in figure 
7 indicates a significant trend of increasing levelized cost with decreasing inlet NOx 
concentration. In this case, fewer tons of NOx are removed by the SCR, highlighting a key 
difference in cost effectiveness between a controlled new unit application and an uncontrolled (or 
higher NOx emitting) retrofit application. A constant 60-percent NOx removal percentage was 
applied to all inlet NOx concentrations shown in figure 7. 
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Tabular results showing levelized cost vs. SCR inlet NOx concentration for a 250-Mw unit 
operating at 60 percent NOx removal are summarized in table 9. 

Table 9 
Levelized Cost for New SCR Vs. SCR Inlet NOx Concentration 

(250-MW Plant and 60 Percent NOx Removal) 

- 0.45 
Current Dollar Analysis 

Levelized Cost (millskWh) 2.61 
Leveliied Cost ($/ton) $1,977 

Constant Dollar Analysis 

Inlet NOx Concentration (Ib/MBtu) 

0.40 - 
Base Case 

- 0.35 

2.59 2.57 
$2,205 $2,500 

0.30 - 
2.55 

$2,894 

Levelized Cost (mi1lskWh) 
Levelized Cost ($/ton) 

1.88 1.87 1.85 1.84 
$1,425 $1,590 $1,802 $2,086 

- 0.25 

2.53 
$3,446 

1.82 
$2,483 

Detailed summary sheets for levelized cost as a knction of inlet NOx are included in exhibit J. 

3.4 Levelized Cost for New SCR Vs. Catalyst Relative Activity (Catalyst Management 
Plan) (250-MW Plant and 60 Percent NOx Removal) 

One of the key results produced at the test facility is the catalyst deactivation data collected over 
the duration of the test program. The variation among selected catalyst deactivation data has 
been correlated in an attempt to create a range of catalyst management strategies for evaluation. 

Relative activity (kko) is defined as the activity of the catalyst at a given operating time, 
k, divided by the activity of the new catalyst at time zero, ko. As noted previously, catalyst 
deactivation measurements were periodically taken by removing catalyst samples from the 
reactors and returning the samples to the respective catalyst supplier for analysis. Each catalyst 
supplier perfbrmed a standard protocol of laboratory and bench scale tests to determine the kko 
relationship vs. time for their respective catalyst. Because the relative activity data indicate a wide 
variation in values as well as the fact that each catalyst supplier extracted an unequal number of 
catalyst samples at different times intervals over the test period, three sets of individual catalyst 
data were identified for krther evaluation. 

All of the catalyst management plans included in this evaluation are based on a 16,000 hour 
(2-year) catalyst life guarantee period. Because there is very little data beyond 8000 operating 
hours, development of a relationship showing decline of relative activity over time must be 
extrapolated to some extent. The catalyst management plans developed for sensitivity evaluation 
are based on k/ko data having values of 0.90, 0.80: and 0.70 after 16,000 hours. 
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Figures 8, 9; and 10 set forth the declining k/ko relationship over time that results in a value after 
16,000 hours of 0.90, 0.80, and 0.70, respectively. Taken alone, each figure appears to have a 
reasonable relationship based on an exponential decline over time. Given the scarce amount of 
data beyond 8,000 hours, and the differences in specific catalyst selected, any of the k/ko 
scenarios in figures 8 through 10 are reasonably plausible and are equally likely to occur. Figure 
11 shows k/ko data plotted for all catalysts used in the test program, with the three exponentially 
declining curves overlaid on the data. The range of curves set the limit for the upper (kko = .90) 
and lower (k/ko = .70) bounds of the relative activity variation. 

The base case catalyst management plan was selected with a k/ko value-of 0.80 for several 
reasons: 

Figure 9 shows the relative activity relationship for a particular catalyst having the greatest 
number of data points past 8000 hours. The data appears to reasonably correlate with a 
k/ko value of 0.80 after 16,000 hours with very little extrapolation. 

Figure 11 shows that a k/ko value of 0.80 after 16,000 is a reasonable median value over 
the range of possible values. 

Publicly reported commercial experience at two of the new coal-fired SCR installations in 
the U.S. appears to support the conclusion reached at the test facility that-*relative- 
activity of 0.80 after 2 years of operation is reasonable and is representative of U.S. 
commercial applications as of this writing. 

Using the relative activity data, catalyst management plans were developed which define the 
catalyst replacement schedule over the project lie. Knowing the volume of catalyst as well as the 
time which it is added, project cash flows can be developed. Table 10 indicates the project year in 
which one layer of catalyst is added andor replaced. 

Table 10 
Catalyst Management Plan 

Project Years to Add and/or Replace One Layer of Catalyst 

Wko = .70 
2 
5 
7 
9 

12 
14 
16 
19 
21 
23- 
26 
28 

mo = .so wko = .90 
2 2 
6 12 
9 17 

12 23 
15 
18 
21 
24 
27 
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Table 11 shows the range of total catalyst volume and levelized cost for the three different 
catalyst management plans. While the total catalyst volume between the most optimistic (k/ko = 
0.90) and most pessimistic (k/ko = 0.70) management plans varies by 21,664 rt” (a factor of three 
times), the current dollar levelized cost varies only $373/ton or a difference of only 14 percent 
(see figure 12). All three catalyst management plans are based on a common 2-year catalyst life 
guarantee period. So, even though the k/ko = .70 plan adds three times as much catalyst, the 
catalyst is added in later project years, which has less effect when performing a present value 
analysis and levelizing to calculate the equivalent annual catalyst cost. This is clearly evident in 
the fact that the catalyst cost difference between the two cases is $377,000 per year, representing 
a 64-percent difference in annual O&M dollars (see figure 13). Additionally, if the costs of 
catalyst disposal were factored in, the expected result would be more pronounced because the 
k/ko = 0.70 plan would need to dispose of three times as much catalyst. 

Detailed summary sheets for levelized cost as a function of different catalyst management plans 
are included in exhibit K. 

Table 11 
Levelized Cost for New SCR Vs. Catalyst Relative Activity 

Catalyst Management Plan Results for 250-MW Plant and 60 Percent NOx Removal 

kko = .90 kko = .SO kko = .70 

Total Catalyst Volume Added or Replaced 10,832 24,372 32,496 
Over the Life of the Plant (e3) 
Equivalent Annual Current Dollar Catalyst Cost $216,000 $450,000 $593,000 
Equivalent Annual Constant Dollar Catalyst Cost $144,000 $325,000 $433,000 

Current Dollar Analysis 
Levelied Cost (millskWh) 
Levelized Cost ($/ton) 

Constant Dollar Analysis 
Levelized Cost (millskWh) 
Levelized Cost ($/ton) 

2.33 2.57 2.71 
$2,269 $2,500 $2,642 

1.72 1.85 1.93 
$1,671 $1,802 $1,881 

It is anticipated that the leveliied cost will be very sensitive to timing of catalyst replacement in 
early years of the project. This is a key issue to consider when contemplating a new project and 
performing sensitivity analyses to the project pro-forma. Additional efforts might include changing 
the timing of the catalyst addition as a function of relative activity. For example, the base case 
management plan based on k/ko = .80 after 2 years would have a positive and negative variant 
representing a better than expected result @e., k/ko = -90 indicates first catalyst addition is actually 
required after 3 years rather than 2 years) and a worse than expected result @e., k/ko = .70 
indicates the first catalyst addition is actually required after 1 year rather than 2 years). 

a 
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3.5 Levelized Cost for New SCR Vs. Return on Common Equity (ROE) (250-MW Plant 
and 60 Percent NOx Removal) 

The domestic electric utility industry is in transition fiom a predominantly regulated environment 
to a more market driven, less regulated environment. There is much uncertainty in the fbture 
earning potential of major capital investments such as SCR technology. This regulatory 
uncertainty is best illustrated by a recent decision in New Hampshire where the Public Utilities 
Commission disallowed fbll cost recovery of recently installed SCR technology, thereby impacting 
the utility’s ROE. 

Table 12 below summarizes the economic factors and levelized cost as a h c t i o n  of ROE. Figure 
14 shows the change in levelized cost as a fbnction of ROE for a 250-Mw unit with 60 percent 
NOX removal. 

As shown in table 12, for every 2-percent increase in ROE, the current dollar levelized cost 
increases approximately 4.5 percent. Exhibit L contains the detailed calculations of economic 
factors and levelized cost summaries for a range of ROE values for the 250-MW plant. 

Table 12 
Levelized Cost for New S C R  Vs. Return on Common Equity (ROE) 

(250-MW Plant and 60 Percent NOx Removal) 

Return on Equity (ROE) 

Current Dollar Analysis 
Capital Charge Factor 
O&M Levelkation Factor 

Constant Dollar Analysis 
Capital Charge Factor 
O&M Levelition Factor 

Current Dollar Analysis 
Levelized Cost (millskWh) 
Levelized Cost ($/ton) 

Constant Dollar Analysis 
Levelized Cost (millskWh) 
Leveked Cost ($/ton) 

Base Case 

11% - 9 yo - 
0.132 0.141 
1.395 1.378 

0.100 0.108 
1.000 1.000 

2.36 2.46 
$2,295 $2,398 

1.69 1.77 
$1,646 $1,724 
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0.150 
1.362 

0.116 
1.000 

2.57 
$2,500 

1.85 
$1,802 

- 13% 

0.160 
1.347 

0.124 
1.000 

0.169 
1.333 

0.133 
1 .ooo 

2.69 2.79 
$2,615 $2,720 

1.93 2.02 
$1,880 $1,968 
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3.6 Capital, O&M, and Levelized Cost for New SCR Vs. Catalyst Price (250-MW Plant Size 
and 60 Percent Removal) 

Market price of catalyst can affect both the capital and O&M cost of SCR technology. The most 
recent experience in Germany during the 1980’s resulted in catalyst market price variations 
ranging between $900/ft3 and $300/ft3 over an 8 to 10 year period. More recently in the U.S., 
one of the five new plants equipped with SCR realized a catalyst price of approximately $400/ft3. 

To address the sensitivity of capital, O&M, and levelized cost to changes in the market price of 
catalyst, the catalyst price was varied by +/- $50/ft3. It is recognized that dynamic market forces 
may cause wider variation in prices than those assumed for this analysis. However, based on the 
comments of one of the participants of the project, $350/ft3 was quoted as a realistic, obtainable 
catalyst price based on current market conditions. 

Table 13 shows the capital, O&M, and levelized cost vs. catalyst price for a new 250-MW unit. 
Varying the catalyst price +/- 12.5 percent-(+/- $50/ft3) results in a change in levelized cost of 
only +/- 4 percent. Variable O&M is the most sensitive to changes in catalyst price since catalyst 
cost dominates this annual expense. Capital cost changed approximately 2 percent since the 
catalyst represents only 20 to 25 percent of the total process capital. 

Table 13 
Capital, O&M, and Levelized Cost for New S C R  Vs. Catalyst Price 

(250-Mw Plant and 60 Percent NOx Removal) 

Catalyst Price (s/ft3) 

Base Case 

- $350 

Total Capital Requirement $13,040,000 
Total Capital Requirement $52/kW 
First Year Fixed Operating Cost $306,000 
First Year Variable Operating Cost $677,000 

Current Dollar Analysis 
Levelized Cost (mills/kWh) 
Levelized Cost ($/ton) 

Constant Dollar Analysis 
Levelized Cost (mills/kWh) 
Levelized Cost ($/ton) 

2.46 
$2,398 

1.78 
$1,737 

- $400 

$13,415,000 
$54/kW 
$3 12,000 
$73 3,000 

2.57 
$2,500 

1.85 
$1,802 

$450 - 
$13,777,000 
$55kW 
$3 19,000 
$789,000 

2.67 
$2,602 

1.92 
$1,867 

Exhibit M includes capital, O&M, and levelized cost summaries for $350/ft3 and $450/ft3 catalyst 
prices. 
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4.0 Apdication of SCR Technologv For a Retrofit Unit 

The economic evaluations reported in prior sections of this report were focused on SCR installed 
on a new coal-fired facility. However, the majority of the near-term fbture U.S. SCR market may 
be in retrofit applications. The cost of implementing SCR technology is a topic of considerable 
debate in the present deliberations by the Ozone Transport Assessment Group (OTAG)* and in 
defining the U. S. Environmental Protection Agency's @PA) proposed CAAA Title IV NOx 
emission limits for Group 2 boilers, specifically cyclones. The boiler types, number of units per 
boiler type, and existing generating capacity for existing, base loaded duty, coal-fired units in the 
OTAG region alone are shown in table 14. 

Table 14 
Boiler Type, Number, and Generating Capacity in the OTAG" Region 

Boiler Type Number of units Generating CaDacitv, MW 
Wall-fired 3 15 94,327 

Cyclone 77 22i329- 
Cell-fired 33 24,143 
Wet-bottom 23 4,712 
Roof-fired 29 3,111 

Tangentially fired 3 15 112,000 

* OTAG has proposed a 37-state nonattainment area encornpasing the eastern part of the U.S. 

Because of the considerable uncertainty and debate involving SCR retrofit cost for existing plants, 
SCS has completed a study to determine the cost and technical-feasibility of retrofitting-XR- 
technology to selected coal-fired generating units within the Southern electric system. While 
retrofit issues will vary from plant to plant and company to company, the results of this study 
reflect the typically wide range of retrofit costs due to site-specific issues encountered at those 
plants studied within the Southern electric system. It is recognized that the costs summarized in 

: 
Y i  

this study applicable to The Southern Company may or may not be indicative of other utility's 
installations due to boiler types, site constraints, and regulatory requirements. 

4.1 General Retrofit Issues 

From a technical perspective, based on the large number of worldwide applications of SCR on coal- 
fired boilers, SCR can be judged to be broadly applicable to a variety of boiler types and fuels. I t  is 
evident that the engineering issues associated with the design and retrofit of I11-scale commercial 
SCR facilities have'been and are being successfblly addressed. SCR is more costly, however, when 
compared to combustion modifications, and exhibits poor economies of scale at smaller boiler sizes. 
Therefore, applicability and feasibility assessments must also consider site specific economic factors. 

' 

Table 15 provides a summary of factors affecting applicability and technical feasibility of SCR 
when applied to coal-fired retrofit applications. 



Table 15 
Summary of Factors Affecting Applicability and Technical Feasibility of SCR 

FACTOR 
Coal type and characteristics 

Boilersize 

0 -  Boiler age 

Boiler heat release limitations 

Capacity factor (CF) limitations 

Load profile 

Boiler firing type (PC v. cyclone, etc.)- 

Boiler firing configuration 

Boiler bottom type (wet v. dry) 

COMMENTS 
SCR primarily applied commercially to low-sulfur coal. Japanese experience is 
with clean, washed bituminous coal. European experience is with low-sulfur 
brown and black coal. Problem with alkali metal poisoning can occur with low- 
rank coals. Trace metal constituents in coal have potential to be catalyst poisons. 
Little operational experience on high-sulfur U.S. coals. 
No limitations. 

No technical limitations. As with any retrofit technology, remaining useful life 
affects economics. 
Not applicable to SCR. 

No technical limitations.. Prolonged-low load helps space velocity-of-SCR as long 
as temperature maintained. Low CF hurts economics. 
Uncertain area for SCR. Japanese experience is with baseloaded units. 
European units will have more cycling duty. More data are needed in this area to 
assess site-specific impacts. 
No.technical limitations except that firing type affects flue gas NO, level. High 
NO, levels (~600 ppm) increases the capital cost of SCR. NO, should first be 
reduced though combustion modifications, if possible. 
Same as above. Tangentially fired boilers have slightly better homogeneous flue 
gas mixture and lower baseline NO, than do wall-fired boilers. 
European experience has shown rapid catalyst deactivation on wet-bottom boilers 0. 

Geographic applicability 

SCR retrofd difficulty 

Particulate collector requirements 

Air preheater requirements, 

Raw material requirements 

By-product market limitations 

Thermal efficiency penalty 

Waste disposal factors 

Other factors 

Boiler outlet flue gas temperature 

change heat absdktion patterns in the boiler. 
Affects type of SCR. "Cold-side'' particulate collection (ESP or baghouse) 
requires highdust SCR. "Hot-side" ESP allows choice of high- or lowdust SCR. 
Worldwide. highdust SCR is the preferred approach. 
Air preheater physical features influence fouling potential due to ammonium salt 
formation. Possible degrade in performance due to higher pressure drop and flue 
gas mass flow. Review of heat transfer surface configuration, material, geometry, 
orientation, cleanability, temperature profile, leakage, and physical condition 
should be considered when assessing SCR impacts to existing plant. 
Ammonia and catalyst. No other requirements. 

No salable by-products. Ammonia slip could affect fly ash sales and increase 
landfill development costs. 
Thermal penalty possible due to increased air preheater outlet gas  temperature 
with high-sulfur applications. 
If SCR is required to operate over wide boiler load range, thermal penalty will be 
incurred through lower boiler load range (as high as 1 .O percent). Extent of 
penalty is function of load dispatch. 
In most cases, spent catalyst is  shipped back to catalyst vendor. 

Highdust. hot-side SCR must be considered in its effects on particulate 
collection efficiency and (if present) effects of slip NH3 on a downstream FGD 
process. 
Flue g a s  draft loss across SCR may dictate need for ID fan upgrade or balance 
draft conversion of boiler. 

due to fly ash metal vaporization and condensation on catalyst. Wet bottom 
applications will deactivate faster than dry bottom applications but new arsenic- 

' resistant catalyst improves catalyst life. Highdust SCR widely applied to dry- 
bottom boilers. 
No limitations. except as might affect shipping costs for NH3 since major U S .  
NH3 source is U.S. Gulf Coast. 
Because of the temperature range in which the SCR operates, retrofd feasibility is 
dictated by having adequate space available to locate large, heavy reactor 
between the economizer outlet and air preheater inlet. 
Flue g a s  temperature variation versus boiler load will dictate extent of economizer 
bypass required if operation over entire boiler load range is required. 
Requirement to bvpass economizer at  low loads will affect unit heat rate and mav 
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4.2 Specific Unit TechnologicaI Feasibility - 

The following plant descriptions are the result of inspections made for purposes of formulating a 
conceptual SCR retrofit design at selected plants within the Southern electric system. SCR 
performance requirements were estimated using combustion calculations based on field-collected 
low-NOX burner acceptance test (or baseline test) information. Conceptual layouts were developed 
taking into account the retrofit difficulties at each site and the results of the catalyst suppliers’. 
volume estimates. A material scope was then developed itemizing the major pieces of equipment. 
Where required; vendor quotes were obtained for required components. Much of the cost estimate 
was produced using SCS information. All of the units considered under this study are tangentially 
fired, pulverized coal boilers originally manufactured by Combustion Engineering. 

4.2.1 PlantA 

Plant A includes two tangentially fired, supercritical units nominally rated at 700 MW each. Each 
unit has a center wall dividing the firnace into two halves. There are six elevations of coal 
nozzles in each of the eight comers. The boiler is fired under balanced pressure. Both units are 
designed to deliver superheated steam at a rate of 5,044,992 l b h  at turbine inlet conditions of 
IOOOOF and 3500 psig. Both units have been retrofitted with low-NOX firing systems featuring 
flame attachment coal nodes, offset secondary air, and separated over fire air (SOFA). 

The SCR arrangement reflects the difliculty in locating the reactors, due to a previously retrofitted 
cross-over duct for the “piggy back” cold-side precipitators added when the boilers were 
converted to balance draft operation. The SCR reactors are located directly to the rear of the 
boiler house, above the existing precipitator ductwork, in an attempt to avoid extensive 
modifications of the existing precipitator ductwork. This arrangement; as shown in figure 15, 
produces a “sidewinder” configuration (places the reactors toward opposite sides of the boiler 
house). This arrangement requires 90-degree horizontal turns in the SCR inlet and outlet duct, 
but positions the reactor closer to the boiler building with less overhang above the precipitators. 
Access to the back side of the boiler house wall is relatively unobstructed, but would require 
structural modifications to the boiler building crossbracing to allow for the ductwork. In addition, 
possible interference with the coal conveyors, located between Plant A and adjacent units, needs 
fbrther investigation. 

The sidewinder arrangement requires separate support structures for each reactor, but does not 
require penetration of the precipitator inlet plenum ductwork. A space truss would be used to 
individually support each SCR reactor, with the column spacing restricted by the available space 
between the boiler house and the precipitator. In addition, it may be necessary to m o w  or 
relocate major foundation, such as ash trenches, U-drains, and’ small equipment to accommodate 
this arrangement. 

4.2.2 Plant B 

Plant B includes two tangentially fired, supercritical units nominally rated at 880 MW each. Each 
unit has a center wall dividing the ?%mace into two halves. There are seven elevations of coal 
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Figure 15 
Perspective View of Retrofit SCR Arrangement for Plant A 
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,nozzles in each of the eight corners. The boiler is fired under positive pressure. Both units are 
designed to deliver superheated steam at a rate of 6,351,470 l b h  at turbine inlet conditions of 
lOOOOF and 3500 psig. Both units have been retrofitted with low-NOX firing systems featuring 
flame attachment coal nozzles, offset secondary air, and SOFA. There are two SOFA,boxes, with 
two compartments each, on each of the eight corners. Each of the two compartments contains 
tilting air nozzles and individual damper control. 

Because Plant B is limited in forced draft (FD) fan capacity during certain periods of the year, it is 
likely that a draft system upgrade will be required. No attempt has been made to determine if 
higher positive-pressure operation rather than balance draft conversion is technically feasible. In 
the absence of a detgled draft study, it is unclear whether or not the pressurized units would 
require balance draft conversion in order to retrofit SCR. The recent retrofit of an SCR at Public 
Service of New Hampshire’s Merrimack Station illustrates that it is technically possible to retrofit 
an SCR on a pressurized unit without converting operation to balanced draft. However, this 
appears unlikely at Plant B due to the dready limited capacity of the draft system. In order to 
bound the financial exposure, the cost estimate includes the balance draft option, which 
approximately doubles the cost to install SCR. 

The proposed arrangement, as shown in figure 16, locates the SCR reactors directly to the rear of 
the boiler house, above the existing precipitator inlet ductwork. The unit will utilize two SCR 
reactors. The straight-back configuration of the reactors eliminates the need for horizontal turns 
in the SCR inlet and outlet ductwork. In figure 17, which shows the side elevation of this 
arrangement, the economizer outlet duct must turn upward upon exiting the building, thereby 
causing the reactors to be positioned fbrther outward from the boiler building, above the 
precipitator inlet plenum duct. Once above the precipitator inlet ductwork, access to the back 
side of the boiler house wall is relatively unobstructed, but structural modifications will be 
required to the building crossbracing to allow for the SCR ductwork. 

The two SCR reactors parallel the northhouth centerline of the boiler building, an arrangement 
that allows for a common support structure for the two reactors. The proposed support structure 
for this arrangement consists of four towers supporting a fiame common to both reactors. On the 
south end (toward the boiler building), the f ime is supported by two towers and completely 
spans the precipitator inlet plenum duct. However, on the north end (toward the stack), it is 
necessary for two support towers to penetrate the plenum. Access to the SCR reactors would be 
provided on the south side of the reactors and tied into the boiler building. 

An alternate plan would be to locate the SCR reactors on the roof of the boiler house. However, 
there is an existing monorail that extends out approximately 20 ft fiom the power house wall and 
runs parallel to the length of the boiler house. The ductwork to and fiom the SCR would have to 
be routed beyond the monorail. Because of this, it would not be practical to locate the SCR on 
the roof. The arrangement described above is located below the existing monorail, which could 
be used for catalyst additions. 
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Figure 16 
Rl-spective View of Retrofit SCR Arrangement for Plant B 
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Figure 17 
Side Elevationview of Retrofit SCR Arrangement for Plant B 
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4.2.3 Plant C 

Plant C includes two tangentially fired, supercritical units nominally rated at 865 M W  each. Each 
unit has a center wall dividing the furnace into two halves.. There are seven elevations of coal 
nozzles in each of the eight comers. The boiler is fired under balanced pressure. Both units are 
designed to deliver superheated steam at a rate of 6,269,267 l b h  at turbine inlet conditions of 
1000°F and 3500 psig. One unit has been retrofitted with a low-NOX firing system featuring low- 
NOx coal nozzles, offset secondary air, and SOFA. There are two SOFA boxes, on each of the 
eight comers, with three compartments each of tilting air nozzles. 

The proposed arrangement of the SCR reactors is similar to the location shown for Plant B (i.e., 
above the precipitator inlet plenum duct). Each unit is equipped with chevron-type electrostatic 
precipitators which have a low profile that provides a clear and unobstructed space above the inlet 
ductwork. The economizer outlet duct would exit the boiler room wall above elevation 855 R. 
.The SCR outlet duct would enter the building above elevation 834 R. A space of approximately 
20 ft between boiler house column line and the SCR reactor is needed to allow for moving 
replacement economizer sections up and into the boiler room. 

The two SCR reactors parallel the northkouth centerline of the boiler building, allowing an 
arrangement with a common support structure for the two reactors. The assumed support 
structure for this arrangement is similar to Plant B in that it will be necessary to penetrate the 
precipitator inlet plenum duct to support the SCR reactors. Access to the SCR reactors would be 
provided on the boiler house side, utilizing the existing monorail. Because the forced-draft fan 
intakes are located on the boiler house roof, the roof is not a viable location for the SCR reactors. 

4.2.4 PlantD 

Plant D includes two tangentially fired, subcritical units nominally rated at 245 Mw each. Each 
unit has a center wall dividing the h a c e  into two halves. There are five elevations of coal 
nozzles in each of the eight comers. The boiler is fired under balanced pressure. Both units are 
designed to deliver superheated steam at a rate of 1,734,000 l b h  at turbine inlet conditions of 
l O O O O F  and 2400 psig. Both units have been retrofitted with a low-NOX firing system which 
features a split-flame, wall-fired low-NOX burner technology into a comer-fired tilting burner 
technology. A close coupled overfire air compartment is located above the top coal elevation. 

Based on the results of the study, retrofit of SCR would be dficult at these units due to the 
existing location of previously retrofitted ‘precipitators. The precipitators are elevated over an 
active railroad spur, which forced the entire precipitator assembly to be displaced vertically 
upward. The precipitator outlet ductwork is routed over the top of the precipitator, up the back 
side of the boiler building, and up to the roof As a result, the precipitators and ductwork 
effectively block the back side of the boiler house where ductwork tie-ins between the economizer 
outlet and the air preheater inlet would be required in order to add SCR. 

The proposed location of the SCR reactors is on either side of the existing boiler house, as shown 
in figures 18 and 19. This arrangement (opposite hand for each unit) produces a “sidewinder” 
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Perspective View of Retrofit SCR Arrangement for Plant D 
(Electrostatic Precipitator (ESP) Removed for Clarity) 
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Figure 19 
Front Elevation View of Retrofit SCR Arrangement for Plant D 

(Electrostatic Precipitator (ESP) Removed for Clarity) 



configuration, which places the reactors on opposite sides of the boiler house. The economizer 
outlet duct would turn up and exit the boiler room wall above elevation 83 1 ft. Due to the very 
restricted space between the boiler house wall and the precipitator, approximately 19 ft, a 
vertically oriented narrow duct is proposed which would combine the two flue gas ducts to a 
single SCR reactor. While the reactor, as shown in the figures, is wrapped around the boiler 
building, this is not a requirement, and could project parallel to the existing railroad track beneath 
the precipitators, The SCR exit duct would reenter the boiler house below elevation 820 ft, again 
having to fit through a very restricted space between the boiler house wall and the precipitator. 
As seen in the figures, this return duct is likely to block access to the existirig road located under 
the precipitator ductwork. 

The most difficult aspect of SCR retrofit at these two units is the tie-in points at the economizer 
outlet and air preheater inlet. The conceptual arrangement requires several 90-degree turns in the 
SCR inlet and outlet ductwork to get out of the boiler house. It is thought that an alternate, more 
optimized, ductwork routing could be achieved with a more detailed study. One alternative may 
allow routing of the SCR inlet duct inside the boiler house, running parallel to the back wall. This 
would allow penetration of the SCR inlet duct on the side of the existing boiler house wall. 
However, this would block several bays inside the boiler house. The SCR return duct would require 
that the existing flue gas conditioning equipment be removed to make room for the new ductwork. * 

While ID fan allowances are included in the estimate, these units currently utilize retrofitted two- 
speed ID fans. Normal practice is to run the ID fan on lower speeds most of the time. Therefore, 
it may be possible to accommodate the additional SCR draft loss with minimal modifications to 
the existing ID fan. 

4.2.5 Plant E 

Plant E includes three tangentially fired, subcritical units nominally rated at 100 MW and two 
tangentially fired, subcritial units nominally rated at 125 MW. Each boiler has four elevations of 
coal nozzles in cast iron windboxes located in each of the four corners. The boilers are fired 
under balanced pressure. None of the 100-MY units have been retrofitted with low-NOX firing 
systems. The two 125-MW units have been retrofitted with low-NOX fking systems featuring 
flame attachment nozzles, offset secondary air, and two elevations of close coupled overfire air. 

The five Plant E units are similar to-the two Plant D units in that the electrostatic precipitator effectively 
blocks access to the tie-in point between the boiler economizer exit and the air preheater inlet. This is 
exacerbated by the fact that the air preheaters are located below grade elevation, while the precipitators 
are located above grade elevation, blocking well over half of the back side of the boiler building. The 
precipitators are also located very close to the boiler building, which complicates the ability to pass a 
duct between the precipitator and the boiler’house. Since there are multiple adjacent units at Plant E 
(units arranged in a side-by-side power block), access to the interior units will complicate the retrofit. 
Space is available on the boiler house roof to accommodate an SCR reactor having preliminary 
dimensions of 530 square ft cross-sectional area by 30 ft depth for each unit. 
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The conceptual design includes rerouting the existing duct from the economizer to the air preheater by 
replacing the 90-degree elbow down to the Slir preheater with a 90-degree elbow up toward the roof. 
The supply duct from the economizer outlet to the SCR would run from the economizer inside the 
boiler house, to an approximate elevation of 787 A, until the precipitator located outside the boiler 
house wall is cleared. The duct would then be run outside the boiler house up to the SCR. The 
maximum dimension for the supply duct, while inside the boiler house, would be 18 R 11 in. by 3 ft 10 
in. The duct size, once outside the boiler house wall, is essentially unrestricted. 

The return duct will run posterior to the supply duct and enter the boiler house wall below the 
supply duct, then elbow down to the existing transition piece on the air preheater. The return duct 
fiom the SCR to the air preheater can be routed outside the boiler house wall to approximate 
elevation 785 ft, at which point the duct can penetrate the boiler house wall and run inside the 
boiler house to the air preheater. The maximum dimension for the return duct, once inside the 
boiler house, is 18 ft 11 in. by 3 ft 8 in. The duct located outside the boiler house wall is 
unrestricted. Preliminary observations indicate that the transition duct from the air preheater to 
the new duct (on all units) could remain; however,.turning vanes most likely will be required. 

I- 

Units at Plant E, under the configuration described above, will require some major structural steel 
modifications to accommodate the duct m. Additionally, there are several large diameter ash 
pipes and roof drain pipes that will require relocation. 

Additional retrofit difficulty also exists because all five units share a common chimney. Flue gas 
ductwork from the 100-MX units are combined, entering on one side of the stack. Ductwork 
fiom the 125-MW units are combined, entering on the opposite side of the stack. Because the 
units share a cormion stack there is little potential €or rem.anging or relocating components to 
make room for the SCR related equipment behind the boiler house. 

4.2.6 Plant F 

Plant F includes two tangentially fired, subcritical units nominally rated at 350 M N  each. There are 
five elevations of coal nozzles in each of the four comers. The boiler is fired under positive pressure. 
Both units are designed to deliver superheated steam at a rate of 2,568,33 1 l b h  at turbine inlet 
conditions of ZOOOOF and 2400 psig. Both units have been retrofitted with low-NOX firing systems 
featuring flame attachment coal nozzles, offset secondary air, and SOFA. There are two SOFA 
boxes, with two compartments each, on each of the four comers. Each compartment contains tilting 
air nozzles and individual damper control. 

The arrangement of the electrostatic precipitators at Unit F would allow access through the back 
of the boiler house wall to the boiler economizer exit and air preheater inlet. Two locations were 
identified for the SCR reactor. 

The first location indicates that the boiler house roof would have sufficient space for the SCR 
reactor. Alternatively, the SCR reactors could be located on structural towers over the existing 
electrostatic precipitator inlet ductwork and the precipitator itself 
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The supply- duct could be routed by extending the existing elbow at the economizer to outside the 
boiler house and turning the elbow up to run the duct to the SCR. This would require the use of 
turning vanes because of the restrictive height between the economizer and the air preheater of 
less than 20 ft. 

The return duct from the SCR to the air preheater could be routed outside the boiler house, posterior 
to the supply duct, and then penetrate inside at an elevation of approximately 835 ft: The transition 
piece from the air preheater to-the duct run probably would not need to be adjusted. Turning vanes 
would be required to allow for the restrictive-space to turn into the air preheater transition duct. The 
dimension of the duct outside the boiler house is unrestricted. Some structural steel modification 
would be required to accommodate the revised-duct for both the supply and return. 

In addition to moderate retrofit difficulty due to ductwork and reactor location, a balanced draft 
conversion on both units would likely be required in order to accommodate the increased draft 
loss due to the SCR. The addition of ID fans and balanced draft conversion are reflected in the 
capital cost and increase considerably the cost of adding SCR to these units. 

4.3 Cost Methodology 

Retrofitting SCR to an existing plant requires higher capital cost than a new plant because of the 
need to integrate the process into existing plant systems and accommodate site-specific physical 
and operational constraints. In addition, when compared-to new boilers, higher inlet NOX &om 
existing boilers will necessitate greater catalyst volumes and, therefore, larger reactor sizes in an 
application where there is likely to be less space available due to retrofit difficulties. When 
compared with new installations, necessary costs for upgrade or new ID fans, gas handling 
equipment, and balance-of-plant modifications are often not included in literature estimates of 
SCR retrofit cost. These costs are included in this analysis. 

This section describes the economic considerations and methods used to evaluate SCR as a 
potential retrofit NO, control technology for selected units included in this study. 

4.3.1 EconomidTechnical Assumptions 

The following technical and economic assumptions were used in this retrofit'study: 

The retrofit study considered tangenially fired units with boiler sizes ranging from 100 
Mw to 955 Mw. 

SCR design removal efficiencies of 40 percent, 60 percent, and 80 percent were 
estimated. 

Catalyst life guarantee was assumed to be 2 years (16,000 hours). 

0 Ammonia slip was assumed to .be 2 ppmv measured on a dry basis. 
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Actual inlet NO, concentrations for the existing units were used as the basis of the SCR 
design. The inlet NO, ranged from 0.55 to 0.40 Ib/MBtu and represent tangentially fired 
units both with and without low NO, combustion modifications. 

0 Similar to a new unit, it was assumed that the required operation of the SCR was over a 
boiler load range of 35 percent to 100 percent. 

An SO1 to SO3 oxidation rate of 1.0 percent was assumed due to a lower sulfir coal. (In 
the case of the new unit analysis utilizing a nominal 3 percent sufir fiel, the lowest 
possiblk oxidation rate ofO.75percent was desired to minimize the collateral impacts of 
high SO3 concentrations. However, in the case of the retrofit analysis where a nominal 
1.5 percent sufir  fie1 is used, it was thought that a slightly higher oxidation rate of 1 
percent could be tolerated in an effort to maximize space velocity for a given NO, 
reduction, resulting in an overall reduction in SO; concentration at the SCR outlet 
compared to the new unit case.) 

A 15 year life was assumed. Units which were currently scheduled to retire prior to the 
end of the study are assumed to be extended through the end of the study period. 

All costs are expressed in 1996 dollars. 

0 Heat input to each boiler is the 15-year average annual total Btu projected burn for the 
unit before the SCR was added. 

The velocity, ammonia, and temperature distribution requirements are assumed to be 
identical to the new unit analysis shown in table 3. 

0 The NO, rate for each unit is assumed to be the rate at the unit’s operating maximum. 

0 The NO, rates are assumed not to affect the economic dispatch of the units. 

Eastern low-sulfur coal (nominally 1 to 1.5 percent sulfur) was assumed to be the fuel for 
all units. 

0 Increases in station service andor heat rate impacts are valued using SCS’s Worth of 
Unit Improvement 0;Vvr) methodology. The WUI is a methodology for valuing the 
additional station service consumed and the heat rate impacts due to the addition of a 
particular NO, control technology. Calculations are specific to the Southern electric 
system and take into account each unit’s total fie1 cost, O&M cost, unit capacity factors, 
and hours of operation at various output levels for each unit. Therefore, depending on 
the particular unit, the value of station service will be greatest at lower loads when the 
unit is less efficient, and smallest at higher loads when the unit is operating at its 
maximum efficiency. The WUI method also considers the value impact to the system due 
to changes in system hourly production cost and capacity deferment. 
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0 The reactor assumed for each application in this study utilizes a hot-side, high-dust 
configuration with three catalyst layers plus a flow straightener layer. The flow 
straightener layer consists of fabricated modules of 2 in. x 2 in., 16-gauge mild steel tube 
approximately 18 inches in length. 

0 The design includes one vertical, downflow reactor per air preheater. Therefore, on units 
where a split train draft system utilizes two air preheaters, two SCR reactors are included 
in the estimate. 

. The reactor is equipped with an economizer bypass to permit SCR operation at lower 
boiler loads. 

All catalyst layers include steam sootblowers. The sootblower design is identical to those 
used in the SCR demonstration project facility. 

4.3.2 Capital Costs 

Capital costs for the SCR include all ammonia storage and injection equipment, reactor with initial 
catalyst charges, allowance for ID fan upgrade (or balanced draft conversion cost), allowance for 
air preheater upgrade, erection, indirects, AFUDC, engineering, temporary construction facilities, 
utility company overheads, and field supervision. 

4.3.3 O&M Costs 

Fixed O&M costs include estimates of maintenance material and labor, operating labor, and 
administratiodsupport labor. Variable O&M captures ammonia consumption and catalyst 
replacement costs. In addition, estimates of incremental station service costs due to SCR and 
minimum SCR load point for calculating thermal efficiency (heat rate) penalty are included. * 

4.4 Summary of Capital and O&M Costs for Each Unit 

Table 16 shows the capital, O&M, and current dollar levelized costs for selected units. The SCR 
retrofit costs vary fiom $1,54l/ton to $7,419/ton depending on NO, removal percentage, unit size, 
inlet NO, concentration, utilization (capacity factor), and capital and O&M costs. Even though the 
capital cost (in dollars) increases as plant size increases, lower levelized costs are achieved when 
SCR is applied to larger, higher utilized units such as Plants A, B, and C. This is due to economies 
of scale and the fact that the quantities of NO, removed are greater on larger units. 

All of the units shown in table 16 have been retrofitted with some type of combustion modifications 
to lower the NO, concentration prior to the retrofit of SCR. While some capital cost savings can 
be achieved in the SCR by lowering the inlet NO,, the resulting leveked cost is higher due to 
fewer tons removed when compared to an SCR retrofit on an uncontrolled unit. 
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Table 16 
Capital, O&M, and Levelized Cost for Retrofit of SCR to Selected Southern Company Units 

- 
- Power Plant Attributes Units 

Plantcapacity 
Average Annual Heat Input 
Calculated Capacity Factor 
Evaluation life 

MW 
MBtu 
% 
Y 0 . n  

0 Percent Removal 
SCR Removal Efficiency 

h t ion  with SCR 

CAPITAL COST 
Capital Cost (SI r o t .  1) 
Capital Cost (Slkw) 

% 
IbNBtu  
IbNBtu  
WdVr 

ANNUAL OPERATING AND MAINTENANCE COST 
Fixed and Variable Opcratmg Costs 
WUI Operating Costs laoi.4) 

L M u t E D  COST 
Cunmt Dohr  L.v.lhd Coat I $/ton 

0 Percent Removal 

ion without SCR 

CAPlTAL COST' 
capital Cost (SI lmb 1) 
Capital Cost (S/kwl 

ANNUAL OPERATING AND MAINTENANCE COST 
Fixed and Variable Operating Costs 
WUI Operabng Costs lnoi.4) 

L M U I E D  COST 
Cunmt Dobr L w c l h d  Coat Slton 

80 Percent Removal 
SCR Removal Efficiency 

S i n  without SCR 

o m  of NOx removed 

% 
IbNBtu  
IbNBtu  
todvr 

CAPITAL COST 
Capital Cost (SI I-* 1) 
Capital Cost (Slkw] 

ANNUAL OPERATING AND MAINTENANCE COST 
F w d  and Variable Operating Costs 
WUI Operating Cos- (mid) 

LEVEUZED COST 
CUNOllt Dollar Levclad Coat I Slton 

Plant A Plant B Plant C Plant D Plant E Plant F 

1 1 I I 

Nota: 1. Capital cost estimate includes the cost of balance draft conversion for Plant B and Plant F. 
2. Levelized cost based on  15 year life. 9245% cost of capital. and 3.04% escalauon. 
3. AI1 values shown in 1996 dollars. 
4. Worth of Unit Improvement tWUI1 methodology it usad to value the heat rate impacts and additional station service.nqutrements. 

. 
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Figure 20 shows a comparison of levelized cost vs. NO, removal efficiency for a new and retrofit 
SCR installation applied to a 250-Mw unit designed for 60 percent removal. While the retrofit unit 
levelized cost is higher than the new unit, the difference is fairly small. The difference is primarily 
due to higher capital cost of the retrofit installation, since the inlet NO, concentrations for the 
retrofit (0.40 lb/MBtu) and the new unit (0.35 IbMBtu) are similar and approximately the same 
number of tons of NO, are removed. 

While figure 20 shows little difference in levelized costs, the capital cost differences between the 
new SCR installation and the retrofit SCR installations are large. For a 60 percent removal 
design, the estimated retrofit cost is approximately 5 1 percent greater than the estimated new cost 
installation. (This comparison is highly site specific and actual retrofit costs may be higher or 
lower than those presented here) Table 17 shows the capital cost difference between a new and 
retrofit SCR installation. 

* 

Table 17 
Capital Cost Differences for New and Retrofit SCR Installations 

(250-MW Plant Size) 

' I  

NOx Removal Efficiency 
80% 
7 

60% - 40% - 
New SCR Installation 

Total Capital Requirement $12,974,000 $13,415,000 $14,142,000 
Total Capital Requirement $52kW $54/kW $57/kW 

Retrofit SCR Installation 

Total Capital Requirement $18,800,000 $20,28 1,000 $21,403,000 
Total Capital Requirement $75/kW $81/kW $86kW 

As seen from table 17 and figure 20, technical and economic assessment of SCR must be based on 
both the cost effectiveness the first cost (capital cost cash flow) of the proposed installation. 

4.5 Extrapolation of Data to High Inlet NO, Cases 

At the request of the DOE, the Southern Company specific retrofit cost data were extrapolated to 
high inlet NO, conditions in an effort to represent many of the boilers in the OTAG region. 

Due to the fact that Southern Company's boiler population is predominantly wall-fired and 
tangentially fired boilers, there was has been no corporate need to rigorously define the capital and 
operating cost at high inlet NO, concentrations indicative of cell burner and cyclone fired boilers. 
However, it is recognized that these high emitting boiler types may face more stringent 
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NO, control requirements in the fbture. Therefore, analysisof high emitting boilers is presented in 
this report for information purposes. 

The results presented in this section are subject to the following caveats: 

1.  

2. 

3. 

The estimate is based on a 250-MW unit with a retrofitted SCR designed for 60 percent 
removal. The retrofit difficulty is representative of plant configurations in the OTAG region. 

Best efforts were made to adjust the capital and O&M costs for increasing inlet NO, 
conditions. Specifically, the space veiocity (catalyst volume), reactor height, and ammonia 
consumption are the primary process variables adjusted. These adjustments were based on 
factors obtained.from several catalyst suppliers. 

This comparison, while valid for screening purposes, is generic in nature and does not preclude 
the need to perform site specific cost evaluations, particularly for high NO, emitting boilers. 

The results of the extrapolated data shown in figure 21 indicate a significant trend of decreasing 
levelized cost with increasing inlet NOX concentration, highlighting a key difference in levelied 
cost between lower emitting boilers (or boilers which have been controlled with combustion 
modifications prior to the SCR) and higher emitting, uncontrolled boilers. 

For a given removal percentage, 60 percent in this case, the higher emitting boilers result in a 
greater number of tons removed when compared to the lower emitting boilers. The annual tons of 
NO, removed range from 1247 to 9975 for 0.30 Ib/MBtu and 2.4 Ib/MBtu inlet NO, 
concentrations, respectively. 

Note that the constant dollar levelied cost of $534/ton at 2.4 Ib/MBtu inlet NO, is reasonably 
consistent with the levelized cost of $404/ton for a 65 percent NO, reduction system recently 
reported by Public Service of New Hampshire at their Merrimack station.@) (Diierences between 
the two values are mainly attributable to the study retrofit cost of $87/kW vs. Merrimack's recently 
reported capital cost of $56/kW, and the difference between in 60 percent and 65 percent removal.) 
Results shown in figure 2 1 also compare favorably with recently published levelized cost fiom Pubic 
Service Electric and Gas Company's Mercer Generating Station. 
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EXHIBIT A 
ECONOMIC EVALUATION PARAMETERS 

PROJECT TITLE: 

Economic Assumptions 

DOE SCR Project - Economic Evaluation 

Units 

Cost of debt 
Dividend rate for preferred stock (pretax) 
Dividend rate for common stock (pretax) 
Debt ratio, % of total capital 
Preferred stock, % of total capital 
Common stock, % of total capital 
Income tax rate 
Investment tax credit 
Property taxes & insurance 
Inflation rate 
Discount rate (with inflation) 
Discount rate (without inflation) 
Escalation of raw materials above inflation 

Construction period (choose 1-6) 
Allowance for funds during construction [a] 
Construction downtime 
Remaining life of power plant 
Year for input cost data 
Year for costs presented in this report 
Royalty allowance (based on Total Process Capital) 
Capital charge factor & O&M cost leveliiation factor 

Current dollars: 
Capital charge factor 
0 & M cost levelization factor 

Capital charge factor 
0 & M cost levelization factor 

Constant dollars: 

Power plant capacity factor 
Sales tax rate 
Cost of freight for process equipment 
Sales tax plus freight 
General facilities, % of total process capital 
Engineering & home office fees, % of total process capital 

% 
% 
% 

% 
% 
% 
% 
% % 

% 

Years 
% 

Days 
Years 

% 

% % 

% 
% 

Value 

8.5 
7.0 
11.0 
50.0 
15.0 
35.0 
38.0 
0.0 
3.0 
3.0 

9.150 
5.971 
0.0 

- 

1.5 
1-91 
0 
30 

1996 
1996 

0 

0.150 
1.362 

0.116 
1.000 
65 
5.0 
2.0 
7.0 
2.0 
8.0 

[a] Represents the time value of funds used for construction based on an interest rate equal to weighted 
cost of capital assuming 3.0 % inflation rate and 9.150 % discount rate. 

* I  



Cor1 of deb1 
Dlvldend rale for proforred dock (pro-I 
Divldend nle for cOmmon rlock (pro-1 
Dab1 rallo. LX of Iota1 capital 
Preferred rlock. %of total capital 
Equily Rallo. X of lcial capilat 
Incomelaxrale 
Inverlmanl lax crcrll (ITC) 
Properly laxer L lnrmnce 
Innallon nle 
Dlrcwnl nle (dlh lnflrllon) 
Dircovll nle (dlhoa Innallon) 
RernalrJnglife ofpowerplanl 
Taxrecoverypedod 
SiralgM Ins lax depreclallon 
Equ'ly cor1 
Book depreclallon rate ne1 of ITC 
Bookvalue net of ITC 

UdIS 

x 
x 
x 

- 

x 
x 
% 
x 
x 
% 

Years 
Years 
'Wyr 
x 
xfyr 
% 

Eqdnlerd Wolhoa 
Value Vabe Innallon 

8.5 0.085 0.053 
7 0.070 

11 0.110 
50.0 0.50 
15.0 0.15 
50.0 0.50 
38.0 0.38 

- - -  

0.0 0.00 
3.0 0.03 
3.0 0.03 

9.15 
5.971 

30 
30 

3.333 0.0333 
9.800 0.0980 0.0880 
3.333 0.0333 m = lax recovery life. yearn 

100 1.00 n = book life, years 

Year 
I_ 

1 
2 
3 
4 
5 
8 
7 
8 
9 

10 
11 
12 
13 
14 
15 
18 
17 
18 
19 
20 
21 
22 
23 
24 
25 
28 
27 
28 
29 
30 
31 
32 
33 
34 
35 
38 
37 
38 
39 
40 

Present 
Value 

Fador 
V - 

0.918170 
0.839388 
0.789004 
0.704539 
0 845478 
0 591388 
0.541794 
0.498375 
0 454784 
0.418842 
0.381715 
0.349718 
0.320399 
0 293540 
0 288933 
0 248388 
0.225734 
0.208811 
0.189474 
0.173590 
0.159038 
0.145708 
0.133492 
0.122301 
0.112049 
0.102858 
0.094050 
0.088188 
0.078943 
0.072325 
0.088282 
0.060707 
0.055818 
0.050958 
0.048884 
0.042771 
0.039185 
0.035900 
0 032891 
0.030134 

a 

0.918170 
1.755539 
2.524543 
3.229082 
3.874580 
4.485927 
5.007721 
5.504098 
5.958880 
8175502 
8.757217 
7.108932 
7.427331 
7.720872 
7.989805 
8.230195 
8.481927 
8 888737 
8.858211 
9.031801 
9.190839 
9.338545 
9.470037 
9.592338 
9.704387 
9.807042 
9.901092 
9.987258 

10.988201 
10.138526 
10.204788 
10365495 
10.321 113 
10.372089 
10.418753 
10.481523 
10.500709 
10.538809 
10.589500 
10.599833 

- 

Currenl Dolarn (Wlh Inflation) Cmrlanl Dollars (wlhad Inllallon) 
------__I_--- ------- 

Tax Deferred Year-by-Year Present hnxla(lve Fndlonal Present Yerr-by-Year Prsrenl Curnulalive 
h l l y  Depreciallon Income Taxes Canylng V a h  of Present Levelxed RernalrJng Rdun Relun Value Tutor Canylng Vabeof Prerenl Leveizrd Relun Relun 
Fadot Rate T Z  , Pald Charge Canylng VabeCC CC Year BookValus onDet4 Fador %% Pald Charge Canylng VabeCC CC Year onEquily onDeb1 

Id LP CC Charge Wm.n Pf.m,n f SEI RD PV tP RE RD CC Charge W.m.n Pi,m.n f 

. . . . . ._ . - .__ - _ _  - . 
0.033333 0.000000 0.0iioiS 0;iidoi.i 0:iiiioo i:isisii o:iiiiio ii 0.488887 0.02~887 0.019833 0.373103 
0.033333 O.OOOW0 0.013014 0.115997 0.023989 1.383585 0.159804 18 0,433333 0,021233 0.018417 0.352081 
0.033333 O.WOOO0 0.012013 0.111948 0.021211 1.401778 0.158585 19 0.400000 0.019800 0.017000 0.332243 
0.033333 O.WOOO0 0.011012 0.107895 0.018730 1.423508 0.157810 20 0 386887 0.017987 0.015583 0.313523 
0.033333 O.WOOO0 0.010011 0.103844 0.018515 1.440021 0.158880 21 0.333333 0.018333 0.014187 0.295858 

_ . - - - - - - - - - - - - - - - - - - - -  
0.033333 0.OOWW 0.030032 0.184888 0.189388 0.189388 0.184888 1 1.000000 0.049000 0.042500 0.943858 0.943858 0.020232 0.143274 0.135201 0.135201 0.143274 1 0.033010 0.028699 
0.033333 O.WOOO0 0.029031 0 180815 0.151770 0.321138 0.182928 2 0.988887 0.047387 0.041083 0.890488 1.834141 0.019557 0.140609 0.125210 0.280412 0 141980 2 0.031909 0.025809 
0.033333 O.WOW0 0.028030 0.178783 0.135932 0.457070 0.181051 3 0.933333 0.045733 0.039887 0.840312 2.874453 0.018883 0.137944 0.115918 0.378328 0 140712 3 0.030809 0.024919 
0 033333 O.WOOO0 0.027029 0.172712 0.121883 0.578753 0.179231 4 0 900000 0.044100 0.038250 0.792985 3.487418 0.018209 0.135280 0.107272 0.483800 0.139470 4 0.020709 0.024029 
0.033333 O.WOOO0 0.028028 0.188881 0.108887 0.687820 0.177470 5 0 888887 0.042487 0.038833 0.748288 4.215704 0.017534 0.132815 0.099234 0.582834 0.138253 5 0 OZ8808 0.023139 
0.033333 0.WOOW 0.025027 0.184810 0.097315 0.784985 0.175788 8 0.833333 0.040833 0.035417 0.708124 4.921827 0.018880 0.129950 0.091781 0 874595 0.137062 8 0.027508 0.022249 
0.033333 0.000000 0.024020 0.180559 0.088990 0.871955 0.174122 7 0.800000 0.039200 0.0340W 0.888338 5.588185 0.018185 0.127288 0.084815 0.759410 0.135898 7 0.028408 0.021359 
0.033333 0.000000 0.023025 0.158508 0.077887 0.949842 0.172534 8 0 788887 0.037587 0.032583 0.828793 8.218958 0.015511 0.124821 0.078381 0.837771 0.134758 8 0.025307 0.020489 
0.033333 0.000000 0.022024 0.152457 0.089332 1.018874 0.f71001 9 0.733333 0 035933 0 031187 0.583384 8.810323 0.014837 0.121958 0.072385 0.810138 0.133841 9 0.024207 0.019579 

7.370254 0.014182 0.119282 0.088795 0.978931 0.132551 10 0 023107 0.018889 
7.898838 0.013488 0.118827 0.081824 1.038555 0.131485 11 0.022008 0.017799 
8.397247 0.012813 0.113962 0.058823 1.095377 0.130445 12 0.020908 0 016909 
8887784 0.012139 0.111298 0.052387 1.147745 0.129429 13 0,019808 0018019 

0 033333 0,WOOOO 0.017018 0.132202 0.038008 1.287438 0.184157 14 0.588887 0.027787 0.024083 0.444008 9.311770 0.011485 0.108833 0.048234 1.195979 0 128437 11 0 OW708 0,015129 
0.033333 O.WOOO0 0 018017 0.128151 0.034484 1.301000 0.182945 15 0 533333 0.028133 0.022887 0.418989 0 014239 

0 013350 0.033333 0.000000 0.015018 0.124088 0.050577 1.332477 0.181783 18 0.500000 0 024500 0 021250 0 385381 
0 Of2480 
0.011570 

11.183588 0.008093 0.095310 0.031888 1.384932 0 123838 19 0 013204 0.010880 
11.497091 0.007418 0.092845 0.029048 1.413978 0.122988 20 0 012104 0.009790 
11.792949 0.008744 0.088980 0.028821 1,440800 0.122158 21 0.011003 0.008900 

0.033333 0.000000 0.008009 0.095741 0.012781 1.487342 0.154948 23 0.288887 0.013087 0.011333 0.283457 12.335594 0.005395 0.084851 0.022302 1.487279 0.120588 23 0.008803 0.007120 
0.033333 O.WOOO0 0.007008 0.091891 .0.011214 1.478558 0.154139 24 0 233333 0.011433 0.000917 0.248813 12.584207 0.004721 0.081988 0.020383 1.507882 0.119808 24 0.007702 0.008230 
0.033333 0.000000 0.008008 0.087840 0.009820 1.488378 0.153371 25 0.200000 0.009800 0.008500 0.234805 12.818812 0.004048 0.079321 0.018808 1.528271 0.119085 25 0.008802 0.005340 
0.033333 O.WOOO0 0.005005 0.083589 0.008581 1.496957 0.152841 28 0.188887 0.008187 0.007083 0.221388 13 040198 0.003372 0.076857 0.018971 1.843242 0.118345 28 0.005502 0.004450 
0.033333 O.WOOO0 0.004004 0.079538 0.007481 1.504437 0.151947 27 0.133333 0.006533 0.005887 0.208912 13.249110 0.002898 0.073992 0.015458 1.558898 0.117848 27 0.004401 0.003580 
0.033333 O.WOOO0 0.003003 0.075487 0.008504 1.510942 0.151287 28 0.100000 0.004900 0.004250 0.197141 13.448252 0.002023 0.071327 0.014082 1.572781 0.118987 28 0 003301 0.002870 
0.033333 O.WOOO0 0.002002 0.071435 0.005839 1.518581 0.150881 29 0.088887 0.003287 0.002833 0.188033 13.832285 0.001349 0.088883 0.012774 1.685535 0.118307 29 0,002201 0.001780 
0.033333 O.WOOO0 0,001001 0.087384 0.004874 1.521454 0.150087 30 0 033333 0.001833 0.001417 0.175551 13.807837 0.000874 0.085998 0.011588 1.597121 0.115088 30 O.Wl100 0 000890 
0.000000 .0.012887 0.012887 0.083333 0.004197 1.525851 0.149503 31 -0.000000 .O.OOOOOO -0.OOOOW 0.185880 13.973497 O.OlZ887 0.083333 0.010492 1.807812 0,116047 31 ~0.000000 .O.OOOOOO 
0.000000 *0.012887 0.012048 0.080822 0.003692 1.529343 0.148878 32 -0 020887 -0.001013 -0.000878 0.168328 14.129823 0.012240 0.081681 0.009842 1.817255 0,114407 32 -0.OW882 .0.000552 
0.000000 -0.012887 0.011425 0.058310 0.003243 1.532588 0.148490 33 00.041333 -0.002025 -0.001757 0.147518 14.277341 0.011830 0.080029 0.008855 1.828110 0.113894 33 -0.001384 -0 001104 
0.000000 -0.012887 0,010805 0.055798 0.002043 1.535430 0.148035 34 .-0.082000 *0.003038 -0.002835 0.139208 14.418547 0.011412 0.058377 0.008128 1.834237 0.113350 34 -0.002047 *O 001855 
0.000000 -0.012887 0.010184 0.053287 0.002488 1.537917 0.147811 35 *0.082887 -0.004051 -0.003513 0.131383 14.547810 0.010994 0.056725 0.007452 1.841888 0.112817 35 .0.002729 -0.002207 
0.000000 -0.012887 0.009583 0.050775 0.002172 1.540089 0.147215 36 -0.103333 -0905083 -0.004392 0.123981 14.871871 0.010578 0.055073 0.008827 1.848515 0.112359 38 *0.003411 .0.002759 
0.000000 -0.012887 0.008943 0.048283 0.001891 1.541980 0.148845 37 -0.124000 -0.008070 -0.005270 0.118977 14.788847 0.010158 0.053421 0.008249 1.854784 0.111893 37 *0.004093 -0 003311 
0,000000 -0.012887 0.008322 0.045752 0.001642 1.543823 0.148501 38 -0.144887 -0.007089 *0.008148 0.110388 14.899233 0.009740 0.051789 0.005715 1.680479 0.111447 38 -0.004775 -0.003882 
0 000000 -0.012687 0.007701 0.043240 0.001422 1.545045 0.148180 39 -0.185333 *0.008101 *0.007027 0.104188 15.003399 0.W9322 0 050117 0.005220 1.885899 0.111021 39 *0.005458 .0.004414 
0,000000 -0.012887 0.007081 0.040728 0.001227 1.548272 0.145880 40 -0.188000 -0.000114 -0.007905 0.098287 15.101898 0.008904 0 048484 0.004784 1.870483 0.110814 40 .0.008140 9.004988 

0.033333 o.oooooo o.ooeoio o.oseie3 0.014540 i i545si  oii55792 zi o:i00000 0:oiiioo 0:oiiii.b 0.27e188 12.072137 o.ooe070 0.087315 0.024377 1.484977 0.121352 22 0.009903 o.oo8010 

VnllS Curer&$ Conrlanlf P h M c o r l & C I c l w -  
Innallon nle 16 3.00 DAO 
Mrcmnlnlc *A 9.15 5.971 
ErcabUon ofnwmalerlalr above InnaUon x 0.00 0.00 
Remaldng ife of powerplanl Years 30 30 

_. - -  

Apparent cscaIaUcm rale 
EscabUon lador 
kruily fadw 
Obht sorl IweUaUon hdci 

% 3.00 0.00 
0.943858 0.943858 

10.138528 13.807837 
1.381918 l.ooWo0 

e.no7iB o.oioiS0 0:iiioia 0.0iii00 i:iioiiS o:iifiib i s  i:iiiiil 
10.128140 0.010118 0.103304 0.040844 1.281222 0.128528 I8 0.010505 
10.499243 0.009441 0.100839 0.037549 1.318771 0.125808 17 0015405 
10.851325 0.008787 0.097974 0.034495 1.353288 0.124710 I8 0 014304 
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250-MW New Plant Combustion Calculation 





fitenems WE25DM4 
DOE SCR Project - Economlc Eualuatlon 

'I coat s w c e  

HeaBngVaba (8bh) 

Rant Heat Rale (BTUhh) 

Combuslw Alr Molshre (#HZOntDF/Alr) 

Cakllaled Excess Alr (X) 

UnltLoad(MW) 

Fbe Gas Tenp (F) 

TYplCd Hgh M U  

12500 

9500 

0.013 

18 

250 

700 

Coat Corrposllm Wdght Percent 

C 
H 
N .  
S 
U 
0 
H20 
ash 

Toto1 

67.48 
4.51 
143 
2.33 
0.14 
6.92 
8.39 
9.80 

100.00 

FlcM MoawradVakm 

Measued 02 (X wet) 3.00 

0 Measued SOJ(ppmwe1) 

230 Measued NOX (ppm wet) 

Measued ParUcllala (Ng) (mgNrn3) ' 0  

Measued PerUcUata (low) (m9Nm3) 0 

----- 

Fbe Gas Ptessue (In. W 0 )  .5 1452 (prla) 

- ----__I- 

CombUslW 
Prodtcls 

coz 
0 2  
N2 
so2 
SO3 

- 

NO 
NO2 
HU 
H20 
ash 

10675 44 
2284 26 

58166 33 
138.08 

1.38 
16.58 
0.87 
4 50 

6600.13 

Tolal 75.888 

FLJS Gas Cwrp 
(M) - 

14 067 
3 010 

74.013 
0.1820 

0.00182 
0.02185' 
000115 
0.00593 

8.697 

100.000 

FLM Gas Flow 
Rate (MI) 

FLJS Gas Cwrp 
(W 

469828 
73098 

1573219 
8846 

111 
497 
40 

164 
118934 - 16758 

20.775 
3.232 

69 566 
0.391 

0.00489 
0.02200 
000178 
0.00726 

5 259 
0 741 

2.261.492 100.000 

Fkm Gas Flow 
Rale (sclm) - 

63875 
13668 

336062 
626 

8 
99 
5 

27 
39491 

454.061 

Rw Gas Row - Rale (acfm) 

144286 
30873 

759125 
1866 
18 66 

224 11 
11 80 
60 84 

69205 

i.025.671 

Calcllalsd 02 if( wall 
Cakllatad 02  h,4 i3yi 
Cakllatad SO3 (ppm well: 
CaMaled NOK (h wet). 
Cakllated NOx (ppm wet con) 
Cakllated NOx (ppm &y): 
Cakllaled NOx (ppm i3y con): 
Cakrlated NOx (wMOTU) 
CakllatadCoal Feed(%): 
Cakdoled Heat lrpvl (MBTUrlr): 

-. 
3 01 
3 30 

18 
230 
230 
252 
256 

0.35 
190.000 

2.375 





Exhibit C 

250-MW New Plant - SCR Capital, O&M, and Levelized Costs for 40% Removal 





Exhibit C 

Catalyst ! $1,856 i $7.4 
Reactor Housing, Ductwork, Steel ! $4,958 I $19.8 
Sootblowers I $580 I $2.3 
Ammonia Storage, Handling, and Injection ! $1,292 I $5.2 
ID Fan Differential ! $216 1 $0.9 
Air Preheater Differential ! $220 I $0.9 
Ash Handling Differential $300 I $1.2 
Electrical I $201 I $0.8 
Instruments & Controls $100 I $0.4 
Testing, Training, Commissioning I $138 I $0.6 

I I 

250 MW Plant - SCR Capital Cost for 40% Removal 

~- 

(6) General Facilities (2% of A) I $197 I $0.8 
(C) Engineering (8% of A) I $789 i $3.2 
(D) Project Contingency (15% of A+B+C) I $1,627 I $6.5 

i 

‘ I  

Process Areas i k$ i $/kw 
i I I 

I 

(A) Total Process Capital (sum of process areas) $9,861 I $39.4 
! I 

I 

(E) Total Plant Cost (A+B+C+D) I $12,4741 $49.9 I 
I I I -1 1 

(F) Allowance for Funds During Construction (1 -91 % of E) , I $238 I 
I 1 

$1 .o 
1 I 

(G) Total Plant Investment (E+F) I $12,712 i $50.8 
i 

~~ 

(H) Royalty Allowance (0% of A) I $0 I $0.0 
( I )  Preproduction Cost (2 month startup) I $159 I $0.6 
(J) Inventory Capital I $103 I $0.4 
K) Initial Catalvst and Chemical $0 I $0-0 

Royalty Allowance (0% of A) 
Preproduction Cost (2 month 
Inventory Capital 
Initial Catalvst and Chemical 

~~ 

I $0 I $0.0 
startup) i $159 I $0.6 

I $103 I $0.4 
$0 I $0-0 

i I 
ILI Total Caoital Reauirements (G+H+I+J+KI i $12.9741 



Exhibit C 

250 MW Plant - SCR Operating and Maintenance Cost for 40% Removal 

Fixed O&M Costs Units I Quantity I $/Unit $I yr 

Maintenance labor $79,000 
Maintenance material $118,000 
Administrationlsupport labor $43,000 

Subtotal Fixed Costs $305,000 

Variable Operating Costs Units I Quantity I $/Unit ! $I yr 

Fuels 
Coal 

Sorbent 
n/a 

MBTUhr 3.56 $2.00 $41,000 

$OA 

ChemicalsICatalyst 
Ammonia 
Catalyst 

Utilities 

Ibhr 125 $0.13 $89,000 
cu. f t  (Note 1) $400 $385,000 

Condensate 11OA3 Ibhr $0 
Raw water 
Cooling water 
LP steam (0-70 psia) 
MP. steam (70-250 psia) 

Note I - Catalyst is not replaced on a yearly basis. Refer to catalyst management plan for addition andlor 
replacement schedule. Dollar amount shown in this table represents a leveliied annual reserve 
for replacement based on present worth analysis of the catalyst replacement schedule. 

10A3 gaVhr $0 
10A3 gaVhr $0 
10*3 lbhr $0 
10A3 Ib/hr t $0. 

HP steam (>250 psia) !10A3 lbhr ' 
Electric power kWhhr 622 

$0 
$0.03 $106,000 

Byproduct Credits 1 
n/a I $0 

Waste Disposal Charges I 

I 
nla $0 

Subtotal Variable Cost I I* $621,000 



Exhibit C 

SCR removal efficiency 
Emission without controls 
Emission with controls 

250 MW Plant - Summary of Performance and Cost Data for 40% Removal 

% 40 
Ib/MBTU 0.35 
lb/MBN 0 a1 

I 
Amount removed todyr 1 916 

I Current Dollars Constant Dollars 
I I I 

Levelized Cost, mills/kWhr 
Capital Charge 
Fixed O&M Cost 

Factor MillslkWh Factor MillslkWh 
0.150 1.454 0.116 1.125 
1.362 0.31 1 1.000 0.228 

Variable O&M Cost 1.362 
Total Cost 1 

0.632 1.000 0.384. 
2.397 1.737 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

Factor $/ton Factor $/ton 
0.150 $2.124 0.116 $1.642 
1.362 $454 1.000 $333 
1.362 $924 1.000 $567 

$3.502 $2,536- 



4 

. ...: _ .  . .~ __ . . . ... . ,_ , . - .---,- 



Exhibit D 

250-MW New Plant - SCR Capital, O&M, and Levelized Costs for 60% Removal 
(Base Case) 





Exhibit D 

I .  $300 
I $201 

Ash Handling Differential 
Electrical 
Instruments & Controls I $1 00 
Testing, Training, Commissioning I $138 

I 

250 MW Base Case SCR Capital Cost for 60% Removal 

$1.2 
$0.8 
$0.4 
$0.6 

Process Areas k$ I $/kw : I 

L I 

(G) Total Plant Investment (E+F) i $13,114! $52.5 
I : 

I 

(A) Total Process Capital (sum of process areas) $10,1721 $40.7 
1 I 

(E) Total Plant Cost (A+B+C+D) i . $12,8681 $51.5 
i I I 

(F) Allowance for Funds During Construction (1 -91 % of E) ! $246 I $1 .o 
i 

I 

(L) Total Capital Requirements (G+H+J+J+K) i $13,4151 $53.7 



Exhibit D 

Fixed O&M Costs Units I Quantity 1 $/Unit i $/yr 
Operating labor Man-hr I 2847 I $23.00 ' $65.000 
Maintenance labor $81,000 
Maintenance material $122,000 
Administration/support labor $44,000 

Subtotal Fixed Costs . . $312,000 

250 MW Base Case SCR Operating and Maintenance Cost for 60% Removal 

Condensate 
Raw water 
C-ooling water - 

LP steam (0-70 psia) 
MP steam (70-250 psia) 
HP steam (>250 psia) 
Electric power 

Utilities I 
10A3 lbhr I $0 
10A3gaWhr I I $0. 

I 
$0, 

10A3 lbhr ! $0 
10A3 lbhr I $0. 
1 O A 3  lbhr I $0 
kWhlhr 639 $0.03 I $109,000 

10A3 gamr 

Byproduct Credits 
n/a 

Waste Disposal Charges 
nla 

I 

$0 

I 1 I $0 
i 

Subtotal Variable Cost 
I 1 

Note 1 - Catalyst is not replaced on a yearly basis. Refer to catalyst management plan for addition and/or 
replacement schedule. Dollar amount shown in this table represents a leveliied annual reserve 
for replacement based on present worth analysis of the catalyst replacement schedule. 

$733,000 
! 

~~ ~ ~~ ~~~ 



.- 

SCR removal efficiency 
Emission without controls 
Emission with controls 
Amount removed 

I , I  

% 60 
IblMBTU 0.35 
IblMBTU 0.14 

tonlyr I 1374 

y 
:t- 

k' 

Levelized Cost, millslkWhr 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

Exhibit D 

250 MW Base Case Summary of Performance and Cost Data for 60% Removal 

I 

Factor 1 MillslkWh Factor MillslkWh 
0.150 1.504 0.116 1.163 
1.362. 0.319 1 .ooo 0.234 
1.362 0.746 1.000 0.454 

2.569 1.851, 
I I I 

I I Current Dollars I ConstantDollars . 
! I 1 

Levelized Cost, $Iton NOx Removed Factor $Iton Factor $/ton 
Capital Charge 0.150 $1,464 0.116 $1.132 
.Fixed O&M Cost I .362 ' $31 0 1.000 $228 
Variable O&M Cost 1.362 $726 1.000 $442 

Total Cost $2,500 $1,802 



. , .._ . . - ~- --.- - . I .  - -  - ~ . . - .. - , . ~ . ,.. , . 



Exhibit E 

250-MW New Plant - SCR Capital, O&M, and Levelized Costs for 80% Removal 





Exhibit E- 

250 MW Plant - SCR Capital Cost for 80% Removal 

Process Areas I k$ 
I 

Catalyst I $2,536 $1 0.1 
Reactor Housing, Ductwork, Steel i $4,958 $19.8 
Sootblowers i $580 I $2.3 

I $1 14% $5.8 Ammonia Storage, Handling, and Injection 
ID Fan Differential $216 I $0.9 
Air Preheater Differential $220 j $0.9 
Ash Handling Differential $300 I $1.2 

I 

Electrical $201 $0.8 
Instruments & Controls $1 00 $0.4 
Testing, Training, Commissioning $1 38 $0.6 

I 
L 1 

(A) Total Process Capital (sum of process areas) i $10,7021 $42.8 
I I I 

(B) General Facilities (2% of A) I $214 $0.9 
(C) Engineering (8% of A) I $856. $3.4 
(DI Proiect Continaencv (15% of A+B+C) I $1.766 I $7.1 

I T I  
I I 

(E) Total Plant Cost (A+B+C+D) I $13,538) $54.2 
I I , I 1 

I(F) Allowance for Funds During Construction (1.91% of E) I $259 1- $1 .o I 
I I 1 

~~ 

(G) Total Plant Investment (E+F) . I $13,797 $55.2 

(H) Royalty Allowance (0% of A) i $0 $0.0 

K) Initial Catalyst and Chemical I $0 I $0.0 

! 

(I) Preproduction Cost (2 month startup) : $202, $0.8 
(J) Inventory Capital $143 I $0.6 

I I 
(L) Total Capital Requirements (G+.H+I+J+K) ... I $14,1421 $56.6 



Exhibit E 

250 MW Plant - SCR Operating and Maintenance Cost for 80% Removal 

Fixed O&M Costs Units I Quantity I $/Unit $I yr 
Operating labor I Man-hr ! 2847 I $23.00 
Maintenance labor 
Maintenance material 
Administrationlsuppott labor 

Subtotal Fixed Costs 

$65,000 
$86,000 
$128,000 
$45,000 
$324,000 

riable Operating Costs I Units I Quantity I $/Unit $I yr 

Fuels 
Coal 

i 
I I I $1,181,000 

I 
TOTAL O&M COSTS (FIXED + VARlABdE] ’ . 

I 
MBTUhr 3.56 I $2.00 $41,000 

Note 1 - Catalyst is not replaced on a yearly basis. Refer to catalyst management plan for addition and/or 
replacement schedule. Dollar amount shown in this table represents a levelied annual reserve 
for replacement based on present worth analysis of the catalyst replacement schedule. 

Sorbent ! 

I 
nla I $0 

C hem icalsICatalys t 
Ammonia 
Catalyst 

Ibhr 250 $0.13 $178,000 
cu. ft (Note I) $400 $526.000 

n/a 

Waste Disposal Charges 
nia 

Subtotal Variable Cost . 

$0. 

$0 

$857,000 



.- 

Power Plant Attributes 

Plant capacity, (net) 
Power produced, (net) 
Capacity factor 
Plant life 
Coal feed 
Sulfur in coal 

, I  

Units ' Value 

MWe 235 
10% kWh& 1338.09 

% 65 
years 30 

tonstyr 540,930 
wt% 2.33 

I 

Exhibit E 

250 MW Plant - Summary of Performance and Cost Data for 80% Removal 

Emission Control Data Units Value 

SCR removal efficiency 
Emission without controls 
Emission with controls 
Amount removed 

% 80 
lb/MBTU 0.35 
lb/MBTU 0.07 

ton& 1833 
I 

I I Current Dollars I Constant ,Dollars 
I I 1 t 

Levelized Cost, rnillslkWhr Factor MillslkWh Factor I MillslkWh 
Capital Charge 0.150 1.585 0.116 ! 1.226 
Fixed O&M Cost 1.362 0.331 1.000 I 0.243 
Variable O&M Cost 

Total Cost 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cast 

1.362 I '0.872 1.000 I 0.531 
I 2.788 I 2.000 

Factor I $Iton Factor $iton 
0.150 I $1.158 0.116 $895 
1.362 I $241 I .ooo $177 

Variable O&M Cost 
Total Cost 

1.362 $637 1.000 I $388 
$2,036 $1,460 

I 

1 



..~ . . . 



Exhibit F 

125-MW New Plant - Combustion Calculation 





I 

0 0 0 0 0  o m  
O N  

0 0 
9 
8 





Exhibit G . 

125-MW New Plant - SCR Capital, O&M, and Levelized Costs for 60% Removal 



.- 



.- 

Reactor Housing, Ductwork, Steel 
Sootblowers 

, I  

$2,814 I $22.5 
$329 I $2.6 

Exhibit G 

125 MW Plant - SCR Capital Cost for 60% Removal 

Air Preheater Differential 

Process Areas I k$ i $Ikw 
I I 

$125 I $1 .o 

Electrical 
Instruments & Controls 
Testing, Training, Commissioning 

$1141 $0.9 
. $57’ $0.5 

$78 $0.6 

I 
(B) General Facilities (2% of A) 
(C) Engineering (8% of A) 
(D) Project Contingency (15% of A+B+C) 

I .  

I 

$115 I $0.9 
$462 i $3.7 
$952 I $7.6 

I 

(E) Total Plant Cost (A+B+C+D) 

(F) Allowance for Funds During Construction (1 -91 % of E) 

(G) Total Plant Investment (E+F) 

$7,302 I $58.4 

$139! $1.1 

$7,442 $59.5 

(L) Total Capital Requirements (G+H+I+J+K) I $7.6021 .. $60.8 

(I) 
(J) Inventory Capital 

Preproduction Cost (2 month startup) 

K) Initial Catalyst and Chemical 

$99 I $0.8 
$61 I $0.5 
$0 I $0.0 



Exhibit G 

Fixed O&M Costs f Units i Quantity 
Operating labor Man-hr 2847 

125 MW Plant - SCR Operating and Maintenance Cost for 60% Removal 

$/Unit. $I yr- 
$23.00 $65,000 

Maintenance labor 
Maintenance material 
Administrationlsupport labor 

Subtotal Fixed Costs 

$46,000 
$6 9.0 0 0 
$33,000 

$213,000 

Variable Operating Costs I Units f Quantity 

Fuels 
I 
I ! 
1 I 

I 
Coal I MBTUlhr ! 1.78 

I 

I I I I 
Utilities I I 

$/Unit $I yr 

$2.00 $20,000 
I 

Sorbent I i 

nla I 
ChemicalslCatalyst 

Ammonia lbhr 94 
Catalyst cu. ft. (Note 1: 

$0 

$0.13 $67,000 
$400 $225,000 

Condensate /1OA3Ibhr j 
Raw water !10A3gaVhr i 
Cooling water 110A3gaVhr i 

. LP steam (0-70 psia) 110A31bhr I 
MP steam (70-250 psia) 110A3 Ibhr I 

HP steam p250 psia) i10A31b/hr i 
Electric power IkWhlhr I 31 9 

$0 
$0 
$0 
$0 
$0 
$0 

$0.03 $55,000 

I Condensate /1OA3Ibhr ! 
Raw water !10A3gaVhr i 
Cooling water 110A3gaVhr i 

. LP steam (0-70 psia) 110A31bhr I 
MP steam (70-250 psia) 110A3 Ibhr I 

HP steam p250 psia) i10A31b/hr i 
Electric power IkWhlhr I 31 9 

I I I 
I $580,000  TOTAL O&M COSTS (FIXED + VARIABLE) f 

$0 
$0 
$0 
$0 
$0 
$0 

$0.03 $55,000 

I 

Note 1 - Catalyst is not replaced on a yearly basis. Refer to catalyst management plan for addition and/or 
replacement schedule. Dollar amount shown in this table represents a leveliied annual reserve 
for replacement based on present worth analysis of the catalyst replacement schedule. 

I I 
Byproduct Credits 

nla 
I I 

~~ 

$0 

ste Disposal Charges I 

I 

Subtotal Variable Cost . i i 
! 

I 

$367,000 
I 



Exhibit G 

Power Plant Attributes Units 

Plant capacity, (net) W e  
Power produced, (net) 10% kWhlyr 
Capacity factor % 

Coal feed i tons/yr 
Plant lie years 

Sulfur in coal I wt% 

125 MW Plant - Summary of Performance and Cost Data for 60% Removal 

Value 

117.5 
669.045 

65 

270,465 
2.33 

30 

c 1 

Emission Control Data Units Value 
I 

SCR removal efficiency 
Emission without controls 
Emission with-controls 
Amount removed 

% 60 
IbJMBTU 0.35 
IbhlBTU 0.14 

ton/yr 687 
~ 

1 I Current Dollars I Constant Dollae 
I I I 

Levelized Cost, mills/kWhr 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

Factor MillslkWh Factor MillslkWh 
0.150 1.704 0.116 1.31 8 
1.362 0.437 1.000 0.321 
1.362 0.747 1.000 0.454 

2.888 2.093 

I i 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

- - -~ - 
, --7------- '- 

__-I_----_.---- - - , . 4. ~ >: . -  . ,  
.~ 

Factor $/ton Factor $Iton 
0.150 $1,659 0.116 $1,282 
1.362 $425 1.000 $31; 
1.362 $727 1.000 $442 

$2.81 1 $2,037 





.- 

Exhibit H 

700-MW New Plant - Combustion Calculation 



- .. . .. . . . 



, 

Coal S w c e  

Hsabng Vakm (B-) 

Plonl Heal Rale ( B T U M )  

Combusllon Alr Mdstue (IIHZO/#DF/Alr) 

CaMaled Excess Alr (%) 

UnlILoad(MW) 

FLW, Gas T e n y  (F) 

FLs Gas Prdswe (In W.0) 

Tfical Hlph Scnw 

12500 

9500 

0.013 

18 

700 

700 

.5 

C 
H 
N 
S 
a 
0 
H20 
O d l  

67.48 
4 51 
1.43 
2 33 
0.14 
5.92 
8 39 
0 80 

Tolal 

14 52 (psla) 

100.00 

MsasuedO2(%wal) 

Measued SO3 (ppmwel) 

Measued NOx(ppmwe1) 

Measwed Penctlale (Ngh) (mgRJm3) 

MeasuedParUcllale (low) (mgNm3) 

3 00 

0 

230 

0 

0 

combusnon 
Products 

coz 
0 2  
N2 
so2 
SO3 
NO 
NO2 
HU 
H20 
ash 

- FLM Gas Fkw 
Rale (Iftnoh) - 

29891.22 
6 3 9 5,9 4 

157265.72 
386 64 

3 87 
46 43 
2.44 

12 60 
10400.37 

TOlPl 212.485 

F h  Gar Conp 

14 067 
3010 

74.013 
0.1820 

0.00182 
0.02185 
0.00115 
0.00593 

8.697 

(d) - 
1315513 
204670 

4405013 
24768 

310 
1393 
112 
460 

333016 
46922 .--- 

6.332.177 

Fw Gas conp iw RMGarFlow 
RaIe(M(m) 

20 775 
3.232 

69.568 
0.391 

000489 
0 02200 
000178 
0.00728 

6.259 
0.741 

100.000 
---- 

178849 
38269 

640973 
2313 

23 
278 

15 
75 

110574 

-.. 
1,271.370 

FLW Gar Flow 
Rals (aclm) -ry - -----_. 

404000 CaMalbd 0 2  (% wel): 3 01 
86445 Calctlaled 0 2  (W &y): 3 30 

5226 Caktloled NOx (ppm wsl): 230 
52 26 Cakllaled NOx (ppmwel con)' ,230 

627 51 . Caktlaled NOx (ppm dry): 252 
33 03 CaktlaledNOx (ppmdrycon) 256 

170 35 Caklhled NOx(blMBTU): 0.35 
249774 Cakrlaled Coal Feed (Mr): 532.000 

Caktlaldd Heal lnpul (MBTUhr). 6.650 

2125550 Caktloled SO3 (ppm wel): 18 

-.--. 
2.871.878 





Exhibit I 

700-MW New Plant - S C R  Capital, O&M, and Levelized Costs for 60% Removal 





Exhibit 1 

700 MW Plant - SCR Capital Cost for 60% Removal 

Process Areas k$ i $Ikw 
t I 

Catalyst $6,078 i $8.7 
Reactor Housing, Ductwork, Steel . i $12,554! $17.9 
Sootblowers $1,202 I $1.7 

ID Fan Differential $512 I $0.7 
Air Preheater Differential I $524 I $0.7 

Electrical : $319 i $0.5 

Testing, Training, Commissioning I $175 I $0.3 

I 

Ammonia Storage, Handling, and injection $1,549 i $2.2 

Ash Handling Differential $617 I $0.9 

instruments & Controls I $150 I $0.2 

I I 
I I 

(A) Total Process Capital (sum of process areas) I $23,681 I $33.8 
i I 
I I 

(B) General Facilities (2% of A) I $474 ! $0.7 
(C) Engineering (8% of A) i ‘ $1,894 I $2.7 
(D) Project Contingency (15% of A+B+C) i $3,907 I , $5.6 

! 
! $29,956; $42.8 

I 
(E) Total Plant Cost (A+B+C+D) 

(F) Allowance for Funds During Construction (1.91% of E) : $572 I $0.8 
i i 

(G) Total Plant Investment (E+F) i $30,5281 $43.6 

I 

I 

I I 
L) Total Capital Requirements (G+H+I+J+K) . ,. . f $31,327! $44.8 



Exhibit I 

Byproduct Credits 
nla 

Waste Disposal Charges 
nla 

700 MW Plant - SCR Operating and Maintenance Cost for 60% Removal 

$0 

$0 

Subtotal Variable Cost $2,053,000 
I I I I 

TOTAL O&M COSTS (FIXED + VARIABUE) . . I I I $2,667,000 

Note 1 - Catalyst is not replaced on a yearly basis. Refer to catalyst management plan for addition and/or 
replacernent6chedule. Dollar amount shown in this table represents a leveliied annual reserve 
for replacement based on present worth analysis of the catalyst replacement schedule. 



.- 

Power Plant Attributes 

Exhibit I 

Units Value 

700 MW Plant - Summary of Performance and Cost Data for 60% Removal 

Plant capacity, (net) MWe 658 
Power produced, (net) 10% kWhlyr 3746.652 
Capacity factor % 65 
Plant life years 30 
Coal feed tondyr 1,514,604 
Sulfur in coal wt% 2.33 

Emission Control Data Units 1 Value 

SCR removal efficiency 
Emission without controls 
Emission with controls 

% 60 
IblMBTU 0.35 
IblMBTU 0.14 

L I I 

I Current Dollars I Constant Dollars 
I I I 

L I 

Levelized Cost, millslkWhr Factor MillslkWh Factor I MillslkWh 
Capital Charge 0.150 1.254 0.116 I 0.970 
Fixed O&M Cost 1.360 0.223 1.000 0.164 
Variable O&M Cost 1.360 0.745 1.000 0.455 

Total Cost 2.222 1.589 

I -  I 
I I I 

Levelized Cost, $/ton NOx Removed Factor $/ton Factor $/ton 

Fixed O&M Cost 1.360 $21 8 1.000 $160 

Total Cost $2,165 $1,547 

Capital Charge 0.150 $1,221 0.116 $944- 

Variable O&M Cost ~ 1.360 $726 I .ooo $443- 



.- 

* I  

Exhibit J 

250-MW New Plant 
Summary of Performance and LeveIized Cost Vs. Inlet NOx Concentration 



.- 

Plant capacity, (net) 

' I  

W e  j 235 

Exhibit J 

I I i 
Levelized Cost, rnills/kWhr: Factor I MillslkWh I Factor MillslkWh 

Capital Charge 0.150 I 1 SO4 I 0.1161 1.163 
Fixed O&M Cost 1.362 I 0.31 9 I 1 .ooo I 0.234 
Variable O&M Cost 1.3621 0.788 I 1 .ooo ! 0.485 

Total Cost i 2.61 1 I i 1.882 
I I 

250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 0.45 IblMBTU Inlet NOx Concentration 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable 08M Cost 

Total Cost 

Power Plant Attributes I Units . Value 

Factor i $/ton 1 Factor' Slton 
0.150 I $1.139 I 0.116i $881 
1.362 I $241 1 .ooo I $177 
1.362 1 $597 1 .ooo : $367 

I $1.977 : $1 -425 

1 

mission Control Data I Units i Value 
I 

t I I . Constant Dollars 
. 

Current Dollars 
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Power Plant Attributes 

Plant capacity, (net) 
Power produced, (net) 
Capacity factor 
Plant lie 
Coal feed 
Sulfur in coal 

Exhibit J 

Units Value 

MWe 235 
1 O"6 kWhfyr 1338.09 

% 65 
years 30 

wt% 233 
tondyr I 540.930 

I 

250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 0.40 IblMBTU Inlet NOx Concentration 

SCR removal efficiency 
Emission without controls 
Emission with controls 

I 
% 60 

IbMBTU ! 0.40 
IbMBTU 0.16 

I I 

mission Control Data I Units I Value 

I 

Levelized Cost, mills/kWhr Factor! MillslkWh Factor i MillslkWh 
Capital Charge 0.150 i 1.504 0.1 16 I 1.163 
Fixed O&M Cost 1.362 f 0.319 1 .ooo I 0.234 
Variable O&M Cost 1.362 i 0.767 1 .ooo I 0.469 

Total Cost 2.590 I 1.866 

6, I I i 
Levelized Cost, $/ton NOx Removed 

Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

I I 
I Current Dollars I ConstantDollars' ' 

I I 

Factor : $/ton Factor I $/ton 
0.150: $1,281 0.116 I $991 
1.362: $271 1 .ooo I $1 99 
1.362 : $653 1 .ooo I $400 

$2.205 I $1,590 
I 

. ., 
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250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 0.35 IblMBTU Inlet NOx Concentration 
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250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 0.30 lblMBTU Inlet NOx Concentration 
. - -  

I I 
I Current Dollars I Constant Dollars 

I i I 



Exhibit.J 

Power Plant Attributes 

250 MW Plant 160% NOx Reduction 
Summary-of-Performance and Cost DaG 

For 0.25 IbIMBTU Inlet NOx Concentration 

Units i Value 

Capacrty factor 
Plant life 
Coal feed 
Sulfur in coal 

% I 65 
years f 30 

tons/yr I 540,930 
wt% j 233 

Emission Control Data I Units Value 
1 

SCR removal efficiency % i 60 
Emission without controls IblMBiU ! 0.25 
Emission with controls IblMBTU : 0.1 0 

Amount removed ton/yr 982 

Variable O&M Cost 
Total Cost 

I I 
I CurrentDoIlars , I Constant Dollars . 

I I I 

1.362 I 0.706 1.000 I 0.424 
I 2.529 ! 1.821 
I I 

Levelized Cost, mi1lslkWhr I Factor i MillslkWh I Factor i MillslkWh 
CaDital Charae 0.150 I 1.504 I 0.116 I 1 .I63 

Levelized'Cost, $Iton NOx Removed 
Captal Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

~ 

I I 
Factor i $/ton Factor I Slton 
0.1 50 I $2,050 0.116 I $1.585 
1.362 I $434 1 .ooo I $319 
1.362 i $962 1.000 I $579 

$2 483 i $3 M E 1  

A 



Exhibit K 

250-MW New Plant 
Summary of Performance and Levelized Cost Vs. Catalyst Relative Activity 

(Catalyst Management Plan) 
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Power Plant Attributes I Units Value 

Plant capacity. (net) I M e  235 

Capacity factor I % I 65 
Plant lie i 

Sulfur in coal I wt% j 233 

I 

Power produced, (net) lMkWh/yr 1338.09 

years ! 30 
Coal feed I tons/yr t 540,930 

I 

I 
Emission Control Data Units Value 

SCR removal efficiency % -  60 
Emission without controls I Ib/MBN 0.35 
Emission with controls 1 IblMBTU ! 0.14 

I Amount removed I toniyr I 374 
I I 

Catalyst Management Pian Sensitivity (WO = 0.70) 
250 MW Plant - SCR Operating and Maintenance Cost for 60% Removal 

Levelized Cost, miils/kWhr 
Capital Charge 
Fixed O&M Cost 

I I 
Factor; . MillslkWh Factor 1 MillslkWh 
0.150 I 1.504 0.116 I 1.163 
1.362 I 0 319 I .ooo I 0.234 

I I ! CurrentDollars , . I Constant.Dollars 

Variable O&M Cost 
Total Cost 

1.362 I 0.891 1.000 I 0.535 
I 2.714 I 1.932 
I I 

Leveiized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

Factor i SIton I Factor SIton 
0.150 I $1,464 0.116 I $1.132 
1.362 I $31 0 1 .ooo I $228 
1.362 I $868 1.000 I $521 

$1.881 I $2.642 
I 
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Plant lie 
Coal feed 
Sulfur in coal . .  

Catalyst Management Plan Sensitivity (KfKo = 0.80) 
250 MW Plant - SCR Operating and Maintenance Cost for 60% Removal 

years I 30 
tons& i 540.930 
wt% j 2.33 

I 

ower Plant Attributes I Units i Value 
I 

I I 

SCR removal efficiency % I 60 
Emission without controls IbmnBTU ! 0.35 

IbAvlBTU i 0.14 
1374 

Emission with controls 
Amount removed ton& I 

I 

I I 

Plant capacity. (net) I W e  I 235 
Power produced, (net) I IO"6kWhPyr i 1338.09 

Levelized Cost, mi1lslkWhr 
Capital Charge 

ICaoacitvfactor I % I 65 

Factor 1 MiIlslkWh Factor I MillslkWh 
0.150 I I .504 0.116 I 1.163 

Variable O&M Cost 
Total Cost 

I I 

Emission Control Data . I Units I Value 
1 I 

1 -362 I 0.746 I 1.000 I 0.454 
1 2.569 I I 1.851 

Levelized Cost, $Iton NOx Removed 
Capital Charge 

Variable O&M Cost 
Fixed O&M Cost 

Total Cost 

I 

I Current Dollars I Constant Dollars . , .. 
I 1 I '  

Factor i $/to" I Factor i $/ton 
0.150 I $1,464 I 0.116 I $1.132 
1.362 I $31 0 I 1.000 i $228 
1.362 i $726 1 1 .OOO i $442 

! $2.500 I I $1.802 
i I 



- -  

I I 

Plant capacity, (net) i w e  t 235 
Power produced, (net) lO%kWh/yr 1338.09 
Capacity factor % 65 
Plant l ie  ! years 30 
Coal feed tonstyr 540,930 
Sulfur in coal I wt% 233 

Emission Control Data I Units Value 
I I 

Exhibit K 

SCR removal efficiency % 60 
Emission without controls Ib/MBTU 0.35 
Emission with controls lb/MBTU i 0.14 

I I 

Catalyst Management Plan Sensitivity (WKo = 0.90) 
250 MW Plant - SCR Operating and Maintenance Cost for 60% Removal 

I .  1 
! Current Dollars I Constant Dollars : I I 

Levelized Cost, mills/kWhr Factor MillslkWh 
Capital Charge 0.150 I 1.504 
Fixed O&M Cost 1.362 I 0.319 
Variable O&M Cost 1.362 I 0.508 

Total Cost I 2.331 

I 
Factor 1 MillslkWh 
0.116 1 1.163 
1 .ooo I 0.234 
1 .ooo I 0.31 9 

1 1.716 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

! i 
Factor i $/ton Factor i Slton 
0.150 I $1,464 0.116 I $1.132 
1.362 I $31 0 1.000 I $228 
1.362 i $495 1 .ooo I $31 1 

S2.269 $1,671 
I I 

I I i I I 



Exhibit L 

250-MW New Plant 
Summary of Performance and Levelized Cost Vs. Return on Common Equity 
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~~ 

SCR removal efficiency i % 60’ 
Emission without controls I IbmnBTU j 0.35 

! IblMBTU I 0.14 Emission with controls 
Amount removed 

I 
I tontyr I 1 374 

f Current Dollars I Constant Dollars 
i I I 

250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 7.0% Return on Common Equity 

Levelized Cost, mills/kWhr 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

I Units i Value 
I I 

Power Plant Attributes 

Factor; MillslkWh I Factdr i MillslkWh 
0.1321 1.323 1 0.100 I 1.003 
1.395 I 0.326 1 .ooo I 0.234 
1.395 i 0.708 1 .ooo I 0.454 

I 2.357 1 1.691 
I I 

mission Control Data I Units I Value 
! I 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

I I I 
Factor i Slton 

0.132i $1,288 I 0.100 I ’$976 
1.395 I $3181 1.000 I $228 

! $2.295 I i $1,646 
I i 

Factor i $/ton I 

1.3951 $689 I 1.000 1 $442 
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Power Plant Attributes 

250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 9.0% Return on Common Equity 

Value Units I 

Power produced, (net) 
Capacity factor 
Plant lie 
Coal feed 
Sulfbr in coal 

109 kWh/yr . 1338.09 
65 

years 30 
tonsfyr 540,930 
wt% ! 2.33 

% 

I 

Emission Control Data I Units 1 Value 
I I 

SCR removal efficiency 
Emission without controls 
Emission with controls 
Amount removed 

% 60 
IblMBTU 0.35 
IblMBTU 0.14- 

tontvr 1374 
I I 

I I Constant Dollars . ~ Current Dollars 
I 

Levelized Cost, millslkWhr 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

I i 

Factor i MillslkWh Factor I MillslkWh 
0.141 I 1.414 0.108 I I .oa3 
3.378 I 0.322 1.000 J 0.234 

1.000 I 0.454 
I 1.771 

1.378 I 0.727 
2.463 : 

I 

Levelized Cost, $Iton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

! 
Factor I Slton Factor i Slton 
0.141 I $1,376 0.108 I $1,054 

1.378 I $708 1.000: $442 
I $2.398 $1,724 

1.378 I $314 1 .ooo i $228 

I 
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Exhibit L 

250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 11.0% Return on Common Equity 
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Power Plant Attributes i Units 

Plant capacity, (net) I MWe 
Power produced. (net) i 10% kWhiyr 
Capacityfactor % 
Plant life years 

Sulfur in coal I wt% 

I 

I 

Coal feed 1 tons& 

I 

250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 
For 13.0% Retum on Common Equity 

Value 

235 
1338.09 

65 
30 

540,930 
233 

Leveiized Cost, $Iton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

I I I I I I 1 

Factor L Siton 1 Factor i $/ton 
0.160 I $1.562 0.124 I $1.21 0 
1.347 I $307 1 .ooo I $228 
1.347 I $746 1 .ooo I $442 

I $2.61 5 I $1,880 
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Power Plant Attributes 

250 MW Plant - 60% NOx Reduction 
Summary of Performance and Cost Data 

For 15.0% Return on Common Equity 

Units Value 

Plant capacity, (net) 
Power produced, (net) 
Capacity factor 
Plant l ie  
Coal feed 
Sulfur in coal 

MWe I 235 
10% kWh/yr I 1338.09 

years 30 

wt% 233 

% I 65 

tonsfyr I 540,930 

I I 

Emission Control Data I Units I Value 
L I I 

SCR removal efficiency % I 60 

Amount removed tonlyr 1 374 

Emission without controls Ib/MBTU I 0.35 
Emission with controls IblMBTU i 0.14 

1 

I 

Levelized Cost, millslkWhr 
Capital Charge 
Fixed O&M Cost 

t I Current Dollars I Constant Dollars 
I 1 I I 

Factor i MillslkWh I Factor i MillslkWh 
0.169 I 1.694 I 0.133 I 1.333 
1.333 1 0.312 I 1.000 I 0.234 

Total Cost I 2.792 I I 2.021 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

~~ 

I I 
Factor I Slton Factor I Slton 
0.169 I $1,650 0.133 I $1.298 
1.333 I $304 1.000 I $228 

$2.720 I I $1.968 
1.333 I $766 1 1.000 I $442 

1 I I 
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Exhibit M 

250-MW New Plant 
Summary of Capital, O&M, and Levelized Cost Vs. Catalyst Price 



Exhibit M 

Catalyst (@ $350/ft3) 
Reactor Housina. Ductwork. Steel 

Catalyst Price Sensitivity ($350/ft3) 
250 MW Base Case SCR Capital Cost for 60% Removal 

$1,897 $7.6 
$4.958 $19.8 

IProcess Areas I k$ 1 $/kw I 

Sootblowers 
Ammonia Storage, Handling, and Injection 
ID Fan Differential 

$580 $2.3 
$1,292 $5.2 
$216 I $0.9 

Air Preheater Differential 
Ash Handling Differential 
Electrical 
Instruments & Controls 

$220 1 $0.9 
$300 ! $1.2 

. $201 $0.8 
$100 1 $0.4 

Testing, Training, Commissioning $138 1 $0.6 

(B) General Facilities (2% of A) 
(C) Engineering (8% of A) 
(D) Proiect Continaencv (15% of A+B+C) 

I 
(A) Total Process CaDital (sum of Drocess areas) - $9.901 I $39.6 

$1 98 $0.8 
$792 $3.2 

$1 -634 $6.5 

(E) Total Plant Cost (A+B+C+D) $12,525! $50.1 
I 

I I 
(F) Allowance for Funds Durina Construction (1.91 % of E) i $239 1 $1 .o 

(G) Total Plant Investment (E+F) $12,764 $51.1 

(H) Royalty Allowance (0% of A) 
(I) 
(J) Inventory Capital 
K) Initial Catalyst and Chemical 

Preproduction Cost (2 month startup) 

lL1 Total CaDital Reauirements (G+H+I+JtK1 I . 

. 

I 

$0 $0.0 
. $165 $0.7 
$111 $0.4 
$0 $0.0 

$1 3.040 I $52.2 
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Fixed O&M Costs Units 'Quantity $/Unit $1 yr 
Operating labor I Man-hr 2847 $23.00 $65,000, 
Maintenance labor $79,000 
Maintenance material $119,000 
Administrationlsupport labor $43,000 

Subtotal Fixed Costs - $306,000 

Catalyst Price Sensitivity (@ $350/ft3) 
250 MW Base Case SCR Operating and Maintenance Cost for 60% Removal 

* 

Variable Operating Costs Units I Quantity I $/Unit $I yr 
I I I 

Condensate 1 OA3 Ibhr $0 
' Raw water 10A3 gal/hr $0 

Cooling water 1 OA3 gal/hr $0 
LP steam (0-70 psia) 10A3 lbhr $0 
MP steam (70-250 psia) 10A3 Ibhr $0 
HP steam (>250 psia) 10A3 Ibhr $0 
Electric power kWhhr 639 $0.03 $109,000 

I 

Byproduct Credits 
nla $0 

1 

Waste Disposal Charges 
nla $0 

I I I 

Subtotal Variable Cost $677,000 
! I I 

I 1 I 

TOTAL O&M COSTS (FIXED + VARIABLIE) I $983,000 

Note 1 - Catalyst is not replaced on a yearly basis. Refer to catalyst management plan for addition andor 
replacement schedule. Dollar amount shown in this table represents a levelized annual reserve 
for replacement based on present worth analysis of the catalyst replacement schedule. 
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Power Plant Attributes 

Plant capacity, (net) 
Power produced, (net) 
Capacity factor 
Plant l ie 
Coal feed 
Sulfur in coal 

Catalyst Price Sensitivity (@ $350/ft3) 
250 MW Base Case SCR Operating and Maintenance Cost for 60% Removal 

Units Value 

MWe 235 
10% kWh/yr 1338.09 

% 65 
years 30 
tonsiyr 540,930 
wt% 2.33 

i 
Emission Control Data I Un'b Value 

SCR removal efficiency 
Emission without controls 
Emission with controls 
Amount removed 

% '  60 
lb/MBTU 0.35 
lb/MBTU 0.14 

toniyr 1374 

I I I I I 
I I I I I 

I 

Levelized Cost, mi1lslkWhr Factor MillslkWh Factor MillslkWh 
Capital Charge 0.150 1.462 0.1 16 1.130 

Variable O&M Cost I .362 0.689 1.000 0.424 
Total Cost 2.463 1.783 

Fixed O&M Cost 1.362 ' 0.312 1 .ooo 0.229 

Levelized Cost, $/ton NOx Removed 
Capital Charge 
Fixed O&M Cost 
Variable O&M Cost 

Total Cost 

Factor I $Iton Factor $/ton 
0.150 I $1,423 0.1 16 $1,101 
1.362 ' $304 1.000 $223. 
I .362 $671 1.000 $413 

$2.398 $1,737 
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Process Afeas I k$ 

Catalyst Price Sensitivity ($450/ft3) 
250 MW Base Case SCR Capital Cost fo-r 60% 

$/kw 

Removal 

- 

Catalyst (@ $450/ft3) $2,438 $9.8 
Reactor Housing, Ductwork, Steel $4,958 $1 9.8 
Sootblowers $580 $2.3 
Ammonia Storage, Handling, and Injection $1,292 $5.2 
ID Fan Differential $216 $0.9 
Air Preheater Differential $220 $0.9 
Ash Handling Differential $300 $1.2 
Electrical $201 $0.8 
Instruments & Controls $1 00 $0.4 
Testing, Training, Commissioning $1 38 $0.6 

(A) Total Process Capital (sum of process areas) $1 0,443 $41.8 
1 

(B) General Facilities (2% of A) $209 

(D) Project Contingency (15% of A+B+C) $1,723 
(C) Engineering (8% of A) $835 

$0.8 
$3.3 
$6.9 

I I 

kFl Allowance for Funds Durina Construction (1 -91 % of El f $252 1 $1.0 I 

I 
1 

I (E) Total Plant Cost (A+B+C+D) $1 3,210 $52.8 

(G) Total Plant Investment (E+F) $1 3,463 $53.9 

I 

(L) Total Capital Requireme.nts (G+H+I+J+K) . . ,  1 $13,777 $55.1 
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Operating labor Man-hr I 2847 I $23.00 
Maintenance labor 
Maintenance material 
Administrationlsupport labor 

Subtotal Fixed Costs . 

Catalyst Price Sensitivity (@ $&O/ft3) 
250 MW Base Case SCR Operating and Maintenance Cost for 60% Removal 

$65,000 
$84,000 

$125,000 
$45,000 

$319,000 

MP steam (70-250 psia) 
HP steam p250 psia) 
Electric power 

yproduct Credits 

10A3 Ib/hr I $0 
10A3 Ib/hr I $0 
kWh/hr 639 $0.03 $1 09,000 

I 

I 

Fuels I 
Coal MBTUhr 3.56 $2.00 ! $41,000 

Waste Disposal Charges 
nla $0 

C I I I 

Subtotal Variable Cost I I I $7a~,ooo 
I I I 

Note 1 - Catalyst is not replaced on a yearly basis. Refer to catalyst management plan for addition and/or 
replacement schedule. Dollar amount shown in this table represents a levelized annual reserve 
for replacement based on present worth analysis of the catalyst replacement schedule. 

, 

i;. 

&. 
7% 
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Power Plant Attributes 

Plant capacity, (net) 
Power produced, (net) 
Capacity factor 
Plant lie 
Coal feed 
Sulfur in coal 

Catalyst Price Sensitivity (@ $450/ft3) 
250 MW Base Case SCR Operating and Maintenance Cost for 60% Removal 

Units Value 

MWe 235 
10- kWh/yr 1338.09 

% 65 
years 3 0. 
tonsfyr 540,930 
wt% 2.33 

I 

Emission Control Data 

SCR removal efficiency 
Emission without controls 
Emission with controls 
Amount removed 

I Current Dollars 
I 

Units Value 

% 60 
IblfvlBTU 0.35 
IbNBTU 0.14 

tontyr 1374 

Constant Dollars 
I 

Levelized Cost, mi1lslkWhr Factor I MillslkWh Factor MillslkWh 
Capital Charge 0.150 1.544 0.116 1.194 
Fxed O&M Cost 1.362 0.325 1 .ooo 0.238 
Variable O&M Cost 1.362 0.803 I .ooo 0.485 

Total Cost 2.672 1.917 
I 
I 

Levelized Cost, $Iton NOx Removed 
Capital Charge 
Fied O&M Cost 
Variable O&M Cost 

Total Cost 

-?e-- 

I 
Factor $Iton Factor Slton 
0.150 $1,504 0.116 $1,163 
1.362 $316 1 .ooo $232 
1.362 $782 1 .ooo $472 

$2.602 $1,867 

=:>- .. . . _  , - . .. . ._ - 
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