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' Abstract

This report provides the key findings of the Innovative Clean Coal Technology (ICCT)
demonstration project at Gulf Power's Lansing Smith Unit #2 and the implications for other
tangentially-fired boilers. L. Smith Unit #2 is a-180 MW tangentially-fired boiler burning
Eastern Bituminous coal, which was retrofitted with Asea Brown Boveri/Combustion
EngineeringServices'(ABB/CE) LNCFS I,IIand IIItechnologies.An extensivetestprogram
was carried-outwith US Department of Energy,Southern Company and ElectricPower
ResearchInstitute(EPRI)funding.

The LNCFS I,II,and IIIachieved37 percent,37 percent,and 45 percentaveragelong-
term NOx emissionreductionat fullload,respectively(seefollowingtable).SL,nilarNOx
reductionwas achievedwithinthecontrolrange (100-200MW). However, below the control
point(100_), NOx em_sions withthe LNCFS technologiesincreasedsignificantly,reaching
pre-retrofitlevelsat70 MW. Short-termtestingproveJ thatlow loadNOx emissionscould be

reduced furtherby usinglower excess0 2 and burnertilt,but with adverseimpactson unit
performance,such as lower steam outlettemperaturesand,potentially,higherCO emissions
and LOI.

Table- FullLoadNOx Emissions

-- ,.,.

Tecl_olow Nox l % NOx

,,, ,, (Ibs/MBhJ) ' .....I - "'Reduction
.Baseline ............ 0.63 ......
LNCFSI 0.39 37

LNCFSII .......... 0.39 _ 37
LNCFSIII 0.34 I 45

These NOx reduction levels were achieved with some impacts on unit performance:
• Increased average long-term, full load CO emissions for LNCFS III from 10 ppm to 33

ppm.

• Change in the required excess 02; 0.5 percent lower excess 0 2 was required at full load
for LNCFS l, while 0.8 percent and 0.6 percent higher excess O 2 was required for
LNCFS II and Ill, respectively.

• LOI did not change with the LNCFS retrofits, but it showed significant sensitivity to
changes in coal fineness.

• Furnace slagging was reduced, but backpass fouling was increased.
• Steam outlettemperatures were reduced by up to 35°F at low loads with LNCFS l and

Ill. Steam temperatures could be maintained at pre-retrofit levels by increasing the
excess 0 2 and burner tilt, but NOx emissions will increase above the reported levels.

• Unit operation was not affected significantly, but the operating flexibility of the unit
was reduced at low loads with LNCFS II and Ill.

As a resultoftheabove changes,theunitnetheatrateatfullloadincreasedby:
" • 0.1 percent for LNCFS 1

• 0.36 percent for LNCFS II, and
• 0.18 percent for LNCFS Ill.

Considering the capital costs, heat rate changes and NOx emission reduction achieved, the
average cost-effectiveness of the technologies tested relative to baseline is:

vii
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• LNCFS h $I03/tonofNOx removed
• LNCFS lh $444/ton,and.

• • LNcFsIII: $400 /ton.

:The incrementalcostsofLNCFS IIIascompared toLNCFS Iareestimatedtobe 1546$/ton.

Implications for Other TangentiaUy-fired Un/ts

Implications Re eardin& NOx Emissions: The Sm/th ICCT project, along with other
industry retrofits, showed that:

• The LNCFS technologies are expected to ach/eve long-term NOx reduction
within the control range (50-100 percent load) in the following range:

-25-37percentforLNCFS I

-,30-40percent for LNCFS II, and
-40-50percentforLNCFS III.

• NOx emissionsbelow thecontrolpoint(100]VlW)may increaseforallLNCFS

technologies. This /s particularly true when the primary objective of unit
operation at low loads is to control steam outlet temperatures and maintain unit
response rate, rather than minimize NOx emissions.

O&M Imvads of Tan_e.ntially-fired .Un/ts Adverse O&M impactscan occur even

,wherestepsare taken to carefullyintegrateretrofitNOx controltechnologieswith existing
plantgenerationrequirements.Ingeneral,thehighertheNOx reductionsoughtthegreaterthe
potentialforO&M impacts.The most common O&M impactsobservedtodate,includingthe

Srn/th ICCT project,has been reduced boilerefficiencydue to increased excess O 2
requirements,especiallyforlow NOx technologieswith separatedoverfireairsystems. Other
potentialimpacts include:increasedCO ermssions,reduced steam outlettemperaturesand

changesinfurnaceslaggingand backpassfoulingpatterns.
i

CapitalCosts: Based on therecentexperiencefrom Smith Unit 2 and other LNCFS
retrofits(Ref.I0),thecapitalcostsforLNCFS retrofitsareexpectedtobe inthefollowingrange:

- LNCFS I: $ 5- 15 per kW,

- LNCFS lh $15- 25 perkW, and
- LNCFS III: $15- 25 per kW.

Low NOx RetrofitOutage: A four-tosix-weekoutageshouldbe planned forLNCFS l

retrofitsand a six-toeight-weekoutageforLNCFS IIand Illretrofits.At Smith,the LNCFS II

requireda 3-week unitoutage,because significantpercentageof the work was completed
beforetheunitcame off-tineand around-the-clock(3-shift)construction.

Start-upand Optimization:Two tothreeweeks areadequateforLNCFS optimization
(tuning)._ At Smith Unit2, two-week optin_zationwas needed initiallyforeach system. In
addition,a three-dayre-optim/zationof LNCFS ]lwas performed to reduce NOx emissionsat
low loads.

VIII
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Qverview

This Innovative Clean Coal Technology (ICCT) project was funded jointly by the U.S.
Department of Energy, The Southern Company, and the Electric Power Research Institute
(EPRI). Under this project, a range of Asea Brown Boveri/Combustion Engineering Services'
(ABB/CE) low NOx combustion technologies were installed and tested at Gulf Power

•Company's Plant Lansing Smith Unit 2; a 180 MW tangentially-fired unit burning eastern
bituminous coal. The technologies tested were the Low NOx Concentric Firing System
(LNCFS) Levels l, ll, and Ill, and the Low NOx Bulk Furnace Staging (LNBFS).

The primary objective of this project was to determine the NOx emission reduction and
boiler performance impacts for ABB/CE's range of low NOx technologies under normal
dispatched operating conditions. Long-term test data were collected and analyzed with the
baseline configuration of the boiler and LNCFS l, lI, and Ill. Short-term tests (under controlled
conditions) were also performed to assess the impact of key design and operating variables on
NOx and unit performance. A limited number of tests were performed with the LNBFS under
controlled (short-term) conditions.

The purpose of this report is to document the key findings of the project and identify
their/mpfications for other tangentially-fired boilers. The LNBFS results are presented only in
the body of this report (Section 6.1.4), because the scope of the LNBFS testing was limited and
the results were inconclusive. Therefore, the Executive Summary focuses on the LNCFS
technologies.

NOx emissions reported in this document are presented in the following formats:

• Average long-term at each load;
•• Short-term; and
• Annual achievable NOx emissions. .'

However, more emphasis is placed on the average long-term NOx emissions because they
reflect normal unit operating practices. As such, the term "NOx emissions" is used throughout
the report instead of the "average long-term NOx emissions" at the specified unit load unless
otherwise indicated. The short-term NOx emissions ale included m the report when they differ
from the long-term NOx emissions or when they provide additional insight into NOx emission
trends. The annual achievable NOx emissions, which provides the basis for regulatory
compliance, are reported in Section 6.3.

Un/t Descr/ption

Plant Lansing Sm/th Unit 2 is a tangentially-fired boiler, commissioned in 1967, which is
burning eastern bituminous coal (nitrogen: 1.4%, sulfur 2.8%, fixed carbon/volatile matter: 1.3,
and higher heating value: 12,000 Btu/lb). The unit is rated at 180 IVlWbut is capable of

• producing 200 MW. The boiler has five elevations of coal nozzles fed by five ABB/CE RPS 623
mills. The unit was originally designed to burn more than one type of coal and, as such, has a
relatively low heat release rate (net heat input/plan area (NHI/PA): 1.65 MBtu/hr-sqft, while

• ABB/CE pre-NSPSboilersrangefrom1.6to2.2).The unitisalsoequippedwithhot-and cold-
sideelectrostaticprecipitators(ESP)withadequatedesignredundancytoaccommodatesmall
changesinthedustloadingandgasflowrate.

I i | |,l ,
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Project Activity Sequence

In order to test the LNBFS and all three LNCFS technologies, the following
chronological sequence of testing and retrofit activities was followed:

1. Installation of the continuous emission monitor (CEM) and data acquisition
system (DAS) followed by baseline testing;

2. LNCFS 11retrofit and testing; , .

3. LNBFS testing by setting the offset air nozzles to be in-line with the coal nozzles;

4. Conversion of LNCFS II to LNCFS Ill by exchanging the top coal nozzle with
the air nozzle below and installation of two close-coupled overfire air (CCOFA)
noz_es;

5. LNCFS Ill testing; ,.

6. Testing of Wsimulated" LNCFS i by closing the separated overfire air (SOFA)
ports of the LNCFS II1.

Basel/ne Performance

In order to assess the impact Of the low NOx technologies on NOx emissions and
performance, the unit was tested before the retrofit (baseline testing). The baseline testing
reflected normal operating conditions. The results of the tests were as follows:

• Average long-term NOx emissions at full load (180 MW) were 0.63 lbs/MBtu.
NOx emissions were fairly constant within the control range (100-200 MW) and
decreased below 100 MW.

• The average excess O2 at full load was 3.7 percent. However, the baseline
configuration was not tuned because the project objedtive was to characterize
unit performance based on existing (_perating conditions. Also, there was no CO
emission monitor available in the control room to assist operators in reducing O2
while keeping CO within acceptable operating limits.

• The LOI1 was 4.8 percent at full load and 4.5 percent at low loads; and

• The boiler experienced medium furnace slagging.

NOx Emissions and Unit Performance Impacts Due to the Low NOx Technologies

The project improved the knowledge base of the utility industry regarding low NOx
retrofit technologies by demonstrating the following:

1 The LOI0oss-on-ignition) accounts forall theunburned combustibles(including carbon) in the flyash.
For the coal burned at Smith, the unb,,,urnedcarbon comprised more than 95% of the LOI.

S-2
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• In boilerssuch asSmith Unit2 (withrelativelylargefurnace),theLNCFS Imay
achieve30-40percentNOx reductionwhich ishigherthan the 25-30percent
predictedpriortothisproject(Ref.9);

• The L-NCFS IIand IIIachievedtheexpectedlevelof NOx reductionwithinthe
controlrange (100-200MW); 3040 percentforLNCFS IIand 40-50percentfor

" LNCFS III;

, • NOx emissionsincreasedsignificantlybelow thecontrolpoint(100MW) forall
LNCFS technologies;

• The only significantperformanceimpact due to the LNCFS retrofitswas a

change intheexcess02. Compared tobe baselineresults,theaverageexcessO 2
atfullloadfortheLNCFS lwas reducedby 0.5percentwhileaverageexcess02
forLNCFS IIand IIIincreasedby 0.8and 0.6percent,respectively.Similar02
changeswere observedthroughouttheloadrange.

Thisdemonstrationwas thefirstprojectwhich providedinformationon theNOx and theboiler
performanceimpactsofLNCFS Iand IIIfiringeasternbituminouscoal.

NOx Emissions Within the Control Range (100 - 200 MW)

The LNCFS I, 11, and 111achieved 37 percent, 37 percent, and 45 percent average long-
term NOx emission reductions at full load, respectively. A_ shown in Table S.1, full load NOx
emissions were reduced from 0.63 lbs/MBtu during baseline testing to 0.39, 0.39 and 0.34
lbs/MBtu, respectively. Figure S.1 also shows that the NOx emission profiles were relatively
fiat withinthe controlrange(I00-200 MW).

' TobleS.1- FullLoadNOx Emissions

Technology NOx % NOx
_Ibs_MBtu_ ReductionI II I I

Baseline 0.63 --.
LNCFSI 0.39 37
LNCFSII 0.39 37i

LNCFSIII 0.34 4,5

The NOx emission reduction (37 percent) achieved by LNCFS i is higher than the 20-30
percent previously predicted for most tangentially-fired units by ABB/CE (see Ref. 9). The
higher NOx reduction is attributed to:

1. The stability of the LNCFS 1 allowed operation with lower excess O: than the
LNCFS II and I11;average long-term O, of 3.2 percent compared to 4.5 percent
for LNCFS II, and 4.3 percent for LNCFS 111.

" 2. The CCOFA system which was designed with approximately 20 percent larger
cross-sectional area than the average tangentially-fired systems because of the
availability of space.

I I
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Figure$.1 - Comparisonof ilaseHne,LNCFSLevelsI, II,and Ill Long.termNOx Emissions
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\ Low Load NOx Emissions

Below the control point (100 MW), NOx emissions with the LNCFS technologies
increased significantly, reaching pre-retrofit levels at 70MW. As shown in Figure S.1, LNCFS
II NOx emissions increased from 0.39 lbs/MBtu at full load to 0.52 at 80 MWs, and 0.58
lbs/MBtu at 70 MWs. Similarly, LNCFS 111NOx emissions increased from 0.34 lbs/MBtu at
full load to 0.48 at 80 MWs and 0.60 lbs/MBtu at 70 MWs. The unit did not operate long
enough at low loads with LNCFS I to characterize the NOx emissions adequately. However, it
is expected that the LNCFS I impact on low load NOx emissions would be similar to LNCFS I11
because of the similarities of the two systems at low loads (when the SOFA dampers of the
LNCFS 111are closed).

The NOx emission increase at low loads for LNCFS 11 and 111 is attributed to the

following factors:

• Higher 0 2 than baseline (0.6-0.8 percent);

• Use of tilt (+6 ° with LNCFS III and +8 ° with LNCFS 11compared to horizontal

tilt during baseline and +3 ° during LNCFS 1testing);

• Lower SOFA flow rates than recommended by ABB/CE were required at low
loads to maintain acceptable wmdbox pressures;

Higher fuel air flow rate than recommended by ABB/CE at low loads was

required to maintain acceptable unit response rate.
II J IIII
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Short-term testing indicated that NOx emissions can be reduced below the long-term

NOx levels by using lower excess 0 2 and burner tilt, but they will reduce the steam outlet

temperatures and, potentially, increase CO emissions and LOl.

Unit Performance Impacts

" Several potential unit performance impacts were assessed including CO emissions,

requ/red excess O 2, LOI, furnace slagging, backpass fouling, steam outlet conditions,

. performance of the particulate removal equipment, and unit operation. The impacts of the
LNCFS technologies on unit performance are summarized in Table S.2.

All the impacts shown in Table S.2 are based on long-term data except the LOI which

was measured during short-term testing. Because the average long-term O2 and the O 2 during

the LOI testing differ, the latter is shown m parenthesis next to the LOI results.

Table S.2 - UnHPerformance Impacts Basedon tong-temn Testing

Baseline ' ' LNCFS| .... LNCFSII LNCFSIII
CO I I III II I IIII I i I II I I IIII IIAvg. at Full ]0 12 22 33

Load (ppm] ,,.
Avg. 02 atFull 3.7 3'.2"" 4.5 '4.3 ....
Load (%} ......
% FullLoad LOI 4.8 (4.0) 4.6 (3.9} 4.2 (5.3} 5.9 (4.7} -
{%O_l ,, ,
Steam Outlet OK at full load: Full load: 5-I0°F Same as Baseline 160-200 MWs: OK:
Conditions low temps at lower than 80 MW: 15-35°F
(see Figures low loads2 baseline; Low lower than baseline
6.19 and 6.20} loads: ]0-30°F

lower than
baseline, ,,..

Furnace Medium Medium Reduced Slagging, Reduced Slagging,
Slagging & but increased but increased
Backpass Fouling Fouling
Fouling ....
Operating Normal Aseasy'as ' More care required ' More difficult to
FlexibilitY Baseline at low loads operate than the

{watch: windbox other systems
pressuredrop and Isensitive to

flame stability) operating changes)_

CO Emissions and Excess O_

CO emissions were maintained within acceptable limits (below 100 ppm), but CO

increased from 10 ppm to 22 ppm for LNCFS II and 33 ppm for LNCFS Ill. Also, the excess air
needed to maintain CO emissions low for LNCFS II and Ill was higher than baseline and

LNCFS I. Short-term tests indicated (see Figure S.2) that the minimum 0 2 required to maintain

CO below 100 ppm was impacted by the LNCFS technologies. The average excess 0 2 at full

" load changed for all LNCFS technologies compared to the baseline. As shown in Table S.2 and

Figure S.3, LNCFS l operated at full load with 3.2 percent 0 2 (0.5 percentage points lower than

2 Steam outlet temperatures are well below design levels at low loads due to removal of reheat surface
area in the 1970s.
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baseline), while the LNCFS II .and Ill operated with an average 4.5 and 4.3 percent O_,
respectively.

s.2 • PullLoadCO Emissionsas a l'un_on o! kce. Oxygen
i i i i i.i i ii, i

t
• baNllno LNCF8
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Flgt_re S.3'- Comparison of Baseline. LNCFS Level I, II and III Long.term Excess Oxygen Levels
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I

_ne '

2 .... :
40. • 80 120 160 200

Unit Loc¢I,MW

As Figure S.3 shows, similar 0 2 trends were exper/enced throughout the load range for
all LNCFS technologiestested. The LNCPS l operatedat 0 2below basel/helevels throughout
the control range (above 100 MW), while the LNCFS II and Ill required up to one percent "
higher 02 at certain loads.

I II III I I I
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For LNCFS II and Ill, the available 02 operating range was reduced because the
m/nimum O: increased, while the maximum O: (defined by maximum fan capacity) remained
the same. A wide 02 range allows the operators to increase O: temporarily during load
transients and avoid spikes in CO and NOx emissions. As such, narrowing of the ava/lable 0 2
range reduces the operating flexibility of the unit.

. Carbonin the Fly_h/LO_;
As Table S.2 shows, the LOI for all of the LNCFS technologies did not change

sign/ficantly from the baseline level of 4.8 percent; 4.6 percent for LNCI_ I, 4.2 percent for
" LNCFS If, and 5.9 percent for LNCFS Ill. If the difference in coal fineness between the tests

and the level of measurement accuracy are taken into account, it is concluded that the LOI was
not/mpacted by the LNCI_ technologies.

The LOI with LNCI:S Ill was particularly sensitive to changes in the coal fineness,
especially in the range of 52 to 60 percent through 200 mesh (note: coal fineness measured
isokineticaUy in the coal pipe). As Figure S.4 shows, coal fineness of 62 percent through 200
mesh resulted in four percent LOI, while coal fineness of 52 percent through 200 mesh
increased LOI to 10 percent. Similar trends of coal fineness on LOIare expected for the LNCFS
I and II.

r.lgu,re S.4 • U(CPSIll: Imlmch of Coal Finenesson LOI,and NOx Emissions

, , ,, ,,=, , ,,,,, ,, ,,,,,

0.4 16 , t
NOIamlLOI4ml m r

mnmlmd" S'X'mmmOt r'1, ':0.3 _ •

! l
0.2 i

.6

0.1 .3

0.0 0
50 55 60 65 70
CoAIpAssiNgthro_,,ha200 rash semen(isokineticMmplng).percent: : I .......... t_ I I

65 70 75 O0 05 90
ooalpa_ngthrougha200meshsosen(vendorrecommendedmethod),permcg

Furnace Slag_ng and Backvass Fouling:
Furnace slagging with LNCFS I was medium; similar to baseline. The LNCFS il and 111

technologies reduced slagging significantly, but increased backpass fouling. As a result, the
furnace wallblower operating frequency was reduced relative to baseline, but the retractable

• sootblowers were used more frequently to clean the backpass. Although the benefits from
reduced furnace cleaning were counterbalanced by the increased backpass cleaning, the
slagging reduction was an overall improvement, because it is more difficult to clean the furnace

" slagging deposits than the backpass. In addition, slagging usually increases boiler tube
failures, which causeforced outages.

_ ill i i i i illl i Im il I II
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The furnace slagging reduction is attributed mainly to the impact of the SOFA system
and the offset air on the heat release and heat absorption profile. Due to the staged
combustion, the same heat is released over a larger furnace height which results in lower
furnace gas temperatures, heat absorption rates, and slagging tendency.

St.eamOutlet Temperatures:
The steam outlet conditions, both reheat and superheat, were not affected significantly

by the LNCFS retrofits at full load, but they were affected by LNCFS l and Ill at low loads;
steam outlet temperatures with LNCFS I and Ill were 10- 35°F lower than baseline at low
loads. In addition to the close-coupled OFA (CCOFA), lower excess O2 than baseline with
LNCFS 1, and furnace slagging reduction with LNCFS Ill were the main reasons for the steam
temperature reduction.

Short-term testing showed that the steam outlet temperatures could be increased for
both LNCFS 1 and Ill to pre-retrofit levels by increasing the excess O2 and/or the burner tilt,
but NOx emissions will increase as weft. The selection of the optimum operating conditions
(e.g., O2 and tilt) requires a trade-off between NOx and unit heat rate. For example, at 75 MW,
a two percent 0 2 reduction from normal operating levels reduced NOx emissions by
approximately 0.075 lbs/MBtu (18 percent reduction), but reduced the'superheat and reheat
outlet temperatures by 40-50°F. Considering that this steam temperature reduction increases
the unit net heat rate by approximately one percent, the plant operators need to trade-off 0.075
lbs/MBtu with one percent unit heat rate and decide which one is preferable.

ESP Performance:
The higher 0 2 and the furnace slagging reduction with LNCFS I1 and 111increased the

volumetric flow rate and dust loading through the ESPs by up to five percent, but did not
impact the unit's ability to maintain opacity within acceptable lin_its. This was due to the
excess capacity (design redundancy) of the existing ESPs.

Unit Operation:
There was, generally, no significant impact on unit operation. Operation of the LNCFS

I was very sm_/lar to the baseline system. The operating flexibility of the unit with LNCFS II
and 111was reduced due to the reduction of the available 0 2 range. This was particularly
noticeable wi*h the LNCFS II1, for which the available 0 2range was limited to 4.2 - 5.0 percent
(due to CO emissions and fan capacity, respectively) and the operators did not have much
flexibility to temporarily increase the excess 0 2 during load transitions (e.g., when bringing
mills into or out of service) to avoid spikes of CO and NOx emission.

Impacts on Boiler Efflciencv and Unit Heat Rate

The effects of the above unit performance impacts (e.g., 0 2 and LOI) on boiler efficiency,
turbine heat rate, and unit net heat rate are assessed in this section. First, the effect of each
performance parameter, which changed due to the LNCFS technologies, on boiler efficiency
and turbine heat rate was estimated. Parameters which changed due to factors other than the
LNCFS (e.g., air heater leakage) were normal/zeal to be the same as baseline. Then, the net heat
rate was calculated: Unit Net Rate = Turbine Heat Rate/Boiler Efficiency.

The main performance parameters which were considered in the calculation of the
boiler efficiency and were affected by the LNCFS technologies were:

S-8
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• CO emissions;

• Excess 02;
• LOI; and

• Air heater Outlet (indicative of the stack) temperature.

Similarly, the impacts on turbine heat rate impact were estimated based on the changes in
' superheat and reheat outlet temperatures. The reheat spray was not a factor in the calculation

of the turb/ne heat rate, because it was not used in both pro- and post-retrofit operation.
v

The effects of the LNCFS technologies on full load (180 MW) boiler efficiency, turbine
heat rate, and unit net heat rate are shown in Table S.3.

TableS.3- LNCP$Impoch on BoilerEfficiencyand UnlfHeatRote(11i0MW}

Baseline LNcFSI LNCFS II LNCFS 'iil
IIIII I II I IIIIII I I IIIII I IIIllIIIIIII III

Boiler Efficiency Base:90.0% 90.2_ 89.7% 89.85%

Effic.Change 0.2 {0.3] [0.]5}

TurbineHeat Rate . Ba_e:9,0003 ...........9.0!! i .......9.000 ...._ .... 9.000 '
Unit Net Heat Rate Bqse:9,995 .......9,986 .. 10,031 I0,013 ......
% NHRChanDe .....---- ........ [0.I } (0.36) {0.18)

Table5.3shows thattheLNCFS I retrofitincreasedtheboilerefficiencyat full load by

0.192percent,whileitincreasedtheturbineheatratefrom 9,000to9,011Btu/kWh due toa 5-
10°F steam temperaturereduction.These changes inboilerefficiencyand turbineheat rate

resultedin 0.1percentdecreaseof theunitnetheat rate.Similarly,the LNCFS IIdecreased
boilerefficiencyby 0.322percent(mainlydue tothehigher02) and increasedthenetheatrate
by the same percentage(0.36percent).The impact of the LNCFS Illwas a 0.157 percent

decreasein boilerefficiencyand a 0.18percentincreaseinnetheatrate.

The impacton boilerefficiencyand heatratewas estimatedonly atfullload becauseof

the higher,uncertaintyof some measurements atlow loads(especiallyLOl) and thefactthat
Smith Unit 2 isa baseloadedunit.However, forcyclingunitswhich may experiencesteam
outlettemperaturereductionssimilarto Smith Unit 2,theimpact of the LNCFS on low load

heatratesisexpectedtobe more significant.

Costs and Cost-Effectiveness

The economic impactsof low NOx technologyretrofitsconsistofcapitalcostsrequired

fortheretrofitand changes inO&M costsdue toperformanceimpacts,such as LOl,excessO 2
and steam outlettemperaturechanges,additionalauxiliarypower requirementsand increased
non-_el operatingand maintenancecosts.The averagecost-effectivenessof each low NOx

technology(expressedin S/ton of NOx removed) was estimatedby takingintoaccountthe
capitalcosts,O&M costs,and the NOx emissionreductionon an annual basis. For the

purposesof thisreport,itwas assumed thattheunitisbase-loadedwith a capacityfactorof65
percent.

3 Assumed turbineheatrate.
- _ llII II llllI _. I[II I

S-9



OVERVIEW
.... L IIIII III II II III I IIII II I II II . III I

• CavitolCOSt_."

ConsideringthatonlytheLNCFS IIwas a completeretrofit(theothertechnologieswere
modificationsofLNCFS II),capitalcostsforLNCFS Iand IIIcannotbeestimatedbasedon the
Sndth Unit2 projectcosts.However,theSrn/thUnit2 retrofit,aswellasothertangentially-
firedLNCFS retrofits,indicate(Ref.10)thatthecapitalcostrequ/rementsfallwithinthe
following ranges:

• LNCFS 1: $5-15 per kW
• LNCFS If: $15-25 per kW
• LNCFS Ill: $15-25perkW.

• |

Althoughsite-specificconsiderationsaffectsignificantlythe capitalcostrequirements,the
aboverangesreflecttherecentexperienceand arewidelyacceptedasa goodfirstestimatefor
planningpurposes.

The capitalcostsoftheLNCFS IIatSmith,estimatedtobeapproximately$3 mill/onor
$17perkW, fellwithintheprojectedrange.Forthepurposesofthisreport,theLNCFS Iand
I11costs are estimated to be:

• $ 8perkW forLNCI_ I;and
• $ 20perkW forLNCFS Ill.

O&M Costs:

As has been shown in Table 5.3, the performancechangesdue to the LNCF$ retrofits
have an impact on boiler efficiency and unit heat rate. As a result, the fuel requ/rementsand
the O&M costsarealso affected. Consideringthe net heat rate impactspresentedin Table S.3,
65 percent capacity factor and 2 $/MBtu coal cost, the following annual O&M changes are
estimated due to the LNCFS technologies:

• LNCFS 1: $18,450 per year reduction;
• LNCFS II: $ 73,800 per year increase;
• LNCFS Ill: $ 36,900 per year increase.

Cpst.effectJvcnessof!,NCFST¢chnolo_es:

Table S.4summarizes theimpactof the above O&M costincreases,capitalcost
requirementsand NOx endssionreduction,and estimatestheircost-effectiveness4 relativeto
baseline.The resultingcost-effectivenessis:

• LNCFS 1: $103/ton;
• LNCFS lh $444/ton;
• LNCFS llh $400/ ton.

In a similar manner, the incrementalcostsof LNCFS111ascomparedto LNCF5 ! are
estimated to be 1546 $/ton. This isbecausethe capitalcostsof LNCFS I11aredouble, while the
NOx reduction improvement is only 8 percent.

4 Levelization factor: 0.144
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Table S.4 • Co_t-Effej:tlveness el the LNCFSTechnologies Tested at Smith UnH2

............................ Baseline LNCP$I .... LNCF$Ii- .... ,,
Average NOx 0.63 0.39 0.39 0.34
{ibs/MBtu) ............
% NOx Reduction . '.......37 ...... 37 45

• I I I I I I i agile I ''' =i'i i'_' ' ' I II n I i L iiii

Annual NOx Redu_tlon - I, 159 I, 159 1,396

' (tons/y;) ,,,
Net Heat Rate ....... 9.995 ........ 9,9'86 ........... 10.031 10,013 "

lBtu/kWh} ............. ................

• Changes In O&M Costs - (i8,450) 731_ 36,900
($/yr)
Capital Costs ........... - .......... I."44 3.06 3.6
($ millions} .................

Cost-Effectlveness - 103 444 400
• (S/ton of NOx

removed) .............................

Considering the sensitivity of the above estimates to the assumptions made, the following
<onclusions can be drawn:

• The LNCFS ! technology is more cost-effective than LNCFS 11and I11;

• The cost-effectiveness of LNCFS 11 and 111 technologies is approximately the same.

However, LNCFS 111has higher NOx reduction capability; 40-50 percent instead of

30-40 percent for LNCFS 11.

Implications for Other TangentitUy-fired Units

This section provides key conclusions which are applicable to other tangentially-fired

units. As a general guide, the results from this project with other low NOx retrofit projects
(shown in Table S.5) can be used to project NC)x emissions, performance impacts, and costs at

future sites considering retrofits with LNCI:S technologies.

Table S.S- Selected LNCFSRebeflt Projects

IIIlUlII iii i ,,,, IIIIII IIII

LNCFSType UIilUy Unit Name & Number Size
(Mw) _

III IIII II li If 1

LNCFSI TVA Gailatin #4 288
lllinoisPower Joppa #3 ........ !..,50 _

LNcFs ii Public Service Of Colorado Cherokee #4 370
Public Service of Colorado Valmont #5 165

Indianapolis P&L Stout #5 100
Centerior G&E Eastlake #2 132

, Virginia Power .... Y0.rktown #2 ..... 175
LNCFS!li ...... Union Electric 'Labadie #4 600 ,

" The closer a unit is to the Smith Unit 2, in terms of boiler design and coal characteristics,

the higher the confidence in terms of predicting the NOx reduction and performance impacts

based on the results of this project. Of particular importance are the following boiler design
and fuel characteristics of Smith Unit 2:

II I I I Illl I I'llI I IIII1|1 _ I
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• • Its furnace size is above average relative to other pre-NSPS units; NHI/PA: 1.65
MBtu/hr-sqft as compared to 1.6 to 2.2 for most pre-NSPS ABB/CE boilers.

• The existing windbox is taller than the average tangentially-fired unit of s/n_ilar
rating and allowed for a larger CCOFA system (approximately 20 percent larger
cross-sectional area).

• The reactivity of the coal is higher than most eastern bituminous coals and, as
such, would be expected to have less/mpact on LOI than other lower reactivity
eastern bituminous coals. More specifically, the reactivity of the coal burned at
Smith as measured by the Fixed Carbon/Volatile Matter (FC/VM) is 1.30 (lower
FC/VM means higher reactivity) which is at the low end of the High Volatile
Eastern Bituminous coals (FC/VM: 1.4 - 1.7) and more typical of the
SubBituminous coals (FC/VM: 1.1 - 1.4).

Im_ltcatfo_s R_rardtn__ NOx Emissions

The Sm/th ICCT project, along with other retrofits, showed that:

• The LNCFS I can ach/eve 25-37 percent NOx emission reduction within the
control range (100- 200 I_V) in boilers with design characteristics similar to
Smith Unit 2. This NOx reduction is above the 2,5-30 percent level which has
been observed/n other tangentially-fired units (e.g., TVA's GaUatin #4) and was

expected for most tangentiany-fired units by ABB/CE (Ref. 9).

• The LNCFS II and Ill can achieve the expected level of NOx reduction (Ref. 9)
within the control range; 30-40 percent for LNCFS II and 40-50 percent for
LNCFS III.

• NOx em/ssions below the control point (100 MW) may increase for all LNCFS

technologies. This is particularly true when the primary objective of unit
operation at low loads is to control steam outlet temperatures and maintain unit
response rate rather than rn/nim/ze NOx emissions.

Figures S.5, S.6, and S.7 and the following paragraphs provide the NOx reduction
projections across the load range for tangentially-fired units util/zing the LNCFS I, II, and III,
respectively.

I.NCFS,,,!:
Figure S.5 shows the NOx reduction potential of LNCFS I. Based on the experience of

Smith Unit 2 and other LNCFS retrofits, it is expected that NOx reduction of 25 to 37 percent

withLn the control range may be achieved by LNCFS 1. The NOx reduction projections below
50 percent load (see Figure S.5) are based on the LNCFS Ill testing at Smith. (Note that when

the SOFA dampers of the LNCFS III are closed at low loads, the LNCFS Ill and I are identical).

[] IIII I II I IIIII -- I III I III I I
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' figure S.$ - Expected NOx Ernl|slonsReduction for Tangentlally-flmd Unltswith LNCFSI
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Smith Unit 2 achieved 37 percent long-term NOx reduction within the control range (50.
100 percent load). Other units retrofitted with the LNCFS I have achieved NOx reduction in
the 20 to 32 percent range.

i

LNCFS ll:

The LNCFS IIisexpectedto achieve30-40percentiong-term.NOxreductionwithinthe
controlrange (50-100percentload).Thisprojectionisbased on theSmith Unit2 experience,as
wellas resultsfrom LNCFS IIretrofitssuchas PublicServicesofColorado'sCherokee #4 and 5

(Ref.1I)and IndianapolisP&L'sStout#5 (Ref.12).

LNCFSin:
Forty to 50 percent NOx reduction is expected within the control range (50-100 percent

load) with LNCFS 111. This is based on the operating experience from Smith Unit 2 and Union
Electric's Labadie #4 (Re/. 13) retrofits.

Low Load NOx Emissions:

The NOx reduction below the control point (50 percent load) may decline depending on
the unit design characteristics and the operating objectives. If the primary operating objective
at low loads is to maintain steam outlet temperatures and/or unit response rate, the NOx

emission reduction may decrease significantly, as shown in Figures S.5, 5.6, and S.7 for LNCFS

1, I1 and II1, respectively. The resulting NOx reduction due to the different operating objectives
is shown in Figures S.6 and 5.7:

• The shaded area marked "No Operating Adjustments" shows the NOx reduction if

• the boiler is operated as before the low NOx retrofit, when the primary operating

objective was to maintain steam outlet temperatures.

- The area marked "With Performance Trade-offs" indicates the potential for additional

NOx reduction through operating adjustments; however, these adjustments may

have adverse impacts on boiler efficiency, turbine heat rate and unit net heat rate.

I II1' II I I
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Figure S.6 - Expocled NOx EmlsslonReduction lot TangenilaIly-_ed Unflswith LNCFSII
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Figure S. 7 - Expected NOx EmissionReduction for Tangentially-fired Unitswith LNCFSIll
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If such NOx reduction decline needs to be avoided, a number of actions can be taken

before and after the LNCFS retrofit has been completed:

II I ___ I II •
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During design specification, the utility may elect to specify the NOx emission levels
required throughout the load range, including low loads. In response, the low NOx
technology vendors may design the system to reduce NOx at low loads.

After the LNCFS Retrofit, NOx emissions at low loads can be reduced through operating
adjustments, such as reduction of excess0 2 and burner tilt and/or increase of overfire air flow

' rate. However, these adjustments may impact adversely the steam outlet temperatures and the
unit heat rate. In this case,an optimum operating point should be determined through trade-
off of NOx reduction and heat rate (production costs).

O&M Impacts of Tangentially-fired Units

Adverse O&M impacts can occur even where steps are taken to carefully integrate
retrofit NOx control technologies with existing plant generation requirements. In general, the

• higher the NOx reduction sought the greater the potential for O&M impacts.

The most common of the O&M impacts observed to date, including the Smith ICCT
project, has been reduced boiler efficiency due to increased excess 02 requirements, especially
for low NOx technologies With separated overfire air systems. Although not necessarily
witnessed at Smith Unit 2, other potential impacts may include:

• Increased CO emissions;

• Increased LOI, especially with low reactivity coals;
• Changes in furnace slagging and backpass fouling patterns;
• Increased waterwall corrosion;

• Reduced steam outlet temperatures;
• More d/ificult boiler operation; and
• Reduced equipment reliability.

Increased CO Em/ssions and Excess 02: The potential exists for increased CO emissions. If the
base]/ne CO is below 20 ppm, CO compliance is not expected to be a problem. However, in
marginal CO cases, CO may need to be controlled by increasing the excess air. Increases up to
1.5 percentage points in excess O 2have been observed in LNCFS retrofits. Where retrofits have
resulted in replacement of worn or damaged equipment, decreases in excess O 2 of up to 0.5
percentage points have been documented.

Increased LOh No significant impacts on LOI have been observed and are expected with
higher reactivity coals. However, less reactive eastern bituminous coals may result in increased

LOI (3 to 5 percentage points).

Chan_es in Furnace Sla_in_ and Backpass Fouling: Low NOx retrofits affect the heat release
and heat absorption profiles. As a result, furnace slagging and backpass fouling may be
affected depending on the degree of change of these profiles.

' Most retrofits, including Smith Unit 2, have experienced decreased furnace slagging. However,
furnace slagging reduction, very often, is accompanied by increased dust loading of the flue

. gas and increased backpass fouling. The net result may be reduced waterwall sootblowing, but
increased backpass sootblowing frequency and potential particulate compliance problems.

Ill I I
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Reduced Steam Outlet Temperatures: Changes in steam outlet temperatures, especially reheat
temperature at low loads, may be observed in units experiencing changes in furnace slagging
patterns. Such changes can be controlled with excess 0 2 or burner tilt increases, but NOx
emissions may increase. Specific recommendations on how to avoid such steam temperature

changes though appropriate design specifications, unit operating adjustments and hardware
modifications are provided in Section 8.

_ncreased Waterwall Corrosion: To date, there have been no reports of increased corrosion due
to low NOx operation, which increases the potential for local reducing environments.
However, because of the long-term nature of corrosion impacts and the relatively few projects
where corrosion rates have been rigorously determined, it cannot be assumed that these results"v'_

apply tothegeneralboilerpopulation. ""

U_-_i_Operation Impacts: Impacts have varied. Increasedattentionto monitoring and
adjustmentsofexistingboilercontrolparameters(e.g.,primary airflow)have been reportedin

severalinstances.Where retrofiredequipment has replacedworn or damaged components,
improved operationhas resulted.Reduced loadramp ratewas observedforone tangentially-

firedapplication.Generally,no impact on boilerturndown has been reported,exceptinone
instancewhere itimproved.

Equipment Reliability:Generally,NOx controlequipment reliabilityhas bee.nfavorable.Some
earlydesignenhancements,especiallywhen replacingworn or damaged equipment,have led
to improved reliability.However, long-termoperatingexperiencesremain limitedand some
reliabilityproblems continuetobe reported.These includepluggingof coal/airnozzlessome
ofwhich have ledtoforcedoutages.

• Some of the above impacts can be reduced or eliminated through systematic testing
before and after the retrofit, as well as design em:l operating adjustments of the combustion
system, boiler and auxiliary equipment. However, such adjustments may reduce one O&M
impact, but may have other adverse impacts on boiler performance and the level of NOx
reduction potential,

Implications for Planning Future Tangentially-fired Low NOx Retrofit Projects

Pre- and Post-Retrofit Testinl_:

• To avoidor reducepotentialadverseimpactsand achievetheoptimum levelof

NOx reductionand unitperformance,systematictestingbeforeand afterthe
retrofitis advised. Pre-retrofittestingshould establishclearlythe baseline

conditionsthroughout the load range,identifyhigh incidenceof priorO&M

problems and provide allthe informationneeded fordesigningthe low NOx "
system and integratingitintotheboilerinan optimum manner.

w

• The pre-retrofit testing should provide information which will be included in the
low NOx design specifications, such as:
- operating condition of key components(e.g., mills and fans);
- primary air flow rates over the load range;
- air and coal flow imbalances;

I IIIII
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- prior problem areas, such as excessive waterwall corrosion, high
attemperation rates and low reheat temperatures.

L_ow NOx s_tstemDesllmSvecifications:

' • The designspecificationsshouldcommunicate clearlytheprojectobjectives,the
' existingconditionoftheequipment and otherrelatedoperatingand hardware

changes being planned.Carefulintegrationof thelow NOx system with other

modificationsbeing planned independentlyof thelow NOx retrofitisessential
• for mdnim/zing adverse impacts and achiev/ngsatisfactoryNOx reduction.

Modificationswhich are planned sometimes in parallelwith or afterthe low
NOx retrofit are:

- ndll upgrading or operating changes;
• - reheat resurfacing;

- replacement of unit controls with digital control system;
- addition of gas conditioning equipment or ESP upgrading;

Ca_tal Costs:

• Based on the recent experience from Smith Unit 2 and other LNCFS retrofits
(Ref. 10), the capital costs for LNCFS retrofits are expected to be in the follow'rag
range:
- LNCFS 1: $ 5 - 15 per kW;
- LNCFS I1: $15- 25 per kW;
- LNCFS II1: $15- 25 per kW,

Low NOx Retro_i t Outaee:

• A four- to six-week outage should be planned for LNCFS 1 retrofits and a six- to
eight-week outage for LNCFS 11 and 111retrofits. At Smith, the LNCFS II was
the only complete retrofit (the others were modifications of the LNCFS ll) and
required a 3-week un/t outage. This was accomplished because:

i. There were no interferences with the installation of the windbox and the

SOFA ducts;

ii. Extensive preparation preceded the retrofit, including installation of
SOFA ducts; and

iii. "Around-the-clock" work schedule during the three-week retrofit.

The fact that the LNCFS 11 retrofit was accomplished in such a short period of time
suggests that a three- to four-week outage is feasible for an LNCFS retrofit in cases where there
are no interferences; however, a more typical schedule requires six to eight weeks.i

Start-upand Optimization:

• Two to threeweeks areadequateforLNCFS optimization(tuning).In casesof

marginal NOx compliance (afterthe retrofithas been completed), re-

optimizationof thecombustion system may be beneficialin furtherreducing
I IIIIII'I
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' NOx emission. Such. re-opUm/zation should be scheduled three to six months
after the original optirn/zat/on, depending on the operating experience of the
unit and the need for additional NOx emission reduction.

At Smith Unit 2, two-week optim/zation was needed initially for each system.
In addition, a three-day re-optim/zation of LNCFS II was performed to reduce
NOx emissionsat low loads.

II
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SEC._TIONONE

INTRODUCTION

This Innovative Clean Coal Technology (ICCT) Project included installation and testing
. of Asea Brown Boveri/Combustion Engineering Services' (ABB/CE) Low NOx Concentric

Firing Systems (LNCFS) at Gulf Power's Plant Lansing Smith Unit 2. The LNCFS l, il, and Ill
technologies, as well as the LNBFS, were tested.

• °

The project was funded jointly by The Southern Company, the U.S. Department of
Energy (DOE), and the Electric Power Research Institute (EPRI). Also, ABB/CE shared in the
cost of the LNCPS retrofits. The purpose, of the project was to assess the effectiveness of the
low NOx technologies in reducing NOx and to identify their limitations, potential adverse
impacts on unit performance, and implications for other tangentially-fired units.

The purpose of this report is to summarize the key findings of the project with
particular emphasis on the comparison of the systems tested and the implications for other
tangentially-fired units. The previous section provided an overview of the key findings of the
project in terms of NOx reduction and O&M impacts observed at Smith Unit 2, as well as their
implications for other tangentially-fired units.

Section 2 identifies the project objectives and the test program approach. Section 3
provides the key design characteristics of the boiler and auxiliary equipment and the results of
the baseline (pre-retrofit) testing, which establishes a reference point against which the LNCFS
technologies will be compared.

Section 4 describes the low NOx technologies with particular emphasis on the
differences between the systems tested at Smith Unit 2 and low NOx systems offered
commercially by ABB/CE. These design differences provide the basis for extrapolating the
results of the Smith test program to other tangentially-fired boilers.

Section 5 provides a brief description of the unit retrofit and start-up activities
including:

• Unit retrofit activities;

• Burner optimization; and
• Operator training programs.

The evaluation of the low NOx technologies is presented in Section 6. The NOx
emission reduction and the unit performance unpacts relative to baseline testing are provided
first for each technology tested at Smith Unit 2. Then, all the low NOx technologies are"
compared in terms of NOx emission, adverse impacts on boiler performance and unit heat rate.
Also the impact of dispatch profile on the unit's annual achievable NOx enussions and its

" ability to comply with the Clean Air Act Amendment NOx regulations is assessed.

Section 7 assesses the impact of the LNCFS technologies on operating and maintenance
" (O&M) costs, as well as the impact of retrofit costs and O&M costs on the cost-effectiveness of

each technology ($/ton of NOx removed).

I I I I
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Finally, Section 8 provides the implications drawn from the Smith ICCT project for

other tangentially.fired units considering similar lov, NOx burner retrofits. The implications
include NOx emission reduction projections, unit performance impacts, and lessons learned for

. planningand implementingfuturelow NOx retrofitprojects.
6

Some theresultsincludedinthisreporthave been presentedinvariousconferences(see
References# 2,6,7 and 13).Formore detailedinformationon theproject,thereaderisreferred a

totheProjectQuarterlyReports,aswellasthefollowingreports:

MeasurementofChemicalEmissionsUnder theInfluenceofLineNOx CombustionModifications,(Ref.

14).In responsetoTitleIIIof the1990 Amendments totheClean AirAct,Southern Research
• Institutewas contractedtoperformchemicalemissionstestingatPlantSmith Unit2. The goals

of thetestingwere (I)to evaluatetheemissionslevelsofcertainchemicalsdesignatedas Air
Toxicsunder TitleIII,(2)todeterminetheeffectsoflow NOx firingon thelevelsof chemical

emissions,and (3)through materialbalancedeterminations,to evaluatethe efficiencyof a

hotsideelectrostaticprecipitatoratcontrollingchemicalemissions.Pre-lowNOx bunierretrofit
• "baseline" testing was conducted in September 1991, and post-low NOx burner retrofit testing

was conducted in January 1992. The Final Report was issued in October 1993.

ESP Performance During the 180 MW Demonstration of Advanced Tangentially-fired Company
Techniques for the Reduction of Nitrogen Oxides from Coal-Fired Boilers, (Ref. 15). This report
summarizes the gaseous and particulate emissions from the boiler during performance testing
of each technology. The data collected includes unburned carbon levels, particle size
distribution, particle mass loading, gas volume flow and temperature, and vapor phase SO2
and SO3 concentrations were measured. In addition, a computer model of ESP Performance
was used to assess the effects that low NOx combustion would have on ESP operation.

Test Program Topica ! Reports, (Refs. 3,4, and 16). For each phase of testing, a topical report was
prepared that provides analysis of the data collected during that phase. In the Phase l report,
the baseline emissions data are presented, in addition, the design of the continuous emissions
monitor, data acquisition system, and other analysis and test equipment are described. In the
Phase I1 report, the LNCFS ll emissions and performance data are presented. In the Phase Ill
report, the LNCI_ Ill and LNCFS l emissions and performance data are presented.

Final Public Design Report, (Ref. 17). Design information utilized by the project participants is
provided in this report. The report includes the introduction to the instruction manual
provided by ABB/_CE, the specification developed by The Southern Company, and the
proposal prepared by ABB/CE. The specification includes the scope of work, a listing of the
applicable codes and standards to be applied to the design process, the design, fabrication, and
erection requirements for the low NOx combustion technology, and the criteria by which the
equipment will be judged once installed. The proposal from ABB/CE includes a general
discussionoftangentially-firedboilers,a descriptionof thelow NOx combustion technologies
includinga listofmajorequipment,and a discussionofNOx control.

Allofthe'above reportsareavailablethrough theU.S.Department ofEnergy or The Southern

Company.
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SECTIONTWO

PROJECT OBJECTIVES AND TEST PROGRAM APPROACH

The primary objective of this project was to determine the long-term effects of
commercially available low NOx combustion technologies on NOx emissions and unit
performance. Additional project objectives were to evaluate the relationsh/p between NOx and

, key operating parameters (through parametric short-term testing) and extrapolate the results to
other tangentially-f/red units. Four low NOx technologies were tested in a stepwise fashion:
LNCFS II,LNBFS, LNCFS IIIand LNCFS I.

To accomplishtheseobjectives,theprojectteam collectedand analyzedlong-termdata
under normal load-dispatchedoperatingconditionsfortheLNCFS technologies,as wen as the
baselinesystem.The reasonsforfocusingon long-termdataare:

• They reflecttypicalplantoperation;and

• They allow for estimatingannual achievableNOx which provides the basis for
compliancewithCAAA TitleIV.

However, it was reco_r_ed that the long-term data may also reflect unique site-specific
operating procedures and requ/rements, and may not be easy to extrapolate the results to other
un/ts. For this reason, the long-term testing was supplemented with short-term testing to
assessthe impact of key operatingparameterson NOx ermssionsand unit performance.
Detailed monitoring of unit performance, during short-term testing, allowed more m-depth
cause-and-effect type analyses to explain certain performance trends.

Based on the long-term NOx data gathered, the following NOx emissions were
determined:

1. Average long-term NOx emissions at a certain load;

2. Average long-term NOx emissions over the testing period;

3. Thirty-day achievable NOx emissions; and

4. Annual achievable NOx emissions. I

Even though the basis /:or regulatory compliance is the annual achievable NOx
emissions (item #4), this report focuses on the average long-term NOx emissions at a certain
load (item #I), because:

. • It is not affected by the unit dispatch profile (which is unit specific and affects
the annual achievable NOx emissions);

l The analysis methods for these regulatory determu_at/ons have been developed by the Control
Technology Committee of the Ut.il/ty Air Regulatory Group (UARG) (Ref. 5).

II III _ I I IIIII I I II I II
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• It reflects normal operation of the unit; and

• It can be compared to short-term NOx emissions for further data analysis.

The term 'NOx emissions" is used in this report for the average long-term NOx
emissions at a specific load, unless otherw/se indicated. The annual achievable NOx emissions
are provided in Sect/on 6.3. Short-term NOx emissions are reported only when they d_fer from
long-term NC)x or when they are used for analyzing specific NOx trends.

For the test program, Smith Unit 2 was equipped with a continuous emission
monitoring system (CEM), a data acquisition system (DAS), gas sampling ports, coal and ash
sampling devices, heat flux measurements and an acoustic gas temperature monitoring system
at the furnace outlet plane.

The coal fineness was measured at two locations; the coal pipe and the mill outlet. The
former was used by the test program team and is based on mill coal flow weighted average
(isokinet/c sampling). The latter is recommended by ABB/CE and is not/sokinetic. Because of
the significant difference in the measurements in these two locations, both measurements are
reported in this document !

m
irliil lira i ill "-'
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SECTION THREE

Unit Description and Pre-Retroflt (Baseline) Testing
i

• This sectionprovidesthe key designfeaturesof theSmith Unit 2 and the baselineNOx
emissions and boiler performance. The design features are useful/n assessing the applicabil/tys

of the results to other tangent/ally-fired units. The baseline NOx and boiler performance
provide the basis against which the LNCFS technologies will be compared.

' 3.i Unit Description

Plant Lansing $ndth, owned and operated by Gulf Power Company, includes Unit 2
which is a tangentially-fired boiler (aspect ratio (width/depth) = 1.5) rated at 180 MW with the

. capeb/I/ty to provide up to 200 MWs. The boiler is an ABB/CE radiant reheat, natural
circulation steam generator, which came on line in I%7. Although originally designed for
pressurized furnace operation, the unit was converted to balanced-draft operation in 1976. It is
designed for continuous indoor service to deliver steam at 1,306,000 Ibs/hr at full load (180
MW), a pressure of 1,800 psi& and a temperature of 1000°F at the superheater and the reheater
outlets.

As shown in Figure 3.1, exhaust gases are treated with hot-and cold-side electrostatic
precipitators in series. The ESPs have adequate design redundancy (283 SCA for the hot side
and 126 SCA for the cold side) to accommodate small changes in gas flow rate and dust loading
which may result from the LNCFS retrofits. The unit is equipped also with Ljungstrom air
preheaters,two forced.<lrsftfans,and induceddraft fans.The key characteristicsof the unit are
summarized in Table3.1.

Key featuresof the Smith Unit 2, which may impact NOx emissionreductionand the
applicabilityof the results to other tangentially-fired boilers,are:

• The unit was originally designed for more than one coal and has a relatively large
furnace in terms of plan area, windbox height, and furnace height; more specif/catly:

- The furnace heat release rate (Net Heat Input/Plan Area: NHI/PA) of Smith
Unit 2 is 1.65 MBtu/hr-sqft, which is/n the low end of tangentially-fired units
(typically range from 1.6 to 2.2 MBtu/hr-sqft). This suggests that the plan area
of Smith Unit 2 is in the high end of tangentially-fired units.

- The existing windbox is taller than the average tangentially-fired unit and
accommodated a CCOFA system with an approximately 20 percent larger cross-
sectionalareathan the typical ABB/CE system;

- There is adequate distance (40' 4") between the top coal burner and furnace
outlet to fit the separated overf/re air (SOFA) system.

• Five ndlls (RPS 623) provide coal with fineness ranging from 55 to 65 percent through
2.00 mesh measured/sokmetically/n the coal pipe (average coal fineness at the rrdll

• outlet was: 68.6 percent through 200 mesh and 2.4 percent remaining on 50 mesh).

_
IIIIIIIII I IIII [III I IIIII II II -- I II I
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Table3.1 • LansingSmithUnH2 Descdptlon

• Furnace
- Configuration Single Furnace
- Width X Depth (ft X ft) 40'X 25.93'

. - NHI/PA (MBtul_.sq,f,t) .................. I.,_ ............... _ ....
Windbox Design
- Cast/Std Std Windbox
- Coal Elevation Spacing 51"
-Top coal elevat_n-to.furn, outlet 40 ft. 4 In._-- • " .... iii ,1 i i iii iii1!i ULIIIIILL III I _ -- IIIIIIIIII II II1[I - --

Number of Mills/Mill Type 5 RPS623
Air/Fuel Ratio 2.3.3.0i --- i i i ii - iiii iiiill [ IlL I I IIIH II 1111"111111' i i i iiii ii]11] -" i " . ,1

Mill Transition Points 130-I 40 MW: A to AB-MOOS
110-120MW:^eto^BE-MOOS

................. .... 65-75 MW: A,BC to A,B,E-MOOS ...............
.........COa I Type Table 3._or coal analysis) EasternBituminous

FC/VM, _ ......................... 1.3 ..................
_ "..... i ii i imiiiliii, iiiiii1__ iiiiiii ii iii i i ] __ ii i i ii Hill[ III = _

ESP(Design SCA) Hot ESP:283
..... i ii -- i ,,i i H ,, ll,I. J IC Oid]lHI ESP_ _ 126 r I I I

The coal being burned at Sndth Unit 2 is eastern bituminous. The analyses of the coal as
fired and the design coal am provided in Table 3.2. As shown m Fisure 3.2, this is a medium-
to-high reactivity coal with a Fixed Carbon/Vola_e Matter ratio similar to Wyoming sub
bituminous B coals.

IrcJble3.2 - Coal Analysb

............ c'A, Fe,k .... O"i=mco=
- Carbon *Jr, 67.4 66.6
- H20 1; 9.0 8.5
- Hydrogen I; 4.6 4.7
* Nitrogen 1; 1.4 1.2
- Sulfur 1;. 2.8 3.7
- Oxygen 1; 6.0 6.8
- Ash % 8.7 ' 6.8

- Chlodne %_ ....... O.! ..................
-Proxlmote Analysis:
- Volatile Matter 35.79 --

- Fixed Carbon ........ 4,6.30 ........... --
-H'HV-B_/Ib •_ ..... 12.0.50 _ ,. ,.',, 12'00[)...........,,,,,,,

II.... lJ . II I l!llJl II I ' __ II I III I IIII I II
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Figurea2

CompadscmofSrnl_CoalRuotlv_ toOtherU.8.Coals

l

GoldType FCNM' '__1 m.,_lvxy

J

Peat 0.34

Lignite (ND) 0.77

Lnme(TX) 1.0

Sub Bituminous C (WY) 1.11 _ ........ ee
8ubBitumtnousB (WY) 1.3S __

HighVol. BituminousC (CO} 1.39

8ubBitumlnousA (WY) 1.dl_
non41 m Cold

High VoI. BituminousB ILl 1.60 _i 1.B7

High Vol. BituminousA (PA) 1.73 i 2.07 _,a'.--_-m''c_mcw

Medium.Vol. Bituminous(WV) 3.37

LowVol. BituminousIWV) 4.94

3.2 Baseline NOx Emissions and Un/t Performance

3.2.1 _Ox Emissions

The average long.term NO x emissions at fuU-load (180 IVlW) were 0.63 Ibs/MBtu with
an average O 2 o/: 3.7 percent. Th/s emission level does not reflect a well-tuned burner system
and opt/m/zeal boiler performance, but rather normal operation. Also, there was no attempt to
reduce the excess 02 because o[ the lack of a CO emission monitor reading in the control room.
Also, burner tilts were not operational; they were set at horizontal position.

Ilii . III!111 IIIIIliI __ III III III I
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As shown in Figure 3.3, NOx emissions decreased slightly With load, especially below
100 MWs. At 75 MWs, NOx emissions were approximately at 0.56 Ibs/MBtu. NOx varied by
as much as 0.2 Ibs/MBtu at each load. The lower 5 percent, upper 5 percent, and average
values of the load, excess O2, and NOx ern/ssions are also provided for various load segments
/n Table 3.3.

Figure 3.3 • Long-term Baseline NOx Emissions

i IILI I I II I II I I I IIIIIIIIII II II

0.8
95 percentile

0.7 _ ....

o6
i 0.5 ...... -" " '_ Average

5 percentile
0.4

0.3
11.2

0.1 .

0 ........ -" .* ......... : ' ' ' ! I I

40 60 80 100 120 i 40 160 180 200

Unit Load. MW

i i

Table3.3 - Imeline Long-term Data

Load ..... Load,MW ExcessOxy0en.% ......... N0_b/MStu..........
hgment N Lower Average Upper Lower Average Upper Lower Average Upper

'_ 55-65 .....1892 55,50 58.04 61.50 6.24 7.03 7.81 0.427 0.549 0:621

65-75 892 66.50 70.45 74,50 5.87 6.60 7.32 0.439 0.542 0.619

7s-ss 763 7s.so 79.44 84.50 5.52 6.44 7_7 0.474 o.sz7 0.672
85-95 609 85.50 89.79 94.50 5.00 6.05 6.97 0.482 0.604 0.691

95-105 696 95.50 100.29 104.50 4.71 5.59 6.47 0.524 0.598 0.679

105-115 772 105,50 110.41 114.50 4.09 5.47 6.44 0.475 0.612 0.703

115-125 611 115,50 119.96 124.50 4.52 5.44 6.33 0.553 0.648 0.722

125-135 721 125.50 130.07 134.50 3.48 5.08 6.20 0,570 0.647 0.712

135-145 771 135.50 140.21 144.50 3.63 4.55 5.45 0.529 0.622 0.698

145-155 812 145,,50 150.06 154.50 3.07 4.07 5.15 0.498 0.601 0.682

155-165 840 155.50 160.08 164.49 3.05 3.95 4.85 0.530 0.621 0.696

- 165-175 987 165.49 169.84 174.49 3.08 3.92 4.89 0.547 0.631 0.705

175-185 1085 175.49 179.99 184.49 2.79 3.69 4.69 0.546 0.627 0.701

185-195 1762 185.49 191.20 194.49 2.72 3.57 4.70 0.567 0.636 0.705

195-200 9179 195.49 197.55 199.49 2.69 3.51 4.9B 0.571 0.639 0.696
ii

IIII II I I I I _ I I
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Parametr/c (short-term) testing showed that the impact of O= on NOx emissions
d_:mases with d_masing load. As Table 3.4 shows, the impact of 02 on NOx changed h'om 50
ppm/% 0 2 at full load to 33 ppm/% O2at 70 MW.

' Table3.4 •

• imellne Sydem/Hect ol ExcessO2 on NOxEmissions
m

] .ol,,r,o, [lllll i ,,,iii i i lllllll _

I lllll lill

Q

3.2.2 Baselb_ Unit P_formance
The main parameters characterizing the unit performance which may be affected by or

affect the LNCFS retrofits are: CO emissions, 02 required for complete combustion and safe
operations, LOI, coal fineness, coal distr/bution, furnace slagging, steam outlet temperatures
and the operating condition of key components such as burner tilts, dampers, and mil/s.

The following summarizes the measurements of these parameters during baseline
testing:

• Average CO emissions were kept below 20 ppm throughout the long-term
baseline testing,

• The Oz at full load ranged from 2.7 to 5.0 percent with an average of 3.7 percent.
The lower I/m/t was established to keep CO low, while the upper I/m/t was due
to forced draft fan capacity I/m/tation. Because of the lack of CO monitor
readings in the control room and the emphasis of the baseline testing on "normal
unit operation', no attempt was made to tune the burners and reduce O2.

• The LOI ranged from 4 to 4.8 percent; 4.8 percent at full load with 4 percent 0 2.
This LOI was ach/eved with an average coal fineness (in the coal pipe) of 58.9
percent through 200 mesh and 2.65 percent left on 50 mesh. Coal fineness at the
mill outlet was 68.6 percent through 200 mesh and 2.4 percent left on 50 mesh.

• Coal distribution among the four comers of the unit was not uniform. For
example, during test 11-2 (180 IVIW)the coal flow ranged from 18 to 30 percent
to each of the four comers (see Figure 3.4) instead of ranging from 22.5 to 27.5
percent which is the recommended range (uniform distribution).

10
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Figure3.4 - Coal FlowDlddbuflon(180 MW)

• Furnace slaKs/nKwas characterized as 'medium'.

• The superheat outlet temperature was malnta/ned at 1000° F throughout the
load range. However, the reheat outlet temperature was below design levels by
as much r s 60-70° F at control load (100 MW). Figure 3.5 shows the actual
reheat temperaturesduring baselinetesting and compares them to the design
temperatures. The differenceis ma/nly due to removal of the reheat surfacein
the 19')'0swhen the urdtswitchedcoals. To separatethe impact of reheatsurface
removal from the/mpact of the LNCI=Sretrofit on steam temperatures,the post-
retrofit temperatures wil] be compared with the baselLnerather than "design"
steam temperatures.

__L JIIIIIL .... LJl ______
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Figure 3.5 - Bm_qne |eheot Temperoture Over the Lood Itonge
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The ESPs did not impose any constraintson the operation of the boiler. The ESP inlet
conditions during baseline short-term testing were:

._,

• - ExcessO=: 6.1 percent ¢=:
- LOI: _ 5.0 percent
- Dust Loading: • 2.69gr/scf
- Gas Flow Rate: 390,600 dscfm

., ,

No measurements were made in the ESP outlet. ,_
/

• Key boiler components which may have an impact on NOx emissions and unit

performance were in good operating condt_iOnrexcept that the burner tilts were not
operational; they were set at horizontal position.

IIIII II |1 I
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SECTIONFOUR

Low NOx TECHNOLOGIES RETROt,II-II:UAT SMITH UNIT 2

As has beenmentioned previously in this report, the original combustion iystem was
initially retrofittedwith the i._ICFSil and thenmodified to LNCFS111.LNCFS I operationwas

• simulated by closingthe SOFA dampen. As a resultof theneedto testall LNCFS technologies
on one unit, some compromL_,swere made in the design of LNCFS i and !11, The main
d/fferences between the standard LNCFS designs offered commercially by ABB/CE and the

• systems tested at Sndth Urdt 2 are hi_llghted in th/s section. More detailed descriptions of the
LNCFS technologies offered commercially by ABB/CE are provided in the I/terature (see
References9 and 10).

The LNCFS teclmologies, along with LNBFS and the bueline system, are shown in
Figure 4.1. The LNC'e'SI includes a Close-Coupled Overfire Air (CCOFA) system in the upper
partofthemainwindbox.Comparedtothebaselineconfiguration,LNCI:SLevelILsarranged
by exchangingthe highestcoalnozzlewiththeairnozzleimmediatelybelow it. This
configurationprovidesthe NOx reducingadvantal;esof an overfireairsystem without
pressurepartmodificationstotheboiler.Also,theLNCP3 1includesa concentricfiringsystem
(offsetairnozzles)andnew flameattachmenttipson thecoalnozzles.

Figure4.I - Tangenllal_-FkedCombustionSydems

Ill Ill l III I I II I I II I III lira
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A Separated Overfire Air (SOFA) system is used /n the remaining three systems,
LNCFS II, Ill, and LNBFS. The air supply ductwork for the SOFA is taken off from the
secondary air duct and routed to the comers of the furnace above the existing windbox. The
inlet pressure to the SOFA system can be increased above windbox pressure using dampers
downstream of the takeoff in the secondary air duct. These dampers were not used at Smith
because there was adequate pressure. However, in general, the intent of operating at a h/gher
pressure/s to increase the quant/ty and injection velocity of the overfire air into the furnace.

An automat/cally controlled damper controls the air flow rate to each overfire a/r
nozzle. The yaw adjustment on each SOFA nozzle is manually adjustable. The three nozzles
tilt in unison via automatic controls tied to the tilting of the main nozzles in the secondary
windbox. The SOFA system was designed for approximately 20-25 percent of the total air flow
rate which is typical of ABB/CE designs. Sm/th Unit 2 had enough space (40' 4") between the
top burner and the furnace outlet to fit the SOFA system and locate it in such a way that
adequate residence time is provided for complete combustion. For LNCFS Ill, the SOFA and
CCOFA system together accounted for 30 - 40 percent of the total air flow to the boiler which is
at the upper end of the overf/re air flow rate of ABB/CE low NOx systems.

The LNBFS utilizes the existing windbox with a SOFA system. The LNCFS II includes a
SOFA and the offset a/r feature of the LNCFS I - it does not include the CCOFA system and
offset air nozzles, The LNCFS III combines all the low NOx features of the other systems,
namely, CCOFA, offset air, flame attachment coal nozzle tips, and SOFA.

Other design features of the LNCFS technologies tested at Sm/th Unit 2 which usually
are not included in ABB/CE's standard design are the SOFA flow measuring devices,
adjustable yaw of the offset a/r nozzles and backpressuring dampers.

14
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SECTIONFIVE .
UNIT RETROFIT AND START-UP ACTIVITIES

This section provides a summary of the key activities during the low NOx burner
. retrofits and start-up. Particular emphasis is placed on the duration of the retrofits, the burner

optimization, and the operators' training program.

S.1 Unit Retrofit

The low NOx technologies were tested in the following order: LNCFS I1, LNBFS,
LNCFS I11and LNCFS 1. To accomplish this, the boiler was retrofired first with the LNCFS 11
(Spring '91). Then, the LNBFS was tested by setting the offset air nozzles to be m-line with the
coal nozzles. Retrofit of the LNCFS 111(Fall '91) required installation of two close-coupled OFA
compartments at the top of each windbox by switching the top coal nozzle with the air nozzle
below. LNCFS I system operation was simulated (Summer '92) by closing the SOFA dampers
of the LNCFS II1 system; it did not require any equipment additions or modifications. The

LNCPS I1 and I11 retrofits are described in the following paragraphs because they were the only
ones requiring hardware modifications.

5.L1 LNCFS II Retrofit

The LNCFS Ii retrofit required complete replacement of the existing c:oal and air nozzles
and installation of separated overfire air (SOFA) ports in the four comers of the furnace. The
LNCFS II was installed during a three week outage which began on March 29, 1991. During
that outage, craft labor worked seven days a week with two ten-hour shifts per day. The

remaining four hours of the day were reserved for x-raying welds in the furnace walls As is
shown in Figure 5.1, as many as 70 craft laborers per shift and 134 men per day were involved
during the peak work of the retrofit. A full furnace scaffold was installed to expedite the job.

Extensive pre-retrofit work (4 weeks working 5 days/week 8 hrs/day) contributed a_o
to the short unit outage. Time-consuming activities, such as installation of the SOFA duc_,
were completed before the unit came off line. The installation of the SOFA windboxes required
significant pressure part modifications to each comer of the boiler above the main windbox.
Preassembled bent tube panels were welded into the four lO-feet high by 4-feet wide holes cut
in the boiler. The overfire air windboxes with three sets of air nozzles were then inserted into

the 5-feet high by 2-feet wide openings in the waterwall.

The critical path for this outage was the modtfication to the main windboxes. After the
boiler came off ]me, the windboxes were completely stripped of coal nozzles, auxiliary air
nozzles, tilt linkages, and all bearings and bushings. After removing this equipment, partition
plates were installed in the top and bottom auxiliary air compartments. All of the partition
plates were cut back approximately three inches to allow greater tilting mobility of the new
coal and air nozzles. All coal nozzles and tips were replaced, couplings were installed in the
fuel lines to relieve fuel pipe loadings on the windbox, and four elevations of flame scanners
were installed including a cooling air system with a dedicated fan. The windbox tilting
mechanism was replaced.

I I III II
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During the outage, two unexpected events occurred which could have impacted unit
start-up fonowing the outage. First, asbestos _sulation was inadvertently uncovered and
removed from a section of the secondary air ductwork by crs_ laborers. Upon identification of
the asbestos, the building was cleared of all personnel and the area was properly cleaned. Four
working shifts were lost as a result of this incident. Second, the main boiler _edwater line
required relocation. These unexpected complications required higher than planned manpower
for the remaining outage activities. However, the retrofit was completed within the projected
21-day outage.

In retrospect, this outage is considered too short; a 6.8 week outage is recommended for
similar projects. However, this retrofit indicates that if the unit outage has to be reduced to the
minimum, a 3-4 week outage is feasible provided that the burner retrofit is the only activity
during the outage and a sifp_d_/cant amount of preparation is done before the unit comes off-
line.

I IIII I I III
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5.1.2 LNCFS II1 Retrofit

The conversion of the LNCFS I1 to LNCFS 111required reconfiguration of the top three
windbox nozzles in each corner of the boiler (see Figure 4.1). The existing top coal nozzles and
the two auxiliary air nozzles were replaced with one stationary auxiliary air, one coa] and two

• CCOFA nozzles. Along with the coal nozzle, the corresponding pipin_ ignitors, and flame
scanners were relocated. ,

" The unit outage for the LNCFS 111retrofit required minimal work, because the majority
of equipment were installed as part of the LNCFS 11 retrofit. Two weeks were required for the
LNCFS Ill retrofit working 10 hrs/shift, 2 shifts/day, 5 days/week. The averaFe manpower
loading was 36 men/day.

5.2 Unit Optindzation

The objective of the system optimization was to determine the best settings for the
combustion system and boiler control variables, (e.g., secondary a/r (SA) dampers, SOFA
dampers, SOFA and main windbox auxiliary air yaw position, and SOFA tilt posit/on) over the
load range and provide the plant operators with operating procedures, which will result in
optimum unit performance.

5.2.7 General Optimization Approach
The approach followed by ABB/CE was to start at full load with the control variables

set at a nominal operating position and then adjust one variable at the time to assess its impact
on NOx, CO and LOI. The following adjustments are then made sequentially:

1. Open OFA dampers (one at a time starting from the bottom damper) and monitor NOx,
cO, and LOI;

2. Adjust SA dampers to maintain pressure drop and ignition po/nt;

3. Vary 02 to determine limitations (at full load, too low 02 results in high CO, while an
upper limit may exist due to fan and ESP capacity limitations or steam temperature
control constraints; at low loads, O2 is limited by the need to maintain wmdbox
pressure drop and steam outlet temperatures);

4. Vary burner tilt position (+/- 300);

5. Adjust main wmdbox and SOFA yaws (SOFA yaws correct for coal distribution
m_balaJnces);

6. Vary OFA tilt (+/- 7°) and eventually tie it to burner Wiltfor automatic operation.

5.2.2 Opttmfz_tion of LNCFS I, I1 and llI
A two-week optimization was required for each of the LNCFS technologies. The

• recommended settings at the end of the optimization are shown in Tables 5._]and 5.2. Table 5.1
shows the burner variables which are Set during the optimization and are not adjusted during

l I I II III IIIII _ hill III I illlll I
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non,_al unit operation. Table 5.2 Lncludes the control variables which change either from the
control room or manually during normal unit operation.

Table 5.1 - Yaw Settings Im All Loads
i , ,

LNCPS, moS.
SOFA yaws (Right Front. .........
Left Front & Left Rear}
-Upper NA + 15° + 12° "
-Middle NA Zero Zero

-Lower HA - 150 ..... - 12°
SOFAyaws (Right Rear) ......
-upper NA - 15° - 12°
-Middle NA - 15° - 12°

-Lower .....NA - 15° • .........- 12°
Main Windbox Yaws +16o ..... + 22° + 16°

Note: 1. Yaw angle/s measured from the d/rection of the coal injection.
2. Positive angle indicates rotation towards the _-ebalI.
3. NA = Not AppUcable

Table S.2 - Recommended Control Vadable Sefllngs
i i g I I IIHIII

Cerm'ol Vmtable Control _Amo/Minusl) LNOFS I LNCF8 U LNCF8 III
Average FullLoad Auto 3.0 4 3.8
02 % (02 Range)

SOFADampers Auto Not Applicable figure 5.4 ...... Figuce5.6

, . i i is' ,, ,,ill.

CCOFA Dampers Auto Figure5.2 NA Figure5.7

Auxiliary Air (Wlndbox Auto (except at low l_;lure 5.3 figure 5.5 ..... Figure 5.8
PressureDrop) loads]

Fuel AirDQ'npers Auto (except at low Not Available Not Available .... * 20% open
loads) between 115 & 200

MW

• 10%open
....... be!ow 115 MW

BurnerTiltat FullLood Auto to controi reheat Horizontal Horizontal Horizontal
outlet temp .....

SOFAtilt was set to follow a ]Jne_ relationshipwith the burner flit; SOFA flit set to +2o
when the burner flit is at +30° (approximately 1° SOFA flit for every 4° of burner flit). ABB/CE
also provided recommended 02 levels over the load range.

FoUowing the original LNCFS II optimization (:ee Figure 5.4, "Original"), ABB/CE

visited the site again to re-optimize the system. The main reason for this was to improve the
NOx emission reduction at low loads. The re-optimization lasted 3 days and resulted in new
recommendations for the SOFA dampers over the load range (see Figure 5.4, "Revised"). The
"revised" settings are not reflected in the test data of LNCFS II because the LNCFS II testing

I I I I I ' IIIII III
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was completed shortly after the re-optimLzat'Jon. However, they were taken into account in the

LNCFS Iii testing. S/milar re-optimization may not be requ/red by all tangentially-fired units.

figure 6.3 - LNCFS I Wlndbox heuure al Normal Oxygen
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Figure6.4 • LNCFSII SOFADamperSefllng
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S.3 Operator T_ s

ABB/CE typtcs.Uyrecoaunendsthe following trairdnS prosram in add/tion to the on-
the-jobtr=u_rdngprov/ded during LNCFSstart-up (Ref. 18):

. A one-day classroomtrainingprogram on LNCFS operation irmnediatelyfollowed by a
one-day repeatpresentation.

. A one-day classroomtraining program on LNCFS maintenance/mmediately followed by
a one-day repeat presentation.

• A five-day classroom tramins program on LNCFS operation to be conducted six months
following unit start-up.

I

At Srrdth, a one-day classroom-typecourseon LNCFS 11was offered. This course
covered NOx generation principlesand LNCFS operation. Nearly all of the plant operators
participated in the train/rig program for LNCFS 11. No addit/onal training was provided for
LNCFS 111and 1.
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SECTIONSIXQ

Low NOx TECHNOLOGY EVALUATION

This section is divided into three parts: (i) the NOx emissions and performance/mpacts
. of each technology relative to baseline (Section 6.1); (i/) the comparison of the technologies

(Section 6.2); and (iii) assessment of the unit dispatch profile on the annual NOx eatissions and
its ab/lity to comply with CAAA Title IV NOx regulations.

' 6.1 Performance of LNCFS Technologies Relative to Basel/ne

6.1.1 "Simulated" LNCFS !

LNCFS 1 operation was "simulated"by closing the SC)FAdampers of LNCFS 111.
The term "simulated" LNCFS 1 is used to indicate the difference between the system tested at
Smith Unit 2 and a more typical LNCFS 1. The main difference was the air leakage through
the SOFA ports (average 4.4 percent of the to_al air flow at full load), which was required to
keep the SOFA nozzles from overheating during boiler boiler operation. Air leakage was
reduced significantly below 140 IVlWs. Also, the air velocities through the various
compartments of the windbox (auxiliary, secondary and CCOFA) may not be exactly what they
would have been for a typical LNCFS i system. NOx emissions presented in this report were
corrected for the air leakage based on SOFA air flow rate measurements. As such, the NOx
emissions reported in this document provide an accurate indication of NOx emissions with
LNCFS i.

NOxF.mi_sio_ "_
The average long-term NOx emissions at full-load (180 MW) were 0.39 Ibs/MBtu with

3.2 percent O2 corresponding to a 37 percent NOx emission reduction relative to baseline. As
Figure 6.1 shows, NOx emissions were almost constant within the control range (100-200 MW).
NOx emissions below 100 MINs (approx/mately 50 percent load) are not provided because of
lack of adequate test data. However, it/s expected that NOx emissions below 100 IvIWs will
increase with decreasing load (see dotted line of Figure 6.1). This conclusion is based on
LNCFS III low load NOx emissions and the s/m/larities between LNCFS Ill and 1 at low loads

(when the SOFA dampers of the LNCPS IIIare closed).

The long-term NOx emissions are also shown in Table 6.1.
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figure 6,1 • Long.term LNCFS I NOx Emissions
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Table 6.1 - LNCFS Level I, Long-ten. Data

g IIImgl IIII I iii II ii I I IR II I

Load I of_ Average Average Average Average Average
lr4gmont Polnb Load 0 2 at Slack O3 at Eeon NOx NOx

+ o_,, unc_,d ,, c_,_d
5,5 - 6,5 30 59.60 '+.73 .... 6.69 0.373 0.37
6,5-75 16 70.m 9.81 6.68 o._3 0.32
75 - 85 45 81.01 9.60 6.49 0.397 0.40
85- 95 234 89.43 9.00 6.10 0.399 0.40
95-105 172 99.77 8.e5 s_+ 0.4o5 040
105 - 115 199 109.64 8.44 5.43 0.397 0.40
115 - 125 307 120.50 7.93 4.88 0.394 0.39
125 - 135 558 130,,31 7.76 4.67 0.393 0.39
135- 14.5 643 140.07 7.32 ,;.18 0.381 0.38
145- 155 527 149.98 7.01 3.86 0.375 0.39
IS5-I++ 701 160.16 6.75 3.68 0.378 040
165-175 570 169.61 6.52 3.37 0.275 0.39
175-185 616 180.42 6.32 3.18 0.376 0.39
185 - 195 3632 193.23 6.25 3.17 0.388 0.41

195 -, 200 i3608 , ,,196.08 .... 6.20 .... 3.01 ,,, 0:390 ..... 0.41

II I IIII lllll I II I _ IIIIII II + __
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Short.term averageNOx emissionsat hall load were 0.39 Ibs/MBtu, which is similar to
the average long-term NOx emL_sionsat thesameload.

PeC'omm_ceImpac_
The LNCI.'5 1 cud not /mpact si&n/Ecantly boiler performance. The only chenges

observed were in:

• excess02,and
. • steam outlet temperatures, especially at low loads.

The average 02 at full load was 3.2 percent (0.5 percentage point lower than the
baseUne). As Fi_h-e 6.2 shows, the boiler operated as low as 2.5 percent 02 without any
/ncmase in CO emissions, while the basel/he system had to operate above 3.2 percent 02 to

•. ma/nta/n CO below 100 ppm. This difference may be attributed to the fact that the basel/he
system was not tuned.

LOI was similar to baseline; 4.6 percent LOI with an average coal (_teness of 55.4
percent through 200 mesh and 2.9 percent left on 50 mesh measured in the coal pipe (or 71.6
percent through 200 mesh and 1.1 percent left on 50 mesh as measured at the mill outlet).

" At full load, a small superheat outlet temperature decrease was experienced (5-I0°F)
relaUve to basel/he. However, at reduced loads, both superheat outlet and reheat outlet
temperatures were significantly lower than baseline; at 90 MWs, they decreased by as much as
30°F below basel/ne levels. Steam outlet temperatures below 90 MWs are not reported,
because of lack of adequate data/n this load range. Based on short-term tests performed with
LNCFS II and Ill at low loads, it is concluded that the steam outlet temperatures with LNCFS I
can be increased above the reported levels by increasing the excess O2 and/or burner tilt, but
th/s w/U.result in hi&her NOx emissions.

Figure 6.2 - CO Emissionsvs. Oxygen to; Baselineand LNCFSI (full Load)
i i i i i mlll mira, I in

baseUne100 (,, ...... .

I '° /
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The ESP performance was not affected adversely by the LNCFS I. As the following
table shows the dust loading and gas flow rate into the ESP with LNCFS I were lower than the
baseline testing. Also, the flyash resistivity was not affected by the LNCFS I.

Comparison of ESPInlet Conditions between SaseEne and LNCFSI

02 LOI Dust Loading Gas Flow Rate

, , (gr/dscf) (cls,cfm, }
Baseline ......... 4.0 ' 5.0 2.69 390,600. "
L.NCFS I 3.9 4.6 ...... 2.64 346,000

The operation of LNCFS I was very similar to the baseline system; fireball rotation, fmTlace
visibility (clarity), _flame brightness and flexibility m unit operation (changing of load and
control variable settings) did not chang e from baseline operation. Furnace slagging was similar
to baseline (medium slagging).

6.1.2 LNCFS I!
J

NOx EmissionsatFuliLoad ..

The averagefull-loadNOx emissionswere 0.39Ibs/MBtu correspondingto37 percent

NOx reduction.The averagelong-termexcessO 2 atfullloadforLNCFS H was 4.5Percent,
which L_0.5Percentagepointhigherthan thebaselineend I percentagepointhigherthem the
LNCFS I excess O z. The long-termNOx emissionsfor various load segments are also
presentedinTable6.2.

Table 6.2 - LNCFSII, Long-term Data
i

Load Load. MW ExcessOxygen, % NOx. Ib/Mlitu

Segment. N Lower Average Upper Lower Average Upper Lower ,. Average Upper

55-65 245 55.50 57,86 61.50 6.828 7.50 9.478 0.286 0.567 0.671

65-75 566 68.50 71.12 74.50 6.215 7.21 8.585 0.384 0.518 0.608

75-85 412 75.50 80.10 84.50 8.058 7.22 8.400 0.396 0.508 0.598

85-95 419 85.50 89.66 94.50 5.595 6.79 7.953 0.411 0.492 0.575

95-105 389 95.,50 100.00 104.50 5.068 6.27 7.650 0.313 0.429 0.503

105-I 15 330 105.50 110.08 114.50 4.585 5.99 7.208' 0.350 0.420 0.487

115-125 391 115.50 120.32 124.50 4.390 5.67 6.883 0.372 0.433 0.493

125-I35 392 1'25.50 129.90 134.50 4.255 5.48 6.653 0.362 0.424 0.487

135-145 465 135.50 140.20 144.50 4.123 5.20 6.425 0.335 0.403 0.470

145-155 429 145.50 149.85 154.50 3.913 4.92 6.033 0.348 0.399 0.476

155-165 484 155.50 }59.45 164.49 3.835 4.77 5.608 0.346 0.395 0.448

165-175 600 165.49 170.48 174.49 3.858 4.66 5.483 0.337 0.391 0.446

175-185 624 175.49 180.19 184.49 3.763 4.49 5.178 0.339 0.394 0.436
e

185-195 1150 185.49 192.17 194.49 3.565 4.15 4.708 0.339 0.383 0.430

195-200 10221 195.49 196.91 198.49 3.433 4.03 4.580 0.341 0.386 0.430
,, ,,i ,, =|ii i

II II I imll II ' I I I
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Short-term NOx emissi0ns at full-load with the 02 recommended by ABB/CE (3.9
percent 02) were 0.39 Ibs/MBm; the same with long-term NOx era/asians. Short-term tests
were used for investigatinS the effect of the SOFA flow rate and the excess 02 on NOx
emissions. As Fiknu_6.3 _'unfform"curve)shows, the NOx era/asianreductionat full load was

. particularly sensitive to changes/n the SOFA damper position. Closed SOFA dampers resulted
. ' /n NOx endssions around 400 ppm, while 100 percent open reduced NOx to 250 ppm; a 37

percent reduction. This result su88ests that almost all the NOx reduction of LNCFS II comes
•from the util/zation of the SOFA system. Figure 6.3 also shows the potential impact of the

, . SOFA compartment operation on NOx. The 'uniform* curve shows the NOx emissions when
all three SOFA compartments (bottom, middle, and top) open uniformly. The "sequential'
curve shows the NOx when the bottom SOFA compartment opens first, then followed by the
middle, and finally, the top. Figure 6.3 shows that the r,equential opening of the SOFA

• dampers (from the bottom to the top) results in higher emissions. Figure 6.4 shows the
effectivenessof the SOFA damperson NOx decreaseswith decmuing load.

Irlgme6.3 - UICFSII: Effectof SOFADamperOpeMng at FullLoad
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The impact of excess O2 on NOx was also assessed through short-term testing. As the
following table shows, 02 has a decreasing impact on NOx emissions with declining load. This

• impact ranges from 18 to 35 ppm/%O2, as compared to 33-50 ppm/%O2 for the baseline
system.

I I I I
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NOx Em_ at I_o
As shown in Figure 6.5, long-term NC)x emissions within the control range (100-2(x)

MWs) did not change sill_n_'cantly from hill load levels; NOx reduction in this load range
varied from 32 to 37 percent. However, NOx emissions increase significantly outside the
control range (below 100 MWs) reachingpre-retrofit levelsbelow 70 lvlWs; NOx reduction at
100 MW is 32 percentdiminishingto 0 percentat 50 lv_s.
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Figure 6.5 - Long-term LNCFS U NOx Emissions
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Short-term testing was particularly useful in analyzing the causes of increasing NOx at

low loads. Short-term data analysis shows that higher 0 2 than during baseline testing, positive
burner tilt, lower SOFA flow rate and higher fuel air flow rate than recommended by ABB/CE

contributed to the higher NOx at low loads. Examples from short-term testing indicating the

impact of these variables on NOx em/ssions at low loads are:

• 0.5-1.0 percent 0 2 increase contributes to a 18-24 ppm (6-8 percent) NOx increase
at 70 MWs;

• A change of tilt from zero to +15 ° at 115 MWs increases NOx emissions by 50-60

ppm (18-21 percent) and the reheat outlet temperature by 25°F;

• Opening of the lower OFA damper to the 50 percent open position (while the

other two OFA dampers are closed) at 75 IVIWs reduces NOx by 50 ppm (16
percent NOx reduction).

Comparison of the long-term and the short-term NOx emissions at low loads (see

Figure 6.6) indicates that short-term NOx ermssions are significantly lower than long-term NOx

ermssions. Further data analysis indicates the following differences between long- and short-

term testing:

• 0.5-1 percent higher 0 2 during long-term testing (see Figure 6.7);

• , Tilt mostly in horizontal position during short-term testing as compared to an

average of +8 ° during long-term LNCFS I1;

__ il II II I i II I III II IIII II

29



NOx TliCHNOLOOY liV ALUATION
I III I II J I I IIIIIlIJ IIII I I J III II I I I I I I I I

• SOFA and CCOFA damper settings mulled in lower _:)FA/CCOFA air flow
rates during long- than short-term mtinl_ during normal operation (long-term
testing,),theoperatorsstartedopening theSOFA dampers at a higher load than

• recommended by ABB/CE, becauseof the low pressure drop across the
windbox;

• Also, the fuelair flow rate during long-termtestingwas higher than short-term .
rating to improve unit responsein load transients.

The difference between short- and long-term NOx emissions suggests that the long-
term NOx emissions at low loads can be reduced through operating adjustments (boiler

• operation closer to short-term, "controlled' conditions). However, these operating adjustments
may have adverse impacts on the Performance of L. Smith Unit 2, such as, reduction of steam
temperatures and increase of LOI and heat rate, and may be I/m/ted by operating constra/nts
such as the minimum pressure drop across the windbox.

Considering that the unit does not operate often below 100 lYONs,the increasing NOx
emissions at low loads should not be viewed as a failure of the LNCI:S 11 system to meet
expected performance. However, low load NOx may be important for other tan_mtial-fired
units which operate more often at low loads (peaking and intermediate load units).

Figure6.6 - Comparison of Long- and Shod-term |ndsslon Characteristics
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Figure6.7 - Compadson of Long-and Shod-term Oxygen Levels
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Per/orman_e Impacts
As Figure 6.8 shows, CO emissionsromped at baselinelevels (20 ppm) when the

excess O2 was above 4.0 percenL However, below 4 percent O2, CO was very sensitive to O2
variations and CO exceeded 100 ppm below 32 perumt 02.

Hgure6.8 - LNCFSIt:CO Embdonsvs. Excess Oxygen (FullLoad)
i iiiii i
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The average 0 2 at full load was 4.5 percent which is 0.8 percentage points higher'than
the baseline. Considering the increasing CO em/ssions at lower 0 2 levels and fan I/m/rations at
higher O=,the 02 operating range with LNCFS II was I/m/ted to 4.0-5.0 percent.

The LOI varied from 3.8 to 5.4 percent in the 115 to 200 MW load range; approximately
the same with baseline LOI. However, the average coal fineness during LNCFS II testing was
better (hiKher) than the baseline case. Coal fineness in the pipe (measured isokinetically) was
62.9 percent through 200mesh with 2 percent remaining on 50 meshcomparedto 58.9 percent
through 200 meshand Z6S percent remaining on 50 the meshduring baselinetesting.

Furnaceslaggingwas reduced from medium during baselineto low during LNCFS 11
testing. However, the convection pass fouling /ra:reased. These changes reduced the
w_blower operating f_,quency and increasedthe backpasssootbloweroperation. The net
result was no significantchange"moverall surfacecleaningrequirements,but improved boiler
operation becauseslagging is more difficult to remove and often causesboiler tube failures.
The steam outlet temperaturesduring LNCFSII testingwere similar to baselinethroughout the
load range.

As the following table indicates,the ESP inlet conditionsdid not changesignificantly
from baseline. Also, the flyashresist/vitywas notaffectedby the ENCFSII retrofit.

Comparisonof ESPInletCondHionsBetweenBaselineand LNCFSII

, %02 LOI '" DustLoading " ' GasFlowRate
' _'A) (gr{ds,cf) (dscfrn)

Baseline 4.0 5.0 2.69 390;600
LNCFSII 5.3 4.2 2.61 395,200

• i _l Hi

Boiler operation was similar to the baseline system, but the fireball rotation rate was
slower and the furnace brightness was reduced. The latter is typical of low NOx combustion
systems with overfire air and is not a cause for concern. The reduced furnace slagging
improved the overall boiler operation.

A small reduction in operating flexibility of the system was observed. The main
reasons were:

• The windbox pressure drop required more careful monitoring of the unit
operation at low loads. When the OFA dampers were operated per ABB/CE's
recommended operating procedures, the pressure drop across the windbox was
reduced to 1.0-1.5 in wg which is considered low by the plant operators.

• In order to increase windbox pressure drop and improve the unit readiness to
respond to load changes, the operators had to:

e

- Close the SOFA dampers more than recommended by ABB/CE; and
i,

- Increase the fuel air flow rate at low loads.

I IIIIII 'it I L
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6.1.3 LNCF$ III

NOx Emissions

The LNCFS ili achieved a 45 percent long-term NOx emission reduction at full load,

' which is wt_u_ the expected range (40-50 percent). This NOx reduction corresponds to 0.34
. Ibs/MBtu and was achieved with an average 4.3 percent 0 2. The Ions-term NOx emissions are

also shown in Table 6.3.

' /able 6.3 • I,NCFS III, I,ono-len_ Data

......... _..w UC.,,oxva.,,............ .ox ..........
% . Ib/Mitu

Load
• Segment N Lower Average Upper Lower Average Upper Lower Average Upper

$5-65 1225 55.50 _159 .... 62,50 * 5.615 7.13 8.263 0.464................0.593 0.755
65-75 1726 67.50 71.22 74.50 5.580 6.78 7.895 0.407 0.519 0.623
75-85 799 75.50 79,45 84.50 5.363 6.63 7.81B 0.350 0.471 0.383 •
85-95 662 85.,50 89.90 94.50 5.025 6.27 8.180 0,337 0.418 0.512
95-105 662 95.50 100.27 104.50 4.705 5.90 7.433 0.306 0.376 0.441
105-115 649 105.,50 110.33 114.50 ,.673 5.67 6.780 0.317 0.372 0.433
115.125 615 115_ 12013 12,_0 ,.533 5.45 6._ 0.3_5 0.366 0.,14
125-135 782 125.50 129.96 134,50 4.360 5.22 6,113 0.299 0.345 0.389
i_1,s col 135,50I_9._144_ ,.o_ 5.00 5.950 o_ 0._ 0.357
145-!5,5 730 145,50 150.10 154,50 3.770 4.78 5.858 0.280 0.323 0.361
iss-165 754 155.50 160.021_.49 3._ 4.57 s.ss3 o._s o.323 0._2
165-175 766 165.49 170.41 17,.49 3.515 4.48 S.278 0.293 0.333 0.368
175-185 9_ 175.49 17..94 184.49 3_oe 4m 5.070 0.311 o_ 0.37.
185-195 841 185.49 191.19 194.49 2.945 3.90 4.848 0.313 0.345 0.385
195-200 5114 195.49 197.24 19'.49 2.970 3.80 4,358 0.319 0.345 0.372

As Figures 6.9 indicates, long-term NOx emissions at low loads exhibited the same

behavior _vith LNCF5 II; they were almost constant withhn the control range, but they

increased si_ih'cantly outside the control range (below 100 MWs). NOx in the 100-120 MW

range increased to 0.38 Ibs/MBtu and below 70 MWs increased to pre-retrofit levels (0.6

Ibs/MBtu)

IIIII I I I I I I II II II II I I IIIIII
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The same observations made on LNCFS II NOx entissions at low loads apply to LNCFS Ill.
The main reasons for the increased NOx at low loads are:

• Util/zation of positive tilt (average tilt during long-term testing: +6o; as
compared to tilt in horizontal position durin 8 baseline testing);

• Closing of the SOFA dampers more than recommended by ABB/CE to ma/nta/n
windbox pressure drop; and

• Increased fuel a/r flow rate for qu/ck unit load response..

S/m/larly to LNCFS If, the short-term NOx emissions at low load did not increase as

much as the Ions-term NOx emissions; short-term NOx at 70 MW increased to 0.4 Ibs/MBtu
from 0.34 Ibs/MBtu at full load, while the long-term NOx emissions at the same load were
close to pre-retrof/t levels (0.60 Ibs/MBtu). The lowest NOx emission level dur/ng short-term
testing, 0.29 Ibs/MBtu, was achieved at 135 _ with 4.5 percent O2.

Short-term testing indicates that NOx emissions at low loads could be reduced below

the levels measured at Snt/th Unit 2 through operating adjustments in 0 2, tilt, SOFA dampers
and fuel a/r dampers. However, such improvement in NOx emissions may have adverse
impacts on Steam outlet temperatures and unit heat rate.

I I I [I
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Per_formanceImmcts
During LNCFS III ions-term mttn8, CO r_pd from 20 to 100 ppm (htZher thm_

bmmltne:10 ppm). As Ptlpam6.10shows, a hiller excm_0 2level was needed for LNCFSIll to
maintain CO emission within acceptablelimits. A minimum O: of 4.2 pe_nt is needed to
keep CO below 100 ppm.

The average Ions-term 02 at full load was 4.3 percent,which is 0.6 i_rcontase points.

. _r than the baseline Iystmn. Slmtlerlyto full load, the O: within thecontrolmnse (100-200
IvlW)wan 0.3.0.8 percentht$_r thanbmmltne.

The LOIat fuUload was 5.9 percent;approxtn_t,ly 1 percenthisher thin LNCFS11and
bmmLine.One contribu_n$ factorfor the LOIh_crease_ the lower coa] fbuneu. As Tatblo6.4
Mows, the avmrap coal Bnm_mm,55.8 percentthroullh200 mesh is 3 peramt below bmmline
and 7 percent below LNC_ 11, while the l_rcentap bh on 50 mesh (2.1 percent) is
=tll_CJuntly above the maximum 1'1.5l_mmt recommendedby ABB/CE.

Table6.4• CoalFinenessdudngLNCItSIIITesting
- I ; ,,,, ,_ ,llll,i i i i, .i , iii i ,,,, ,, L, - ill I III I

Nam,dmd Ilso
=kmmor de_ J. wets.0tvou_ joonmh.'_ WeighOaOvoughSOme_ _,

i It I inlnnlllnlI'"vo. vo.cOof,............ o0aa
memmnmided mell_f mcommm_dmJ method

............ _ i m_d
I low fll_ss 44.0 ...... 51.3 , 97_0 95.4

6 ..........83.3 , ......w.8 ...... 98.8

Table6.10- LNCFSII1:CObvd.bnovs.Ixco. Oxygen(funI_)
i JL ii i ii ii !11 i nunI I i I i iin|liiii I

I I II IIIIIII I I I __ IL _ll I I Ill I Illll I III III IIII " Ill II II
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To investigate further the impact of coal fineness on LOIand NOx, addlt/onal tests were
carried ouL The coal fineness was varied by changing the claIs/fier settings on each mill. The
results shown in Figure 6.11, ind/cate that there is a strong relationship between coal fineness
and LOI (especially below 63 percent through 200 mesh). For example, LOI is approximately
10 percent with coal fineness at 52 percent through 200 mesh, but it is reduced to 4 percent
when the coal fineness improves to 62 percent through 200 mesh. During this coal fineness
chanp, NOx emissions are not affected, as shown in Figure 6.11. e

Similar impacts were observed due to changes in the percentage remaining on 50 mesh
screen. As l=isure 6.12 shows, for 4 percent remaining on 50 mesh, the LOI was approximately
9 percent, while reduct/on to 1.2 percent remUS on 50 .mesh also reduced the LOI to
approximately 4 percent.

The above results suggest also that if the coal fineness during LNCFS I11testing was the
same with baseline, the LOI would have been 4 to 5 percent. Therefore, for the same coal
_, the LNCI=S111cud not impact the LOI.

Similarly to LNCFS I1, furnace slagging was reduced and backpass fouling was
increased relative to baseline cond/tions. This resulted in reduced wallblower and increased the

backpass iootblower operating frequency. Although the overall surface cleaning activities
were not reduced substantially, the furnace slagging reduction was perceived by the operators
as _ improvement.

Steam outlet temperatures at full load were maintained at the baseline level. However,
at reduced loads both the superheat and reheat outlet temperatures were lower than baseline.
More specifically, the superheat outlet temperature was maintained at pre-retrofit levels in the
140 - 200 MWs load range. Below 140 MWs, the superheat outlet temperature declined; at 80
MWs it was approximately 20OFbelow pre-retroflt superheat outlet temperature. Even more
significant was the decline of the reheat outlet temperature; at 115 MWs it was 25°F and at 80
MW 35OFless than the baseline superheat outlet temperature at the same load.

The ESP performance was not impacted significantly by the LNCFS 111. As is shown in
the following table, the dust loading increased slightly relative to the baseline (from 2.69 to 2.80
gr/dscf), but did not impact the unit opacity. The flyash resistivity was also not affected by the
LNCFS I11.

Comparison of ESPInlet Conditions Between Baselineand LNCFSIII

.............................. %O2 L01 DudLoading .... Gas FlowRate

i i i,,, I 0 ,Baseline 4. 5.0 2.69 390.600
LNCF.SIII ...... 4.7 5.9 2.80 385.500
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figure 6.11 • LNCFSII1:NOx and LOI vs. Percentage through200 Mesh
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LNCFS IIIsystemopera_ionwas more sensitivetochanges/onoperatingparameters
(e.K.,excess02)thantheorij_nalburners.Loadtransitionswhichrequiredbringingmillsin
•and outofserviceresultedinspikesofCO and NOx emissions.Also,the02 rangerestriction
atfullload(minimum 02 4.0percentinsteadof3.2percentforthebaselinesystemand 2.3

.percentforLNCFS I)I/miredtheflexibilityoftheoperatorstoincreasethe02 beforeload
transitions to avoid CO and NOx increases.

6.1.4 LNBFS

A I/m/ted number of short-term tests with the LNBFS system indicated 30-32 percent
NOx reduction, which is significantly higher than expected by ABB/CE (15-25 percent).
Because of the perceived I/m/ted market potential of this system (due to the marginal cost

' difference between LNBI:Sand LNCFS II and the potential for increased watenvaU corrosion),
it was decided that detailed character/zation.of the LNBI:Swas not cost effective. Instead, the

test program focused on more detailed characterization of the other three LNCFS technologies.

6.2 Comparison of the LNCFS TechnoloF,ies Tested at Smith Unit 2

The previous section (6.1) provided the NOx emission reductions achieved and the
performance impacts for each of the LNCI:S technolo&/es tested at Sm/th Unit 2 relative to
baseline.Thissection(6.2)comparestheLNCFS technologiestestedrelativetoeachotherin
termsof:

• NOx reduction;
• Unit performance impacts; and
• Boiler efficiency and unit heat rate.

6.2.1 ComparisonofNO= RechdctlonandPerformance Impacts

NOx Emission Reduc_on at Full Load
The NOx emissions and NOx emission reduction relative to baseline for the LNCFS

technologies tested at Smith Unit 2 are shown in Table 6.5. The LNCFS 1, 11,and I11,achieved
37, 37, and 45 percent average long-term NOx emission reduction at full load, respectively;
NOx emissions were reduced from 0.63 lbs/MBtu during baseline testing to 0.39, 0.39 and 0.34
lbs/MBtu, respectively. This NOx reduction was achieved with the following adverse
performance impacts:

• 0.6-0.8 percent higher O2 for LNCFS 11and ill relative to baseline ; and

• Up to 30-40° F steam outlet temperature reduction at low loads with LNCFS 1
and III.

All LNCFS options tested achieved NOx below the CAAA presumptive limit of 0.45
lbs/MBtu.
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Table 6.5 - Long-Term NOx Emissionsat Full Load (180 MW)
i

Baseline LNCFSI LNCFSII LNCF$III
P

NOx (Ibs/MBtu_ 0.63 0.39 0.39 0.34
%NOx Reduction 37 37 45

NOx Emission Reduction at Lozo Loads

• The low load NOx emission reduction of all three LNCFS technologies exhibits similar
• behavior. The NOx emissions within the control range (100-200 MWs) did not change

sigrtificantly from the full load NOx level. However, NOx emissions below the control point
(100 MWs) increased significantly, reaching pre-retrofit levels at _-70 MW (see Figure 6.14)..
LNCFS 11NOx increased from 0.39 lbs/MBtu at full load to 0.40 at 140 MWs, 0.52 at 80 MWs
and 0.58 lbs/MBtu at 70 MWs. Similarly, "LNCFS lli hiOx emissions increased from 0.34
lbs/MBtu at full load to 0.48 at 80 MWs and 0.60 lbs/MBtu at 70 MWs.

The unit did not operate long enough at low loads with LNCFS 1 to draw any
conclusions about its impact on NOx emissions. However, it is expected that NOx emissions
with the LhICFS I at low loads would be similar to LNCFS 111,because of the similarities of the

two systems when the SOFA dampers of the LNCFS I11are closed.

Figure 6.13 - Compmlson of Baseline,LNCFSLevels,I, II, and III Average NOx Emissions

0.8

0.6

.... ='-'-_"" -- LNCFS il_ 0.4 LN_"Y"S_",__..,...,:_.,_._._,..-...,_7._..__....,:..,._.._,_r.---...................................................
,_ .... "i .......:................................."LN'c'FS"M".........................
Z

0.2

0 , I I ! l ! o I ! I t , I ,, ! I

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Unit Load, MW

Impacts on Unit Performance

Several potential performance impacts were assessed at Smith Unit 2 including CO
. emissions, required excess 02, LOI, furnace slagging, backpass fouling, steam outlet

temperatures, ESP performance, and unit operation. Table 6.2 shows the main impacts of the
LNCFS systems on boiler performance during long-term testing.
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As shown in Table 6.6:

. • CO emissions With the baseline and the LNCFS technologies were maintained
below 100 ppm. However, this was accomplished with different level of excess
02; LNCFS !1 and •I11required higher O2to keep CO below 100 ppm;

t

• Both the minimum O2 required to maintain low CO and the average long-term
0 2 were affected by the LNCFS technologies. " .

As shown in Table 6.6 and Figure 6.14, the minimum excess 0 2 required to keep co emissions
below 100 ppm was different for each technology. Table 6.2 provides the minimum 02 (5

percentile) based on long-term full load operation. Figure 6.14 is based on short-term data and

shows the impact of excess O2on CO emissions for all the systems tested.

Table 6.6 - UnitPedormance Impacts

,, i i ii i

Baseline LNCFS I. LNCFS II LNCFS III
I

Avg. CO at Full I0 12 22 • 33
Load (npm)
Min. O 2at Full 2.8 2.7 3.8 3.3
Load (%) i

Avg. 0 2 at Full 3.7 3.2 _ 4.5 4.3
Load (%)
% Full Load LOI 4.8 {4.0) 4.6 [3.9) 4.2 (5.3) 5.9 {4.7)
{_0_I _ ,
Steam Outlet OK at full load; Full load: 5-10°F Same as Baseline 160-200 MWs: OK:
Conditions low temps at lower than 80 MW: 15-35°F

low loads • baseline: Low. lower than baseline
• loads: 10-30°F •

lower than
baseline

Furnace Medium ' Medium Reduced Slagging, Reduced Slagging,
Slagging & but Increased but increased
Backpass Fouling Fouling
FoulinGI "
Operating Normal Aseasy as More care required More difficult to
Flexibility _ Baseline at low loads operate than the

(watch: windbox other systems
pressuredrop and (sensitive to

flame stability) opewating changes)

III I I
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Figure 6.14 - CO Emissions as a function o! ExcessOxygen (full Load)
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As shown in Figure 6.15, similar changes in average long-term O2 were observed
'd_roushoutthe operabng load range:

. LNCFS II and 111averaged up to one percentage point higher than baseline 02;
• LNCFS I required appr_)ximately 0.5 percentage point lower 0 2than baseline.

figure 6.1S - Comparison of Average Long-term ExcessOxygen Levels
• i i

•

40 80 120 160 200

Unit Load, MW

The change in m/n/mum required 0 2 to maintain low CO emissions also impacted the
available 0 2 operat/ng range which provides plant operators the flexibility to temporarily

¢

increase O2 during load transients to avoid CO and NOx spikes. As is shown in Figure 6.16,

I' IIIII I III I Ill

41

, , , i



LOW NOX TECHNOLOGY EV ALUATION
I III I II I I I II I

the available O 2 operating ranse increase for LNCFS l, relative to baseline, but decreased

significantly for LNCFS Ii and I110

Hgure 6.16 - FullLoad Oxygen Operoling Ranges
i i i i , ,,,, ,ill ii i i m
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Also, the distribution of the air into hot and cold primary air, secondary and separated
overfire air change for each of the LNCFS technologies tested. Figure 6.17 and Table 6.7 shows
the air flow distribution for the baseline and the LNCFS technologies at full load. The LNCFS 1
shows 5 percent separated ow:rfire air because of the air leakage even though the SOFA
dampers were closed.

Figure 6.17 - Nr Flow Disldbuflonto the Bonerol 180 MW
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Table 6.7 - SmllhUnit2: Air FlowDlddbuflon at FullLoad (180MW) "

.........................., I=,.,n. .... ......... L.c.lt .' U,cnm
Hot Primary 26,000 1_8.000 ...... 202n _000 r ' ]...88,000

Cold Primary 153.000 ...200.000 139.,000 145.000
• Secondary Air I. 117.000 " 1...037.000 926.000 ,832.000

SOFA ....... 0 , 71_000 370.000..... 342_000
_rov_ ........ 1.296,,000 v,466,000 1.637,000 !.507.000

LOI for the samecoalEnenesswass/m/larfor thebaselineand the LNCFStechnolo&ies.
The small LO1chlmgesmeasuredaredue to changesin coal finenessand am within the LOI
measurementaccuracy.Figure6.18showsthesechangesin LOI throughoutthe loadrange.

Si_rdficant furnace slagging reduction was experienced with LNCFS 11 and 111. The
baseline system and LNCFS i experienced medium slagging, while LNCF5 II and Ill
experienced very low furnace slagging. However, slagging reductions were accompanied by
backpass fouling increases. As a result, less frequent furnace waterwaU sootblowingwas
required, but atom frequent backpasscleanin8. The net result was no sisrdficantchange in
=ootblowing requirements, but easier boiler operation and potential boiler tube failure
reducUon with LNCFS 11and 111due to decreased hzmace sla_irtg.

As it/s ind/cated in FiEmres6.19 and 6.20, as well as in Table 6.6, the superheat and
reheat outlet temperatures were not affected by the LNCFS II operation. However, the burner
tilts were set hi&her during LNCFS 11testing compared to all other systems (LNCFS I, LNCFS
Ill, and baseline) as shown in Figure 6.21.

Figure 6.18 - Comparison of Baseline.LNCFSI, II, and UlLOIresults
/
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&.19- SupemeatTemperatureChmractedsllcs
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Figure 6.21 - Average Long.term111tPodllon vs. Load
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LNCFS I and Ill reduced both superheat and reheat outlet temperatures at low loads by
up to 35OFrelative to basel/he. Short-term testing ind/cated that the steam outlet temperatures
can be restored to basel/ne levels through operating changes such as O2 and burner tilt
adjustments, but NOx emissions will be increased.

The operat/ng flexibility of the boiler was affected by LNCFS II and III, but the plant
operators were able to handle the operating changes. Especially, LNCFS III required careful
monitoring of windbox pressure drop and flame stability at low loads, and malting operating
adjustments (e.g., closing of SOFA dampers and/ncreasing fuel ak flow rate).

As is shown in Figure 6.16, the available O2 range for LNCFS II and Ill was reduced
signif/cantly. This reduction I/mited the operators ability to increase O 2 to avoid CO and NOx
em/ssion increases during boiler transients. In addition, the LNCFS Ill was particularly
sensitive to operating changes (e.g., bringing m/Us into operation or changing load) resulting in
CO and NOx emission spikes. A positive change in boiler operation was the furnace slagging
reduction.

Impacts on Boiler El_icienc_ and Unit Heat Rate
. The perform_ce impacts described in the previous paragraphs (CO, 0 2, LOI, and

steam temperatures)affect the boiler efficiency,turbine heat rate, and auxiliary power (seeBox
1), which, in turn, affectthe unit net heat rate. Thecontributionof each performanceimpact as

. well as their cumulative effect on boilerefficiency,turb/ne heat rate, and net heat rate at full
load areshown in Table 6.8.

I I II I I IN Iw
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Parameters such as excess 0 2, LOt CO emissions,and stack temperature impact the boi/e_
eft/c/ency. Similarly, changes in the superheat and reheat outlet ter_peratures and reheat
spray affect the tud)ine heat rate. The auxiliary power requirements of the pulverizersand fans
may also be affected by the low NOx technology. Theboiler efficiency, turbine heat rate, and
auxiliary power are then used for estimating the unlt net heat rate.

Box 1 - Evaluation of LowTechnology Impacts on Unit Pedormance

iii ii iii

Table 6.8 - LNCFSImpacts on BoilerEfficiency and Unit Heat Rate (180 MW)

Bclseline '"LNCFSI LNCFSII LNcFsIII '
III I III III IIII II III

Boiler Efficiency Base:90.0% 90.2_ 89.7% 89.85%

Effic.Change 0.2 (0.3) (O.I5)

"'TurbineHeat Rate Base:9.000] ' 9,011 9',000 ....9.0(JO
Unlt Net Heat Rate . Base:9,995..... 9,986 !..0,031 ..... "' 10,013
%NHRChange ----- (0.I) (0.36) (o.]B)

The LNCFS l retrofit increased the boiler efficiency at full load by 0.2 percentage points,
while it increased the turbine heat rate from 9,000 to 9,031 Btu/kWh due to a 5-10°F steam

outlet temperature reduction. These changes in boiler efficiency and turbine heat rate result in
a 0.3 percentage point decrease of the unit net heat' rate. Sin_arly, the LNCFS II decreased
boiler efficiency by 0.3 percentage points (mainly due to the higher 02) and increased the net
heat rate by approximately the same percentage (0.36 percent). The impact of the LNCFS 111
was: 0.35 percentage points decrease in boiler efficiency and 0.38 percentage points increase in
net heat rate.

The impact on boiler efficiency and heat rate was estimated only at full load, because of
the higher uncertainty of some measurements at low loads (especially LOI). Considering that
Smith Unit 2 is a baseloaded unit, the assessment of full load impacts only is adequate.

1 Assumed turbine heat rate.

46



Low NOx TECHNOLOGYEVALUATION
I I I I III I I J• J I IIIII I IIIIII III I IIIIIIIII _ III _IL J_ I I I I I I I I

However, for cycling units which may experience steam outlet temperature reductions S/milar
to Smith Unit 2, the/mpact of the LNCFS on low load heat rates is expected to be more
significant.

6.3 Effect of Unit Dispatch on Annual NOx Emissions and the Ability to Comply with
" CAAA Title IV NOx Regulations

The previous se<tion focused on the impact of the LNCFS technologies on full load unit
. Performance and heat rate. However, in reality, the unit is dispatched based on the system

load demand and operates throughout the load range. Because (i) the annual achievable NC_
emission level (which is the basis for env/ronmental compI/ance) depends on the unit dispatch
profile; and (//) the LNCFS technologies exhibited/ncreasing NOx emissions at low loads, it is

• important to assess the impact of the a|temative unit dispatch profiles on its abiI/ty to comply
with environmental regulations such as CAAA Title IV. -

The impact of load scenario on the average NOx emission level can be demonstrated
through the use o/: three different types of scenarios- base load (Smith baselinescenario),
intermediate load,and peaking load(Figure 6.22). The intermediate and peaking scenariosare
simulatedload profilesdepictingtimesspentat variousloads. An mterrnediatescenariomight
be typical of small units in a largesystemwhichareutilized to trim systemdaily peakdemand.
The Peaking unit scenariomight be an older unit nearing retirement which is usedfor util/ty
system reliability purposesto respondto Periodicpeak demandsituations. The basescenario
is the actualload profile forSmith Unit 2 that wasrecordedduring the collectionof thebaseline
data.

Assuming that these three scenarios represent the time spent at specific loads for an
annual period, the annual average NOx emissions for each scenario and each technology can be
calculated (Ref. 7). Table 6.8 shows the resulting annual average NOx emissions for the three
scenarios and the three LNCFS technologies. Clearly the un/t load dispatch profile has an
impact on the annual achievable NOx emission. More specifically, the Peaking load scenario
with LNCFS II, results in annual NOx emission which exceed the 0.45 Ib/IViBtu CAAA
presumptive lim/t. Also, based only upon the average emission characterist/cs for Level III, the
unit would only marginally comply for this same scenario. If the statistical characteristics of
the long-term data rather than only the long-term average NOx emissions were factored into
the determination, the Level Ill peaking scenario NOx emissions would have also I/kely
exceeded the I/m/tat/on.
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Figure &.g2 - Peaking. Cycling. and laseload S©enadon
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Tabhl 6.9 - Annual NOx Emissionsfor Peaking, Cycling, and |aseLoad Scenarios
*' I i ,, i ii. j iii i im i i

Boiler _ Cycle T_cllflglOjly , i iiiiii

BAsE ' ' 'Average NOx, IblMBtu 0.62 0.41 0.41 0.36
Avg. I._.x161.8 Average NOx Reducllof_, S -- 38.7 38.7 42.2
MW

INTERMEDIATE Average NOx, IblMBlu 0.62 .... ().40 ' 0.41 0.34
Avg. Load,,J46.6 Average NOx Reductions, i -- 39.2 35.9 45.3
MW

PEAKING Avorage NOx. IblMBtu 0.59 0.45 0.47 0.43
Avg. Load,, IO1.8 Average NOx Roducllom, _ . -- 36.1 20.3 28.0
MW

I I

The above estimates indicate that the unit dispatch may have an impact on the unit's
ability to comply with environmental regulations, especially ff the unit is close to the
compliance UmJt. For example, the baseloaded scenario with LNCI=S II results in 0.41
lbs/MBtu annual NOx em/ssions, but the peaking scenario results in 0.47 lbs/MBtu. Low NOx
burners for peaking units may need to be designed in such a way that low load NOx errussions
are kept low (at the same level with full load NOx emissions) either by appropriate
burner/w/ndbox design or by operating adjustments.

I I I I
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SECTION SEVEN

COSTAND COST-ER__SS OFLNCfS TECHNOLOGIES

' The econoerdctmpac_ of low NOx tectmology retrofits consist of capital costs required
for the retrofit, chan_ in O&M costs, both fuel- and non-fuel-related, and lost revenue due to
the unit outase for the retrofit. For the purposes of this report, it is assumed that the non-fuel

• O&M costs and the lost revenue were not significant. Therefore, the main economic impacts

were due to the capital costs and the fuel-related (heat rate-related) O&M costs.

7.1 Capital Costs

• Considering that only the LNCFS It was a complete retrofit, the capital costs of the
Sm/th ICCI" project l:or LNCFS i and Ill do not reflect complete retrofit project costs. Even the
costs for LNCFS 11were/mpacted by design features (e.g., SOFA air flow metering devices and
offset air yaw adjustment capability), which were included because of the demonstration
nature of the project. For these reasons,a capital cost range was established based on the most
recent industry experience (Ref. 10) and a rough cost estimate was developed for assessing the
cost-effectiveness of the LNCPS technologies. The project costs, both _.ranges and specific
estimates for Smith Urdt 2, are shown in Table 7.1.

Table 7.1 - LNCPSItehoflt Cods

i . i iiii iiii ii R in ,,,,,u L ,,, I III III IIIIExpected onge Estimatedfor Smith Unit 2
($1kW)

$1kW I $ Million
II I II II

I'LNCFS , ,, 5-15 , , 8 , 1.44
LNCFS II ....... 15-25 17 3.06
LNCFS III .... 15.25 20 • 3.60

T.2 O&M Cost Impacts

The annual fuel-related O&M cost changes relative to baseline were estimated based on
the changes in unit net heat rate (see Table 6.8) and the following assumptions:

• Baseloaded unit;

• 65 percent capacity factor; and
• $2 per MBtu coal cost.

As a result, the following annual O&M cost changes were estimated for:

• LNCFS I: $ 18,450 reduction;
• LNCFS I1: $ 73,800 increase;and

' • LNCFS Ill: $ 36,900 increase.
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7.3 Cost Effect/veness

The capital and O&M cost impacts, along with the annual NOx emission reduction
(based on average long-farm testing) were used for estimating the average cost-effectiveness of
the LNCFS technolo&ies. The results are shown in I able 7.2.

4'

Table 7.2 - Cod-Effectiveness el the LNCFSTechnologiesTestedat SmithUnit2

................ LNCFS ............|a=elne I LNCfSII I LNCFSIIIIIIIIll J I II I

Average NOx 0.63 0.39 0.39 0.34
(Ibs/MB_) I IIIIII I I II II I II

% NOxReduction - 37 .... 37 45ii iiiii

Annual NOx - I, 159 I, 159 1,396
Reduction(tons/w}
Net Heat Rate ...... 9.995 919'86........ 10.031 10,0i3
(BtulkWh) ...............
Changes In O&M ...... - ..... (1B,450) 73,800 36,900
CostsIS/w) .......

. HI,I i ii i i ljlll i = i i

Capital Costs - 1.44 3.06 3.6
ISmillions} ..........
Cost-EffectivenessI ...... . .... iI)3 444 400...........
(S/ton of NOx
removed) IIIII IIII II I............

Considering the level of accuracy of the testing and the assumptions made, the
follow/rig conclusionsaredrawn:

* LNCFS 1is more cost-effectivethan LNCFS!1and 111.

. LNCFS 11and 111are equally cost.effective. However, LNCFS 111has the
additional advantage of higher NOx reduction potential; 40-50 percent instead of
30-40 percent for LNCFS II.

The cost-effectivenessestimated in Table 7.2 is an annual average and is useful in
comparing the various low NOx burnersto selectthe mostcost-effectivetechnology. After the
installation of the burners, it is particularly useful to know the marginal NOx reduction cost
(cost of removing an additional ton of NOx). Such /nformation could be used for making
operating decisionsrelating to unit dispatch and system performanceoptim/zation (identify
the settingsof the control variableswhich satisfythe NOx emissionrequirements in the most
cost-effectiveway).

! Level/zation factor:0.144
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Althoush each unit has its own unique features wh/ch affect NOx emissions (e.g.,
. w/ndbox size, availability of space to fit the SOFA system, and coal characteristics), the results

from the Sm/th ICCT project, as well as other low ]Ox burner demonstration projects (see
Table 8.1), provide a good basis for planning future tangentially-fired low NOx retrofit projects.

• Based on a comparison between the unit being considered for low NOx retrofit and Smith Unit
2, a first estimate of the NC)x emission reduction and performance impacts could be made for

planning purposes. More accurate estimates may require pilot plant testing and/or more
detailed analyses. The latter may be needed especially when the boiler design and the coal
characteristics d/Her significantly from Sm/th Unit 2 or other units already retrofitted with the
LNCFS technologies.

Table 8.1 - Selected LNCFSRetrofit hoJects

II II II I I II IIIIII I IIIII II I II I I I I I IIIII II II II I

LNCFI Type _ll!ty Unit Name l Number Size (lWli , i Iil I I _1 I I I|11111111111 II

LNCFI I TVA Gallatln14 288
IllinoisPower , Joppa #3 150 ....

LNCI_SII Public Service of Cherokee #4 370
Colorado

PublicService of Valmont #5 i 65
Colorado

IndianapolisP&L Stout #5 100
Cemerlor G&E Eestlake#2 132
Virginis Power yor_own #2 175

LNCFS I1!........ Union Electric Labadie #4 600

When us/ngtheresultsoftheSm/th ICCT testprogram toestimatetheNOx reduction

potentialand the performanceimpactsof othertangentially-firedunits,itshould be kept in
mind that:.

• Smith Unit 2 is at the upper end of the range of tangentially-fired units relative
to furnace size; NHI/PA: 1.65 MBtu/hr-sqft compared to 1.6 - 2.2 for most pre-

i NSPS tangentially-firedboilers.

I • The ex/stingwindbox istallerthan averageand allowedfora 20 percentlarger

CCOFA system.

• The reactivity of the coal utilized at Plant Smith is high relative to other eastern
bituminous coals and, as such, it would be expected to have less impact on LOI
than other low reactivity eastern bituminous coals. More specifically, the

" reactivity of the coal burned at Smith Unit 2 as measured by the Fixed'
Carbon/VolatileMatter (FC/VM) is 1.30 (lower FC/VM means higher

. reactivity)which isatthelow end of the high volatileEasternBituminouscoals
(FC/VM: 1.4-1.7)and more typicalof theSubBitummous coals(FC/VM: 1.1-
1.4)

II
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ImpUtations Resard/n 6 NOx Emissions

• The Smith ICCT project, along with other retrofits, showed that:

• The LNCFS I can achieve 25 to 37 percent NOx emission reduction within the
control range (100- 200 MW). Boilers such as Smith Unit 2 may achieve NOx
reduction at the upper end of the range, while be/lea with a short windbox and

. small fumace may achieve NOx reduction in the lower end of the range (25-30
percent),

• The LNCFS II and Ill can achieve the expected level of NOx reduction (Re[. 9)
within the control range" 30-40 percent for LNCFS il and 40-50 percent for
LNCFS Ill.

• NOx emissions below the control point (100 MW) may increase for all LNCFS
technolo_es. This is particularly true when the primary objective of unit
operation at low loads/s to control steam outlet temperatures and ma/ntain unit
response rate rather than mlnim/ze NOx em/ssions.

Figures 8.1, 8.2, and 8.3, and the following paragraphs, provide the NOx reduction projections
across the load range for tangent/ally-fired un/ts util/z/ng the LNCFS I, II, and Ill, respectively.

LNCF$ I: Figure 8.1 shows the NOx reduction potential of LNCFS I. Before the Sm/th
ICCT project, the expected NOx reduction was 2.5-30percent across the load range. Based on
the exper/ence of SrrdthUnit 2 and other LNCFS I retrofits, it/s expected that NOx reduction of
25 to 37 percent within the controt range may be ach/eved by LNCFS I.

Figure8.1 - ExpectedNOx Endssionsleduction forTangenflaUy-fh'edUnllswilh LNCFSI
, ,,,, ,! ,, ,roll , , ,, ,, ,,, ,, _ , , , ,,
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Smith Unit2 achieved 37 percent long-term NOx reduction within the control range (50-
._,_ percent load). Other units retrofitted with the LNCFS ] have achieved NOx reduction in
the 20 to 32 percent range.

Units with windbox s/m/far to Srrdth Unit 2, which may accommodate a "larger-than-
, average" CCOFA system may achieve NOx reduction at the upper end of this range (30-37

percent). Units which/rnpose limitations on the size of the CCOFA system (short existing
windbox) may achieve NOx reduction m the lower end of the range (25-30 percent).

As Figure 8.1 shows (heavy Line),the NOx reduction below 50 percent load is expected
to decrease with decreasing load. This expectation is based on the similarities of the LNCFS I
and Ill systems at low loads when the SOFA dampers of the latter are closed. The NOx
reduction at low loads can be improved by reducing excess O2 and burner tilt, but the steam

•' outlet temperature will be reduced and the unit heat rate will increase.

LNCF$ If: As shown in Figure 8.2, the LNCFS H is expected to achieve 30-40 percent
long-term NOx em/ssions within the control range (50-100 percent load). This projection is
based on the results from the Smith Unit 2 project, as weLl as other LNCFS II retrofits (Public
Service of Co!orado's Cherokee #4 and 5 (Ref. 11), and Indianapolis Power.& Light's Stout #5
(Ref.12)).

LNCF$ Ill: Similarly, LNCFS III is expected: to achieve 40-50 percent NOx reduction
within the control range (see Figure 8.3). This is based on the operating experience from Smith
Unit 2 and Union Electric's Labadie #4 (Ref. 13) retrofits.

Low Load NOx Emissions

The NOx reduction below the control point (50 percent load) may decline depending on
the unit design characteristics and the operating object/ves. If the pr/rnary operating objective
is to maintain steam outlet temperatures and/or unit response rate at low loads, the NOx
errussion reduction may decrease significantly, as is shown /n Figure 8.1, 8.2, and 8.3 for
LNCFS I, II, and Ill, resp_t/vely. The resulting NOx reduction due to the different operating
objectives is shown in Figures 8.2 and 8.3:

• The shaded areamarked "No C)_rating Adjustnlents" shows the NOx reduction
if the boiler is operated as before the low NOx retrofit, when the primary
operating objective was to maintain steam outlet temperatures.

• The area marked "With Performance Trade-offs" indicates the potential for
additional NOx reduction through operating adjustments; however, these
adjustments may have adverse impacts on boiler efficiency, turbine heat rate,
and unit heat rate.

Hl I II _ I
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figure 8.2 - Expocled NOx EmissionsReduction lot Tangentially-fired Unitswith LNCFSII
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Figure 8.3 - Expected NOx EmissionsReduction for Tangenflally-lbed Units'withLNCFSIII
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If such NOx reduction decline needs to be avoided, a number of actions can be taken

before and after the LNCFS retrofit has been completed.
e

Durin_ desi_en s_ae_ticat/on, the utility may elect to specify the NOx emission levels
required throughout the load range, including low load. In response, the low NOx technology
vendors may design the system to reduce NOx at low loads. In this case, the benefits
(increased NOx reduction at low load) should be evaluated against potential penalties (e.g.,
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increased w/ndbox pressuredrop throughout the operatingrange,higher auxiliary power, and
highercapitalcosts).

After the LNCFS Retrofit, NOx emissionsat low loads can be reduced throughout
. operating adjustmentssuch as reduction of excess0 2 and burner tilt and/or increase of

, overfire air flow rate. However, these adjustments may impact adversely the steam outlet
temperatures and the unit heat rate. In this case, an optimum operating point should be
determined through trade-off of NOx reduction and heat rate (production costs).

b.

LNBFS

Limited short-term testing at Smith Unit 2 showed that the LNBFS system is capable of
reducing _'_]Oxemissions by up to 32 percent. However, it is uncertain whether other
tangentially-fired units will exper/ence similar NOx reduction. In addition, there are a number
of questions remaining about LNBFS'potentially adverse impact on waterwall corrosion and
its cost-effectiveness compared to LNCFS I and II. The industry perception regarding the
LNBFS is:

• The LNBFS is more expensive than LNCFS I and has similar NOx emission
reduction potent/al. In addition, the LNBFS does not provide the high
turndown capability of LNCFSI, and may increase the waterwall corrosion.

• The LNBFS is only marginally less expensive than LNCFS II, but has the
disadvantages of potential waterwall corrosion, low turndown, and lower NOx
reduction potential (6 - 10 Percent less NOx reduction than the LNCFS ll).

Until recently, the LNBFS was thought to be particularly suitable for retrofitting cast
windbox boilers, which are difficult to retrofit with the LNCFS I. However, this may change
when Duke Power's River Bend #4 is retrofitted with LNCFS I later during this year (1993). If
this demonstration is successful, the only applications for LNBP3 will be oil and natural gas
boilers.

Implications Regard/ng Unit Performance Impacts of Tangentially-f/red Units

More informat/on on the potential impacts is prov/ded in the following paragraphs.
Adverse O&M impacts can occur even where steps are taken to carefully integrate retrofit NOx
control technologies with existing plant generation requirements. In genera], the higher the
NOx reduction sought the greater the potential for negative impacts on unit Performance.

The most common of the impacts observed to date, including the Smith ICCT project,
has been reduced boiler efficiency due to increased excess 02 requirements, especially for low
NOx technologies with separated overfire air systems. Other potential impacts may include:

• Increased CO emissions and excess 02;

, . Increased LOI, especially with low reactivity coals;

• Changes in furnace slagging and backpass fouling patterns;

• Reduced steam outlet temperatures;

I II I I
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• Increased waterwall corrosion;

• More difficultboiler operation; and

• Reduced equipment reliability.

Impact on CO Emissions and Excess 0 2
CO may increase to or above the 100 ppm level, but it can be controlled through

increased 0 2 and burner optimization. Therefore, the excess 0 2 required for complete
combustion and stable flame is expected to increase by up to 0.5-1.5 percent for systems with
ov_ air such as LNCFS II and III. The LNCFS I is not expected to require higher 0 2.

Impact on LOI
Most tangentiany-fired units retrofitted with LNCFS technologies have experienced

minimal LOI increases. However, future LNCFS retrofits may experience higher LOI
depending on site-specific factors such as:

. Low reactivity coal;

• Low coal fineness or non-uniform coal fineness between the different mills;

• Significant coal and/or air imbalance (more than 5 percent from the uniform
flow distribution flow rate); and

• Short furnace or SOFA ports located too close to the furnace outlet plane; both of
these factors reduce the residence time of the coal particles/n the furnace and
may increase the LOI.

In the case of LOI increase due to the LNCF$ retrofit, it may be possible to control it to pre-
retrofit levels by:

• Adjusting the coal fineness (coalclassifier adjustment);
• Increasing excess O2;and
• Mill biasing.

Impact on Furnace $1a_ging and Backpass Fouling
The impact of the LNCFS on furnace slagging is unit-specific and requires a detailed

analysis of the boiler Performance, which is usually Performed by the boiler vendor. However,
the Smith ICCT project, as well as other retrofits, have shown that LNCFS retrofits usually
reduce the slagging tendency of the unit. LNCFS 11and Ill are expected to reduce slagging
more than LNCFS l because they "spread" the firing zone, reduce the peak furnace
temperature, and make the gas temperature profile more uniform along the height of the
furnace. However, slagging reduction is usually accompanied by increased dust loading at the
furnace outlet which may increase the backpass fouling.

: ' II , I , 'I ' , p iii
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Impact on Steam OutletConditions
The steam outletconditionsare usuallyaffectedby the LNCFS retrofits.The specific

impact depends on the LNCFS, theboilerdesign(reheatsurfaceamount and location,initial
slaggingbehavior,NHI/PA, etc.)and theunitoperatingapproach• The impact of theretrofit
on thesteam temperaturesisexpectedtobe higheratlow loads;up to20°F SHO and 30-50°F

, RHO temperaturereductionat 50 percentload. Units experiencingsignificantslagging
reductiondue to LNCFS retrofit(most Likelyunitswith high heatreleaseand high slagging
tendency)willalsoexperiencea highsteam temperaturereduction.The operatingapproachof

" the unit will impact also the steam outlet temperatures:

• If NOx emissionreductionistheprimaryoperatingobjective,theboilermay be

operatedwith minimum 02 and tilteven though thesteam outlettemperatures
arereducedrelativetopre-retrofitconditions;

• If steam temperature control is a higher priority objective than NOx emission
reduction (which is case when the unit satisfies the NOx emission regulatory
requirements), O2 will be set in such a way that steam outlet temperatures are
maintained.

The NOx emission increase at low loads may not be of particular concern to baseloaded
units such as Smith Unit 2, but it may be critical for other units, especially cycling units in
ozone non-attainment areas. For the latter category of units, NOx reduction decrease at low
loads can be avoided through design and operating adjustments:

• The design specifications of the low NOx retrofit should provide the NOx
reduction requirements at low loads or the marginal value of NOx emissions in

S/ton and the steam temperature profile over the load range, as well as the fuel
cost (S/ton) and the baseline unit heat rate (Btu/kWh); this information will
allow the low NOx supplier to optimize the design relative, to the NOx steam
temperature trade-off.

• If the lower steam temperatures are identified after the low NOx retrofit, they
can be restored to pre-retrofit levels through operating or boiler modifications:
- Increaseexcess02,burnertilt, and SOFA flowrate;
- Resurfacingofthereheatsectionoftheunit;and potentially
- Additionofa fluegasrecirculation(FGR) system.

Consideringthathigher02 and burnertiltwillincreaseNOx emissions,theoptimum operating

pointshould be identifiedbased on NOx --steam temperature(unitheat rate)trade-off.
Reheatresurfaeingshouldconsiderthefollowing:

• In additiontorestoringreheattemperaturestopre-retrofitlevels,resurfacing(if

designed properly)can furtherreduce the requiredexcessO 2 at low loads,
' which resultsinfurtherNOx emissionreduction;

• • However, too much reheatsurfacemay convertthe unit into "reheatlead"
(uncontrolled reheat outlet temperature higher than superheat outlet

I I I ,, I
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temperature),To controlreheattemperaturein thiscase,reheatspray willbe
requiredwhich adverselyaffectstheunitheatrate.

IncreasedWaterwallCorrosion
s

To date,therehave been no reportsof increasedcorrosiondue to low NOx operation.
However, becauseofthelong-termnatureofcorrosionimpactsand the relativelyfew projects
where corrosionrateshave been rigorouslydeterrn/ned,itcannotbe assumed thattheseresults

apply tothegeneralboilerpopulation. ' "

Unit Operationimpacts
Impacts have varied. Increasedattentionto monitoringand adjustmentsof existing

. boiJercontrolparameters(e.g.,primary airflow)have been reportedin severalinstances.

Where retrofitted equipment has replaced worn or damaged components, improved operation i
has resulted. Reduced load ramp rate was observed for one tangentially-fired application.
C._erally, no impact on boiler turndown has been reported, except in one instance where it
improved.

Equipment ReHabIHty
Generally,NOx controlequipment reliabilityhas been favorable.Some earlydesign

enhancements,especiallywhen replacingworn ordamaged equipment,have ledtoimproved

reliability.However, long-termoperatingexperiencesremain lin_itedand some reliability

problems continuetobe reported.These includepluggingofcoal/airnozzlessome of which
have ledtoforcedoutages_

Some of the above aspectscan be reduced or eliminatedthrough systematictesting

beforeand afterthe retrofit,as wellas designand operatingadjustmentsof the combustion
system,boiler,and auxiliaryequipment. However, such adjustmentsmay reduce one O&M

impact but may have otheradverse impacts on boilerperformance and the levelof NOx
-reductionpotential.

I I I II III II II IIIII
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Additional Implications for Plann/ng Future T-fired Low NOx Retrofit Projects
t

Pre- and Post-retrofit Testing:
• To avoid or reduce potential adverse impacts and achieve the optimum level of

NOx reduction and unit performance, systematic test/rig before and after the
, retrof/t is advised. Pre-retrofit testing should establish clearly the baseline

conditions throughout the load range under normal unit operation, identify high
incidence of prior O&M problems and provide all the information needed for

- designing the low NOx system and integrating it into the boiler in an optimum
manner.

• The pre-retrofit testing should provide information which will be included in the
low NOx design specifications, such as:
- baseline NOx emissions;
- operating condition of key components (e.g., mills and fans);
- primary air flow rates over the load range;
- air and coal flow imbalances;
- prior problem areas, such as excessive waterwaU corrosion, high

• attemperation rates and low reheat temperatures.

Low NOx System DesfoonSpecifications:
• The design specifications should communicate clearly the project objectives, the

existing condition of the equipment and other related operating and hardware
changes being planned. Careful integration of the low NOx system with other
modifications being planned independently/s essential for minimizing adverse
impacts and achieving satisfactory NOx reduction. Modifications which are
planned sometimes in parallel with or after the low NOx retrofit are:
- m/U upgrading or operating changes;
- reheat resurfacing;
- replacement of unit controls with digital conFol system;
- addition of gas conditioning equ/pment or ESPupgrading;

• The design specifications for low NOx retrofit projects of cycling units which
require high NOx en_ission reduction at low loads should provide adequate
information so that the burner supplier can optimize the design of the system
across the operating load range. The following information should be added to
the design specifications:
- The expected unit dispatch profile;
- The marginal value of NOx emis,_ions across the load range;
- Present steam (superheat and reheat) outlet temperature profile over th._

load range;
- Net heat rate and variable O&M costs of the unit as a function of load;

and

- The key assumptions to be used for evaluating the low NOx retrofit
proposals.

t
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If NOx emission requirements over the load range are specified, the financial
penalt/es for exceeding these requirements and the benefits from over-
complying should be also provided.

• Candidate retrofit units which:

- - Do not "make"steam outlet temperatures (temperatures are lower than
design levels) over the operating load range;

- Operate frequently at low loads (cycling or intermediate units);
- Require low load NOx emission reduction similar to full load;

should consider reheat section re-surfacing combined with the low NOx burner
retrofit. Such re-surfacing will increase the reheat outlet temperatures at low
loads without the need for higher excess 0 2, Which increases NOx emissions.
The economic attractiveness of reheat resurfacing will depend on site-specific
considerations. •

r' " Candidate retrofit units with non-operational burner tilts and high NOx
! emission reduction requ/rements at low loads should evaluate the impact of tilt

on NOx emissions at low loads before they decide to refurbish the tilting
mechanisms. If high NOx emission reduction/s required at low loads, it may be
more cost-effective to avoid refurbishment of the burner tilting mechanisms.
The final decision regarding refurbishment of the tilts will depend on site- ,"
specific considerations, including the NOx emission requirements at low loads.

?'

.,

Capital Costs:
• Based on the recent experience from Smith Unit 2 and other projects, the costs

for LNCFS retrofits are expected to be in the following range:
- LNCFS I: $5-15 per kW;
- LNCFS Ii: $15 - 25 Per kW;

- LNCFS Ill: $15,25 per'kW.
_t

Low NOx Retrofit Outage:
• A four- to six-week outage should be planned for LNCFS 1 retrofits and a six- to

eight-week outage for LNCFS 11and iil retrofits. At smith, the LNCFS 11was
the only complete retrofit (the others were modifications of the LNCFS 11)and
required a 3-week unit outage. This was accomplished because:

(i.) There were no interferences with the installation of the windbox and the
SOFA ducts;

(ii.) Extensive preparation preceded the retrofit, including installation of
SOFA ducts;and

/

(fii.)"Around-the-clock"workscheduleduringthethree-weekretrofit.

The factthattheLNCFS l]retrofitwas accomplishedinsucha shortperiodof
timesuggeststhata three-tofour-weekoutageisfeasibleforan LNCFS retrofit

;: Inl"
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in cases there are no interferences; however, a more orderly schedule requires
six to eight weeks.

Oprhntzatton and Training:

• Two to three weeks are adequate for LNCFS optinxization (tuning). In cases of
' marginal NOx complianc, (after the retrofit), re-optimization of the combustion

system may be beneficial in reducing further NOx emissions. Such re-
, optimization should be scheduled 3 to 6 months after the original optimization,

depending on the operating experience of the unit and the need for additional
NOx emission reduction. At Smith Unit 2, a 2-week optimization was needed
for each system. In addition, a 3-day re-optirmzation of LNCFS II was

• considered necessary to reduce NOx emissions at low loads;

• One to two day classroom training course on NOx generation principles and
operational strategies should be offered by the low NOx burner vendor and
attended by all plant operators. In case of marginal NOx compliance, it is
suggested that NOx emission trade-off with LOI and/or steam outlet conditions
(heat-rate) should be included in the training. The classroom training course
should be followed by control room training, which focuses on the operational
strategies discussed during the classroom training more suitable to the
retrofitted unit.

• An on-line performance monitorifig and optimization system is needed to
advise the plant operators as to the operating conditions (settings of boiler and
burner control variables) which optimize the.NOx emissions and unit heat rate.
Such optimization should take into account:

- The marginal value of Nox emissions;

- The heat rate and variable C_M costs over the load range;

- The impact Ofeach burner and boiler control variable on O&M costs and
NOx emissions; and

- Regulatory, equipment design and operating constraints, etc.

Initially, the optimization system should be an advisor to the plant operators,
but eventually it should be integrated into the control system. Also, it should be
capable of performing trade-off analyses (e.g., reheat temperature vs. NOx
emissions or LO! vs. NOx emissions).
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