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1.0 INTRODUCTION

Emissions of nitrogen oxides (NOx) from municipal waste combustors
(MWC's} are generally not controlled before being released to the atmosphere.
Methods of control, both through combustion modifications and add-on controls,
are available but have been infrequently applied to MWC's. This report
characterizes NOx emissions from MWC's and assesses the performance and costs
associated with controlling NOx emissions.

In Section 2.0 of this report, available data on NOx emissions from
MWC's without add-on controls are summarized. Some of theNOxemissions data
may reflect combustion modifications normally used during MWCoperation. The
various control technologies for reducing NOx emissions are reviewed in
Section 3.0. The available performance data and operational experience for
the different HOx controls for MWC's are also presented.

In Section 4.0, cost algorithms are developed for Thermal DeNOx' one of
the add-on control technologies that has been applied to several new MWC's.
A cursory cost analysis for selective catalytic reduction (SCR} is also
presented. In Section 5.0, the cost algorithms for Thermal DeNOx are used
to estimate annualized NOx control costs and cost-effectiveness values for
12 model plants representative of new MWC's. The sensitivity of Thermal
DeNOx annualized costs and cost effectiveness to variati0l'ls in ammonia and
electricity costs is also investigated.

1-1

---------------rlll--------...----'--- '_4 _



{



2.0 NOxEMISSIONS

Nitrogen oXides are formed during combustion through: (I) <?xidation of
fuel-bound nitrogen and (2) fixation of atmospheric nitrogen. Conversionof
fuel-bound nitrogen occurs at relatively low temperatures «2,000oF), while
fixation of atmospheric nitrogen generally occurs at higher temperatures.}
Most (75 to 80 percent) of the NOx formed during normal operation of MWC's is
associated with fuel-bound nitrogen. 2

2.1 NOx EMISSIONS FROM MWC'S WITHOUT ADD-ON NOx CONTROLS
The available data on NOx emissions from MWC's without add-on NOx

controls are listed in Table 2-1 by combustor type (NOx emissions following
add-on controls are presented in Section 3.0). The data are from test
reports and responses to an EPA survey of MWC facilities. The data cover
52 MWC units (8mass burn/refractory, 26 mass burn/waterwall, 5 refuse­
derived fuel [RDF], a excess-air modular, and 5 starved-air modular) located
at 35 di fferentp1ants. Ea.ch data poi ntrepresents the average of the NOx
test runs at the stated unit. Most of these tests were conducted during MWC
compliance testing while the combustor was at full load and at normal
operating conditions. Each test usually lasted from 1 to 3 hours and both
manual (EPA Method 7A) and continuous emission monitoring (CEM) (EPA
Method 7£) methods were used to measure NOx emissions. Table 2-2 summarizes
these data. Although none of these units were using add-on.NOx controls at
the time they were tested, several of them used combustion controls to reduce
NOx formation in the combustor.

With one exception, NOx emissions from these facil ities ranged from 59

to 375 ppm at 7 percent 02' The remaining unit had emissions of 611 ppm.
The average NOx concentration for all 52 data sets is 211 ppm. On a pound
per million Btu (lb/MMBtu) basis, this concentration is slightly less than
0.4 1b/MMBtu. For mass burn/refractory units, the average NOx concentrat ion
is 155 ppm and ranges from 59 to 239 ppm. The NO concentration from massx .
burn/waterwall units averages 242 ppm and ranges from 68 to 372 ppm. The
68 ppm value was obtained at Long Beach, which uses flue gas recirculation to
r.eduteNOx emissions, and was not included in the average. The remaining
data were above 154 ppm. For RDF combustors, the averageNOx concentration

2-1
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TABLE 2-1 (CONTINUED). AVERAGE NOx EMISSIONS FROM MWC's

Mass Burn/Waterwall
Peekskill
Hampton 2
Marion County 2
Claremont 1

Wurzburg
Marion County 2
Pinellas County
Stanislaus 1

(DeNOxoff)
Stanislaus 2

(DeNO",off)
Quebec City
Tulsa 1

Tulsa 2

Unit Size
(tons/day)

(cont.)
750
100
275
100
330
275

1,000
400

400

250
375
375

Test
Date

11/85
06/88
06/87
05/87
12/85
09/86
02/87
12/88

12/88

03/85
06/86
06/86

11.7
9.5
9.6

12.2
NR

10.6
9.2
NR

NR

11.6

9.2
8.6

NO
(ppl\h

156.7
194.7
196.9
161.0

NR
211.8
240.0

NR

NR

205.4
308.5
328~2

236.3
238.6
244.3
258.8
260.7
284.9
285.7
297.0d

314.0
367.7
372.2

Ref.

18
15
19
13
20
21
22
23

23

24
25
25

RDF
Mid-Connecticut 11

Biddeford
Niagara Falls
Albany
lawrence

Modular~ Excess-Air
Pigeon Point 2c

North Aroostook
Pigeon POint 3c

Pigeon Point 4c

Pigeon Point IC

675
350

1,000
300

1,000

120
50

120
120
120

07/88
12/87
05/85
06/84
09/87

01/88
NR
01/88
01/88
01/88

9.9

8.3
NR
NR

12.0

11.7
9.9

11.3
11.2
11.2

153.4
206.5

NR
NR

221.2

69.8
89.7
78.5
81.3
87.7

194.6

228.0
267.9
293.0
345.3

104.8
111.9
114.0
116.9
125.5

26
27
28
29
30

31
32
31
31
31

(cont irlYed)
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TABL~ .. 2-1 (CONCl.UDED). •AY~RAGE/NOX EMISS IONS FROM MWC' S <f

r

NO
Unit Size Test 0 NO (pp~ at

Sttea (tons/day) Date (i> (Pp~) 7% O2) Ref.

Modular, Excess-Air (cont.) ~i

'i

Pittsfieldc 120 10/85 8.9 110.1 129.1 33
(
I

Pittsfieldc ¥

120 06/86 8.9 120.1 138.7 34

Pope/Douglas 100 07/87 13.4 152.7 281.5 35 ~

Modular, Starved-Air
Oneida 50 Q8185 NR NR 86.4 36

Tuscaloosa 75 05/85 11.3 162.3· 235.1 37

Red Wing 90 09/86 12.3 160.7 259.9 38

Prince Edward Island 36 11/84 11.9 179.4 279.4 39
Cattaraugus 38 09/84 NR NR 610.7 40

aNumberfollowingsite name indicate$combus~ortrain number .. It is prOVided
if different combustor trains were evaluated as part of the same test.

bNR = Not reported •

. cEmissions reflect use of flue gas recirculation toreduceNOx emisston.s.

dNOxconcentration in ppm at 12 percent CO2,

2-4 ,
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TABLE 2-2. SUMMARY OF NOx EMISSIONS DATA FROM MWC's

Combustor Type

Mass Burn/Refractory

Mass Burn/Waterwall

RDF

Modular, Excess-Air

Modular, Starved-Air

All-Types

Number of Units

5

8

5

52

NO Emissionsa
(ppm a~ 7 percent °21

Average Range

155 59 - 240
'ti<

240 154 - 370

270 195 - 345

140 105 - 280

215d 86 - 280

2IOe 59 - 370

aAverages rounded to nearest 5 ppm.

blncludes data from two mass burn/rotary waterwall combustors with NO"
emissions of 146 and 165 ppm. Without these points, the average NOxconcentrat ion still rounds to 240 ppm.

cExcludes data from one unit with flue gas recirculation withNOx emissions
of 68 ppm. With this point, the average NOxconcentration stilT rounds to
240 ppm.

dExcludesone atypical data point of 611 ppm. With this point included,
the ave~age NOx concentration is 295 ppm.

eExcludes one atypical data point of 611 ppm for a modular starved-air
facility. With this point included, the average is 220 ppm.

2-5
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. is 266 ppm with a range~f195 to 345 ppm. Fo... excess~alr modul ar"Jni ts, the·
NOx emissionSaverage138p~~andrangefrorirl05th 282 ppm. The data for
excess.,air modular units are heavily weighted by the data from Pigeon Point
and Pittsfield, which have Vicco units that employ fluegas.recirculation
(FGR) (approximately 35 percent Qf t.he .total air supply). This technology
accounts for 70 percent of the total design throughput capacity of modular
excess-air units. The N~rth Aroostook and.PopejDouglas combustors do not
employ FGR. For modular starved-air facilities (including the 611 ppm
emission rate from Cattaraugus), the averageNOx concentration is 294 ppm.
Excluding Cattaraugus, the average is 215 ppm with a high concentration of
279 ppm.

An analysis of variance of the NOxemissions data was performed to
determine if there are any signific:ant differences between the emissions from
the different MWC comb~stor types. This analysis, the Duncan Range Test,
compares the means and ranges of the data from each combustor type and
determines, to a 95-percent confidence level, whether the data from different
combustor types are distin~t. The analysis shows that.NOx.emisSions from
mass ~urn/waterwal1, starved;.air modular, atid.RDF combustors are similar, and
that NOxemissions from mass burn/refractory and excess-air modular combustors
are simil ar. However, NOx emi s~ ions from mass burn/waterwan and mass
burn/refractory combustors are also statistically similar,leaving no distinct
differences between the two similar groups of combustors. Thus, although the
average NOx emissions for the different combustors show some variation, the
variations are not large enough to support a conclusion that differentMWC
combustor types have different NOx.emission values.

The observed variations in NOxemissions could be due to normal daily
variations as well as seasonal factors. For example, continuous NOx
measurements were collected between July and September 1988 as part of a test
program at the MWC facility in Millbury, Massachusetts. Although combustor
operation during the testing was maintained as close to normal as possible,

. . .... ... . 41
these data range from less than 50 ppm to nearly 500 ppm at 7 percent 02.
Similarly, at the MWCin Mari.on County,Oregon, variations in NOx emissions
of 120 PPm during a single day under normal operating conditions were
observed. 42

2-6
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2.2 FACTORS AFFECTING NOx EMISSIONS

In Figure 2-1, NOx emissions are shown by month for each combu$tor type
to show seasonal variations. For mass burn/waterwall combustors, NOx
emissions are generally higher in the summer months than in the winter
months. (The 140 ppm value recorded in June was from Commerce, which burns
primarily commercial refuse). However, NOx emissions between 210 and 290 ppm
were observed for all the months with data. Insufficient data are available
for the other combustor types to determine similar trends. The observed
higher HOx emissions from mass burn/waterwall units during the summer months
may be due to higher nitrogen content of the fuel because the raw refuse
contains more yard wastes, which have a high nitrogen content.

Previous investigations of NOx emissions from coal-, oil-, and gas-fired
utility boilers have found that combustor load can affect NOx emissions. 43

At MWC. facil ities in Marion County,44 Peekskill, 45 and Quebec City,46 NOx
emissions were measured during short-term tests at different combustor loads.
In addition, at Marion County and Quebec City, NOx emissions were measured at
different excess ,air rates and overfire air distributions. These data are
summarized in Table 2-3.

During the Marion County tests, the NOxemissions at low load and normal
air supply (76 percent of full load, Run 6a) averaged 257 ppm at 7 percent 02
while the five tests at normal load and normal air supply (Runs 1, ~' 10,

lla, lIb) averaged 286 ppm at 7 percent 02' a difference of about 10 percent.
However, the low load HOx measurement is within the range of the normal load
measurements (255i to 309 pl'>m). Comparison of low load versus normal load at
Peekskill (Runs 11-13 versus Runs 2-7) and Quebec City (Runs 2, 10, and 11

versus Runs 5, 6, and 12) are inconclusive, due to simultaneous changes in
load and excess air. Comparisons of the effects of high load verst,ls normal
load at Peekskill (Runs 8-10 versus Runs 2-7) and Quebec City (Runs 7 and 9

versus Runs 5, 6, and 12) on NOx emissions failed to find any clear impact of
load on N0l( emissions. Based on these data, changes in load within the range
tested (70-115 percent of design) do not appear to have any significa.nt
impact on NOx emissions.

2-7
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TABLE 2-3. NOx VARIATIONS WITH COMBUSTOR LOAD

load (% NO NO 0
Site Run (of full) (pp~) (ppm, 7l O2) (~) Comments a

"

Marion County 1 100 264 308 9.0
Marion County 2 100 262 309 9.1
Marion County 10 100 228 269 9.1
Marion. County lla 100 218 255 9.0
Mari on County lIb 100 240 288 9.3
Marion County 3a 95 218 203 6.0 LEA
Mari Ofr County 3b 95 230 317 10.8 HEA
Marion county 4 98 190 220 8.9 LOA
Mar; on County 5 103 240 276 8.8 HOA
Marion County 6a 76 220 257 9.0
Marion, County 6b 71 142 232 12.4 HEA
Marion County 7 77 184 195. 7.8 LEA
Marion County 8 74 150 188 9.8 LOA
Marion County 9 78 219 282 10.1 HOA
Peekskill 2 100 191 239 9.8
Peekski 11 3 100 193 279 11.3
Peekskill 5 100 179 242 10.6
Peekskill 6 100 181 249 10.8
Peekskill 7 100 174 242 10.9
Peeksldll 8 113 160 232 11.3
Peekskjll 9 112 164 230 11.0
Peekskill 10 113 190 256 10.6
Pee'Kskill 11 87 147 240 12.4
Pee:kskil1 12 87 155 251 12.3
Peekskill 13 87 133 220 12.5
Que.bee City 2 71 155 272 13
Q'Uebec City 10 71 127 224 13
Quebec City 11 71 128 200 12
QUebec City 5 100 158 184 9-
QWilbectCj ty 6 100 155 181 9
Quebec City 12 100 149 190 10
Quebe~<,Ctty' 7 114 155 198 10
Quei~et Ctty 9 114 185 236 10
Quebec City 3 100 168 262 12 HEA
Q'uebec .City 4 99 164 256 12 HEA
Quebec City 14 101 127 199 12 LOA
Quebec City 15 101 137 193 11 LOA

aTest$Wherecdr supply was purposely varied are noted.
HEA ~ high excess air; LEA = low excess air; HOA = high overfire air;
LOA = lowoverfire air. Other tests may have.showr'l sim larvariation
(i.e.) similar O2 levels), but these tests were not des gned around air
supply changes.

2-9



Teststoeval uate thei~pactofhtg~excess air (HEA) duringn,ormal load
operation at Marion County JRlm3b) and Quebec City (Runs 3 and 4) suggest
that HEA increases NOx emissions. However, during low load. tests at Marion
County, NOx emissions were lower with HEA (Run 6b) than with normal air
supply (Run 6a). Emissions of NOx during tests at Marion County with low
excess air (LEA) at normal load (Run 3a) and low load (Run 7) were both lower
than tests at normal air supply and corresponding loads. Tests at Marion
County (Runs 4, 5, 8, and 9) and Quebec City (Runs 14 and 15) during which
the distribution of air above and under the grate was varied suggests that
low overfire air (LOA) reduces NOxemissions. The impact of high o\l~.rfire

air (HOA) on NOx emissions, howev~r, appears small. Further di.scussioh>of
. the use of LEA and overfire air di,stribution as NOx control techniques is
presented in Section 3.1.

A multivariate analysis of the effects of load, excess air,and overfire
air distribution on NOx emfssionswas performed with the data from Marion
County and. Quebec City. The results are su.romarized in Table 2-4. No single
variable yields a significant correlation. Stronger correlations result as

. .

each additional variable is included in the analysis, suggesting that NOx
emi ss ions are dependent on all thr~e vari abIes. However, the fi n,al cor,re­
lation coefficients are not high, suggesting that other parameters such as
fuel composition or heating value also affect NOxemissions.

. 2.3 RELATIONSHIP BETWEEN NOx ~ND,OTHERFlUE:GAS EMISSIONS
It is generally thought thatNOx emissions increase as combustion

efficiency increases. This. implies that an inverse relationship between NOx
and CO emissions should exist. The available NOx and CO emission data from
two facilities were used to investigate this relationship. The relationships
between NOx and 02 emissions and b'etween NOx and CDD/CDF emi ssfons were al so
investigated.

Figure 2-2 presentsNOx and CO emissionsdatameasured at the Olmsted
County, MN, mass burn combustor during parametric tests examining the impact
of air supply. The single point in the lower right corner of the figure with
low NO and high CO emissions was obtained under very poor combustionx
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TABLE 2-4. HULTIVARIATE ANALYSIS OF NOx EMISSIONS AS A FUNCTION OF LOAD,
EXCESS AIR, AND OvERFIRE AIR DISTRIBUTION

Test
Correlation Coefficient (R2)

Marion County Quebec City

\

I';'

"

,NOx YS • load

HOi ys. excess air

NOx ys. overfire air distribution

HOx vs. load, excess air

~Ox ys. load, excess air,
o\7erfireair distribution

2-11

0.2631

0.0328

0.2295

0.4579

0.6157

0.06&6

0.4259

0.0846

0.5209

0.7296
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conditions (zero excess air). Taken as a whole, these data support the
existence of an inverse relationship between NOx and CO, with NOx emissions
increasing with decreasing CO emissions. At CO levels below 60 ppm, however,
there is no apparent trend in the NOx measurements.

Figure 2-3 presents 1,330 I-hour average CEM measurements of NOxand CO
collected at the Millbury MWC between July 15 and September 15, 1988. The
average HOx value is 223 ppm at 7 percent 02' Eighty-five percent of the
measurements are between 175 ppm and 275 ppm. Ninety-nine percent of the
measurements are less than 360 ppm. Within the measured range of CO

. emissions (25-60 ppm), no trend in NOx emissions occurs. These restilts are
consistent with the data from Olmsted County in Figure 2-2. TheNOx~and 02
data from Millbury are plotted in Figure 2-4. Most of the 02 values are
between 8 and 13 percent. As with the NOx and CO measurements, there is no
apparent relationship between NOx and 02'

Two of the facilities with above average NOx concentrations (Pinellas
County and Marion County, both of which have Martin combustors) have reported
very low CDO/CDF concentrations. This suggests that the combustion
conditions associated with CDD/CDF destruction may contribute to NOx
formation. A plot of NOx emissions versus CDD/CDF emissions for eight
different MWC plants is shown in Figure 2-5. Examining all of the data as a

set as well as the data from each individual plant, NOx emissions do not vary
significantly as the COD/CDF concetitration changes. For CDD/CDF
concentrations of 30 to 1,200ng/d:scm, NOx emissions are consistently between
200 and 330 ppm.
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3.0 NOXLEMlSSIONCONTROLS
There are two basic approaches to controlling NOx emissions:

(1) combustion modifications and (2l add-on controls. Combustion
modifications include staged combustion, low excess air (LEA), and flue gas
recirculation (FGR). Add-on controls include natural gas reburning,
selective non-cat.alytic reduction (SNCR), selective catalytic reduction
(SCR), and wet flue gas denitrification. Of these techniques, only
combllstionmodifications, reburning with natural gas, SNCR, and SCR have been
successfully demonstrated with MWC's or show significant potential for
effect'ive and economical HOx control. Thus, detailed d(ascriptions' of HOx
controls will be limited to these technologies. With each description,
measurE!dNO~ emissionireductionsand possible problems with implementation on
MWC's are alsoprovid~d.

3.1 COMBUSTION CONTROLs
;",-' ',-'. ',' .

Combust'10n modifiCations can achievemoderate~?xemiSSiB~ reductions
from MWC's by 1imiting the amount of NOx formed in the combustion process.
Low exc~ss'ia~ r, staged combust i pn, and FGR are combust ioncontro1s for HOx
described in this section.

3.1.1 Low Excess Air and Staged Combu§tion

Lowexcessaift'and staged combustion can be used separately or together.
With L.EA, less air is supplied to the combustor than normal, lowering the
supply of oxygen available in the flame zone to react with nitrogen in the
combustion air. With staged combustion, the amount of underfire (primary)
air is redue'ed, generating a starved-air region. By creating a starved;..air
zone,part of the fuel-bound nitrogen is converted to, ammonia (NH3).
Secondary air to complete combustion is added as, Qverfire (secondary) air.
If the addition of over'fire air is properly controlled, NH3, NOx'<, ilnd 02
react to for;m N2 and~ater •

A Japan,ese mass burn/refractory combustor using automatic controls to
obtain LEA/~taged combustion conditions demonstrated up to 35 percent
reduction irtNOx emissions over using manualcont~ols.l At Marion County,
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the effects of 10wexcesSajtandlo~.af1dhjghpverftreajrwere evaluated.
The NOxdata from these tests arepresertted >jn Table>}-l. Compared to normal
operating conditions at MCirionCounty (75 percent excess air),LEA
(40 percent excess air) condHtons re~ucedNOxemtssions from 2~6 ppm to
203. ppm, a decrease of 29 percent. Under' 1ow 1oadcondit ions, LEA reduced
NOxemissions from :257 ppm (at 70 perc~nt, excessah:) to 1~5 PPD1 (at
58 percentexce~s aj r), a decrease of 24 perc.ent . During·. tests of the
combustor with only under;fireCitr (low overfire air), but at norRl.al excess
air conditions, NOx emissions d~<:reasedby!27 percentat19w 10~d.(188 ppm
versus 2.57 ppm) and 23percentCitiill.orf!1~1 lPCid (220 ppm:versus 2~9 ppm).
During parametriccombustortests'i~t.,ql.(E!~ec. Cit,y'lJse ()f low,. oVerfire air
reduced NOx emi ssions by 25 percent compared to tests fpnd~cte~,\,at simi lar

. load and excess air levels. The reason low overfir~airgenera~,~~ .. less NOx
is not certain, but it may be at le.ast partially caused by high'\e~tess air at

: . . .. ". ....., , ." •..••.. . ' .. 1. •..•'. ...., .....; ..•.... ........!.,'.
the grate reducing the peak flame temperature, which in turn decrea.ses

:' - ;"-',:i' ,,' ''"''''- _.' ':',::}::,J":,:,:, ',:::":',,-:.!.!:"-,.',: - _-~-':-:"-,':'~,, ,". " __ " '--', ", .:-';' __ .< -_-::1:~.'\:t:i;1.

thermal NOx.f9rmation .. NOx me~i$,~;F,~OIe~~sta;k,~p,at Mari~n COUl)t.ydU!t'~~g
testing with high overfire air'~~a';no;rRlal load (276 pprn) an~, 10~lO~d

ii ,:,". _ "'~"':" ,"".:::'1'];( ,;
(252 ppm) were roughly equal to t!e~ts. conducted at similar loadam:t normal
air distribution (286 ppm and 2~:'?ii~PI1l!.;!,respectivelY). These dat~$uggest

that use of high overfire a~&\':lJIaYI,1~~!f'1.effectivein red!~cing HOX'! e,missions
from mass burn waterwall cOf!1bu~t:Qlr~.

3.1. 2 Flue. Gas Recirculation

In FGR, cooled flue gasiS~ix~dwith comblAstionair, thereby reducing
' .. ·· ..->·T:.· ,';': :: ...."" ... '.. "., :', '-". ,<., ',-,',', .... ".. '-',., .... ',,:- .. ",' .. .. .. •

the oxygen content of the combus't10n all' supply. The flame temperature lS
!, " .. ': ,'I':,::'\::,'!:",:,,> ,_', ",':,', ,>"" _"':"<'._:_".."

lowered and less oxygen ispres~!~t in the flame zone, reducing thermal NOx
generation. At the, Long Beach~CA, m~ssburncombustor, where FG,R is used to
supply 10 percent of the underfiire air ,reductions in HOx emiss ions have been
observed, although noquantitati.~e results. a.re aVailable".3 At the Kita
facility in Tokyo,Japan, a.Volun4 massburn/refractorycombustor, where FGR

! _,:,1.',--: "_','. .. ':, ::', __> :":"; "'.,:>:':: ,"_: _:. ",',.:'-:,'

is used to supply 20 percent 'of tije co~busti,on ~t~,Noxreductions of 10 to
25 percent have been reported. 3 'At higher FGR rates, little increase in NOx
reduction was observed. The modular excess-air combustors at Pigeon Point
and Pittsfie1d are Vicon units that have FGR built into the system. In Vicon
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TABLE3-1. MARION COUNTY EMISSIONS VERSUS AIR SUPPLY

Air Load NO~ Emissions Excess %NO b
$Upplyl Runs (% of Full) (p m, 7% O2) Air (%) Reduct'on

Normal 1, 2, 10,
286clla and lIb 100 75

tEA 3a 95 203 40 29

LOA 4 98 220 74 23

HOA 5 103 276 73 4

Normal 6a 76 257 70

LEA 7 77 195 58 24

LOA 8 74 188 88 27

HOA 9 78 282 94 (JO)d

aTestswhere air supply was purposely varied are noted. LEA = low extess
air;HOA .. high overfire air; LOA ~ low overfire air.

bCompared to NOx emissions at normal airsupplyand similar load.

CAV~rag~NOx_emissi ons for the 5 runs.

dpercent increase in NOxemissions.
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c()mbustors ,.···.fluegas.fromi~u5ting •• iatthe.boilerexit(pri or to',' ·flue. gas
cleaning) is injected into the primary combustion chamber. Recirculated flue
gas supplies approximately 35 percent of the combustor air. Emissions of NO.. ' . x
measured at Pigeo;n Point .and Pittsfieldirangefrom 100-140 ppm at 7 percent
02' There are no data available comparingNOxemi~sions~.ith and. without FGR
for a Vicon combustor.

Combustion modifications for NOxcontrol maynbtincreaseemissions of
other pollutants. 4 However,ifthf:! modifications are not properly applied;
higher emissions of CO, HC, and other products of incomplete combustion
(PIC's) may result. For example, if the excess air is decreased too much,
visible emissions and higher CO concentrations may result. 5 If too much flue
gas is recirculated, the fhme;zonecan ~ecome unstable, causing poor
combustion and higher CO emissions. G,7 Also, corrosion andslagging in the
boiler may occur.

3.2 GAS REBURNING
Gas reburn ing is a NOx control .technique.that overlaps .• combuslion

modification techniques. A schematic of the natural gas burning method'
applied to a mass burn combustor is shown in Figljre3-L Low excess air is
provided at the combustor grate, with recirculated flue gas introduced above
the grate. Natural gas is added to this LEA zone t() generate a fuel-rich
zone. Air is supplied above the fuel-rich zonetocompletE.Lcombustion.This
process is designed to reduceNOx formati~nwithoutincreasing COemi~~ions.

Natural gas reburning at MWC's is a new technology being evaluated by
the Gas Research Institute. The goal of gas reburriing is to achieve up to
75 percentNOx reduction. To date, most of the data on re~urning are for
pulverized coal-fired (PClboilers.8 Testing for MWC's is currently underway
ina G tpd pilot-scale combustor. In the pilot'-scale unit, HOx emissions
without gas reburningranged from 190 to 260.ppm at 7 percent 02' With gas
reburning, the NOx emissions were 110 to 125 ppm at 7 percent 02' an average
reduction of 50 percent. The maximum NOxreduction measured was 60 to
70 percent. During these tests, 15 percent (heat input basis) natural gas,
15 percent flue gas 'recirculation (for mixing the.natural gas), and 30 to
40 percent excess air were u'sed. Neither CO nor hydrocarbon emissions
increased with gas reburning. 10



Natural Gas ----.,....,

Air

Air

F"lue Gas
Recirculation

II

Air

Figure 3-1. Gas Reburnlng for.Nq Control
at a Mass Burn MWC.9
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3.3 SELECTIVE CATALYTIC REDUCTION
Selective catalytic reduction is an add-on control technology for NO

x
removal. Ammonia (NH3) is injected into the gas flue downstream of the
boiler where it is mixed with the NOx contained in the flue gas and passed
through a catalyst bed. In the catalyst bed, NOx is reduced to N2 by
rea'ct ion wi th NH3. The over~11 react iOrls between NOx and NH3 are:

(1) 4 NO + 4 NH3 + 02 ----> 4 N2 + 6 H20
(2) 2 N02 + 4 NH3 + 02 ----) 3N2 +.6 H20

The reactions between NOx and NH3 occur at temperatures of 375-7500 F,
depending on the specific catalyst.

Sj!lective catalytic red4ction has been tested at coal ,oil ,and natural
gas-fired facilities in the V. S. Reductions of NOxemissions of 60 to
85 percent have been measured at.·· these facilities with NH3:NO molar ratios. x
of 0.6 to 0.9 and temperatures between 570 and 7500 F. l1 Currently there are
no applications of SCR to MWC's in theU. S., NOx emission reductions of 26
to 86 percent 'have been measured.at two Japanese mass burn MWC sites using
spe~ial low ,temperature catalysts (V205. ~'HO?, temperatures of 375 to
535 F).12 The SCR system at the 65 ton/day MWC in Iwatsuki, Japan,
demonstrated an averageNOx reduction of 77 percent (versus design of 80
percent) during two performance tests conducted approximately land 2 months
after plant startup. This SCR unit, located downstream of a spray
dryer!fabri c .fil tel' system, operated at an average temperature of 39SoF and a
NH3:NOx molar'ratio of 0.7. Data from these tests are reported in Table 3.. 2..
At the Tokyo-Hikarigaoka 150 ton/day MWC, the SCR system demonstrated an
averageNOx reduction of 44 perc~nt at a temperature of 47SoF and a NH3:NOx
molar ratio of 0.57. These tests were conducted approximately 3 months after
startup; the data are presented in Table 3~3. This SCR unit was retrofit
betweenan ESP and a wet scrubber. Because of space constraints, the,SCR
unit was sized for 51 percent NOx removal.

There are several operating considerations with SCR. First, the SCR
operating temperature at both Iwatsuki and Tokyo-Hikarigaoka exceed the

iiii4414



TABLE 3~2. RESULTSQF TESTING OF SCR $YSTEMAT IWATSUKI. JAPIiN

~.(,

Test
D_te Unit No. RWl No.

SCR·lnlet
.. 0

Tel!iperature ( F)
Molar Ratio

(NR
3

:NOx)

NO· Concentration
fppmal: 7%02L

Inlet Outlet
NO Removal

Efdciency(%)

2-19-87 1B 1
2
3

385
399
396

0.85
0.76
0.65

192
201
270

47.2
45.9
40.9

75.4
77.2
84.9

3-6-87 1B 4

5
6

396
392
392

0.76
0.80
0.64

172
203
250

23
47
56

86.4
76.9
77.5

2B 1
2
3

388
388
401

0.79
0 •. 66
0.61

201
304
216

40.0
59.3
64.3

80.2
70.2
70.2

~-~-~=~=====~=======~==

W
I

.......

3""6-87 2B 4 401 0.71 156 25 84.0
5 405 0.68 187 70 62.5
6 397 0.53 203 45 77.7=iiIim__~__==s=-
.....~_ztFn=m" =-=-====

------=----==~
Aver_ge 1B 393 0.74 215 43 79.7

Aver_ge 2B 397 0.66 211 51 14.1

Aver_ge Overall 395 0.10 213 41 16.9
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TABLE 3-3. RESULTS OF TE&TING O¥ SCR SYSTEM AT TOKYO-KlKARIGAOKA, JAPAN

NO. Concent~at!on

Test SCR·lnlet Mola~ Ratio Outlet NK
3 fppmat he OiL NO Removal

Date Run Nei. Temperature (oF) (NH
3

'NOx ) Concl1ntratlon (ppm) Inlet Out .st Efdc!sncy m

3-17-81 1 418 0.44 2.6 150 98 34
2 418 0.80 15 148 73 51

3-18-87 3 475 0.43 0.5 166 l:t3 26
4 471 0.69 6.1 162 94 42

3-19-81 5 475 0.56 13 153 66 57
6 475 0.50 14 158 13 54

AVl1r1lge 475 0.51 8.5 156 83 44



fa~ric fi lter.outlet temperature needed toach ievemaxi~umcontro1 .Of
CDO/CDF,HC1, and S02' As a result, either flue gas reheat will be needed or
reduced control of CDD/COF, HC1, and S02 will occur. Second, performance of
SCR can be detrimentally affected by catalyst poisoning by either metals or
acid gases. Also, entrained particulate can blind or deactivate the
catalyst. Third, because ammonia is injected into the flue gas, ammonia
emissions can result. In a properly operated system, ammonia emissions are
typically less than 10 ppm. 13 At the Tokyo;'Hikarigaoka MWC, outlet ammonia
emissions averaged 8.5 ppm and ranged from 0.5 to 14 ppm. Fourth, depending
on the location of the catalyst bed (i.e., after the economizer Or after
particu'late/acid gas removal), flue gas reheat may be necessary to reach the
desired catalyst operating temperature. Flue gas reheat can bea significant
expense.14

3.4 SE~ECTIVE NON-CATALYTIC REDUCTION
Selective ~on .. catalytic reductfon (SNCRr refers to add-on NOx control

techniques which reduce NOx to N2 without the use of catalysts. These
techn iques i I1c1ude Exxon's., Thermal DeNOx' whi ch uses inject ion of ammonia;
the Electric P~wer Reseatch Institute's NOxOUT process,which injects urea
and chemical additives; and EMCOTEK's two-stage urea/methanol injection
process .. To date, onlyThermal DeNOx has been demonstrated on MWC's in the
U. S., although. the other techniques have been tested in EurQpeandJapan.
Because of this, discussion of SNCR techniques focuses on Thermal DeNOx'

~ith Thermal DeNOx' amm.onia is in~ected into the upper f~rnace. area of
the combustor. Ammonia and NOx react accordi ng to the fo11 owilngcompet i ng
reactions:

(1) 4<NO +4NH3 + 02 -.. --> 4N2 + 6 H20
(2) 4NH3 + 502 ----> 4NO+ 6 H20

.Atl,600"tol,8QOoF,the first reaction dominatesandNO~is reduced to Nt.
Ab~ve 2,OOOoF, the second reaction dominates and NH3 is oxidized toND.
~elow 1,60QoF,both reactions proceed slowly and NH3 remains unreacted.
Reductions as high as 65 percent are projected for MWC's by Exxon,15
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Bec.au.se of...•·. t.. he viabili.ty in combustion characteristics of MSW, furnace
'.' ... ". .'.. -.,', ',. ',' ", -', - ,-,"-',; '-. :....... ",':.,' ,-, .". ',.. .'

temperatures in the. upper.furnace can vary rapidly. This necessitates

installat.ion ofammonhinjectors.at several fur;naceelevations to assure

injection at proper temperatures. ThE! sensitivity of ammonia-based SNCR

reactio.ns to temperature is one of thE! primary reasons behind development of
, . ., . ,

the ure.a- based NOxOUT and ..EMCOTEK prOtesses.

T~er~al p.eNOx has be.en applied at ~e\leralMWC's in Japan and .at three

state-of-thfi!-art•. mass burn!waterwaJl c9mbustors in Cal ifornja (Comme.rce,

Stani sl au~ County" an~ Long Beach). ,Eac~. of ;theoperating. MWC's i,n the U. S.

using Th!erm~l geNOx i~ summar.ized inTiible3t4,~

The Commerce. Refuse to Energy Factl ity, in CommercE, Cal ifornia, consists
j, ,"'" "".', _, . 'c:", -;-', ',. _....", - ", .... ,

of one mass. burn waterwaJ 1 Foster-Wheeler,. c.ombustor with a Q~troi t Stoker

grate. The design capacity is 380 ton~/dayMSW. Emissions are controlled by

Exxon's Thermal DeNOx system, and a Teller/American Air Filter (AAF) spray

dryer and fabri c fil ter. The Thermal DeNox systemfnjects ammoni a into the

upper combustion chamber to redu~eN?xemiss; onstoelemental nitrogen and

water. The flue gases then enter a <:y«;:10n1c separator or remove large

particles before entering tDeup-fT6w SO. III the SO, lime slurry is injected

through two-fluid ~ozzlesafa'deSj~rffeedrate of600lb/hr of lime~ A

residence timeof 10 secondsis<~hlYided in the SO vessels. The design flue

gas temperature at the SO outl.~t::~,f27~OF. Tesisorb~i~ .. i~jected into the
flue gas after leaving the SO:to:i1t~m()vea.dditional acid gases and to assist

,:,[:,-;;~';~!!:-,i:.::', "r::, ,- '\. ' ',',' " ,:' -'. ,," ,',

conditioning of the filter ca~e." The FFuses reverse air cleaning with eight

compartments of 156 fiberglasi~+:~~g~'ea~h. The. design .net air-to-doth ratio

is 2 acfm/ft2 with two compartme~t$ oft'~Hne and a flue gas flow of about

85,000 acfm. The flue gas leaves the FF and exists through a ISO-foot high

staclc

. The Southeast Resource Re~overyFacHi~Y in tong Beach, California

consists of three identical l.& C. Steinmuller GmbH waterwall combustors,

each with a capacity of 460 tons/day MSW. Each combustor has Thermal OeNOx
and flue gas recirculation for NO control. Other pollutants are controlled

. .' ..' •.. .•... . x'. ..... ". '." . .... . . . .....•.
downstream from the boiler with a spray dryer/fabric fi lter system

manufactured by flakf-Peabody Process Systems. In the spray dryer, 1ime
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TABLE 3-4. EXISTING THERMAL DENO FACILITIES IN UNITED STATES-·x

Facility Location

COlllllerce

Long Beach

Stanislaus Co.
Unit 1
Unit 2

Estimate<l
Sta~tup Combusto~ Number Combusto~ APCDb lIO !miss ions • NO Re<luction,
Date Typea

of Combusto~s Size.• t\)<l Type p~m @7X O
2

xPe~cent

2/87 MB/WW 1 300 SD/FF· 119
c

44

7/88 MB/WW 3 460 SD/FF 56
d

50

8/88 MB1WW 2 400 SD/FF

eN
I--

~/WW = mass bu~/waterwall.

bSD/FF ~ spray d~e~/fab~ic filte~.

eAve~age of 10 sho~t-te~ optUDization tests at NU
3
injection~ate of 2.4 Ib/ton (see Table 3-5).

dAVe~age of th~ee cornpliance.tests.

e
At 12 percent CO

2
,



slurry is. injected thrgugharotary a~,omizer,withth!! rate of Slurry

addition controlled by an S02monitor!controller at the stack. The amount of

dilution water in the lime slurry is controlled to maintain temperature at

the outlet of the SO. Flue gas exiting the SO flows through the reverse-air

FF. Design flue gas flow to each FF is 118,000 acfm at 28SoF. Each FF has

10 compartments of teflon:-coated fiberglass bags and a netair-to-clothratio

of 1.8 acfm/ft2. Oucting is providedto route flue gas from one FF to

another if one unit goes down. Fluegu is exhausted through a common stack.

The Stains1aus Waste-to-Energy Facility in Crows Landing, California

consists of two identical Martin GmbH waterwall combustors, each capable of

combusting 400 ton/day MSW. Eaqh coml;>ustor is equipped with Exxon's Thermal

OeNOx(ammonia injection) for NOx control. Emissions are controlled

downstream of the boiler with a Flaktspray dryer/fabric filter system. In

the SO, slaked lime slurry i sinjected through two-f1 uidnozzles,lwith the

amount of slurry controlled according to the stack S02concentration and the

dilution water flow controlled according to the SO outlet tetnpera:ture. A.

residence time in the SO of IS secondsi s used to dry the sl urry:andiobtai ~ a

flue gas temperature of 28SoF at the SD outl et. Fl ue ga~ exi ti ng'the SO

flows through the pulse-jetFF at 94,000 acfm and 28SoF . The FF 'has six

compartments of tefl on-coatedfi bergl ass bags (1,596 bags tota1) land a net

air-to-cloth ratio of 3.2 afm/ft2.

Because of the limited operat ing~lme of these units, long-t~rm

performance and reliability data are 1imit~d., Available performan'cedata are

based mainly on short-term compl iance testing using conti,nuous emr'ission

monitors and observations by plant operating personnel.

During initial compliance testing at Commerce in June 1981, ~pxaveraged

62 ppm at an ammonia injection rate of 2.7 1b/ton refuse .(2.0 NH31:INOx molar

,ratio).16 Oue to concerns tegarding potential increases in NH3 sllip,

however, the system normally has NOx em;issions of around 90 ppm, ~ind an

anunoniainjection rate of 2~O lb/ton refuse (L4SNH3:NO" molar ra!tio) .17

Add~tional testing at the Commerce' fatil ity,performed in June 1988,
showed variations in perfor.rtancewithammonia.injeclion location and NH3:NOx
molarratio. 18 These data are summarized in Table 3-5. The objective of
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1

TABU; 3-5. SUMHARYOF NO R!IlUCTIONS ATCOHMERCl OPTIMIZATION TEST
18

x ... .. .

15 1:2 0.85 5 117 lit5 105 22.3 27.0 14.5
30 2.4 1.53 10 92 107 63 43.9 57.5 21.9
45 3.6 2:36 11 93 148 58 44.0 62.0 18.0

15 1.2 0.89 2 126 136 116 11.8 12.5 11.0
30 2.4 1.88 2 120 125 114 19.8 24.4 15.3
45 3.6 2.36 2 94 107 80 42.1 48.4 35.7

NO . Reduction (X)b,c
Avera:. High Low

CQntrolled NO Emissions
(ppme 71 01;)Number

of Tests
AVera$fONH3
Molar Ratio

NH Rate
lb/hr 3 lb/tona

Top Row

Inj.ction
Location·

Bottom Row

I
(,oJ

I­(,oJ

apounds per ton refuse fed. Calcul~ted based on 300 tpd capacity of combustor.

bBased on NO emissions with Th.nnal D.NO turn.d off·for each test.
x x

cPercent NOx r.ductions do not correspond directly to those for NOx emissions.
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these tests was to determine <the. opt imum amm()niainjectionelevat ion. Ouri ng
testing, the ammonia injection location was varied between atop rowind a
bottom row of injection nozzles. The ammonia injection rate was also varied,

. .. .

ranging from 0 to 3.6 lb NH3 per ton refuse at each injection location.
Injection through the top row of nozzles generally resulted in 10werNOx
emissions than injection through the bottom row of nozzles. At an NH3
injection rate of 1.2 lb/ton (average NH3:N0xl1lolar ratio of 0.85) through
the top row of nozzles, measured NOx emissions averaged 117 ppm (22 percent
NOx reduction). At injection rates of 2.4 and 3.6 lb/ton NH3 (avetage
NHfNOxmolar ratio of I.5and 2.4, respeCtively) through ,the top row of
nozzles, NOx emissions averaged 92 ppm (44 percent reducUon}, although there
was significant scatter in the data. At the NH3 injection rate of
3.6 lb/ton, NOx emissions were both higher an,d lower than at the injection
rate of 2.4 lb/ton.

, After completion of these t~sts,~efractor>',wasins:~lle,din the lower
furnace at Commerce to correct w~terwall corrosion problems in Jhi.s area. As
a result, less heat is removed from the combustion gases in the lower furnace
and gas temperatures at the two original ammonia injection tHevations
frequently exceed those needed for SNCR; To correct for these modifications
in combustor design, two new rows of ammonia injectors have been installed

!

above the existing rows. The Thermal peNox at Commerce is currentl,Y operated
from the control room by monitoring furnace conditions and NOxHwel$. The
best system performance is achieved with ammonia injectionthroughione or
more of the upper three injector rows depending on real-time monitdring of,
combustor conditions and NOx levels. Maximuml-hour NOx emissions from
February through May 1989 were less than 150 ppm at 7 percent 02 on all but 6
days (out of lIO days total). All of the24~hour averages were less than
120 ppm at 7 percento2~19

Em.issions of NOx measured during three short~duration tests on Unit 1 at
the Long Beach fac; lity averaged 56 ppm at 7 percent 02 with the Thermal
DeNOx system operating normally. Three runs performed 1 month later without
Thermal DeNOx measured average NOxemissions of 68 ppm at 7 percent 02'
suggesting a NOx reduction of roughly 20 percent due to Thermal DeNQx. NOx ~

~
I
\
t
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measurementsduringbbth test periods arebased'on,9rabrsamPTiri9 and wet
chemistry analysis using South Coast Air Quality Management District (SCAQMD)
Method 1.1. These uncontrolled NOx levels are significantly lower than
typically measured by the plant CEM system. 20 When neither the FGRor
Thermal DeNOx systems are in operation, NOx emissions measured by the plant
CEMS are typically 190-230 ppm at 7 percent 02' With FGR only, NOx emissions
based on the plant CEMS are typically 160-190 ppm. When both FGR and Thermal
OeNOx are operated, NOx emissions are reported to be consistently less than
120 ppm, and frequently less than 50 ppm. These data indicate that the
Thermal DeNOx system reduces NOx emissions at long Beach by 30-70 percent.

At the Stani sl aus County MWC, three tests were performed on each of the
facility's two units. 21 Without ammonia injection, the NOx emissions from
Unit 1 averaged 297 ppm at 12 percent CO2, With ammonia injection of
291b/hr (1.7 1b NH3 per ton MSW) , the NOx emissions averaged 93ppIJ1at
12 percent CO2, a reduction of 69 percent. Similar results were obtained for
Unit 2, whereNOx ,emissions averaged 304 ppm at 12 percent CO2 without
ammonia injection and 113 ppm at 12 percent CO2 with an ammonia injection
rate of 25 lblhr (1.5 lb NH3 per ton MSW), a reduction OT 63 percent.

As with SCR, there are potential problems associated'with Thermal DeNOx'
Ammonia or ammonium chloride emissions may result when theNH3 is injected
outside the desired temperature Window, at a higher than normal rate, or when
residualHC1 levels in the stack exceed roughly 5 ppm. At the Long Beach
MWC, a detached ammonium chloride plume has been observed downwind of the
stack when the Thermal DeNOx is used. At the Stanislaus county MWC, an
ammon i um ch1ori de plume was observed at an NH3 i:nject ion rate 50 percent
higher than the normal feed rate of 1.5-1.7 lb/ton. 22 At the Commerce MWC,
ammonia emissions following the unit's spray dryer/fabric filter have not
been measured above 2 ppm at 7 percent 02' However, an ammonium chloride
plume is frequently present.

Corrosion of the boiler tubes by corrosive ammonia salts which are
formed from unreacted ammonia and sulfur dioxide or hydrogen chloride has
been hypothesized to be a potential problem with Thermal DeNOx' However, no
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boiler corrosion problems attributable to ammonia salts have been observed

with theU. S. systems during the 1imited amount of operating time. 24 ,25 In
.j:! ,

Japanese MWC'sammonia is generally injected into refractory sections, not in

boil er tubes where corros i on can occur.

Increased CO emissions with ammonia injection has. also been suggested as

a potential problem with Thermill DeNOx.
26 At Commerce, measured CO emissions

while the DeNOx was. operating normally (15 ppm at 7 percent 0Z)were essen­

tially the same as the CO emissions without the DeNOx (14 ppm at 7 perc.ent
°2)·27 .

A recently i dent.ifi edconcern,~ith Thepnal DeNOx is .. that the

ammonia injected into the flue gas may reduce control of'mercury emissions by

a spray dryer/fabri c fil ter .Qut1etmercLiryemi scsi onsfrom MWC' s with spray

dryer/fabric filter systemsar~ presented in. Table 3..6. Compliance tests at

Commerce (June 1987),27 Long Beach (November 1988);28 and Stanislaus County

(December 1988)29 showed rela~ively highmercuryemiss;ons (180 to

900 ug/dscm at 7 percent 02) .colllpared~o facil itieswithout SNCR(Biddeford,

Quebec City, and Mid-ConnectipJt). At Commerce, mercury concentrations prior

to and following the spray dryer/fabric filter were simultaneously measured

during a single run and indicated little or 1'10 removal of mercury. During

the tests at Commerce, portions of the probe rinse from the spray

dryer/fabric filter inlet and o~tlet samples were inadvertently discarded ..

Asa result, the calculated concentrations and removal efficiencies are

estimates. However, because meY\CLlry is generally volatile,relativelyl itt1e

mercury was probably present in the discarded samples. Thus the calculated

values are believed. to be representative. Uncontrolle~mercury

·concentrations were not measured at Stanislaus County and Long· Beach; but the

measuredoutletemi ssions suggest little removal of mercury. Because these

three facil Uies have spray dryer/fabric fi.1ter systems as well as ammon; a

injection for NO control, it has been suggested that the poor mercuryx
removals may be due to the ammonia in the flue gas.

A possible explanation for the impact ofThermalDeNOx 0Il mercury

control is that mercury is normally in a comb.ined ionic form (principally

HgC'2) that can absorb or condense onto particulate matter at the low
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TABLE 3-6 ; OUtLET I'lERCt!RY~ISSIONS HE/lSURED FR(ICSPRAY DRYERIFABRICFILTER SY'S:rEMS

Inlet Inlet'PH Inlet coolcOP OUtlet
Facility T-.np",rawre to

0p
Emissions, Emissions, Mercury Emissions,

Location Al'COType
,a

Fab:l'icFllte:l', gr/dsc! @12X CO2 naldsCIII@ 7%, °2 ua/dsCllll @7X 02

C_rce (1) sOl FF I SHCR 270 1.8 28.1 200 :-' 940

Ccnmerce (2) sO/FF/SHCR NAb 2.01 HA 39.4

Conmerce (2) sO/FF/SHCR 'NA 1.23 619 67.9

Long Beach SO/FFI SHCR 300 1.58 RH
c 180

Stanislaus
County

Unit 1 SO/FF I SHCR 287 RH RH 499
Unit 2 SO/FFI SNCR 292 NH NH 462

W Hid-Connecticut SO/FF 277 2.41 1,019 50
I.....

Harion County SO/FF 280 0.88 43.0 239"'-J

Biddeford SO/FF 278 3.2 90,3 0

Quebec, City SO/FF 283 2.92 1,960 14.7

a SOIFF = spraydryer/f~bric filter.
SHCR = Selectivenon.,ocatalytlc reduction.

b ' "NA .. not available ;

cHM .. not measured.

•
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operati~gtemperaturesofthefabricfilter{1 essthan300oF).30 __. By
injecting ammonia into the flue gas, however, pockets of reducing atmospherf;!
may form which reduce mercury to an elemental form, which is more volatile
and difficult to collect.

However, data collected more recently at Commerce (May 1988)
demonstrated mercury removal s of 91 percent whH e fi ri ng a mixture of
60 percent commercial refuse and 40 percent residential refuse and 74 percent
while firing a mixture of 95 percent commercial refuse andS percent
residential refuse. 31 During both of these tests the ammonia injection
system was operating. These test results indicate that ammonia injection may
not be the reason for the observed low mercury removals.

Another theory gaining acceptance regarding the removal of-mercury is
that carbon in the fl ue gas enhances adsorpt i on of mercury andtflilt Thermal
DeNOx has no effect. 32 This theory suggests that the poor removals of
mercury at the MWC's with Thermal DeNOx are a result of good combustion
leaving little carbon in the fly ash onto which the mercury ~ould adsorb. In
Figure 3-2, mercury removal efficiency from spray dryer/fabric:filter sy~tems

. operating at 3000 F or less is plotted as a function of the PM co'ncentration
at the combustor exit. The data suggest increased mercury re,moval with
increasing inlet PM concentration. Mercury emissions as a function of inlet
PM are shown in Figure 3-3. The trends are similar to those in Figure3~2.

, .

The data from the 1987 test at Commerce represent maximum estimated emissions
and are separated by run because the results varied widely.

little direct data are available on the carbon content of the fly ash
from the facH ities in Table 3-6. However, it is expected that CDO/COF
concentrations at the combustor exit are indicative of good combustion, and
thus provide a surrogate meas~re for the carbon contentof the fly ash. 33

Data on mercury removal efficiency and mercury outlet concentration versus
CDD/CDF at the combustor exit are shown in figures 3-4 and 3-5, respectively.
Both of these figures support the theory that reduced carbon content in the'
fly ash increases mercury emissions.

Because of the 1imited amount of mercury emi sslons data from MWC's with
Thermal OeNOx and the apparent strong relationship between fly ash
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"oncentrationandcarbon content versus mercuryconlrol,fnehyp()'thesized
detrimental effect of Thermal DeNOxonmercury control by a spray d~yer fabric
filter cannot be proved with certainty.

3.5 SUMMARY OF NOx EMISSION CONTROLS
There are advantages and disadvantages to the control of NOx emissions

from MWC's with both combustion modifications and add-on NOx controls.
Combustor modifications,such as low excess air and staged combustion, can be
implemented relatively easHywithout substantial additional cost. However,
consistent and quantifiable NOx emiSsion reductions have npt been demonstrated
with these technologies. The highest potential NOx emission reduction
appears ~o be about 30 percent. Higher NOx reductions would result in
increased CO, HC, or other PIC emissions.

Natural gas reburning offers the potential to achieve 60 to 70 percent
NOx reductions without increasing CO emissions. The technology has only been
tested on a pilot-scale MWC, however, and further testing needs to be done
before applying reburning to full-scale MWC's.

. Selective catalytic reduction appears able to yield high NOxreductions.
Reductions of NOx at a full-scale MWC in Japan averaged nearly 80 percent,
with ~ low of 62.5 percent measured for one run. However,cata1yst poisoning

. and deactivation may substantially decrease performance with time.
Thermal DeNOx has been used on three MWC's in the U. S. Reductions of

NOx emissions during short-term tests may be as high as 65 percent, but can
vary widely during normal operation. Controlled NOx emissions of 150 ppm at
7 percent 02 or less are consiStently achievable with SNCR for 10ng- and
short-term tests. Because of the significant variability in" Thermal DeNOx
performance over time and the lack of CEM data, it is not currently possible
to relate measured NOx emission reductions during short-term compliance tests
to long-term performance levels. Visible plume formation may occur as
combustor operating conditions vary. Uncertainty also exists regarding the
P9ssible relationship between Thermal DeNOx and mercury emissions.
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4.0 . COST PROCEDURES

Procedures are developed in this section for estimatirlg capttal and
annual operating costs for applying Thermal DeNOx to new MWC's. As discussed
in Section 3.0, Thermal DeNOx is a selective noncata1ytic reduction, (SCNR)
technique for controlling NOx emissions which is being commercially used by
three ful1-scale.MWC's in .Ca1ifornia. To be consistent with other cost
analyses performed for this regulatory development, costs for Thermal DeNOx
are presented in December 1987 doll ars. 1,2 Sect ion 4.1 presents the pro­
cedures for estimating capital costs,and Section 4.2 presents the procedures
for estimating annual operating costs. The procedures presented in both
sect,ions will be used to estimate costs of Thermal DeNOxfor twelve 111(b)
model plants in Section 5.0. Each model plant represents a subcategory of
new MWC's. Each subcategory represents a different type and size of MWC
expected to be built in the ~uture. It should be emphasized that these
procedures provide "study estimates" (i.e., ±30 percent accuracy) of Thermal
DeNOx costs for an individual application.

401 CAPITAL COST PROCEDURE

Table 4-1 presents the procedure for estimating capital costs for
. .

Thermal [leNOx applied to new MWC plants. The total capital investment
includes direct purchased costs for equipment, indirect and contingency
costs, licensing (royalty) fee, preproduction costs, and NOx monitoring
equipment costs. The direct purchase costs include costs for the folloWing
equipment: a low-pressure air compressor, ammonia storage tank, ,ammonia
vaporizer, injection nozzles, piping, and associated instrumentation.
Indirect costs include field labor overheads, er,~ction fee,and contractors'
engineering and design fees. The contingency cost accounts f6r:
(a) unforeseen expenses that may occur such as equipment modification,
.i ncreases in fi e1d labor costs, increases in startup costs, etc. and
(b) risks associated with meeting performance guarantees and the operating
experience level of the technology. A licensing fee charged by the process
vendor (Exxon Research and Engineering Company) is also included in the total
capital costs. Preproduction costs include operator training, equipment
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TABLE 4-1. PROCEDURES. FOR .ESnMATING~ApITALCOSTS .~og.TH[RMAtDeNO
APPLI [010 NEW MWC· PLANTS'· x

Direct Costs, 103 $ = 0.444 (Q * N)0.621 + 151

Indirect Costs, 103 $ = 0.33 direct.costs + 10

=0.147 (Q * N)O~621 + 60

Contingency, 103 $ =~O%of d;re<:;t and indir~ct costs

License Fee, 103 $ = 3.35 + 7.01 x 10-4 * Q*N

Preproduction, 103 $ = 2% of the sum of thedi rectcapi tal, indirect capital,
and contingency + one month.ofthe direct operating cost at
full load excluding monitors

NOx Monitor, 103 $ == 24 * N

Total Capital Investment = DlrectCosts + Indirect Costs + Contingency +
License~ea+ 'repro~uction+ ~Ox Monitor

aCosts are in December 198Tdollars.

j bQ = 125 percent of thecal cul ated fl ue gas flowrate per combustor at 4500 F,
acfm.

N = number of combustors.

4-2

"I
JI

\:1



checkout, extra maintenance, and inefficient use of chemicals and other
materials during plant startup. The total capital investment includes
separate NOx monitoring equipment per combustor to ensure continuous
~missions compliance.

Table 4-2 presents the capital cost data base used to develop the cost
procedures. The data base contains capital estimates for Thermal OeNOx
applied to 12 proposed mass burn/waterwall MWC facilities, ranging in size
from 150 to 3,000 tpd. Most of these cost estimates were provided by Exxon
and none of them contained any itemization of equipment or other costs. Only
one data source reported actual flue gas flowrate as shown in Table 4~2. The
flue gasflowrates of the other plants were estimated assuming an excess air
level of 80 percent. These flue gas flowrates represent typical conditions
associated with new mass burn/waterwall facilities (see Table 5-1 in this
report). It is assumed that the costs for Thermal OeNOx applied to mass
burn/waterwall ,combustors are simil ar to those for the other combustor types,
since NOx emissions for mass burn/waterwall combustors are within therang~

for all other combustor types as discussed in Section 2.0. Sections 4.1.1,

4.1.2, and 4.1.3 discuss the bases and rationale for the dapital cost
procedure.

4.1.1 Direct Capi tal Cost

Tabl& 4~3 presents the direct capital costs from lable 4-t for the
12 mass burn/waterwall facilities corrected to December 1987 dollars using
the Chemical Engineering Plant Cost Index. ' As shown by Table 4-3, no
apparent trend can be observed between direct capital costs and plant size
either in tpd or acfm.

To better define direct and indirect costs, itemized capital cost data
were obtained from Exxon and Ogden Martin Systems, Inc. (the developer of the
Stanislaus County MWC plant in California that is equipped With Thermal
DeNOx) for a 500 tpd plant consisting of two mass burn/waterwall
combustors. 13" These two cost estimates are presented in Tabl e 4-4. For
engineering equipment costs, the Ogden Martin costs are consistently higher.
The ammonia CEM and level of safety equipment included in the Ogden Martin

'I "
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TABLE .4-2. CAPITAL COSTS DATA FOR THERMAL DeNO
x

APPLIED TO MASS BURN/WATERWALL MWC'S

Total Plant
Flue Gas Total

T.otal Plant Flowrate Direct Capital Indirect Capital Capital Costs
a

License Design NO
x

Cost .'Bas is ,
Capacity, ,tpd adm Costs, $1,000 Costs, $1,000 Costs, $1,000 Fee, $1,000 Reduction, X Quarter (year) Reference

150 34,162 150 220 375 45 50 4th (1987) 3

50~ 113,873 700 210 970 100 60 4th (1988) 3

500 g3,873 654 351 1,010 100 40 3rd (1988) 4

500 U5,500
b

987 917 1,900c . 96 36 3rd (l.988) 5

650 148,035 315 682 '997 158 NA
d

3rd (1988) 6

800 182,197 300 450 750 158 55 3rd (1986) 6

960 218,636 291 221 512 195 36 3rd (1988) 3
4:=0
I 1,000 227,746 NA NA 960 NA 65 3rd (1988) 74:=0

l.,200 273,295 NA NA 2;660 NA NA 1st (1988) 8

1,440 332,970
b

1,609 1,136 2,745 355 36 ' 3rd (1988) 9

1,500
e

218,636 645 (674) 295 (344) 840 (1,018) 296 50 1st (1987) 3

3,1100 683,239 1,455 ' 3,].47 4,600 729 NA 3rd (1988) 8

aExclu~es t;he Ucensina fee.

bActual flue gas flowrate reported. Flue gas flow~ate for the other plants was estimated aSS1.llllilig an excess air level of 80 percent and a
flue gas u!!4l'eratureleavingthe combustor of 450 F.

cExcludes reported costs of $600,900 fol:' an _nia slip continuous emUs ion measurement s1stemand, _nia safetyequijlll~nt.

dNA ~ not available.

eExcludes the cost of an air compressor. The costsirt puenthe!ilS' include the costs for an air compressor estimated using
References 10 to 12.



TABLE 4-3. DIRECT AND INllJ:RECT. CAPITAL COSTS DATA FOR THERMAL neRO ,3
, 'X

Total Plant Direct Capital IndirectC3pita l Indirect I
Total Plant Flue Gas FSowrate, Design NO

x
Costs, Costs Ditect5cst

Capacity, tpd acfm Reduction-, X $1,000 $l,OOOc Ratio

150 34,162 50 151
e 221 1.46

500 113,873 60 671
f 259 0.39 '

500 113,873 40 631 231
h 0.33

500 115,500 36 i 952
g

395 0.42
650 148,035 NA 314 532 1.69
800 182,197 55 314

e 471 1.50
960 218,636 36 281 213 0.76

1,000 227,746 65 NA NA NA
1,200 273,295 NA NA NA NA
1,440 332,970 36 1,550 459h

0.30
1,500 341,619 SO 704

e 359 0.51
3,000 683,239 NA 1,520 3,139 2.17

aCosts in December 1987 dollars.

cExcludes contingency costs.

~tio of indirect to direct capital costs.

eCosts used t,o develop scaling factor for direct capital. cost equation in Table 4-1.

f
Includes the cost of three SO percent capacity air compressors. The other
plants have one 100'percent air compressor.

gExcludes NH
3

slip CEM and allI1\Oniasafety equipment costs presented in Tab.le -4-4.

~cludes general and administrative-e~pen:sescosts.

iNA = not available.



TABLE 4-4. CAPITAL COSTS fOR THERMAL DeNO . FOR TWO COM~U~TORS'
AT 250 TPDEACH (Decemberf987 dollars)'

Exxon

1. Engineering Equipment Costs:

Ogden
Martin

Percent
Differencea

r
J

;

o Ammonia injection header
and nozzles

o Ammonia circulation heaters
o Air compressors
o Ammonia storage tank
o Ammonia safety equipment
o Ammonia slip CEM
o Electrical equipment
o Instrumentation and

controls
Total Engineering and

Equipment (I)

2. Direct Installation Costs:

11,600
4,050

93,500
21,QOO
N/AD

N/A
N/A

86.300

217 ,400

103,000
7,700

152,400
24,100

289;400
289,400
31,000

151.000

1,048,000

790
. 90

63
10

l
i
I,

Total Direct Costs (3) = (1)+(2) 631,400

o Earthwork and con~rete

o Structural steel and
buildings

o Piping including valving
and supports

o Electrical and controls
o EqUipment erection and

painting
Total Direct Installation

Costs (2)

3. Indirect Costs:

o Construction management,
indirects and·fees

o Design engineering
o Exxon engineering
o General and administrative

expenses

N/A

N/A

124,100
205,500

83.900

414,000

79,300
10,500
62;700

tVA
213,000

Continued

4-6

67,000

58,000

173,000
145,000

41.500

484,000

1,532,000

82,000
217,000
96,000

256.000
651,000

,39
"'30

-51

11

97b

3
210

54

206

il
.~.



TAB[r'4-4 '(CONCLUDED) . CAPITAL COSTSFORJHERMALneNOx'FORTWaCOt1~USTORS
AT 250 TPD EACH (December 1987 dollars)

Exxon Licensing Fee (5)

Contingency (6)

Tdtal Capital Costs = (3)+
(4)+(5)+(6)

Ogden Percent
Exxon Martin Differencea

96,000 92,600 -4

126,500 233,400 85

1,067,000 2,510,000 135

aCalculated as 100 * (Ogden Martin estimate - Exxon estimate)/Exxon esHmate.

bN/ A = not applicable.

cExcludes ammonia~CEM costs.
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des ign are based on site -~~)ecifi cr~qUireTen~~•. and<arenot_expected to ,be
required in most Thermal DeNOx systems. However t if these two items are
excluded t the Exxon and Ogden Martin equipment costs are similar except for:

•
(a) ammonia injection header and nozzles t (b) air compressors t and
(c) instrumentation and controls. As shown in Table 4-5 t costs for items (a)
and (b) were compared to costs estimated from literature s()urc~s. Costs
estimated from literature sources for these two areas are comparable with
Exxon and are lower than those provided by Ogden Martin. For instrumentation
and controls [item (c)L Exxon did not include automatic controls designed to

,meet continuous NOx emission l.imits. As shown in Table 4-4 t the direct
installation costs as a percent of equipment costs are similar for both Exxon
and Ogden Martin.

To account for the differences in equipment cost estimates between Exxon
and Ogden Martin t the following two-step approach was used to derive the
direct capital equation in Table 4-1. First t Exxon's direct capital costs
presented in Table 4-4 were adjusted to include Ogden Martin's costs for
instrumentation and controls t earthwork and concrete, and structural steel
and buildings (Exxon costs did not includ~ site preparation' costs). A cost
of $30 t OOO was also added tathe direct capital cost for ammonia safety
equipment consisting of water sprays and ambient ammonia monitoring.
Instrumentation and control costs ($151,000) were assumed to be fixed; that
iS t they do not vary with combustor size.

Second t the direct capital costs of Thermal OeNOx excluding
instrumentation and control costs wer~ assumed to be related to the total
plant flue gas flowrate by the following equation:

,
(
~
(

"

where:

(1 )

w .U

DC
T FLW
a
b

==direct capital costs, 1,.000$
= total plant flue gas flowrate,
= coefficient
= scaling factor

4-8
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TABLE4~5. tOST ANALYSIS RESULTS USING iDETAILEDCOSTS FROM EXXdN AND
OGDEN MARTIN

1. Cost. Compari son wi th Literature for Engineeri ng [qui pment

Ammonia injection header and nozzles

Air compressors

Indirect costs
Contingency

Literature

20,200a

72,800b

Exxon

33
15

42
17

11,600

93,500

Ogden
Martin

103,000

152,400

aExtrapolated based on flue gas flowrate for a 500 MWcoal-fired boiler ..
equipped with SCR using 0.6 costing rule. Costs include only the NH3/air
mixer and injection grid of NH3/air/flue gas. Cost data are from
Reference 14.

bFr'om Reference 15. Based On three 50 percentcapaci tyi ndustri alserv ice
air compressors (Ingersoll-Rand Type 40 series) rated at 50 psi g.[Note:
Exxon provided costs for air compressors based on three 50 percenttapacity
compressors. Ogden Martin did not indicate the basis for their air
compressor costs].

cExcludes the costs for ammonia slip CEM, ammonia safety equipment, and
general and administrative expenses.
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Costs.~erg.aclJusted to other>ptant sizes.. based on a scaling factor of 0.621.
This scalil1~ factor was esti~~te<ifrom the Exxon di~ectcapital cost
estimates in Table 4-3 for Thermal DeNQx,s¥stems designed for 50 to
55 percent NOx reduction. The other cost data in Table 4-3 were not used
because of differences in design bases and costing procedures~ The
coefficient, a, in Equation 1 was determined from the adjusted costs from
Step 1 above and the scaling. factor.

Figure 4-1 presents the plot of th~ direct capital cost equation in
Table 4-1 and the cost data from Table 4-3. As shown in the figure, the
costs estimated by the equation are within the three cost data points for the
500tpd (115.,0()Oacfm)plantsi~e....H~wever, the~osts estimated by the
equation are higher than most of the other reported costs. As discussed
'above, the cost equation is based primarily on the itemized direct cost data
prOVided by Exxon and Ogden Martin for a 500 tpd plant. Although no itemized
cost data were provided for the other plants, it is believed that the lower
costs for the other plants reflect system designs that did not include all of
the needed equipment and installation expenses.

The cost equation in Table 4~I is a based on flue gas flowrateinstead
of waste throughput (tpd).Although tpdof refuse jS a rough, estimate of
flue gas flowrate, it does not dHferentiate between mass burn and ROF
combustors or differences in design excess air levels. To accommodate
short-term variations in feedwastecomposit.ion and operating conditions; the
flue gas flowrate used in the equation is basedorl 125 percent of the design
fl ue gas flowrate. 16

4.1.2 IndirectCosts

Indirect capital costs are typically a function of the direct capital
costs. The indirect cost factor of 0.33 in Table 4-1 is based on the Exxon
data from Table 4-5. This factor corresponds to the Exxon cost data for the
500 tpd plant. A start~p cost of $10,000 for tra~el and supervision was
added to the indirect costs since startup was not included in the indirect
costs provided by Exxon. I7

J,
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Fl ue Gas Flowrate, 103 acfm

Figure 4-1. C6mparison" of the direct capital cost equation with .the cost data.



4.1. 3 Other Costs

A contingency based on,~Opercent\ of the d i rect"andi nd i rect capital
costs is in~luded in the procedures. This contingency covers unfore'seen
expenses, the risks of failing to meet performance guarantees associated with
Thermal DeNOx' and operating>experienceof Thermal OeNOx applied to MWC's.
This cont i ngencyl eve1 is the ,same used in the cost procedure for dry sorbent
injection fQr acid gas control slnce both technologies are relativelY new to
MWC's.18 This contingency level is slightly higher than estimated by Exxon
and Ogden Martin in Table 4~5. ,!

The licensing fee is estimated aSa fixed cost plus an incremental cost
based on capacity. The license fee equation in Table 4-1 is based on the
data in Table 4-2 (corrected to December 1987 dollars). The reported versus
estimated licensing are compare~ in Table 4-:6. Preproduction costs are
estimated from guidelines developed in Reference 19. Total capital costs for
NOx monitoring equipment is the incremental costs for NOx of a combined
NOx/S02/02 monitor (in December 1987 dollars}.20

4.2 OPERATING COST PROCEDURE

Table 4-7 presents the procedure for estimating annual 9perati,n~2osts

for Thermal DeNOx. The total annualized operating costs inClude lab,0r-related
costs (operating, supervision, maintenance, and overhead), electricity,
ammoni a consul1lpt ion, operat ion and maintenance of the .NOx monitor, and,
additional capital-related charges such as taxes, insurance, administration,
and capital recovery. Operating costs for Thermal DeNOx were obtained for
the 12 mass burn/waterwallMWC facilities from data prOVided by Exxon and
from other sources. The following four sections discuss the bases and
rationale for the operating cost procedure.

4.2.1 Labor and Maintenance

Exxon indicated that Thermal DeNOx requires little additional
maintenance and labor beyond that for thecornbustors. For this reason,
operating and maintenane:e labor costs were estimated using the smallest labor
requirement (0.5 hour/shift) prescribed by EPA/CEIS. 21 Supervision costs are
15 percent of the operating labor costs. 22 These labor.estiirlates are
consistent with those estimated by others: 23

4-12
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T1\BtE4-6. COMPAiRISONOFACTUAL AND PREDICTED lICENSEFEESa
<

Total
Total Plant Pl ant Flue Gas Actual license Predicted liCense Perce.n~

Capacity, tpd Flowrate, acfmb Fee, $I ,000 Fee, $I ,000 Error

150 34,162 45 33 -27

500 113,873 96 103 7

500 113,873 96 103 7

500 115,500 93 105 11

650 148,035 165 133 -19

800 182,197 166 163 - 2

960 218,636 188 195 4

1,000 227,746 NAe 203

1,200 273,295 NA 243

1,440 332,970 3~3 237 -27

1,500 341,619 309 303 - 2

3,000 683,239 762 602 -21

aIn Decemher 1987 dollars.

bAt 450°F.

cCosts estimated from equation presented in Table 4-1.

~Percent error "" (Predicted-Actual)License Fee "lOa
Actual License Fee x .

eNA "" not aV(lilable.
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Taxes. Insurance. and Administrative Charges:

TABLE 4-7 . PROCEDURES FOR ESTIMATING A.NNUALOPERATING~O§TS FOR THERMAL
DeNOxAPPLIEDJO>NEW MWC PLANTS '

. Operating· Labor ('Bas·is:O~5man"'hClurlshift,wageof$12/hr):

OL = 0.75 * N * HRS

Sygervision: 15% of the operating labor costs or 0.15 * OL

Maintenance·. Labor: (Basi s: 0 .5man--.hour/shi ft, 10% wage premi~ln over the
oper~tjng labor wage)

MAINT = 0.825 * N * HRS orI.l * OL·

Maintenance Materials: 2 perceht of the s!Jm of the direct capital, indirect
capital, and process contingency

Electricity: ELEC= (0.000391 * FLW + 0.•963 * NH3) * N * .HRS * ERATE

Ammonia: AMM = NH3 * HRS * ARA!E/2,OOO

NOx Monitoring: NOxM = 19,000* N

Overhead: 60% of all labor costs including maintenance materials

4% of the total capital cost
excluding 1fcense fee and
monitors

Capital Recovery (Basis: 15 yeareguipment life and 10% interest rate):
13.15% of the total capital investment

bAll.costsare in December 1987. dollars.
OL = op.erating labor, S/yr

N = number of combustors
HRS = operating time at full rated capacity, hours/year

MAINT = maintenance costs, S/yr
ELEe = electricity costs, S/yr . 0

FLW = flue gasfl owrateper combustor at 450 F, acfm
NH3 = ammonia injection rilte, lb/hr HHV NO

= (0.015 + 0,0016,,* N()xR) * TPD*.N *4,595 *2T!

where: ~g5R==c~~~u~~~~C~~i~:~~~cent
HHV= higher heating value for refuse, Btlijlb (defaults:

4;595 for MSW, 8,552 for RDF, and 5,080 for cofired RDF
with wood) . .. . .

NO= NOemjssions without Thermal [leNOx control, ppmv at
x 7 ~ercent 0\.. . .. .... . .

ERATE = electrical power cost, S~kWh· (default: SO.046/kWh).
AMM = ammoni a costs; S/yr . .

ARATE = ammonia'cost rate,S/ton (default:S200/ton)
NO M=NO monitoring operating and maintenance costs, S/yt'

x.· x.
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Maintenance materials are estimated at 2 percentofthetotal~apital

costs excluding both the ,monitor costs and license fee. 24 The maintenance
cost estimates shown in Table 4-7 do not include any costs for increased
maintenance of the boiler tubes from ammonia salt deposition that may be
caused by Thermal DeNOx. It is assumed that based on design and operation
improvements gained from the initial Thermal DeNOx facilities, the potential
of boiler tube fouling caused by ammonia salt deposition will be minimal.
Consequently, cleaning of the boiler tubes can be performed during normally
scheduled downtime periods. To be consistent with previous costing-analysis
for this source category, operating and maintenance 'labor wages are $12/hr
and $13.20/hr (10 percent above $12/hr), respectively.25

4.2.2 Electricity

The equation for estimating electricity costs (ELEC) is based on power
consumption ,data prOVided by Exxon and others, as shown in Table 4_8. 26

Electricity is consumed primarily by the ammonia vaporizer and theajr
,

compressor. The electricity consumed by the ammonia vaporizer ;s directly
related to ammonia injection r,ate, and the electricity consumed by the air
compressor is proport iona1 to the size of the combustor (i.e., flue gas
flowrate). The electrical power requirements presented in Table 4-8 were
linearly correlated with ammonia injection rate and flue gas flowrate,
resulting 1n the follOWing equation:

where:
EpOWER = 0.000391 * FLW * N + 0.963 * NH3 * N

EpOWER = electrical power requirement, kW
FLW = flue gas flowrate per combustor at 4500F, acfm
NH3 = ammonia injection rate per combustor, lb/hr

(see Equation 4)

N~ number of combustors

(2)

Table 4-9 showsthat,withthe exception of the 150 tpd plant,Equation is

within ±40 percent of the data. Annual electricity cost' (ELEC) is calcu ated

4-15
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TABLE 4~8. ELECTRICAL POWER AND AMMONIA CONSUMED BY~ DeNOx FOR SELECTED HWC PLANTS

Total Plant
Capaci~y,tpd

150

500

500

500

500

650

960

1,000

1;200

1,440

1.500

3,000

Flue.Gas
Flowrate, acfma

34;162

113,873

113,$73

115,500

115,50Q

148,035

218,6.36

227,746

273,295

332;970

332,910

683,239

NH3 Inj ectlon
Rate, lb/hr
(lb/ton MSW)

25 (4.0)

55 (2.6)

NAb eRA)

61 (2:9)·

97, (4.7)

NA! (NA)

11 (lAl>

110 (2.6)

218 (4.4)

214 (3.6)

335 (5.6)

97 (1.6)

354 (2.8)

Electdcal. Design NO
Power,kW Reduction, Xx . References

3~ 50 3

155 60 3

·NA 40 4

113 36 5

118 36 5

NA 6

36 3

171 65 7

NA 8

360 36 9

.361t 36 9

C" 5054. 3

NA 6

DRA • not available.

CPower requirement for anxnonia vapo:ri~atiO)nandh~at+1l& only.
~,\.,
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IABLE4.; 9.COMPARISON OF ACIUALANO'PREDICIEIJ<El.[CTRI CAL POWER
CONSUMED BY THERMAL DeNOx FOR SELECTED MWCPLANTS

Total Plant Actual Electrical Predicted Elec~rical Percest
Capacity, tpd Power, kW /

; Power, ,kW Error

150 38 37 - 2

500 155 98 -37

500 113 104 - 8

500 118 139 17

960 110 154 40

1,000 171 195 14

1,200 353 317 -10

1,440 360 336 - 7

1,440 360 453 26

1,500 54 93 73

ClEstimatedusing Equation 2.

bpercent error = (Predicted-Actual) Electrical Power x 100
Actual Electrical Power
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(3)

by multiplyi n~'" the.· •..•abo~e<po;werreq~it~ment·i~~~e>e9~:~tlon ..•••by.··£he,·:ann\Ja1
operating ~ours and elect'ricitypri~e;($/ld"h), as~hown by the equation in
Table 4-7.:The default electrtcalpric~(ERATElusedin Table 4-7 is

$Q.046/kWh. This.pricewas used in previous costing, analysesfor.MWC's.27

4.2.3 AmmoniaConsumpfion

The ammonia injection rate (NH3Jwas determined based on operating and

design parameters. The fonowing equation (Equation 2) is derivedt;0r

,estimating amonia consumption expressed i~.termsoflbNH3/ton MSWusing
data reported in the cOlJlpl iance test for the CommerceMWC (presented in
Section 3.4) and data. reported by Exxon for· NO reductions of 36 tcfI ...... • '. x
65 percent (see Table 4_8):28

NH3• T = [0.352 +.0.0385 * (N.. OR)] * NO•. * HHV
-, . x 2d 4,595

where NH3;...T = NH3 injection .rate, lb/tonMSW
NOxR = NOx'reduction, percent.
NOx = NOx emi ssions without Thermal DeNO" control, ppm". at

7 percent °2. ..
HHV = higher heating value ~ofrefuse, Btu/lb (this corr~ction

fact9r. (HHV/4, 595J ~an be. used t()convert. 1b NH3/tpn. MSW
to a lb NH3/ton RDF or 1b NH3/tp" cRfire~ RDF. us,in'g·. the
respective heating values for ROF and cofired ROL)

Figure 4-2 presents the plot,oftheabov~~quationandthe data obtained by

'Exxon and others.
From the data used to develop Equation 3, ammonia consumption ranges

from 1.81bNH3/ton MSWat 36 percent reduction to2.61b NH3/ton MSW at
65 percent NOx reduction. Assuming an uncontrolled NOx emission Tevel of
213 ppm at 7 percent 02' the NH3-tO-NOx stoichiometric ratio ranges from 1.4
to 2.2. Two data points at 50 percent NOx reduction reported by Exxon were
exc1uded in developi ng Equat ion2, because the reported ammonia injection
rates at this NO reduction were inconsistent with each other and with the

. ... x.... •.... .' ..•. ". . .•... ...•. . ...••
other data points. The large differences in ammo~ia consumption provided by

Exxon for both data points at 50 percent reduction were attributed to the
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where

differences in.uncontro,]le~NOxemfssions~sea. ... By the same .token, the
ammonia consumption rates prOVided by Ogden Martin for achieving 36 percent
NOx removal for the 500 and 1, 440 tpd pl ants w~re not considered, because the
high ammonia injection rates may lead to high NH3 sl ip. In addition, ammonia
consumption rate did not agree with the ammonia injection rates measured at
Commerce (2 ~ 0 1b NH3/ton MSW. at 45 percentNOx reduction and 2. 7 1b "rm3/ton
MSW at 60 percent NOx reduction).

Equation 3 is based o~ normalizing uncontrolled NOx emissions to
213 ppmv at7 percent 02' .Am~onia injection rate (NH3), e~pressed in Ib/hr,
is. calculated using Equation 4:

NH
3

(lb/hr) = (0.. 015 +0.0016* NOxR) * TPD * N.NOx * HHV (4)2b 4,595

·N = ntimber of combustors
TPD = cQmbustor.size, tpd
HHV = higher heating value. for the refuse, Btu/lb

Annual ammonia costs (AMM), as shown in Table 4-7, are calcu.lated by
multiplying Equation 3 by the annual hours. of operation and the ammonia price
in dollars per ton. Based on contacts with ammonia producers ana r~a:dily

available information, ammonia costs per ton across the country vary betweeil
$90 and $230/ton. 29-31 .

4.2.4 Other Costs

Oper~ti'lgandmafntenanceco$tsJorthe:~9xmonitOrif)g equipment .are the
incremental costs forNOx ofa combined NOx/S02/o2 monitor (in December 1987

dollars).32 Overhead and capital charges such as taxes, insurance, admini­
stration, and capital recovery are estimated using the same procedure used in
previous costing analyses. 33 Downtime costs are not included in the annual
operating costs. It is assumed that the operating experience of this tech­
nology gained from now to the time of the NSPS proposal (November 1~89) will
result in little or no downtimecosts.
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5.0MO[jEt PLANT COSTS FOR THERMAL DENOx
This section presents the costs of Thermal DeNOx for the 12 111(b) model

plants. Table 5-1 presents key design information for the l11(b) model
plants. Table 5-2 presents plant specifications and flue gas composition
data for each model plant. Reference 1 describes the rationale in selecting
these model plants and presents combustor capital and operating costs (without
Thermal DeNOx) for each model plant. Procedures presented in Section 4.0 of
this report were used to estimate the capital and operating costs of Thermal
DeNOx for the 12 model plants. As presented in Section 3.4, Thermal DeNOx
has been demonstrated to achieve 45 percent NOx reductiC::ln. Therefore, Thermal
OE!NOxcosts are based on this NOx reduction efficiency. Sections 5.1, 5.2,
5.3, 5.4, 5.5, and 5.6 present the Thermal DeNOx costs for the mass burn/
waterwall, mass burn/refractory, mass burn/rotary, refuse-derived fuel (RDF) ,
modular combustor, and the fluidized-bed combustor (FBC) model plants,
respectively. Also presented in each section are the annual NOx emission
reductions (tons/year and Mg/year), cost effectiveness ($/ton and $/Mg), and

:annual electrical consumption (MWh/year) for Thermal DeNox.for each model
plant. Section 5.7 summarizes Thermal DeNOx costs, cost effectiveness,and
electrical requirements for each model plant.

Section 5.8 presents the results of the cost sensitivity analysis for
Thermal DeNOx as a function of ammonia and electrical prices across the U.S.
This section also estimates the costs of Thermal DeNOx for achieving 65
percent NOx emission reduction. The analysis was performed using the 800.tpd
mass burn/waterwall model plant and the 2,000 tpd RDF model plant.

5.1 MASS BURN/WATERWALL

Table 5-3 presents the capital costs for the 200, 800, and 2,250 tpd
mass burn/waterwall model plants. Th is table shows the combustor cap ita1

costs as we11 a.s the itemized costs for Thermal DeNOx. Therma1 DeNOx capi tal
costs range from $1,010,000 for the 200 tpd plant to $3,740,000 for the
2,250 tpd plant. The increase in total plant capital costs due to Thermal
OeNOx ranges from 3.4 percent for the 2,250 tpd plant to 5.7 percent for the
200 tpd plant.

5-1
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TABI,t: 5-1.. ' MODEL Pt..\NT SELECTION FOR 111(b)

Model
Plant
Number

1

2

3

Unit size,
Com~ustor type (ipd)

Mass burn/~aterw~ll 100

Mas~ burn/waterwall 400

Mass bum/wateiwall 750

Number of
combustors

2

3

Total plant
capacity, (tpd)

200

800

2,250

Annual opeiating
hours

5,000

8,000

8,000

Heat
recovery

Steam .

·Electricity

Electricity

Fuel

100%MSW

100%MSW

100'; MSW

4

5

Mass burn/refractOrY

Ma$s burn/rotary
combustor ('Wate~all)

250

350 3

500

1,050

8,000

8,000

Electricity

Electricity

100% MSW

100';MSW

<Ji
I

N

6

7

8

9

10

11

12

Refuse-derivl>d fuel

Refuse-dedved.Cfuel

Modular excess air

Flliid:l:zed...hllld
colnblJstion(CFB)c

500
b

500
b

120

2S

5.0

450

450

4

2

2

2

2

2,000 8,000

00.0 8,000

240 a,OOO

50 5,000

lOll a,OOO

goo 8,000

900 8,000

Electricity

Electricity

Electricity

None

Electricity

Elect:ricity

Electricity

100% RDF

16'% R1.JF/
50% 'Wood

100%MSW

100%MSW

100%MSW

100%RDF

100% RDF

a··...···...···
24 hrldayx333da;ys/yr .. 8,000hr/yr
100 Hr/wKx50wk/y;- = 5,000 hr/yr
b". .•.. . . • . .'
Qnltsize representsRDF .for Mode! Nl.Ullber. 6. ~d.repr"sents combin.,d RDF andwoqd f07; Model Number 7.

C ., ..' '.'
BrB '" BubbllrlS Fluidized-bedland CFB= Circlilating f1\lidized~bed



TABl..E 5-2,. MODEL PLANT SPECIFICAtIONS AND FLUE GAS COMPOSITION'OATA

Hodel Plants
a

HI/SA
Small Medium Lar&e RDF (No Heat
IG/WW MB/WW MB/WW Ml.'/REF MB/RC ROF (Cofired) MI/EA Rec, ) HI/SA FBC FBC

Item (No. 1) (No. 2) (No,. ~) (No.4) (No. 5) (No. 6) (No. 7) (No. 8) (No.9) (No. 10) (No., 11) (No; 12)

Facility Specification

No. of combustors Per IIXlde,l 2 2 3 2 3 4 4 2 2 2 2 2

Total. dan)' charge rate, tpd 200 800 2,250 500 1,050 2,000 2,000 240 50 100 900 900

Annual o,perating hours 5,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 5,000 8,000 8,000 8,000

Ash content. of feed waste, X
b 22.2 22.2 22.2 22.2 22.2 7.5 4.3 22.2 22.2 22.2 7.5 7.5

Excess combustion air, X of
theoret.ical 80 80 80 200 50 50 50 100 100 100 60 60

PM emission factor, X of

feed waste ashb
10 10' 10 10 10 80 80 0.50 0.50 0.50 80 80

U'1
I Baseline PM emission rate,

W
gr/dscf: 0.08 0.05 0.05 0.08 0.05 0.05 0.05 0.08 0.1 0.08 0.01 0.01

Stack height, ft 140 200 230 150 125 200 200 70 60 60

Stack diameter, ft 4.0 6.0 7.0 9.0 5:0 8.0 8.0 6.0 5.0 5.0

Number of stacks 2 2 3 2 3 4 4 1 1 1 2 2

Flue Gas Data Per CombustorC

Voluaie flowrate:

dscflll 11,500 46,000 86,200 48,100 33,400 58,700 52,000 15,300 3,200 6,400 56,400 56,400

scfm 13\300 53,100 99,500 52,500 39,600 68,500 62,/600 17,500 3,600 7,300 65,200 65,200

acfm 22,800 91,100 171,000 90,200 68;100 118,000 107,000 ~O,OOO 14,100 12,500 99,700 99,.700

Outlet temperatureof 450 450 450 450 450 450 450 450 1,600 450 350 350

====~=~-~~====~========~-~===~======~=~==-= :T""7.-======~=========;::;:::;;==----======

Continued



TABLE 5-2 (CONCLUDE~). MODEL PLANT SPECIFICATIONS AND.FLUE GAS COMPOSITION DATk!

Model
a

Plants
MI/s..k

Small MediUl1l Large RDF (No Heat
MBIWW MBIWW MBIWW MBIREF MBIRC RDF (Co£ired) MIIEA Rec.) MIISA FBC FBC

Item (No.1) (No .. 2) (No. 3) (No.• 4) (No" 5) (No. 6) (No. 7) (No; 8) (No. 9) (No. 10) (No.' 11) '(NO; 12)

Emission .Concentrationsper

comQusto;: at7'/, O
2

(dry)d:

"N°icrPPmv 213 213 213 213 213 213 213 213 213 213 200 200

Particulau. Matter:

mildscll! 4,600 4,600 4,600 4,600 4,600 9,200 9,200 4,600 230 230 23 23

(grldsc£\~:, (2) (2) (2) (2) (2) (4) (4) (2) (0.1) (0.1) (0.01) (0.01)

'CO;"ppmv, ,,50 50 50 100 100 100 100 100 ,50 50 50 100

CDDICDF.~ Iqscm 200 200 200 300 300 200 200 200 300 300 20 400

Acid:gas:

(J"l :aCl; pp!II'" : 500 500 500 500 500 500 250 500 500 500 350 350I
~

S02' PP"'" 200 200 200 200 200 300 150 200 200 200 240 240

.•.AnnualFm::':s.sions per

combustor at 7X O
2

(dry):
d

HOi' tOruli:'" 72 463 1;300 290 607 1,420 1,260 139 18 58 301 301

. PM, tonsIr:::: 408 2,610 4,890 1,630 2,280 8,030 7 ;130 783 5 16 16.4 16.4
,CO', tonsl'f': 5 33 62 41 58 102 90 22 2 4 20.8 ~ 42.0
CDDICDF(J(:10~2), lbslyr 3..56 22,8 42.8 2104 29.8 35.2 3101 6.84 1.34 4.28 '3.16 63.3

HCli tonsi:'~;r_, 69 439 823 274 383 669 3,26 132 17 55 457 457

50 320 601 200 280 666 368 96 1.3 40 379 379

~/~W'-:ma$S burnlwaterwall,MB/REF -IIlaSSbl.l~n/refraft~ryi,MB/RC-mass burn/rotary cOllIbl.lstor, tutU - IllOdl.llarle~cess air,MIIS,j\ - modularlsta~d air,
bRDF -rer:",;e-der1ved fuel, and FBO- £1uidill~d~hed cQCllbust:l.b!l.

From RlIpc:::ct to Congress,Publicatio.nNo. EPAl5~O.,SW-87..021e. ,
C .. '. "" '.,.. . '. . '. ., .'.
dCalculat:<!l:lbased, on the bcHity specifications in this table and the feed waste composiuondata.fromT.able 1.,3 in Reference 1.
'Edjissiol.'l..1 at combustor exit. Ann",al oli!!Illssioll,S fromt1).estapkJexceptfor NO

x
are Includedi~i~t!.~tion7,Oin~efoli!r,;nce,+'Atbaseline, excluding t:!':>,d,HPlant

No.9, s-:....ok emissions of PM are assllmed to compl)' wIth the 0.05 gr/dsc! or 0.08 gr/dsC£ limits as required by 40 <:FR 60, Subparts Db or E. (Mode1Pl
lln

t 9 is
smaller:.c.,an the 5\l tpd combustor size cutoff, in Subpart E.) 'Baseline controls would not affect emissions of' theothe·r pollutants liSted,and stack. emissions
would be~he same as listed above. Annual emissions ,for NO can be Eistimated from dat:a in this section.,x



TABLE 5-3. CAPITAL COSTS FOR THE MASS BURN/WATERWALLMODEL PLANTS
NO. 1 TO 3 ($1,000' sin December 1987)

Total Combustor Capita1 Cost

No.1
200 tpd
Plant

17 ,860

No.2
800 tpd
Plant

50,000

No.3
2,250 tpd

Plant

1l0,,000

Thermal DeNOx<Capital Cost

Direct Cost
Indirect Cost
Process Contingency Cost

.licens i n9 Fee
Preproduction
NOxMonitoring Equipment

Total Thermal DeNOx Cost

Jotal· Pl ant· Capita1 Cost

Percent Cost Increase Attributed
to Thermal DeNOx

5-5

550 1,090 1,940
191 371 651
148 293 ·5'19

43 163 452
25 50 98
~ ~ -l1

1,010 2,020 3,740

18,870 52,020 113,740

5.7 4.0 3.4
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Tab1e· 5- 4., presen.t~the~rlnUali~e~cost'sforthe.20(),800,.and 2~.250 tpd
',mass burn/waterwan model·plants "ht$table·$hdVl~th~·:.c()ifibusti()nannuali zed
costs as well as theite~iz~dThermalDeN()x annualized costs at 45 percent
NOx reduction. Ann~alized~Rst$ for Thermal DeNOx range from$279,Obo for
the 200 tpd pl antt.o $1,140,000 for the 2,250 tpd pl ant. The increase in
total plant annualized costs attributed to Thermal neNOxrangesfrom
3.7 percent for the 2,250 tpdplant to 5.8 percent for the 20olpdplant.
Cost effectiveness compared to uncontrolled range from $2,150/Mg ($1,950/ton)
for the 2,250 tpd plant to.$9',4~Q/Mg ($8,S70/ton) for the. 2QOtpdplant.

Table 5·4 also presents estimates of annual electricalrequirem~nts and
NOxemission reductions for Tbermal OeNOx.at e~ch mo~el.pla~t. The,.
electrical requirements rang~ from 173 MWh/yr for the 200.Jpdp}antfo
'3,110 MWh/yr for the 2,250 tpd plant. Emission reductionS,OfNO~cot'res­

ponding to 45 percent NOx reduction range from 30 Mg!yr (33ton$/yr) ,for the
200 tpd plant to 531 Mg/yr (589. tons/yr) for the2,2S0tpd·plant.The
annualized costs, electrical requirements, and NOx emission reductions 'are
based on 5,000 hours of operation for the 200 tpd plant and 8,000 hours of
operation for the 800 and 2,250 tpd plants~

5.2 MASS. BURN/REFRACTORY

Table 5-5 presents thecapftalcostsJortheSOOtpdmass
burn/refractory model plant. 'Th is tabl eshows the combustor capital costs as
well as the itemized costs for ThermalOeNOx' Thermal DeNOxcapital costs
are $2,010,000 for this plant. The increase in plant capital costs
attributed to Thermal DeNOx ;s 5.4 percent.

Tabl e 5-6 presents the annuali zed costs for the 500 tpd mas.s
burn/refractory model plant. This table shows the combustor annualized costs
as well as the itemized Thermal OeNOx annualized costs at 45 percentNOx
reduction. Annual i zedtosts for Thermal OeNOxare $549,000. The; nc'rease ;n
total plant annualized costs attributed to Thermal DeNOx is 4.6 percent.
Cost effectiveness of removing NOx is $4,640/Mg ($4,210/ton).

Table 5·6 also presents estimates of annual electrical requirements and
NOx emission reductions for Thermal OeNOxat t~is plant. The electrical
re.quirement for this plant is 899 MWh!yr. Emission reduction of NOxi,s

f
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TABLE 5·4. ANNUALIZED COSTS, ECONOMIC AND ENVIRONMENTAL IMPACTS FOR THE MASS
BURN/WATERWALLMODELPLANTS - NO. ITO 3

($1,000'si n December 1987)

Combustor Annualized Cost

Thermal DeNOx Cost

Direct Cost:

- Operating Labor
- SUpervision
- Maintenance
- Electricity
- Ammonia
- NOx Monitoring Equipment

Total Direct Cost

Indirect Cost:

- Overhead
- Taxes, Insurance, and

Administration
- Capital Recovery

Total Indirect Cost

Total Annualized Cost

Total Plant Annualized Cost

P~rcent Cost Increase Attributed
to Thermal DeNOx

NO~ Reduction, tons/yr (Mg/yr)

Cost Effe.ctiveness, $/ton
($/Mg)

Electricity Use of Thermal
OeNOx' MWh/yr

No. 1 No. 2 No. 3
200 tpd 800 tpd 2,250 tpd
Plant Plant Pl ant

4,850 14,370 31,000

8 12 18
1 2 3

26 48 ...82
8 51 143
9 56 156

38 38 57

89 207 459

21 37 62

37 72 128
132 265 4"91

190 374 681

279 582 1,140

5,130 14,950 32~)40

5.8 4.1 3.7

33(30) 208(189) 586(531 )

8,570 2,790 1,950
(9,450) (3,080) (2,150)

173 1,110 3,110

5-7



TABLE 5-5. CAPITAL COSTSFOkTH~MASS"a6RN1REFrMCTOf&M()DEtipLANT - NO. 4
'.,{$l,OOO(,s)jnDecember 1987)

500 tpd
Plant

Total Combustor "Cacital Cost

Thermal DeNOx Capital Cost

Direct Cost
Indirect Cost
Process Contingency Cost
Li censi ng Fee
Preproduction
NOx Monitoring Equipment

Total Thermal DeNOx Cost

Total Plant·Capital Cost

Percent Cost Increase Attributed
to Thermal DeNOx

5-8

37,550

1,090
369
291
161

47
~.

2,010 .

39,560

5.4·
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TABLE 5-"6. ANNUALIZED COSTS ,ECONOM.ICAND,ENVIR(}NMENTAL IMPACTS FOR THE
MASS BURN/REFRACTORY MODEL PLANT - NO. 4

($l,OOO's in December 1987)

500 tpd
Plant

Combustnr Annualized Cost

!Thermal,DeNOx Cost

Direct Cost:

- Operating Labor
- SlJpervision
- Maintenance
- Electricity
- Ammonia
- NOx Monitoring Equipment

Total Direct Cost

Indirect Cost:

- Overhead
- Taxes~Insurance, and

Administration
- Capital Recovery

Total Indirect Cost

Total Annual ized Cost

Total Plant Annualized Cost

Percent Cost Increase Attributed
to Thermal DeNOx

NOx Reduction, tons/yr (Mg/yr)

Cost Effectiveness, $/ton
($/Mg)

Eled.riC:ityUse of Thermal
DeNOx, MWh/yr

5-9

11 ,870

12
2

48
41
35
38

176

37

72
264

373

549

12,420

4.6

130( 118)

4,210
(4,640)

899
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118. Mg/yr (13qtons/xr). Th,e annuabz~dcosts, eJectri calreql.Ji rement, and
NOx emission reductio'r are based on8/()()().hours of operation.

5.3 MASS BURN/ROTARY COMBUSTOR

Table 5-7 presentslhecapital costs for the 1,050 tpd mass burn/rotary

combustor model plant. This table shows the combustor capital icostsas well

a;s the itemiZedcostsfor Thermal DeNOx' Thetmal OeNOx capital costs are

$,2,180,000 for th.is plant. The increase in plant capitalcostsattrlbuted to
Th'erma1 DeNOx is 3.2 percent.

Table 5...8 presents theannua1i zed costs ,for the 1 ,050fpd mass

burn/rotary combustor model plant. This table shows the combustor annualized

costs as well as the itemized Thermal DeNOx annualized ~ostsat. 45 percent

NOx reduction. Annualized costs forThermal OeNOx are.$~8o,~09;forthis

plant. The increase. in total plant annualized costs attributed to Thermal

DeNOx is 3.5 percent. Cost effectiveness of r.~~oving, NOx is'U,740/Mg
($2,490/ton). '

Table 5-8 al so p:resents estimates of annual electricalrequirernents and

NOx emission reductions forThermalOeNOx at this plant. Electrical require,.

ment for this plant is 1,340 MWh/yr. Emiss.ion reduction of NOXiS 24,rMg/yr

{273 tons/yr). The annual ized costs; electriCal requirement, and NOx;emission
reduction are based on 8,000 hours of operation.

5.4 REFUSE-DERIVED FUEL

Table 5-9 presents the capjta.lcosts f,orthe 2,(OOOtpdROFand .:the
2,000 tpd cofi redRDF/woQd modE!l plants. This tab1eshows the combustor

capital costs as well as the itemized costs for Thermal DeNOx' Thermal

DeNO capital costs are $3,570,000 for the 2,000 tpd ROFplantand $3,380,000x . ....
for the 2,000 tpd cofi red RDF plant.. The cap; tal cOsts for Therma1 DeNOx
increase the total plant capital costs by 2.6 percent for the2,000'tpd RDF

plant and 2.4 percentf6rthe 2,000 tpd cofired RDF plant.
Table 5-10 presents the annualized costs forthe2,000~pqRDFa.nd

cofired ROF plants This tabl e shows, the ~ombustor.annualized costs,;as well

as the itemized Thermal DeNOx annualized costs at45 percent NOx reduction.

5-10
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TABLE 5-7. CAPITAL COSTS FOR THE MASS BURN/ROTARY COMBUSTOR MODEL PLANT ­
NO.5 ($I,OOOJ s in December 1987)

1,050 tpd
Plant

Total Combustor Capital Cost

Thermal DeNOx Capital Cost

Direct Cost
. Indi rect Cost

Process Contingency Cost
Licens i ng Fee
Preproduction
HOx Monitoring Equipment

Total Thermal DeNOx Cost

Total Pl ant Capital Cost

Percent Cost Increase
Attributed to Thermal DeNOx

5-11

69,140

1,160
394
311
182
56

-.J..l

2,180

71,320

3.2



TABLE 5-8. ANNUALIZED COSTS; '. ECONQMIC>ANQENVIRONMENTAL. IMPACTS FOR THE
MASS BURN/ROTARYCO~BUSTOR ..MODEL P~ANT .. .NQ) 5

($I ,000' sin December 1987)

1,050tpd
Plant

Combustor Annualized. Cost

Thermal DeNOx Cost

Di rect Cost: .

Operating Labor
- Supervision
- Maintenance
- E1 ectri ci ty
- Ammonia

NOx Monitoring Equipment

Total Direct Cost

Indirect Cost:

- Overhead
Taxes, In~urance, and
Administration

- Capital Recovery

Total Indirect Cost

Total Annualized Cost

Total Plant Annualized Cost

Percent Cost Increase Attri buted
to Thermal DeNOx

NOx Reduction, tons!yr (Mg/yr)

Cost Effectiveness, $/ton
($/Mg)

Electricity Use of Thermal
DeNOx,MWh/yr

5-12

19,520

18
3

57
62
73

-ll.

270

47

77
·286

410

680

20,200

3.5

273(248)

2,490
(2,740)

1,340

(
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TABLE 5-9. CAPITAL COSTS FOR THE REFUSE-DERIVED FUEL FIRED MODEL PLANTS ­
NO.6 AND 7 ($I,OOO's in December 1987)

Total Combustor Capital Cost

No.6
2,000 tpd

Plant

135,000

No. 7
2,000 tpd

Cofi red Plant

143,800

Thermal DeNOx Capital Cost

Direct Cost
Indirect Cost
Process Contingency Cost
Licensing Fee
Preprod\.lction
NOx Monitoring Equipment

Total Thermal DeNOx Cost

Total Plant Capital Cost

Percent Cost Increase Attributed
to Thermal DeNOx

1,850 1,760
620 590
494 469
415 380
97 92

--2§. , ---2§.

3,570 3,380

138;570 147,180

2.6 2.4

5-13
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TABLE 5-10. ANNUALIZED COSTS, ECONOM'ICAND ENVIRONMENTAL IMPACTS FOR THE
REFUSE-DERIVED FUEL FIRED MODEL PLANTS-' NO.6 ANDl

($1, 000' S in December 1987)

Combustor Annualized Cost

Thermal DeNOx Cost

Direct Cost:

No ..6
2,000 tpd

Plant

33,200

No. 7
2,000 tpd

Cofi red Pl ant

35,070

- Operating Labor
- Supervision
- Maintenance
- Electricity
- Ammonia
- NOx Monitori ng Equi pment

Total Direct Cost

Indirect Cost:

- Overhead
- Taxes, Insurance, and

Administration
Capital Recovery

Total Indirect Cost

Total Annualized Cost

Total Plant Annualized Cost

Percent Cost Increase Attributed
to Thermal DeNOx

NOx Reduction, tons/yr (Mg/yr)

Cost Effectiveness, S/ton
(S/Mg)

Electricity Use of Thermal
DeNOx,MWh/yr

24 24
4. 4

85 82
142 130
168 154

\.

76 76

499 470

68 66

122 116
470 445

6.60 627

1,160 1,100

34,360 36,170

3.5 3.1

641(582) 569(516)

1,810 1,930
(1,990) (2,130)

3,090 2,820

5-14



Annualized costs for Thermal DeNOx are $1,160,000 for the 2,000 tpd RDF plant
and $l,IOO,QOO for the 2,000 tpd cofired RDFplant. The respective increases
in total plant annualized costs attributed to Thermal DeNOx are 3.5 and
3.1 percent. Cost effectiveness is $1,990/Mg ($1,8l0/ton) for the 2,000 tpd
RDF plant and $2,130/Mg ($1,930/ton) for the 2,000 tpd cofired RDF plant.

Table 5-10 also presents .estimates of annual electrical requirements and
NOxemisston reductions for Thermal DeNOx at each model. plant. The
electrical requirements are 3,090 and 2,820 MWh/yr for the 2,000 tpdl\RDF and
2,000 tpdtofired RDF plants, respectively. Emission reductions of"NOx are

<582 Mg/yr (64ltons/yr) for the 2,000 tpd RDF plant and 516 Mg!yr ' ,
(569 tans/yr) for the 2,000 tpd cofired RDFplant. UncontrolledNOx emissions
in terms of ppm at 7 percent 02 are about the same for·RDF and wood(RD~

firing, since NOx emissions from wood firing alone are about the same as MWC
firing. The annualized cost, electrical requirements, and NOx,emission
reductions are based on 8,000 hours of operation for both plants.

5.5 MODULAR COMBUSTORS

Table 5-11 presents th,e capital costs for the 240 tpdmodul<irexcess
air, the 50 tpd modular starved air, and the 100 tpd modular starved air
~odel pl ants. Thi s tabl e shows the combustor capital costs as wel1;',as the
i terni zed costs for Thermal DeNO. Thermal DeNO capi tal costs range;, fromx ,x : ".',
$616,000 for the 50 tpd modular starved air plant to $1,140,000 for~he

, 240 tpd modular excess air plant. The increase in total plant capital costs
due to Thermal DeNOx ranges from 8.7 percent for the 240 tpd,plant to
4,9 percent for the 50 tpd pl ant.

", .

Table 5., 12 presents the annual i zed costs for the three modularp,l ants.
This table shows the combustor annualized costs as.well as the itemized
Thermal OeNOxannualized costs at 45 percentNOx reduction. Annualized costs
for Thermal DeNOx range from $190,000 for the 50 tpd plant to $337,000 for
the 240 tpd plant. The increases in total plant annualized costs attributed
to Thermal DeNOx range from 7.7 percent for the 240 tpd plant to 31 percent

. for the 50 tpd plant. Cost effect iveness range from $5, 950/Mg ($5,400/ton),
for the 240 tpd plant to $25,700/Mg ($23,300/ton) for the 50 tpd plant.

5-15



TABLE 5-11 . CAPITAL COSTS FOR TflEMODlIl.~RMO[}E[PLAN!S- NO. 8;1-0 10
(S1,OOO'si n December 1987) .' .

No .. 8
240·tpd·

Excess Air

·No •. 9'.No. 10
50 tpdlOO tpd

Starved Air Starved Air

Total Combustor Capital. Cost 13,150 1,270 5,510

Thermal DeNOxCapital Cost

Direct Cost
Indirect Cost
Pro.cess Contingency Cost
Licensing Fee
Preproduction
NOx Monitoring Equipment

Total Thermal DeNOx Cost

Total Plant Capital Cost

Percent Cost Increase Attributed
to Thermal DeNOx

624 330 }., 426
216 119 150
168 90 115
56 14 25
27 IS 19
~ 48 48

1,140' 616 783

14,290 1,890 6;290

8.7 48.5 14.2



TABLE 5.;12. ANNUALIZED COSTS, ECONOMI"C .ANDINVIRQNMENTAL IMPACTS FOR THE
MODULAR MODEL PLANTS - NO. 8 TO 10

($1,000'5 in December 1987)

No. 8
240 tpd

Excess Air

No. 9 No. 10
50 tpd 100 ,tpd

Starved Air Starved Air

Combustor Annualized Cost

Thermal DeNOx Cost

Direct Cost:

4,360 605 '1,830

- Operating Labor
- Supervision
- Maintenance
- El ectri city
- Ammonia
- NOx Monitoring Equipment

Total Direct Cost

Indirect Cost:

- Overhead
- Taxes, Insurance, and

Administration
- Capital Recovery

Total Indirect Cost

Total Annualized Cost

Total Plant Annualized Cost

Percent Cost Increase Attributed
to Thermal DeNOx

NOx Reduction, tons/yr (Mg/yr)

Cost Effectiveness, $/ton
($/Mg)

El~ctricitYUse of Thermal
DeNOx' MWh/yr

12 8 12
2 1 2

33 19 27.,
16 2 7
17 2 7
38 38 38

118 70 92

28 17 24

41 22 28
150 81 103

219 120 155

337 190 248

4,700 795 2,080

7.7 31.4 ' 13.6

63(57) 8.2(7.4) 26(24)

5,400 23,300 9,530
(5,950) (25,700) (10,500)

348 45 145

5-17
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Table 5-12al so presents,estimaFefigfaf1nU~telectrital'reqUiraments

and NOx emission reductions for Thermal. DeN()x at each model plant. The
electrical requirements range from 45 MWh/yr for the 50 tpdplant to
348 MWh/yr for the 240 tpd plant. Emission reductions of NOx ranged from
7 Mg/yr (8 tons/yr) for the 50tPd plant to 57 Mg/yr (63 tons/yr) for the
240 tpd plant. The annua1iz~d C()sts, electrical requirements, and NO '

x
emission reductions are based on 5,000 hours of operation for the 50 tpd'
modular starved air plant and 8,00Q hours of operation for the other two
plants.

5.6 FLUIDIZED-BED COMBUSTION

Table 5-13 presents the capital costs for tile 900.tpdbubbli~g bed and
the 900 tpd circulating bed model plants. This table shows the combustor
capital costs as well as the itemized costs for thermal deNOx' Thermal
DeNOx capital costs are $2,270,000 for each model pla~t. The increase or
total plant capital costs due to thermal deNOx is 3.Fpercent.

Table 5-14 presents the annualized costs for both plants. This table
shows the combustor annualized costs as well as the itemized thermal deNOx
annualized costs at 45 percent NOx reduction. Annualized costs for th~rmal

deNOxis $658,000 for each plant. The increase in total plant annuali'~ed

costs attributed to thermaldeNOx is). 4 percent. Cost effectiveness is
$2,670/Mg ($2,430/ton) for each plant.

Tabl e 5-14 a1so presents estimates of annual electrical requirements and
NOx emission reductions fOr thermal deNOx at each plant. The electrical
requirement is 1,380 MWh/yr for each plant. Emissi()nreduCtion of NO~:is

246 Mg/yr (271 tons/yr). The annualized costs, electrical requirements, and
NOx emission reductions are based on 8,000 hoOrs of operation for both
plants.
5.7 SUMMARY OF NOx EMISSION REDUCTION, COST EFFECTIVENESS, AND

ELECTRICAL REQUIREMENTS ',' "
Table ,5-15 summarizes theinformationonNOx emission reductions~"

capital costs, annualized costs, cost effectiveness, and electrical r~qUire"
",

ments for the 12 model pl ants. Al so shown are annual tonnages ofwast~'

combusted by each rnodel pl.ant.

5~18
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TABLE 5...13. CAPITAL COSTS FOR THE FLUlDIZEOBEO COMBUSTION MODEL PLANTS ­
NO. 11 AND 12 ($1,000' sin December 1987) .

Total Combustor Capital Cost

No. 11
900 tpd
BUbbling
Bed Plant

73,870

No. 12
900 tpd

Ci rcul at i ~g .
Bed Pl ant'

73,870

JhermalOeNOx Capital Cost

Direct Cost
Indirect Cost
Process Contingency Cost
Licensing Fee
Preproduction
NOxMonitoring Equipment

Total Thermal DeNOx Cost

·Total Plant Capital Cost

Percent Cost Increase Atiributed
to Thermal DeNOx

1,220 1,220
413 413
327 327
199 199

57 57
~ ~

2,270 2,270

76,140 76,140 '.

3.1 3.1

5-19
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TABLE 5-14. ANNU~LlZED COSTS,E~ONOMIC;,ANO£NvtRONMENTALIMPACTS FOR THE
FLUIDIZED BED COM~USTION MODEL PLANTS -NO. 11 AND'12

($1,000'5 in December 1987)

12 12
2 2

52 52
64 64
71 71
~ 38

239 239

Combustor Annualized Cost

Thermal DeNOx Cost

Direct Cost:

Operating Labor
Supervision

- Maintenance
- Electricity

Ammonia
- NOx Monitoring Equipment

Total Direct Cost

Indirect Cost:

- Overhead
- Taxe~, Insurance, and

Administration
Capital Recovery

Total Indirect Cost

Total Annualized Cost

Total Plant Annualized Cost

Percent Cost Increase Attributed
I to Thermal DeNOx
NOx Reduction, tons/yr (Mg/yr)

Cost Effectiveness, S/too
(S/Mg)

Electricity Use of Thermal
DeNOx,MWh/yr

No. 11
900tpd
Bubbling

'Bed Plant

19,300

40

81
298

419

658

19,960

3.4

271(246)

Z,430
(2,670)

1,380
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No. 12,
900 tpd
Circulating
Bed Plant

19;300

40

81
298:

IJ::.
3.4

271 (246)

2,430
(2,670)

1,380

i
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TABLE.'i-15. SUMMARY OF COSTS. COST EFFECTIVENESS, AND ELECTRICAL REQUIREMENTS FOR NEW MWC MODEL PLANTS USING THERMAL DeNO
x

Annual
Model Plant NO TherIMl DeNO Thennal DeNO Cost Electrical

Emission~eduction - x x'
Effectiveness

TPy
b

Capital .Annualized Requirements,
No. Type

a tons/yr(Mglyr) Co~ts;$l,OOO Costs,' $1,000 $.1 ton (S/Ms) MWh/yr

1 MBIWW 41,700 33 (30) 1,010 279 8,570 9,450) 173

2 MBIWW 267,000 208 (189) 2,020 582 2,790 3,080) 1,110

3 MBIWW 750,000 586 (531) 3,740 1,140 1i950 ( 2,150) 3,110

4 MB/REF 167,000 130 (118) 2,010 549 4,210 4,640) 899

5 MB/RC 350,000 273 (248) 2,180 680 2,490 2,740,) 1,340

6 RDF 667,000 641 (582) 3,570 1,160 1,810 1,990) 3,090

7 RDF (Cofired) 667,000 569 (516) 3,380 1,100 1,930 2,130) 2,820

8 MllEA 80,000 63 (57) 1,140 337 5,400 5,950) 348

9 I'll/SA 10,400 8.2 (7.4) 616 190 23,300 (25,700) 45

10 HllSA 20,800 26 (24) 783 248 9,530 (10,500) 145

11 FBC 300,000 271 (246) 2,270 658 2,430 2,670) 1,380

12 FBC 300,000 271 (246) 2,270 658 2,430 2,670) 1,380

~rww= mass burn/waterwall
Me/REF = mass burn/refractory
MB/RC = mass burn/rotary combustor
RDF= refuse-derived fuel
HI/EA = modular incinerator/excess air
HllSA = modular incinerator/starved air

bTPY ~. tons per year of refuse



5.8 COST. SENSITIVITY ANALYSIS

. This section presents the variationsih costs and. cost effectiveness of
Thermal DeNOx withchahges in ammonia and electrical power costs. Costs of
anhydrous ammonia ($/ton) and electrical power ($/kWh) can vary widely across
the country. A survey of anhydrous ammonia and electrical power costs across
~he country indicates that am~oniacostsrange.between~70and $230/ton and
electricity costs range between $0.0275 andSo.08/kWh. 2-5

The sensitivity of Ther~al DeNOxcosts toregi0n,.al ammonia and , .•.
electricity prices was estimated for two model plants. The 2 t OOO tpQ RDF
plant was selected, since this plant had the highest annualized cos~~ and
lowest cost effectiveness of the model plants evaluated in SectionS?l to
5.7. The other model plant selected was .the800 tpd 'mass burn/waterw'~ll

plant. This plant was the smallest plant size with a cost effectiveness oJ
near $3,000/ton or less. The ammonia price was varied from a baseline cost
of $200/ton, which was used to cost the model plants in Sections 5.1 to I 5.],
to $100 and $400/ton. The results of this ar,alysis are presented in . ,
Section 5.8.1. Electricity price was also varied from $0.046/kWh,'which was

~ I· "

used in Sections 5.1 to 5.7, to $0.0275 and $0.08/kWh. The ammoni.a pric¢ used
when varying the electricity prices was $200/ton. Theresult$ of varying the

,~,!

electricity prices are presented in Section 5.8.2 ..
In addition, costs and cost effectiveness of ThermaJ DeNOxat 60 percent

NOx reduction are reported in Sect ion 5.8. 3 for both modelp1ants,. Amrnon ia
and electriCal prices were the same ~s used previously in Sec~ions 5.1 t05.7
(i .e., $200/ton for ammonia and $O.046/kWh for electricity). i

5.8.1 Ammon fa Price Variation

Table. 5"16 presents the impacts of varying ammoniaprice~ ($100/ton and
$400/ton) on Thermal DeNO annualized costs and cost effectiveness for thex . .
800 tpd mass bur:n/waterwall model plant and the 2,000 tpdRDF ,model plant.
As shown in this table, the cost and cost effectiveness of Th~rmarD~NOx are
'insensitive to the ammonia price variations. A 50 percent decrease if! the
ammonia price (from $200 to $100/ton) results in a small decrease in ~

annualized costs and cost effectiveness (up to 8 percent) for both model

5-22
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TABLE 5~16. IMPACTS OF VARY!NG, AMMoNIA PRICE (S/TON) ON THERMAL DeNO
x

Al$OALIZE:DCOST AND COST EFFECTIVENESS

bCOS\: Percent·Chanse
Combustor Combustor Ammonia Annualized Effectiveness Ammonia Annualized COlit

Type
a SiZe, tpd Price, S/ton Cost, Sl,OOO S/ton Price Cost Effectiveness

MB/WW 800 200
c 582 2,790

400 638 3,060 100 10 10
100 553 2,660 -50 -5 -5

I
RDF 2,000 200

c 1,160· 1,810
400 1,330 2,080 100 15 15
100 1,070 1,680 -50 -8 -8

aMB/WW = mass burn/waterwall
RDF refuse-derived fuel

bpercent change is calc~lated from the cost r~sults at S200/ton far ammonia.

cUsed to estimate model plant costs in Sections 5.1 to 5.1
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5.8.3 NOx. Reduction Variation
"',

Table 5-18 presents the annualized ~ostsand the cos~ effectiv~ness for
Thermal DeNOx at 60 percent NOx reducti on for, both, the 800 tpd masstI~urn/

waterwall'model plant and the 2,000 tpd RDF model plant. The cost results at
60 percent NOx reduction are compared to those at 45 percent NOx reduction in
this table.

;',plants. The respective annual izedcostsand;costeffectiveness based on
$lOO/ton for ammonia are $553,000 and $2~660/ton for the 800 tpd plant and
1,070,000 and $1, 680/ton for the 2,000 tpd RDF plant. Simil arly, a
100 percent 'increase in ammonia price (from $200 to$400/ton) results in a
sma11 increase in annOa1ized costs and cost effectiveness. (up to 15 percent)
for both plants. The respective annualized costs and cost effectiveness
based on $400/ton for ammonia are $638,000 and $3,060/ton for the 800 tpd
plant and $1,330,000 and $2,080/ton for the 2,000 tpd plaht.

5.8.2 Electricity Price Variation
~. .

Table 5-17 presents the impacts of varying electrici.ty prices on Thermal
DeNOx annualized costs and cost effectiVf7ness for the 800tpd massl\urn/

'waterwa11 mode1 plant and the 2,000 tpd ,RDF model plant. Thermal q~N()x

annualized costs are estimated based on electricity price~ of $0.046,
$0.0275, and$0.080/kWh. As shown in this table, the costs and cost
effectiveness of Thermal DeNOx are relatively insensitive, to the el~'ttricity
pri ce vari at ion seen across the country. A large change ~n electricity

, '. :'

prices (up to 74 percent) results in a small change in annualized costs and
cost effectiveness (up to 9 percent) for both model plants. The respective
annualized costs and cost effectiveness based on $0.027S/kWh are $5~1,000

and $2,690/ton for the 800 tpd plqnt and $1,100,000arid$1,!2Q/ton f,0l'i' the
,2,000 tpd RDF plant. Similarly, the res~ective annualized <:osts an~:cost

effectiveness based on $0.08/kWh are $620;000 and $2,980/ton for th~'800 tpd
plant and $1,270,000 and $l,980/ton for the 2,000 tpd pla~t.
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TABLE 5-17. IMPACTS OF VARYING ELECTRICITY PRICE ($/KWH) ON THEnMAL DeNO
x

ANNUALIZED COST A!!D COST EFFECTIVENESS

Cost bPercent Change
Combustor Combustor Electricity AnnualiZed Effectiveness Electricity Annualized Cost

Type
a

Size, tpd Price, $/kWh Cost, $1,000 $/tOD. Price Cost Effectiveness

MB/WW 800 0.046b
582 2,790

0.0275 561 2,690 -40 -4 -4
0.08 620 2,980 74 7 7

RDF 2,000 0.046
b

1,160 1,810
0.0275 1,100 1,720 -40 -5 -5
0.08 1,270 1,980 74 9 9

~/WW = ma$$ burn/waterwall
RDF = refuse-derived fuel

bpercent change is calculated from the cost results at $0.046/kWh for electricity.

cU,sed to estimate model plant co,sts in Sections 5.1 to 5.7



TABLE 5-18. THERMAL DeNO. ANNUALIZED COSTS AND COST EFFECTIVENESS . AT 45 AND 60 PERCENT NO REDUCTION
x x

Percent ChangeCost

Combustor Combustor Percent NO Annualized Effectiveness
Typea Size, .tpd Reduction

X
Cost, $1,000 $/ton

MB/WW 800 45
b

582 2,790
60 604

c
~,180

RDF 2,000 45
b

1,160 1,810
60 l,230

c
1,440

Annualized
Cost

4

6

Cost
Effectiveness

-22

-20

U1
I

N
m

~/WW = mass -burn/waterval!
RDF refuse-derived fuel

bUsed to e<stimate model plant costs .in Sections 5 .1 to 5. 7

cCosts do not include the capital expense of combustor modifications to improve the gas· residence •. time and
mixing of amnonia with the flue gas for achieving· 60 percent NO

x
reduction.



The <annual ized cost at 60, percent NOx reduction is $604,000 forthe
800 tpd plant and $1,230,000 for the 2,000 tpd RDF plant. The increase in
annualized costs over those at 45 percent NOx reduction is 4 percent for the
800 tpd plant and 6 percent for the 2,000 tpd RDF plant. The cost increase
at 60 percent NOx reduction includes higher costs for ammonia and
electricity, but does not include the capital expense of combustor
modifications to increase flue gas residence time and mixing needed to
~chievithis NOx reduction level. .

The cost effectiveness at 60 percent NOx reduction is $2,180 anq
$1,440/ton for the 800 tpd and 2,000 tpd model plants, respectively. Cost
effectiveness decreases by roughly 21 percent from those at 45 percent NOx
reduction for both plants.
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