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1.0 | NTRODUCTI ON

Congress, in the Cean Air Act Amendnents of 1990 (CAAA),
anended Title | of the Cean Air Act (CAA) to address ozone
nonattai nment areas. A new Subpart 2 was added to Part D of
Section 103. Section 183(c) of the new Subpart 2 provides that:

[Within 3 years after the date of the enactnment of the
[ CAAA], the Adm nistrator shall issue technica
docunents which identify alternative controls for al
categories of stationary sources of...oxides of
nitrogen which emt, or have the potential to emt

25 tons per year or nore of such air pollutant.

These docunents are to be subsequently revised and updated as
determ ned by the Adm nistrator.

Process heaters have been identified as a category with
em ssion sources that emt nore than 25 tons of nitrogen oxide
(NQ,) per year. This alternative control techniques (ACT)
docunent provides technical information for use by State and
| ocal agencies to develop and inplenent regulatory prograns to
control NQ, em ssions from process heaters. Additional ACT
docunents are being devel oped for other stationary source
cat egori es.

The information in this ACT docunment was generated through
literature searches and contacts wth process heater contro
equi pnment vendors, engineering firnms, chem cal plants, and
petroleumrefineries. Chapter 2.0 presents a summary of the
findings of this study. Chapter 3.0 presents information on
process heater operation and industry applications. Chapter 4.0
contains a discussion of NQ formation and uncontrol | ed process
heater NQ, em ssion factors. Alternative control techniques and
achi evabl e controlled em ssion levels are included in
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Chapter 5.0. The cost and cost effectiveness of each control
techni que are presented in Chapter 6.0 Chapter 7.0 describes
environnmental and energy inpacts associated with inplenenting the
NQ, control techniques.
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2.0 SUWARY

This chapter presents a summary of the information contained
in this docunent. Section 2.1 presents a summary of NQ,
formati on and uncontrolled NQ em ssions. Section 2.2 presents a
summary of available NQ em ssion control techniques and
achi evabl e NQ, em ssion reductions. Section 2.3 presents a
summary of the capital costs and cost effectiveness for these NQ
control techniques. Process heaters are direct fired heaters
used primarily in the petroleum refining and petrochem ca
industries. Process fluids are heated to tenperatures in excess
of 204°C (400°F) in the radiative and convective sections of the
heaters. Flue gas entering the convective section is usually in
excess of 800°C (1500°F) for nost process heaters.

Due to the broad spectrum of process heater designs and
capacities, this study uses a limted nunber of nodel heaters to
eval uate the avail able NQ control techniques for process
heaters. The nodel heaters and uncontrolled em ssion factors are
introduced in Chapter 4. The nodel heaters and uncontrolled
em ssion factors are based on a refinery data base, published
literature and data. The perfornmance of the control techniques
applied to nodel heaters is presented in Chapter 5 and is based
on published literature and data. Costs and cost effectiveness
of the control techniques applied to the nodel heaters are
presented in Chapter 6 and are based on published cost
nmet hodol ogi es.



2.1 UNCONTROLLED NQ, EM SSI ONS

Ni trogen oxides are produced by three different formation
mechani sns:  thermal, fuel, and pronpt NQ. Thermal NQ, is
primarily tenperature-dependent, and fuel NQ, is primarily
dependent on the presence of fuel-bound nitrogen and the | ocal
oxygen concentration. Pronmpt NQ, is the |east understood
formati on mechanism  Mst conbustion control techniques are
desi gned to reduce thermal and/or fuel NQ. Post conbustion
t echni ques reduce NQ, in the flue gas regardless of the formation
mechani sm

Thermal NQ, formation increases rapidly at tenperatures
exceedi ng 1540°C (2800°F) and is the primary source of NQ, in
natural gas- and refinery fuel gas-fired heaters. Refinery fuel
gas firing generally yields higher thermal NQ, formation than
natural gas firing due to the higher flanme tenperatures caused by
t he higher hydrogen content of the refinery fuel gas.

Fuel NQ, formation is mnimal in heaters that fire natural
gas and refinery fuel gas, which contain little or no fuel-bound
nitrogen. Fuel NQ, represents a considerable fraction of the
total NQ em ssions in heaters burning nitrogen-bearing fuels,
such as distillate and residual oils.
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TABLE 2-1. UNCONTROLLED EM SSI ON FACTORS FOR MODEL HEATERS

Uncontrolled emission factor,
Ib/MMBtu
Model heater type Thermal NO, Fuel NO, Total NO2
ND, natural gas-fired" 0.098 N/A 0.098
MD, natural gas-fired® 0.197 N/A 0.197
ND, distillate oil-fired 0.140 0.060 0.200
ND, residua oil-fired 0.140 0.280 0.420
MD, distillate oil-fired 0.260 0.060 0.320
MD, residua oil-fired 0.260 0.280 0.540
ND, pyrolysis, natural gas-fired 0.135 N/A 0.104
ND, pyrolysis, high-hydrogen fuel gas-fired® 0.162° N/A 0.140

®Total NO, = Thermal NO, + Fuel NO,

"Heaters firing refinery fuel gas with up to 50 mole percent hydrogen can have up to 20 percent higher NO,
emissions than similar heaters firing natural gas.

‘High-hydrogen fuel gas is fuel gas with 50 mole percent or greater hydrogen content.

dCalculated assuming approximately 50 mole percent hydrogen.

N/A = Not applicable.
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Uncontroll ed em ssion factors for the nodel heaters are
presented in Table 2-1. The uncontrolled NQ em ssion factors
for natural gas-fired, |low and nediumtenperature nodel heaters
are 0.098 and 0.197 pounds per mllion British thermal units
(I'b/MVBtu) for the natural draft (ND) and nechanical draft (MD)
heaters, respectively. The uncontrolled NQ, em ssion factors for
the ND oil-fired nodel heaters are 0.200 and 0.420 | b/ MvBtu for
distillate and residual oil-firing, respectively. The distillate
and residual oil-fired VMD nodel heaters have uncontrolled NQ,
em ssion factors of 0.320 and 0.540, respectively. The
uncontroll ed em ssion factors for the pyrolysis nodel heaters are
0.135 and 0.162 | b/MvBtu for the natural gas-fired and
hi gh- hydrogen fuel gas-fired heaters, respectively.

The uncontrolled em ssion factors for MD nodel heaters are
greater than for ND nodel heaters because the MD nodel heaters
have conbustion air preheat, which increases thermal NQ
em ssions. The oil-fired nodel heaters have higher thermal NG
em ssions than the natural gas-fired nodel heaters, primarily due
to the higher flane tenperature for oil firing. Residual oi
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contains a greater content of fuel-bound nitrogen and therefore
has hi gher fuel NQ, em ssions than the distillate oil-fired
heaters.

2.2 AVAI LABLE NQ, EM SSI ON CONTROL TECHNI QUES

The following NOQ, control techniques are currently used in
industry: |lowNQ, burners (LNB' s), ultra-low NQ, burners
(ULNBs), selective noncatalytic reduction (SNCR), and selective
catalytic reduction (SCR). Also, LNB s are used in conbination
with flue gas recirculation (FGR), SNCR, and SCR

Conbustion nodifications such as LNB, ULNB and FGR inhibit
NO, formation by controlling the conbustion process. Staging
techni ques are usually used by LNB and ULNB to supply excess air
to cool the conbustion process or to reduce avail abl e oxygen in
the flame zone. Staged-air LNB's create a fuel-rich reducing
primary conbustion zone and a fuel-lean secondary conbustion
zone. Staged-fuel LNB' s create a |lean primary conbustion zone
that is relatively cool due to the presence of excess air, which
acts as a heat sink to |ower conmbustion tenperatures. The
secondary conbustion zone is fuel-rich. Utra-Iow NQ burners
use staging techniques simlar to staged-fuel LNB in addition to
internal flue gas recirculation. Flue gas recirculation returns
a portion of the flue gas to the conbustion zone through ducting
external to the firebox that reduces flane tenperature and
dilutes the conbustion air supply with relatively inert flue gas.

Unl i ke conbustion controls, SNCR and SCR do not reduce NQ,
by inhibiting NQ formation, but reduce NQ in the flue gas.
These techniques control NQ by using a reactant that reduces NQ,
to nitrogen (N,) and water. The reactant, ammonia (NH) or urea
for SNCR, and NH, for SCR is injected into the flue gas stream
Tenperature and residence tinme are the primary factors that
i nfluence the reduction reaction. Selective catalytic reduction
uses a catalyst to facilitate the reaction.

The reduction efficiency of each control technique varies
dependi ng on the process heater application and design. The
efficiencies for LNB, ULNB, and SCR are considered to be
representative averages based on operating experience. Fuel NQ,
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reduction efficiencies and the reduction efficiencies for FGR
and SNCR are based on a Canadi an Petrol eum Products Institute
report. Tables 2-2

2-7



TABLE 2-2. REDUCTI ON EFFI Cl ENCI ES FOR CONTROL TECHNI QUES APPLI ED
TO NATURAL GAS- AND REFI NERY FUEL GAS- FI RED PROCESS HEATERS AND
PYROLYSI S FURNACES

Control technique - low and medium
temperature heaters Total effective NO, reduction,? percent
LNB 50
ULNB 75
SNCR 60
SCR 75
LNB + FGR 55
LNB + SNCR 80
LNB + SCR 88
Control technique - pyrolysis furnaces Total effective NO, reduction,? percent
LNB 25
ULNB 50
SNCR 60
SCR 75
LNB + FGR 55
LNB + SNCR 70
LNB + SCR 81

®Further discussion on the NO, reduction efficiencies of each control technique is included in Chapter 5.
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AABLE- 3- Br es &EDUCT € ONe @€t ICO ENES EBc FERCICENTRAL.  F&CHNNQUES mARRILI ED
TO ND AND MD, DI STI LLATE AND RESI DUAL O L-FI RED PROCESS HEATERS

Draft and fuel type Control technique Total effective NO, reduction,® percent
ND, distillate (ND) LNB 40
(MD) LNB 43
(ND) ULNB 76
(MD) ULNB 74
SNCR® 60
(MD) SCR 75
(MD) LNB + FGR 43
(ND) LNB + SNCR 76
(MD) LNB + SNCR 77
(MD) LNB + SCR 86
ND, residual (ND) LNB 27
(MD) LNB 33
(ND) ULNB 77
(MD) ULNB 73
SNCR 60
(MD) SCR 75
(MD) LNB + FGR 28
(ND) LNB + SNCR 71
(MD) LNB + SNCR 73
(MD) LNB + SCR 83
MD, distillate (MD) LNB 45
(MD) ULNB 74
(MD) SNCR 60
(MD) SCR 75
(MD) LNB + FGR 48
(MD) LNB + SNCR 78
(MD) LNB + SCR 92
MD, residual (MD) LNB 37
(MD) ULNB 73
(MD) SNCR 60
(MD) SCR 75
(MD) LNB + FGR 34
(MD) LNB + SNCR 75
(MD) LNB + SCR 91

*Further discussion on the NO, reduction efficiencies of each control technique is included in Chapter 5.
PReduction efficiencies for ND or MD SNCR are equal.
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technique. The total effective reduction efficiencies for

natural gas- and refinery fuel gas-fired heaters are shown in
Table 2-2 and for |ow and nediumtenperature process heaters
range from 50 percent for LNB to 88 percent for LNB plus SCR

The total effective percent reductions for pyrolysis furnaces are
| ower for control techniques that use LNB's or ULNB's conpared to
the low and nediumtenperature heaters, and range from

25 percent for LNB to 81 percent for LNB plus SCR  The tota
effective reduction efficiencies of the oil-fired heaters are
shown in Table 2-3 and range from 27 percent for ND LNB on ND
residual oil-fired heaters to 92 percent for MD LNB plus SCR on
MD distillate oil-fired heaters. The total effective reduction
efficiencies of the gas-fired heaters are the same for ND or MD
oper at i on. However, different reduction efficiencies for thernal
and fuel NQ em ssions result in varying total effective
reduction efficiencies for the oil-fired heaters.

2.3 CAPITAL COSTS AND COST EFFECTI VENESS

The capital costs and cost effectiveness for each of the NQ
control techniques discussed in Section 2.2 are presented in this
section for the nodel heaters. Cost nethodol ogies fromreports
publ i shed by the Canadi an Petrol eum Products Institute and the
South Coast Air Quality Managenent District are used to estinmate
the capital and annual costs for the control techniques.

The cost of converting ND heaters to MD heaters is included
in the cost analysis in which MD control techniques are used on
ND nodel heaters. Natural draft-to-MD conversion is not
considered a NQ, control technique and is usually performed to
t ake advantage of thermal efficiency gains. These efficiency
gains are site specific and are not included or quantified in
this study. Therefore, the actual cost effectiveness of contro
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techni ques that include ND-to-MD conversion may be |ower than
shown in this study.

Cost effectiveness of the control techniques, in $/ton of
NO, renoved, is calculated as the total annual cost divided by
t he annual NQ, reduction, in tons, for each control technique
applied to each nodel heater. Tables 2-4 through 2-8 present the
cost effectiveness of these control techniques for the ND natura
gas-fired, MD natural gas-fired, ND oil-fired, MD oil-fired, and
ND pyrol ysis nodel heaters, respectively. Burner contro
techni ques generally have the | owest cost effectiveness, with SCR
having the highest. Utra-low NQ burner cost effectiveness is
lower than LNB in all cases because the additional reduction
efficiency nore than offsets the additional cost. The cost
effectiveness of SNCR is greater than that of LNB in nost cases
because of the higher capital and operating costs for SNCR  Low
NO, burners plus FGR have higher cost effectiveness than SNCR in
nost cases. The capital cost for SNCR are conparable to LNB plus
FGR, but the higher operating costs result in higher
cost-effectiveness values for SNCR  The hi ghest reduction
efficiencies are achieved by SCR and LNB plus SCR, but these
techni ques al so have the highest cost effectiveness due to the
relatively high capital and annual costs for SCR

The | owest cost effectiveness is achieved with ULNB's and
the highest wwth SCR for each nodel heater. The range of cost
ef fectiveness for each of the five types of nodel heaters at a
capacity factor of 0.9 are (1) $981/ton to $16,200/ton for the ND
natural gas-fired heaters, (2) $813/ton to $10,600/ton for the M
natural gas-fired heaters, (3) $419/ton to $6,490/ton for the ND
oil-fired heaters, (4) $245/ton to $4,160/ton for the MD oil -
fired heaters, and (5) $1,790/ton to $14,100/ton for the ND
pyrolysis heaters. Figures 2-1 through 2-5 graphically present
the reduction efficiencies, capital cost, and cost effectiveness
for the nodel heaters.
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TABLE 2-4. MODEL HEATERS: NO, EM SSI ON REDUCTI ONS, CAPI TAL COSTS, AND COST EFFECTI VENESS
FOR ND, NATURAL GAS-FI RED LOM AND MEDI UM TEMPERATURE HEATERS

Cost effectiveness, $/ton @ capacity
Model heater Uncontrolled NO, factors:®
capacity, MMBtu/hr | emission factor, Ib/MMBtu Total effective NO, NO, reduction, 01 05 0.9
NO, control technique reduction, percent tons/yr®® Capital cost, $
17 0.098 (ND) LNB 50 3.65 58,200 25,400 5,070 2,820
0.197 (MD) LNB 50 7.33 191,000 41,400 8,280 4,600
0.098 (ND) ULNB 75 5.47 62,500 18,200 3,630 2,020
0.197 (MD) ULNB 75 1.10 249,000 36,000 7,200 4,000
0.098 (ND) SNCR 60 4.38 155,000 56,700 11,800 6,770
0.197 (MD) SNCR 60 8.80 258,000 47,100 9,760 5,610
0.197 (MD) SCR 75 1.10 951,000 141,000 28,700 16,200
0.197 (MD) LNB + FGR 55 8.07 253,000 50,000 10,100 5,710
0.098 (ND) LNB + SNCR 80 5.84 213,000 58,400 12,000 6,840
0.197 (MD) LNB + SNCR 80 1.17 346,000 47,100 9,690 5,530
0.197 (MD) LNB + SCR 88 12.8 995,000 132,000 26,700 15,100
36 0.098 (ND) LNB 50 7.73 92,600 19,100 3,810 2,120
0.197 (MD) LNB 50 15.5 302,000 30,900 6,170 3,430
0.098 (ND) ULNB 75 11.6 96,900 13,300 2,660 1,480
0.197 (MD) ULNB 75 23.3 308,000 21,000 4,200 2,330
0.098 (ND) SNCR 60 9.27 243,000 42,100 8,850 5,150
0.197 (MD) SNCR 60 18.6 405,000 35,000 7,260 4,180
0.197 (MD) SCR 75 23.3 1,500,000 106,000 21,700 12,300
0.197 (MD) LNB + FGR 55 17.1 399,000 37,300 7,590 4,290
0.098 (ND) LNB + SNCR 80 12.4 335,000 43,500 9,020 5,190
0.197 (MD) LNB + SNCR 80 24.9 544,000 35,100 7,280 4,190
0.197 (MD) LNB + SCR 88 27.2 1,570,000 99,200 20,200 11,400




TABLE 2-4.

(conti nued)

Cost effectiveness, $/ton @ capacity

Model heater Uncontrolled NO, factors:®
capacity, MMBtu/hr | emission factor, Ib/MMBtu Total effective NO, NO, reduction, 01 05 0.9
NO, control technique reduction, percent tons/yr® Capital cost, $

77 0.098 (ND) LNB 50 16.5 133,000 12,800 2,570 1,430
0.197 (MD) LNB 50 33.2 457,000 21,900 4,370 2,430

0.098 (ND) ULNB 75 24.8 138,000 8,830 1,770 981

0.197 (MD) ULNB 75 49.8 463,000 14,800 2,950 1,640

0.098 (ND) SNCR 60 19.8 383,000 31,200 6,670 3,940

0.197 (MD) SNCR 60 39.9 639,000 25,900 5,450 3,170

0.197 (MD) SCR 75 49.8 2,390,000 80,100 16,400 9,370

0.197 (MD) LNB + FGR 55 36.5 610,000 26,700 5,480 3,120

0.098 (ND) LNB + SNCR 80 26.4 516,000 31,400 6,610 3,850

0.197 (MD) LNB + SNCR 80 53.2 839,000 25,400 5,340 3,119

0.197 (MD) LNB + SCR 88 58.1 2,480,000 74,100 15,200 8,640

121 0.098 (ND) LNB 50 26.0 232,000 14,200 2,840 1,580
0.197 (MD) LNB 50 52.2 685,000 20,900 4,170 2,320

0.098 (ND) ULNB 75 39.0 237,000 9,660 1,930 1,070

0.197 (MD) ULNB 75 78.3 691,000 14,000 2,810 1,560

0.098 (ND) SNCR 60 31.2 502,000 26,100 5,660 3,380

0.197 (MD) SNCR 60 62.6 838,000 21,700 4,610 2,710

0.197 (MD) SCR 75 78.3 3,160,000 67,900 14,000 8,020

0.197 (MD) LNB + FGR 55 57.4 887,000 24,700 5,080 2,890

0.098 (ND) LNB + SNCR 80 41.6 734,000 28,500 6,020 3,520

0.197 (MD) LNB + SNCR 80 83.5 1,190,000 22,900 4,840 2,830

0197 (MD) L NR + SCR 33 914 3370000 64 300 13200 7 550




TABLE 2-4. (continued)

Cost effectiveness, $/ton @ capacity
Model heater Uncontrolled NO, factors:®
capacity, MMBtu/hr | emission factor, Ib/MMBtu Total effective NO, NO, reduction, 01 05 0.9
NO, control technique reduction, percent tons/yr® Capital cost, $

186 0.098 (ND) LNB 50 39.9 346,000 13,800 2,760 1,530
0.197 (MD) LNB 50 80.2 955,000 18,900 3,780 2,100

0.098 (ND) ULNB 75 59.9 351,000 9,310 1,860 1,030

0.197 (MD) ULNB 75 12.0 961,000 12,700 2,540 1,410

0.098 (ND) SNCR 60 47.9 650,000 22,100 4,850 2,930

0.197 (MD) SNCR 60 96.3 1,090,000 18,300 3,930 2,330

0.197 (MD) SCR 75 120 4,130,000 58,200 12,100 6,940

0.197 (MD) LNB + FGR 55 88.3 1,220,000 22,100 4,550 2,600

0.098 (ND) LNB + SNCR 80 63.9 996,000 25,200 5,360 3,150

0.197 (MD) LNB + SNCR 80 128 1,600,000 20,200 4,300 2,530

0.197 (MD) LNB + SCR 88 140 4,460,000 55,700 11,500 6,600

®NO, reductions = Uncontrolled emission factor (Ib/MMBtu) * Capacity(MMBtu/hr) * Effective reduction (%) * 1 ton/2,000lb * 8,760 hr/yr * Capacity factor.

®NO, reductions in this column are calculated at a capacity factors of 1.0. To obtain reductions corresponding to particular capacity factors, substitute the desired capacity factor into the
above equation.

“Cost effectiveness is calculated by dividing the total annual cost (TAC) by the NO, reductions. Refer to Chapter 6 for the TAC.



TABLE 2-5.

MCODEL HEATERS:

NO, EM SSI ON REDUCTI ONS, CAPI TAL COSTS, AND COST EFFECTI VENESS

FOR MD, NATURAL GAS-FI RED, LOW AND MEDI UM TEMPERATURE HEATERS

Uncontrolled NO,

Cost effectiveness, $/ton @ capacity factors:*

Model heater emission factor, NO, control Total effective NO, NO, reduction, 0.1 05 0.9
capacity, MMBtu/hr Ib/MMBtu technique reduction, percent tons/yr*® Capital cost, $

40 0.197 LNB 50 17.3 130,000 12,000 2,390 1,330
ULNB 75 25.9 136,000 8,380 1,680 931
SNCR 60 20.7 258,000 20,300 4,400 2,640
SCR 75 25.9 1,270,000 91,500 18,700 10,600
LNB + FGR 55 19.0 234,000 19,700 4,080 2,340
LNB + SNCR 80 27.6 388,000 22,700 4,790 2,810
LNB + SCR 88 30.2 1,400,000 85,200 17,400 9,880

77 0.197 LNB 50 33.2 282,000 13,500 2,700 1,500
ULNB 75 49.8 288,000 9,200 1,840 1,020
SNCR 60 39.9 383,000 15,700 3,480 2,130
SCR 75 49.8 1,900,000 71,900 14,800 8,460
LNB + FGR 55 36.5 436,000 19,100 3,960 2,270
LNB + SNCR 80 53.2 665,000 20,200 4,300 2,530
LNB + SCR 88 58.1 2,180,000 69,300 14,200 8,110

114 0.197 LNB 50 49.2 507,000 16,400 3,280 1,820
ULNB 75 73.8 514,000 11,100 2,210 1,230
SNCR 60 59.0 484,000 13,500 3,040 1,880
SCR 75 73.8 2,420,000 62,800 12,900 7,410
LNB + FGR 55 54.1 702,000 20,800 4,290 2,460
LNB + SNCR 80 78.7 992,000 20,400 4,330 2,550
INB + SCR 33 86 1 2930000 A2 800 12900 | Z.390




TABLE 2-5. (continued)

Cost effectiveness, $/ton @ capacity factors:*
Uncontrolled NO,
Model heater emission factor, NO, control Total effective NO, NO, reduction, 0.1 05 0.9
capacity, MMBtu/hr Ib/MMBtu technique reduction, percent tons/yr®® Capital cost, $

174 0.197 LNB 50 75.1 541,000 11,500 2,290 1,270
ULNB 75 113 548,000 7,730 1,550 859

SNCR 60 90.1 624,000 11,400 2,630 1,660

SCR 75 113 3,150,000 53,700 11,200 6,440

LNB + FGR 55 82.6 792,000 15,400 3,220 1,860

LNB + SNCR 80 120 1,170,000 15,700 3,410 2,040

LNB + SCR 88 131 3,700,000 52,600 10,900 6,250

263 0.197 LNB 50 113 777,000 10,900 2,180 1,210
ULNB 75 170 783,000 7,310 1,460 813

SNCR 60 136 800,000 9,770 2,300 1,470

SCR 75 170 4,090,000 46,500 9,730 5,640

LNB + FGR 55 125 1,100,000 14,200 2,960 1,720

LNB + SNCR 80 182 1,580,000 14,100 3,080 1,860

LNB + SCR 88 199 4,860,000 46,100 9,580 5,530

®NO, reductions = Uncontrolled emission factor (Ib/MMBtu) * Capacity(MMBtu/hr) * Effective reduction (%) * 1 ton/2,000lb * 8,760 hr/yr * Capacity factor.

®NO, reductions in this column are calculated at a capacity factors of 1.0. To obtain reductions corresponding to particular capacity factors, substitute the desired capacity factor into the
above equation.

‘Cost effectiveness is calculated by dividing the total annual cost (TAC) by the NO, reductions. Refer to Chapter 6 for the TAC.
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2.4 |1 MPACTS OF NQ, CONTROLS

The use of NQ, control techniques may cause environnental
and energy inpacts. Environnmental inpacts associated with
conmbustion controls include carbon nonoxide (CO and unburned
hydr ocarbon (HC) em ssions. Environnental inpacts of
post conbusti on techni ques include NH, CO and nitrous oxide
(NO emssions with the use of SNCR, NH, and sulfite (SQ)
em ssions and solid waste disposal concerns with the use of SCR
Ammoni a handling and storage al so presents safety concerns with
SNCR and SCR.

Energy inpacts include additional electric energy
requi renents for fans or blowers and thernmal efficiency |osses.
Thermal efficiency losses result in increased fuel consunption.
These inpacts are described briefly bel ow.

Combustion controls, such as LNB, ULNB, and FGR, nodify the
conbustion conditions to reduce the anount of NQ, forned.
Combustion controls are usually operated in such a manner that
reduces NQ, without producing unacceptable |evels of CO and HC
Conbustion controls reduce NQ, formation by reducing the peak
flame tenperature and/or Q, concentrations in the flane zone.
Reductions in NQ, formation achieved by reducing flame
tenperature and Q, levels can increase CO and HC em ssions if NQ
reductions by conbustion controls are taken to extrenes.

The use of SNCR results in em ssions of unreacted NH, and
increases in CO and N,O em ssions. Reactant-to-NQ, ratios of
1.25 to 2.0:1 are typical of SNCR systens. The high ratio
results in unreacted NH, em ssions, or NH, slip. Carbon nonoxide
and N,O have been shown to be byproducts of urea injection.
Unreacted NH, and N,O are byproducts of NH, injection. Selective
catalytic reduction NH, slip concentrations are generally |ess
than SNCR NH, slip concentrations because the catalytic reactor
allows a higher reaction rate and |ower reactant-to-NQ, injection
ratio (1.05:1 or less). Mst catalysts used in SCR systens
controlling process heaters in refinery service contain titanium
and vanadi um oxi des. Catalyst formnul ations devel oped in the
early 1980's tend to convert up to 5 percent of any sulfur



di oxi de (SQ) present in high-sulfur fuels to SQ, resulting in
SO, emi ssions. Newer catalyst formnulations that convert |ess
than 1 percent SQ to SO, are avail able and have been
denonstrated in utility applications.

Saf ety concerns for NH, storage and transport are due to the
hazardous nature of concentrated NH, vapor. Aqueous NH, (NH, in a
liquid solution at atnospheric pressure) is not considered as
hazar dous as anhydrous NH,, which is stored as a concentrated
pressurized vapor. Aqueous NH, is available for SCR and NH, SNCR
processes.

State and | ocal regulatory agencies may classify catalysts
cont ai ni ng vanadi um pent oxi de as a hazardous waste, however, and
requi re disposal of these catalyst materials in an approved
hazar dous waste disposal facility. Such disposal problens are
not encountered with other catalyst materials, such as precious
metal s and zeolites, because these materials are not considered
hazar dous wastes.

Control techniques that require upgraded or newy installed
fans and bl owers increase the electrical energy consunption for
process heaters using those control techniques. These contro
techni ques are LNB plus SCR, LNB plus FGR and ND heaters
converted to MD for MD LNB or MD ULNB use.

Current conbustion controls balance NQ, reduction with
acceptabl e fuel efficiency. Adding LNB, ULNB, and LNB plus FGR
may cause flanmes instability and reduced conbustion efficiency.
However, these inpacts are mnimal in properly designed systens.
Injecting reactants into the flue gas streamin SNCR systens
produces approximately a 0.3 percent thermal efficiency |oss.
The injection of reactants and the pressure drop across the
catal yst in SCR systens produces approximtely a 1.5 percent
thermal efficiency loss. Thermal efficiency |osses generally
result in increased fuel consunption.



3.0 PROCESS HEATER DESCRI PTI ON AND | NDUSTRY CHARACTERI ZATI ON

This chapter describes process heaters and characterizes the
industries typically using them Process heaters are used in the
petrol eum refining and petrochem cal industries, with mnor
applications in the fibers, iron and steel, gas processing, and
ot her industries.’ Detail ed technical descriptions of design
paraneters, operations, and applications of process heaters are
presented in Section 3.1. The two main industries using process
heaters, petroleum refining operations and chem cal manufacturing
facilities, are characterized in Section 3.2.

3.1 PROCESS HEATER DESCRI PTI ON

Process heaters (also known as process furnaces and
direct-fired heaters) are heat transfer units in which heat from
fuel conbustion is transferred predomnantly by radiation and
secondarily by convection to fluids contained in tubes.' Process
heaters are generally used in heat transfer applications where
steam heaters (i.e., boilers) are inappropriate. These include
applications in which heat nust be transferred at tenperatures in
excess of 90° to 204°C (200° to 400°F). The process fluid stream
to be heated is contained in single-fired tubes along the radiant
section walls and ceiling, in tw-sided fired tubes within the
radi ant section, and in convection section tubes of the process
heat er conbustion chanber. This process fluid streamis heated
for one of two reasons: (1) to raise the tenperature for
addi ti onal processing (heated feed), or (2) so that chem ca
reactions may occur in the tubes (reaction feed). Sections 3.1.1
and 3.1.2 contain nore information on these two types of process
heaters.



3.1.1 Heated Feed
Process heaters whose function is to heat a process fluid
stream before additional processing include distillation colum

feed preheaters and reboilers, reactor feed preheaters, hot oil
furnaces, and viscous fluid heaters.' This type of process
heater is found in both the petroleum refining and chem ca
manuf acturing industries.

Fired heaters are used in the petroleumrefining industry
principally as preheaters for various operations such as
distillation, catalytic cracking, hydroprocessing, and
hydroconversion.? Fired heaters are used in a wide variety of
applications in the chem cal manufacturing industry. They are
used as fired reactors (e.g., steam hydrocarbon refornmers and
ol efins pyrolysis furnaces), feed preheaters for nonfired
reactors, reboilers for distillation operations, and heaters for
heating transfer oils.?

3.1.2 Reaction Feed

Chemi cal reactions occur inside the tubes of nmany process

heaters upon heating. Applications include steam hydrocarbon

refornmers used in amonia and net hanol manufacturing, pyrolysis
furnaces used in ethylene manufacturing, and thermal cracking
units used in refining operations.’
3.1.3 Process Heater Design Paraneters

Process heaters may be designed and constructed in a nunber
of ways, but nost process heaters include burner(s), conbustion
chanber (s), and tubes that contain process fluids.
Sections 3.1.3.1 through 3.1.3.4 describe conbustion chanber set-
ups, conbustion air supply, tube configurations, and burners,
respectively.

3.1.3.1 Conbustion Chanber Set-Ups. Process heaters
contain a radiant heat transfer area in the conbustion chanber
This area heats the process fluid streamin the tubes by flane
radi ation. Equipnent found in this area includes the burner(s)
and the conbustion chanber(s). Mst heat transfer to the process
fluid stream occurs here, but these tubes do not necessarily
constitute a majority of the tubes in which the process fluid
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flows. A typical process heater displaying this equipnent is
shown in Figure 3-1.°
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Most process heaters also use a convective heat transfer
section to recover residual heat from the hot conbustion gases by
convective heat transfer to the process fluid stream® This
section is |located after the radiant heat transfer section and
al so contains tubes filled with process fluid. The first few
rows of tubes in this section are called shield tubes and are
subject to sone radiant heat transfer. Typically, the process
fluid flows through the convective section prior to entering the
radi ant section in order to preheat the process fluid stream
The tenperature of the flue gas upon entering the convective
section usually ranges from 800° to 1000°C (1500° to 2000°F).>°®
Preheating in the convective section inproves the efficiency of
the process heater, particularly if the tube design includes fins
or other extended surface areas. An extended tube surface area
can inprove efficiency by 10 percent.’ Extended tubes can reduce
flue gas tenperatures from 800° to 1010°C (1500° to 2000°F) to
120° to 260°C (250° to 500°F).°

3.1.3.2 Conbustion Air Supply. Conbustion air is supplied
to the burners via natural draft (ND) or nechanical draft (MD)
systens. Natural draft heaters use duct work systens to route
air, usually at anbient conditions, to the burners. Mechanica
draft heaters use fans in the duct work systemto supply air,
usual ly preheated, to the burners. The conbustion air supply
must have sufficient pressure to overcone the burner system
pressure drops caused by ducting, burner registers, and danpers.
The pressure inside the firebox is generally a slightly negative
draft of approximately 49.8 to 125 Pascals (Pa) (0.2 to 0.5 inch
of HO[in. HQ) at the radiant-to-convective section transition
poi nt. The negative draft is achieved in ND systens via the stack
effect and in MD systens via fans or blowers.®

Natural draft conmbustion air supply uses the stack effect to
i nduce the flow of conmbustion air in the heater. The stack
effect, or thermal buoyancy, is caused by the density difference
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between the hot flue gas in the stack and the significantly
cool er anbient air surrounding the stack.® Approximately

90 percent of all gas-fired heaters and 76 percent of all oil-
fired heaters use ND conbustion air supply.’

There are three types of MD conbustion air supply: forced
draft, induced draft, and balanced draft. The draft types are
nanmed according to the position, relative to the conbustion
chanber, of the fans used to create pressure difference in the
process heater. Al three types of MD heaters rely on the fans
to supply conbustion air and renove flue gas. In forced draft
conbustion air systens, the fan is | ocated upstream fromthe
conbusti on chanber, supplying conbustion air to the burners. The
air pressure supplied to the burners in a forced draft heater is
typically in the range of 0.747 to 2.49 kilopascals (kPa) (3 to
10 in. HO.®? Though conbustion air is supplied to the burners
under positive pressure, the remai nder of the process heater
oper at es under negative pressure caused by the stack effect. 1In
i nduced draft conbustion air systens, the fan is |ocated
downstream of the conbustion chanber, creating negative pressure
i nside the conbustion chanber. This negative pressure draws, or
i nduces, conbustion air into the burner registers. Balanced
draft conbustion air systens use fans placed both upstream and
downstream (forced and induced draft) of the conbustion chanber.

There are advantages and di sadvantages for both ND and MD
conmbustion air supply. Natural draft heaters do not require the
fans and equi pnent associated with MD conbustion air supply.
Though sinpler, ND heaters do not allow as precise control of
conbustion air flow as do MD heaters. Mechanical draft heaters,
unli ke ND heaters, provide the option of using alternate sources
of conbustion oxygen, such as gas turbine exhaust, and the use of
conbustion air preheat.® Conbustion air preheat has linmted
application in ND heaters due to the pressure drops associ ated
W th conbustion air preheaters.

Conmbustion air preheaters are often used to increase the
efficiency of MD process heaters. The maxi num thermal efficiency
obtainable with current air preheat equipnment is 92 percent.’

8
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Preheaters allow heat to be transferred to the conbustion air
fromflue gas, steam condensate, hydrocarbon, or other hot
streans.® The preheater increases the efficiency of the process
heat er because sone of the thermal energy is reclained that would

have been exhausted from the hot streans via cooling towers. If
the thermal energy is fromthe heater's flue gas, the heater
efficiency is increased. |If the thermal energy is froma hot

stream other than the flue gas, the entire plant's efficiency is
increased. The benefit of higher thermal efficiency is that |ess
fuel is required to operate the heater.®

3.1.3.3 Tube Configurations. The orientation of the tubes
t hrough which a process fluid streamflows is also taken into
consi derati on when designing a process heater. The tubes in the
convective section are oriented horizontally in nost process
heaters to allow crossflow convection. However, the tubes in the
radi ant area may be oriented either horizontally or vertically.
The orientation is chosen on a case-by-case basis according to
the design specifications of the individual process heater. For
exanple, the arbor, or wcket, type of fired heater is a
specialty design to mnimze the pressure drop across the
tubes.*® Figure 3-2
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di spl ays sone of the tube orientation options avail able.

3.1.3.4 Burners. Mny different types of burners are used
in process heaters. Burner selection depends upon severa
factors including process heat flux requirenents, fuel type, and
draft type.' The burner chosen nust provide a radiant heat
distribution that is consistent with the configuration of the
tubes carrying process fluid. Al so, the nunber and |ocation of
the burner(s) depends on the process heater application.

Many burner flanme shapes are possible, but the nbst common
types are flat and conical. Flat flanmes are generally used in
applications that require high tenperatures such as ethyl ene
pyrolysis furnaces, although sone ethyl ene furnaces use conica
fl ames to achi eve uniform heat distribution.®" Long conica
flanes are used in cases where a uniform heat distribution is
needed in the radiant section.'

3-10



Fuel conpatibility is also inportant in burner selection.
Burners may be designed for conbustion of oil, gas, or a gas/oil
m xture. Figure 3-3
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shows typical burners found in process heaters. Gas-fired
burners are sinpler in operation and design than oil-fired
burners and are classified as either prem x or raw gas burners.
In prem x burners, 50 to 60 percent of the air necessary for
conbustion is mxed with the gas prior to conbustion at the
burner tip. This air is induced into the gas stream as the gas
expands through orifices in the burner. The remainder of the air
necessary for conbustion is provided at the burner tip. Raw gas
burners receive fuel gas w thout any prem xed conbustion air.
M xing occurs in the conbustion zone at the burner tip.*

Gl-fired burners are classified according to the nethod of
fuel atom zation used. Atom zation is needed to increase the
m xi ng of fuel and conmbustion air. Three types of fuel
atom zation commonly used are mechanical, air, and steam Steam
is the nost wi dely used nethod because it is the nost econom cal,
provi des the best flanme control, and can handl e the | argest
turndown ratios. Typical steamrequirenents are 0.07 to
0.16 kilogram (kg) steam kg of oil.*®

Conbi nati on burners can burn 100 percent oil, 100 percent
gas, or any conbination of oil and gas. A burner with this
capability generally has a single oil nozzle in the center of a
group of gas nozzles. The air needed for conbustion can be
controll ed separately in this type of burner. Another option
avai l able is to baseload the burners with one fuel and to add the
other fuel to neet increases in |oad demand. Conbi nation burners
add flexibility to the process heater, especially when the
conposition of the fuel is variable.®

The |l ocation and nunber of burners needed for a process
heater are also determ ned on an individual basis. Burners can
be located on the ceiling, walls, or floor of the conbustion
chanber. Floor- and wall-fired units are the nost comon burner
types found in process heaters because they are both efficient
and flexible. In particular, floor-nmounted burners integrate
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well with the use of conbustion air preheat, liquid fuels, and
alternate sources of conbustion oxygen such as turbine exhaust.®

The nunber of burners in a heater can range from1l to
over 100. In the refinery industry, the average nunber of
burners is estimated at 24 in ND heaters with an average design
heat release of 69.4 mllion British thermal units per hour
(MwBtu/ hr). The average nunber of burners is estimated at 20 in
MD heaters with anbient conmbustion air and an average design heat
rel ease of 103.6 MwvBtu/ hr. The average nunber of burners is
estimated at 14 in MD heaters with conbustion air preheat and an
average design heat release of 135.4 MvBtu/hr.' In general, the
smal l er the nunber of burners, the sinpler the heater will be.
However, multiple burners provide a nore uniform tenperature
di stribution.
3.2 | NDUSTRY CHARACTERI ZATI ON

Statistical information on the two primary industries using
process heaters (the petroleumrefining industry and the chem ca
manufacturing industry) is contained in this section. The
statistical information includes the nunber and size of process
heaters in use by these industries, specific operations in each
industry that require process heaters, and energy consunption
projections for process heaters in these industries.
3.2.1 Process Heaters in Use

According to the annual refining survey published in the QI
and Gas Journal, there were 194 operating refineries in the
United States as of January 1, 1991.Y Mbst of the heaters in
oil refineries are ND (89.6 percent), and the remaining heaters

are MD, both without preheat (8.0 percent) and with preheat
(2.4 percent). The mean size of all process heaters is

72 MVBtu/hr, while the mean size of MD heaters is 110 MVBtu/ hr?.
Figure 3-4
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presents the size distribution breakdown for this industry.

Based on a conparison of simlar information from 1985, it is
evident that growth in the refining industry has been nodest over
the last 5 years. |In 1985, there were 191 operating refineries
in the United States ranging in capacity from 4,000 barrels crude
oi |l per calendar day (bbl/d) to
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494,000 bbl/d.*™ As of January 1, 1991, the capacity range was
2,500 bbl/d to 433,000 b/d.' This |ower capacity range, coupled
wWith an increase in total production capacity of 379,000 bbl/d
(1985, 15.1 mllion bbl/d; 1991, 15.5 mllion bbl/d), provides
evi dence of growth in small to md-size plants and a trend
towards reductions in large facility production capacity.

Table 3-1
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TABLE 3-1. SURVEY OF OPERATING REFINERIES IN THE U.S.'/
(State capacities as of January 1, 1991)

Crude capacity,
State No. of plants bbl / d
Al abama 4 166, 000
Al aska 6 243, 000
Ari zona 2 14, 200
Ar kansas 3 60, 500
California 30 2,210, 000
Col or ado 3 91, 200
Del awar e 1 140, 000
Georgi a 2 35, 500
Hawai i 2 143, 000
[11inois 7 973, 000
| ndi ana 4 427, 000
Kansas 8 351, 000
Kent ucky 2 219, 000
Loui si ana 19 2, 330, 000
M chi gan 4 124, 000
M nnesot a 2 286, 000
M ssi ssi ppi 5 359, 000
Mont ana 4 136, 000
Nevada 1 4,500
New Jer sey 6 494, 000
New Mexi co 4 77, 300
New Yor k 1 39, 900
Nort h Dakota 1 58, 000
Chi o 4 454, 000
Ckl ahonma 7 409, 000
Oregon 1 N A
Pennsyl vani a 7 731, 000
Tennessee 1 60, 000
Texas 31 3, 880, 000
Ut ah 6 155, 000
Virginia 1 53, 000
Washi ngt on 7 521, 000
West Virginia 2 29, 700
W sconsi n 1 32, 000
Wom ng 5 165, 000
TOTAL 194 15, 500, 000

N A = Not avail abl e.
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provi des a breakdown of the nunber of refineries and total crude
capacity (bbl/d) in each State.

In 1980, the American Petroleum Institute (APlI) estinmated
the total nunber of process heaters in the petroleumrefining
industry to be about 3,200.?° The nunber of process heaters at
refineries varies in that large, integrated facilities nay have
as many as 100 process heaters, and snmall refineries may have as
few as 4.°

The total nunber of chem cal industry fired heaters was
estimated to be 1,400 in 1985. This nunber was estimted by
di vidi ng the annual energy demand of the chem cal industry fired
heaters in major applications (6.8 x 10" MvBtu/yr) by the
aver age-si zed chem cal industry fired heater (56.1 MvBtu/ hr) as
reported by the Chemical Mnufacturers Association.?®
3.2.2 Process Heater Energy Consunption

The predom nant uses of process heaters in the petrol eum
refining industry are as preheaters for distillation, catalytic
cracki ng, hydroprocessing, and hydroconversion. Table 3-2
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22
TABLE 3-2. MAJOR REFINERY PROCESSES REQUIRING A FIRED HEATER
Feedstock
Process heat requirements temperature
o Heaters Kaliter | 103 Btubbl feed | OUELOl
Process Process description used heater, °F
Distillation
Atmospheric Separates light hydrocarbons from crude in a Preheater, 590 89 700
distillation column under atmospheric conditions. reboiler
Vacuum Separates heavy gas oils from atmospheric Preheater, 418 63 750-830
distillation bottoms under vacuum. reboiler
Thermal processes
Thermal cracking | Therma decomposition of large molecules into Fired 4,650 700 850-1,000
lighter, more valuable products. reactor
Coking Cracking reactions alowed to go to completion. Preheater 1,520 230 900-975
Lighter products and coke produced.
Visebreaking Mild cracking of residuals to improve their Fired 961 145 850-950
viscosity and produce lighter gas ails. reactor
Catalytic cracking
Fluidized catalytic | Cracking of heavy petroleum products. A catalyst | Preheater 663 100 600-885
cracking is used to aid the reaction.
Catalytic Cracking heavy feedstocks to produce lighter Preheater 1,290 195 400-850
hydrocracking products in the presence of hydrogen and a
catalyst.
Hydroprocessing
Hydrodesul- Remove contaminating metals, sulfur, and Preheater 431 652 390-850
furization nitrogen from the feedstock. Hydrogen is added
and reacted over a catalyst.
Hydrotreating Less severe than hydrodesulfurization. Removes | Preheater 497 75b 600-800
metals, nitrogen, and sulfur from lighter
feedstocks. Hydrogen is added and reacted over a
catalyst.
Hydroconversion
Alkylation Combination of two hydrocarbons to produce a Reboiler 2,500 377°¢ 400
higher molecular weight hydrocarbon. Heater
used on the fractionator.
Catalytic Low-octane napthas are converted to high-octane, | Preheater 1,790 270 850-1,000
reforming aromatic napthas. Feedstock is contacted with

hydrogen over a catalyst.

%eavy gas oils and middle distillates,

BLight distillate.

CBtu/bbl of total aylate.
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gives a nore detailed breakdown of these operations. The total
annual energy consunption for process heaters in 1973 for the
petroleum refining industry was 2.0 x 10" Btu/yr, and in 1985 it
increased to 2.2 x 10" Btu/yr.* Because the nobst current
information found was 1985 data, a growth projection was

cal cul ated based on the latest trends. Assuming a |linear growth
extrapol ation (i.e., sane slope as that of the 1973 to

1985 data), annual energy consunption for 1991 was estimated to
be 2.3 x 10" Btu/yr. Figure 3-5
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heaters used in petroleum refining.*
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di splays the growth estimate for the petroleum refining industry
energy consunption, based on the 1985 i nfornation.
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The known energy requirenent of the major chem cal industry
fired heater applications in 1985 was 6.5 x 10" Btu/yr and is
shown in Table 3-3
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.® As discussed earlier, the estimted energy requirenent for
1985 was 6.8 x 10" Btu/yr.? Thirty organic and seven inorganic
operations require process heaters in the chem cal manufacturing

i ndustry.® Table 3-4
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TABLE 3-4. REPORTED APPLICATIONS OF FIRED HEATERS
IN THE CHEMICAL MANUFACTURING INDUSTRY®

Category

Applications

Organic chemicals manufacturing

Acetone, acetic anhydride, acetylene, acrylic acids, alkyl benzene, alyl
chloride, amines, ammonia, benzenes, benzoic acid and other aromatic
acids, biphenyl, butadiene, chlorinated hydrocarbon solvents, cumene,
cyclohexane, dimethyl terephthalate, diphenylamine, esters, ethanol and
higher alcohols, ethylbenzene/styrene, ethylene/propylene, fatty acids,
formaldehyde, ketone, maleic anhydride, methanol, methyl ethyl ketone,
methylene dianiline, neo acids, phthalic anhydride, polyethylene,
polyvinyl chloride, pyridine, salicyclic acid, toluene diamine, toluene
dissocyanate, xylene

Inorganic chemicals manufacturing

Carbon bisulfite, carbon disulfide, carbon monoxide, caustic soda,
hydrogen, silicones, sulfur chloride

Others

Additives, agricultural products, asphalt, carbon black, elastomers,
fabrics, finishes, pharmaceuticals photo products, pigments, plasticizers,
polyamide adhesives, synthetic fibers
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lists these operations. On the basis of process requirenents,
fired heater applications in the chem cal industry can be broadly
classified into two categories: [|low and nediumfirebox-
tenperature applications, such as feed preheaters, reboilers, and
steam superheaters; and high firebox tenperature applications,
such as olefins pyrolysis furnaces and steam hydrocarbon
refornmers. Low and nediumfirebox tenperature heaters represent
approximately 20 percent of the chem cal industry heater
requirenments and are simlar to those found in the petrol eum
refining industry.® High-firebox-tenperature heaters represent
approximately 80 percent of the chem cal industry heater

requi renments and are unique to the chem cal industry.

H gh-tenperature pyrolysis fired heater applications
represent approximtely 50 percent of the chem cal industry
heater requirenents. Gaseous hydrocarbons such as ethane,
propane, and butane and heavi er hydrocarbons such as naptha
feedstocks are thermally converted to olefins such as ethylene
and propylene. The following are basic criteria for pyrolysis:
adequate control of heat flux frominlet to outlet of the tubes,
hi gh heat transfer rates at high tenperatures, short residence
times, and uniform tenperature distribution along the tube
length. The firebox tenperatures for pyrolysis furnaces range
from 1050° to 1250°C (1900° to 2300°F).%°

St eam hydrocarbon reforners represent approximately
27 percent of the chem cal industry heaters requirenents. The
function of these furnaces is to reform natural gas or other
hydrocarbons with steam to produce hydrogen and carbon nonoxi de.
The reformng reactions are not favored by conditions bel ow 590°C
(1100°F) and proceed nore favorably as the tenperature increases.
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The firebox tenperature of steam hydrocarbon reforners ranges
from about 980° to 1100°C (1800° to 2000°F).*
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4.0 CHARACTERI ZATION OF NO, EM S

A di scussion of uncontrolled NQ em ssions from process
heaters used in the petroleumrefining and chem cal industries is
presented in this chapter. Thermal, fuel, and pronpt NQ,
formati on nmechani sns are described in Section 4.1. A discussion
of the factors that affect uncontrolled NO em ssions is
presented in Section 4.2. Uncontrolled NQ emssion factors and
nodel heaters are presented in Section 4.3. Finally, Section 4.4
lists the references cited in this chapter.

4.1 FORVMATI ON OF NQ,

Seven oxides of nitrogen are known to occur naturally. Only
two, NO and NQ, are considered inportant in atnospheric
pol lution. 1In this docunent, NO and NQ, are referred to as
"NO." This section presents a discussion of NQ formation
mechani snms that result from fuel conmbustion. Thermal, fuel, and
pronpt NQ, formation nmechani sns are described in Sections 4.1.1,
4.1.2, and 4.1.3, respectively.

4.1.1 Thermal NO_Fornmation

Thermal NQ, results fromthe thernmal fixation of nolecular
nitrogen and oxygen present in the conbustion air. The rate of
thermal fixation increases rapidly at tenperatures exceeding
1540°C (2800°F) and is nore sensitive to local flame tenperatures
t han oxygen concentrations.® Formation of thermal NQ is
greatest in regions where the highest |ocal flane tenperatures
occur.® The thermal NQ, formation nmechanismis comonly
descri bed using the Zel dovich nmechanism which is described by
the following sinplified reactions:?®




N, + 0 = NO+ N (Reaction 1)
N+ Q = NO+ O (Reaction 2)
Reaction 1 has a high activation energy, indicating the high
tenperatures necessary for NQ formation.* At high conbustion
t enperatures, dissociation of nolecular oxygen occurs, allow ng
Reaction 1 to proceed. Reaction 1 describes nol ecular nitrogen
conmbining with atom c oxygen to produce NO and is much sl ower
than Reaction 2, which describes the conbination of atomc
nitrogen with nol ecul ar oxygen. Therefore, Reaction 1 controls
the rate of formation of NO  The formation of an NO nol ecul e
from Reaction 1 results in the release of an N atom which
rapidly forns another NO nolecule by the process described in
Reaction 2.°
The rate of thermal NO, formation is also described by the
Zel dovi ch nechanismin the following sinplified equation:*?
[NO =k, exp (-k/T)[N]J[OQ] 2t
wher e:
nol e fraction;
const ant s;
peak flanme tenperature (°K); and
residence tinme of reactants at peak flane
t enper at ur e.
The equation shows that the formation rate of thermal NQ
i ncreases exponentially with increasing flame tenperature and is
al so directly proportional to residence tinme in the peak flane
zone. The key paraneters of thermal NQ, formation are defined by
this equation as tenperature, oxygen and nitrogen concentrations,

>

I: —
— _l I\Jx —
|1 I | R B

and residence time in the flame zone.® Variables that affect
these three paraneters are discussed in Section 4.2. Figure 4-1
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shows the sensitivity of NO, formation to tenperature. Note
that for an increase in tenperature of |less than 55°C (130°F),
the concentration of NQ increases by one order of nagnitude.*
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4.1.2 Fuel NQ_Formation

The role of fuel-bound nitrogen as a source of NQ, em ssions
from conbustion sources was recognized in 1968. Fuel NOQ, is the
result of the reactions between fuel-bound nitrogen and oxygen in
the conbustion air. The bond in liquid and solid fuels between
i ndi vidual nitrogen atons and other atons, such as carbon, is not
as strong as the N = N bond found in nolecular nitrogen. 1In the

conbustion process, organically bound nitrogen atons contained in
the fuel are released and are rapidly oxidized to NO°

The nmechani sms by which chem cally bound fuel nitrogen
conpounds are converted to NQ, em ssions are not yet fully
understood.® Several studies, however, indicate that two
separate mechani sns exi st by which fuel -bound nitrogen conpounds
react to form NQ. The first, involving volatiles fromsolid or
liquid fuels, is a gas-phase reaction. The second, involving
solid fuels, is a solid-phase char reaction.’

| nt ermedi ate speci es, such as HCN, HOCN, and NH, are
postul ated to be involved in gas-phase reactions. Gas-phase
reactions are strongly dependent on the stoichionmetry and weakly
dependent on the local flanme tenperature.’

Char nitrogen reactions appear to depend nore on flane
tenperature and | ess on stoichionetry. The physical and chem ca
characteristics of the char also influence the reaction rate.’
The avail able data indicate that the conversion of fuel-bound
nitrogen to NQ, em ssions ranges from 15 to 100 percent.
Typically, fuels with relatively low nitrogen contents have
hi gher nitrogen to NQ, conversion rates than fuels wth high
nitrogen content, such as residual oils. However, the tota
quantity of nitrogen conversion is greater with high-nitrogen-
content fuels, although the conversion percentage is |lower. For
exanpl e, 20 percent conversion of the nitrogen in a fuel with a
nitrogen content of 1 percent by weight yields a greater quantity
of NQ, than 80 percent conversion of the nitrogen in a fuel wth
a nitrogen content of 0.1 percent by weight. Figure 4-2
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shows the increase in NQ em ssions due to the increase in
nitrogen content of the fuel.’
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4.1.3 Pronpt NO_Formation
Pronpt NQ, is a newWy recogni zed nmechani sm of NQ, formation.
Pronpt NQ, formation increases in rich conbustion conditions when

fuels containing nitrogen are burned. Formation depends not on

t he fuel -bound nitrogen content but instead on the condition of
the flanme and tends to occur in rich zones in the flame front.’
Pronpt NQ, formati on becones an inportant consideration when

em ssion levels are 20 to 30 ppnmv or below. Oxygen availability
is another inportant factor; high levels of excess air can reduce
pronpt NQ, formation. However, high excess air levels can also
reduce fuel efficiency.?

Simlar to gas-phase fuel NQ formation, pronpt NQ, is
formed from products of internmediate reactions. The follow ng
equations describe internediate reactions and the oxidation of
t he products:

1. CH+ N, D>- HCN + N,

2. CH, + N, D> HCN + NH;

3 HCN + Q >- NO + ...;

4. N+ Q D~ NO + ...; and

5 NH+ Q D>- NO+ ...
where Q, indicates oxides such as Oor Q.°%%
4.2 FACTORS AFFECTI NG UNCONTROLLED NO, EM SSI ONS

Many factors affect the |level of uncontrolled NOQ, em ssions
from process heaters. Those factors can be categorized broadly
under two headings: heater design paraneters and heater
operation paraneters. Section 4.2.1 describes the heater design
paranmeters that affect uncontrolled NOQ, em ssions. Section 4.2.2
descri bes heater operation paraneters that affect uncontrolled
NQ, emi ssi ons.
4.2.1 Heater Design Paraneters

Heater design paraneters that affect the |evel of
uncontrol |l ed NQ, em ssions from process heaters include the
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following: (1) fuel type, (2) burner type, (3) conbustion air
preheat, (4) firebox tenperature, and (5) draft type.™

4.2.1.1 FEuel Type. Typically, process heaters burn liquid
or gaseous fossil fuels. Liquid fuels burned include liquid
but anes and pentanes, light fuel oils such as diesel and No. 2
distillate oil, and heavy fuel oils such as No. 6 residual oil
Gas fuels, such as hydrogen, nethane, ethane, propane, and
butane, are burned individually or in a variety of blends."
Natural gas and refinery fuel gas consist primarily of methane
and are comon fuels for process heaters. Any nunber of the
previ ously nentioned gas fuels makes up the bal ance of conponents
in natural and refinery fuel gas.

Research indicates that conbustion of |ow nitrogen
distillate oil produces uncontrolled NQ, em ssions higher than
does the conbustion of natural gas at identical conditions of
heat release rate, excess air, and conbustion air preheat.'

Al though sone refinery gases may have trace anounts of HCN, NH,,
or other nitrogen-bearing species that may be oxidized to NQ,
natural gas and refinery gas usually do not contain chemcally
bound nitrogen. Therefore, process heaters burning oil can be
expected to produce higher NQ, em ssions per unit of energy
absorbed than do conparable heaters burning natural gas, due to
hi gher conbustion tenperatures and the greater formation of fue
NQ,, whi ch acconpani es the conbustion of fuel oils.™

Fuel NQ, formation represents a greater fraction of the
total NQ, when high-nitrogen fuels such as residual oil are
combusted. Therefore, fuel type has a large effect on the
magni t ude of NQ, enissions from a conbustion source.?

When refinery gas is fired, variations in hydrogen content
can cause changes in the conbustion characteristics of the fuel
The hydrogen content of refinery fuel gas fired in |low and
medi um t enperature process heaters can vary fromO to 50 percent.
This variation in hydrogen content results in heating val ues
ranging from2.6 x 10’ to 8.2 x 10’ Joul es per cubic neter (J/ m)
(700 to 2,200 British thermal units per standard cubic feet
[Btu/scf]). Hi gh hydrogen fuel gas, which contains up to
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80 percent hydrogen; is primarily fired in high-tenperature
heaters such as pyrolysis furnaces. Hi gh hydrogen fuel gas
containing 50 to 80 nole percent hydrogen can have heating val ues
ranging from 1.48 x 10" to 2.22 x 10" J/m (400 to 600 Btu/scf).
These variations in hydrogen content cause changes in flane
tenperature, propagation, and flane vol une. I ncreased hydrogen
content of the fuel produces a hotter flame, resulting in greater
thermal NQ, formation. One source reports that for a heater
fired wwth fuel gas containing 50 percent or nore hydrogen, NQ,
em ssions can increase 20 to 50 percent over the sane heater
fired with natural gas.®

The proportions of oil and gas burned in a dual-fuel process
heater affect NQ em ssions. As stated earlier, under the sane
conditions, burners firing lownitrogen distillate oil generate
hi gher NQ, em ssions than do simlar burners firing natural gas.
Consequently, NQO, em ssions fromoil/gas-fired heaters vary
dependi ng on the anount and type of oil that is mxed with the
gas because NQ, enissions increase with increasing oil content.™

4.2.1.2 Burner Type. The type of burner used in a process
heater also has an inpact on NO, em ssions. The functions of a
burner are to ensure (1) proper mxing of conmbustion reactants,
(2) a continuous supply of conbustion reactants, and (3) proper
heat dispersion by regulating the size and shape of the flane
envel ope. ®® Because NQ formation is affected by the flane
tenperature, mxing of the reactants, and the residence tine of
the reactants at the peak flanme tenperature, burner design
clearly affects the level of uncontrolled NOQ em ssions.

Burners are designed to fire specific fuels, and the fuel
type greatly affects the magnitude of NQ, em ssions from a
conbustion source. QIl-fired heaters generate higher NQ,
em ssions per unit of energy input than do conparable gas-fired
heaters.' Most fired heaters, until recently, have used burners
capable of firing oil or gas.' However, the current trend is to
use gas-only burners to reduce the initial investnent.?®

Burners can be divided into conventional and | ow NQ
burners. Conventional burners are designed for high conbustion
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efficiency and | ow hydrocarbon (HC) and carbon nonoxi de (CO
em ssions. Low NQ, burners are designed for |ow NQ, operation,
while maintaining | ow HC and CO em ssions and hi gh fuel

ef ficiency.

Conventional gas-fired burners are divided into three
categories: raw gas burners, prem x burners, and high-intensity
burners. Raw gas burners receive fuel gas fromthe gas manifold
W t hout any prem xi ng of conbustion air. Prem x burners receive
a mxture of conbustion air and fuel at the burner tip. High-
intensity gas-fired burners are usually designed to fire |owBtu
fuel gas that is unsuitable for Iow and nediumtenperature
conventional burners. Hi gh-intensity burners are characterized
by extremely conpact flames and | owexcess-air operation.?®

Gas burners designed for |ow NQ, operation usually use
staging techniques to reduce NQ, em ssions and are divided into
two categories: staged-air burners and staged-fuel burners.
Staged-air, gas-fired burners divide the conbustion zone into two
stages. The burner bypasses a fraction of the conbustion air
around the primary conbustion zone and supplies it to the
secondary conbustion zone. The primary zone is operated under
rich conbustion conditions, and the secondary conbustion zone is
operated under |ean conbustion conditions. The primary zone
creates a reducing environnment, which inhibits fuel-NQ
formation. The conbustion reaction is cooled in the secondary
zone by the secondary air, which inhibits thermal-NQ, formation

Staged-air, gas-fired burners may also supply tertiary air
around the outside of the secondary conbustion zone, which
ensures conplete conbustion at relatively |ow conbustion
tenperatures. Staged-fuel, gas-fired burners divide the
conmbustion zone into two stages. The burner bypasses a fraction
of the fuel around the primary conbustion zone and supplies it to
t he secondary conbustion zone. The primary zone i s operated
under | ean conbustion conditions, and the secondary zone is
operated under rich conditions. The |lean prinmary zone has a
relatively cool conbustion tenperature, which inhibits thernal
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NO, formation. Limted oxygen availability in the rich secondary
zone further inhibits NQ formation."

A relatively new type of prem x burner uses a porous surface
of ceramc or netallic fibers to burn gas fuels. These burners
require forced draft conmbustion air supply. The conbustion
reactions are |ocated on the outer surface of radiant burners.
The outer surface of the burners glows uniformy instead of the
flame extending outward from the burner tip, as in nonradiant
burners. Flame stability and the absence of flane inpi ngenent
are two operational advantages. Conbustion occurs at
approxi mately 1000°C (1830°F), which yields ow NQ, formation
whi | e producing | ow CO and HC eni ssions. *®

There are two categories of oil burners: conventional oi
burners and staged-air, oil-fired burners. Conventional oil
burners have a single conbustion zone, while staged-air oil-fired
burners have at |east two conbustion zones.® The staged-air,
oil-fired burners are designed to achieve | ower NQ, em ssions
than the conventional burners and operate simlarly to the
staged-air gas-fired burners.®

4.2.1.3 Conbustion Air Preheat. A fuel-efficient process
heater design is a priority consideration for heater users.
Combustion air preheat is an effective nethod of reducing fue
consunption. However, preheating the conbustion air increases
the flame tenperature of the burner, which results in greater NQ
formation (Section 4.1.1).° Tests show that the higher the
tenperature of air preheat, the greater the formation of NQ.
Figure 4-3
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shows the effect of conmbustion air preheat on NQ, em ssions from
a test-scale, nmechanical draft (MD) heater.'® Preheating the
conbustion air tenperature from anbient (21°C [70°F]) to 204°C
(400°F) increases NQ, em ssions by a factor of 1.4 and nore than
doubl es eni ssions when the air is preheated to 316°C (600°F). "
4.2.1.4 FEirebox Tenperature. As discussed in
Section 4.1.1, the rate of formation of thermal NQ, increases
exponentially with increasing flanme tenperature. The flane
tenperature is directly related to the firebox tenperature, which
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is determined by the process requirenents.® Therefore,
applications requiring high firebox tenperatures, such as steam
hydrocarbon refornmers and ol efins pyrolysis furnaces, wll Ilikely
have higher NQ, em ssions than applications using nmedium and | ow
firebox tenperatures.® |In general, heaters with high volunetric
heat rel ease rates have high flanme and firebox tenperatures.
Figure 4-4
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shows the relationship between firebox tenperature and thernal
NO, formation. This figure shows that for gas-fired heaters,
thermal NQ, em ssions increase by a factor of about 1.5 when the
firebox tenperature is increased from 700°C (1300°F) to 1040°C
(1900°F).* One source reports that bel ow 1100°C (2100°F) thernma
NQ, i ncreases a nom nal 10 percent for every 40°C (100°F)
increase in firebox tenperature, which is consistent with the
above data.' The sanme source reports that increasing the
tenperature from 700° to 1000°C (1300° to 1900°F) can increase
thermal NQ, formation by as nuch as a factor of 4 in sonme process
heaters. However, recent information indicates the rate of
thermal NQ, formation at tenperatures above 930°C (1700°F)
continues to increase, contrary to the trend shown by the
curve.® The effect of increased firebox tenperature on fuel NQ
fromoil-fired heaters is expected to be less than that described
above for gas-fired heaters because, fuel NQ formation is |ess
sensitive to tenperature than thernmal NQ, formation.®

4.2.1.5 Draft Type. As discussed in Section 3.1.3.2, the

two basic nethods for conbustion air supply for process heaters
are natural draft (ND) and MD. These MD systens can be further
divided into three categories: forced draft, induced draft, and
bal anced draft. The three types are distinguished by the
position of the fan(s) relative to the heater unit. The fan is
| ocated upstream of the firebox in the forced draft heater and
downstream of the firebox in the induced draft heater. Bal anced
draft heaters use both forced and induced draft fans to control
t he conbustion airflow Balanced draft is nore often used for
boilers than for process heaters. Boilers may operate with
radi ant firebox pressures of +20 inches of water (in. HO, but
process heaters operate with radiant firebox pressures slightly
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bel ow anbi ent pressure. Process heater construction does not
tolerate large variations in firebox pressures |like those in
boilers.™ In ND heaters, the pressure difference between the
hot gases in the stack and the cooler air outside results in a
"draft,"” which causes the conbustion air to flow into the
burners. Draft type can influence uncontrolled NO, em ssions by
affecting the level of excess air in the conbustion zone.
Addi tionally, NQ, em ssions can be |owered by converting the
heater to forced draft and operating with | ower excess air and
i nproved flame shape.?
4.2.2 Heater erating Paraneters

This section describes the operating paraneters that, in
addition to the design paraneters, affect the |evel of
uncontrol | ed NQ, em ssions from process heaters. These operating
paraneters include (1) excess air, (2) volunetric heat release,
and (3) burner adjustnents. "

4.2.2.1 Excess Air. Excess air is required to ensure
conpl ete conbustion of fuel in the burner. Optinmum fue
efficiency and low HC, CO and NO, em ssions can be achieved only
over a small range of excess air levels. A typical excess air
| evel for a process heater is approximtely 15 percent. The
anount of excess air present depends on a variety of factors
including fuel type, draft type, burner design, and air | eaks.
The excess air |evel should be neasured at the burner or in the
radi ant zone because air | eakage above the radiant section may
i ndi cate higher excess air levels in the stack than exist in the
burner conbustion zone.® The term "excess oxygen" is sonetines
used instead of "excess air." Three percent excess oxygen
corresponds to approximately 15 percent excess air.®

A statistical analysis of long-term continuous em ssions
data on gas-fired heaters at petroleum refineries showed that NQ
em ssions typically increase about 9 percent for each 1 percent
increase in the neasured stack oxygen level. The data base for
this analysis includes a range of 540 to 3,400 hourly NQ
em ssion data points for each heater.'™ The effect of excess air
on NO, formation in gas-fired heaters using these data is shown

1,14
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in Figure 4-5. Another source reports a NQ, em ssions increase
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of 6 percent for every 1 percent increase in excess oxygen.®®
I ncreasing the excess air will result in greater NQ, em ssions
until the oxygen content of the flue gas reaches approximately
6 percent, at which point NO, formation begins to decrease. This
decrease can be attributed to the flame cooling effect of the
excess air, which reduces the formation of thermal NQ.? One
source indicates that increased fuel firing is generally required
when excess oxygen levels are above 6 percent as a result of
decreased fuel efficiency.' However, radiant burners are
reported to be capable of mnimzing HC, CO and NQ, em ssions
W thout sacrificing fuel efficiency, even with excess air levels
of 10 to 20 percent.?®
4.2.2.2 Burner Adjustnents. Burner adjustnents can affect
NO, em ssions by altering the flame characteristics. By
adjusting the burner to increase flanme length, the peak flane
tenperature is decreased, thereby decreasing NQ, formation.*
Some heaters require a nore uniform heat flux produced by well -
defined, conpact flames. This type of high-intensity flane
produces higher NQ levels than the long, lowintensity flane. *»*
For heaters equipped wth staged-air burners, the relative
amount of air introduced into the primary and secondary burner
conbusti on zones can have a large effect on NQ em ssions. Tests
i ndicate that conbustion air distribution can be adjusted to
mni mze NQ, enissions fromthe heater.® However, burner
adj ustnents or settings are generally dictated by process
requirenents and may not coincide with opti mum NQ control.™
4.3 UNCONTROLLED NQ, EM SSI ON FACTCRS AND MODEL HEATERS
Uncontrolled NOQ, em ssion rates were avail able from several
sources. These sources include AP-42 (Conpilation of Air
Pol | utant Em ssion Factors, fourth edition, October 1986),
American Petroleum Institute (APlI) publications, and an em ssion
inventory from process heater installations. Several factors
affect the uncontrolled em ssion rates, as mentioned in Section
4.2. The NQ, em ssion factors predicted by these publications
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vary as a result of these factors. Because of the variability in
publ i shed uncontrolled NQ, em ssion factors, a nodel heater
approach is used in this chapter in order to conpare the
uncontrol led NQ, em ssions for the different types of heaters.
These sane nodel heaters are also used in Chapters 5 and 6 in
order to evaluate the NQ, em ssion control techniques and the
cost effectiveness of available NQ em ssion control techniques.
Uncontrolled NOQ, em ssion factors are presented in Section 4.3.1.
The nodel heaters and correspondi ng uncontrolled em ssion factors
are presented in Section 4.3.2.
4.3.1 Uncontrolled NO_En ssions

AP-42 provides uncontrolled em ssion factors for process
heaters and boilers classified by the heat input rate, using the
hi gher heating value for the type of fuel burned.® These
em ssion factors, shown in Table 4-1,
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TABLE 4-1. AP-42 ESTIMATES FOR UNCONTROLLED NO, EMISSIONS
FROM BOILERS AND PROCESS HEATERS*

NQ, em ssion factor
Heat rate,

MVBt u/ hr Fuel ng/ J® | b/ MVBt u

<10 Nat ural gas 41 0.10

10- 100 Nat ural gas 58 0.14

>100 Nat ural gas 228 0. 53

<10 Distillate oil® 63 0. 15

Resi dual oil° 162 0. 38

10- 100 Distillate oil® 63 0. 15

Resi dual oil° 162 0. 38

>100 Resi dual oil° 197 0. 46

®ng/ J = nanogram per Joul e
Distillate oils include Nos. 1 and 2 fuel oils.
‘Residual oils include Nos. 4, 5, and 6 fuel oils.
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are based on test data for boilers. Three ranges of heat rates
were defined for gas-fired units, two ranges of heat rates were
defined for distillate oil-fired units, and three ranges of heat
rates were defined for residual oil-fired units. Uncontrolled
NO, emi ssion factors were reported for each of the ranges of heat
rates for each fuel

Average em ssion factors for natural gas-, distillate oil-,

and residual oil-fired operation for ND and MD refinery heaters
were devel oped in a 1979 API-sponsored study.? Figure 4-6
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presents uncontrolled NQ, em ssion factors versus heat input
devel oped from APl data. The burner configuration, draft type,
and air preheat conditions were not reported for all of the
process heaters in the test. Figure 4-7
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shows the NQ, em ssion factors versus heat input for the gas-
fired process heaters with known burner configuration, draft
type, and preheat conditions. These figures illustrate that NQ
em ssions are not related solely to heat input. |In addition, the
increased NQ, emissions resulting fromusing air preheaters by
the majority of MD units is reflected in the relatively high

em ssion factors for MD heaters shown in Figures 4-6 and 4-7.%
The uncontrolled NOQ, em ssions for distillate and residual fuel
oils increase with
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increases in the nitrogen content of the fuel being burned as a
result of the formation of fuel NQ.

Uncontrol l ed NQ, em ssion factors devel oped by averaging the
data shown in Figures 4-6 and 4-7 are presented in Table 4-2.
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TABLE 4-2. AVERAGE UNCONTROLLED NO, EMISSIONS FROM REFINERY
PROCESS HEATERS BASED ON EMISSION DATA FROM API? (Ib/MVMBtU)

Fuel Natural draft? Mechani cal draft®
Gaseous 0.14 0. 26
Distillate oil° 0. 20 0. 32
Resi dual oil° 0. 42 0.54

aUS| ng anbi ent conbustion air.

®Using air preheated to 200°C (390°F), on average.

‘Fuel nitrogen content of 0.04 percent. Fuel NQ, contributes
0.06 I b/MvBtu to total uncontrolled em ssions.

‘Fuel nitrogen content of 0.29 percent. Fuel NQ, contributes
0.28 Ib/MvBtu to total uncontrolled em ssions.
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The em ssion factors in Table 4-2 for residual and distillate
oil were calculated fromthe em ssion factors for gas-firing with
adjustnents for fuel nitrogen content based on information from
APl Publication 4311. This table indicates that em ssions are
not directly related to heat rate. The uncontrolled em ssion
factors in Table 4-2 are categorized by fuel and draft system
Uncontroll ed em ssion factors were reported for gas-fired heaters
using ND wi thout preheat, gas-fired heaters using MD with
preheat, distillate oil-fired heaters using ND w thout preheat,
distillate oil-fired heaters using MD with preheat, residua
oil-fired heaters using ND without preheat, residual oil-fired
heaters using MD with preheat.? The enission factors increase
wi th increasing fuel-bound nitrogen content. The em ssion
factors for MD are higher than for ND because preheat was used in
the majority of the MD heaters.

An em ssion inventory for gas-fired ND and MD process
heaters at a refinery installation is presented in Figure 4-8.7°

4- 35



L]

T

180 200

+ Mechanical Drafl l
1
160

140

I d N
o+
.
]
a
100
HEAT INPUT., MMBIu/hr

-+
|
a

g

120

atutal Dralt

li

80

T

60

) o N - ™ S (=]
o () o

MWL 'SNOISSING XON

Figure 4-8. Uncontrolled NO, emission rates for gas-fired
process heaters at one refinery installation.”

4- 36



This inventory, tabled in Appendix A, is considered to be
representative of the heat rates and em ssion rates for process
heaters installed in refinery and chem cal manufacturing
applications. The MD heaters use air preheat and Figure 4-8
shows NQ, em ssion rates are generally higher from MD heaters
conpared to ND heaters. For both ND and MD heaters, em ssion
rates are largely insensitive to heater size. A summary of the
em ssion rates for the refinery process heater inventory is shown
in Table 4-3.
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TABLE 4-3. AVERAGE UNCONTROLLED NO, EMISSIONS FROM PROCESS

HEATERS AT ONE REFINERY INSTALLATION?

NO, emissions, Ib/MMBtu

Natural draft®

Mechanical draft®

No. of No. of
Fuel heaters Range Average heaters Range Average
Gaseous 32 .064 - .011 .098 26 062 - .323 197

dUJsing ambient combustion air.
Using air preheated to 310°C (595°F), on average.
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The data presented in Table 4-3 are grouped by draft type, and
the average em ssion rates include both natural gas- and refinery
gas-fuel ed heaters. The average NO, em ssion rate is
0.098 I b/MvBtu for ND heaters and 0.197 I b/MvBtu for MD heaters.
As discussed in Section 4.2.1.1, heaters firing refinery fuel gas
have higher NO, em ssions rates than natural gas-fuel ed heaters.
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Pyrolysis furnaces, due to their high firebox tenperatures
and conbustion intensity, have relatively high uncontrolled NQ
em ssion rates. Two sources estimated from their operating
experience that uncontrolled NOQ, em ssions range from
approximately 0.130 to 0.140 I b/MvBtu for natural gas-fired
furnaces.”® Limted data for natural gas-fired pyrolysis
furnaces was consistent with this range. Pyrolysis furnaces are
often fired with refinery gas, wth hydrogen contents ranging to
50 nol e percent or higher. According to one source, uncontrolled
NO, levels may be 20 to 50 percent higher when burning
hi gh- hydrogen refinery gas fuel than the 0.130 to 0.140 | b/ MvBtu
range for natural gas.? A second source indicated that
controll ed burner tests showed increases in uncontrolled NQ
em ssions for high-hydrogen refinery gas fuel ranging from 15 to
20 percent over natural gas-fired enission levels.?® These
estimates indicate that uncontrolled NQ em ssion rates range
fromO0.150 to 0.210 I b/MvBtu for high-hydrogen content refinery
gas firing; data were not available to verify this range.

4.3.2 Mdel Heaters

Fi ve categories of nodel heaters were developed in this
study to represent process heaters that have simlar uncontrolled
NO, emissions in the refinery and chem cal industry. These
nodel s were devel oped to take into account the variations in the
sizes, fuels, and draft systens that affect NQ em ssions. The
five nodel heater categories are (1) natural gas-fired, |ow and
medi umtenperature ND without preheat; (2) natural gas-fired,

l ow and nediumtenperature MD with preheat; (3) oil-fired, |ow
and nediumtenperature ND wi thout preheat; (4) oil-fired, |ow
and nedium tenperature MD with preheat; and (5) ND w thout
preheat ol efins pyrolysis heaters.

The natural gas-fired ND and MD, |ow and nedi umtenperature
nodel heaters are based on the refinery process heater inventory
shown in Figure 4-8. The ND w thout preheat, natural gas-fired,
| ow and nediumtenperature nodel heaters are presented in
Tabl e 4-4.
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TABLE 4-4.

MODEL HEATERS AND UNCONTROLLED NO, EMISSION FACTORS:

NATURAL GAS-FIRED, LOW- AND MEDIUM-TEMPERATURE ND
WITHOUT PREHEAT®

Uncontrol | ed

Model heater NQ, em ssion
capacity, Si ze range, No. of factors,
VBt u/ hr IMMVBt u/ hr bur ners | b/ MVBt u
17 x < 20 4 0. 098
36 20 < X < 50 7 0. 098
77 50 < X < 100 8 0. 098
121 100 < X < 150 19 0. 098
185 150 < X 29 0. 098
TABLE 4-5. MODEL HEATERS AND UNCONTROLLED NO, EMISSION FACTORS:

NATURAL GAS-FIRED, LOW- AND MEDIUM-TEMPERATURE MD
WITH PREHEAT?®

Uncontrol | ed

Model heater NO, em ssion
capacity, Si ze range, factors,
MVBt u/ hr MVBt u/ hr No. of burners | b/ MVBt u

40 X < 50 6 0.197
77 50 < x < 100 16 0.197
114 100 < X < 150 34 0.197
174 150 < X < 200 31 0.197
263 200 < X 20 0.197
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Figure 4-9 presents a graphical representation of the heat rates
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Figure 4-9. Natural draft process heater refinery inventory.?
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of the ND heaters in Figure 4-8. Several natural
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breaks tend to divide the heaters in Figure 4-9 into groups
according to heat rate and, therefore, nodel heaters were
devel oped to represent five heat rate ranges. Each nodel heater
represents the average size heater for the specified range of
heat rates. The heat rates of these five nodel heaters are 17,
36, 77, 121, and 185 MMBtu/hr. The uncontrolled em ssion factor
based on natural gas-firing for these nodel heaters is 0.098
| b/ MMBtu, which is the average of the uncontrolled em ssion
factors for ND heaters as shown in Table 4-3. Typically, heaters
in this category fire natural gas or refinery fuel gas with |ess
than 50 nol e percent hydrogen. As discussed in Section 4.2.1.1,
heaters firing refinery fuel gas with up to 50 nol e percent
hydrogen can have up to 20 percent higher NQ, em ssions than the
same heater firing natural gas.'®

The MD with preheat, natural gas-fired, |low and nedi um
tenperature nodel heaters are presented in Table 4-5.
Figure 4-10
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presents a graphical representation of the heat rates of the M
heaters in Figure 4-8. As is the case with ND heaters, severa
natural breaks tend to divide the heaters into groups according
to heat rate and, therefore, five nodel heaters were devel oped to
represent heat rate ranges. Each nodel heater represents the
average size heater for the specified range of heat rates. The
heat rates of these five nodel heaters are 40, 77, 114, 174, and
263 MvBtu/hr. The uncontrolled em ssion factor based on natura
gas-firing for these nodel heaters is 0.197 | b/MVBtu, which is
the average of the uncontrolled em ssion factors for MD heaters
in Table 4-3. Typically, heaters in this category fire natura
gas or refinery fuel gas with |less than 50 nol e percent hydrogen.
As discussed in Section 4.2.1.1, heaters firing refinery fuel gas
with up to 50 nole percent hydrogen can have up to 20 percent
hi gher NQ, enissions than the sanme heater firing natural gas.®

A total of four low and nediumtenperature oil-fired node
heaters were devel oped. Two ND wi thout preheat nodel heaters,
one distillate and one residual oil-fired, are presented in
Table 4-6. The capacity of each is 69 MVBtu/ hr, which represents

4-49



the average size of ND process heaters reported in an API

study.* Two MD with preheat nodel heaters, one distillate and
one residual oil-fired, are presented in Table 4-7. The capacity
of each is 135 MwvBtu/ hr, which represents the average size of M
process heaters with preheat reported in the APl study. The
uncontrol l ed NQ em ssion factors for the oil-fired nodel heaters
were devel oped using Table 4-2. A thermal NQ, and a fuel NQ,
factor are presented in Tables 4-6 and 4-7
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TABLE 4-6.
FACTORS:

MODEL HEATERS AND UNCONTROLLED EMISSION
DISTILLATE AND RESIDUAL OIL-FIRED, LOW-

AND MEDIUM-TEMPERATURE ND WITHOUT PREHEAT*

Uncontrol | ed NQ,
em ssion factor,

| b/ MVBt u
Model heater No. of
capacity, MvBtu/ hr Fuel bur ners Th?&gal Fuel NG
69 Distillate oil? 24 0. 140 0. 060
69 Resi dual oil® 24 0. 140 0. 280

%0. 04 percent N
0. 29 percent N

TABLE 4-7.

MODEL HEATERS AND UNCONTROLLED EMISSION FACTORS:
DISTILLATE AND RESIDUAL OIL-FIRED,
TEMPERATURE MD WITH PREHEAT*

LOW- AND MEDIUM-

Uncontrol | ed NQ,
em ssion factor,

| b/ MVBt u
Model heater No. of
capacity, MvBtu/hr Fuel bur ners Thi&gal Fuel No,
135 Distillate oil? 14 0. 26 0. 060
135 Resi dual oil° 14 0. 26 0. 280

%0. 04 percent N
0. 29 percent N

4-51




for each nodel heater and are not summed because each formation
mechanismis treated differently when considering achi evabl e NQ,
reductions for sonme control techniques. For the oil-fired ND
w t hout preheat heaters the uncontrolled thermal NO, em ssion
factor is 0.140 | b/MvBtu for both distillate and residual oi
firing. Fuel NQ, factors were calculated as the difference

bet ween the uncontrolled NQ, factors in Table 4-2 for gaseous and
oil fuels, and are 0.060 and 0.280 Ib/MvBtu for distillate and
residual oil firing, respectively. For the oil-fired MD with
preheat heaters the uncontrolled thermal NQ, em ssion factor is
0.260 I b/MvBtu for both distillate and residual oil firing. Fue
NQ, factors are 0.060 and 0.280 |b/MvBtu for distillate and
residual oil firing, respectively.
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TABLE 4-8.

MODEL HEATERS AND UNCONTROLLED EMISSION FACTORS:

NATURAL GAS-FIRED AND HIGH-HYDROGEN FUEL GAS-FIRED
OLEFINS PYROLYSIS FURNACES?*®

Uncontrol | ed NQ,

Model heater capacity, No. of |em ssion factor
MVBt u/ hr Fuel burners | b/ MVBt u
84 Nat ural gas 24 0.135
84 Hi gh- hydr ogen 24 0. 162
fuel gas
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presents two nodel heaters representing olefins pyrolysis
furnaces. The nodel pyrolysis heaters are an ND natural gas-
fired heater and a ND high hydrogen gas-fired heater with a heat
rate of 84 MvBtu/hr, w thout preheat. These nodels were

devel oped based on information and limted data from natural gas-
fired and high-hydrogen gas-fired pyrolysis furnace
installations, which are discussed in Section 4.3.1 The
uncontrol l ed NQ, em ssion factor for the natural gas-fired node
pyrolysis furnace is 0.135 | b/MVBtu, which is the average of the
0.130 to 0.140 | b/ MvBtu range discussed in Section 4.3.1. The
uncontrol l ed NQ, em ssion factor for the high-hydrogen gas-fired
pyrolysis nodel furnace is 0.162 |b/MvBtu, which is 20 percent

hi gher than the natural gas-fired pyrolysis nodel furnace.
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5..0 NQ, CONTROL TECHN QUES

In this chapter, NQ, control techniques for process heaters
are discussed. N trogen oxides control techniques for process
heaters can be categorized as either conbustion controls or
post conbustion controls. Section 5.1 describes conbustion
controls. Sections 5.2 and 5.3 address postconbustion controls.
Pyrol ysis furnaces, which consunme a |large portion of the energy
used in basic chem cal plants, operate at nuch higher
tenperatures than other process heaters and are a specia
consideration. Pyrolysis furnaces are discussed separately in
Section 5.4. Section 5.5 presents a summary of the achievabl e
em ssion reductions for NQ, control techniques as applied to
nmodel process heaters. References for Chapter 5 are presented in
Section 5.6.

a. COVBUSTI ON CONTROLS

As discussed in Chapter 4, the main factors contributing to
NO, formation include conmbustion tenperature, avail able oxygen,
and fuel nitrogen content. Conbustion nodifications attenpt to
reduce NQ, formation by controlling the first two factors.
Control of excess air reduces the anobunt of oxygen available to
conbine with dissociated nitrogen and is discussed in
Section 5.1.1. Conbustion staging nmethods reduce NQ, formation
by either reducing avail abl e oxygen or providing excess oxygen to
cool the conbustion process. Conbustion air preheat is often
used in process heaters to inprove thermal efficiency. Because
preheated conbustion air increases conbustion tenperatures,
thermal NQ, formation is increased. Conbustion air preheat is
di scussed in Section 5.1.2. Staged conbustion incorporating air
lancing is discussed in Section 5.1.3. The technique of staging



conmbustion air was |ater incorporated into the design and

devel opnment of staged-air burners and is described in

Section 5.1.4. Fuel staging, discussed in Section 5.1.5, is a
nore recently devel oped burner staging technique. Flue gas
recirculation (FGR) has been used as a NQ, control technique for
boilers but has had |imted application to process heaters. A
di scussion of FGR for process heaters is provided in

Section 5.1.6. More recently, a class of burners has been

devel oped that uses a variety of techniques and is generally
referred to as ultra-1owNQ, burners. In addition to staged
conbustion, these burners may incorporate internal FGR and steam
injection; they are discussed in Section 5.1.7. Section 5.1.8
covers a separate class of burners, referred to as radi ant
burners, which use a ceram c catal yst enclosing the burner tinp.
i. Low Excess Air

Low excess-air (LEA) control systens optim ze the anount of
air available for conbustion. Optimzing the conbustion air
supply reduces both fuel consunption and NQ, formation.

Decreased | ocal oxygen concentrations, due to mninmal excess air
in the conbustion zone, forns a reducing atnosphere, which
inhibits the formation of both thermal and fuel NQ.
Additionally, the resulting |lower flue gas tenperature further
reduces the formation of thermal NO. Thermal efficiency is

i ncreased by reducing the heat |oss associated with the heating
excess air not required for conbustion. Mre heat is therefore
transferred to the process fluid per unit of energy input, thus
requiring less fuel to provide the required heat flux. The
actual efficiency inprovenent obtained for a given heater depends
on the flue gas tenperature and on the heat response of the
heater to the reduced flue gas flow under LEA conditions.**

The effectiveness of any LEA control systemin reducing NO,
em ssions froma fired heater depends on (1) the long-term
average excess air |evel that can be maintained in the heater and
(2) the relationship between NO, em ssions and oxygen (Q) in the
heater.' The |owest excess air level that can be maintained in a
fired heater depends on draft type, fuel type, degree of air
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| eakage into the heater, and the ability of the excess air
control systemto respond quickly to changes in fuel conposition
and heater load. The relationship between NQ, em ssions and Q
for a particular heater depends on draft type, fuel type, burner
type, and degree of conbustion air preheat. Optinmal excess Q
| evel s are therefore different for each heater

Draft type influences the excess air |level attainable in
ol der heater designs by affecting the degree of fuel/air mxing
in the burner. Mechanical draft (MD) burners generally operate
with a higher pressure drop than natural draft (ND) burners,
resulting in inproved fuel/air mxing. Consequently, M heaters
can achieve conpl ete conbustion at |ower excess air levels than
ND heaters. This is not necessarily the case in recent burner
desi gns, however, as one source reports that ND burners can be
operated at excess air levels simlar to MD burners.®

The m ni mum excess air level is also affected by fuel type.
Fired heaters conbust gas, oil, or a conbination of gas and oil
Gas-fired heaters generally require a |lower excess air |level than
oil-fired heaters. Variations in fuel conposition such as those
often associated with refinery gas may affect the ability of sone
LEA control systens to continuously maintain stack Q |evels.
Data from tests conducted from 1978 through 1982 indicate that,
on average, a 9 percent reduction in NQ acconpani es each
1 percent reduction in stack Q levels when stack Q levels are
between 2 and 6 percent. For exanple, reducing the average
| ong-term stack oxygen |l evel of a heater using LEA contro
techniques from 5.5 percent Q to 2 percent Q would result in a
32 percent reduction in NQ enissions.® Current experience for
one source is that NQ, reductions of 6 percent are achieved for
every one percent reduction in excess Q. This ratio is |ower
than the 9:1 NQ, reduction ratio discussed above and probably
reflects recent inprovenents in heater and burner designs wth
reduced excess air |evels.

Current practice is to control excess air to inprove heater
efficiency. However, retrofitting older heaters that |ack LEA
equi pnrent may require a large capital investnent to achieve

5-63



opti mal excess air operation.®> Excess Q |levels of approxinmtely
2 to 4 percent appear to provide the best bal ance of nmaxi mum
heater thernmal efficiency and NQ and CO em ssion reductions.
Appendi x A presents a refinery process heater inventory and
suggests that excess air is already maintained at or near optinal
conditions. As discussed earlier, Q optinmal conditions are
different for every heater. For this reason, control of excess
air should be viewed as an expected standard operating procedure
and not as a potential retrofit NQ control method for
substantial NQ, reductions.
ii. Conbustion Air Preheat

Conmbustion air preheat is often used in conjunction with M
heaters to inprove heater thermal efficiency. An MD heater with
air preheaters will typically have an exhaust gas tenperature of
260°C (5000F). Thermal efficiency for heaters of this type can
be as high as 92 percent.® As discussed in Chapter 4, this
increase in thermal efficiency with the addition of air preheat
is associated with increases in thermal NOQ, formation. Reducing
air preheat in NMD heaters reduces thermal NQ, formation at the

expense of heater efficiency. This loss of heater efficiency can
be partially offset by adding a convection section heat recovery
unit (or increasing the size of the existing one). As discussed
in Section 5.1.7, NQ, em ssions fromradiant burners appear to be
unaffected by conbustion air preheat.
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Figure 5-1 illustrates the typical relationship between
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conbustion air preheat and NQ, em ssions. An increase in air
preheat from anbient to 260°C (500°F) increases NQ, formation by
a factor of approximately two. This result is supported by the
refinery/inventory survey shown in Appendix A Those heaters
using inlet air at anbient conditions show significantly | ower
em ssions than conparable units at elevated preheat |levels. Most
heaters equi pped with preheaters do not have control of the |evel
of air preheat.
iii. Use of Air Lances to Achieve Staged Conbustion

Early efforts to stage conbustion used air |ances to
separate the conbustion process and limt NQ formation. In the
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primary conbustion zone, a rich mxture is conbusted with the air
| ances supplying jets of air in the secondary conbustion zone to
conplete the oxidation of the fuel. A schematic diagram of a
staged conbustion systemusing air |lances is presented in

Figure 5-2. The range of uncontrolled and achi evable controll ed
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em ssions reported in References 2 and 3 is presented in
Table 5-1
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TABLE 5-1. CONTROLLED EMISSIONS FOR STAGED COMBUSTION
USING AIR LANCES*?

Uncontrolled NO, emissions NO, Controlled NO, emissions
reduction,
Fuel ppmv? Ib/MMBtu percent ppmv? Ib/MMBtu
Refinery gas 138 0.165 12 121 0.144
Refinery gas 125 0.243 71 36.3 0.043
Residual oil and 265 0.334 25 199 0.251
refinery gas
Residual oil and 214 0.270 53 101 0.127
refinery gas

°At 3 percent O,.
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.»®* N trogen oxide reductions from uncontrolled levels using air

| ances for heaters firing refinery gas range from 12 to
71 percent.?® Reductions for heaters that conbine firing of
No. 6 fuel-oil and refinery gas range from 25 to 54 percent.

Al t hough staged conbustion air (SCA) is potentially
applicable to many fired heaters, its use may be restricted by

several limtations.' As the degree of staging is increased, the
flame quality and tenperature decrease, and the uniformty of the
heat flux provided by the flane is inpaired. In process heater

applications in which the process fluid flow may be seriously
affected by variations from the design heat flux distribution,
staged air |ances may not be applicable. For exanple, reformng
heaters and vacuum heaters often have process fluids of nore than
one phase or at high tenperatures that require a constant heat
flux distribution. Qher heater types, such as crude oi

heaters, have been denonstrated to nore readily tolerate changes
in heat flux and tenperature. GQher limtations include the
possi bly corrosive environment due to staged conbustion within
the heater, which leads to frequent replacenent of air lances. A
| arger flanme zone would be required in sone heaters to
accomodate the | engthened flanme associated with staged
combusti on.

The devel opnent of staged burners incorporating air staging
or fuel staging has elimnated the need for extensive air supply
pi ping and renoved many of the flame difficulties associated with
air lance staging. One source reports that no known commercia
applications of air lances exists.® For this reason, air staging
using air lances should not be considered a current NQ, control
appr oach.
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iv. Staged-Air, Low NQ_Burners
St aged-air techni ques have been incorporated into the burner
design. Although staging techniques are effective in reducing

NO, em ssions, flame shape can be detrinmentally affected.
Staged-air, |ow NQ burners (LNBs) are usually larger than
conventional burners and generally require extensive retrofitting
operations. Em ssion reductions achieved by staged-air LNBs
range from 30 to 40 percent bel ow em ssions from conventiona
burners. "% Using the uncontrolled enission factors from

Table 4-3 and a 40 percent NQ, em ssion reduction, the expected
controlled NQ emssions for staged-air LNB are presented in
Tabl e 5-2.
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TABLE 5-2.

CONTROLLED EMISSION LEVELS FOR STAGED-AIR LNB*"S

Uncontrolled NO, emission Controlled NO, emission levels’
factors
Fuel Draft type
ppm? Ib/MMBLtu ppm? Ib/MMBLtu
Gas ND 111 0.14 66.6 0.084
Distillate oil ND 159 0.20 95.2 0.120
Residua oil ND 333 0.42 200 0.250
Gas MD 206 0.26 124 0.156
Distillate oil MD 254 0.32 152 0.195
Residua oil MD 421 0.53 253 0.318

4@3 percent O,

Controlled emissions based on a 40 percent reduction.
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The em ssions are presented for ND and MD gas-, distillate oil-
, and residual oil-fired heaters. The uncontrolled em ssions
range from0.14 I b/MVBtu for ND gas-fired heaters to
0.42 | b/MBtu for MD residual oil-fired heaters. The controlled
em ssions range from 0.084 [ b/MvBtu for ND gas-fired heaters to
0.318 Ib/MvBtu for MD residual oil-fired heaters.
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Table 5-3

5-77



"umou Jou s| ainfesedwe) reeue.d,

'sadA} Jeuing fe|iwis Joo Aew siopusA BUYIO adAy Jsuing sy Ajusp! 01 A|Uo papNn|oul 91e SSleu JOPUS A ‘6 S0US.RJRY,

*Auedwod Xulz uyor sy WoJj pautelqo aq Ued siuswisde(dal Ing ‘a|e| A2 Jebuo| ou afe sieuing |[199IA *Auedwod ulz uyor Ag peseyound ussq sey 11991,
'sadA) Jeuing Jejiws 8o Aew siopueA JoyiO adA} Jouing ay) A4iuspi 01 AJUo papnioul 8.Je pue 80UBJ8 . 8U} U1 punoy Se pajussald a.e SSWeu Jopus A */ S0URIB Y.

uonoNPal 9%0€ U01ONPaI %0E ON » (Tepud) ain
uonoNPal 9%0€ U01ONPaI %0E ON an » N7 J1y-pafels snpijed
2002
700 (aN Busn reayeud noyrim) Awdd 2 ON Aw/anN sosnNyY
2 ON MO
(seb ues| ‘reaypad 4, 009) S 01 G u4a
890°0 01 #90°0 (1esypud ou) 717 01 €€ ON an sosnNyY
eA1
£50°0 01 6£0°0 uo1oNPal 90 sefy/|1o an AyuomuweH
uonoNpPaJl %0 uo1oNPal 90 uolreuIquiod an
4edON
uonoNPaJ %0t uonINPaJ %0t uoeuIgwoD an DN
uonoNPaJ %0t uo1INPaJ %0t ON an
1=dOUN
uonoNPaJ %0t uo1INPaJ %0t 9N an DN
ore0 0.2 OdH
(?eayp.d 4,009)
AN 50T 9N an
O4H H-00)
2ON
10T°0 g8 ON an Yuiz uyor
0VE'0 01 STE0 0/Z 01052 »OdH
2 AIH “ON-M0
G210 01 8700 GOT 0107 « SN an YUIZ uyor
mgNIN/g| Awdd pn4 1jelp PIOH aweu Jauing
SpAa| UOKSIWS pue aouew.lopsd [04u0d *ON
S73A3T NOISSINT ANV FONVNHO4YId 1OMLINOD “ON ¥3aNYNg H1V-AI9VIS ERIELAR

5-78



presents several staged-air burners and estinated performance.
For heavy fuel oil (HFO firing (0.3 percent N content), staged-
air LNBs produce about 250 ppnv of NQ, at 3 percent Q
(0.315 I b/MVBtu). This reflects approximtely a 40 percent
reduction in NQ, em ssions from conventional burners. For gas
fuels, staged-air LNBs produce a |ower bound of approximtely 80
to 100 ppmv NO, at 3 percent O, (0.096 to 0.119 Ib/MVBtu) with
260°C (500°F) preheat.

Most early LNB design efforts centered on bypassing sone of
t he conbustion air around the conventional burner conbustion
zone. Typically, as shown in Figure 5-3,
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these "air-staged"” designs use a tertiary conbustion zone since
nost of the standard burners already have primary and secondary
air mxing. Tertiary air, containing the "excess" portion (10 to
20 percent) of conbustion air, is introduced around the outside
of the secondary conbustion zone so that unburned fuel and Q

m x/ react nore by diffusion than by turbulent mxing. This
techni que maximzes the tinme during which fuel burns in

substoi chionetric conditions.
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The theoretical basis for air staging is that the initia
conmbustion of fuel takes place in a fuel-rich reducing atnosphere
in which N, is preferentially formed rather than NQ. The flame
tenperature in the initial conbustion zone is high due to the | ow
conbustion air/fuel ratio, but thermal NQ formation is limted
by the Iow Q concentration.

For heavy fuel oil (HFO conbustion, staged-air burners are
nmore suitable than staged-fuel burners.' The reducing
conditions prevailing in certain nmakes of staged-air burners
(particularly those with longer primary zone residence tinmes) are
t hought to have a greater inpact on fuel NQ reduction than the
staged-fuel burner, which essentially affects only thermal NQ.
Fuel NQ, reduction is the key issue in overall NO, reduction for
hi gh-nitrogen-content liquid fuels such as HFO

The major problem wth high-performance LNB retrofitting is
that flanes tend to be larger and | ess well-defined than those of
the standard burners they are replacing. The altered flane
pattern is caused by diffusion mxing and del ayed conbustion
resulting fromthe air staging. The tendency for larger, |ess
wel | -defined flanmes is nore pronounced for ND than for NMD burners
and nore so for oil than for gas firing. However, one source
reports that problens resulting fromflane pattern alteration can
be mnimzed or elimnated if the burner systemis properly
designed. Design considerations that affect the flane
characteristics include burner tip placenent, burner tip hole
sizes and angl es, placenment of the flue gas recycle ducts, and
burner tile shape.®

Anot her problemwith LNBs is that retrofit operations may
require extensive nodifications to the heater. A |arge nunber of
process heaters are floor-fired, and limted space under the
heater may increase retrofit cost significantly because LNBs
require larger air plenuns than conventional burners.®> O her
typical retrofit operations include nmultiple fuel header
connections, steam header connections, and flue gas ducting
alterations.®
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Spaci ng between burner center |ines varies appreciably from
one heater design to another, typically within a range of 0.6 to
1.7 nmeter (M) (2 to 5.6 feet [ft]) (nost are greater than 1.0 m

[3.3 ft]). In general, retrofitting heaters that have a spacing
of less than 1 m may not be practical because of potential flane
i npi ngenent. In the case of heaters in critical services

(i.e., those with high process tenperatures or pressures) such as
catalytic reformng, steam nethane reformng, hydrocracking,
olefin cracking, etc., this mninmm spacing may be as high as

1.4 m (4.6 ft) because of the need to mnimze heat flux

vari ations around the tubes.

The NQ, em ssions from LNBs are nuch nore sensitive to
excess air than are em ssions from standard burners. Since
i nproved control of excess air is nore readily achieved with MD
conbustion air systenms, an effective NQ reduction strategy for
ND process heaters is a retrofit involving conversion to M,
excess Q control, and LNBs. The benefits of such a retrofit
ar e:

1. Inproved flane definition relative to an ND heater with
LNBs;

2. Reduced excess air, resulting in energy savings; and
For MD process heaters, an effective LNB retrofit would involve
installing both excess O control and LNBs.

Another limtation on LNB applications is the existing
burner design heat release rate. Mst LNBs have a m ni nrum design
heat rel ease of about 3,000 to 9,000 M}/ hr (3 to 9 MVBtu/hr).
Certain heaters, such as steam nethane reforners, are typically
designed with a | arge nunber of small burners with duties that
may fall below the m ninum LNB heat release.

From t he above discussion, it is apparent that not al
process heaters are suitable for LNB retrofitting, although the
majority will qualify. 1In the case of heaters with nultiple
smal | burners, the cost of a burner retrofit is high even when it
is technically feasible so that alternative |ow NQ, sol utions may
be nore attractive.
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v. Staged-Fuel Low NQ_Burners
Staged-fuel LNBs were nore recently devel oped than staged-
air LNBs. Designed for gas firing, staged-fuel LNBs separate the
conmbustion zone into two regions. The first is a lean primry
region in which the total quantity of conbustion air is supplied
with a fraction of the fuel. 1In the second region, the renai nder
of the fuel is injected and conbusted by the oxygen |left over
fromthe primary region. This technique inhibits the formation
of thermal NQ, but has little effect on fuel NQ, formation.
Figure 5-4 presents a schematic of a typical staged-fue
LNB.
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In a typical staged-fuel LNB, 40 to 70 percent of the fuel is
bypassed around the primary conbustion region.”* Conbustion in
the primary region, therefore, takes place in the presence of a
| arge excess of O, at substantially [ower tenperatures than the
standard burner. The remaining fuel is introduced around the
outside of the primary conbustion zone so that fuel and unburned
Q mx/react by diffusion rather than turbulent m xing and
substoi chionetric reducing conditions are maxi m zed.

For gaseous fuels that do not contain fuel -bound nitrogen,
NQ, reduction performance from fuel staging is better than that
fromair staging. The |owtenperature/high-Q conditions of the
staged-fuel LNB have a stronger effect on thermal NQ, reduction
than do the high-tenperature/low Q conditions of the staged-air
LNB. ’

St aged-fuel LNBs have several advantages over staged-air
LNBs. First, the inproved fuel/air mxing due to the pressurized
injection of the secondary region fuel reduces the excess air
operating | evel necessary to ensure conplete conbustion. The
| ower excess air both reduces NQ, formati on and inproves heater
efficiency. Second, for a given peak flane tenperature, staged-
fuel LNBs have a nore conpact flame than staged-air LNBs.'

St aged- fuel burners have been installed as wall-, floor- and
roof - nount ed burners and have found use in the full range of
process applications fromcrude oil heaters to downstream
conversi on processes.

5-88



Reductions in NQ, em ssions of up to 72 percent have been
reported over conventional burners based on vendor test data for
staged-fuel LNBs.' The average reduction is approxi mately
60 percent.“"** Table 5-4 presents controlled NQ enission
| evel s for several staged-fuel LNBs. The controlled em ssions
ranged from 40 to 50 ppnv at 3 percent Q (0.048 to
0.060 | b/ MvBtu); uncontrolled emssion levels, and therefore
percent reductions, were not available.” Table 5-5
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TABLE 5-4. STAGED-FUEL LOW-NO, BURNER CONTROLLED
NO, EMISSION LEVELS’
Controlled NO, emissions
Burner name Heater draft Fuel ppmve" Ib/MMBtu
John Zink SFG* ND Gas 40 to 50 0.048 to 0.060
MD (500°F preheat)  |Gas 40 to 50 0.048 to 0.060
John Zink SFG? ND? Combination’ 40 NA
MD (500°F preheat) Combination’ 50 NA
McGill SRGR®® ND¢ Refinery gas 45 0.054
50 percent H,
MD¢ Refinery gas 45 0.054
50 percent H?
Callidus CSG° ND* NG 60% reduction 60% reduction
MD (preheat)® NG 60% reduction 60% reduction

®Reference 7. Vendor names are presented as found in the reference and are included only to identify the burner
type. Other vendors may offer similar burner types.

®McGill has been purchased by John Zink Company. McGill burners are no longer available, but replacements can
be obtained from the John Zink Company.

‘Reference 9 Vendor names are included only to identify the burner type. Other vendors may offer similar burner
types.

dCombustion air at ambient conditions.

*Preheat temperature is not known.

‘Combination of oil and gas fuels.

9At 3 percent O,.

"Percent reductions were not available for al burners.

NA = Not available.
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TABLE 5-5. CONTROLLED NO, EMISSION LEVELS FOR STAGED-FUEL
LOW-NO, BURNERS®
Uncontrol | ed NQO, Controll ed NQ em ssions®
eni ssi ons

Draft type ppmv° | b/ MVBt u ppmv® | b/ MVBt u
ND 117 0.14 47 0. 056

VD 218 0. 26 87 0. 104

dGas firing.

At 3 percent Q.

‘Control |l ed em ssions based on a 60 percent reduction.
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presents controlled emssion levels for gas-fired heaters using

uncontroll ed em ssion factors from Table 4-3 and a 60 percent
reduction. The controlled NO, emssion |levels are 0.056 and
0.104 I b/MvBtu for ND and MD heaters, respectively. The data in
Table 5-4 indicate that the conbination fuel burners,
i.e., burners that fire a gas and oil m xture, can achieve
approximately the sanme em ssion levels as the gas-fired burners.
However, it is expected that conbination fuels will generally
produce higher NQ, em ssions than gas-only fuels. The data in
Table 5-4 also indicate that controlled em ssions for ND burners
are only 10 ppnv |ess than MD burners with preheat. As shown in
Tabl e 4-2, NQ em ssions for process heaters with preheat are
approximately 1.25 to 2 tines that of process heaters w thout
preheat, so controlled em ssions for ND and MD burners in genera
woul d be expected to differ by nore than 10 ppmv. It is expected
that the controlled emssions for the MD gas-fired John Zink SFG
LNB in Table 5-4 would have simlar em ssions as the MD heater in
Tabl e 5-5.
vi. FElue Gas Recirculation

Flue gas recirculation (FGR) generally involves forced
return of flue gas to the burners and introduces the air/flue gas
m xture into the conbustion zone. This technique is usually
referred to as external FGR

Flue gas recirculation is a NQ emssion reduction technique
based on recycling 15 to 30 percent of the essentially inert
products of conbustion (flue gas) to the primary conbustion
zone.® The recirculation of flue gas dilutes the conbustion
reactants, reduces the peak flanme tenperature, and reduces the
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| ocal oxygen concentrations, thereby inhibiting thermal NQ,
formati on. However, FGR is believed to have only a small effect
on fuel NQ formation.*’

Conventional burners can be used with nodifications to
accept the increased gas flow  Success with external FGR on
boil ers denonstrates the capability of the technique, but FGR has
been used on only a few fired heaters. Several inherent drawbacks
l[imt its potential use with process heaters. Flue gas
recirculation requires a relatively large capital investnent
because of the need for high-tenperature fans and ductworKk.
Furthernore, it may not apply to all types of fired heaters. The
low flane tenperature and susceptibility to flame instability
[imts FGR usage in high-tenperature applications. In addition
FGR can only be used on MD heaters. Since FGR is believed to
have only a small effect on fuel NQ formation, FGR may not be as
effective on oil-fired heaters as on gas-fired heaters.”®

The only NQ, em ssion data currently available on a fired
heater using FGR consist of five spot neasurenents on a 10 MWV
(100 MmvBtu/ hr) crude oil heater with nechanical draft, anbient
conmbustion air, and unknown fuel and burner type. The average
operating conditions of the heater were 74 percent |oad, 620°C
(1150°F) FGR tenperature, and 14 percent stack gas oxygen
content. The average NQ, em ssions from the heater were
78.1 nanogranms per Joule (ng/J) (0.012 |b/MvBtu).*

For small heaters, North Anerican Manufacturing Conpany is
marketing a nass flow, FGR controller. On a 10 MM Btu/ hr,
si ngl e-burner Dowt hern® heater, NQ, em ssion |evels of |ess than
30 ppnv at 3 percent Q (0.036 |b/MBtu) have been achieved.
This system incorporates LNBs and external FGR

Based primarily on boiler data, reductions using externa
FCR for process heaters are given as 55 percent for both oil and
gas firing when used in conbination with LNBs.” Al so, based on
boil er data, FGR used with standard burners on process heaters is
expected to reduce NQ enission levels 30 percent.’
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vii. Utra-Low NQ_Burners

Utra-low NQ burners refer to a class of burners recently
devel oped to neet the South Coast Air Quality Managenent D strict
(SCAQWD) Rule 1109 NQ, em ssion requirenments. These burners may
incorporate a variety of techniques including internal or self
recirculating flue gas (IFGR), steam injection, or a conbination
of techni ques.

These burners are designed to recirculate hot, O-depleted
flue gas fromthe flame or firebox back into the conmbustion zone.
This reduces the average Q, concentration within the flane
W thout reducing the flanme tenperature bel ow tenperatures
necessary for optinmal conbustion efficiency.” Al designs, as
depicted in Figure 5-5, use a venturi effect to
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i nduce hot flue gas back into the primary conbustion zone. Fue
gas injection via primary or secondary burner tips and steam
injection can be used to create the venturi effect.

Reduced Q, concentrations in the flame have a strong i npact
on fuel NQ, so IFGR burners are an effective NQ, contro
techni que for heaters firing nitrogen- bearing fuel oil. This is
especially true when conbined with staged-air conbustion, as
exenplified in the John Zink MNC and Hague International Transjet
burners.’

Several sources of data indicate that ULNBs are capabl e of
achieving lower NQ em ssion levels than LNBs. Em ssion |evels
for NQ reported by one refinery using ULNBs, shown in
Appendi x C, range from 0.050 to 0.031 |b/MVBtu.* Controlled NQ
em ssions of 0.025 | b/ MvBtu have been reported for the Sel as
ULNX® burner.' This enission level is reported for natural gas
firing and a firebox tenperature of 1250°C (2280°F). In a heater
firing refinery fuel-gas using an Exxon proprietary staged-air
burner incorporating IFGR, NQ, em ssion |evels of 55 ppnmv at
3 percent Q (0.066 |b/MVBtu) at 273°C (5240F) preheat are
anticipated.®™ Operating under different firebox conditions than
t he Exxon burner, the John Zink NDR burner for ND heaters was
designed to neet SCAQWD Rule 1109 em ssions (0.03 |b/MVBtu or 25
to 28 ppnv depending on fuel conposition).' Additional
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reductions of 5 to 10 ppnv appear achievable w th approxi mately
0.12 Ib steam | b fuel injection.?

Refinery retrofit experience shows an average reduction
efficiency of 75 percent thermal NQ, reduction for ULNBs.™
Supporting this performance, the Callidus LE-CSG burner is
reported to achieve a NQ, reduction efficiency of approximtely
75 to 80 percent.® The manufacturer states that this | FGR ULNB
can achieve this reduction firing natural gas with ND or M
(preheat) operation. Based on available oil-fired process heater
data, fuel NQ, reductions of 78 percent for ND and 72 percent for
MD (preheat) are achievable by ULNBs.” Therefore, the reduction
efficiencies used in this study for ULNBs for |ow and nedium
tenperature process heaters are 75 percent for thermal NQ,

78 percent for ND fuel NQ, and 72 percent for MD (preheat) fuel
NQ,.

Retrofit problenms with ULNBs are simlar to those
encountered with LNB retrofits. Utra-low NQ burners, in
general, are larger in size and nmay require larger air plenuns
than do conventional burners. Mdifications to the burner nounts
may be required because ULNBs usually do not fit into
conventional burner nounts. However, one nmanufacturer has
addressed this problemfor wall-fired burners. It is reported
that this manufacturer's |atest generation ULNB is designed to
fit into other burner nounts without major wall nodifications.®™
It is expected that this may not always be true because of the
wi de variety of burners available and the differing heater
desi gns.

viii. Radiant Burners

Al zeta offers a gas burner that has a cube of ceramc fibers
at the burner tip. The fibers act as a catalyst in oxidizing the
fuel. As a result, conbustion is acconplished at a tenperature
of approxi mately 980°C (1800°F).’ Thermal NQ, formation is
reduced since this tenperature is approximtely 1000°C (1830°F)
lower than is generated in conventional burners. Radiant burners
do not appear to be affected by high-tenperature air preheat, and
NO, i s actually decreased by high excess-air operation.” This
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technique is available for new installations but is not
considered practical in nost cases for retrofit installation. The
burner intrudes into the furnace space, and a retrofit would
probably require retubing the process heater. Reported em ssions
have been 20 to 25 ppnv at 3 percent Q (0.024 to 0.030 | b/ MvBtu)
of NQ.'™™ Table 5-6
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presents data fromthree different radi ant burner process heater
applications. The first application is for a natural gas-fired
nmodel 6 MvBtu/ hr heater operated at three different capacity
factors. Em ssion data are shown for the heater using M
conventional burners and for the heater using radiant burners.
The NO, emi ssions fromthe heater using radiant burners were
approximately 75 percent |less than those fromthe heater using M
conventional burners. Controlled NQ emssion |evels of 20 ppnv
at 3 percent Q (0.024 | b/ MvBtu) were reported by the burner
vendor.?** The second and third applications are retrofits of
two 8 MVBtu/ hr heaters. Data are shown for each heater operated
at two different capacity factors. Data for preretrofit NG
em ssions were not available. The postretrofit NQ, em ssions
ranged fromO0.0 ppnmv at 3 percent Q to 15.7 ppnv at 3 percent Q
(0.0 to 0.019 |b/MBtu).?**>*

Reported problens with the ceram c burners include fouling,
fragility, and somewhat linited capacities.” The heater
capacity, efficiency, and radiant section heat absorption may be
affected in retrofit applications because radiant burners operate
at |ower tenperatures than conventional burners.”®
b.  SELECTI VE NONCATALYTI C REDUCTI ON

Sel ective noncatal ytic reduction (SNCR) involves the direct
injection of a NQ-reducing chemcals into the hot flue gas. At
suitably high tenperatures, the injected chem cal can convert the
NO, to N, without a catalyst.’” Currently there are three
chem cal reactants that are available for the SNCR process:
anhydrous ammoni a (NH,), aqueous NH,, and aqueous urea sol ution.
O her chem cals such as hydrogen, hydrogen peroxide, and nethanol
may be added to inprove performance and | ower the m ni num
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threshold tenperature.®® The SNCR reduces both thermal and fuel -
derived NQ.

Devel opnent is continuing on new NQ-reducing agents for use
in SNCR applications on boilers and fired heaters. |In
particul ar, devel opnment is focused on extending the |ower
threshol d tenperature at which the reaction can occur and
controlling em ssions of unreacted reactants, or reactant slip.

The injection point is determned by the allowable
tenperature "wi ndow' required to carry out the reaction. The
upper Iimt for all SNCR processes is about 1100°C (2000°F).
Provided that the heater bridgewall tenperature is below this
threshold tenperature, the chemcals are injected via conpressed
air or lowpressure steaminto the firebox. Above 11000cC
(2000°F) bridgewall tenperatures, the chem cals can be injected
into the appropriate section of the convection bank. This latter
option is common in large utility boilers.

Heaters can be retrofitted for SNCR by installing injection
nozzl es through holes cut in the furnace wall. The nozzles are
connected by piping to air or steam and chem cal supplies. Bulk
chem cal storage is normally renote from the individual heater
and can be used for nore than one heater or boiler.

The SNCR systens require rapid chemcal diffusion in the
flue gas. The injection point nust be selected to ensure
adequate flue gas residence tine and to avoid tube inpingenent.
Comput er nodeling provided by the |licensor can be used to devel op
the optinmum injection points.

Ammonia slip is potentially higher in SNCR systens than in
SCR systens because the chem cal reactant injection ratios in
SNCR systens are higher. Heater |oad variations, such as
startups, shutdowns, and nmajor upsets in heater operation, tend
to change the firebox tenperature. These variations can affect
NO, reduction and NH, slip when operating near the extrenmes of
the allowable tenperature window. Ammonia slip can be mnimzed
by properly designed control systens that nonitor the flue gas on
a continuous or frequent basis for heater [oad and NQ
concentration. ?
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Ammoni a slip can al so cause ammoni um sul fate [(NH,) ,SO|]
deposits in the convection section. These deposits can occur if
sul fur trioxide (SQ) is present in the flue gas.’

Post conmbustion controls such as SNCR may be used as the sole
NO, control technique or in conbination with LNBs. Potential NQ,
reduction efficiency for SNCR is approximtely 70 percent, but
controlled emssion levels at existing installations show simlar
NO, reductions for either SNCR or LNBs plus SNCR  This is likely
because the controlled emssion levels reflect permt

requirements. It is expected that achi evable NQ, reductions
using LNBs plus SNCR are greater than the reductions achieved by
usi ng SNCR.°

Sel ective noncatalytic reduction efficiency is dependent on
the NQ, concentration in the flue gas. Therefore, it is expected
that SNCR used on a heater with relatively high uncontrolled NG
em ssions will have a higher reduction efficiency than an SNCR
used on a heater with relatively [ow uncontrolled NO, em ssions.
This also indicates that for any particul ar heater the
performance of SNCR used in conbination with LNB may have a | ower
reduction efficiency than if SNCR was used al one.®
i. Exxon Thermal DeNQ® (Ammmonia Injection)

Thermal DeNQ®(TDN), devel oped by Exxon, is an add-on NQ
control technique that reduces NQ to N, and water (HO wi thout
the use of a catalyst. Figure 5-6 shows a process flow di agram
for
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a TDN system applied to a process heater.?* The TDN process
i njects anhydrous or aqueous NH, to react with NQ in the
air-rich flue gas. The NH,-to-NQ, injection ratio is generally
between 1:1 and 2:1 for the TDN process. Equation 1 shows the
reaction with a 1:1 ratio, and Equation 2 shows the reaction with
a 2:1 ratio.
2NO + 2NH, + 20, - 2N, + 3H0 (1)
2NO + 4NH, + 2Q, - 3N, + 6H0 (2)
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Using a 2:1 injection ratio, the NH, and NQ, react according to
the followi ng conpeting reactions: ™
2NO + 4NH, + 2Q, -~ 3N, + 6H,0
4NH, + 50, -~ 4NO + 6H,0
(1) Process Description (Thermal DeNQ®. This process has
been installed in 75 process heater and nonprocess heater
applications, and 22 nore are presently under design or
construction.” Table 5-7 presents a partial |ist of Exxon's
Thermal DeNQ® process heater installations and NQ, control
performance. "** The reactant is mixed with | owpressure air
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TABLE 5-7. PARTIAL LIST OF EXXON"S THERMAL
DeNO, INSTALLATIONS'-*
Uncontrolled Controlled
Installation Size, MW NO,, ppmv at NO,, ppmv at Percent
date Fuel (MMBtu/hr) 3 percent O,% 3 percent O,% reduction
1975 Gas 151 (515) 130 48 63
1975 Gagloil 57 (190) 130 48 63
1977 Gagloil 73 (250) 79 39 51
1977 Gagloil 73 (250) 85 40 53
1980 Gas/oil 12 (41) 80-165 40-83 50
1980 Gas/oil 13 (44) 80-165 28-58 65
1980 Gas 31 (105) 80-165 38-78 53
1980 Gas 4 (13 80-165 40-83 50
1980 Gas 19 (65) 80-165 31-64 61
1980 Gas 14 (49) 80-165 40-83 50
1980 Gas 38 (130) 80-165 48-99 40
1980 Gas 8 (27) 80-165 40-83 50
1980 Gas 4 (13) 80-165 54-111 33
1980 Gas 6 (19) 80-165 48-99 40
1980 Gas 10 (35) 80-165 27-56 66
1980 Gas 22 (74) 80-165 28-58 65
1980 Gas 9 (32 80-165 36-90 55
1980 Gas 7 (25) 100-150 50-75 50
1980 Gas 30 (102) 100-150 50-75 50
1980 Gas 7 (25) 100-150 50-75 50
1980 Gas 49 (167) 100-150 50-75 70
1981 NA 9 (32) 120 65 45
1981 NA 4 (15) 120 42 65
1982 NA 27 (92) 80-125 NA 30-60
1982 NA 8 (28) 80-125 NA 30-60
1982 NA 7 (23) 80-125 NA 30-60
1982 NA 7 (23) 80-125 NA 30-60
1981 Gas 38 (131) 75 38 49
1985 Gas 92 (315) 144 45 69
1991 Qil 7 (23) 70 40 43

NO, (I'MMBtu) = NO, (ppmv @ 3% O,) * 0.001194 for gas.
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froma separate air conpressor before passing into the top of the
firebox through a nunmber of injection nozzles (or into the
convection bank if the bridgewall tenperature is above 11000C
[2000°F]). The allowable tenperature "w ndow' for the reaction
to proceed is 8700 to 1100oC (1600° to 2000°F).°

Thermal DeNOX® systenms may either use aqueous or anhydrous
NH,. The NH, in an aqueous solution is at a |ower concentration
than in an anhydrous solution and therefore has reduced safety
concerns. For this reason, aqueous NH, is often used at sites in
close proximty to populated areas. However, refineries are
general |y experienced in handling anhydrous NH, and no
particularly troubl esone operational problens are foreseen.
Locati on of pressurized anhydrous NH, storage tanks should be
renmote fromthe heaters served and fromother facilities.’
Further discussion of issues relating to NH, is included in
Section 7.1.2.2.

Hydrogen may be added to the NH, to extend the allowable
m ni num operating tenperature from 760° to 700°C (1400° to
1300°F).° This H, can be supplied fromH,-rich refinery streans
such as catalytic reforner off-gas. Alternately, the H, can be
supplied by an electrically heated NH, di ssociator, which
converts a portion of the NH, to H, and N, This approach may be
preferable from a safety standpoint, but H,-rich gas is |ess
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expensi ve and shoul d be acceptabl e when used w th adequate
saf eguar ds.

(2) Factors Affecting Thernmal DeNQ® Performance.
Tenperature is the primary variable for controlling the selective
reaction. The first reaction (Equation 1) dominates in the
tenperature range of 870° to 1200°C (1600° to 2200°F), resulting
in a reduction of NQ.? The tenperature range can be |owered to
760° (1400°F) by adding H, a readily oxidizable gas, to the
reactant.® Below 760°C (1400°F), neither reaction is of
sufficient activity to either produce or destroy NQ; the result
wi Il be unreacted NH,, or NH, slip. Above 1200°C (2200°F), the
second reaction (Equation 2) dom nates, causing increased NQ
producti on.

Wthout the use of a catalyst to increase the reaction
rates, adequate tine at optinmum tenperatures nust be avail able

for the NQ, reduction reaction to occur. Design considerations
shoul d all ow anpl e residence tinme and good mixing in the required
tenperature range. Long residence tinmes (>1 second) at optinmm
tenperatures tend to pronote relatively high NQ, reduction
performance even with less-than-optimuminitial mxing or
tenperature/velocity gradients. However, when the NH, injection
zone is characterized by |ow tenperatures and/or steep
tenperature declines, a |loss of process efficiency results.

New process heater installations can incorporate the
| ocation of the SNCR injection points in the design of the
heater, but retrofit performance may be |limted by the
accessibility of a location wwth a suitable tenperature w ndow
for the SNCR injection points.

The ratio of NH,:NQ, is another paranmeter used to contro
the process. The NH,:NQ, ratio is typically from1.0 to 1.5, but
can be as high as 2.0 when injection is into a high flue gas
tenperature region. The ratio nust be consistent with the flue
gas tenperature and residence tinme so that the nmaxi num reduction
is obtained with acceptable slip. |If excessive NH, is injected,
the excess NH, can exit the convective zone, creating possible
corrosive (NH),SQ, and a visible NH, stack plune.* The
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tenperatures and velocity profiles change significantly with
load. This necessitates the use of nultiple NH, injection points
to achieve the desire NQ, reduction for a range of operating
| oads. Selection of the optinmum NH, injection |ocation also
affects NQ, reduction performance and NH, slip. In nost current
Thermal DeNQ® applications, the injection grids are being
replaced by wall injectors.?®

(3) NO_Reduction Efficiency Using Thernmal DeNQ?® Data in
Table 5-7 indicate that 30 to 75 percent of the NQ in the flue
gas can be removed with the Thermal DeNQ® process. Maxi mum
achi evabl e NQ, em ssion reductions appear to be approximtely 70
to 75 percent. However, SNCR systens are usually designed to
nmeet regulatory limts rather than maxi mum achi evabl e reducti ons.
This explains the w de range of reduction percentages in the
data. The average percent reduction in Table 5-7 is

approximately 60 percent, which is used in this study to
represent the percent reduction by SNCR and to cal cul ate cost-
ef fectiveness values.”*

(4) Amonia Slip Considerations for Thermal DeNQF®
Ammonia slip is unreacted NH, that exits the stack. The nolar
ratio of the NH,:NQ, is not only inportant to achieve the nost
efficient reduction, but the reduction nust be balanced with an
acceptabl e anount of NH, slip. An excessive NH;:NO nolar ratio
can result in unacceptable NH, slip.

In a typical refinery heater application, the NH;:NQ ratio
is maintained at about 1.25 to achieve a 70 percent reduction in
NO, emissions with NH, slip below 20 ppnv in the stack gas.’

ii. Nalco Fuel Tech NOOUJUT® (Urea |njection)

In the early 1980's, the Electric Power Research Institute
(EPRI') devel oped a urea-(CQ(NH, ,) based SNCR process with an 870°
to 1100°C (1600° to 2000°F) all owable operating tenperature
wi ndow.” Wiile Nalco Fuel Tech is EPRI's exclusive |icensing
agent in the United States, Noell KRC and affiliated conpanies
are using the process in Europe.® Nalco Fuel Tech pronotes the
use of other chemcals to extend the tenperature range and
control NH, slippage to very low levels. Currently, the urea
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i njection process has been installed on four process heaters.
Most of the current applications are on coal-, oil-, and gas-
fired boiler applications. A sunmmary of current and pendi ng
urea-based injection applications is provided in Appendi x B.
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(1) Process Description (NQOUT®) . Figure 5-7 shows a
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typi cal arrangenent and major conponents of the NQOUT® process.’
The process, as originally devel oped, involves direct injection
of an aqueous urea solution using air or steamto assist its
distribution in the firebox or convection bank. Nalco Fuel Tech
reports that the higher nonmentum associated with injecting
nonvol atile solutions requires | ess energy to obtain good
distribution than is needed with the anhydrous Thermal DeNQ°
process. Avail able data, however, suggest that because of the
use of nonvolatile solutions, it appears that nore energy is
needed to obtain good distribution than is required with the
anhydrous Thernmal DeNQ® process.’

In the urea injection SNCR process, urea is injected into
t he conbustion gas path. In the ensuing reaction, nolecules of
NO are converted to N,, HO and CQO. The desired chem ca
reaction is:

CO(NH), + 2 NO+ 1/2 G, - 2 N, + QO, + HO
The above chemical reaction indicates that 1 nole of urea reacts
with 2 noles of NO However, greater-than-stoichionetric
quantities of urea can be injected to inprove NQ, reduction and
to speed the reaction kinetics. This can result in some NH
slippage and a slight increase in CO both are generated as
byproducts from the inconplete thermal deconposition of the
excess urea.’

Nal co Fuel Tech has nodified the original process in order
to reduce the mninum all owabl e tenperature from 8700C (1600°F)
to as |l ow as 6500C (12000F) by adding of a variety of
nonhazardous chem cals, which include antifouling and storage
stabilizing agents. 1In a refinenent of the process, different
chem cal blends may be added at two different flue gas
tenperature |levels. Mire than one cheni cal package nay be needed
in cases where several heaters or boilers are involved, having
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| arge variations in firebox tenperature. |If the firebox
tenperature is over 600oC (1110°F), injection can be downstream
of the shock tubes.’

Nal co Fuel Tech has |icensed urea producers to blend and
sel | hK;OUT® chem cal packages containing the necessary
additives. For new, larger applications, the urea-based
solutions can be prepared onsite fromsolid chem cals delivered
via bulk transport. Very small users can be supplied with
predi ssol ved solutions. The stored chemcals are further diluted
before being punped to the heater/boiler for injection using
steam or conpressed air as the carrying nedium The nunber of
i njection nozzles may be simlar to or greater than those used
for NH,.” However, Nalco Fuel Tech indicates that the nunber of

injection nozzles will be less than for NH, injection.?”® For
ei ther NH,- or urea-based processes, the nunber of injection
nozzles wll be site specific.

Since an aqueous solution and distribution air are added to
the firebox flue gas, there will be a heat duty |oss of
approximately 0.3 percent in the convection section, which
results in increased fuel consunption

(2) Factors Affecting NOQOUT® Performance. As with ammonia
injection, the primary factor that influences the reduction
reaction rate is tenperature. The tenperature w ndow for
efficient reduction is 870° to 1150°C (1600c to 2100cF), although
H, and CO injection have been shown to |ower the tenperature
w ndow. Residence tinme and the m xing of the urea-based reagent
and NQ, al so influence the reduction reaction. The nolar ratio
of urea to NQ is similar to the Thermal DeNQ® nolar ratio. A
low nolar ratio reduces the potential reaction, but a high nolar
ratio can result in NH, slip."?

Because sufficient residence tine within the tenperature

w ndow is necessary for efficient NQ reduction, the injection
poi nt of the urea-based reagent is inportant. Usually, the
injection point is prior to the convective heat recovery section
Load variations affect the flue gas tenperature and velocity,
thereby affecting the residence tine. At reduced |oads, the
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t enmperature w ndow may not be reached, resulting in a reduction
in NQ efficiency and an increase in NH, slip.® A solution to
this problemis the use of additives in the urea solution to
shift or widen the tenperature wi ndow. One study shows that
additives such as carbon nonoxi de, nethane, and ethyl ene glycol,
or a conbination of these, increase NQ, reduction by decreasing
tenperature dependence. The study also concludes that the
initial NOQ, concentrations apparently have some bearing on
NO,OUT® perfornmance and the selection of additives.??

(3) NO_Em ssion Reduction Efficiency Using NOOUT®.
Applications of the NOOUT® process on process heaters are
l[imted. However, as shown in Appendix B, boiler applications of
t he process have been successful, and it appears that NQOUT® is
a viable alternative control technique. As shown in Table 5-8,
NO, em ssion reductions guaranteed by the vendor for process
heaters range from 10 to 75 percent.?®

5-116



TABLE 5-8.

NALCO FUEL TECH NO,OUT®

HEATER APPLICATIONS®

PROCESS

Baseline emissions Reduction Controlled emissions
Capacity, guaranteed by
MM Btu/hr ppm? [b/MMBtu vendor, percent ppm? (Ib/MMBtu
177 38-50 0.045-0.060 35-60 15.2-32.5 0.018-0.039
50 65 0.078 50-75 16.3-32.5 0.020-0.039
NA 90 0.107 55 40.5 0.048
NA 30-50 0.038-0.063 10 27-45 0.034-0.057

®At 3 percent excess 0,.

NA = Not available.
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The NQOUT® performance appears to be simlar to the
performance of Thermal DeNQ® with average NQ, reductions for
process heater applications of approximtely 60 percent.

(4) Ammnia Slip Considerations for NQOUT® Unr eact ed
urea results in NH, slip in a manner simlar to ammonia slip from
the Thermal DeNQ® process. Slippages of 10 to 20 ppnv have been
reported. "®
c. SELECTI VE CATALYTI C REDUCTI ON

In the SCR process, a small anmount of anhydrous or aqueous
ammoni a (NH,) vapor is mxed with flue gas and passes through a
catalytic reactor so that the NQ (rmainly NO is reduced to N,

A wide variety of available catalysts can operate at flue gas
tenperature w ndows ranging from 230° to 600oC (500° to 1100°F),
whi ch usually occur downstream of the fire box.

The SCR systens introduce flue gas pressure drops ranging
from23 to 130 nmw.g. (1 in. to 5 in.) that necessitate a new or
repl acenent induced draft (ID) fan for all heaters. Al so, SCR
retrofits require appreciable plot space adjacent to the heater.
Currently, SCR has been denonstrated on sone but not all types of
process heaters.? This is not only because pernmt linmits have
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been achi eved by the use of other control techniques, but because
SCR requires controlled paraneters such as sufficient residence
time in the correct tenperature wi ndow. \Were applicable, SCR
offers the highest percent reductions of the available NQ
reduction techni ques.

i. Process Description (SCR)

In this process, NH, usually diluted with air or steam is
injected through a grid systeminto the flue/exhaust gas upstream
of a catalyst bed. On the catalyst surface, the NH, reacts with
NO, to form N, and HO "® The major reactions that occur in the
presence of the catalyst are the foll ow ng:

6NO + 4NH, - 5N, + 6H0
2NO + 4NH, + 20, -~ 3N + 6H,0

Figure 5-8 shows nmjor conponents and control systens
associated with an SCR retrofit using a horizontal reactor.
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Figure 5-8. Schematic of a selective catalytic reduction
system.’

5-120



Hori zontal and vertical arrangenents of the SCR reactor catalyst
chanber are both acceptable, but vertical arrangenents use |ess
space and hence are nore comon in process plants. Vertica
reactors can be downflow or upflow, with downflow preferable, as
particulate matter tends to drop through the catalyst. The
heater ID fan can be located at either the inlet or outlet of the
reactor containing the catalyst bed.”?

Ammoni a vapor is injected into the flue gas through a
special distributor |ocated upstream of the reactor using
conpressed air to distribute the reactant evenly. This
distribution air is delivered at about 21 to 35 kil opascals (kPa)
(3 to 5 gage pounds per square inch [psig]) using a |obe-type air
conpressor at a rate equivalent to about 30 tines the NH, rate.
Ideally, NH, injection is controlled via a stack gas NQ,
anal yzer, but control via fuel flow is also satisfactory for many
refinery applications provided that stack gas is anal yzed
regularly.”®

The reactor is |located upstream of air preheaters, if
present, so as to maintain the optimal reactor inlet tenperature.
In ND heater retrofits, the existing stack is renoved, although
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possibly a portion can be reused. Ductwork to and fromthe
reactor is at least as large as the existing stack.

Only one ID fan is necessary and a fail-safe stack danper is
needed to open automatically on either fan failure and/or any
excess pressure in the furnace itself. The fan drive may be
vari abl e-speed to mnimze horsepower requirenents.

React or soot blowers are needed in oil-fired applications to
keep the catal yst surface clean of soot and |oose ash. The
system downstream nust take soot blowi ng into account. The
catalyst is contained in special baskets or franmes for insertion
and renoval. This arrangenent requires sufficient free area
besi de each reactor for cranes as well as for the catal yst
nodul es.

A typical 100 G/ hr (100 MMBtu/ hr) furnace application
requires a 4 x 5 m(13.1 x 16.4 ft) plot for the reactor itself
plus approximately 6 m (19.7 ft) to one side for catalyst renova
and repl acenent .’

ii. Factors Affecting SCR Performance

The reaction of NH, and NQ, is favored by the presence of
excess Q, (air-rich conditions), but the primary variable
affecting NQ reduction is tenperature.® Optinmm NQ, reduction
occurs at catal yst bed tenperatures of 320° to 400°C (600¢F to
7500F) for conventional (vanadium or titani umbased) catalyst
types and 243° to 265°C (470° to 510°F) for platinum catal ysts.”?®
Performance for a given catal yst depends largely on the
tenperature of the flue gas being treated (see Figure 5-9). A
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gi ven catal yst exhibits optinmm performance within £10°C (£50°F)
of its design tenperature for applications in which flue gas Q
concentrations are greater than 1 percent. Below this optinum
tenperature range, the catalyst activity is greatly reduced,

all ow ng unreacted NH, to slip through. Above 450°C (8500F),
ammoni a begins to oxidize to form additional NQ. The NH
oxidation to NQ, increases wth increasing tenperature.

Dependi ng on the catal yst substrate nmaterial, the catalyst may be
qui ckly damaged due to thermal stress at tenperatures in excess
of 450°C (850°F). It is inportant, therefore, to have stable
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operations and thus uniform flue gas tenperatures within the
opti mum tenperature range for this process to achieve opti num NQ
control. New process heater installations can accomodate the
| ocation of the reactant injector points and catalyst in the
design of the heater, but retrofit applications may be limted by
the location of a suitable tenperature w ndow. "?®

A new famly of zeolite catal ysts has been devel oped that is
capabl e of functioning at higher tenperatures than conventiona
catalysts.’” Zeolites are reported to be effective over the range
of 320° to 600°C (600° to 1130°F), with the optinum tenperature
range stated as 360° to 580°C (675° to 1080°F)." 1In sonme zeolite
catal yst fornulations, NH, oxidation to NOQ, begins at around 450°C
(850°F) and is predom nant at tenperatures in excess of 520°C
(960°F)." A gas turbine zeolite catalyst installation is
reported to be operating in the tenperature range of 500° to
520°C (930° to 960°F).* The performance is reported to be
80 percent NQ, reduction with NH, slip limt of 20 ppnmv at
15 percent Q, (61 ppnv at 3 percent Q).™ No process heater data
were available. Although within the operating range, the zeolite
structure may be irreversibly degraded at around 550°C (1020°F)
due to loss of pore density. Zeolites suffer the sane
performance and potential danage problens as conventiona
catal ysts when used outside their optinum tenperature range.

Wth zeolite catal ysts, the NQ, reduction reaction takes
pl ace inside a nolecul ar sieve ceram c body rather than on the
surface of a netallic catalyst. This difference is reported to
reduce the effect of particulate matter/soot, sulfur dioxide
(SQ) /SO, conversion, and/or heavy netals which poison, plug, and
mask netal -type catalysts. These catal ysts have been in use in
Europe since the md-1980's, with approximtely 100 installations
onstream Process applications range fromgas to coal fuel
Typically, NQ levels are reduced 80 to 90 percent using zeolite
catal ysts. Zeolite catalysts are currently being purchased for
U S. installations.

The optinmal effectiveness of the catalytic process also
depends on the NH;:NO, nolar ratio. Amonia injection rates nust
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be controlled to give a 1:1 NH;:NQ, nolar ratio. As the nolar
ratio of NH;: NQ, increases to approximately 1:1, the NQ, reduction
i ncreases. (Operating above a 1:1 ratio with insufficient

catal yst volume results in unreacted NH, slipping through the
catal yst bed. Onstream analyzers and qui ck feedback controls are
required to optimize NQ renmoval and nininize NH, em ssions."?®

Anot her variable that affects NOQ, reduction is space
velocity, which is the ratio of flue gas flow rate to catal yst
vol une, or the inverse of residence tine. For a given catalyst
volune, increased flue gas rate decreases the conversion of NQ.
Conversely, for a given flue gas flow rate, increased catal yst
vol une inproves the NQ, renoval effectiveness.

The bul k of catalysts now in refinery service contain
titanium and/or vanadium O der formulations of this type of
catal yst tend to convert up to 5 percent of the SQ, present to
SQ,. " Conversion of SQ to SQ, in turn, results in the formation
and deposition of ammonia salts on relatively cool surfaces. One
source reports that newer catalyst formations using titanium
and/ or vanadi um convert 5 percent or less SQ-to-SQ,.* Catalyst
formulations with |ess than one percent SO-to-SO, conversion
rates are available, but the catalysts may have | ower reduction
efficiencies. As a result, a larger catalyst volunme my be
required to achieve a given NQ reduction. Zeolite catalysts
have an SQ-to-SQ, conversion rate of about 1 percent.’

P, NO_Em ssion Reduction Efficiency Using SCR

Catal yst performance and life are normally designed and
guaranteed to suit the specific NQ reduction requirenents.
Ni nety percent NQ, reductions are achi evabl e when operating at a
stoichionetric NH;:NO, nolar ratio of 1.0 to 1.05:1 with the exit
gas contai ning about 10 to 20 ppnv NH,, At a sub-stoichionetric
ratio of 0.5, about 50 percent NQ, reduction is achieved with a
NH, slip of less than 10 ppnv.’

Sel ective catalytic reduction is usually used in conbination
with LNBs. Table 5-9
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TABLE 5-9.

CONTROLLED EMISSION FACTORS FOR SCR
ADDED TO HEATERS WITH LNB®S™

Baseline emission factor Controlled emission level
Heater

capacity, Reduction,

MM Btu/hr ppmv? Ib/MMBtu percent ppmv? Ib/MMBtu
457 46.9 0.056 64.3 16.8 0.020
161 64.5 0.077 74.1 16.8 0.020
288 73.7 0.088 77.2 16.8 0.020
220 83.8 0.100 80.0 16.8 0.020

%ppmv at 3 percent O,.
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presents a summary of data fromthe Mbile QI refinery in
Torrance, California (Appendix C).' These data
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denonstrate reductions achieved by adding SCR to heaters with
existing LNBs. The reductions using SCR range from64.3 to

80 percent. The controlled em ssions range from 16.8 to 42 ppnv
at 3 percent Q (0.020 to 0.050 |b/MvBtu). The average em sSsion
reduction for these data is 75 percent, and the average
controlled emssion level is 16.8 ppnv at 3 percent Q

(0.020 | b/ MVBtu).

Appendi x D presents a list of 12 Foster Wheel er process
heater SCR installations.? One installation was reported using
SCR plus LNB. Information regarding what NQ em ssion controls,
if any, were used in conbination with SCR was not available for
the remaining 11 installations. The guaranteed reductions ranged
from 47 to 90 percent, corresponding to NH:NQ, injection ratios
ranging fromO0.7 to 1.0. The average percent reduction was
70 percent. Ten of the 12 installations had guaranteed maxi mum
NH, em ssions of 10 ppnv; the remaining installations had
guar ant eed maxi mum NH, em ssions of 5 ppmv and 20 ppnv,
respectively. Only two of the installations reported excess Q
concentrations. Each reported excess Q at 3 percent and NH,
em ssions of 10 ppnv; correspondi ng NQ, em ssions were not
reported.? One source reports that current SCR technol ogy, as
denonstrated in utility boiler applications, is capable of
mai ntai ning NH, slip concentrations below 5 ppnv.*

Selective catalytic reduction can be used as a process
heater NQ, control technique in conbination with MD LNBs or as
the sole control technique. The data in Appendix C show that SCR
is capable of reducing, on average, 75 percent of the NQ in the
flue gas. The data in Appendix C are nore conplete
(i.e., uncontrolled emssions, preretrofit NQ controls,
postretrofit NQ, controls and controlled em ssions) than the data
in Appendix D. Therefore, Appendix C data are used as the basis
for SCR performance. For the purposes of this study, the NO
reduction efficiency for SCR used as the sole control technique
is 75 percent. For natural gas-fired nodel heaters using LNBs
plus SCR, the thermal NOQ, reduction by LNBs is 50 percent and the
post conbustion NO, reduction by the SCRis 75 percent. The
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total effective reduction for natural gas-fired nodel heaters
using LNBs plus SCR is therefore 88 percent. For oil-fired node
heaters using LNBs plus SCR the thermal NQ, reduction by LNBs is
50 percent, the fuel NQ, reduction by the LNBs is 25 percent and
t he postconbustion NQ, reduction by the SCRis 75 percent. The
total effective reductions for ND oil-fired nodel heaters using
LNBs plus SCR are therefore 86 and 83 percent for distillate and
residual oil-firing, respectively. The total effective reduction
for the MD oil-fired nodel heaters using LNBs plus SCR are
therefore 92 and 91 for distillate and residual oil-firing,
respectively.
d. SPECI AL CONSI DERATI ONS

In pyrolysis, gaseous hydrocarbons such as ethane, propane,
and butane and heavi er hydrocarbons such as naphtha feedstocks
are converted to olefins such as ethylene and propylene. The
basic criteria for pyrolysis furnaces are adequate control of
heat flux frominlet to outlet of the tubes, high heat transfer
rates at high tenperatures, short residence tines, and uniform
tenperature distribution along the tube Iength. Several designs
are available for pyrolysis furnaces. Al designs incorporate a
firebox operating at tenperatures ranging from 1050° to 1250°C
(1900° to 23000F), and nost designs use the vertical box heater
configuration. As shown in Table 5-10
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, pyrolysis furnaces use approxi mtely 50 percent of the energy
requirements of major fired heater applications in the chem ca
i ndustries.’

Post conbusti on control techniques for reducing NQ from
reduction for olefins pyrolysis furnaces are |imted because of
convection section designs. Retrofit of SNCR and SCR can be
difficult because of limted access to the optinmal tenperature
w ndow | ocation. One source reports that there are no known
applications of SNCR and SCR on ol efins pyrolysis furnaces.?
However, it is expected that FGR, SNCR and SCR are practica
candidates for new installations. Currently, LNBs and ULNBs are
used in olefins pyrolysis furnaces.

Sel ective noncatalytic reduction retrofit requires
consi derabl e convection section reconstruction to allow nmultiple

5-133



injection points and to increase the residence tinme. At ful
| oad operation, the optinal tenperature w ndow for both SNCR
processes occur near the bottom of the convection section of
typi cal pyrolysis furnace designs and in the mddle of one of the
reactor coils. The flue gas tenperature drops rapidly at this
point in the convection section. Therefore, access to a suitable
tenperature w ndow and adequate residence tinme may be
limted. 2?3

Simlar to SNCR, at full |oad operations, the optinal
tenperature wi ndow for SCR processes for olefins pyrolysis
furnaces occurs near the bottom of the convection section and in
the mddle of one of the reactor coils. The stack tenperatures
(150° to 230°C [300° to 450°F]) are generally too low for SCR
applications. In addition, plot space can be a problem for SCR
retrofit because pyrolysis furnaces are typically built adjoining
each other and are surrounded by feed, steam and fuel piping. To
al | ow adequat e space for maintenance procedures, the SCR unit
woul d need to be |ocated sone distance away from the furnace it
woul d serve. This would require the flue gas to be routed over
this distance to reach the SCR *"%

Coke fouling is an additional concern with using SCR on
ol efins pyrolysis furnaces. During cracking operations, the
reactor coil can foul with coke deposits. These coke deposits
must be renoved periodically to prevent the coil from exceedi ng
its netallurgical tenperature |limt and to avoid excessive
pressure drop. Coke is renpved by renoving the hydrocarbon feed
and purging the coil with steam and a snmall anmount of air for a
period of about 12 to 48 hours to pronote oxidation of the coke
deposits. The firing rate is lower than normal during this
operation (approximately 30 percent of the normal firing rate),
while the excess air value is higher (on the order of 150 percent
versus 10 percent during normal operation). The flue gas
tenperature during the decoking operation is rmuch | ower than
during normal operation and is not in the optimal tenperature
range for SCR operation.?®
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During the coke renoval operation, the coke deposits are
often injected into the heater. The SCR catal yst nay be foul ed
if these deposits are injected into the firebox and are not
conpletely conbusted. Also, these deposits may be injected above
the SCR unit and fall into the catalyst. Installing an SCR
system woul d require an alternate nethod of disposing of the coke
deposits.”®

Reductions in NQ, em ssions have been achieved with LNB and
ULNBs in olefins pyrolysis furnaces. The achievable NQ
em ssion reductions using LNBs and ULNBs, however, are |ower
for pyrolysis furnace applications than for [ow and nedium
tenperature heater applications. Steam cracker heaters strive to
mnimze coking rates in the radiant tubes and to maxi m ze heater
run lengths. Steamreforner heaters strive to avoid exceedi ng
design heat densities that may either affect catalytic
conversion, sinter catalyst rings, or result in exceeding the
design allowable stress linmts for the tubes.® Both pyrolysis
heater types have process tenperature and tube netal tenperatures
far exceeding nost conventional heaters, and greater attention
has been paid to pyrolysis burner design features than
conventional burner designs.* To achieve a uniform heat
di stribution, pyrolysis furnace burner designs use extended flane
patterns to achieve a maxi mum uni form heat distribution over the
tube lengths. This extended flanme spreads out the conbustion
zone, a design feature shared by LNBs and ULNBs. Because an
ext ended conbustion zone is already inplenented in existing
pyrol ysis burner designs, potential NO, reduction percentages
using LNBs and ULNBs in pyrolysis furnaces are |lower than for
 ow and nedi umtenperature process heater applications.

Information for two new installations and several retrofit
applications of LNBs to pyrolysis furnaces was available. The
NO, em ssion rates for the new furnaces using LNBs were 0.103
and 0.108 |b/MvBtu for natural gas-fired operation.* For
retrofit applications, one source reported that the | owest
achi evabl e controlled NOQ, em ssion rate is approxinmately
0.100 I b/MwBtu for natural gas-fired operation.* The avail able
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data and informati on suggest that achievable controlled NQ

em ssion levels for LNBs used with natural gas-fired pyrolysis
furnaces range from0.10 to 0.011 | b/ MVBtu, which represents a 15
to 30 percent reduction fromthe uncontrolled range of 0.13 to
0.14 I b/MvBtu. For pyrolysis nodel heaters with LNBs, a

25 percent NQ, reduction fromuncontrolled levels is used in this
study for natural gas-and refinery gas-fired applications.

For ULNBs installed in pyrolysis furnaces, one source
reported that controlled NO emssion rates for retrofit
installations are expected to range from0.06 to 0.07 |b/MvBtu
for their proprietary burner design firing natural gas fuel.®
This controlled range represents a 44 to 59 percent reduction
fromthe uncontrolled range of 0.13 to 0.14 | b/ MVBtu. For
pyrol ysis nodel heaters with ULNBs, a 50 percent NQ, reduction
fromuncontrolled levels is used in this study for natural gas-
and refinery gas-fired applications. Applying Exxon's
proprietary ULNBs (not available to non-Exxon installations)
firing natural gas to a pyrolysis furnace (w thout preheat)

i ndicates that em ssion |evels of 50 ppnv at 3 percent Q, are
achi evable.® Permits for five major ethylene plants in Texas
and Louisiana limted NQ, emssions in the range of approxi mately
67 to 190 ppnv.*°

As discussed in Section 4.3.1, NQ emssions increase for
refinery gas-fired operation due to the presence of hydrogen in
the fuel. The expected increase in general for NQ em ssions
fromrefinery gas-fired operation over natural gas-fired |evels
is reported by one source to be 20 to 50 percent.* A second
source estimated the increase in NOQ, em ssions for hydrogen fuels
to be limted 10 to 15 percent for LNB' s and no appreciable
increase in NQ enissions for hydrogen fuels for ULNBs.*

e. ACH EVABLE NQ, EM SSI ON REDUCTI ONS

This section summarizes the achievable NOQ, em ssion
reductions for those NQ, control techniques currently applied to
process heaters in practice. The control techniques and
conbi nati ons of control techniques currently in use are LNBs,
ULNBs, SNCR, SCR, LNBs + FGR, LNBs + SNCR, and LNBs + SCR
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Natural to mechanical draft conversion and LEA operation are not
consi dered stand alone NQ, control techniques in this study
because they are currently considered operational techniques.
However, the difference in NOQ, em ssions and the degree of
retrofit or construction between control techniques operated with
ND and control techniques operated with MD is substantial and is
considered. The performance of staged-fuel and staged-air LNB
overlap, and for the purposes of this study all types of LNBs are
collectively referred to as LNBs. Low NQ, burners have repl aced
staged conbustion using air |ances as current burner technol ogy.
Therefore, staged conbustion using air lances is not considered
further.

To devel op NQ, em ssion reductions, each of the current
control techniques was applied to each of the nodel heaters
devel oped in Chapter 4. Tables 5-11
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TABLE 5-11. MODEL HEATERS: CONTROLLED EMISSIONS FOR ND, NATURAL
GAS-FIRED, LOW- AND MEDIUM-TEMPERATURE HEATERS

Uncon- ControlledN
Model heater | trolled NO, Controlled O,
capacity, emission Tota effective NO, emissions, NO,
MMBtulyr factor, NO, control technique reduction, emissions, ppm @ 3% reduction,

Ib/MMBtu? percent Ib/MMBtu 0, ton/yr®

17 0.098 |(ND) LNB 50° 0.049 41 3.65
(ND) ULNB 75° 0.025 21 5.47

(ND) SNCR 60° 0.039 33 4.38

(ND) LNB + (ND) SNCR 80°¢ 0.020 16 5.84

36 0.098 |[(ND) LNB 50° 0.049 41 7.73
(ND) ULNB 75° 0.025 21 11.6

(ND) SNCR 60" 0.039 33 9.27

(ND) LNB + (ND) SNCR 80>¢ 0.020 16 12.36

77 0.098 |(ND) LNB 50° 0.049 41 16.5
(ND) ULNB 75° 0.025 21 24.8

(ND) SNCR 60° 0.039 33 19.8

(ND) LNB + (ND) SCNR 80>¢ 0.020 16 26.44

121 0.098 |(ND) LNB 50° 0.049 41 26.0
(ND) ULNB 75° 0.025 21 39.0

(ND) SNCR 60° 0.039 33 312

(ND) LNB + (ND) SNCR 80°¢ 0.020 16 41.55

186 0.098 |[(ND) LNB 50° 0.049 41 39.9
(ND) ULNB 75° 0.025 21 60.0

(ND) SNCR 60° 0.039 33 47.9

(ND) LNB + (ND) SNCR 80>¢ 0.020 16 63.87

4Uncontrolled emissions for natural gas-fired heaters are from thermal NO, formation.

PReductions from LNB's represent a 50 percent reduction of thermal NO,. This reduction was adopted from
Reference 5.

“Reductions from ULNB's represent a 75 percent reduction of therma NO,. This reduction was adapted from
Reference 14.

Postcombustion NO, reduction by SNCR is 60 percent. This reduction was adopted from Reference 7.
“Reduction (tonslyr) equals the Capacity (MMBtu/hr) x NO, reduced (Ib NO,/MMBtu) x 1 ton per 2,000 Ib x
8,760 hr/yr; where NO, reduced is equal to uncontrolled emission factor minus the controlled emission factor.
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TABLE 5-12.

NATURAL GAS-FIRED,

MODEL HEATERS:

CONTROLLED EMISSIONS FOR MD,
LOW- AND MEDIUM-TEMPERATURE HEATERS

Uncon-
Model heater | trolled NO, Controlled Controlled NO,
capacity, emission factor, Tota effective NO, emissions,
MMBtu/hr Ib/MMBtu® reduction, emissions, ppmv NO, reducti on,
NO, control technique percent Ib/MMBtu @ 3% O, tons/yr’
40 0.197 (MD) LNB 50° 0.099 82 17.3
(MD) ULNB 75° 0.049 41 25.9
(MD) SNCR 60" 0.079 66 20.7
(MD) SCR 75° 0.049 41 25.9
(MD) LNB + FGR 55! 0.089 74 19.0
(MD) LNB + SNCR 80> 0.039 33 27.6
(MD) LNB + SCR® 8g>° 0.025 21 30.2
77 0.197 (MD) LNB 50° 0.099 82 33.2
(MD) ULNB 75° 0.049 41 49.8
(MD) SNCR 60" 0.079 66 39.9
(MD) SCR 75° 0.049 41 49.8
(MD) LNB + FGR 55' 0.089 74 36.5
(MD) LNB + SNCR 8o 0.039 33 53.2
(MD) LNB + SCR 8g>e 0.025 21 58.1
114 0.197 (MD) LNB 50° 0.099 82 49.2
(MD) ULNB 75° 0.049 41 73.8
(MD) SNCR 60" 0.079 66 59.0
(MD) SCR 75° 0.049 41 73.8
(MD) LNB + FGR 55' 0.089 74 54.1
(MD) LNB + SNCR 80°¢ 0.039 33 78.7
(MD) LNB + SCR 8g"° 0.025 21 86.1
174 0.197 (MD) LNB 50° 0.099 82 75.1
(MD) ULNB 75° 0.049 41 113
(MD) SNCR 60" 0.079 66 90.1
(MD) SCR 75° 0.049 41 113
(MD) LNB + FGR 55! 0.089 74 82.6
(MD) LNB + SNCR 80> 0.039 33 120
(MD) LNB + SCR 8g>° 0.025 21 131
263 0.197 (MD) LNB 50° 0.099 82 113
(MD) ULNB 75° 0.049 41 170
(MD) SNCR 60" 0.079 66 136
(MD) SCR 75° 0.049 41 170
(MD) LNB + FGR 55' 0.089 74 125
(MD) LNB + SNCR 80> 0.039 33 182
(MD) LNB + SCR 8g>e 0.025 21 199

4Uncontrolled emissions for natural gas-fired heaters are from thermal NO, formation.
PReductions from LNB's represent a 50 percent reduction of thermal NO,. This reduction was adopted from

Reference 5.

“Reductions from ULNB's represent a 75 percent reduction of therma NO,. This reduction was adapted from
Reference 14.
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em ssion reductions for 8,760 hours of operation per year
(capacity factor of 1.0). The percent reductions used in

Tabl es 5-11 through 5-15 represent reductions derived from
avai l abl e data or published information concerning process
heaters. The controlled em ssions were cal cul ated by applying

t he percent reductions of each control technique to the
uncontroll ed em ssion factors of each nodel heater. The tota
effective reduction percentage is listed for each control
technique. Thermal, fuel and postconbustion NQ, percent
reductions are listed for the control techniques applied to the
oil-fired nodel heaters because it is necessary to apply the
appropriate percent reductions to the uncontrolled em ssion
factors. For exanple, the thermal NO, percent reductions shoul d
be applied to the thermal NQ, uncontrolled em ssion factors and
the fuel NQ, percent reductions should be applied to the fuel NQ
uncontrol | ed em ssion factors. The postconbustion NQ, percent
reductions refer to the reductions achieved by SNCR and SCR
Because these reductions occur downstream of the firebox, the
post conbustion NOQ, percent reductions should be applied to the
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amount of NOQ, remai ning after reductions of conbustion controls
have been appli ed.

Tabl e 5-11 presents the performance of the available contro
techni ques applied to the ND, natural gas-fired, |ow and nmedi um
t enperature nodel heaters. The controlled NQ, em ssions range
fromO0.021 | b/MVBtu for LNB plus SCR to 0.072 I b/MvBtu for LNB

Tabl e 5-12 presents the performance of the available contro
techni ques applied to the MD, natural gas-fired, |low and nmedi um
t enperature nodel heaters. The controlled NQ, em ssions range
fromO0.021 | b/MVBtu for LNBs plus SCR to 0.089 |b/MvBtu for LNBs
pl us FCR

The percent reductions in Table 5-13 for the ND oil-fired
nodel heater are listed for thermal, fuel and postconbustion NQ,
reductions. The controlled NQ, em ssions for the distillate
oil-fired nodel heater range from 0.048 | b/MvBtu for ULNBs to
0.121 | b/MvBtu for LNBs. The controlled NQ, em ssions for the
residual oil-fired nodel heater range from 0.097 |b/MvBtu for
ULNB to 0.308 | b/MvBtu for LNBs.

The percent reductions in Table 5-14 for the MD oil-fired
nodel heater are listed for thermal, fuel, and postconmbustion NG,
reductions. The controlled NQ, em ssions for the distillate
oil-fired nodel heater range from 0.026 | b/MvBtu for LNBs plus
SCR to 0.175 I b/MvBtu for LNBs. The controlled NQ, em ssions for
the residual oil-fired nodel heater range from 0.051 | b/ MvBtu for
LNBs plus SCR to 0.319 | b/MvBtu for LNBs plus FGR

Tabl e 5-15 presents the performance of the available contro
techni ques applied to the olefins pyrolysis nodel heaters. The
controlled NQ emssions for the natural gas-fired nodel heater
range from 0.026 | b/MvBtu for LNBs plus SCR to 0.101 |b/MVBtu for
LNBs. The controlled NOQ em ssions for the high-hydrogen fuel-
fired nodel heater range from 0.031 | b/MvBtu for LNBs plus SCR to
0.123 | b/ MvBtu for LNBs.

Again, it is inportant to recognize that the percent
em ssion reductions listed in Tables 5-11 through 5-15 represent
the avail able data collected and in sone cases corresponds to a
specified emssion |limt rather than the maxi num achi evabl e
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percent em ssion reduction. For exanple, the use of LNB plus SCR
is likely capable of an overall NQ, em ssions reduction of over
90 percent; however, available data show an average reduction of
75 percent for SCR, which represents the |evel of control needed
to neet an emssion limt.
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6..0 CONTROL COSTS

This chapter presents capital and annual costs and cost
effectiveness for the NQ, em ssion control techniques described
in Chapter 5. These control techniques are applied to the node
heaters presented in Chapters 4 and 5. The NQ, control
techni ques are | ow NQ, burners (LNBs), ultra |ow NQ, burners
(ULNBs), selective noncatalytic reduction (SNCR), selective
catalytic reduction (SCR), LNBs conbined with flue gas
recirculation (FGR), LNBs conbined with SNCR, and LNBs conbi ned
with SCR  These control techniques were sel ected because they
are currently used to control NQ, em ssions.

Cost estimates are highly variable, and accurate estimtes
can only be nade on a case-by-case basis. The costs presented in
this study give approximate costs of inplenmenting the avail able
control techniques. Costing nethodol ogies from References 1 and
2 are used to estimate the costs. These nethodol ogi es estinmate
the costs of retrofitting control techniques on process
heaters.™® It is expected that the cost of incorporating a
control technique in the design of a new process heater is |ess
than retrofitting a simlar heater with the sane contro
t echni que.

Capi tal and annual cost nethodol ogies for NQ, control
techni ques applied to the nodel heaters are presented in
Section 6.1. The total annual costs (TAC) for the NQ, control
techni ques applied to the nodel heaters are presented in
Section 6.2. The cost effectiveness of the NQ control
techni ques applied to the nodel heaters is presented in
Section 6.3. Radiant burner costs are discussed in Section 6.4,
radi ant burners are not included in the nodel heater cost



analysis due to limted costing information. Section 6.5 lists
the references used in this chapter.
a. CAPITAL AND ANNUAL COSTS METHODOLOG ES

The net hodol ogy used to devel op capital costs is essentially
the same for each NQ, control technique. Because avail abl e cost
data for this study were Iimted, capital cost nethodol ogies from
Ref erences 1 and 2 were used to develop capital costs for each
i ndi vidual control technique. The capital costs were updated to
1991 U. S. dollars using the Chem cal Engineering plant cost
index.® Capital costs for conbinations of controls are the sum
of the capital costs of the individual control techniques.

The TAC for the NQ control techniques conprises the annual
operating costs of chemcals, electricity, fuel, and nai ntenance.
The costs, in 1991 dollars, for electricity, fuel, chemca
reactants, and maintenance are shown in Table 6-1
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TABLE 6-1. UTILITY, CHEMICAL, AND MAINTENANCE COSTS

El ectricity?® $0. 06/ kWh

Nat ural gas” $2. 00/ MVBt u
Distillate fuel oil® $5. 54/ MVBt u

Resi dual fuel oil*® $3. 00/ MVBt u
Ammoni a“ $0.125/1b

Mai nt enance® 2. 75% of capital cost

*Ref erence 4, Table 5-10.
’Ref er ence
‘Ref er ence
‘Ref er ence
°Ref er ence

mhNoO
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Capital and annual costs for LNBs, ULNBs, SNCR, SCR, FGR, LNBs
plus SNCR, and LNBs plus SCR are presented in Sections 6.1.1
through 6.1.7, respectively. Each of these sections presents the
nmet hodol ogy used to devel op capital and annual costs. Natural
draft (ND)-to-mechanical draft (MD) conversion is not considered
a stand-al one control technique but is required to inplenent sone
control techniques. The capital and annual costs of ND-to-M
conversion are considerable and are presented in Section 6.1.8.

i. Costs of LNBs

(1) Capital Costs of LNBs. The LNB capital cost
met hodol ogy from Reference 1 was used to calculate the capital
cost of applying LNBs to process heaters. The primary paraneters
affecting the capital cost include the follow ng:

1. Heater capacity;

2. Nunber of burners;

3. Burner heat release rate; and

4. Natural or forced draft conbustion air delivery system’
The capital cost nethodology from Reference 1 for ND heaters is:

TIC = 30,000 + HQ [5,230 - (622 x BQ + (26.1 x BQ)]
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wher e:
TIC = total capital installed cost;
HQ = heater capacity (GJ/hr); and
BQ = burner heat release rate (GJ/ hr)

and

BQ = HNB x (1.158 + 8/ HQ
wher e:

NB = nunber of burners.

The LNB capital cost for MD heaters is calculated to be
50 percent higher than the capital cost for ND heaters. This
additional cost is added to account for the follow ng:

1. Increased LNB cost;

2. Additional excess air control equipnent; and

3. Conbustion air plenum nodification.?

The capital cost nethodol ogy for MD LNBs is:
TIC=1.5 x {30,000 + HQ x [5,230 - (622 x BQ +
(26.1 x BQ)]}.

The cost net hodol ogi es give costs in Canadi an average 1990
dollars. For this analysis, the capital costs have been
escalated to U S. average 1991 dollars using the Chem cal
Enai neering plant cost index and an exchange rate of 1 U. S
dollar to 1.15 Canadian dollars.?®

The cost of the burners, although substantial, represents a

fraction of the actual installed costs. Large cost variations
for LNB retrofit installations can occur when floor rebuilding is
required and space limtations below the heater exist. Typica
LNBs do not fit standard burner nounts and may require conplete
floor rebuilds and refractory replacenment. Not all heaters can
be retrofitted with current LNB designs. The primary variable
influencing the feasibility of an LNB retrofit is the space
requi renent bel ow the heater necessary to install the conbustion
air plenuns.?®?®

(2) Operating Costs of LNBs. Maintenance costs of
LNBs are calculated as 2.75 percent of the LNBs capital
costs.™® Installation of LNBs can inprove heater efficiency,
al though this effect (if any) wll be strongly heater-dependent.
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The potential increase in heater efficiency may | ower fuel costs.
Qperational costs may be marginally increased due to the decrease
in flame stability and the potential for flane-out."® These
operational inpacts will tend to offset one another in the cost
anal ysis associated with LNB installation and mnimze the effect
of the current analysis.' These costs are site-specific and are
not included in the cost analysis.
ii. Cost of ULNBs

(1) Capital Costs of ULNBs. The capital costs of ULNBs are
affected by the sanme paraneters as LNBs. The prinmary paraneters
that affect the capital costs include:

1. Heater capacity;

2.  Nunber of burners;

3. Burner heat release rate; and

4. Natural or nechanical draft conbustion air delivery
system

The capital cost nethodology for ND ULNBs is:

TIC = 35,000 + {HQ x [5,230 - (622 x BQ + (26.1 x BQ)]}.

In the case of MD heaters, an additional 50 percent is added
to the capital cost to account for the follow ng:

1. Additional excess air control equipnent; and

2. Increased conbustion air plenum construction.
The capital cost nethodology for MD ULNBs is:

TIC=1.5 x {35,000 + HQ x [5,230 - (622 x BQ +
(26.1 x BQ)]}.

The cost net hodol ogi es give costs in Canadi an average
1990 dollars. For this analysis, the capital costs have been
escalated to U S. average 1991 dollars using the Chem cal
Enai neering plant index and an exchange rate of 1 U S. dollar to
1.15 Canadi an dollars.?®

Simlar to LNBs, large cost variations for ULNBs retrofit
can exist. The cost variations and variables influencing the use
of LNBs described in Section 6.1.1.1 also apply to ULNBs.

(2) Operating Costs of ULNBs. Maintenance costs of ULNBs
are calculated as 2.75 percent of the ULNBs capital costs."'?
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Qperating costs for LNBs described in Section 6.1.1.2 also apply
to ULNBs.
iii. Costs of SNCR

(1) Capital Costs of SNCR The SNCR capital cost
met hodol ogy from Reference 1 has been used to cal culate the
capital cost of installing SNCR in process heaters. The cost
met hodol ogy in Reference 1 uses data from Exxon's Thermal DeNO®
(TDN®) process because Nalco Fuel Tech's process to date has been
installed on only a limted nunber of refinery heaters. The
maj or capital costs for SNCR systens are for the ductwork,
reactant storage tank and injection system insulation, contro
i nstrunmentation, engineering, and installation. The capital cost
nmet hodol ogy for SNCR from Reference 1 is:

TIC = 31,850 (HQ%®

wher e:

HQ is the heater capacity, in gigajoules
per hour (G&/hr).

The cost nethodol ogy gives costs in Canadi an average 1990
dollars. For this analysis, capital costs have been escalated to
U. S. average 1991 dollars using the Chem cal Engineering plant
i ndex and an exchange rate of 1 U S. Dollar to 1.15 Canadi an
dollars.?

(2) perating Costs of SNCR. The SNCR annual operating
cost nodels from References 1 and 2 are used to calculate the
annual operating costs of SNCR operation. Mintenance costs of
SNCR are cal cul ated as 2.75 percent of the SNCR capital costs.'?
The operating costs include the cost of ammonia reactant,
additional electricity, and additional fuel. The Reference 2
cost nodel was used to calculate the operating costs for NH, and
electricity. The fuel penalty results froma |oss of heater
thermal efficiency due to dilution of the hot flue gas with steam
or cold distribution air, which |owers the convection section
heat recovery.' The loss in efficiency is estimated to require a
0.3 percent increase in fuel firing. The cost of the fue
penalty is calculated as a 0.3 percent increase in firing rate.®
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The cost net hodol ogies for the annual operating costs of
SNCR are:

NH, cost (Q x (I'b NO/MMBtu) x (1 nole

NO/46 Ib NQ) x (17 Ib NH/1 nole
NH;) x (nole NH/nmole NQ) x
($0.125/1b NH,) x (8,760 hr/yr) x CF,
(0.3 kWh/ton NH) x (ton NH/yr) x
($0. 06/ kW) x CF

(0.03) x (Q x (8,760 hr/yr) x (fuel
cost $/ MMBtu) x CF,

Electricity cost

Fuel penalty cost

wher e:

Q = heater capacity, MvBtu/hr, and

CF = capacity factor expressed in decimal form?®%%?
iv. Costs of SCR

(1) Capital Costs of SCR. The SCR capital cost nethodol ogy

from Reference 2 was used to calculate the capital cost of
installing SCR in process heaters. The mmjor capital costs for
SCR systens are for the reactor section (including catalyst),
ductwor k, ammoni a storage tank and injection system foundation,

i nsulation, control instrunentation, engineering, and
installation.*' Selective catalytic reductions systens require
nmechani cal draft operation due to the pressure drop across the
catalyst. The costs for SCR applied to the ND nodel heaters

i ncl udes the costs of converting to MD operation in addition to
the SCR costs.?

The capital cost nodel from Reference 2 is:

TIC = 1,373,000 x (Q48.5)%° + 49,000 x (Q 485),
wher e:

Q = heater capacity, MBtu/hr.?

The cost nethodol ogy gives costs in U S. average 1986
dollars. For this analysis, capital costs have been escalated to
U. S. average 1991 dollars using the Chem cal Engineering plant
i ndex. ?

(2) Operating Costs of SCR. The SCR annual operating costs
were cal cul ated using the nethodol ogies from Reference 2. The
operating costs include the cost of the ammonia reactant,
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catal yst replacenent, additional electricity and additional fuel.
The Reference 2 cost nethodol ogy was used to cal culate the NH,
catal yst replacenent, and electricity costs. A 1 to 2 percent
| oss of heater thermal efficiency can be expected due to dilution
of the hot flue gas with cold distribution air, which |owers
convection section heat recovery. This loss of efficiency is
represented by a fuel penalty; the cost of the fuel penalty is
estimated to require a 1.5 percent increase in fuel consunption.®

The cost nethodol ogy for annual operating costs of SCR

NH, cost = (Q x (Ib NO/MwBtu) x (1 nole

NO/46 Ib NQ) x (17 Ib NH/1 nole
NH) x (nmole NH/ nmole NQ) x
($0.125/1b NH,) x (8,760 hr/yr) x
CF;
49,000 x (Q 48.5)/5 yr
(0.3 kWh/ton NH) x (ton NH) x
($0. 06/ kW) x CF, and
(0.015) x (Q x (8,760 hr/yr) x
(fuel cost $/ MvBtu) x CF,

Cat al yst replacenent cost
Electricity cost

Fuel penalty cost

wher e:

Q = heater capacity, MvBtu/ hr, and

CF = capacity factor expressed in decinmal form

Mai nt enance costs for SCR are calculated as 2.75 percent of
the SCR capital cost."?
v. GCosts of EFGR

(1) Capital Costs of FGR. The FGR capital cost nethodol ogy
fromReference 1 is used to calculate the capital cost of
installing an FGR systemin process heaters. The capital cost
nodel for FGR from Reference 1 is:

TIC = 12,800 (HQ %®
wher e:

HQ = heater capacity, Gl/hr.*

The cost nethodol ogy gives cost in Canadi an average
1990 dollars. For this analysis, the capital costs have been
escalated to U S. average 1991 dollars using the Chem cal
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Enai neering plant index and an exchange rate of 1 U S. dollar to
1.15 Canadi an dollars.?®

As discussed in Chapter 5, FGR is not considered to be a
stand-al one NQ, control technique but is typically conbined wth
LNBs. Flue gas recirculation requires an MD conbustion air
supply. For ND heaters, inplenenting FGR as a NQ, control
technique incurs the followi ng capital costs: NDto-M
conversion, MD LNBs, and the FGR system

The cost nethodol ogy is based on boiler data because process
heater applications of FGR are Iimted. An additiona
consideration for FGR is the high-tenperature flue gas associ ated
W th process heaters. Boilers use econom zers to recover a |large
amount of thermal energy fromthe flue gas in boilers. Process
heaters do not have economi zers and therefore have higher flue
gas tenperatures than do boilers. Flue gas recirculation fans
capabl e of handling the high-tenperature flue gas from process
heaters may increase the cost of inplenmenting FGR over the costs
presented in this chapter.

(2) perating Costs of FGR  The FCGR annual operating cost
nodel from Reference 2 has been used to cal culate the annua
operating costs of FGR operation. The primary cost associ ated
with FGR operation is the additional electrical energy required
to operate the FGR fan. The annual cost nodel for FGR from
Reference 2 is presented bel ow

El ectric power cost = (motor hp) x (0.75 kWhp) x
(8,760 hr/yr) x ($0.06/ kw) x CF

wher e:
motor hp = FGR fan notor horsepower, (1/5) x (Q;
Q = process heater capacity in MVBtu/ hr, and
CF = heater capacity factor.

Mai nt enance costs for FGR are calculated as 2.75 percent of
the capital cost."'?
vi. Costs of LNBs Plus SNCR

(1) Capital Costs of LNBs Plus SNCR. The capital cost of
LNBs plus SNCR is the sum of the capital cost of LNBs, presented
in Section 6.1.1.1, and the capital cost of SNCR, presented in
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Section 6.1.3.1. Selective noncatal ytic reduction systens may be
applied to ND or MD systens without nodifications to the draft
system Therefore, either ND LNBs or MD LNBs may be conbi ned
with SNCR

(2) Operating Costs of LNBs Plus SNCR. The operating and
mai nt enance costs of LNBs plus SNCR are the sum of the operating
and mai ntenance costs for LNBs, presented in Section 6.1.1.2, and
the operating and maintenance costs for SNCR, presented in
Section 6.1.3.2.

vii. Costs of LNBs Plus SCR

(1) Capital Costs of LNBs Plus SCR The capital cost of
LNBs plus SCR is the sumof the capital cost of LNBs, presented
in Section 6.1.1.1, and the capital cost of SCR, presented in
Section 6.1.4.1. Selective catalytic reduction systens require
MD operation. Therefore, ND heaters nust be converted to M
operation for SCR

(2) Operating Costs of LNBs Plus SCR  The operating and
mai nt enance costs of LNBs plus SCR are the sum of the operating
and mai ntenance costs for LNBs, presented in Section 6.1.1.2, and
the operating and maintenance costs for SCR, presented in
Section 6.1.4.2.

viii. Costs of NDto-MD Conversion

(1) Capital Costs of ND-to-MD Conversion. The ND-to-M
conversion capital cost nethodology from Reference 1 is applied
to calculate the capital cost of converting process heaters from
ND to MD. The capital cost nodel for ND-to-MD conversion from
Reference 1 is:

TIC = 21,350 (HQ?%®
wher e:

HQ = heater capacity, GJ/hr.*?

The cost net hodol ogy gives costs in Canadi an average 1991
dollars. For this analysis, capital costs have been escalated to
U S. 1991 dollars using the Chem cal Engineering plant indexes
and an exchange rate of 1 U.S. dollar to 1.15 Canadian dollars.?

As discussed in Chapter 5, ND-to-MD conversion is generally
not perforned as a stand-alone NQ, control technique. The
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capital costs of converting ND heaters to MD heaters is added to
the costs of control techniques where conversion fromND to MD is
required. The control techniques that require ND heater
conversion to MD are MD LNBs, MD ULNBs, MD SNCR, SCR, MD LNBs
plus FGR, MD LNBs plus SNCR, and MD LNBs plus SCR

(2) Operating Costs of ND-to-MD Conversion. Mai nt enance
costs for MD heaters are greater than for ND heaters.
Mai nt enance costs associated with ND-to-MD conversion are
calcul ated as 2.75 percent of the ND-to-MD capital cost.'?
Conversion from ND-to-MD increases heater thermal efficiency.
Potential fuel reductions of 1.5 percent can lead to a yearly
savi ngs equivalent to about 4 to 8 percent of the capital cost to
retrofit a medium sized heater ND heater to MD LNBs.' This
efficiency gain is site-specific, however, and has not been
included in the cost analysis.
b. TOTAL ANNUAL COST FOR MODEL HEATERS

The TAC for applying NQ, control techniques to nodel heaters
is presented in this section. The TAC is the sum of the capita
recovery cost and the annual cost. The capital recovery cost is
estimated for each NQ, control technique by nmultiplying the
capital costs by the capital recovery factor (CRF). The CRF is
estimated by the follow ng nethod:

CRF = [i x (2+i)"/[(1+i)"Y
wher e:

[

pretax marginal rate of return (10 percent), and

n equi pment econonic life (15 years).*’
The capital and annual cost nethodol ogies are presented in
Section 6.1.

Sections 6.2.1 through 6.1.5 present the capital costs,
capital recovery, annual costs, and TACs for NQ, control
techni ques applied to the nodel heaters. Total annual costs are
calculated for capacity factors of 0.1, 0.5, and 0.9. However,
only TAC for the capacity factor of 0.9 are discussed in these
sections. Sections 6.2.1 and 6.2.2 present these costs for the
ND | ow and nedi umtenperature and MD | ow and nedi umtenperature
gas-fired nodel heaters, respectively. Sections 6.2.3 and 6.2.4
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present these costs for the ND | ow and nediumtenperature and MD
low and nmediumtenperature oil-fired nodel heaters,
respectively. Section 6.2.5 presents the capital costs, capital
recovery, annual costs, and TACs for the olefins pyrolysis nodel
heaters. The ND-to-MD conversion costs are presented in
Section 6. 2.6.
i. Control Costs for the ND Gas-Fired, Low and Medium
Tenperature Mbdel Heaters

Tabl e 6-2 presents the capital costs, annual costs, and TACs
for the ND gas-fired, |ow and nediumtenperature nodel heaters.
The capital costs of the control techniques range from $58, 200
for ND LNBs used on the 17 MvBtu/ hr heater to $4, 650,000 for M
LNBs plus SCR used on the 186 MVBtu/ hr heater. The TACs range
from $9, 250/ yr for ND LNBs on the 17 MVBtu/ hr heater to
$835, 000/yr for MD LNBs plus SCR on the 186 MvBtu/ hr heater.
ii. Control Costs for MD Gas-Fired, Low and Medium

Tenperature Mdel Heaters

Tabl e 6-3 presents the capital costs, annual costs, and TACs
for the MD gas-fired, |low and nedi umtenperature nodel heaters.
The capital costs of the control techniques range from $130, 000
for LNBs used on the 40 MVBtu/ hr heater to $5, 360,000 for LNBs
plus SCR used on the 236 MvBtu/ hr heater. The TACs range from
$20, 700/ yr for LNBs used on the 40 MMVBtu/ hr heater to $988, 000/ yr
for LNBs plus SCR used on the 263 MvBtu/ hr heater.
iii. Control Costs for ND Ol-Fired, Low and Medium

Tenperature Mdel Heaters

Tabl e 6-4 presents the capital costs, annual costs, and TACs
for the ND oil-fired, |low and nediumtenperature nodel heaters.
The capital costs of the control techniques range from $227, 000
for ND LNBs to $2,580,000 for MD LNBs plus SCR  The TACs range
from $36, 100/yr for ND LNBs to $463, 000/yr for the MD LNBs pl us
SCR. These costs are the sane for both distillate and residual
oil-fired ND nodel heaters.
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TABLE 6-2.

COSTS OF CONTROL TECHNIQUES FOR ND
NATURAL GAS-FIRED MODEL HEATERS (1991 $)

Annua costs, $/yr

Operating and maintenance costs @

Total annual costs, $lyr @ capacity

Model heater capecity factors” factors®
capacity, Capital
MM Btu/hr NO, control technique  JCapital costs, $] recovery® 0.1 0.5 0.9 0.1 0.5 0.9
17 (ND) LNB 58,200 7,650 1,600 1,600 1,600 9,250 9,250 9,250
(MD) LNB 191,000 25,100 5,250 5,250 5,250 30,400 30,400 30,400
(ND) ULNB 62,500 8,220 1,720 1,720 1,720 9,940 9,940 9,940
(MD) ULNB 249,000 32,800 6,850 6,850 6,850 39,600 39,600 39,600
(ND) SNCR 155,000 20,300 4,490 5,420 6,360 24,800 25,700 26,700
(MD) SNCR 258,000 34,000 7,480 9,000 10,500 41,400 43,000 44,500
(MD) SCR 951,000 125,000 30,200 32,600 34,900 155,000 158,000 160,000
(MD) LNB + FGR 253,000 33,300 7,090 7,630 8,170 40,400 40,900 41,400
(ND) LNB + SNCR 213,000 28,000 6,090 7,020 7,960 34,100 35,000 35,900
(MD) LNB + SNCR 346,000 45,400 9,880 11,400 12,900 55,300 56,800 58,400
(MD) LNB + SCR 1,040,000 137,000 32,600 35,000 37,300 169,000 172,000 174,000
36 (ND) LNB 92,600 12,200 2,550 2,550 2,550 14,700 14,700 14,700
(MD) LNB 302,000 39,600 8,290 8,290 8,290 47,900 47,900 47,900
(ND) ULNB 96,900 12,700 2,670 2,670 2,670 15,400 15,400 15,400
(MD) ULNB 308,000 40,500 8,470 8,470 8,470 49,000 49,000 49,000
(ND) SNCR 243,000 31,900 7,160 9,150 11,100 39,000 41,000 43,000
(MD) SNCR 405,000 53,300 11,900 14,400 16,900 65,200 67,700 70,100
(MD) SCR 1,500,000 198,000 49,900 54,900 59,900 247,000 252,000 257,000
(MD) LNB + FGR 399,000 52,500 11,300 12,400 13,500 63,700 64,800 66,000
(ND) LNB + SNCR 335,000 44,100 9,710 11,700 13,700 53,800 55,800 57,700
(MD) LNB + SNCR 544,000 71,500 15,800 19,000 22,200 87,300 90,500 93,700
(MD) LNB + SCR 1,640,000 216,000 53,700 58,700 63,700 270,000 275,000 280,000
7 (ND) LNB 133,000 17,500 3,670 3,670 3,670 21,200 21,200 21,200
(MD) LNB 457,000 60,000 12,600 12,600 12,600 72,600 72,600 72,600
(ND) ULNB 138,000 18,100 3,790 3,790 3,790 21,900 21,900 21,900
(MD) ULNB 463,000 60,900 12,700 12,700 12,700 73,600 73,600 73,600
(ND) SNCR 383,000 50,300 11,600 15,800 20,100 61,900 66,100 70,400
(MD) SNCR 639,000 84,000 19,300 24,600 29,800 103,000 109,000 114,000
(MD) SCR 2,390,000 315,000 84,100 94,800 106,000 399,000 410,000 420,000
(MD) LNB + FGR 610,000 80,300 17,400 19,800 22,300 97,600 100,000 103,000
(ND) LNB + SNCR 516,000 67,900 15,300 19,500 23,700 83,100 87,300 91,600
(MD) LNB + SNCR 839,000 110,000 24,800 31,700 38,600 135,000 142,000 149,000
(MDY | NB + SCR 2500000 241000 29 600 100000 111000 431000 441 000 452 000
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TABLE 6-2. (continued)
Annual_costs, $/yr
Operating and maintenance costs @ Total annual costs, $lyr @ capacity
Model heater capacity factors factors:®
capacity, Capital
MM Btu/hr NO, control technique Capital costs, $] recovery® 0.1 0.5 0.9 0.1 0.5 0.9

121 (ND) LNB 232,000 30,500 6,390 6,390 6,390 36,900 36,900 36,900
(MD) LNB 685,000 90,100 18,300 18,300 18,300 109,000 109,000 109,000

(ND) ULNB 237,000 31,100 6,510 6,510 6,510 37,600 37,600 37,600

(MD) ULNB 691,000 90,900 19,000 19,000 19,000 110,000 110,000 110,000

(ND) SNCR 502,000 66,000 15,500 22,100 28,800 81,500 88,100 94,800

(MD) SNCR 838,000 110,000 25,800 34,000 42,300 136,000 144,000 153,000

(MD) SCR 3,160,000 416,000 116,000 133,000 149,000 532,000 548,000 565,000

(MD) LNB + FGR 887,000 117,000 25,300 29,200 33,000 142,000 146,000 150,000

(ND) LNB + SNCR 734,000 96,500 21,900 28,500 35,200 118,000 125,000 132,000

(MD) LNB + SNCR 1,190,000 156,000 35,300 46,200 57,000 191,000 202,000 213,000

(MD) LNB + SCR 3,510,000 462,000 125,000 142,000 159,000 587,000 604,000 621,000

186 (ND) LNB 346,000 45,500 9,520 9,520 9,520 55,000 55,000 55,000
(MD) LNB 955,000 126,000 26,300 26,300 26,300 152,000 152,000 152,000

(ND) ULNB 351,000 46,100 9,640 9,640 9,640 55,700 55,700 55,700

(MD) ULNB 961,000 126,000 26,400 26,400 26,400 153,000 153,000 153,000

(ND) SNCR 650,000 85,400 20,400 30,700 40,900 106,000 116,000 126,000

(MD) SNCR 1,090,000 143,000 34,000 46,700 59,400 177,000 189,000 202,000

(MD) SCR 4,130,000 543,000 158,000 183,000 209,000 700,000 726,000 752,000

(MD) LNB + FGR 1,220,000 160,000 34,900 40,800 46,600 195,000 201,000 207,000

(ND) LNB + SNCR 996,000 131,000 29,900 40,200 50,400 161,000 171,000 181,000

(MD) LNB + SNCR 1,600,000 211,000 48,300 64,900 81,500 259,000 276,000 292,000

(MD) LNB + SCR 4,650,000 611,000 172,000 198,000 224,000 783,000 809,000 835,000

%Capital recovery = Capital cost x capital recovery factor.

®Operating and maintenance costs at operating capacities of 10 percent, 50 percent, and 90 percent.
“Total annual cost = Capital recovery + operating and maintenance cost.

i V. Cont r ol

Costs for

MD O I-Fired,

Low and Medium

Tenperature Mbdel Heaters
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TABLE 6-3. COSTS OF CONTROL TECHNIQUES FOR MD NATURAL
GAS-FIRED MODEL HEATERS (1991 $)
Annua costs, $/yr
—— | Operating and maintenancbe costs @ capacity Total annual costs, $/yr @ capacity factors:
capacity, NO, control technique | Capital costs, r;:cz%;?lya fadtors
MMBtu/hr $ 0.1 0.5 0.9 0.1 0.5 0.9

40 LNB 130,000 17,100 3,570 3,570 3,570 20,700 20,700 20,700
ULNB 136,000 17,900 3,750 3,750 3,750 21,700 21,700 21,700
SNCR 258,000 34,000 8,000 11,600 15,100 42,000 45,500 49,100
SCR 1,430,000 188,000 48,800 54,400 59,900 237,000 242,000 248,000
LNB + FGR 234,000 30,700 6,740 8,010 9,270 37,500 38,700 40,000
LNB + SNCR 388,000 51,000 11,600 15,100 18,700 62,600 66,200 69,800
LNB + SCR 1,560,000 205,000 52,400 57,900 63,500 257,000 263,000 269,000

7 LNB 282,000 37,100 7,750 7,750 7,750 44,800 44,800 44,800
ULNB 288,000 37,900 7,930 7,930 7,930 45,800 45,800 45,800
SNCR 383,000 50,300 12,200 19,100 26,000 62,600 69,400 76,300
SCR 2,140,000 281,000 77,000 87,800 98,500 358,000 369,000 380,000
LNB + FGR 436,000 57,300 12,600 15,000 17,400 69,900 72,300 74,700
LNB + SNCR 665,000 87,400 20,000 26,900 33,800 107,000 114,000 121,000
LNB + SCR 2,420,000 318,000 84,800 95,500 106,000 403,000 414,000 424,000

114 LNB 507,000 66,700 14,000 14,000 14,000 80,700 80,700 80,700
ULNB 514,000 67,600 14,100 14,100 14,100 81,700 81,700 81,700
SNCR 484,000 63,700 15,900 26,100 36,200 79,500 89,700 99,900
SCR 2,720,000 358,000 102,000 118,000 134,000 460,000 476,000 492,000
LNB + FGR 702,000 92,300 20,200 23,800 27,400 113,000 116,000 120,000
LNB + SNCR 992,000 130,000 29,800 40,000 50,200 160,000 170,000 181,000
LNB + SCR 3,230,000 425,000 116,000 132,000 148,000 541,000 557,000 573,000

174 LNB 541,000 71,200 14,900 14,900 14,900 86,100 86,100 86,100
ULNB 548,000 72,000 15,100 15,100 15,100 87,100 87,100 87,100
SNCR 624,000 82,100 21,100 36,600 52,200 103,000 119,000 134,000
SCR 3,540,000 466,000 139,000 163,000 187,000 604,000 629,000 653,000
LNB + FGR 792,000 104,000 23,200 28,600 34,100 127,000 133,000 138,000
LNB + SNCR 1,170,000 153,000 35,900 51,500 67,000 189,000 205,000 220,000
LNB + SCR 4080000 537000 154,000 172000 202 000 £90 000 215000 239 000
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Annua costs, $/yr
Operating and maintenance costs @ ity Total annual costs, $/yr @ capacity factors:
Model heater ) b
. ' . Capital factors:
capacity, NO, control technique | Capital costs, recovery?
MM Btu/hr $ Y 0.1 0.5 0.9 0.1 0.5 0.9
263 LNB 777,000 102,000 21,400 21,400 21,400 123,000 123,000 123,000
ULNB 783,000 103,000 21,500 21,500 21,500 124,000 124,000 124,000
SNCR 800,000 105,000 27,900 51,400 74,900 133,000 157,000 180,000
SCR 4,580,000 603,000 188,000 225,000 262,000 791,000 828,000 864,000
LNB + FGR 1,100,000 144,000 32,300 40,600 48,900 177,000 185,000 193,000
LNB + SNCR 1,580,000 207,000 49,200 72,700 96,200 256,000 280,000 303,000
LNB + SCR 5,360,000 705,000 210,000 246,000 283,000 915,000 951,000 988,000

%Capital recovery = Capital cost x capita recovery factor.
*Operating and maintenance costs at operating capacities of 10 percent, 50 percent, and 90 percent.
“Total annual cost = Capital recovery + operating and maintenance cost.
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TABLE 6-3. (continued)

Tabl e 6-5 presents the capital costs, annual costs, and TACs
for the MD oil-fired, |low and nmediumtenperature nodel heaters.
The capital cost of the control techniques range from $319, 000
for LNBs to $3,340,000 for LNBs plus SCR  The capital cost for
both MD oil-fired heaters are the same. The TACs range from
$50, 700/ yr for LNBs used on the distillate oil-fired heater to
$570, 000 for LNBs plus SCR used on the residual oil-fired heater.
v. Control Costs for the Oefins Pyrolysis Mdel Heaters

Tabl e 6-6 present the capital costs, annual costs, and TAC
for the ND olefins pyrolysis nodel heaters. The capital costs of
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TABLE 6-3. (continued)

the control techniques range from $248,000 for LNBs to $2, 900, 000
for LNBs plus SCR on both pyrolysis nodel heaters. The TACs
range from $39,400/yr for LNB's on the natural gas-fired heater
to $512,000 for LNB's plus SCR on the high- hydrogen fuel gas-
fired heater.

vi. Costs for ND-to-MD Conversion

6-22



TABLE 6-3. (continued)
Table 6-7
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TABLE

6- 3.

(conti nued)

TABLE 6-7. ND-TO-MD CONVERSION COSTS FOR THE ND MODEL

HEATERS (1991 $)

Model heater Total annual
capacity, Capital cost, 1991 Capital recovery, Annual operating costs, 1991
MM Btu/hr US$ 1991 US $lyr costs, 1991 US $/yr US $lyr
ND NATURAL GAS-FIRED HEATERS
17 104,000 13,600 2,860 16,500
36 163,000 21,400 4,480 25,900
77 257,000 33,800 7,070 40,900
121 336,000 442,000 9,240 53,400
185 434,000 57,100 11,900 69,000
ND OIL-FIRED HEATERS
69 240,000 31,600 6,400 38,000
ND OLEFINS PYROLY SIS HEATERS
84 270,000 35,500 7,430 42,900
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TABLE 6-3. (continued)

presents the capital, annual operating, and TAC of the ND-to-M
conversion for the nodel heaters. The capital costs range from
$104,000 to $434,000; the annual operating cost range from
$2,860/yr to $11,900/yr; and the TACs range from $16,500/yr to
$69, 000/ yr for the 17 and 185 MwBtu/ hr natural gas-fired |ow and
medi umtenperature heaters, respectively.
c. COST EFFECTI VENESS OF NQ, CONTROLS FOR PROCESS HEATERS

This section presents the cost effectiveness for the contro
techni ques presented in Section 6.2. The cost effectiveness, in
dollars per ton of NQ, renoved ($/ton), is calculated by dividing
the TACs by the annual NQ, em ssion reduction, in tons.

Capacity factors of 0.1, 0.5, and 0.9 of heater operation,
were included in the cost-effectiveness analysis. The capacity
factor affects the operating costs but not the capital costs.

The capacity factor also influences the tons per year of NQ
produced by a process heater. For exanple, approximately
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TABLE 6-3. (continued)
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TABLE 6-3. (continued)
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TABLE 6-3. (continued)

90 percent less NQ, is produced by a heater operating at a
capacity factor of 0.1 as opposed to 1.0.

Cost effectiveness for ND natural gas-fired heaters is
presented in Table 6-8. The cost-effectiveness range at a
capacity factor of 0.9 is from $981/ton for ND ULNBs on the
77 MMBtu/ hr heater to $16,200/ton for SCR on the 17 MVBtu/ hr
heater. The cost-effectiveness range for MD natural gas-fired
heaters is shown in Table 6-9. At a capacity factor of 0.9, the
cost effectiveness ranges from $813/ton for ULNBs on the
263 MvBtu/ hr heater to $10,600/ton for SCR on the 40 MvBtu/ hr
heat er.

The cost-effectiveness range for oil-fired ND heaters is
shown in Table 6-10. For a capacity factor of 0.9, the cost
ef fectiveness ranges from $419/ton for ND ULNBs on the residua
oil-fired heater to $6,490/ton for SCR on the distillate oil-
fired heater. The cost-effectiveness range for oil-fired M
heaters, shown in Table 6-11, is from $245/ton for ULNBs on the
residual oil-fired heater to $4,160/ton for SCR on the distillate
oil-fired heater at a capacity factor of 0.9.

The cost-effectiveness range for the ND ol efins pyrolysis
nodel heaters is shown in Table 6-12. At a capacity factor of
0.9, the cost effectiveness ranges from $1,490/ton for MD ULNBs
on the high-hydrogen fuel gas-fired heater to $14, 100/ton for
LNB+SCR on the natural gas-fired heater.

The cost effectiveness of each control technique for the
nodel heaters generally increases from ULNB to LNB, to LNB plus
FGR, to SNCR, to LNB plus SNCR, to LNB plus SCR, to SCR  The
cost-effectiveness values for the control techniques applied to
the small er nodel heaters are generally higher in conparison to
the same control techniques applied to the larger heaters. This
di fference represents an econony of scal e because for a given
percent reduction, the quantity of NQ, em ssions renoved per year
(tons/yr) fromthe smaller nodel heaters was |ower than from
ot her nodel heaters.
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TABLE 6-3. (continued)

Table 6-13 is a summary of the cost effectiveness of
sel ected NQ, em ssion control techniques as presented by the
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TABLE 6-8.

TABLE 6- 3.

(conti nued)

ND NATURAL GAS-FIRED MODEL HEATERS (1991 $)

COST EFFECTIVENESS OF CONTROL TECHNIQUES FOR

Model heater Uncontrolled NO, emissions, ton/yr | Total effective | NO, reduction, ton/yr @ capacity Cost effectiveness, $iton @ capacity factors:®
capacity, @ capacity factors: reduction, factors: Total annual costs, $/yr @ capacity factors:
MMBtu/hr NO, control techniqe 0.1 05 0.9 percent 0.1 05 0.9 0.1 05 0.9 01 05 0.9
17 (ND) LNB 0.730 3.65 6.57 50 0.365 1.82 3.28 9,250 9,250 9,250 25,400 5,070 2,820
(MD) LNB 1.47 7.33 13.2 50 0.733 3.67 6.60 30,400 30,400 30,400 41,400 8,280 4,600
(ND) ULNB 0.730 3.65 6.57 75 0.547 2.74 4.93 9,940 9,940 9,940 18,200 3,630 2,020
(MD) ULNB 1.47 7.33 13.2 75 1.10 5.50 9.90 39,600 39,600 39,600 36,000 7,200 4,000
(ND) SNCR 0.730 3.65 6.57 60 0.438 2.19 3.94 24,800 25,700 26,700 56,700 11,800 6,770
(MD) SNCR 1.47 7.33 13.2 60 0.880 4.40 7.92 41,400 43,000 44,500 47,100 9,760 5,610
(MD) SCR 1.47 7.33 13.2 75 1.10 5.50 9.90 155,000 158,000 160,000 141,000 28,700 16,200
(MD) LNB + FGR 1.47 7.33 13.2 55 0.807 4.03 7.26 40,400 40,900 41,400 50,000 10,100 5,710
(ND) LNB + SNCR 0.730 3.65 6.57 80 0.584 2.92 5.25 34,100 35,000 35,900 58,400 12,000 6,840
(MD) LNB + SNCR 1.47 7.33 13.2 80 1.17 5.87 10.6 55,300 56,800 58,400 47,100 9,690 5,530
(MD) LNB + SCR 1.47 7.33 13.2 88 1.28 6.42 11.6 169,000 172,000 174,000 132,000 26,700 15,100
36 (ND) LNB 1.55 7.73 13.9 50 0.773 3.86 6.95 14,700 14,700 14,700 19,100 3,810 2,120
(MD) LNB 3.11 15.5 28.0 50 1.55 7.77 14.0 47,900 47,900 47,900 30,900 6,170 3,430
(ND) ULNB 1.55 7.73 13.9 75 1.16 5.79 10.4 15,400 15,400 15,400 13,300 2,660 1,480
(MD) ULNB 3.11 15.5 28.0 75 2.33 11.6 21.0 49,000 49,000 49,000 21,000 4,200 2,330
(ND) SNCR 1.55 7.73 13.9 60 0.927 4.64 8.34 39,000 41,000 43,000 42,100 8,850 5,150
(MD) SNCR 3.11 15.5 28.0 60 1.86 9.32 16.8 65,200 67,700 70,100 35,000 7,260 4,180
(MD) SCR 3.11 15.5 28.0 75 2.33 11.6 21.0 247,000 252,000 257,000 106,000 21,700 12,300
(MD) LNB + FGR 3.11 15.5 28.0 55 171 8.54 15.4 63,700 64,800 66,000 37,300 7,590 4,290
(ND) LNB + SNCR 1.55 7.73 13.9 80 1.24 6.18 111 53,800 55,800 57,700 43,500 9,020 5,190
(MD) LNB + SNCR 3.11 15.5 28.0 80 2.49 12.4 22.4 87,300 90,500 93,700 35,100 7,280 4,190
(MDY | NB + SCR 211 155 220 28 272 124 245 270000 275000 230000 99 200 20200 11400
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TABLE 6-8. (continued)
Model heater Uncontrolled NO, emissions, ton/yr | Total effective | NO, reduction, ton/yr @ capacity Cost effectiveness, $/ton @ capacity factors:®
capacity, @ capacity factors: reduction, factors: Total annual costs, $/yr @ capacity factors:

MMBtu/hr NO, control technique 01 05 0.9 percent 01 05 0.9 01 05 0.9 01 05 0.9
7 (ND) LNB 3.31 16.5 29.7 50 1.65 8.26 14.9 21,200 21,200 21,200 12,800 2,570 1,430
(MD) LNB 6.64 33.2 59.8 50 3.32 16.6 29.9 72,600 72,600 72,600 21,900 4,370 2,430

(ND) ULNB 3.31 16.5 29.7 75 2.48 12.4 22.3 21,900 21,900 21,900 8,830 1,770 981

(MD) ULNB 6.64 33.2 59.8 75 4.98 24.9 44.8 73,600 73,600 73,600 14,800 2,950 1,640

(ND) SNCR 3.31 16.5 29.7 60 1.98 9.92 17.8 61,900 66,100 70,400 31,200 6,670 3,940

(MD) SNCR 6.64 33.2 59.8 60 3.99 19.9 35.9 103,000 109,000 114,000 25,900 5,450 3,170

(MD) SCR 6.64 33.2 59.8 75 4.98 24.9 44.8 399,000 410,000 420,000 80,100 16,400 9,370

(MD) LNB + FGR 6.64 33.2 59.8 55 3.65 18.3 32.9 97,600 100,000 103,000 26,700 5,480 3,120

(ND) LNB + SNCR 3.31 16.5 29.7 80 2.64 13.2 23.8 83,100 87,300 91,600 31,400 6,610 3,850

(MD) LNB + SNCR 6.64 33.2 59.8 80 5.32 26.6 47.8 135,000 142,000 149,000 25,400 5,340 3,110

(MD) LNB + SCR 6.64 33.2 59.8 88 5.81 29.1 52.3 431,000 441,000 452,000 74,100 15,200 8,640

121 (ND) LNB 5.19 26.0 46.7 50 2.60 13.0 23.4 36,900 36,900 36,900 14,200 2,840 1,580
(MD) LNB 10.4 52.2 94.0 50 5.22 26.1 47.0 109,000 109,000 109,000 20,900 4,170 2,320

(ND) ULNB 5.19 26.0 46.7 75 3.90 19.5 35.1 37,600 37,600 37,600 9,660 1,930 1,070

(MD) ULNB 10.4 52.2 94.0 75 7.83 39.2 70.5 110,000 110,000 110,000 14,000 2,810 1,560

(ND) SNCR 5.19 26.0 46.7 60 3.12 15.6 28.0 81,500 88,100 94,800 26,100 5,660 3,380

(MD) SNCR 10.4 52.2 94.0 60 6.26 313 56.4 136,000 144,000 153,000 21,700 4,610 2,710

(MD) SCR 10.4 52.2 94.0 75 7.83 39.2 70.5 532,000 548,000 565,000 67,900 14,000 8,020

(MD) LNB + FGR 10.4 52.2 94.0 55 5.74 28.7 51.7 142,000 146,000 150,000 24,700 5,080 2,890

(ND) LNB + SNCR 5.19 26.0 46.7 80 4.16 20.8 37.4 118,000 125,000 132,000 28,500 6,020 3,520

(MD) LNB + SNCR 10.4 52.2 94.0 80 8.35 41.8 75.2 191,000 202,000 213,000 22,900 4,840 2,830

(MD) LNR &+ SCR 104 522 oa0 1 83 914 457 1 02 sazo00 | ananon £21.000 £4.300 12200 Z 550
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TABLE 6-8. (continued)

Model heater Uncontrolled NO, emissions, ton/yr | Total effective | NO, reduction, ton/yr @ capacity Cost effectiveness, $/ton @ capacity factors:®
capacity, @ capacity factors: reduction, factors: Total annual costs, $/yr @ capacity factors:
MMBtu/hr NO, control technique 01 05 0.9 percent 01 05 0.9 01 05 0.9 01 05 0.9
186 (ND) LNB 7.98 39.9 71.9 50 3.99 20.0 35.9 55,000 55,000 55,000 13,800 2,760 1,530
(MD) LNB 16.0 80.2 144 50 8.02 40.1 72.2 152,000 152,000 152,000 18,900 3,780 2,100
(ND) ULNB 7.98 39.9 71.9 75 5.99 29.9 53.9 55,700 55,700 55,700 9,310 1,860 1,030
(MD) ULNB 16.0 80.2 144 75 12.0 60.2 108 153,000 153,000 153,000 12,700 2,540 1,410
(ND) SNCR 7.98 39.9 71.9 60 4.79 24.0 43.1 106,000 116,000 126,000 22,100 4,850 2,930
(MD) SNCR 16.0 80.2 144 60 9.63 48.1 86.7 177,000 189,000 202,000 18,300 3,930 2,330
(MD) SCR 16.0 80.2 144 75 12.0 60.2 108 700,000 726,000 752,000 58,200 12,100 6,940
(MD) LNB + FGR 16.0 80.2 144 55 8.83 44.1 79.4 195,000 201,000 207,000 22,100 4,550 2,600
(ND) LNB + SNCR 7.98 39.9 71.9 80 6.39 31.9 57.5 161,000 171,000 181,000 25,200 5,360 3,150
(MD) LNB + SNCR 16.0 80.2 144 80 12.8 64.2 116 259,000 276,000 292,000 20,200 4,300 2,530
(MD) LNB + SCR 16.0 80.2 144 88 14.0 70.2 126 783,000 809,000 835,000 55,700 11,500 6,600

*Cost effectiveness = Total annual cost/NO, reductions.
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TABLE 6-9.

COST EFFECTIVENESS OF CONTROL TECHNIQUES
FOR MD NATURAL GAS-FIRED MODEL HEATERS (1991 $)

Uncontrolled NO, emissions, ton/yr @

NO, reductions, ton/yr @ capacity

Total annual costs, $lyr @ capacity

Cost effectiveness, $/ton @ capacity

Model heater capacity factors: factors: factors: factors:®
capacity, NO, control technique Total effective reductions,
MMBtu/hr 0.1 0.5 0.9 percent 0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9

40 LNB 3.45 17.3 311 50 1.73 8.63 15.5 20,700 20,700 20,700 12,000 2,390 1,330
ULNB 3.45 17.3 311 75 2.59 12.9 23.3 21,700 21,700 21,700 8,380 1,680 931
SNCR 3.45 17.3 311 60 2.07 10.4 18.6 42,000 45,500 49,100 20,300 4,400 2,640
SCR 3.45 17.3 311 75 2.59 12.9 23.3 237,000 242,000 248,000 91,500 18,700 10,600
LNB + FGR 3.45 17.3 311 55 1.90 9.49 17.1 37,500 38,700 40,000 19,700 4,080 2,340
LNB + SNCR 3.45 17.3 311 80 2.76 13.8 24.9 62,600 66,200 69,800 22,700 4,790 2,810
LNB + SCR 3.45 17.3 311 88 3.02 15.1 27.2 257,000 263,000 269,000 85,200 17,400 9,880

7 LNB 6.64 33.2 59.8 50 3.32 16.6 29.9 44,800 44,800 44,800 13,500 2,700 1,500
ULNB 6.64 33.2 59.8 75 4.98 24.9 44.8 45,800 45,800 45,800 9,200 1,840 1,020
SNCR 6.64 33.2 59.8 60 3.99 19.9 35.9 62,600 69,400 76,300 15,700 3,480 2,130
SCR 6.64 33.2 59.8 75 4.98 24.9 44.8 358,000 369,000 380,000 71,900 14,800 8,460
LNB + FGR 6.64 33.2 59.8 55 3.65 18.3 32.9 69,900 72,300 74,700 19,100 3,960 2,270
LNB + SNCR 6.64 33.2 59.8 80 5.32 26.6 47.8 107,000 114,000 121,000 20,200 4,300 2,530
LNB + SCR 6.64 33.2 59.8 88 5.81 29.1 52.3 403,000 414,000 424,000 69,300 14,200 8,110

114 LNB 9.84 49.2 88.5 50 4.92 24.6 44.3 80,700 80,700 80,700 16,400 3,280 1,820
ULNB 9.84 49.2 88.5 75 7.38 36.9 66.4 81,700 81,700 81,700 11,100 2,210 1,230
SNCR 9.84 49.2 88.5 60 5.90 29.5 53.1 79,500 89,700 99,900 13,500 3,040 1,880
SCR 9.84 49.2 88.5 75 7.38 36.9 66.4 460,000 476,000 492,000 62,400 12,900 7,410
LNB + FGR 9.84 49.2 88.5 55 5.41 27.1 48.7 113,000 116,000 120,000 20,800 4,290 2,460
LNB + SNCR 9.84 49.2 88.5 80 7.87 39.3 70.8 160,000 170,000 181,000 20,400 4,330 2,550
LNB + SCR 9.84 49.2 88.5 88 8.61 43.0 77.5 541,000 557,000 573,000 62,800 12,900 7,390

174 LNB 15.0 75.1 135 50 7.51 37.5 67.6 86,100 86,100 86,100 11,500 2,290 1,270
ULNB 15.0 75.1 135 75 11.3 56.3 101 87,100 87,100 87,100 7,730 1,550 859
SNCR 15.0 75.1 135 60 9.01 45.0 81.1 103,000 119,000 134,000 11,400 2,630 1,660
SCR 15.0 75.1 135 75 113 56.3 101 604,000 629,000 653,000 53,700 11,200 6,440
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TABLE 6-9. (continued)

Uncontrolled NO, emissions, ton/yr @ NO, reductions, ton/yr @ capacity| Total annual costs, $lyr @ capacity | Cost effectiveness, $/ton @ capacit
Model heater capacity factors: factors: factors: factors:®

capacity, NO, control technique Total effective reductions,

MMBtu/hr 0.1 05 0.9 percent 0.1 0.5 0.9 0.1 0.5 0.9 0.1 05 0.9

LNB + FGR 15.0 75.1 135 55 8.26 41.3 74.3 127,000 133,000 138,000 15,400 3,220 1,860

LNB + SNCR 15.0 75.1 135 80 12.0 60.1 108 189,000 205,000 220,000 15,700 3,410 2,040

LNB + SCR 15.0 75.1 135 88 13.1 65.7 118 690,000 715,000 739,000 52,600 10,900 6,250

263 LNB 22.7 113 204 50 11.3 56.7 102 123,000 123,000 123,000 10,900 2,180 1,210

ULNB 22.7 113 204 75 17.0 85.1 153 124,000 124,000 124,000 7,310 1,460 813

SNCR 22.7 113 204 60 13.6 68.1 123 133,000 157,000 180,000 9,770 2,300 1,470

SCR 22.7 113 204 75 17.0 85.1 153 791,000 828,000 864,000 46,500 9,730 5,640

LNB + FGR 22.7 113 204 55 12.5 62.4 112 177,000 185,000 193,000 14,200 2,960 1,720

LNB + SNCR 22.7 113 204 80 18.2 90.8 163 256,000 280,000 303,000 14,100 3,080 1,860

LNB + SCR 22.7 113 204 88 19.9 99.3 179 915,000 951,000 988,000 46,100 9,580 5,530

*Cost effectiveness = Total annua cost/NO, reductions.
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TABLE 6-10.

COST EFFECTIVENESS OF CONTROL TECHNIQUES FOR
ND OIL-FIRED MODEL HEATERS (1991 $)

Model heater capacity NO, control technique Uncontrolled NO, emission, tonlyr @ | Total effective] NO, reductions, ton/yr @ capacity| Total annual costs, $/yr @ capacity Cost effectiveness, $/ton @ capacity
and fuel type, capacity factors: reduction, factors: factors: factors:”
MMBtu/hr percent
0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9
69 (ND) LNB 6.04 30.2 54.4 40 2.39 11.9 21.5 36,100 36,100 36,100 15,100 3,030 1,680
Distillate oil-fired | (MD) LNB 9.67 48.4 87.0 45 4.38 21.9 39.4 92,400 92,400 92,400 21,100 4,220 2,340
(ND) ULNB 6.04 30.2 54.4 76 4.59 22.9 41.3 36,800 36,800 36,800 8,030 1,610 892
(MD) ULNB 9.67 48.4 87.0 74 7.20 36.0 64.8 93,400 93,400 93,400 13,000 2,600 1,440
(ND) SNCR 6.04 30.2 54.4 60 3.63 18.1 32.6 78,300 68,000 76,800 16,300 3,750 2,350
(MD) SNCR 9.67 484 87.0 60 5.80 29.0 52.2 98,100 110,000 121,000 16,900 3,780 2,330
(MD) SCR 9.67 484 87.0 75 7.25 36.3 65.3 376,000 400,000 424,000 51,800 11,000 6,490
(MD) LNB + FGR 9.67 48.4 87.0 48 4.59 23.0 41.3 116,000 118,000 120,000 25,200 5,140 2,910
(ND) LNB + SNCR 6.04 30.2 54.4 76 4.58 22.9 41.2 95,300 104,000 113,000 20,800 4,540 2,740
(MD) LNB + SNCR 9.67 48.4 87.0 78 7.56 37.8 68.0 152,000 164,000 176,000 20,200 4,340 2,580
(MD) LNB + SCR 9.67 484 87.0 86 8.35 417 75.1 430,000 454,000 478,000 51,500 10,900 6,360
69 (ND) LNB 12.7 63.5 114 27 3.38 16.9 30.5 36,100 36,100 36,100 10,700 2,140 1,190
Residual oil-fired |(MD) LNB 16.3 81.6 147 37 6.04 30.2 54.4 92,400 92,400 92,400 15,300 3,060 1,700
(ND) ULNB 12.7 63.5 114 77 9.77 48.9 88.0 36,800 36,800 36,800 3,770 753 419
(MD) ULNB 16.3 81.6 147 73 12.0 59.9 108 93,400 93,400 93,400 7,790 1,560 866
(ND) SNCR 12.7 63.5 114 60 7.62 38.1 68.5 60,000 72,300 84,500 7,880 1,900 1,230
(MD) SNCR 16.3 81.6 147 60 9.79 49.0 88.1 98,900 112,000 125,000 10,100 2,280 1,420
(MD) SCR 16.3 81.6 147 75 12.2 61.2 110 374,000 391,000 409,000 30,600 6,400 3,710
(MD) LNB + FGR 16.3 81.6 147 34 5.59 28.0 50.3 116,000 118,000 120,000 20,700 4,220 2,390
(ND) LNB + SNCR 12.7 63.5 114 71 8.97 44.8 80.7 96,200 108,000 121,000 10,700 2,420 1,490
(MD) LNB + SNCR 16.3 81.6 147 75 12.2 61.0 110 153,000 167,000 182,000 12,500 2,740 1,650
(MD) LNB + SCR 16.3 81.6 147 84 13.8 68.8 124 428,000 446,000 463,000 31,200 6,480 3,740

*Cost effectiveness = Total annual cost/NO, reductions.
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TABLE 6-13.

CARB COST EFFECTIVENESS FOR NO, EMISSION

CONTROL TECHNIQUES (1991 $)*

Annual capacity factor, Unit size range, Cost effectiveness range,
Control technology percent MMBtu/hr thousand/ton NO,?

Low-NO, burners 10 3.5to 150 2.61 to 30.6

50 0.570 to 7.25

90 0.340 to 4.53
Flue gas recirculation 10 3.5 to 350 7.71 to 32.9

50 181to 7.71

90 1.13 to 4.19
Selective noncatalytic reduction 10 50 to 375 261 to 22.7

50 1.70 to 6.80

90 1.47 to 4.31
Selective catalytic reduction 10 50 to 350 27.2 to 74.8

50 6.80 to 15.9

90 4.53 to 10.2

*Escalated from 1986 $ to 1991 $ using the Chemical Engineering plant cost index.?




California Air Resources Board (CARB).' The accuracy of the
cost nethodologies used in this study is estinmated to be

30 percent plus or mnus the actual cost.' The cost-

ef fectiveness values of the control techniques for the nodel
heaters are generally consistent wwth the ranges given in
Tabl e 6-13.

When conparing the cost effectiveness of conbination contro
techniques in Table 6-13 to those in Tables 6-8 through 6-12, it
is necessary to add the cost effectiveness of each component in
Tabl e 6-13. For exanple, the cost effectiveness of LNBs and SCR
shoul d be added to yield the total cost effectiveness of LNBs
conmbined wth SCR
d. COST EFFECTI VENESS OF RADI ANT BURNERS

This section presents the costs and cost-effectiveness
values for a process heater using radiant burners. Data are
insufficient to allow the devel opnent of nodel heaters with
radi ant burners. However, cost data for a new installation were
provided for a 6 MvBtu/ hr process heater using radi ant burners.
Retrofit costs are expected to be nuch higher for nobst process
heater applications due to the major construction cost of
modi fyi ng existing process heaters to accept radiant burners.®
Refer to Section 5.1.8 for a discussion of radiant burners.

Em ssion reduction data for the 6 MVBtu/ hr heater were
presented in Table 5-6. The capital costs, capital recovery,
annual costs, and cost-effectiveness values are presented in



TABLE 6-14. RADIANT BURNER COST EFFECTIVENESS®

Cost

Heater Emission Cost, $ 1991 effec-
capacity, Capacity reduction, Capital Annual Total tiveness,

MMBtu/hr factor tons/yr® Capital recovery” | operating annual $/ton
6 0.9 2.46 38,000 6,150 12,600 18,700 7,600
6 0.5 1.36 38,000 6,150 9,700 15,900 11,700
6 0.3 0.82 38,000 6,150 8,280 14,400 17,600

®Emission reduction compared to an MD heater with conventional burners.

*The capital recovery factor is 0.131.

Tabl e 6-14.
is $38, 000.
for capacity factors of 0.9 and 0.3,

The capita
The annual

cost for
costs range from $12, 600/ yr
respectively.

radi ant

burners for

this heater

to $8, 280/ yr
The cost

effecti veness range from $7,600/ton to $17,600/ton for
factors of 0.9 and 0. 3,

respectively.”®

capacity
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7..0 ENVI RONMENTAL AND ENERGY | MPACTS

This chapter presents the environnental and energy inpacts
for the NQ, control techniques described in Chapter 5 for process
heaters. The inpacts of |ow NQ burners (LNBs), ultra |ow NQ,
burners (ULNBs), flue gas recirculation (FGR), selective
noncatal ytic reduction (SNCR), and selective catalytic reduction
(SCR) on air pollution, solid waste disposal, and energy
consunption are discussed. These NQ, reduction techni ques
produce no water pollution inpacts. Low excess air (LEA),

di scussed in Section 5.1.1, reduced air preheat (RAP), discussed
in Section 5.1.8, and natural draft- (ND) to-nechanical draft
(MD) conversion are considered to be operational controls and can
have environnental and energy inpacts. However, they are not
considered NQ, control techniques and are not discussed
separately in this chapter.?

This chapter is organized into four sections. Section 7.1
presents air pollution inpacts; Section 7.2 presents solid waste
i npacts; and Section 7.3 presents energy consunption inpacts; and
Section 7.4 presents the references for this chapter.

a. AR POLLUTION I MPACTS
i. NO_Emssion Reductions

A summary of the achi evabl e NO, em ssion reductions and
controlled emssion |levels for the process heater control
techniques is presented in Tables 5-11 through 5-15. The percent
reducti ons shown in these tables represent average reductions for
the conbustion control techniques. Average reductions are
present ed because the reductions from baseline em ssions vary
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dependi ng on the uncontrolled em ssion level, draft type, fue
type and whether the heater has an air preheater.

Low NO, burners are designed for ND and MD operation and
achi eve NQ, reductions by staged-air or staged-fuel techniques.
Em ssions reductions for LNBs are approxi nately 50 percent over
conventional burners for both ND and MD LNBs, although one
manuf acturer reports a 72 percent reduction for a staged-fuel M
LNB. *? Staged-fuel LNBs, discussed in Section 5.1.4, yield the
hi ghest NOQ, reductions for LNBs and are designed for firing
natural gas or refinery gas. Staged-air LNBs are utilized for
fuel oil-firing and are discussed in Section 5.1.3.

Utra [ow NQ burners, discussed in Section 5.1.6, are
capabl e of reductions of 52 to 80 percent with an average of
approximately 75 percent. The highest reductions by burner
technol ogi es are achieved with ULNBs. U tra |ow NO, burners
usually incorporate internal FGR or steaminjection and are
designed for natural or refinery gas firing.

Flue gas recirculation, discussed in Section 5.1.5, is
usual ly used in conbination with LNBs with total NQ, reductions
of approximately 55 percent over uncontrolled emnissions.?

Heat ers using conventional burners and FGR are expected to
achi eve approximately a 30 percent reduction in NQ, em ssions.

Sel ective noncatal ytic reduction can be used as a sole NQ
control technique or in conbination with LNBs. The reduction
efficiency of SNCR ranges from 30 to 75 percent. Selective
noncatal ytic reduction systens are designed to achieve
site-specific permt limts, which accounts for the w de range of
reduction efficiencies. Tenperature and the ratio of reactant to
NO, are the factors that affect SNCR reductions the nost and are
further discussed in Section 5.2. According to Thermal DeNQO®
data in Table 5-7 and NQOUT® data in Table 5-8, the maxi mum NOQ,
reduction for SNCR on process heaters is approxi mtely
75 percent. A 60 percent NQ, reduction was used in this study
for SNCR performance, based on current literature and average
reductions cited in data.
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Sel ective catalytic reduction can be used as a sole NQ
control technique or in conbination with LNBs. Reported
reduction efficiencies for SCR range from 64 to 90 percent.
Selective catalytic reduction systens are designed to achieve
site-specific permt limts, which accounts for the w de range of
reduction efficiencies. Tenperature and the ratio of reactant to
NO, strongly affect the performance of SCR and are further
di scussed in Section 5.3.

According to the data in Appendix D, reductions of
90 percent with LNBs + SCR are achi evable. However, on average,
SCR provides a 75 percent reduction of NQ in the flue gas.*®
For the purposes of this study, this 75 percent reduction is used
for SCR
ii. Emssions Trade-Ofs
The formation of thermal and fuel NQ, depend upon conbustion

conditions. Conbustion controls nodify the conbustion conditions
to reduce the anpbunt of NQ, forned. These nodifications may

i ncrease carbon nonoxide (CO and unburned hydrocarbon (HC

em ssions. Flue gas treatnments (SNCR and SCR) reduce NO, by
injecting a reactant into the flue gas stream Amonia (NH,),
nitrous oxide (NO, CO and particulate matter (PM em ssions
can be produced by SNCR. Amonia and PM em ssions are al so
produced with SCR.  These air pollution inpacts are described in
the follow ng two sections.

(1) [Lnpacts on HC and CO Enmissions fromthe Use of LNBs
ULNBs, and FGR The extent to which NQ, em ssions can be reduced
by conbustion controls nmay be limted by the maxi mum acceptabl e
increase in CO and HC enissions.’ Conbustion controls for NQ
reduction discussed in this chapter are LNBs, ULNBs and FCGR

The air pollution inpacts for ULNBs and LNBs are simlar and
are discussed collectively in this chapter as LNBs. Low NQ,

burners reduce NQ, formation by reducing the peak flane
tenperature and/or Q, concentrations in the flame zone. These
burners are nore sensitive to LEA controls than conventi onal
burners. I nproper control can cause inconplete conbustion and
result in increased CO and HC eni ssions.®’
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In a test involving a process heater with LNBs, the effects
of excess air on operation, gaseous em ssions, and heater
efficiency were evaluated. After testing each process heater in
the "as-found" condition to establish an em ssions baseline,
burner registers and/or stack danpers were adjusted to produce
different Q levels. Figure 7-1 plots the NQ, em ssion factors
as a
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Figure 7-1. NO, emission factor for 10 process heaters equipped
with low-NO, burners as a function of stack oxygen.®
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function of flue gas O, content for the heaters tested. The

l evel of NQ, decreases as the |evel of excess O, decreases, but
bel ow approxi mately 3 percent excess Q, significant CO em ssions
or visible snoke occurred, and these points are marked in the
figure as "CO limts."®
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Table 7-1
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presents a sunmmary of gaseous em ssions and efficiencies for
each heater tested. A conparison of em ssions at the as-found
conditions and at optinmum | ow NQ, conditions (i.e., |owest NQ,

em ssions w thout adverse effects on flane stability or unit
efficiency) is provided in this table. The |evel of excess air
was adjusted to reduce NQ, em ssions with the additional benefit
of possibly increasing heater efficiency while maintaining
acceptable CO em ssions. The |owest as-found NQ, em ssion
concentration was 77 ppmv with 79.9 percent heater efficiency and
O ppnv (corrected to 3 percent Q) CO em ssions. By decreasing
the excess Q, level from6.2 to 3.0 percent, NQ, em ssions were
reduced to 48 ppnv, heater efficiency was increased to

83.0 percent, and CO em ssions increased to 20 ppnv (corrected to
3 percent Q). The highest as-found NQ, em ssion concentration
was 168 ppnmv with 64.0 percent heater efficiency and 11 ppnmv CO
em ssions (corrected to 3 percent Q). By reducing the Q |evel
from5.1 to 4.0, NQ em ssions were reduced to 145 ppnv, heater
efficiency remained at 64.0 percent, and CO em ssions renained at
11 ppnv (corrected to 3 percent Q).

At nost sites, NQ em ssion reductions were achieved with
smal | increases or, at worst, no change, in thermal or fuel
efficiency. At the optinmum | ow NQ conditions, flanme stability,
product flows and tenperatures, and em ssions of CO and HC, unit
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operations were generally unchanged from the as-found
conditions.® The study showed that enissions reductions wth
LNBs are optimzed by controlling the excess air. Furthernore,
efficiency gains were achieved by [owering excess Q, levels to
approximately 3 percent. H gh CO enmi ssions indicate inconplete
conmbustion, which would result in an efficiency |oss.

Table 7-2 is a summary of a test with a John Zi nk PSRF-16M
burner that denonstrates the effects of excess air control on the
newer generation of LNBs.?
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TABLE 7-2. NITROGEN OXIDE AND CARBON MONOXIDE EMISSIONS
FOR A 20 MMBtu/hr REFINERY HEATER WITH LNB OPERATION
(REFINERY FUEL GAS)?

Q, % NQ, ppnf NO,, | b/ MVBt u O, ppn?
2.0 29 0. 033 41
3.5 32 0. 040 0
4.2 34 0. 044 0
4.6 35 0. 046 0
5.3 35 0. 048 0
5.9 35 0. 050 0

Heater is operated with an LEA system

®Corrected to 3 percent Q.
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The data indicate that with proper control there were no CO
em ssions for excess air levels at or above 3.5 percent. The
inverse relationship between NQ, formation and CO formation is
evident at 2 percent excess Q, where NQ, decreased to 29 ppnv
but CO increased to 41 ppnv (corrected to 3 percent Q).?

Data in Tables 7-1 and 7-2 indicate that LNBs are capabl e of
reduci ng NQ, wi thout causing excessive CO em ssions. The highest
CO emssions in Table 7-1 were 33 ppnv at 3 percent Q. The
hi ghest CO emi ssions in Table 7-2 were 41 ppnv at 3 percent Q.
California Air Resources Board' s best available retrofit control
technol ogy specifies a CO emssion limt of 400 ppnv for process
heaters with capacities of 5 MVBtu/hr or greater.?>%?®

Flue gas recirculation injects relatively inert flue gas
into the conbustion air, thereby |owering the peak flame
tenperature and diluting the Q concentration. These effects
pronote CO and HC em ssions, but these effects can be mnim zed
with properly designed FGR and excess Q, systens.® As discussed
in Chapter 5, data for process heater FGR is limted. However,
boiler data indicate that FGR is a viable control technique for
process heaters because boilers and process heaters use simlar
burners and conbustion systens. The prinmary limtation to FGR
use on process heaters is the recirculation of high-tenperature
flue gas. Fans used on process heaters are required to wthstand
hi gher tenperatures than FGR fans on boilers with econom zers.
Table 7-3
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TABLE 7-3. NITROGEN OXIDE AND CARBON MONOXIDE EMISSIONS FOR A
6.7 MMBtu/hr (200 hp) BOILER WITH LNB + FGR™

b NQ/ b cO
Fuel Load, % | % F®R % Q, NQ,, ppnf MVBt u CO_ ppnf MVBt u
NG 66 0 4.22 74 0.106 11 0. 062
NG 66 16. 9 4. 30 24 0. 035 29 0.017
NG 100 0 4. 00 80 0.117 16 0.014
NG 100 12.5 4. 67 33 0.048 13 0.012
FC 68 0 3. 80 138 0.199 13 0. 007
FC 68 18.9 3.70 109 0. 158 20 0.012
FO 100 0 4. 33 158 0. 336 16 0.014
FC 100 14. 3 4. 07 123 0. 265 14 0.012

Corrected to 3 percent

°No. 2 distillate fuel

oil.
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presents data on the inpact of FGR on em ssions for a 200-hp
firetube boiler.' The boiler was operated at 66 and 100 percent
load firing natural gas. It was al so operated at
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68 and 100 percent load firing distillate fuel oil. Em ssions
were recorded with FGR and without FGR  Firing natural gas at
66 percent load, O percent FGR corresponded to NOQ, em ssions of
74 ppnv (corrected to 3 percent Q) and CO em ssions of 11 ppnv
(corrected to 3 percent Q). Using 16.9 percent FGR NQ

em ssions decreased to 24 ppnv (corrected to 3 percent Q), but
CO em ssions increased to 29 ppnv (corrected to 3 percent Q).
Firing natural gas at 100 percent |oad, O percent FGR
corresponded to NQ, em ssions of 80 ppnv (corrected to 3 percent
Q) and CO emi ssions of 16 ppnv (corrected to 3 percent Q).
Using 12.5 percent FGR, NQ, em ssions decreased to 33 ppnv
(corrected to 3 percent Q) and CO em ssions decreased to 13 ppnv
(corrected to 3 percent Q). The use of FCR while firing
distillate oil resulted in trends for NQ, and CO em ssions
simlar to those for natural gas firing. As the percent of
recirculated flue gas was increased at partial |oad, NQ
decreased, but CO increased. As FCGR was increased at full | oad,
NO, decreased, and CO decreased. For either natural gas or oil
firing, CO decreased at full |oad because the boiler's conbustion
efficiency at 100 percent load is greater than at partial |oad.

(2) | npacts on NH,, NO CO and PM Em ssions fromthe Use
of SNCR and SCR. Currently, SNCR and SCR are the only
post conbustion NQ, control techniques available for process
heaters. Conbustion controls reduce NQ, em ssions by inhibiting
NO, formation, but SNCR and SCR utilize reactants injected into
the flue gas streamto reduce NQ that was formed during the
conmbustion process. Air pollution inpacts associated wth SNCR
and SCR are discussed bel ow.

Two SNCR processes for process heaters are currently in use.
The processes are based on different reactants. Thermal DeNQO®
utilizes NH, injection and NQOUT® utilizes urea injection.

Em ssion of unreacted NH,, or NH, slip, is the primary air
pol lution inmpact with the Thermal DeNO® and NOQOUT® SNCR
processes because of the high reactant-to-NQ, injection ratio
(1.25 to 2.0:1).° Figure 7-2
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Pilot-scale test resultsé NH, emissions.
Inlet NO = 700 ppm.*
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shows that at higher tenperatures, when NH, and urea are nore
reactive, NH, slip is reduced. 1In a
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typical refinery heater application, a 70 percent NQ, reduction
is achievable with an NH;: NQ, ratio of 1.25 and ammonia slip |ess
than 20 ppnv, the present SCAQWD linit.® Therefore, NH, slip
probl ens are not expected wth properly designed SNCR systens.

Gl-fired heaters have an additional concern with NH
slip. Amonium sulfate [(NH,),SQ] deposits in the convection
section of the heater and PM em ssions may result from NH, slip
with the use of sulfur-bearing fuel oil.’

Leaks and spills from NH, storage tanks and piping are
safety concerns because liquid or highly concentrated ammoni a
vapor is hazardous.*' The Qccupational Safety and Health
Adm nistration standard Iimts occupational exposure of 50 ppnv
for an 8 hour period.” However, NH, handling is not expected to
present a problem as |long as proper safety procedures are
fol | oned.

Ni trous oxide and CO have been shown to be byproducts of
urea injection.™ N trous oxide formation has been shown to be
a byproduct of amonia injection, but studies show these
em ssions to be less than 20 ppnv.** Wile NO enissions from
conventional conbustion equipnent are low (less than 15 ppnv for
boi | ers) advanced conbustion and em ssion control techniques
could increase N,O emssions. N trous oxide is the |argest
source of stratospheric NO. ' The follow ng reactions describe
the formati on of N,O and CO where the internediate species HCNO
IS a precursor:

OH + HNCO - NCO + H,O

NCO + NO - NO + CO *

Reduction of NOQ, with SNCR processes increases wWth
tenperature up to approximately 980°C (1800°F) as denonstrated by
the results of a pilot scale test presented in Figure 7-3a.
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Formati on of N,O also increases with tenperature as shown in
Figure 7-3b. This pilot test showed the potential for NO
production by SNCR systens on conbustion equi pnent such as
boi l ers and process heaters. For NH, injection, the highest NQ
reductions occurred at about 980°C (1800°F) and the peak N,O
em ssions (21 ppnv) occurred at about 880°C (1620°F). Urea
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injection resulted in peak NQ, reductions and peak NO em ssions
(43 ppnv) occurred at about 980°C (1800°F).*

Ammonia slip concentrations of |ess than 10 ppnv are
expected using SCR for process heaters under steady state
conditions.*"®*® The ratios of NH;;NQ, (1.00:1 or less to 1.05:1)
for SCR are lower than for SNCR, which reduces the potential for
unreacted NH, emissions.™ As with NH, SNCR anmoni a storage and
transport safety procedures nust be foll owed.

The bul k of catalysts used in SCR systens in refinery
service process heaters contain titanium and vanadi um oxi des.?
Catal ysts older than 10 years tend to convert up to 5 percent of
any SQ, present in sulfur-bearing fuels to SQ,.° Catalysts
installed in the last 10 years are designed to convert |ess SQ
to SO,. Uility boilers firing sulfur-bearing fuels and using
SCR have denonstrated that conversions of |ess than one percent
are achievable.™ Sulfuric acid condensation in the flue gas may
result from SO, emissions.™ In addition, formation of (NH,),SO,
from SO, and unreacted NH, can result in deposits in the heater
exhaust ducting and PM enissions.’

b. SOLI D WASTE | MPACTS

Current conbustion controls and SNCR applied to process
heaters generate no solid waste. Catalyst materials used in SCR
units for process heaters include heavy netal oxides (e.g.
vanadi um or titaniun) precious netals (e.g., platinun), and
zeolites. Vanadi um pentoxide, the nost commonly used SCR
catalyst in the United States, is identified as an acute
hazar dous waste under RCRA Part 261, Subpart D - Lists of
Hazardous Wastes. However, the Best Denonstrated Avail able
Technol ogy Treatnent Standards for Vanadi um P119 and P120 states
t hat spent catal yst containing vanadi um pentoxi de are not
classified as hazardous waste.'™ States and |ocal regulatory
agencies are authorized to establish their own hazardous waste
classification criteria, and spent catalyst containing vanadi um
pent oxi de may be classified as a hazardous waste in some areas.
Al t hough the actual anount of hazardous waste contained in the
catalyst bed is small, the volune of the catalyst unit containing
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this material is quite large and disposal can be costly. \Were
classified by State or |ocal agencies as a hazardous waste, this
waste is subject to the Land D sposal Restrictions in 40 CFR
Part 268, which allow | and disposal only if the hazardous waste
is treated in accordance with Subpart D - Treatnent Standards.
Such di sposal problens are not encountered with the other
catalyst materials, such as precious netals and zeolites, because
these materials are not hazardous wastes. Currently, catalyst
vendors accept spent catalyst thereby alleviating disposa

consi derations by SCR operators for all catalyst types.

c. ENERGY | MPACTS

The energy inpacts of NQ control techniques applied to
process heaters may include additional electrical energy for fans
or blowers and |lower thermal efficiency. The inpacts of LNBs,
FGR, SNCR, and SCR are described in the foll ow ng paragraphs.
Currently, no information concerning the energy inpacts of ULNBs
is available. These inpacts are expected to be simlar to LNBs.

The el ectrical energy inpacts of NQ, control techniques
i nclude the additional power consuned by fans or blowers and air
conpressors or punmps. Low NQ, burners, in general, do not have
any electrical energy inpacts. An electric fan to recircul ate
flue gas in addition to MD operation is required by FGR systens.
The aqueous and anhydrous SNCR process require either a
conpressed or steam carrier system Ar conpressors for these
processes are electric notor driven, therefore having an
el ectrical energy inpact. Selective catalytic reduction systens
cause flue gas pressure drops in the order of 25 to 130 nm w. g.
(1 to 5in.) and require additional NMD horsepower to overcone the
resistance to flow.’ The additional fan horsepower requirenent
i ncreases electrical energy usage slightly.

Conmbustion control techniques may affect the thernal
efficiency of process heaters. Reduction of flane tenperature
generally reduces thermal NQ, formation, but may decrease the
conmbustion efficiency. Reductions in conbustion efficiency
usually indicate a reduction in the heater thermal efficiency.
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Current LNBs and FGR systens are bal anced between optinmm NQ,
reduction and acceptable thermal efficiency.

As discussed in Section 7.1.2.1, heaters using LNBs were
tested to determne the effects of reducing excess air |evels.
Maxi mum conbustion efficiency for process heaters is achieved
with excess Q levels at approximately 3 percent. Thermal energy
is absorbed by excess air |evels above 3 percent Q, which
decreases thermal efficiency because the heated excess air
carries thermal energy out of the heater with the flue gas. At
excess Q, levels below 3 percent, insufficient QO concentrations
exist for conplete fuel oxidation.

Low- NO, burners with LEA are typically slightly nore fue
efficient than conventional burners, as is shown in Table 7-1.°
However, flanme instability associated with LNBs can require
reduced firing rates and loss of thermal efficiency. Loss of
thermal efficiency negates fuel credits derived from burner
efficiency gains.?®

Utilization of FCR systens can affect the thermal efficiency
of process heaters, although recirculation of less than
approximately 20 percent flue gas does not adversely affect
thermal efficiency.” The dilution of the conbustion air supply
with inert products of conbustion decreases the thernal
efficiency.® Losses in efficiency are conpensated for by
i ncreased fuel firing.

A thermal efficiency penalty of approximately 0.3 percent is
associated with SNCR  The NQOUT® and aqueous Thernmal DeNQ®
process heat duty |osses are due to the injection of the aqueous
reactant and distribution air in the convection section. The
anhydrous Thernmal DeNQ® process heat duty |osses are also due to
the dilution of the flue gas with distribution air or steam®
These | osses result in increased fuel consunption.?®

A thermal efficiency penalty of approximately 1.5 percent is
associated with SCR Injection of the NH, causes heat duty
| osses simlar to those described for SNCR  The pressure drop
across the catalyst also causes a thermal efficiency |oss. These
| osses result in increased fuel consunption.
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APPENDIX A REFINERY PROCESS HEATER INVENTORY?
10a 10b 10d
Air Oxygen Heater load, Uncontrolled NO,
Heater Heater Capacity No. of burners Heater preheat, content, % % rated capacity emission factor, Method of
No. type’ MM Btu/hr® in heater installed date Draft type® Fuel type °F° 0, Dry° at time of test Ib NO,/MMBtu determination
11 DWB 186 32-WF 1942 ND/MD HPBL 450 3.8 101.7 0.224 CALC
12 HC 96 14-WF 1942 ND/MD HPBL 510 3.8 70.3 0.296 CALC
13 DWB 189 32-WF 1945 ND/MD HPBL 500 3.8 75.6 0.241 TEST
14 SWB 56 12-WF 1948 ND/MD HPBL 560 3.8 95.9 0.257 CALC
15 HC 251 36-FF 1953 ND/MD HPBL 463 38 835 0.223 CALC
(0.121)
16 HC 76 24-FF (18) 1953 ND/MD HPBL 570 38 118.7 0.323 CALC
(0.121)
17 HC 251 36-FF 1953 ND/MD HPBL 463 3.8 108.7 0.223 CALC
19 HC 76 24-FF 1953 ND/MD HPVL 570 3.8 119.2 0.323 TEST
18 HC 289 24-FF 1967 ND/MD HPBL 611 3.8 78.6 0.278 TEST
20 HC 117 16-FF 1967 ND/MD HPBL 615 3.8 96.8 0.279 CALC
65 HCHW 171 48-FF 1963 ND/MD NSPS 488 3.8 107.3 0.130 CALC
66 HCHW 150 48-FF 1968 ND/MD NSPS 540 3.8 92.4 0.140 TEST
126 HCHW 113 48-FF 1978 ND/MD NSPS 524 38 107.3 0.137 CALC
(0.065)

127 HCHW 113 48-FF 1978 ND/MD NSPS 524 3.8 107.3 0.137 CALC
41 VC-P 97 8-FF 1958 ND/MD HPBL 625 3.8 110.9 0.241 TEST
42 VC 29 4-FF 1958 MD/ND HPBL 794 3.8 125.1 0.308 CALC
47 HC 61 18-FF 1966 MD/ND HPBL 670 3.8 92.1 0.189 TEST

118 VTB 255 10-FF 1976 MD NSPS 725 3.8 84.3 0.167 CALC

119 VTB 255 10-FF 1977 MD NSPS 725 3.8 79.5 0.167 TEST

128 VC 161 12-FF 1979 MD/ND NSPS 500 3.8 64.2 0.128 TEST

131 VC 80 12-FF 1978 MD/ND NSPS 640 3.8 66.7 0.157 CALC
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APPENDI X A.

(conti nued)

10a 10b 10d
Air Oxygen Heater load, Uncontrolled NO,
Heater Heater Capacity No. of burners Heater preheat, content, % % rated capacity emission factor, Method of
No. type’ MMBtu/hr® in heater’ installed date Drait type® Fuel type °F° 0, Dry® at time of test Ib NO,/MMBtu determination
129 VC 50 8-FF 1979 MD/ND NSPS 640 3.8 106.2 0.157 CALC
72 SHTC 164 24-FF 1969 MD/ND HPBL 762 3.8 86.2 0.076 CALC
73 SHTC 196 24-FF 1969 MD/ND HPBL 773 3.8 73.9 0.077 TEST
74 SHTC 111 24-FF 1969 MD/ND HPBL 625 3.8 120.1 0.062 CALC
21 HC 40 20-FF 1950 ND HPBL -AMB- 3.8 50.0 0.111 CALC
43 VC 14 4-FF 1958 ND HPBL -AMB- 3.8 69.3 0.085 CALC
45 VC 35 7-FF 1958 ND HPBL -AMB- 3.8 64.9 0.111 CALC
46 VC 20 4-FF 1958 ND HPBL -AMB- 3.8 35.0 0.111 CALC
75 SHTC 151 18-FF 1969 ND HPBL -AMB- 3.8 67.5 0.111 CALC
76 VC 45 4-FF 1969 ND HPBL -AMB- 3.8 23.3 0.111 CALC
77 VC 23 3-FF 1969 ND HPBL -AMB- 3.8 24.8 0.111 CALC
78 VC 38 6-FF 1969 ND NSPS -AMB- 3.8 66.3 0.083 CALC
81 VC 100 12-FF 1969 ND HPBL -AMB- 3.8 87.3 0.071 CALC
82 VC 191 20-FF 1969 ND HPBL -AMB- 3.8 80.6 0.071 CALC
48 VTB 120 20-FF 1966 ND HPBL -AMB- 3.8 52.8 0.071 TEST
100 VC 40 4-FF 1972 ND HPBL -AMB- 3.8 26.8 0.071 CALC
105 VC 33 4-FF 1972 ND HPBL -AMB- 3.8 64.8 0.083 CALC
116 VC 48 4-FF 1974 ND NSPS -AMB- 3.8 95.0 0.083 CALC
133 VC 52 4-FF 1980 ND NSPS -AMB- 3.8 27.1 0.077 CALC
117 VC 72 6-FF 1974 ND NSPS -AMB- 3.8 66.3 0.083 CALC
84 VTB 148 42-FF 1969 ND HPBL -AMB- 3.8 56.0 0.064 CALC
85 VC 20 4-FF 1970 ND HPBL -AMB- 3.8 72.5 0.111 CALC
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APPENDI X A.  (conti nued)
10a 10b 10d
Air Oxygen Heater load, Uncontrolled NO,
Heater Heater Capacity No. of burners Heater preheat, content, % % rated capacity emission factor, Method of
No. type’ MMBtu/hr® in heater’ installed date Drait type® Fuel type °F° 0, Dry® at time of test Ib NO,/MMBtu determination
24 DWB 24 4-FF 1934 ND HPBL -AMB- 3.8 64.5 0.111 CALC
108 VC 15 3-FF 1972 ND HPBL -AMB- 3.8 27.3 0.111 CALC
110 VC 82 8-FF 1973 ND HPBL -AMB- 3.8 55.9 0.083 CALC
107 VC 122 20-FF 1972 ND HPBL -AMB- 3.8 58.9 0.083 CALC
28 HC 186 28-FF 1958 ND HPBL -AMB- 3.8 52.4 0.094 CALC
60 VC 121 16-FF 1966 ND HPBL -AMB- 3.8 116.4 0.111 TEST
58 HC 76 12-FF 1953 ND HPBL 250 3.8 72.8 0.105 CALC
59 HC 61 9-FF 1954 ND HPBL 250 3.8 81.3 0.105 CALC
55 HC 40 12-WF 1949 ND HPBL -AMB- 3.8 67.5 0.111 CALC
49 VC-P 93 7-FF 1973 ND HPBL -AMB- 3.8 37.8 0.111 CALC
51 SWB 20 4-WF 1943 ND HPBL -AMB- 3.8 103.5 0.071 CALC
83 VC 28 4-FF 1972 ND HPBL -AMB- 3.8 17.1 0.106 CALC
109 VC 14 3-FF 1973 ND HPBL -AMB- 3.8 62.9 0.106 CALC
22 VC 16 4-FF 1958 ND HPBL -AMB- 3.8 18.8 0.083 CALC
40 COB 576 15-WF 1966 MD HPBL/CO -AMB- 6.7 99.1 0.21 CALC

*Reference 16 from Chapter 5.
P\/C = Vertica cylinder, VC P = vertical cylinder, petrochem; SWB = single wing box, DWB = double wing box, HC = horizontal cabin with hot wall,

HCHW = horizontal cabin with hot wall; SHTC = single hoop tube cabin; VTB = vertical tube box; and COB = carbon monoxide boiler.
‘Design basis, actua varies.
YWF = wall-fired and FF = floor-fired.

°ND = Natural draft and MD = mechanical draft.
'HPBL = High pressure burner line fuel gas; and NSPS = new source performance standard fuel gas.
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APPENDIX B. CURRENT AND FUTURE NO,OUT® APPLICATIONS®
NO, basdline | Guaranteed % | Temperature $/ton NO,
Unit type Fuel Size MW" ppm reduction °F removed/year
Tang-fired Bituminous 75 200 30 1800-2000 913
T-fired Coal 75 200 30 1800-2000 913
Tower #6 fuel ol 150 200 75 1300-2100 NA
Zurn stoker Wood waste 44 150 60 1850 NA
Pulverized coal | Bituminous 2 200 85 1200-1850 NA
test unit coal
Cell-fired Wood waste 13 200 60 1700-2000 955
Hydrograte Bark, CH, 39.5 85-125 35 1700-1800 NA
Detroit Stoker
Incinerator Waste gas 8 130-260 60-80 1600-1800 NA
Front-fired #6 fuel ol 30 300 65 1500-2000 NA
CE stoker Coal 200 356 40 1950-2070 591
Incinerator Contaminated 19 600-1000 60 2190 NA
Thermal soil
Moving grate MSW 264 TPD 200 68 1200-1800 NA
incinerator
On-going utility | QOil 325 220 60 2100 NA
boiler
Ethylene cracker | Natural gas NA 90 55 1922 NA
Cat cracker Crude 30-50 10 1400 NA
Detroit Stoker MSW 300 TPD 110 60 1300-1600 NA
Pilot unit Coal 0.47 220 50 1520-1580 NA
Moving grate MSwW 360 TPD 200 70 1600-2000 NA
incinerator
Front-fired Ind. | Paper 7.2 392 50 1890-1910 670
boiler #3
Front-fired Ind. | Fiber waste 17.2 526 50 1884-1962 670
boiler #4
Moving grate MSW 528 TPD 183 62 1650 NA
Stoker-fired Wood 35 140 52 1850-1950
Grate-fired Wood 19 145 30 NA 1258
CFB Wood waste 0.341 125 60 1575-1650 NA
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APPENDI X B: (conti nued)
NO, basdline | Guaranteed % | Temperature $/ton NO,
Unit type Fuel Size MW" ppm reduction °F removed/year

Bottom-fired Refinery gas, 17.7 38-50 35-60 1800-2000 1180
process heater CH,
Side-fired Refinery gas, 5 65 50-75 1800-2000 1180
process heater CH,
CFB Coal 45 250 54 1200-1600 629
GT/HRSG Refinery Gas 63 75 50 1650 660
Volund grate- MSW 10.8 300 50 NA 778
fired
Front-fired #6 Fue Oil 850 450 50 1300-1900 NA
CFB Bituminous 40 130 70-80 1580 NA

Coal
Moving grate Tires 75 85 40 1800-2000 NA
incinerator
Sludge Paper sludge, 6 570 50 1800 865
Combustor CH,
CFB/limestone | Coal 29.8 40 33 1700-1850 NA
CFB Low sulfur coa 0.256 150 67 1400-1500 NA
CFB Bituminous 12 175 88 1600 NA

coal
Package boiler | #6 fud ail 10.3 105 27-40 1700-1800 NA
Riley Stoker Wood 22.5 NA 25 1800 2229
Pulverized coal | Brown codl 150 250 70 1200-2100 NA
corner-fired
Pulverized coal | Brown coal 75 150 65 1200-1950 NA
corner-fired
Front-fired Natural gas 110 150 45 1600-1900 NA
Front-fired #6 fuedl ail 110 240 70 1600-1900 NA
Grate fired Hog fuel ail, 90 270 50 1900-2200 580

bark
Glass furnace Natural gas NA 1000 55 1675 NA
Waste heat Refinery gas 66.5 230 65 NA 439
boiler
Pulverized coal | Bituminous 50 650 83 1300-2000 NA
front-fired Coal
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APPENDI X B: (conti nued)
NO, basdline | Guaranteed % | Temperature $/ton NO,
Unit type Fuel Size MW" ppm reduction °F removed/year
Industrial #6 fuel ail 8.53 120 60 1500-2000 NA
Pilot/CFB Coal 1 178 54 1715 NA
CFB Wood 28 150 70 NA NA
Grate type Wood waste 190 70-120 42-78 1680 NA
(MMBtu/hr)
NA Coal 5 NA NA NA NA
Moving grate MSwW 32.5 240 65 1700-1900 NA
incinerator
Grate-fired Tires 17 80 50 1,418
Future Oil 185 200 50 1950-2100 863
tangentially
fired utility
boiler
Stoker boiler Biomass 44 150 50 1850 614
Cell-fired Wood waste 13 200 60 1700-2000 955
Grate-fired Tires 17 80 50 1900-2050 1418
Package boiler Landfill gas 17 25 NA NA NA
Recovery boiler | Black liquor 72 60 60 NA NA
Fluidized bed Organic gases 1.6 130-160 50-60 1800 3,373
furnace (contains
nitrogen)
Calciner Hesat coke NA NA 50 NA NA

NA = Not available

?Reference 26 from Chapter 5.

PRated power output.
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APPENDIX C.

LIST OF PROCESS HEATER NO, CONTROL RETROFITS FOR

MOBIL TORRANCE REFINERY®

Capacity, Preretrofit | Preretrofit NO, | Post-retrofit |Post-retrofit NO, NO,

MM Btu/ control tech- emissions, control tech- emissions, |emission reduc-
Heater hr nology Ib/MMBtu nology Ib/MMBtu tions, %
IF-1 457 |LNB 0.056 |SCR 0.02 64.3
|F-2 161 |LNB 0.0773 |SCR 0.05 74.1
2F-2 108 |LNB 0.0553 |ULNB 0.05 9.6
3F-1A 17.2 [None 0.15 ULNB 0.0327 78.2
3F-18 17.2 [None 0.15 ULNB 0.035 76.7
3F-2A 21.1 |[None 0.15 UNLB 0.040 73.3
3F-2B 21.1 |[None 0.15 ULNB 0.031 79.3
3F-3 129 |LNB 0.0819 |ULNB 0.07 14.5
3F-4 73 |JLNB 0.1127 |ULNB 0.07 37.9
4F-1 527 |None 0.2288 |ULNB 0.06 73.8
6F-1 39.6 |[None 0.07 ULNB 0.032 54.3
6F-2 64 |None 0.1607 |ULNB 0.06 62.7
19F-1 288 |LNB 0.0877 |SCR 0.020 77.2
20F-2 220 |LNB 0.1002 |SCR 0.020 80.0
22F-2 91 |LNB 0.0793 |LNB 0.10
22F-3 91 |None 0.115 |LNB 0.10 13.0
50F-1 12 |None 0.12 UNLB 0.0375 68.8

*Reference 14 from Chapter 5.




APPENDIX D. FOSTER WHEELER PROCESS HEATER SCR INSTALLATIONS?
Date of 11/82 6/83 8/83 1/86 7/86 8/86 8/86 10/90 8/90 12/93 12/92 12/92
installation
Type PH PH PH PH PH PH PH PH PH PH PH PH
Fuel Gas Gas Gas, SO, = |Gas Gas, SO, = |Gas Gas Geas, SO, = |Gas Gas Gas Gas

12 ppm 17 ppm 23 ppm

Additional NO, [N/A® N/A N/A N/A N/A N/A N/A LNB N/A N/A N/A N/A
Control
Inlet gas flow, |3.6 x 10° 3.2 x 10° 10x10° |11.8x 10° 19 x 10° 0.5 x 10° 0.7 x 10° 8 x 10° 5x 10° 23 x 10° 15 x 10° 5x 10°
t3/hr
Inlet 680 700-750 700-750 580 630 725 720 625 680 700 695 600
temperature, °F
Catalyst materia |V,O. V,0, V,0, V,0, V,0, V,0, V,0. V,0. V,0, V,0, V,0, V,0,
Support materia | T,0O, T,0, T,0, T,0, T,0, T,0, T,0, T,0, T,0, T,0, T,0, T,0,
Support Honeycomb |Honeycomb |Honeycomb |Honeycomb |Honeycomb |Honeycomb |Honeycomb |Honeycomb |Honeycomb |Honeycomb [Honeycomb |Honeycomb
configuration
Pressure drop, |2.5 2.0 35 0.9 0.8 0.7 0.1 13 15 2.6 3.3 3.0
in. H,O
Inlet condi- 105 100 80 267 38 45 45 96 60 65 80 74
tions--NO, ppm
Guaranteed 90 90 75 55 47 56 56 90 N/A <50 ppm N/A N/A
percent NO,
reduction
Guaranteed NH, |10 10 10 10 10 10 10 10 20 5 10@3%0, [10@3%0,
SLIP, ppm
Design NH,/ 1.0 1.0 0.9 0.6 0.7 0.8 0.8 1.0 N/A 1.0 1.02 1.01
NO,
Guaranteed 2 2 2 3 3 3 3 3 3 3 3 3
catalyst life,
years

*Reference 29 from Chapter 5
N/A = not available.




