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The hybrid process of homogeneous gas-phase selecti®e noncatalytic reduction
( ) ( ) ( )SNCR followed by selecti®e catalytic reduction SCR of nitric oxide NO was in®es-
tigated through experimentation and modeling. Measurements, using NO-doped flue gas
from a gas-fired 29 kW test combustor, pro®ided data that allowed a fundamentally
based catalyst monolith model, adapted from the literature, to be calibrated. The SCR

( )model, which included pore and gas film diffusion molecular and Knudsen and Lang-
muir-Hinshelwood surface reaction kinetics, used published ®alues for the catalyst pre-
exponential factor and acti®ation energy, and experimental measurements to determine

( )the pre®iously una®ailable ammonia NH adsorption coefficient on the catalyst sur-3
face. Then, with no further adjustment, a combined SNCR-SCR model was de®eloped
using literature ®alues for the reaction rate coefficients of 112 elementary homogeneous
reactions. This combined model agreed well with combined SNCR-SCR data. The
combined model was then extrapolated to practical coal combustion conditions, and the
economic benefits of a combined SNCR-SCR process were explored. With a desired
total NO reduction of 95% and NH slip in the exhaust constrained not to exceed 53
ppm, adding SNCR led to only modest decreases in the required SCR catalyst ®olume.
Estimated system capital and annualized costs were not economically ®iable unless the
SNCR portion by itself reduced more than 60% of the NO.

Introduction
Hybrid SNCR-SCR technologies, as applied for nitric ox-
Ž .ide NO control from stationary combustion systems, com-

Ž .bine selective noncatalytic reduction SNCR and selective
Ž .catalytic reduction SCR with the intention of optimizing

Ž . Žperformance NO reduction and minimizing cost Gullett et
al., 1994; Fujino et al., 1995; Wallace et al., 1995; Urbas and

.Boyle, 1997; Groff and Gullett, 1997 . SCR is highly effective,
Žbut involves relatively high capital expense Urbas and Boyle,

.1997; NESCAUM, 1998 . SNCR is less effective under practi-
cal field conditions because of inhomogeneities caused by in-

Žcomplete mixing Stamey-Hall and Neuffer, 1994; Jones et
.al., 1995; Hunt et al., 1997 , but involves less capital expense

and similar operating expenses. By combining these technolo-
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gies, it is hypothesized that SCR capital costs might be re-
duced with NO reduction levels beyond those achievable by
SNCR alone. Both processes involve the use of nitrogen-based
reducing agents, which react with NO to produce diatomic

Ž .nitrogen N and water. SNCR involves the addition of urea2
w Ž . x Ž . wŽ . xCO NH , ammonia NH , or cyanuric acid HOCN ,2 2 3 3
and homogeneous reaction with NO at appropriate flue-gas
temperatures. For full-scale applications, NO reductions of

Žapproximately 30 to 60% have been achieved ICAC, 1994a;
.Himes et al., 1995 , even though bench-scale testing often

Ž .achieves greater reductions Miller and Bowman, 1989 . Pro-
cess concerns include temperature windows, temperature
variability, adequate mixing, reagent oxidation, and NH slip.3
SCR, which utilizes NH as the reducing agent and heteroge-3
neous reaction of NO on a catalyst, can achieve reductions
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Ž .greater than 95% Fujino et al., 1995 . Practical implementa-
tion of SCR on coal-fired combustion sources, however, lim-
its NH slip to 2 to 5 ppm, to prevent balance-of-plant im-3
pacts and to ensure that fly ash marketability is not affected.

Ž .SCR performance and capital cost is directly related to the
catalyst volume and associated space velocity. By using SNCR
to accomplish a sizable portion of the NO reduction, it is

Ž .anticipated that the SCR catalyst volume and system costs
can be reduced while maintaining comparable NO reductions
compared to SCR alone. Additionally, a common SNCR

Žproblem related to high NH slip can be mitigated and uti-3
.lized by the SCR catalyst.

In order to determine conditions under which hybrid
SNCR-SCR processes are economically viable in practice, it
is necessary first to develop an accurate, validated model of
the combined process. The research described here presents
such a model, its validation on a natural gas-fired combustor
in the laboratory, and its subsequent application to an eco-
nomic analysis of hybrid SNCR-SCR processes applied to
coal-fired boilers in the field.

Selecti©e noncatalytic reduction
Homogeneous SNCR of NO occurs in flue gases when a

Ž .nitrogenous species such as NH Thermal De-NO process ,3 x
Ž . Žurea NOXOUT process , or cyanuric acid RAPRENOX
.process , is injected into flue gas, with each reagent injected

at its own optimum temperature. In the research presented
here, the experimental efforts focused solely on NO reduc-
tion by NH . However, the modeling efforts validated the ex-3
perimental results using NH and also examined the use of3
urea because of its common use as an SNCR reagent for util-
ity applications. As discussed below, the homogeneous mech-
anisms and rate constants associated with these SNCR
reagents are well documented. No attempt is made here to
model SNCR processes involving cyanuric acid.

Thermal De-NO has its origins in the observation thatx
NH would selectively react with NO under appropriate tem-3

Ž .peratures to yield N Lyon, 1975 . The process works be-2
cause the mechanism by which NO is reduced has a signifi-
cant chain-branching component and, under the proper con-
ditions, this chain branching produces a pool of radical species
that allow the overall mechanism to be self-sustaining. Miller

Ž .and Bowman 1989 present a detailed review of the process
and associated rate constants, and identify the following re-
actions to be important

NH qOHmNH qH O 1Ž .3 2 2

NH qOmNH qOH 2Ž .3 2

NH qNOmN qH O 3Ž .2 2 2

NH qNOmNNHqOH 4Ž .2

NNHqNOmN qHNO 5Ž .2

HNOqMmHqNOqM 6Ž .

HqO mOHqO. 7Ž .2

ŽFirst, NH is produced by the reaction of NH with OH Re-2 3
. Ž .action 1 and to a lesser extent with O Reaction 2 . NH2

then reacts with and reduces NO via Reactions 3 and 4.
However, in order to be self-sustaining, the NH qNO reac-2
tion must directly or indirectly regenerate OH and O to con-
tinue the NH to NH conversion. This regeneration is ac-3 2
complished via Reactions 4�7. Reaction 6 is a three-body re-
action, with M representing any species.

Ammonia can be introduced as a gas or an aqueous solu-
tion. However, NH is toxic and can be difficult to handle.3
As a result, alternate agents and processes have been devel-
oped to improve reagent handling and NO removal perform-

Ž .ance. These agents include urea Arand et al., 1980 and cya-
Ž .nuric acid Perry and Siebers, 1986; Perry, 1988 . Once intro-

duced, urea and cyanuric acid undergo thermal decomposi-
Žtion to yield NH qHNCO Muzio et al., 1990; Braun et al.,3

.1991; Caton and Siebers, 1989 and HNCO, respectively
Ž .Miller and Bowman, 1989 . NH reduces NO via Reactions3
1�7. However, once released into the gas phase, the HNCO

Žreacts primarily according to the mechanism Miller and
.Bowman, 1989; Lyon and Cole, 1990

HNCOqOHmNCOqH O 8Ž .2

NCOqNOmN OqCO 9Ž .2

HNCOqHmNH qCO. 10Ž .2

An important difference between NH and urea or cyanuric3
acid is that both urea and cyanuric acid reagents generate
HNCO, NCO, and N O as major products of reaction, while2

Ž .NH does not Siebers and Caton, 1990 . Thus, both urea3
and cyanuric acid generate substantially more N O emissions2
when used as SNCR reagents. In fact, measurements indicate
that, typically, less than 5% of the NO reduced is converted
to N O when NH is used. This compares to conversions2 3
greater than 10% for urea. Comparison of urea and cyanuric
acid as SNCR reagents shows that urea generates less N O2

Žunder equivalent conditions De Soete, 1990a,b; Muzio et al.,
.1990; Kramlich and Linak, 1994 . This is significant because

anthropogenic N O emissions have been shown to contribute2
to stratospheric ozone destruction and have been implicated
in possible increases in global temperatures.

Ž .Miller and Bowman 1989 indicate that a major limitation
of SNCR is that it occurs only within a narrow temperature
window, between approximately 1,150 and 1,350 K. In large-
scale facilities, incomplete mixing often limits the NO reduc-
tion even at optimum temperatures. Thus, considerable re-
search efforts have focused on methods to promote and en-
hance performance. Many of these approaches involve
reagent injection techniques that enhance mixing and the co-
injection of combustible promoting agents such as CO, H ,2

Žand CH Chen et al., 1989; Teixeira et al., 1992; Caton and4
.Siebers, 1991 . In general, the promoting agents have the ef-

fect of shifting andror broadening the optimum temperature
window. The temperature shifts because the oxidation of the
combustible promoter generates excess free radicals that are
needed to initiate the reaction of the SNCR reagent.

In full-scale utility boiler applications, it is difficult to en-
sure that all the injected NH or urea additive is subjected to3
the optimum temperature window for homogeneous NO de-
struction. In this work, this practical difficulty was simulated
by modeling SNCR at ‘‘effective temperatures’’ that were both
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higher and lower than the optimum temperature, since a de-
tailed mathematical description of an imperfect turbulent
mixing process coupled with chemical reaction was outside
the scope of this work.

Selecti©e catalytic reduction
SCR refers to the heterogeneous reduction of NO by added

NH over a catalyst. The process is, at present, applied only3
to stationary sources of NO, with mobile sources being domi-
nated by direct catalytic reduction without use of a reagent
such as NH . SCR is presently being applied to utility and3
industrial systems in Japan and Germany, and is coming into
increasing use in other parts of the world including the U.S.

Most SCR systems are based on catalysts composed of ei-
ther noble metal or vanadium active components deposited
on metal plates or incorporated within ceramic substrates.

Ž .Meier and Gut 1978 examined the kinetics over a platinum
catalyst using a Langmuir-Hinshelwood rate expression.

Ž .Beeckman and Hegedus 1991 examined the design and ki-
Žnetics associated with a vanadium-titanium monolith similar

.to the type investigated here in which the vanadium catalyst
is deposited on porous anatase-type titanium and extruded
into the shape of square-channeled monoliths. The overall
chemical reaction has the stoichiometry

4NOq4NH qO m4N q6H O. 11Ž .3 2 2 2

Figure 1. EPA horizontal-tunnel combustor and experimental temperature profile.
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This equation is equimolar with respect to both NO and NH3
which is an important point in the model described below.
For vanadium-titanium catalysts, Beeckman and Hegedus
Ž .1991 also propose that the intrinsic reaction rate can be
based on a Langmuir-Hinshelwood type rate expression

R sk exp yErRT C K C r 1qK CŽ . Ž .NO 0 NO NH NH NH NH3 3 3 3

12Ž .

where R , k , E, R, T , C , C , and K are the in-NO 0 NO NH NH3 3

trinsic NO reaction rate, pre-exponential factor, activation
energy, gas constant, absolute temperature, NO and NH3
concentrations, and NH adsorption constant, respectively.3

Ž .Beeckman and Hegedus 1991 were able to obtain values for
k and E, but not K , although they acknowledged possi-0 NH3

ble inaccuracies in their value for E.

Approach
The objective of the research presented here was to build

and expand upon the literature contributions of others in or-
der to investigate the implementation of combined SNCR-
SCR systems for NO control. The approach was organized as
follows:

Experiments. Separate SCR-only and combined SNCR-
SCR experiments were conducted using a natural-gas-fired

Table 1. Reactor and Flue-Gas Parameters

Full-Scale
SCR model Experimental Coal

�Notation Combustor Combustor

Reactor Parameters
† Ž .Reactor width 1.5e-1 m 15.0 cm
† Ž .Reactor depth 1.05e-1 m 10.5 cm
† Ž .Reactor length L 3.56e-1 m 35.6 cm

3 3Ž .Reactor volume V 5.607e-3 m 5,607.0 cm
†Ž . Ž .Reactor catalyst mass 3.0976 kg 3,097.6 g

3 3Ž .Reactor bulk density 5.5eq2 kgrm 0.55 grcm
† Ž . Ž .Cell width c 3.2e-3 m 0.32 cm 7.4e-3 m 0.74 cmw
† Ž . Ž .Cell depth c 3.2e-3 m 0.32 cm 7.4e-3 m 0.74 cmd

Ž . Ž .Cell shape factor B 2.976 for squares 2.976 for squares
Ž . Ž .Hydraulic radius R 1.6e-3 m 0.16 cm 3.7e-3 m 0.37 cmh

† Ž . Ž .Wall thickness W 5.5e-4 m 0.055 cm 1.2e-3 m 0.12 cm
†Number of cells 1120 4,936

3 2 2 2Ž . Ž .Open gas flow area 1.147e-2 m 114.7 cm 2.703e-1 m 2,703 cm
2 2 2 2Ž . Ž .Reactor cross-sectional area 1.575e-2 m 157.5 cm 3.650e-1 m 3650 cm

2 2External film area per unit length 1.434eq1 m rm 1.461eq2 m rm
2 2Ž . Ž .1.434eq3 cm rcm 1.461eq4 cm rcm

2 3 2 3Film area per reactor volume A 9.102eq2 m rm 4.002eq2 m rme
2 3 2 3Ž . Ž .9.102 cm rcm 4.002 cm rcm

† 2 2Catalyst BET surface area 7.704eq4 m rkg 7.704eq4 m rkg
2 2Ž . Ž .77.04 m rg 77.04 m rg

3 3 3 3Ž . Ž .Catalyst density � 1.89eq3 kgrm 1.89 grcm 1.89eq3 kgrm 1.89 grcmcat
† 3 3 3 3Ž . Ž .Catalyst pore specific vol. 2.59e-4 mrkg 0.259 cmrg 2.59e-4 mrkg 0.259 cmrg
† Ž . Ž .Catalyst average pore dia. 1.34e-8 m 1.34e-6 cm 1.34e-8 m 1.34e-6 cm

Catalyst porosity � 0.49 0.49
2 3 2 3Catalyst specific surface area S 7.704eq6 m rm 7.704eq6 m rm®

2 3 2 3Ž . Ž .7.704eq4 cm rcm 7.704eq4 cm rcm

Gas Parameters
3 3Gas flow 9.257e-3 Nmrs 1.0 Nmrs

3 3Ž . Ž .9.257eq3 Ncmrs 1.0eq6 Ncmrs
Ž .Gas temp. @ SCR reactor T 523 K 672 K

3 3Actual gas flow F 1.773e-2 mrs 2.462 mrs
3 3Ž . Ž .1.773eq4 cmrs 2.462eq6 cmrs

Ž . Ž .Gas velocity ® 1.546 mrs 154.6 cmrs 9.108 mrs 910.8 cmrsg
Space velocity 3.163rs
Gas viscosity � 2.77e-5 kgrm � s 3.26e-5 kgrm � s

Ž . w x2.77e-4 grcm � s 3.26e-4 grcm � s
3 3 3 3Ž . Ž .Gas density � 6.75e-1 kgrm 6.75e-4 grcm 5.21e-1 kgrm 5.21e-4 grcm

Reynolds number Re 120.7 1076
2 2 2 2Ž . Ž .NO molecular diffusion coeff. D 5.423e-5 m rs 0.5423 cm rs 7.898e-5 m rs 0.7898 cm rsNO
2 2 2 2Ž . Ž .NH molecular diffusion coeff. D 8.603e-5 m rs 0.8603 cm rs 1.253e-4 m rs 1.253 cm rs3 NH 3 2 2 2 2Ž . Ž .NO Knudsen diffusion coeff. D 5.426e-6 m rs 0.05426 cm rs 6.151e-6 m rs 0.06151 cm rsK n,NO
2 2 2 2Ž . Ž .NH Knudsen diffusion coeff. D 7.203e-6 m rs 0.07203 cm rs 8.165e-6 m rs 0.08165 cm rs3 K n,NH 3 2 2 2 2Ž . Ž .NO effective diffusion coeff. D 1.182e-6 m rs 0.01182 cm rs 1.368e-6 m rs 0.01368 cm rse,NO
2 2 2 2Ž . Ž .NH effective diffusion coeff. D 1.593e-6 m rs 0.01593 cm rs 1.837e-6 m rs 0.01837 cm rs3 e,NH 3 Ž . Ž .NO external mass transfer coeff. km 5.217e-2 mrs 5.217 cmrs 3.223e-2 mrs 3.223 cmrsNO

Ž . Ž .NH external mass transfer coeff. km 8.176e-2 mrs 8.176 cmrs 5.086e-2 mrs 5.086 cmrs3 NH 3

� 3 Ž .Basis is 1 Nm rs of flue gas at 3.7 Nmrs. Catalyst cell dimensions and wall thickness for coal applications provided by Rummenhohl 1999 .
†Reactor parameters measured a priori for the experimental combustor only.
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combustor operated at 29 kW. These experiments involved
integral reactor measurements over a wide range of initial
NO and NH concentrations, but only within a narrow range3
of SCR temperatures from 500 to 550 K.

SCR Model De®elopment. An SCR model was developed
for the actual catalyst monolith used in the experiment. This
model was based on the approach of Beeckman and Hegedus
Ž .1991 , with physical catalyst parameters determined for the
actual catalyst used here. Also, because of differences in the
range of applicable concentrations of NH , the SCR model3
required a different numerical method of solution. This model
was fitted to the SCR-only data to extract the missing param-

Žeter K using Beeckman and Hegedus’s values for k andNH 03
.E or alternatively, to extract either two or all three parame-

Ž .ters k , E, and K .0 NH3

SNCR and Combined SNCR-SCR Models. A CHEMKIN
Ž .Kee et al., 1992 -based SNCR model, using a modified Miller

Ž .and Bowman 1989 mechanism with 112 reactions and 32
species, was developed and combined with the SCR model.

Data from the combined SNCR-SCR experiments were then
compared to predictions of the combined model with no fur-
ther adjustment of parameters.

Predictions and Model Extrapolation to Coal Combustion.
The validated SNCR-SCR model was then used to extrapo-
late to full-scale coal combustion systems with different cata-
lyst geometric properties, but identical intrinsic kinetic prop-
erties. This field model, in which a key constraint is a limita-
tion of 5 ppm NH slip leaving the SCR reactor, was then3
used to develop design tools to predict performance and po-
tential economic benefits of combined SNCR-SCR operation.

Each of these steps is now described in detail.

Experiments
Laboratory swirl flame combustor

Experiments were performed using the laboratory-scale
horizontal-tunnel combustor rated at 82 kW and illustrated

Table 2. NO, NH , and N O Measurements�
3 2

Pre-SNCR Pre-SNCR Pre-SCR Pre-SCR SCR Post-SCR Post-SCR Post-SCR
NO NH SNCR NO NH SCR Temp NO NH N O3 3 3 2

†Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Test No. ppm ppm � ppm ppm � K ppm ppm ppm

SCR-Only Experiments
1-2r25A 142.1 43.3 0.30 546 91.2 6.2 �
1-2r25B 164.3 117.6 0.72 546 75.4 7.6 �
1-2r25C 185.0 201.2 1.09 545 61.7 8.1 �

1-2r26A 131.5 18.5 0.14 516 107.1 8.3 �
1-2r26B 131.0 41.9 0.32 517 98.7 7.5 �
1-2r26C 132.2 61.5 0.47 518 88.7 9.4 �
1-2r26D 131.6 91.2 0.69 518 70.7 9.0 �
1-2r26E 132.9 118.7 0.89 518 55.1 9.5 �

2-4r8A 144.3 3.0 0.02 506 120.7 2.8 0.2
2-4r8B 148.1 95.0 0.64 501 111.7 3.2 0.3
2-4r8C 146.7 113.5 0.77 501 100.7 4.2 0.3
2-4r8D 149.8 147.3 0.98 502 89.2 4.8 0.4
2-4r8E 153.9 242.3 1.57 503 61.8 3.8 0.6

2-4r9A 436.3 110.9 0.25 502 367.6 3.0 0.5
2-4r9B 489.3 317.0 1.15 507 297.7 4.8 1.0
2-4r9C 479.5 396.9 1.45 508 222.1 5.6 0.0

2-4r14A 827.5 213.8 0.26 540 608.1 1.7 0.0
2-4r14B 858.7 519.8 0.61 541 361.8 7.4 1.2
2-4r14C 914.5 620.7 0.68 542 291.1 5.0 1.5
2-4r14D 908.4 674.2 0.87 541 205.9 16.7 1.7

2-4r21A 768.5 210.8 0.27 501 650.6 1.7 0.0
2-4r21B 705.3 520.2 0.74 497 454.0 3.5 1.1
2-4r21C 727.2 614.5 0.85 499 292.3 15.6 1.3
2-4r21D 747.9 687.4 0.92 501 237.6 53.2 0.0
2-4r21E 710.8 912.3 1.28 497 228.1 375.0 4.1

2-5r12A 417.1 78.3 0.19 516 393.4 2.1 0.5
2-5r12B 354.9 278.4 0.78 506 261.6 2.7 2.6
2-5r12C 357.0 345.0 0.97 505 204.7 3.7 2.7
2-5r12D 370.0 367.9 0.99 505 131.6 18.4 2.3
2-5r12E 363 575.5 1.58 506 107.3 � �

Combined SNCRrSCR Experiments
3-4r10A 127.2 34.6 0.27 106.1 1.9 0.02 551 96.7 1.5 0.0
3-4r10B 127.8 56.4 0.44 82.2 2.6 0.03 550 76.6 2.3 0.0
3-4r10C 131.6 73.3 0.56 78.7 3.6 0.05 550 69.0 2.2 0.0
3-4r10D 138.8 78.4 0.56 80.6 9.7 0.12 549 67.9 2.5 2.8
3-4r10E 141.1 141.4 1.00 69.4 37.7 0.54 548 47.9 2.3 4.9

�All concentrations on wet basis.
†Pre-SNCR NH was calculated based on measured system flow rates.3
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in Figure 1. This refractory-lined research combustor was de-
signed to simulate the timertemperature and mixing charac-
teristics of practical combustion systems. Natural gas and
combustion air were introduced through an International

Ž .Flame Research Foundation IFRF movable-block variable-
air-swirl burner. Swirling air passed through the annulus
around the fuel injector promoting flame stability and attach-

Ž .ment on the refractory quarl high swirl, IFRF type 2 flame .
Ž .NO dopant was added see Figure 1 to vary the NO concen-

trations from approximately 125 to 1,000 ppm. Axial ports
permitted detailed temperature measurement, addition of
NH reagent, and gas sampling before and after the SCR3
catalyst. Further details regarding the experimental combus-

Ž .tor can be found elsewhere Linak et al., 1994 .
Preliminary axial temperature measurements were taken to

identify appropriate locations for the NH reagent injection3
and SCR catalyst. It was found that a reduced furnace load
of 29 kW produced a temperature profile with suitable SNCR
Ž . Ž .�1,150�1,350 K Miller and Bowman, 1989 and SCR
Ž .�533 K locations, as indicated in Figure 1.

Ammonia reagent and SCR catalyst
Reagent solutions were prepared in-house using commer-

Ž .cially available strong NH solutions 29.5 wt. % NH and3 3
distilled water. Multiple solutions of varying concentration

Žwere prepared to allow constant reagent feed rate �1.67�
y7 3 .10 mrs, 10 mLrmin for all values of NH rNO stoichiom-3

Ž .etry � examined, so as not to alter temperature distribu-
tions between the different conditions examined. Reagent so-
lutions were atomized along the combustor centerline using

y4 3 Ž .7.67�10 mrs 46 NLrmin of air. A vanadium-titanium
catalyst monolith, similar to the type used by Beeckman and

Ž .Hegedus 1991 , was mounted at the stack location indicated
wŽ . xas 3 SCR reactor in Figure 1. Catalyst parameters listed in

Table 1 were determined or calculated based on direct mea-
surements performed in-house.

Gas sampling and analysis
Flue-gas composition was monitored for nitrogenous

species NO, NH , and N O, as well as O , CO, and CO at3 2 2 2
Ž .locations before and after the SCR catalyst see Figure 1 .

Ž .Extractive samples were conditioned filtered and dried and
Ž . Ždirected to continuous NO chemiluminescence , O para-2

. Ž .magnetic , and CO and CO nondispersive infrared analyz-2
ers. Conditioned samples were also directed to an on-line gas
chromatographrelectron capture detector N O analysis sys-2
tem. This automated batch analysis provided N O measure-2

Ž . Žments approximately every 480 s 8 min Ryan and Linak,
.1992; Kramlich and Linak, 1994 . Filtered, heated samples

Žwere also directed for continuous NH nondispersive in-3
.frared analysis. By appropriate use of valving, sampling could

Ž .be quickly alternated between post-SNCR pre-SCR and
post-SCR locations.

Figure 2. Geometry, mass transfer, and kinetic processes occurring within the catalyst monolith.
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Table 2 summarizes NO, NH , and N O measurements for3 2
all the experimental conditions examined and used for model
calibration. All concentrations are corrected to a wet basis.
Three test series were performed. Test Series 1 includes eight
SCR-only tests in which NO dopant was added with the com-
bustion air. Apparent from these measurements is that the
pre-SCR NO was insensitive to the amount of NO dopant
added, and this was likely due to natural air staging occurring
within the IFRF burner. Subsequently, Test Series 2 includes
22 SCR-only tests in which NO dopant was added down-

Ž .stream of the flame see Figure 1 . This arrangement allowed
the pre-SCR NO to be varied. For both Test Series 1 and 2,
the SCR NH reagent was added at a location well down-3

Ž .stream of any SNCR activity see Figure 1 . Test Series 3
included five combined SNCR-SCR tests where the NH3
reagent was introduced within a temperature window of
SNCR activity. Table 2 includes only combined SNCR-SCR
tests in which no additional NO dopant was added. Addi-
tional tests were performed varying NO, but the NO was
found to channel and was not well mixed with the combus-
tion gases in the SNCR region. However, this lack of exten-
sive combined SNCR-SCR data was not believed to be limit-
ing as the SNCR portion of the model is based on an estab-
lished approach using validated kinetic rate information.

Data quality analysis
Pre-SCR concentration gradient tests were performed to

ensure even distribution of reactants across the catalyst. Ra-
y2 Ž .dial concentrations were measured in 2.54�10 m 2.54 cm

y1 Ž . Žincrements across the 2.032�10 m 20.32 cm duct see
.Figure 1 . NO and NH concentrations were 78.1�20 and3

3.1�0.4 ppm, respectively. Combustion consistency was de-
termined by averaging the temperature O and CO mea-2 2
surements over the longest contiguous test condition of 1.62

4 Ž .�10 s 4.5 h . Average values and standard deviations of
these temperature, O , and CO measurements are 517�172 2

ŽK, 4.7�0.6%, and 7.9�0.6%, respectively wet basis, 16%
.water by volume . Pre-SCR base line NO concentrations for

the lowest, middle, and highest NO concentrations were 142
�7.6, 473�7.4, and 1,003�14.6 ppm, respectively. NH con-3
centrations varied from test to test with a base line condition
of no injected NH . Consequently, no corresponding NH3 3
averages and standard deviations are available.

SCR Model Development
Consider the catalyst monolith system presented in Figure

Ž .2. Following the approach of Beeckman and Hegedus 1991 ,
at any axial position z a material balance describing diffusion
and reaction in a section of catalyst along the transverse co-
ordinate y perpendicular to z yields

D d2C rdy2sS R 13Ž .e,NO NO ® NO

and

D d2C rdy2sS R 14Ž .e,NH NH ® NH3 3 3

where D , C , and R are the effective diffusion coefficientse, i i i
Ž .including Knudsen and molecular diffusion terms , concen-
trations, and reaction rates of NO and NH , and S is the3 ®

catalyst-specific surface area in square centimeters per cubic
centimeter. R is given by Eq. 12, with R equivalent toNO NH3

R . Boundary conditions areNO

dC rdys0 andNO

dC rdys0 at ys0 15Ž .NH3

and

sb skm C yC sD dC rdy andŽ .Ž .NO NO NO e ,NO NO

sb skm C yC sD dC rdy at ysWr2Ž .Ž .NH NH NH e,NH NH3 3 3 3 3

16Ž .

where km is the external mass-transfer coefficient for NOi
and NH , and superscripts b and s indicate bulk and surface3
concentrations, respectively. Whereas Beeckman and Hege-

Ž .dus 1991 used the reaction stoichiometry to calculate the
NH concentration in the pore by difference from the NO3
concentration profile, this approach failed over the entire
range of NO and NH concentrations investigated here.3
Hence, Eq. 14 was solved directly for the NH concentration,3

Ž .and this, together with iteration described below , never al-
lowed negative NH concentrations in the catalyst pore.3

Assuming plug flow within the monolith channels, and uni-
form concentrations across the bulk gas phase, a material
balance along the axial coordinate z yields

dC brdzsy VA km rLF C byC s 17Ž .Ž . Ž .NO e NO NO NO

and

dC brdzsy VA km rLF C byC s 18Ž .Ž . Ž .NH e NH NH NH3 3 3 3

where V, A , L, and F are the reactor volume, monolithe
specific surface area, reactor axial length, and gas-flow rate,
respectively. Boundary conditions are

C bsC b0 andNO NO

C bsC b0 at zs0. 19Ž .NH NH3 3

Ž .With R and R given by Eq. 12, a numerical solutionNO NH3

of Eqs. 13�19 allows the prediction of NO reduction across
the SCR reactor and at any location within the catalyst.

Finally, the external mass-transfer coefficients for develop-
ing laminar flow in rectangular ducts are given by the

ŽHawthorn correlation Hegedus, 1973; Beeckman and Hege-
.dus, 1991

0.45km s D r2 R B 1q0.095 2 R rL ReSc 20w x Ž .Ž . Ž .NO NO h h NO
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and

0.45
km s D r2 R B 1q0.095 2 R rL ReScŽ .Ž .NH NH h h NH3 3 3

21Ž .

where R , Re, and Sc are the hydraulic radius, Reynoldsh i
number, and Schmidt numbers, respectively, defined as

R s 2c c r2 c qc 22Ž . Ž .h w d w d

Re s 2® �R r� 23Ž .g h

Sc s�r�D and Sc s�r�D 24Ž .NO NO NH NH3 3

and B, c , c , ® , �, �, and D are the monolith cell shapew d g i
Ž .factor 2.976 for square cells , cell width, cell depth, gas ve-

locity, gas density, gas viscosity, and molecular diffusion coef-
ficients of NO and NH , respectively. The effective diffusion3

Ž .coefficients D for NO and NH used in Eqs. 13, 14, ande, i 3
16, are defined as

1rD s 1r� 2 1rD q1rD andŽ .Ž .e,NO NO K n ,NO

1rD s 1r� 2 1rD q1rD 25Ž .Ž . Ž .e,NH NH K n ,NH3 3 3

where � is the catalyst porosity, and D is the KnudsenK n, i
diffusion coefficients for NO and NH in circular pores. D3 i
and D are derived from published equations and inter-K n, i

Ž .molecular parameters Smith, 1981; Bird et al., 1960 .
The porous catalyst model describing diffusion and reac-

tion inside the porous ceramic was formulated using a modi-
fied finite difference formulation presented by Lin et al.
Ž .1991 . The numerical solution is based on the approach de-

Ž . Ž .veloped by Spalding 1972 and Roscoe 1975 of replacing
finite difference formulations of individual derivatives by a
difference equation formulation of the actual ordinary differ-

Ž .ential equation ODE . Formulation using a collapsing grid
Ž .at the pore mouth can be applied using Cassaroti’s Theo-

Ž .rem Hahn and Wendt, 1985 . This finite difference ap-
proach gives zero truncation error for an ODE with constant
coefficients, while the more traditional Taylor Series finite

Ž .difference formulations do not Hahn and Wendt, 1985 . For
all the calculations presented here, the pore was divided into
50 mesh intervals, with a mesh interval shrink factor of 0.85
Ž .h rh s0.85 to provide for very fine resolution at the porejq1 j

mouth, where steep concentration gradients occur. At each
axial step, an iterative procedure yielded the NO and NH3
profiles inside the catalyst monolith. The first iteration yielded
the NO profile for a constant NH composition, for which an3

Ž .analytical solution is available Levenspiel, 1972 . In every
case, the numerical first iteration was shown to be identical
to the analytical solution, confirming the absence of any nu-
merical errors and inaccuracies in the rather complex finite
difference formulation and complicated boundary conditions.
The calculated NO profile was then used to calculate an NH3
profile, by solving Eq. 14, and the ensuing NH values were3
inserted in the next iteration to calculate a new NO profile.
Convergence usually occurred within nine iterations. Calcula-
tion of NH concentrations by difference, as suggested by3

Ž .Beeckmann and Hegedus 1991 , did not work here because,
when C �C , very small errors in the NO concentra-NH3 NO
tion resulted in negative calculated NH concentrations and3
numerical instabilities.

Axial integration of Eqs. 17 and 18 along the monolith em-
Ž .ploys Hindmarsh’s LSODE code Hindmarsh, 1980 , as does

Ž .the SNCR code described in greater detail below . Integra-
tion was terminated when the NH level in the bulk stream3
was reduced to less than 5 ppm, because an NH slip of 53
ppm was set as a practical constraint to the problem. If NH3
in the bulk gas were allowed to fall below 1 ppm with appre-
ciable NO values remaining, then, in this formulation, the
pore iterations sometimes failed to converge.

Comparison of SCR model prediction to data
Table 2 presents 30 sets of experimental data for both the

Ž .SCR-only tests Series 1 and 2 . These data were compared
to the SCR model. The third column of Table 1 presents
values for the reactor parameters and gas parameters used in
the SCR model. These were determined a priori, from physi-
cal measurements of the actual catalyst used, and were not
adjusted thereafter. The catalyst specific surface area S®
Ž 2 3. Ž .m rm was obtained from the directly measured helium

4 2 Ž 2 .BET internal surface area of 7.704�10 m rkg 77.04 m rg
3 3 Ž 3.and an assumed superficial density of 1�10 kgrm 1 grcm

w 2 3 Ž 3.later verified to be 9.6�10 kgrm 0.96 grcm from direct
Ž .xmeasurements, s � 1y� . Catalyst pore specific volumescat

and average pore diameters were also determined from di-
rect measurements.

Three multivariable nonlinear regressions were performed
using the integral SCR reactor data and model predictions.

Table 3. SCR Model Parameters

Beeckman and Two-Parameter Three-Parameter
�Parameter Hegedus Fit Fit

k 8.640eq1 mrs 1.520eq3 mrs 6.864eq8 mrso
w x w x w x8.640eq3 cmrs 1.520eq5 cmrs 6.864eq10 cmrs

E 7.954eq4 Jrmol 7.954eq4 Jrmol 1.343eq5 Jrmol
w x w x w x1.900eq4 calrmol 1.900eq4 calrmol 3.209eq4 calrmol

3 3 3K 1.054eq2 mrmol 3.778 mrmol 3.946 mrmolNH 3 3 3 3w x w x w x1.054eq8 cmrmol 3.778eq6 cmrmol 3.946eq6 cmrmol
2Ž .Correlation coeff. r 0.935 0.942 0.952

� Ž .k and E taken from Beeckman and Hegedus 1991 with K determined from a one-parameter fit of the data.0 NH3
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Ž .The nonlinear regression program XTRACTR White, 1975
that was used is based on the Marquardt algorithm, and em-

Ž .ploys where applicable reparameterization to allow deter-
mination of both the pre-exponential factor and activation
energy to alleviate poorly conditioned parameter response
surface problems.

The first nonlinear regression calculation used the kinetic
parameters for k and E given by Beeckman and Hegedus0
Ž .1991 and only the unknown NH adsorption coefficient3
Ž .K was determined. Results are shown in the upper panelNH3

of Figure 3, and in Table 3. There is excellent agreement
between model predictions and the data over a very wide
range of NO and NH concentrations, with a correlation co-3

Ž 2.efficient r of 0.935. This agreement also suggests that the
Ž .intrinsic kinetic parameters of Beeckman and Hegedus 1991

are valid under the conditions examined here. Using their
published values for k and E, the newly derived value of the0

Ž . 2 3NH adsorption coefficient K is 1.054�10 mrmol3 NH3
Ž 8 3 .1.054�10 cm rmol . With this adsorption coefficient, the
kinetics approach first-order behavior in NO when the NH3
concentration is larger than 400 ppm. This is seldom solely
the case when an NH slip of 5 ppm is imposed on the outlet3
stream.

For a second set of nonlinear regression calculations, two
Ž .kinetic parameters k and K were allowed to vary in0 NH3

order to attempt better fit to the data. Results led to a slightly
better correlation, and the new parameter values are shown
in Table 3. Finally, all three parameters, k , E, and K ,0 NH3

were allowed to vary, and the nonlinear regression produced
revised values and a correlation coefficient increasing slightly
to 0.952.

Comparison of model predictions using these parameter
values and the data is shown in the lower panel of Figure 3.
However, the ensuing ‘‘best fit’’ parameters were substan-
tially changed, as shown in Table 3, and the improvement in
correlation coefficient is not sufficiently great, in our opinion,
to discard the known intrinsic values for k and E available0

Ž .from Beeckman and Hegedus 1991 . These new ‘‘best fit’’
values are reported here for the sake of completeness, and
on the chance that unpublished additional data might exist
elsewhere. These data can be better correlated over a wider
range by this newly derived rate constant with the higher ac-
tivation energy. Note that over the 50 K temperature range
of the data presented here, we have assumed that the trans-

Ž .port coefficients are approximately constant see Table 1 ,
and that any temperature dependencies are caused by tem-
perature dependencies in the intrinsic reaction rate coeffi-
cient.

SNCR and Combined SNCR-SCR Models
SNCR, with NH addition, involves multiple homogeneous3

gas-phase reactions summarized by Miller and Bowman
Ž .1989 . Here, a modified Miller and Bowman mechanism in-
volving 32 species and 112 reactions was used. The 243-reac-

Žtion mechanism outlined in Appendix A of their article Miller
.and Bowman, 1989 was used as a starting point with species

and associated reactions eliminated for applicability to SNCR
Ženvironments. Reactions involving fuel species such as

.C H were removed. The resulting reaction set includedx y

Figure 3. Predicted vs. measured NO concentrations at
SCR outlet.
The top panel presents model predictions using k and E0

Ž .taken from Beeckman and Hegedus 1991 and a one-
Ž .parameter fit of data Table 2 to determine K . The bot-NH3

tom panel presents model predictions using a three-parame-
ter fit of the data to determine k , E, and K .0 NH3

Reactions 38, 39, 55�64, 102, 103, 130�150, 152, 155, 156,
161, 163, 166, 167, 171�196, and 198�234 from Appendix A.

The SNCR process using urea addition was simulated by
Žthe thermal decomposition products of urea Muzio et al.,

.1990; Braun et al., 1991; Caton and Siebers, 1989

CO NH mNH qHNCO 26Ž .Ž .2 32

and five additional reactions involving HNCO and presented
Ž .in Table 3 of Miller and Bowman 1989 were included. Fi-

nally, Reaction 197, involving NCOqNOmN OqCO, has2
been updated and replaced by two reactions to take into ac-
count more recent information regarding branching ratios be-

Žtween the products N OqCO and N qCO Becker et al.,2 2 2
.1992; Kramlich and Linak, 1994 . Rate constants for these

two reactions were taken from a kinetic mechanism available
Ž .from the Gas Research Institute GRI-Mech 2.11, 1996 .

The SNCR reactor was modeled as a plug-flow reactor with
exponentially falling temperature as shown in Figure 1. Ini-
tial concentrations at the NH rurea injection location were3

Ž .given by chemical equilibrium at that temperature for all,
except the nitrogenous, species. The numerical algorithm for

Žthe SNCR model was a CHEMKIN-based program Kee et
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Figure 4. Predicted vs. measured NO concentrations
using combined SNCR-SCR model.

.al., 1992 allowing a seamless transition to the isothermal SCR
program, with addition of NH at the entrance to the SCR3

Ž .and either NH or urea modeled as NH qHNCO within3 3
the active SNCR region.

Figure 4 presents comparisons between combined model
Žpredictions one-parameter and three-parameter, see Figure
.3 and Table 3 and the data from combined SNCR-SCR tests

Ž .Test Series 3, see Table 2 . Letter identifiers in Figure 4
correspond to those listed in Table 2. No additional parame-
ters were adjusted. Agreement between NO values after the
SNCR and after the SCR is very good. Some discrepancies
might be expected from possible transverse variations of the
NH rNO ratio in the duct and these could not be measured.3
The larger discrepancies at �45 ppm NO might be due to
failure to achieve steady state in the SCR under those condi-
tions. It is noteworthy that the homogeneous detailed reac-
tion scheme describing SNCR seems to do a very good job in
predicting the NO concentration entering the SCR reactor.
Figure 4 also suggests that the two kinetic parameters sug-

Ž .gested by Beekman and Hegedus 1991 , plus the newly de-
rived NH adsorption constant, are sufficient to describe the3
data, and that little is to be gained in subsequent work by
adopting the three new parameters.

Predictions and Model Extrapolation to Coal
Combustion

Table 1 shows differences in parameters for SCR as real-
Žized in the natural gas experimental data presented here 3rd

.column , and for SCR as applied at full-scale for NO control
Ž .for coal combustion flue gases 4th column . Note specifically

Žthe differences experimental combustor vs. full-scale coal
. Ž .combustor in operating temperature 523 vs. 672 K , gas ve-

w Ž .xlocity 1.54 vs. 9.10 mrs 154 vs. 910 cmrs , monolith cell wall
w y4 y3 Ž .xthickness 5.5�10 vs. 1.2�10 m 0.055 vs. 0.12 cm , and

w y3 y3 Ž .xcell dimensions 3.2�10 vs. 7.4�10 m 0.32 vs. 0.74 cm .
Ž .The higher temperature 672 K is well within the useful range

Figure 5. NO and NH concentration profiles into por-3
( )ous catalyst for natural gas left and coal

( )right flue-gas simulations at monolith en-
( )trance zs0 m .

Ž .Natural gas case represents actual test 2-4r9A see Table 2 .

Ž .for this type of catalyst 500 to 700 K without significant
Ž .NH oxidation ICAC, 1994b . Revised monolith dimensions3

Ž .were taken from Rummenhohl 1999 , and coal properties
were those of a Wyoming Powder River Basin subbituminous
coal. A factor which could not be included here is the possi-
ble effect of sulfur in the flue gas which might, but need not,

Ž .interfere with catalyst performance ICAC, 1994b . Ammo-
nium bisulfate can be maintained below levels that cause op-
erational problems by minimizing NH slip and suppressing3

Ž .sulfur dioxide SO oxidation. Field testing using a high sul-2
Ž .fur 3% U.S. coal indicated successful performance with NH3

slip and SO oxidation less than 5 ppm and 0.75%, respec-2
Ž .tively ICAC, 1994b . Furthermore, in the absence of addi-

tional data, it was necessary to assume that the effect of tem-
Ž .perature on the adsorption coefficient K was negligibleNH3

compared to its effect on the NO surface reaction rate, as
determined by the activation energy of Beeckman and Hege-

Ž .dus 1991 .

Catalyst profiles
Some insight into model behavior can be obtained by com-

paring concentration profiles inside the catalyst for the natu-
ral gas and the coal cases. This comparison is presented in
Figure 5. Note that the NO and NH concentration profiles3

Ž .for the natural gas simulation left panel suggest fairly slow
kinetics and complete penetration to the center of the cell

Ž .wall. This is a consequence of the low nonoptimum SCR
Ž .operating temperature �523 K which was deliberately cho-

sen since partial reductions were desired. At the more practi-
Ž .cal coal combustion flue gas conditions right panel , the pro-

cess becomes pore diffusion controlled. This indicates the im-
portance and necessity of constructing a fundamentally based
model, which included diffusion and reaction components in
order to extrapolate from the partial reduction natural gas
case to the more optimum application presented by the coal
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Figure 6. Predicted catalyst volume vs. NO reduction by
( )SCR X for constant �s1.0, variable NHSCR 3
( )slip top , and constant NH slips5 ppm,3

( )variable � bottom .

combustion case. A global model, with overall kinetics and
no pore diffusion, would be inadequate. The steep gradients
at the pore mouth for the coal combustion simulation also
indicate the importance of a robust numerical model.

SCR reductions
The implementation of SCR in practice is constrained by

NH slip. Unless otherwise stated, we limit this slip to 5 ppm.3
This constraint has important implications when applied to
the evaluation of relationships between required catalyst vol-
ume and NO reduction. Figure 6 shows the required catalyst
volume per volumetric flow rate of flue gas vs. NO reduction

Ž .for cases of constant inlet NH �s1.0 and variable NH3 3
Ž . Ž .slip top panel , and constant NH slip 5 ppm and variable3

Ž .inlet NH bottom panel . Inlet NO concentrations of 8003
and 300 ppm, and 800, 300 and 100 ppm for the top and
bottom panels, respectively, are examined. The nonlinear be-
havior is apparent especially at the high NO reduction values
because of the low values of both NO and especially NH .3
Note that, for moderate NO reductions when NH slip is not3

Ž .constrained top panel , the required catalyst volume is very
Žmuch smaller compared to the constrained case bottom

.panel . However, practical applications of SCR do impose a
constraint on NH slip and, therefore, the bottom panel of3
Figure 6 describes relationships of practical importance.
Again, the bottom panel relates catalyst volume and NO re-
duction with the NH inlet adjusted so that NH slip of 53 3
ppm occurs at each NO reduction value. The nonlinear be-
havior is apparent at the extremes. However, note that the
full model predicts that the dependence on initial NO value

Figure 7. Predicted catalyst volume vs. NO reduction by
( ) ( )SNCR X for total NO reductions XSNCR Total

from 50 to 95%.
Solid curves represent the relationship between X ,SNCR
X , and X defined by Eq. 27, and the relationshipSCR Total
between X and catalyst volume defined by a fourth-orderSCR

Žpolynomial fit of the model results from Figure 6 lower
.panel . Open circles represent detailed model predictions for

Ž30 cases varying � and urea injection temperature NO si
.800 ppm, NH slips 5 ppm, X s 0.95 . These detail re-3 Total

sults are further described in Figures 8 and 9.

from 800 to 100 ppm is slight. This observation is not obvious
a priori, given both the complexities included in the model
and the fact that the first-order kinetics should occur only for
NH concentrations greater than 400 ppm. However, this3
makes it possible to approximate predictions for a wide range
of inlet NO concentrations by a single equation giving a rela-
tionship between catalyst volume and NO reduction con-
strained by 5 ppm NH slip. Lower values of NH slip would3 3
increase the required catalyst volume, but not change the
general conclusions relating to the hybrid process.

The fact that SCR catalyst volume and NO reduction are
only weakly dependent on inlet NO allows one to create, for
the combined process, a series of plots relating required SCR
catalyst volume to NO reduction by SNCR. This is because

Ž .the NO reduction by SCR X is related to NO reductionSCR
Ž .by SNCR X bySNCR

X s1y 1y X r 1y X 27w x Ž .Ž . Ž .SCR Total SNCR

which, together with the results in the bottom panel of Fig-
Ž .ure 6 relating catalyst volume to X , leads to the resultsSCR

presented in Figure 7. These predictions show approximate
Ž .because of the weak dependence on inlet NO dependence

Žof SCR catalyst volume for various values of total combined
. Ž .SNCR-SCR reduction of NO X . Inspection of Figure 7Total

leads to an important result, namely, that catalyst volume is
only modestly decreased through the application of SNCR
Ž .through urea addition . For example, if a total NO reduction
of 80% is desired, and if it is assumed that SNCR can achieve
40% NO reduction, then Figure 7 indicates that this combi-
nation of SNCR-SCR would result in a 14% reduction in the
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Figure 8. Predicted SNCR performance and SCR reag-
( )ent NH and catalyst requirements as a3

function of � and urea injection temperature.
NO s 800 ppm, NH slips 5 ppm, and X s 0.95 for alli 3 Total
cases.

required catalyst volume compared to the case with no SNCR.
If the overall NO reduction desired is increased to 95%, then
the catalyst volume saved with 40% NO reduction by SNCR
is 12%. This is directly related to the constraint on NH slip,3
and, because the catalyst is acting in essence, to ‘‘polish’’ the
effluent from the SNCR zone. However, in order to estimate
costs and potential cost savings by installing combined
SNCR-SCR systems, one must perform detailed calculations
to predict not only SCR catalyst volume requirements, but
also the urea and NH required. Note that under practical3
conditions, NH slip can and does occur from the SNCR zone.3

Detailed SNCR-SCR predictions
The combined SNCR-SCR model was used to yield de-

tailed information on the relationships between catalyst vol-
Ž .ume and SNCR NO reductions Figure 7 and the conse-

quences associated with these relationships. Within the SNCR
Ž .model, practical or nonoptimum reductions of NO can be

achieved in two ways: by injecting the urea at a nonoptimal
temperature, or by using the nonoptimal ratio of urea to NO.
In Figure 8 both effects are explored. It was believed that
this would provide insight into the effects of imperfect mixing
Ž .not considered by the SNCR model , since one effect of im-
perfect mixing might be that the average temperature and
average urearNO equivalence ratio is nonoptimum. Indeed,
this is why SNCR reductions in the field are so much lower
than perfectly mixed kinetic predictions and laboratory-scale

Ž .experiments Jones et al., 1995; Hunt et al., 1997 .
For an initial NO concentration of 800 ppm, combined

SNCR-SCR processes were investigated for 95% total NO

reduction and 5 ppm NH slip. Independent variables were3
the urea injection temperature and the urearNO equivalence
ratio. Enough NH was injected after the SNCR and before3

Žthe SCR to provide for 95% total NO reduction 40 ppm NO
.in the exhaust with 5 ppm NH slip. Calculated quantities3

were the NO reduction by SNCR, the amount of NH that3
must be added between the SNCR and SCR zones in order
to achieve the required overall NO reduction and NH slip,3
and the required SCR catalyst volume.

First, these calculations yielded more precise results on the
relationship between NO reduction by SNCR and the re-
quired SCR catalyst volume. The results of these more pre-
cise calculations are shown by the open circles in Figure 7
and can be compared to the approximate curve for 95% total
NO reduction. Recall that the curve is approximate since it

Žrepresents all of the information in Figure 6 independent of
.inlet NO concentration by a single curve. As expected, the

more precise predictions fell on or close to the approximate
95% NO reduction curve. Thus, from an engineering per-
spective, the family of approximate curves for various total
NO reductions is sufficient to calculate catalyst volume.

Second, these more precise calculations lead to the infor-
mation presented on Figure 8. The independent variable is

Ž .the urearNO equivalence ratio � and dependent variables
Ž .are NO reduction by SNCR X , the required additionalSNCR

NH added between the SNCR zone and the SCR reactor,3
and catalyst volume. Note that NH can be partially con-3
verted to N and NO in the SNCR zone, but not in the SCR2
reactor. Also, note that NO can be reduced by both NH and3
HNCO in the SNCR zone, but only by NH in the SCR reac-3
tor.

Economic analysis
Figure 8 presents the information necessary to calculate

estimated costs associated with the installation and operation
of combined SNCR-SCR systems. Capital costs depend most
directly on the catalyst volume, while annualized costs also
include the consumption of urea and NH reagents. Figure 93
presents capital and annualized costs vs. � calculated directly
from the results presented in Figure 8 using the Coal Utility

Ž .Environmental Cost CUECost model developed by Keeth
Ž .et al. 1999 . The CUECost model is a workbook of interre-

lated spreadsheets designed to produce rough-order-of-mag-
nitude estimates of the installed capital and annualized oper-
ating costs for air-pollution control systems installed on coal-
fired power plants. Model accuracy is approximately �30%.
While the data presented in Figure 8 were calculated based
on the characteristics of a Wyoming Powder River Basin
Ž .PRB subbituminous coal burned with 20% excess air and
are independent of boiler type or size, the cost data pre-
sented in Figure 9 are those for a 500 MWe utility dry-bot-
tom boiler. Economic assumptions and consumable costs used
in the CUECost calculations are listed in Table 4. As with
Figure 8, the capital and annualized costs presented in Fig-

Žure 9 represent conditions of varying SNCR utilization � and
.urea injection temperature and constant initial NO concen-

Ž . Ž . Žtration 800 ppm , NO reduction 95% , and NH slip 53
.ppm .

Figure 9 presents total SNCR-SCR capital and annualized
Ž .costs solid curves with symbols and includes the portion of
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Figure 9. Predicted capital and annualized costs as a
function of � and urea injection temperature.
NO s 800 ppm, NH slips 5 ppm, and X s 0.95 for alli 3 Total
cases. Economic assumptions for the CUECost model are
presented in Table 4.

Ž .those costs associated with SNCR lower dashed lines . Note
that the capital and annualized costs associated with SNCR
are a relatively small fraction of the total SNCR-SCR system

Table 4. Economic Assumption and Consumable Costs for
Economic Calculations�

Description SpecificationrValue

Cost year 1998
Ž .Useful life 9.4608eq8 s 30 yr

Levelized carrying charge 11.7%
Electric power cost 6.943e-9 $rJ

Ž .0.025 $rkWh
Urea cost 2.480e-1 $rkg

Ž .225 $rton
Ammonia cost 2.271e-1 $rkg

Ž .206 $rton
3Water cost 1.1e-1 $rm

Ž .0.0004 $rgal
3Catalyst cost 1.257eq4 $rm

3Ž .356 $rft
Ž .Catalyst operating life 9.4608eq7 s 3 yr

Ash disposal cost 1.265e-2 $rkg
Ž .11.48 $rton

Ž .General facilities $ 5.0% of installed cost
Ž .Eng. and home office expense $ 10.0% of installed cost

Ž .Contingency $ 20.0% of installed cost
w xOperating labor 6.94e-3 $rs 25 $rh

Ž .Fixed O&M $ryr 1.5% of installed cost

� Ž .Calculations made using CUECost Keeth et al., 1999 .

costs. However, as presented in Figure 9, total costs at �s0
include capital costs associated with SNCR, as this equip-

Ž .ment is necessary for all other ��0 conditions. In practice,
though, a utility installing SCR alone would avoid costs asso-
ciated with SNCR equipment. Therefore, comparative SCR-
only capital and annualized costs have been determined from
the difference of total SNCR-SCR costs and SNCR costs at
�s0. These comparative SCR-only costs are represented by
the upper horizontal dashed line on each plot. Conditions
below these lines represent SNCR-SCR applications and per-
formance yielding beneficial economics compared to SCR
alone. Conditions above these lines represent uneconomical
situations. In general, capital costs decrease with increasing
�, especially for scenarios where urea is injected at optimum
Ž .or near optimum SNCR temperatures. Annualized costs do
not show the same dependence on �. Figure 9 indicates that
combined SNCR-SCR systems may be economical, but only

Ž .when SNCR is applied aggressively ��0.6 , and only when
the urea reagent is introduced under optimum temperature
and mixing conditions. Again, this conclusion is directly re-
lated to the constraint of 5 ppm NH slip and the resulting3
modest reduction of SCR catalyst volume produced by the

Ž .addition of SNCR see Figure 7 .

Conclusions
A fundamentally based monolith model was developed for

the catalytic reaction of NO and NH on a porous3
vanadium-titanium catalyst. This model, which included pore

Ž .and gas-film diffusion molecular and Knudsen coupled with
Langmuir-Hinshelwood surface reaction kinetics, was able to
predict NO reductions over a very wide range of NO and
NH inlet concentrations. The model required numerical so-3
lution of the pore diffusionrreaction equations and, because
of the likelihood of very steep gradients at the pore mouth,
used a new more accurate finite difference formulation de-
scribed elsewhere.

Experimental data on the catalytic destruction of NO by
NH were obtained from a gas-fired 29 kW laboratory com-3
bustor, and a catalyst monolith whose physical parameters
were measured a priori. The destruction of NO was explored
over a wide range of inlet NO and NH concentrations. Us-3
ing kinetic parameters taken from the literature, measured
porosities, and calculated transport properties, the monolith
model agreed very well with the data, with adjustment of only
one, previously unknown, parameter. This adjusted parame-
ter was the NH adsorption coefficient on the catalyst sur-3

Ž .face K . Together, the model and laboratory-scale dataNH3
Ž .with catalyst temperatures between 500 and 550 K yielded a

2 3 Ž 8 3 .value for K of 1.054�10 mrmol 1.054�10 cm rmol ,NH3

with the two other kinetic parameters taken from Beeckman
Ž .and Hegedus 1991 . When these other two kinetic parame-

Žters k , the NO destruction pre-exponential constant, and0
.E, the NO destruction activation energy were put into re-

gression, the fit to the data improved only slightly. These new
values of k and E are given in the text, but are not pro-0
posed here as improvements over those in the literature.

This SCR model was appended to a detailed homogeneous
kinetic model describing SNCR in a plug-flow reactor. Ki-
netic parameters for the 112 elementary reactions required

Ž .were obtained from Miller and Bowman 1989 , as modified
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Ž .by GRI-Mech 2.11 1996 . With NH as the sole reducing3
agent used in the 29 kW experimental combustor, this com-
bined SNCR-SCR model was able to predict combined
SNCR-SCR data before and after the catalyst monolith. No
parameter in the combined model was adjusted. Agreement
between data and theory was good.

When the model was extrapolated to practical coal-fired
power plant conditions, it predicted significant differences in
the NO profile in the porous catalyst. While the process is
almost kinetically controlled at 523 K, the temperature at
which the catalyst monolith was operated during the experi-
mental effort, it is pore-diffusion-controlled at 672 K, the
temperature at which typical SCR systems operate for coal-
fired power plants. Hence, a fundamentally based catalytic
model was shown to be essential for accurate predictions and
practical extrapolations.

The model predicted that catalyst volume for a given NO
reduction was insensitive to inlet NO concentration because

Ž .of the approximate first-order dependence of the overall
process on NO. This was true both for constant inlet NH rNO3

Ž .ratio �s1 with variable NH slip, and for constant NH3 3
Ž .slip 5 ppm with variable �. Therefore, with the constraint of

5 ppm NH slip in the catalyst exhaust, the model predicts3
only a modest 12% reduction of catalyst volume, gained by
employing urea-based SNCR to reduce 40% of NO upstream
of a SCR process with an overall NO reduction of 95%.

A coal utility environmental cost model was used to esti-
mate capital and annualized costs of varying SNCR utiliza-
tion upstream of SCR, with inlet NO concentration of 800

Ž .ppm, exit NO concentration of 40 ppm 95% reduction , and
NH slip of 5 ppm. This analysis indicates that only when3
SNCR is applied aggressively, with ��0.6 and SNCR reduc-
tions greater than 60%, is installation of SNCR upstream of a
smaller SCR reactor economical. However, NO reductions
greater than approximately 40% by SNCR are currently diffi-
cult to achieve in the field, because of mixing limitations of
the nitrogen-based SNCR reagents in large ducts. Mixing lim-
itations are not as great an issue for experimental systems,
and NO reductions greater than 40% can be achieved and
predicted for a bench-scale plug-flow reactor. The main prac-
tical conclusion from this work is that, in order to achieve

Ž . Ž .high NO destruction 95% with low NH slip 5 ppm , there3
seems to be little economical advantage for the use of a hy-
brid SNCR-SCR process, over SCR alone. However, as the
NO reduction by SNCR exceeds 60%, the hybrid process
rapidly becomes economical.
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Notation
A smonolith specific surface area, m2rm3

e
Ž .Bscell shape factor 2.976 for squares

c scell depth, md
w x 3C sgas concentration isNO or NH , molrmi 3

c scell width, mw
w x 2D seffective diffusion coefficient isNO or NH , m rse, i 3
w x 2D smolecular diffusion coefficient isNO or NH , m rsi 3
w x 2D sKnudsen diffusion coefficient isNO or NH , m rsK n, i 3

Esactivation energy, Jrmol
Fsgas flow rate, m3rs
h smesh interval, mj

K sNH adsorption constant, m3rmolNH 33
w xkm sexternal mass-transfer coefficients isNO or NH , mrsi 3

k scatalyst pre-exponential factor, mrs0
Lsreactor axial length, m
r 2scorrelation coefficient
Rsgas constant, 1.987 Jrmol �K

ResReynolds number
R shydraulic radius, mh

w x 2R scatalyst reaction rate isNO or NH , molrm � si 3
w xSc sSchmidt number isNO or NHi 3

S scatalyst specific surface area, m2rm3
®

Tsabsolute temperature, K
® sgas velocity, mrsg
Vsreactor volume, m3

Wscell wall thickness, m
X sNO reduction by SNCRSNCR

X sNO reduction by SCRSCR
X sNO reduction by combined SNCR-SCRTotal

yscatalyst wall coordinate, distance from cell wall centerline,
m

zscatalyst axial coordinate, distance from catalyst inlet, m

Greek letters
�scatalyst porosity
�sNH or urearNO stoichiometric ratio3
�sgas viscosity, kgrm � s
�sgas density, kgrm3

� scatalyst density, kgrm3
cat

Subscripts and superscripts
bsbulk
isinitial
sssurface
0sinlet
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