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Pilot-scale tests were conducted to develop 2 combined nitrogen oxide (NO,) reduction technology using both selective catalytic
reduction (SCR) and sefective noncatalytic reduction {SNCR). A commercially available vanadium- and titanium-based composite
honeycomb catalyst and enhanced urea (NH,CONH,) were used with a natural-gas-fired furnace ata N0, concentration of 110 ppm.
Changes in SNCR chemical injection temperature and stoichiometry led to varying levels of post-furnace ammonia (NH;), which acts
as the reductant feed to the downstream SCR catalyst. The urea-based chemical could routinely achieve SNCR plus SCR total NO,
reductions of 85 percent with less than 3 ppm NH, slip at reductant/NO, stoichiometries ranging from about 1.5t0 2.5 and SCR space
velocities of 18,000 to 32,000 h-r. This pilot-scale research has shown that SNCR and SCR can be integrated to achieve high NO,
removal. SNCR provides high temperature reduction of NO, followed by further removal of NO, and minimization of NH; slipby a

significantly downsized (high-space velocity) SCR.

Introduction

The 1990 Clean Air Act Amendment requiremments for control
of nitrogen oxides {(NO,) may be met by various control technolo-
gies depending on the combustion system application and the
levél of control needed. These technologies include selective
catalytic reduction {(SCR), which involves a heterogencous reac-
tion of NO, and ammonia (NH;) on the catalyst surface to form
nitrogen (N;) and water (H,0) at temperatures typically ranging
from 300 to 450 °C. These catalyst beds are often honeycomb or
plate structures formed from metal oxides, zeolites, or noble
metals. Oxides of the transition metals, including Co, Fe, Ni, V,
and W, are usually most reactive at temperatures above 250 °C.

Implications

Continued research, development, and demonstration of the ¢ombined
SCR/SNCR process will present an alternative tachnology for use in achiev-
Ing NO, reductions. This will expand the available condrol options and atlow
for staged implementation of technologies to achieve the mandates of the
1990 Clean Alr Act Amendments. The successfully combined technologies
emphasize the importance of structuring the regulations to allow maximum
flexibility in the cheice of compliance methods without restricting optionsto
specific technotogies. This further aliows for advances and new devefog-
ments in technologies to improve the performance of existing systems.

Both pilot- and field-scale results are available for SCR technol-
ogy, showing NO, removals above 90 percenit. Most commercial
SCR systems are designed to achieve 75 to 90 percent NO,
conversion.

SCR systems were installed at 250 commercial planis as of
1999, including 40 coal-fired applications totaling 11,000 MW({(e)
of capacity.i In California, more than 75 gas turbine units are
equipped with SCR systems. Key performance criteria affecting
the design of 2 commercial SCR system are NQ, conversion, NH,
emissions (NHag ), pressure drop, catalyst/system life, sulfur
dioxide (SO,) oxidation to sulfur trioxide (SO;), and operating
environments. Because these constraints can vary greatly from
one installation to another, SCR catalysts of different physical and
chemical properties have been developed to meet these commer-
cial needs. The main concerns with respect to SCR technology
include the potential for particulate fouling and catalyst poisoning
by trace metals, SO, and SO,. Particulate fouling and catalyst
poisoning may reduce catalyst life, which is one of the most
important factors in SCR economics. Catalyst poisoning occurs
by reaction of solid, liquid, or gaseous matter with the catalyst or
through formation of a masking layer over the surface of the
catalyst that blocks diffusion of NO, and NH; to the available
reactive sites.
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Selective noncatalytic reduction (SNCR), which involves high-
temperature-furpace injection of a solid, gaseous, or liquid
N-based reducing agent such as urea {NH,CONH,) or NH;, reacts
homogeneously to convert NQ, to N,. SNCR is a proven technol-
ogy (hat has application to utility and industrial boilers burning
a variety of fuels and waste-to-energy facilities. With this type of
reduction, reaction temperatures range from 800 w0 1100 °C.
SNCR has achieved about 60 percent NO, reduction on a coal-
fired 150 MW({c) boiler? at a molar ratio of reductant N to initial
NO, concentration (normalized stoichiometric ratio or NSR) of
2,5010 70 percent NO, reduction ona 135 MW({e) coal-fired boiler
at an NSR of 1.2 to 1.6° and has been the subject of numerous
laboratory or pilot-scale studies+?. Pilot-scale laboratory studies
have shown NO, reduction around 60 to 80 percent depending
on initial NO, and chemical stotchiometry with levels of NHag p
arnd nitrous oxide (N,0) below 5 and 20 ppm, respectivelys.

The potential problems of using SNCR center around by-
product emissions of NH; (NHyg ), which result from incom-
plete reaction of the injected reductant. NHyg e is generally
caused by operation outside of the effective temperature range.
NH;q p can react with SO; to form ammonium bisulfate
(NH,HSO,) around 275 °C and ammonium sulfate [{NH,},50,]
around 150 °C°. The ammonium salts can form deposits on heat-
transfer surfaces causing reduced heat transfer and increased
pressure drop. NH;q p can also react with hydrogen chloride
(HCI) or chlorine (Cl;) to form ammonium chloride (NH,CI)
around 100 °C resulting in a visible white plume in the stack
emissions.

This research investigated the combination of SNCR and SCR
technologies with the aim of demonstrating a more economical
method of high NO, removal. This “hybrid” process10. 1i aims to
achieve combined NQ, removal from the SNCR process initially
and then further NO, removal from the SCR downstream. Be-
cause significant NO, reductions can be achieved by the upstream
SNCR, downsizing of the SCR for only supplemental NO,
reduction becomes possible. The SCR catalyst utilizes the nor-
mally undesired NH;gp as the SCR reactant feed to further
reduce NO, as it minimizes NH;g, p problems. Additional NH,
can be added upstreamn of the catalyst, if necessary. The smaller
catalyst bed (higher space velocity) and elimination of reheat
requirements will result in considerable cost savings through
minimizing catalyst costs and equipment modification costs
such as, reactor size, ductwork expansion, and fan size. The
smaller catalyst volume may also reduce the potential for oxida-
tion of 80, to SO, and subsequent formmation of catalyst-plugging
ammonium salts. .

An adaptation of this technology has undergone fuli-scale
testing by others'? ona 110 MW gas/oil-fired boiler using in-duct
and air preheater catalysts. SNCR-urea injection and SCR-ammo-
nia injection resulted in NO, reductions varying from 72 to 91
percent, depending on boiler load.

Pilot-scale work on a natural gas combustor examined the
optimum combination of SNCR and SCR by varying SNCR
injection temperature and chemical injection rate along with SCR
space velocity and NH; feed rate. Emissions were monitored for
NQ,, NH,, N;0, and combustion gases, The limited scope of
work reported here discusses only one SNCR reductant chemical
and SCR catalyst, aithough other chemicals and catalysts also
were tested,

Experimental

SNCR/SCR tests were run on the U.S. Environmental Protec-
tion Agency’s Innovative Furnace Reactor (IFR), a pilot-scale
14.7 kW (50,000 Btwh), refractory lined, natural-gas-fired cylin-
drical furnace (see Figure 1). The IFR has an inner diameter of
15.2 cm and an overall vertical length of about 4 m. Several ports,
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Figure 1. Schematic of the innovative fumace reactor {{FR) with the hybrsid
system.

spaced approximately 30 cm apart, are located along the vertical’
length of the furmace and can be used for sampling probes or
chemical injection probes. The furnace simulates the gaseous
combustion environment and quench-rate conditions anticipated
in wility and industrial boilers. Typical operating concentrations
were 110 ppm NO,; dry measured values are adjusted for actual
in-furnace water concentrations. The IFR total gas flow is 391 L/
min. Reported values are at standard temperature, 0 °C, and
pressure, 1 atm (STP), including an excess air of 50 percent. All
monitored gases are adjusted to account for air in-Jeakage, most of
which occurs near the elbow, resulting in typical operating oxygen
{0,) concentrations ranging from 5.1 to 6.5 percent and a NO,
concentration of about 95 ppm at the SCR.

Two 4.72 cm inner diameter stainless steel arms were added in
parallel to the IFR horizontal sampling stack to hold the SCR
catalysts. The tested catalyst was loaded into the catalyst arms in
three 20.32 cm sections with about 2.5 cm spacing between each
pair of sections. The flow from the furnace could be run through
one or both of the catalyst arms, yielding two space velocities.
Both caialyst arms were heat-traced and insulated to maintain a
constant, monitored temperature of 315 °C.

Gas sampled from the horizontal sampling stack of the IFR was
passed through sample lines to continuous-emission monitors
(CEMs). Dry NO, measurements were determined by a chemilu-
minescent method and reported as wet values at actual O, concen-
tration. The reported NQ, concentrations do not incluode NQ,,
because earlier tests showed that the NQ, concentrations were
below 5 percent of the total NO, concentration.

Gas samples for carbon dioxide (CO,), carbon monoxide (CO},
and O, were first passed through a Hankison gas dryer and a
desiccant canister of anhydrous calcium sulfate (CaS0,). The
desiccant was not used with the NO, analyzer becanse CaSQ,
absorbs NO,. All of the above on-line CEMs were zeroed and
spanned with gases of known concentration both before and after
each daily trial. N;O concentrations were monitored by on-line
gas chromatography (GC). The GC was used for analysis of grab
samples taken before and during testing.

The concentrations of stack gas NH, were determined by two
wet methods. The first was a batch method using a Fisher Accumet
ion-selective electrode with a temperature-compensating probe.
The second was a continuous-sampling system by Severins Sci-
ence Instruments (SSI) that operates under the same principle.
Both methods remove water for dry and semidry measurements,
respectively. The first uses dual impingers in ice, and the second
uses a room temperature condensing impinger. A comparison of
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results between both methods showed excellent agreement when
the SSI system was calibrated within a limited range of interest,
The stack gas was drawn through an impinger sysiem containing
0.02N H,50,, and the pH was then adjusted with 10M NaOH
solution. The NHJ ion selective electrode, coupled with a pH
meter, determines the NH; concentration. The meter and electrode
were calibrated prior to analyses with known standards and
checked throughout the testing to ensure that the vatues fell within
the manufacturer’s limits. NH, values, from both methods, were
reported at acteal H,O and O, concentrations.

Urea Solutien Injection

Testing during this work used injection of a proprietary urea-
based sofution with the trade name NO,OUT A PLUS (Nalco Fuel
Tech). NO,QUT A PLUS, hereafter referred to as “enhanced
urea,” is a urea-based solution with antiscalants, dispersants, and
more reactive ammoniom compounds!? that shift the equilibrium
point of the N,O formation mechanism™ away from the N,O
product.

Different ratios of urea/NG, were provided to the furnace by
varying the concenteation of the enhanced urea solution while
maintaining a constant volumetric injection rate. A peristaltic
pump was used to deliver low concentrations of reagent to the
furnace. Alltests proceeded with determination of stable baseline
emissions during 100 percent H,O injection to simulate the
SNCR’ssupply of chemical. When baseline emissions stabilized,
the chemical solution was injected at the desired urea/NOQ,; sto-
ichiometry. After completing emissions analyses, H,O only
was injected until the IFR returned to baseline emission con-
centrations.

Solutions were injected through a water-cooled probe that
injected coaxially and coflowing to the process gas. The injection
probe uses air (15 percent of the total IFR air flow) to effect droplet
atomization. The droplet-size distribution exiting the nozzle was
determined through the use of a Munhall particle size anatyzer,

- which determines droplet size by measuring diffraction of laser
light. These droplet-sizes were measured outside of the IFR using
H,0O flow rates and pressures identical to in-furnace operation.
The nozzle had a droplet-size distribution with a Dy, of 13 um and
a Dgg of 88 pm.

A commercial V,0;-based SCR catalyst, NO,Cat™ VNX™,
was used to test the catalytic reduction efficiency of NG, at 300 to
400 °C. This catalyst, supplied by Engelhard Corporation, is a
composite formulation of V,04/TiQ, materials bonded to a ce-
ramic honeycomb substrate. The catalyst specific area can be
varied by using honeycombs of different cell density, ranging
from = 4 to 31 cells per em? (25 to 200 cells per inch?), for most
industrial applications. Increasing cell density, which increases
catalyst specific area, improves the volumetric rate for NO,
reduction since the reaction is diffusion limited. However, it also
increases the pressure drop at the same space velocity. Thus, a
compact SCR system may be designed using catalyst honey-
combs with high cell density. For this study, & 9.9 cells per cm?
(64 cells per inch?) VNX™ catalyst was chosen for measuring
SCR catalyst effectiveness at removing NO, with enhanced-urea
solution. Measured pressure drops were 1.8, 2.2, and 2.9 cm of
water for 18,000, 24,000, and 32,000 hr! space velocity, respec-
tively. The reductant was supplied solely by residual, unreacted
NH; from the SNCR process. This NH, was measured prior to the
catalyst inlet (see Figure 1) and termed NH,pgs.

Temperature Profiles
The temperature profiles through the IFR were determined
using a suction pyrometer and a type R thermocouple. Tempera-
tures were determined during injection of air and H;O to mimic
the conditions expected during injection of the SNCR and SCR

reagents. The temperature at the point of the injection nozzle
was calculated by linear extrapelation of the temperature values
from downstream ports. The quench rate for natural-gas-firing
with injection was nominally 114 and 240 °C/s at the low- and
high-injection ports, respectively.

Tests were conducted at a limited range of operating con-
ditions by varying the SNCR injection port level (Tyy,), the SCR
gas-flow rate or space velocity (8V), and the amount of chemical
injection. Operating conditions were chosen based on earlier
workis that had defined the general system performance over a
broad range of Ty, SV, and NSR. The enhanced urea feed rate
into the SNCR system is called the Normalized Stoichiometric
Ratio (NSR) and is a ratio of the available N reductant groups to
the baseline NO, concentration NO,;. Urea-based chemicals de-
compose into 2 moles of reductant N per mole of urea. The value
of NSR is calculated by multiplying the concentration of enhanced
trea solution (moles N/mL) by the solution feed rate (10 mI/min)
then dividing by the measured NQ,;. The NH; feed into the SCR
system is supplied solely by the unreacted NH; from the SNCR
process, NHygs. The rate of feed is termed SRyes where

NH3RE

NO s (1)

SRR.ES=

Here, NH;pgs refers to the amount of residual NH, reductant
prior to the catalyst, and NO,gee is the amount of NO, residual
after SNCR and prior tothe catalyst. SRypq is determined from the
sampled NH, concentration prior to the catalyst,

SCR tests were first conducted with enhanced urea injectionto
establish the baseline performance characteristics. These tests
were rerun at the end of the test matrix and ensured that no
degradation in catalyst performance had occurred.

Results and Discussion

Figure 2 shows the general optimum operating range of an
SNCR system for NO, removal (Xqycp) as a function of Tyy; and
NSR. The contour plot fit to the data shows that between 850 and
950 °C, NO, removals of 60 to 75 percent were achieved at an
NSR of greater than 1.5 (NO,; = 110 ppm). A few chemical
injections were made beyond the optimum SNCR injection-
temperature window, simulating sudden load swings in a full-size
plant. At higher Tpy; cases, the enhanced-urea chemical will
undergo partial oxidation, creating NQ,. This would create more
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of a NO, burden on the downsiream SCR. At injection tempera-
tures below the optimum, considerable reaction inefficiency is
expected, leading 1o lower values of NQ, reduction and highlevels
of NHpgs. In cither the high- or low-injection temperature case,
the Xquep values shown on Figure 2 are considerably lower than
a1 the middle injection temperatures.

Figure 3 illustrates the NSR and Ty; conditions under which
NH;pgs from the SNCR operation provides the reductant for the
downstream SCR operation. NHggg is expressed here as a ratio
with NO, pes ( the residual NO, prior to the SCR that was unreduced
during SNCR) or the SCR stoichiometry, SRggs. Figures 2 and 3
are prinied with the same ranges to facilitate direct comparison.
Because NH; measurements were not made for all of the tests,
Figure 3 will have less data points than Figure 2, The majority of
the tested SNCR conditions provided a functional reductant to
NO, ratio, approximately 0.4 to 1.2, into the SCR system without
the necessity of additional precatalyst reductant feed.

The NO, removal performance of the SCR system (Xgcg) is
shown in Figure 4 plotted against SRyes. The reductant chemical
for the SCR, NHjggs, is supplied solely from the enhanced urea
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Figure 3. Pre-SCR stoichiometry, the ratio of residual NHg to residual NO,
(NHapeqf NOyges = SRpes), resulting from SNCR operation at varying values of
NSR and Tyy,. Shaded regions medel the data peints (filled and open sgquares)
over the experimental demain.
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Figure 4. Effect of SRpeg and 5V on SCR-onty NO, remaoval (Xgcp), (NO,ges =
23 to 662 ppm).

injected with the SNCR operation. Prior SCR-only testing with
enhanced urea fed into the endplate, without SNCR injection,
showed no distinguishable performance differences from when
the reductant was supplied solely by NHigps from SNCR opera-
tion. This implies that the residual reductant species from the
SNCR enhanced urea chemical performs similarly to NH, in-
jected ahead of the catalyst bed, regardless of the SNCR Tyy;.

Figure 4 indicates that SCR NO, removal is a function of
stoichiometry, SRpgs: values of SRgpgs approaching 1.0 led to
NO, removals above 90 percent, in most cases. While space
velocity was varied from 18,000 ta 32,000 hr- 1 during the testing,
noobvious effect was observed. This likely results because under
these high-conversion, low- NH;g; jp conditions, the catalyst NO,
conversion is limited by available NH;, (or SRygg) not by resi-
dence time in the SCR. However, as the SV increases further, the
NO, conversion will begin to decrease withi increasing flow rate
as the NH, has insufficient time to diffuse and react.

The SCR NO, removal can be compared with its NHzg s
results, Figure 5. In the SRggs range from 0.9 to 1.0, Figure 5
shows that NHj qp starts to increase above 5 ppm. Figure 4
shows that X has levelled off at above 90 percent removal.
The data show that the NH;s) p performance of the SCR, at least
below a stoichiometry of unity, is apparently independent of
both space velocity (SV) and the input NO, value, NO, qe.

Hyhrid SCR/SNCR

The NO, and NHgp performance results of the combined
SNCR and SCR systems are shown in Figure 6. Because of the
large amount of NH;; 1 values less than 1 ppm, the ordinate is
piotted on a logarithmic scale for clarity. All of the data at < 85
percent total NO, reduction had less than 1 ppm NH 5. Because
the data represent varying test conditions of NSR and Tp;, both
optimal and suboptimal operating conditions are shown. This
illustrates the importance of proper operation, monitoring, and
contrel of the SNCR system toward achieving consistently opti-
mum hybrid process NO, and NH,g, p performance. Although
Figure 6 also indicates variation of SV (18,000 t0 32,000 hr-1), no
relation to NQ, reduction or NHyg p results was apparent with the
limited number of tests conducted.

Figure 7 plots the percentage of unconverted NH, against
SRggs where the former is defined by

_NHuygypp ,
NH;ync (%) = N, 100, (2)

This is similar to Figure 5, but now also discriminates the data
by hybrid versus SCR-only operation. All of the resuits show less
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than 5 percent unconverted ammonia until SRggg values, exceed-
ing about 0.9, are reached. No distinguishable dependency on
NO, g5 can be noted. No apparent difference in catalyst function
is noted between the SCR-only results and the hybrid results.

While not the main focus of this work, measurements of pre-
and post-SCR N;O showed concenirations that were always
below 7 ppm. Baseline CO was always below 15 ppm, increasing
10 27 ppm during testing.

Optimization of the hybrid SCR/SNCR system performance
must take into account a balance between NO, reduction and
NH;gp- The latter can be illustrated by combining Equations }
and 2 into 2 definition of NH,g

NHjg p = NHyyne = SRaps ® NOxges 3)

where

NHgyye = f {cat.type, 8V, cat. T). (4}

Equation 3 shows that NHyg (e can be minimized by reducing
either the SRggs or NO,pzs term. Thus, if either lower NO,pgs
reaches the SCR or the SCR can be operated atalower SRpgs value
— still achieving the target overall NO, reduction — then the
amount of NH;g;p will be reduced.
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Minimization of both NO_ggs and SRygs depends on high
levels of SNCR reagent utilization achieving significant reduc-
tions in NO,; {lowering NO,gs) with sufficient, yet not excessive,
amounts of unconverted reductant (NH,ges) passed on to the
catalyst. Optimization of the hybrid system is achieved when the
SNCR technology is operated at peak performance, maximizing
NO, reduction while achieving a NHyggs value that results in an
SRRES value into the catalyst that will not result in excessive
N H]SL[P-

This concept is developed as follows for a facility with a
hypothetical limit of 3 ppm NHjs, yp and a NO,; = 110 ppm. First,
for a range of assumed SNCR NO, reductions, the maximum
allowable unconveried ammonia, NHyypc, or 3 ppm * 100 /
NO,ggs, i5 associated with its experimentally determined SRRES
from Figure 7. This value of SRgg; is the highest stoichiometry at
which the SCR can operate without exceeding 3 ppm NHag .
The anticipated SCR NG, reduction at this SRggs value is deter-
mined from previous experimental results reported in Figure 4.
Finally, these results are plotted in Figure 8 showing the- optimal
performance of the SCR/SNCR system given an assumed effec-
tiveness of the SNCR process and a limit of 3 ppm NHas,;, shown
using the solid line on Figure 8. Of course, these results are a
strong function of the SCRs performance (see Equation 4) and the
initial NO, level in the facility. The latter is an issue because, for
a given SNCR percentage NO, reduction, as NO,; increases the
fraction of allowable unconverted ammonia decreases. This re-
sults in lower tolerable levels of SRygg and, therefore, lower SCR
NO, reduction. Full-scale applications may achieve lower perfor-
mance because- of reactant-mixing limitations causing non-uni-
form reagent distributions. Use of computational fluid dynamics
and kinetic modeling, coupled with appropriate injector and flow
design criteria, can ameliorate these limitations.

Clr results can be extrapolated to higher NO,; systems, given
the assomptions:

1) SCR NO, reduction performance, at a given value of SRpgs,
is not sensitive to NO,; and can therefore be approximated
by a curve fit to Figure 4; and '

2) SCR NH;ync performance, at a given value of SRygs, is
not sensitive to NOy and can be approximated by a curve fit
to Figure 7.

Both of these assumptions are validated by the results of this
research over the range 23 ppm < NO,; < 662 ppm. The SCR
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Figure 8. Optimal-operating conditions and performanee for the hybrid SCR/
SNCR system at NO,; = 110 ppm based on the maximum allowable SRpgs that
will not exceed 3 ppm NHag p From results presented in Figures 4 and 7.
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system 's NO, reduction performance had no apparent dependency
on NO,,, which is not shown, and Figure 7 indicates that NHzyue
pesformance was insensitive to NO,; over the sarne range.

For a system with NO,; = 500 ppm, the results in Figure 9 show
a higher incremental benefit of the hybrid system (versus SCR
alone) than in Figure 8. NQ, reduction increases {rom about 50
percent with the SCR alone 10 over 90 percent when SNCR
achieves 65 percent reduction.

Figure 10 shows the total NO, reduction results for NQ,
ranging from 110 to 500 ppm. Higher NO,; values resualt in lower
Kror at a given value of Xgycp. At Xgyer = 0, the maximum NO,
reduction performance of the SCR system (3 ppm NHag ) is
observed. This observed NO, reduction can be improved by
adding the SNCR process, especially at higher NO,; values where
the slopes of the curves are steeper.
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Canclusions

Research on a pilot-scale combustor has shown that a hybrid
SCR and SNCR process can achieve = 85 percent NO, reduction
with = 3 ppm NH,g; p at 2 relatively high-space velocity {18,000
to 32,000 hrt). This hybrid system can be operated such that
intentional NHygg from SNCR injection of an enhanced-urea
chemical acts as a reductant fesd to supplant or supplement the

SCR reductant. NO, removals from the hybrid systern are always
higher than can be achieved by either SCR or SNCR alonc al a
given value of NH,g p. The use of a high-space velocity SCR
system indicates that a significantly downsized catalyst is suff1-
cient for this hybrid system. Optimiz.ation of the hybrid system
performance requires maximizing NO, removal in the SNCR
process. An analysis based on the hybnd system performance in
this pilot-scale work indicates that a facility with NO,; =500 ppm
will achieve a total NO, removal of 90 percent with NH;g 0 = 3
ppm only if the SNCR NO, reduction is at least 65 percent.
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Nomenclature :
D, Particle size below which x weight percentage of the
sample resides, pm

NHapes  Sampled precatalyst NHy concentration, ppm
NHagp Sampled postcatalyst NH; concentration, ppm
NO, ¢ Final NO, concentration, ppm
NO, Initial furnace NQ, concentration, ppm

O.pes  Precatalyst NO, conceritration, ppm

NSE SNCR normalized-stoichiomeiric ratio, or the molar
ratio of reductant N fed to NO,; concentration, unitless

SRges Sampled-molar ratio of NHjges 10 NOygg, unitless

SV Catalyst space velocity or gas-flow rate through
catalyst divided by the catalyst volume at STP, hr-t.

Xser Reductien of NO, concentration in the SCR system,
[(NO,ges - NOINO,gns¥100, percent

Xsner  Reduction of NO, concentration in the SNCR system,
[NO,; - NO,gs)/NQ,;]* 100, percent

Xrar Total SCR and SNCR NQ, reduction, [(NO,; - NO )/
NO,;1¥100, percent
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