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ABSTRACT
The policy framework regulating the emissions of oxides of nitrogen from industrial and utility boilers is in
flux. As such, most owners are taking the opportunity to evaluate potential strategies for when, not if, more
stringent NOx reduction regulations are put into service. The armada of aging, moderately sized boilers that
have been skipped over in the previous wave of Selective Catalytic Reduction (SCR) installations, due to an
assumption that they would be eventually replaced with new generation assets, are now in focus as owners are
forced to extend the expected lifetimes of these units. Due to these drivers, a high-technology, low capital cost
NOx reduction technology is needed. Fuel Tech, Incorporated (FTI) has been developing and refining one such
technology over the course of the last decade. Now known as Advanced SCR (ASCR), this technology
encompasses the layering of commercially available technologies to provide high NOx removal efficiencies at a
fraction of the capital cost of a stand-alone SCR. A keystone in enabling the development of this technology
has been the evolution of state-of-the-art Computational Fluid Dynamics (CFD) modeling tools, as described
herein.

OVERVIEW OF EXISTING TECHNOLOGY
The following technologies have been widely adopted as NOx control technologies:

Staged Combustion
Low NOx Burners (LNB) and Over-Fire Air (OFA) are two methods for controlling NOx at the source by
controlling the combustion and impeding the formation of NOx. These two technologies are most effective in
combination, but can be designed for existing boilers independently. With this combination NOx formation is
impeded by two primary mechanisms.
The first mechanism is the manipulation of the burner aerodynamics and fuel/air mixing intensity via the
physical design of the burner. There are many theories and philosophies regarding the optimal design of LNB
burners. Common among most designs are discrete and multiple zones for injection of the primary air/fuel
stream and secondary air stream, along with a swirl generating device applied to the secondary air. These
mechanisms effectively increase the contact surface area between fuel and air and thus the flame front size is
increased. This acts to decrease peak flame temperatures as well as increasing the percentage of the fuel that is
converted to light volatile gases versus char. Both of these effects result in less NOx production.
The second mechanism is the manipulation of the stoichiometry of the flame. The design may adjust the total
amount of combustion air and the percentage of that total diverted from the primary combustion zone and
injected into the burnout region, via OFA ports. Both the creation of a fuel rich environment in the primary
combustion zone and an oxygen rich environment in the char burnout region effectively impede NOx formation.
On 1st generation, wall-fired combustion units, the combination of LNB and OFA can typically achieve >50%
NOx reductions below existing levels, making the combination the most cost effective of all technologies for
combating NOx. FTI’s proprietary and patent pending 5 Zone Low NOx Burner and over-fire air designs have
been demonstrated to provide robust and consistent NOx reduction with installations on more than 110 utility
boilers.

Selective Non-Catalytic Reduction (SNCR)
SNCR is a post combustion technology where a reagent, typically urea or ammonia, is injected directly into the
boiler downstream of the burn out region. In general, the following reaction is responsible for NOx reductions if
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temperatures are within the range of 1800 to 2100 F, although hundreds of other competing reactions are
occurring simultaneously, some even creating NOx.

NOx reductions provided by SNCR are highly dependent upon the specific implementation and characteristics
of the boiler. Efficiencies as high as 60% have been seen in the most favorable cases. The reason for the broad
range in performance across diverse applications is the difficulty of achieving favorable mixing of NH3 and
NOx within a region experiencing the optimal temperature range for NOx reduction, a challenge that is tackled
suitably with the CFD modeling technologies described herein. FTI is a world-wide leader in SNCR with over
480 installations to date.

Selective Catalytic Reduction (SCR)
SCR is the most efficient post combustion technology and entails injection of NH3 into the flue gas downstream
of the boiler and reaction with NOx upon a catalytic substrate at temperatures generally within the range of 500
to 750 F. In general, the following reactions are responsible for NOx reduction.

NOx reduction efficiencies as high as 95% have been achieved in the most favorable cases. Again, performance
is dependent upon achieving favorable mixing of NH3 and NOx, as well as uniform velocities within the
catalytic reactor. Unfortunately, SCR is the most capital intensive of these technologies, with prices as high as
over $300/kW total installed cost. FTI is a world-wide leader in SCR design, having taken part in the design of
over 40,000 MW of SCR installations to date.

ADVANCED SCR
Over the previous decade, FTI has developed and refined the low-cost, high-performance technology now
known as Advanced SCR. This layered technology concept gains its advantages from the synergies that exist
between the three previously discussed existing technologies when they are applied simultaneously by experts
with an overarching design concept in focus.

Alleviating the Need for “Go to Ground” SCR
For the existing facility or green field site with the advantage of having the appropriate space for an ASCR
arrangement, the ASCR design is the lowest cost solution that can achieve high NOx removal efficiencies.
Although results will vary depending upon the application, FTI believes that ASCR will typically be able to
achieve NOx removal efficiencies of approximately 80% at half the cost of stand-alone SCR. This is possible
for the following reasons:
The ASCR concept employs a single layer of catalyst, in combination with combustion modifications and
SNCR. The catalyst is installed in a modified, expanded piece of existing vertical ductwork, located between
the economizer outlet and air preheater (APH) inlet, as shown in the following typical example.
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As the reader can see, the catalyst portion of an ASCR contains all of the components of a typical SCR
installation. ASCR gains the largest portion of its economic advantage over standard SCR installations via this
arrangement. Given typical components as shown above, and typically overdesigned structural steel and
foundations, these modifications and additions can be made without the need for new foundations or to modify
extensively the existing structural steel. In addition, there is no need to relocate or modify the existing APH,
which is sometimes a costly element of an SCR retrofit.

Synergies Enhance Performance
The following synergies are active in allowing ASCR to achieve the surprisingly strong NOx removal
efficiencies being discussed.
SNCR design that is close-coupled to the design of the combustion modification provides for greater SNCR
performance. A deep understanding of the boiler dynamics, both before and after combustion modifications are
installed, via CFD modeling and field testing, allow for FTI engineers to design SNCR systems that can achieve
previously unattainable levels of performance.
SNCR performance is further maximized by the inclusion of the catalyst layer. Current limitations on SNCR
performance are predicated on the amount of “ammonia slip” allowed, typically on the order of 2-10 ppm.
Performance can be pushed to achieve greater NOx removal efficiencies and lower urea consumption rates by
relaxing this requirement. The existence of the downstream catalyst layer allows for such a relaxation, as the
design is comprehensive, with the catalyst design itself taking into account this additional NH3 source and
acting as a NH3 “mop”, if you will.
Catalyst performance is maximized by dual effect; lower inlet NOx levels due to the upstream NOx removal
technologies and expert use of high-technology FTI tools and components such as CFD modeling, static mixer
technology, Ammonia Injection Grid (AIG) technology, and the patent pending Graduated Straightening Grid
(GSG) technology.

CFD MODELING
The primary technical hurdle to understanding and deploying ASCR as a proven technology has been the
progressive development of CFD modeling tools. As the reader can imagine, 10 years prior to now the CFD
modeling tools were only a small percentage of the tools they are now. In the following figure, courtesy of
(Wikipedia, 2010), we qualitatively demonstrate the continuous march of hardware improvements, according to
Moore’s Law (Moore, 1965) an ad-hoc empirical rule that states that the number or transistors that one can
squeeze onto an integrated circuit doubles every two years.

TPP-587

3
Fuel Tech, Inc. • 27601 Bella Vista Pkwy • Warrenville, IL 60555
630.845.4500 / 800.666.9688
www.ftek.com

As another example of this evolution, the reader can compare the components and performance capabilities of
the state-of-the-art engineering workstation computer in 1999 versus 2009 below.
Processor

RAM

Hard Drive

Graphics Card

Cost

CFD Cells
Possible

Run Time
Needed

1999

350 MHz Pentium II

128 MB
32 MHz

4GB
128 RPM

16 MB
32 MHz

$3,150

~200K

2 days

2009

2 X 6 Core 2.2GHz

32 GB
667 MHz

500 GB
7200 RPM

2 X 1 GB
648 MHz

$3,870

~40M

2 days

These advancements, coupled with more efficient and streamlined CFD algorithms and tools, have enabled the
CFD modeling described herein.

Coal Combustion Modeling
At heart, coal combustion is the result of physical mechanisms such as mixing, evaporation, pyrolysis and
multiple chemical reactions, primary of which are the exothermic oxidation reactions of volatile matter. The
process of creating computational models of such a complicated process is not without its challenges and is a
continually evolving science. We will only review the basics of that science here.
The primary steps in the coal combustion process are shown diagrammatically in the following figure,
reproduced with permission courtesy of Kurose, et al (Kurose, 2004). The process consists of moisture being
driven out of the coal particle via evaporation, light volatile gases (methane, etc.) being driven off via
devolatilization, the light volatiles reacting on many parallel pathways, and the remaining volatile matter (C, H,
O, N) reacting in the form of solid char oxidation reactions until only ash remains. In addition, quantities of
NOx that are created during the process are classified based upon their origins, as noted by “Zeldovich NOx”,
“Fuel NOx” and “Prompt NOx” in the diagram.
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It is widely accepted that there are hundreds of intermediate species and reaction pathways involved in the
combustion of coal. Therefore, despite the advanced nature of today’s computing hardware, simplifications are
still needed for the computational problem to be tractable. Levels of simplification vary with the goal being to
add enough complexity into the modeling as required to capture the necessary physics while maintaining
solvability. FTI typically reduces the reaction set to the following Arrhenius type reactions, i.e, with reaction
rates of the form:

In the above, A is the pre-exponential factor, β the temperature exponent factor, E the activation energy, and y
the reactant exponent (Borman, 1998).
Reactions

Pre Exponential (m3,
kg mol, sec, K)
2.8E9

Temperature
Exponent
0.0

Activation Energy
(J/kg mol)
2.023E8

Reactant 1
Exponent
-0.3

Reactant 2
Exponent
1.3

9.0E13

0.0

1.676E8

1.0

.25

The rate coefficients, u, v, w, x, y, and z are determined by the ultimate and proximate coal analyses.
For further information on how evaporation, devolatilization and char oxidation are handled computationally,
the reader will find more detailed information in the Star-CCM+ user guide (CD-Adapco Group, 2010).
From a practical point-of-view, the accuracy of the physical property inputs for the coal, such as the coal
particle size, shape, density, and ultimate and proximate analyses are critical to the accuracy of the simulations.

NOx Formation
It is widely accepted that NOx formation arises from several mechanisms: Fuel NOx, Thermal NOx, and Prompt
NOx. For coal combustion, Fuel NOx and Thermal NOx are important and should be included in combustion
models; however, Prompt NOx is insignificant and is usually not considered.
Fuel NOx is formed entirely from the nitrogen content in the fuel. Due to the relatively high nitrogen content in
most coals, Fuel NOx is an important source for NOx formations in coal fired burners. De Soete first proposed
the global reaction mechanisms for Fuel NOx formations (de Soete, 1974). HCN and NH3 are two major
intermediates which lead to NO production. The four global reactions are given below and can be implemented
into CFD simulations to predict NOx profiles. Here, the reactions follow a modified Arrhenius rate law based
as seen below. These rates are based on the mole fractions of the reactants, X, not the concentrations of the
reactants as seen previously.
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Reactions

Pre Exponential
(kg mol, sec)
1.0E10

Activation Energy
(J/kg mol)
2.805E8

Reactant 1
Exponent
1.0

Reactant 2
Exponent
0-1

3.0E12

2.512E8

1.0

1.0

4.0E6

1.339E8

1.0

0-1

1.8E8

1.130E8

1.0

1.0

Thermal NOx is formed due to high temperature oxidation of nitrogen from the air. Thermal NOx is widely
accepted to follow the Zeldovich mechanism, detailed below. Here, the reactions follow the Arrhenius rates
seen previously but repeated below for convenience. Note that the activation energy, E, and the universal gas
constant, R, have been grouped together for simplification. It should also be noted that the thermal NOx is
calculated as a post-processing step in the calculations.

Reactions

Pre Exponential
(m3, kg mol, sec, K)
1.8E11

Temperature
Exponent
0.0

E/R (K)

3.8E10

38370

Reactant 1
Exponent
1.0

Reactant 2
Exponent
1.0

0.0

425

1.0

1.0

1.8E7

1.0

4680

1.0

1.0

3.8E6

1.0

20820

1.0

1.0

7.1E10

0.0

450

1.0

1.0

1.7E11

0.0

24560

1.0

1.0

SNCR Modeling
Similar to coal combustion, it is widely recognized that there are hundreds of intermediate species and reaction
pathways involved in the SNCR process for reducing emissions of NOx. The two-step reaction simplification
described here, first proposed by Ostberg et al. (Ostberg, 1997), has been shown to produce realistic NOx
reductions over a wide range of boiler conditions. Similar to the oxidation reactions above, the reactions in this
two-step SNCR mechanism are modeled with Arrhenius type reaction rates with the same form as above, as
shown in the following table:

TPP-587

6
Fuel Tech, Inc. • 27601 Bella Vista Pkwy • Warrenville, IL 60555
630.845.4500 / 800.666.9688
www.ftek.com

Reactions

Pre Exponential
(m3, kg mol, sec, K)

Temperature
Exponent

Activation Energy
(J/kg mol)

Reactant 1
Exponent

Reactant 2
Exponent

Reactant 3
Exponent

4.24E5

5.3

3.499E8

1.0

1.0

0.0

350

7.65

5.245E8

1.0

1.0

N/A

SCR Modeling
Compared to the previous two technologies, the science of CFD modeling of SCR is considerably simpler,
though the art of providing an efficient system is considerably more complex. Most importantly, the NOx
removal efficiency is highly dependent upon the incoming distributions of NOx, NH3, temperature and velocity.
Failure to achieve such homogeneous distributions is the most common reason for underperformance of SCRs.
These dependencies are evident in the reaction mechanism across the catalyst, shown below, as first proposed
by Wendt et al. (Wendt, 2001). Instead of an Arrhenius type reaction, the SCR NOx reduction mechanism has
been theorized as a Langmuir-Hinshelwood type rate equation, of the form

In the above, A is the pre-exponential factor, KNH3 is the NH3 absorption constant and E is the activation energy.
Reaction

Pre Exponential
(m/s)
6.864E8

Activation
Energy (J/kg
mol)
1.343E8

NH3 Absorption
Constant (m3/kgmol)
3.946E3

TEST CASE
This test case was part of a larger effort in which FTI designed and installed combustion modifications for a
utility in the North East. It was decided that because of the moderate size of the boiler, the availability of a field
measurement data, and the previous work performed, this system would make an excellent test case for the CFD
tools described herein.
The boiler is a 32 MW rated, B&W front wall-fired boiler with two columns of three burners each. The boiler
is pictorially represented in the figure below.
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The next few figures demonstrate output from the CFD modeling. First, the flame front is visualized by an isocontour plot of CO2 equal to 70,000 ppm, which is colored by temperature (scale shown on right of figure). In
addition, the coal particles path lines are shown, colored by the mass fraction of the raw coal in the particles
(scale shown on left of figure). They are shown disappearing as the mass fraction of raw coal dips below
0.0001%.

Next we demonstrate the char creation (as devolatilization occurs) and destruction (as char oxidation occurs) of
the coal particles. This is shown by coloring the coal particle pathlines by the particle mass fraction of char
(scale shown on left of figure).

Next we demonstrate the levels of various chemical and physical property precursors to the creation and
destruction of NOx. Specifically, we provide the contour plots of NH3, HCN, CO and the temperature along the
centerline of one of the columns of burners, with the temperature plot additionally showing the outline of the
computational mesh grid within the boiler.
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The final boiler figure demonstrates the urea droplet trajectories and evaporation (droplet pathlines colored by
particle mass as scale shown on left hand side of figure) as well as the creation and destruction, via SNCR, of
NOx, by the horizontal and vertical contour planes, which are colored by the concentration of NOx in the flue
gas (scale shown on right hand side of figure).
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Lastly we move into the SCR portion of the ASCR design. As was previously mentioned, the concentrations of
NOx and NH3, the temperature profiles, and the velocity patterns exiting the boiler are critical to the effective
design of the SCR. If the NOx and NH3 profiles are highly skewed exiting the boiler, one or more static mixers
may be required to satisfy the required distributions entering the catalyst. If the NOx and NH3 profiles are
relatively homogenous, a tunable Ammonia Injection Grid (AIG) may be sufficient.
First, we focus on the effect of the patent pending FTI technology known as the Graduated Straightening Grid
(GSG), used to provide optimally distributed and uniformly vertical gas velocities into the catalyst. The reader
should note that the above reactor GSG is providing previously unrealizable flows into the catalyst in this
confined space arrangement. The GSG technology is a technological breakthrough that will enable the
evolution of the ASCR concept from a marginally useful tool in the most generous spatial constraint cases to
being applicable, and highly efficient, across a wide range of units.

We concentrate in the following figure on the evolution of the NOx profile as the flue gas moves through the
catalyst portion of the ASCR, with various contour planes throughout shown in the isometric view on the left,
and the centerline contour plot shown in elevation on the right of the following figure.
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Next we focus on the evolution of the NH3 profile as the flue gas moves through the catalyst portion of the
ASCR. The results shown here are after only a few iterations upon the design have been performed, whereas
during a typical design project as many as 50 iterations should be expected. Thus the results are “unoptimized”
and distributions could be expected to be improved upon. In addition, the AIG has not been tuned and is
injecting equal volumes of NH3 in all zones.
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All of the various modeling tools discussed above are currently being validated against existing installations
where field test data are available and the results of those validation studies will be made available in future
publications.

SUMMARY
In summary, the ASCR concept projects to be a widely implemented Nitrogen Oxide reduction technology, as it
stands to benefit from both increased NOx emissions regulations and capital constraints, and holds the market
advantage of providing the “SCR like” NOx reductions at a fraction of the cost. The reasons for this advantage
are the newly discovered performance and cost benefits to be realized when the individual NOx control
technologies; combustion modifications, SNCR, and SCR, are integrated into a single system design. The
synergies include, but are not limited to:
1.

The catalyst component does not necessitate the “need to go to ground” with new structural supports as the
catalyst component is designed to utilize existing ductwork and structural supports, as much as possible.
Thus ASCR is able to realize the performance benefits while minimizing the high cost of SCR. In addition,
the existing capital and operating cost advantages of combustion modification and SNCR are emphasized
as much as possible.

2.

Performance synergies. All of the components’ individual efficiencies are enhanced when designed and
implemented within a system-wide design approach and in conjunction with the other elements.

Three chief developments and tools are, and will continue to be, critical to the wide-scale deployment of ASCR,
as discussed herein. These are:
1.

A team capable of a comprehensive system design, where each of the technological components is
considered in relationship to the other technologies. Inputs and outputs to each technology are not
considered as isolated events, but as feed forward and backward inputs to the other technologies, to be
optimized.

2.

Highly evolved flow distribution devices, such as static mixing technology, AIG technology and the
Graduated Straightening Grid. The latter is particularly important in providing optimal flow through the
catalyst under challenging spatial constraints and ensures that the catalyst portion of ASCR provides the
full benefit possible, and thus the system as a whole can perform as described.

3.

Efficient and affordable computational fluid dynamics modeling tools. Both the improvements in hardware
and software, as well as the development of the appropriate physical phenomenological models, have
resulted in a design tool that engineers can use iteratively to hone in on optimal performance. When every
PPM matters to meeting critical performance levels, it can be safely argued that such a tool is paramount.

These proficiencies and tools continue to be developed within Fuel Tech and pilot installations are being
targeted. Future results to include CFD modeling validations and full-scale installation performance will
follow.
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