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EERC DISCLAIMER 
 
 LEGAL NOTICE This research report was prepared by the Energy & Environmental 
Research Center (EERC), an agency of the University of North Dakota, as an account of work 
sponsored by Lafarge North America (LNA) and the U.S. Department of Energy (DOE) National 
Energy Technology Laboratory (NETL). Because of the research nature of the work performed, 
neither the EERC nor any of its employees makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement or recommendation by the EERC. 
 
 
DISCLAIMER 
 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government, nor any agency thereof, nor any of 
their employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
 

This report is available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders 
accepted at (703) 487-4650. 
 



 

 

LONG-KILN NOx REDUCTION STUDY 
 
 
ABSTRACT 
 
 Field sampling was conducted by the Energy & Environmental Research Center at two 
Lafarge North America cement kiln locations in Canada. Emissions including SOx, NOx, and 
particulate were measured and reported at various locations throughout the kilns.  At each site 
data were collected on two kilns during field sampling. However, only Kiln 1 at the Ravena site 
was utilized for modeling efforts. Experimental work was then conducted to estimate the 
effectiveness of various NOx control techniques on limiting both NOx and SOx emissions in 
cement kiln exhaust. Theory-based models were constructed to estimate both NOx and SOx 
emissions from cement kilns. These models were then applied to estimating the impact of 
various NOx control strategies on kiln exhaust emissions. 
 
 The sulfur model constructed as part of this work was successful at predicting SO2 
emissions and sulfur capture in the Alpena kiln. This model is designed to run as a 
postprocessing step that uses the output of a NOx model as input. With an accurate NOx model, 
the sulfur model may prove to be a valuable tool in estimating the impact of kiln modifications 
on sulfur emissions. 
 
 The NOx model was also applied to model several operating scenarios on three of 
Lafarge’s kilns: Alpena 20/21, Alpena 22/23, and Ravena 1. The predictions of the flue gas 
temperature at the kiln feed end, the kiln shell heat loss, the quality of clinker, and the excess O2 
in the flue gas are consistent with the audit data. The developed simulation tool in this project 
has proven to be an effective way to investigate the NOx emissions, to optimize kiln 
performance, and to assess changes in operating condition on kiln performance. 
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LONG-KILN NOx REDUCTION STUDY 
 
 
EXECUTIVE SUMMARY 
 
 Using the results of kiln audits for comparison, the Energy & Environmental Research 
Center (EERC) assembled models to predict NOx and SOx emissions. NOx modeling was 
performed using computational fluid dynamics, while SOx modeling was performed using a 
combination of kinetic equations available in the literature and pseudoequilibrium 
considerations. Together, these models gave relatively accurate predictions of the emissions from 
the three Lafarge kilns. An additional kiln was also modeled, but the results could not be 
analyzed for accuracy because of limited availability of field data. Cement production was at or 
near record levels during the field sampling, and this made sampling difficult because of the need 
to run at full capacity, leaving little or no time for personnel to do anything other than run the 
plant. 
 
 Two NOx models were assembled. The first was a simplified kiln model constructed using 
FLUENT software at the EERC. The second was a more rigorous computer model constructed 
by Process Simulations Limited (PSL). Both NOx models were used to estimate the effectiveness 
of several NOx control strategies, with the EERC model intended to give quick results and the 
PSL model intended to give more accurate results. The PSL model was also used to estimate the 
impact of NOx reduction strategies on clinker quality. 
 
 Prior to detailed kiln modeling, PSL’s NOx model was validated against data from two 
laboratory-scale combustion test furnaces located at the EERC. The temperature and gas 
composition predictions were fairly accurate for the larger system, although they were less 
accurate for the smaller system. In both cases, NOx predictions were far lower than the observed 
values. Further testing and modeling revealed that the prediction of fuel NOx is reasonable, but 
the thermal NOx is underpredicted in the lower temperature range and could be overpredicted in 
the very high temperature range. This is because the thermal NOx formation rate is an 
exponential function of temperature, and it is very likely that this function of temperature only 
approximately represents the NOx formation process. The improvement of the NOx model will 
require better kinetics and experimental data. 
 
 The final PSL model includes a clinker formation model, a multilayer refractory model, a 
dust heat transfer and a calcination model, a NOx formation/destruction model, and a whole-tire 
combustion model. PSL modeled three kilns as part of this project: two dry kilns from the 
Lafarge plant at Alpena and one wet kiln from the Lafarge plant at Ravena. Using this numerical 
tool, PSL investigated the impact of burner design, cement kiln dust (CKD) insufflation, and 
midkiln tire combustion on NOx emissions. 
 
 For the case of two Alpena kilns, the predictions of kiln performance were validated 
against audit data and on-site measurements of the flue gas temperature, excess oxygen in the 
flue gas, NOx emissions, clinker quality, and kiln shell loss. The simulation results of Alpena 
Kiln 20/21 show that a low-NOx burner designed by Lafarge can reduce NOx emissions by about 
74%. However, a similar design of the low-NOx burner was predicted to almost double the NOx 
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emissions in Alpena Kiln 22/23. Other than the primary/secondary air split, the only differences 
between Kiln 20/21 and Kiln 22/23 are the kiln size and the load. It is not clear why the same 
design of low-NOx burner resulted in a significant reduction of NOx in one kiln simulation but a 
significant increase of NOx emission in the other simulation. 
 
 The modeling of Ravena Kiln 1 with and without CKD insufflation indicated that CKD 
significantly reduces the flame temperature and, consequently, NOx emissions. The contribution 
comes from the heat absorption by dusts as they increase the temperature and endothermically 
calcinate. 
 
 The PSL model of midkiln tire combustion also showed that this is an effective way to 
reduce flame temperature which, in turn, reduces NOx emissions. In Alpena Kiln 20/21, the 
simulation results showed that 20% of fuel replacement by tires can reduce NOx emissions by 
about 33%. Further replacement can further reduce NOx emissions, but the clinker quality 
becomes worse. The model indicates that in order to provide enough heat for the calcination 
process, whole tires should be dropped into the calcination zone. 
 
 Concurrent with modeling efforts, a number of NOx reduction additives were tested in 
bench- and pilot-scale furnaces located at the EERC. Laboratory- and bench-scale combustion 
testing indicated that none of the additives tested achieved significant NOx reduction under the 
conditions used in this study. Because the geometry and temperature of the systems used in this 
study are fundamentally different from those observed in cement kilns, the negative results may 
not correlate directly to kilns. Some of these additives could potentially lower both NOx and SOx 
in a cement kiln, but further testing at more extreme conditions would be required to test this 
hypothesis. Given the cost of such testing and the negative results obtained, no further testing 
with these additives is recommended. 
 
 The sulfur model constructed as part of this work was successful at predicting SO2 
emissions and sulfur capture in the Alpena kiln. A sudden spike in sulfur capture was generally 
predicted at the hot exit of the kiln and was ignored to obtain accurate results. This model is 
designed to run as a postprocessing step that uses the output of a NOx model as input. With an 
accurate NOx model, the sulfur model may prove to be a valuable tool in estimating the impact of 
kiln modifications on sulfur emissions. 
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LONG-KILN NOx REDUCTION STUDY 
 
 
INTRODUCTION 
 
 Lafarge North America (LNA) is concerned about the level of NOx and SO2 emissions 
produced from long kilns when compared with the latest preheater/precalciner (PH/PC) 
technology. A better understanding of the formation of such pollutants in long (dry and wet) 
cement kilns is desired for determining a strategy to mitigate emissions from long rotary kilns to 
levels comparable with PH/PC kilns. Long kilns typically emit 3–5 times more NOx and SO2 
than PH/PC kilns, the main reasons being that the thermal input is concentrated at one point and 
there is no further NOx reduction zone and little SO2 scrubbing with the incoming materials.  An 
illustration of a typical rotary cement kiln with preheater is shown in Figure 1; however, the 
rotary kilns evaluated in this study were without PHs. Cement kilns are countercurrent flow (heat 
and material) rotating cylindrical operations that are slightly canted from the raw material input 
end down to the combustion end. Raw material is fed as input at the upper end and travels the 
length of the kiln to produce cement clinkers at the lower end. The lower end is where fuel is 
introduced and combusted and will have very high temperatures to bring the cement clinkers to 
the required temperature prior to removal. Cement kilns can be dry or wet, with the significance 
referring to the state of the raw material as it is fed to the kiln. The raw material fed to the kiln 
typically consists of limestone, silica, alumina, and iron in varying proportions dependent upon 
the desired product qualities. Combustion air is drawn into the kiln through large openings at the 
clinker exit, and this air is drawn over the clinkers in the cooler to aid in clinker temperature 
reduction and to preheat the combustion air. Since the air intake does not readily lend itself to 
staging or overfire type conditions, rotary kilns tend to produce a lot of thermal NOx.   
 
 

 
 

Figure 1. Illustration of rotary cement kiln with preheater (1). 
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 LNA has already employed a basic approach to reduce NOx emissions. In the interest of 
pursuing greater NOx reductions, LNA requested assistance to model NOx emissions and 
determine the best approach to significantly decrease them. The Energy & Environmental 
Research Center (EERC), located at the University of North Dakota (UND), evaluated NOx 
reduction strategies for LNA, working in partnership with Process Simulations Limited (PSL), a 
modeling firm closely linked to the Mechanical Engineering Department at the University of 
British Columbia (UBC). To determine strategies for effectively lowering NOx emissions, a 
series of tasks related to modeling NOx and SOx emissions under various process and system 
conditions were conducted. The project involved field sampling at one of LNA’s kilns, deriving 
and testing mechanisms for NOx and SOx production, formulating algorithms based on these 
mechanisms, and modeling the mechanisms using chemical modeling methods and 
computational fluid dynamics (CFD) modeling. The end result of the modeling exercise was 
used to prescribe strategies for NOx emission control, with accompanying impacts on SOx, for 
two North American cement plants. 
 
 
FIELD SAMPLING 
 

Ravena Kiln Data 
 
 Testing was conducted at Ravena over 3 days, May 25–27, 2005, with an audit occurring 
May 26, 2005. Kiln 1 was targeted for data collection during the May 26 audit, with additional 
data collected on Kiln 2 over the period May 25–27. Field sampling was completed for Kiln 1 at 
the exit location for gas composition and moisture. The procedure included operation of a gas 
condensation train (similar to U.S. Environmental Protection Agency [EPA] Method 5, or the 
Ontario Hydro [OH] method) and emission measurement downstream of the train. Therefore, the 
emission measurement was taken for dry gas. A portable Testo model 350 XL was used to 
measure NO, NO2, CO, and O2. The gas analyzer was calibrated at the factory directly prior to 
field sampling. Carbon dioxide was measured by collecting an average dry sample over  
15–60 minutes and then analyzing the gas using a Bacharach fyrite analyzer and Dräger tubes. 
 
 Sampling was conducted at various locations within the Ravena Plant. Figure 2 provides a 
layout of the site and sampling locations. Figure 3 shows the temperature of the kiln surface 
along the kiln axis. 
 
 The following provides a description for testing completed on May 26 for Kiln 1. 
Sampling was conducted at the exit location for moisture, CO2, and emissions. Moisture was 
collected from the impingement train sampler during all tests and totaled. The majority of the 
data did not include an SO2 reading since SO2 is scrubbed from the impingement sampler; 
therefore, direct readings (nonimpinged hot gas) were taken to obtain SO2. Measurements for 
impinged and nonimpinged gas show that measurements of CO, NO, NO2, and O2 are not 
affected by the impingement train.  
 
 Measurements appeared relatively consistent to produce accurate averaging. Oxygen, NO, 
and NO2 readings did not vary significantly. However, it should be noted that spikes were 
evident in CO measurements, and SO2 measurements did vary widely. 
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Figure 2. Sampling locations at Ravena. 

 
 

 
 

Figure 3. Temperature of the kiln surface along the kiln axis. 
 
 
 Additional data were collected on May 25 and May 27 before and after the kiln audit. 
Sampling on May 25 included Kiln 1 at the kiln exit and fan exits and Kiln 2 at the fan exits. 
Comparisons can be drawn between east and west fans and upstream and downstream locations.  
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Alpena Kiln Data 
 
 The Alpena sampling included Kiln 23 (example of a large kiln) on May 30–31, 2005, and 
Kiln 21 (example of a smaller kiln) on June 1–2, 2005. Sampling took place just before the 
induction fan at the exit of each kiln. The induction fan for each kiln has two inlets on each side 
of the fan, referred to as the east duct and west duct. Each duct was traversed for velocity (pitot) 
and temperature variations. Based on the results of the traverse, a single point was chosen to best 
represent the average velocity of the gas. 
 
 Sampling included gas emissions, CO2, particulate, and moisture. A total of 16 particulate 
samples were performed, eight on each kiln and four per duct. Because of the large amount of 
particulate involved, sampling durations were 30 to 50 minutes. A multicyclone for particle-size 
distribution was used as part of a Method 5 test to find particle sizes with moisture 
measurements. During particulate sampling, gas analysis was completed using the exhaust from 
the Method 5 trains to provide a dry, particle-free gas. These data points were compared with 
direct measurements from the stack through a separate filter and ambient water knockout for 
validity. Several instruments were used to collect gas data: a Landcom 3 and ECOM portable 
analyzer for O2, CO, NO, NO2, NOx, SO2, and CxHy. CO2 measurements were collected with a 
GV-100S GASTEC dry detector tube system or a Bacharach wet method collection system. 
 
 Comparisons revealed no recognizable difference between direct gas measurements versus 
measurements through the Method 5 train, although, in some cases, SO2 was washed from the 
sample. Surprisingly, the SO2 measurements for Kiln 21 were low even from direct 
measurements. 
 
 The notable information from this is that SO2 was only seen significantly present in the 
larger kiln but not present in the smaller one, and NOx was slightly higher in the larger kiln than 
the smaller. SO2 was highly variable in Kiln 23. The smaller kiln tended to exhibit higher 
concentration of particulate. Particle size for the majority of samples measured was in the  
8–10-µm range. 
 
 Flow measurements for Kilns 21 and 23 were conducted by performing a complete 
traverse. The measurements were recorded by Lafarge personnel and entered into a spreadsheet. 
Gas compositions were provided by the EERC, and the spreadsheets were used to calculate flow 
based on the duct dimensions measured by Lafarge.  
 
 
ADDITIVE TESTING 
 
 Various additives have been reported in the literature to decrease NOx emissions under 
certain conditions. Some of these additives may be applicable to reducing NOx emissions in the 
cement industry, specifically during cement production in kilns. Because of the high capital costs 
associated with installing NOx reduction systems on an existing kiln, small-scale testing was 
performed to determine whether additives could adequately reduce NOx under the conditions 
found in a cement kiln. 
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Cement Kiln Dust 
 
 Cement kiln dust (CKD) has been insufflated into cement kilns for a number of decades 
(2). CKD insufflation has been observed to result in NOx reduction. Typically, in cement kilns, 
CKD will be injected at a mass flow rate roughly double that of the coal feed rate, and the 
injection point is located downstream of the burner, but may be located within the burning zone, 
to achieve NOx reduction (2). 
 

Activated Carbon 
 
 Activated chars containing elevated levels of sodium are known to be capable of capturing 
and reducing NOx in stationary reactor beds (3). One study conducted at the EERC but never 
published showed that doping lignite-derived chars with CaO resulted in an increased ability to 
capture and reduce NOx from diesel exhaust. In this study, the CaO-doped char was intended to 
first capture NOx from the diesel exhaust. The char would then be physically moved to a 
chamber in which it could be heated slowly under low partial pressure of oxygen to evolve the 
captured NOx as nitrogen. 
 
 Although not directly applicable to a cement kiln, this technology could be used by 
entraining the char material in the flue gas, where it would capture NOx. The char would then 
naturally settle out into the raw mix at the cold end of the kiln. Conveyance of the solids toward  
the hot end of the kiln would slowly heat the char under reduced O2 partial pressure to evolve N2. 
This process would directly mirror the envisioned process of gas-phase NOx capture followed by 
transfer to a slowly heating solid phase in a low-O2 environment. Ultimately, the carbon would 
burn out near the hot end of the kiln and only CaO would remain, resulting in limited or zero 
negative impact on clinker quality. 
 

Metals and Metal Oxides 
 
 The patent by Brunner et al. (4) claims that injecting various oxides, including Fe2O3 and 
TiO2, directly into the flame of a cement kiln results in reduced NOx emissions. Ideally, the 
preferred oxide is Fe2O3, and it should be injected at mass flow rates no more than 3% of the coal 
feed rate to avoid negatively impacting the cement clinker quality. While Brunner only claims 
NOx reduction because of oxide injection into the flame, injection downstream of the flame 
might also result in NOx reduction, depending on whether the oxides actually inhibit formation 
of thermal NOx directly in the flame or simply reduce NOx after it has formed. 
 
 
EXPERIMENTAL 
 

CEPS Testing 
 
 Testing was performed in the conversion and environmental process simulator (CEPS) at 
the EERC to determine the effect of various catalysts and other additives on NOx reduction 
during low-rank coal combustion. 
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 The CEPS is a top-fired drop-tube furnace capable of combusting up to  
4.4 lb/h of pulverized coal at 40,000 Btu/h. It is electrically heated to maintain flue gas 
temperatures of 1773 K in the radiant zone, followed by cooling in a convective pass and 
particulate removal in a baghouse. Various ports located along the length of the system may be 
used for additive injection. For the current work, the CEPS fired a Mississippi lignite at 3.5 lb/h. 
Although the cement kilns for which this work is being performed do not typically fire lignite, 
they do fire combinations of higher-rank coals and various material ranging from tires to debris. 
The lignite, which was one of the coals readily available to the EERC at the time of testing, was 
thought to provide a balance of these materials. An illustration of the CEPS is shown in Figure 4. 
 
 

 
 

Figure 4. Illustration of the EERC CEPS. 
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 Three sets of additives were tested in the CEPS: CKD, CaO-impregnated char, and metals 
and metal oxides. The test matrix is shown in Table 1. Additional tests were initially considered, 
but operability problems limited the scope of work. 
 
 CKD was injected with the secondary air into the flame region of the CEPS to determine 
its quantitative effect on NOx reduction. CaO-impregnated char was injected just upstream of the 
baghouse rather than near the flame to prevent the char from combusting. The metal and metal 
oxide additives were chosen from the patent by Brunner et al. (4). Metal and metal oxide 
additives were mixed with the coal prior to feeding. One test was performed when iron oxide 
(Fe2O3) was fed downstream of the coal injection port to determine whether mixing with the coal 
had an impact on ability to reduce NOx. 
 

Laboratory Testing 
 
 Further research into NOx reduction using additives was conducted using a bench-scale 
tube furnace. This furnace is a horizontal tube furnace capable of achieving temperatures higher 
than 1873 K (2912°F). The horizontal tube has a 1-inch diameter and is designed to sustain high 
temperatures for extended periods without softening. Stainless steel fittings are connected and 
sealed to the tube using graphite ferrules. Gas can be passed in one end of the airtight tube and 
collected at the other end, allowing one to see the effect of temperature on gas composition. 
 
 To test the effects of catalyst on NOx emissions, a plug of alumina wool was coated in 
Fe2O3 and pushed into the center of the tube. Pressure tests were initially performed to ensure 
that gas pressure would not force the plug out the back end of the tube. Concentrations of NOx 
and other gas species were measured using a Testo 350 XL portable emission analyzer. 
 
 NOx was provided from a gas cylinder containing 5000 ppm NOx in N2. NOx 
concentrations were measured first at room temperature through a section of ¼-inch tubing, then 
through the catalyst-coated plug at 1873 K and, finally, through the catalyst at room temperature. 
At the end of the test, the NOx content of the gas was again measured at room temperature 
through a section of ¼-inch tubing to ensure that the emission monitor had not undergone 
significant drift. 
 
 

Table 1. Test Matrix and Test Conditions for CEPS Testing 

Test Injection Point 

Injection 
Temperature, 

K 
Feed Rate, 

g/min 

Carrier Gas 
Flow, slpm, 

gas type 

Coal 
Feed 

Rate, lb/h 
CKD Secondary air 1773 12–23 23, air 1.68 
CaO–Char Just before BHa 413 5.3 23, air 3.5 
TiO2 Mixed with coal N/Ab 0.796 N/A 3.5 
Fe3O4 Mixed with coal N/A 0.771 N/A 3.5 
Fe Mixed with coal N/A 0.553 N/A 3.5 
Fe2O3 Just before 

convective pass 
1773 0.4 39.3, N2 1.68 

 a  Baghouse 
 b  Not applicable. 
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SULFUR MODEL 
 
 A large amount of sulfur can be expected to remain entrapped in a cement kiln via a 
“sulfur cycle.” This process involves sulfur volatilization at the hot end of the kiln followed by 
condensation at the cold end of the kiln. Other potentially volatile species, including chlorine, 
sodium, and potassium, will similarly remain trapped in the kiln by cycles of volatilization and 
condensation. Since the only two ways for sulfur to exit the kiln are by forming pollutant SO2 at 
the stack or by forming stable alkali sulfates in the clinker, it is generally desired to promote 
alkali sulfate formation. 
 
 Certain methods known to reduce NOx emissions may upset the sulfur cycle, causing 
undesirable emissions. To effectively predict both the amount of alkali sulfate formed and the 
effect of NOx reduction techniques on SO2 emissions, the EERC constructed a sulfur model to 
predict the ultimate fate of sulfur in a cement kiln. 
 

The Sulfur Cycle 
 
 In a long kiln, sulfate species entering the kiln at the cold end are carried in the solid phase 
to the hot end of the kiln, where sulfur volatilizes and joins the gas phase. Additional sulfur may 
enter the gas phase at this point if there is any present in the combustion fuel. 
 
 Gaseous sulfur is swept by the flowing gas toward the cold end of the kiln. As the gas 
cools, sulfur condenses as solid sulfate on dust particles, which present the greatest available 
surface area for sulfur condensation. Some of this dust will be trapped on the chains if the kiln 
utilizes a chain system. Much of the dust that escapes the kiln will be captured and may be 
recycled back into the kiln either via dust insufflation near the middle of the kiln or by being 
mixed with the raw kiln feed at the cold end. Sulfate-enriched dust that is trapped on the chains 
or mixed into the raw feed will rejoin the solid phase in the kiln, completing the sulfur cycle by 
adding sulfur back to the cold solids. Sulfate-rich dust insufflated into the gas stream nearer the 
hot end of the kiln joins other dust particles suspended in the gas stream, short-circuiting the 
sulfur cycle but keeping sulfur within the kiln nonetheless. 
 
 So long as the kiln continues to operate, sulfur has only two ways to escape the cycle. One 
is in the solid clinker exiting the hot end of the kiln. This may occur if alkali sulfates form, as 
alkali sulfates are somewhat more stable than calcium sulfate. The other way that sulfur can 
escape the cycle is in the gas phase exiting the cold end of the kiln. Sulfur condensation is 
thermodynamically and kinetically favorable around the center of the kiln, where much calcium 
oxide is present and the gas temperature is sufficiently high to transform inert SO2 into more 
reactive SO3. Nearer the cold end, sulfur condensation is less favorable because much of the 
calcium is present as inert CaCO3 and the reaction rate of SO2 oxidizing to SO3 is reduced. As a 
result, much of the gaseous sulfur that exits the stack can be expected to have originated at the 
cold end of the kiln from volatile sulfur species (such as pyrite) in the kiln feed. 
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Modeling Efforts 
 
 A number of investigators have proposed rate laws and mechanisms by which solid sulfate 
volatilizes and gaseous SO2 condenses (5–11). One of the more plausible mechanisms that was 
initially considered for modeling was a shrinking-core mechanism, or grain model (5). In this 
model, solid calcium oxide (CaO) in the gas-swept dust would have been treated as a collection 
of uniformly sized solid particles. As sulfate formed at the surface, the outside of the particle 
would form a shell of gas-permeable calcium sulfate (CaSO4), while the core of the particle 
would remain CaO. Diffusion of SO2 through the CaSO4 layer would compete with the reaction 
at the CaO surface to control reaction rate. While this model was probably a very realistic 
description of the process by which sulfation occurs, the construction of a code that would carry 
out the necessary calculations was found to be extremely time-consuming. 
 
 Because of the large number of competing reactions and multistep pathways involved in 
determining alkali and chlorine speciation and because each species can be in either the gas 
phase or the solid phase, use of kinetics to determine alkali sulfation rates was considered too 
difficult to implement given the project’s budget and scope. Instead, equilibrium and pseudo-
equilibrium data were used to calculate concentrations of alkali chlorides, hydroxides, oxides, 
and sulfates in the gas and solid phases in each cell. 
 
 The use of an equilibrium model for alkali speciation was justified for two reasons. First, 
alkali and chlorine can volatilize and condense inside the kiln, forming an “alkali cycle” and a 
“chlorine cycle” analogous to the sulfur cycle described above. These cycles mean that any given 
alkali or chlorine atom has a long residence time inside the kiln. Second, alkali and chlorine are 
present in very low concentrations relative to calcium. The long residence times, low 
concentrations, and high temperatures in the kiln mean that alkali and chlorine speciation can be 
assumed to approach equilibrium much more closely than calcium, which makes only a single 
pass through the kiln. 
 

Modeling Results 
 
 The model was applied to the Alpena kiln to test its accuracy. This kiln was chosen 
because data were available from PSL’s CFD model, which was used as input to the EERC’s 
sulfur model. The calcium model was run with and without the alkali model to determine the 
predicted impact of alkali on sulfur capture and emission. Efforts were also made to incorporate 
the effects of dust throughput on sulfur recirculation.  
 
 Comparisons were drawn between CaSO4 concentrations in the solids exiting the hot end 
of the kiln and SO2 concentrations in the gas exiting the cold end of the kiln between the model 
and the observed values reported in the Alpena audit. While the model seems to predict CaO 
concentrations poorly, this is because the value reported by the model is only CaO, while the 
audit value is the total of all calcium in the sample. 
 
 The model predicted SO2 emissions very accurately. Since the model results suggested that 
all SO2 exiting the kiln is volatilized pyrite, this is likely the case for the actual kiln. It should be 
noted, however, that the SO2 value reported in the Alpena audit was calculated by a mass balance 
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around the kiln. The SO2 value measured at the stack may be the result of air inleakage, sulfur 
capture downstream of the kiln, poor assumptions in the mass balance, or some combination of 
factors. 
 
 Predictions for CaSO4 in the clinker were fairly accurate. It should be noted that CaSO4 
from the audit data was calculated by assuming that all SO3 in the clinker was present as CaSO4. 
However, it should also be noted that the model predicted a sudden spike in CaSO4 
concentrations at the kiln exit, while the predicted CaSO4 concentration had been relatively 
stable up to this point. Since this spike seemed unlikely to correlate to an actual event, it was 
ignored in the modeling data, and the stable value predicted just downstream of the kiln exit was 
used instead. 
 
 Although not included explicitly in the model input, dust insufflation was also accounted 
for in the model. The fraction of dust captured from dust throughput but not wasted was assumed 
to be injected back into the cold end of the kiln, either by mixing with the feed or via insufflation 
followed by settling. This assumption was somewhat poor in that insufflated dust should not be 
expected to settle en masse directly at the cold exit of the kiln. However, because insufflated dust 
has already been heated in the flame and then cooled by the time it settles, it is composed of 
species that are fairly inert at low temperatures. Thus regardless of where the model placed the 
settled dust, the dust did not affect sulfur capture until it reached the hotter section of the kiln. 
 
 
NOx MODEL 
 
 NOx modeling using CFD software was performed both by PSL and by the EERC. PSL’s 
model was intended to be more robust and accurate, while the EERC model was intended to 
provide quick relative results. 
 

PSL Model 
 
 The CFD model constructed by PSL treats the gas stream as a fully three-dimensional 
turbulent flow that includes heat transfer, motion, and chemical reaction. The solids inside the 
kiln are treated using a one-dimensional plug flow model that includes heat transfer, movement 
of the solids, and chemical reaction. Heat transfer through the kiln wall is treated two-
dimensionally under the assumption that there is no temperature gradient around the 
circumference of the kiln, only along its length and through its wall.  
 

Initial Model Validation 
 
 Early validation of PSL’s NOx model was achieved by using the model to predict the 
combustion and emission behavior of two relatively simple laboratory-scale furnaces. 
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CEPS 
 
 The EERC’s Conversion and Environmental Process Simulator (CEPS) was simulated 
using PSL’s model. The operational conditions are averaged over a 1-hour period. The modeling 
results are illustrated in Figures 5 and 6 with the distributions of gas temperature; gas velocity; 
and concentrations of O2, CO, CO2, and NOx. Because of the burner design, the flow appears 
asymmetric in the top region of the combustor. As a result, the gas species concentrations 
distribute slightly asymmetrically. 
 
 The axial profiles of averaged temperature, NOx, and O2 across the combustor sections are 
plotted in Figure 7. The measured gas temperatures are also plotted for comparison. The original 
data show that the temperature reading in Section 4 was a constant number and, therefore, was 
considered unreasonable. It is seen that the predicted gas temperatures at Sections 3, 5, and 6 are 
very close to the measured ones. The predicted temperature at the top of the reactor is lower than 
the measurement. This is the ignition area, and the temperature distribution is nonuniform across 
the combustor section, which could lead to the difference between the prediction and the 
measurement. The predicted temperature at the exit in Section 7 is higher than the measurement. 
Other than at the inlet and outlet, the model prediction of the temperature in the flame zone 
shows reasonably good agreement with measurements. The predicted oxygen concentration at 
the reactor exit is about 7.3% (vol), which is slightly higher than the measured 5% (vol). The 
predicted NOx emission at the exit is about 700 ppmv, which is much lower than the measured 
1340 ppmv. 
 
 

 
 

Figure 5. Predicted distributions of temperature, NOx, and velocity in CEPS. 
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Figure 6. Predicted distributions of O2, CO, and CO2. 
 

 
Figure 7. Axial profiles of predictions and measurements in CEPS. 
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PTC 
 
 When the flow instability in the upper reactor and the low firing rate in the CEPS were 
considered, the combustion and NOx emissions were simulated in the particulate test combustor 
(PTC), another reactor at the EERC. The EERC’s pilot furnace is a 550,000-Btu/hr pulverized 
coal (pc)-fired unit designed to generate fly ash representative of that produced in a full-scale 
utility boiler. The combustor is oriented vertically to minimize wall deposits. A refractory lining 
helps to ensure adequate flame temperature for complete combustion and prevents rapid 
quenching of the coalescing or condensing fly ash. Based on the superficial gas velocity, the 
mean residence time of a particle in the combustor is approximately 3 seconds. The coal nozzle 
of the PTC fires axially upward from the bottom of the combustor, and secondary air is 
introduced concentrically to the primary air with turbulent mixing. Coal is introduced to the 
primary air stream via a screw feeder and eductor. An electric air preheater is used for precise 
control of the combustion air temperature. Originally, the PTC used cold-water annular heat 
exchangers to provide flue gas temperature control to the baghouse or electrostatic precipitator 
(ESP). However, analysis of ash deposits collected from the heat exchangers indicated that some 
mercury was collected on the duct walls. To minimize this effect, the heat exchangers were 
modified to provide for higher duct wall temperatures. 
 
 The PTC instrumentation permits system temperatures, pressures, flow rates, flue gas 
constituent concentrations, and particulate control device (baghouse, advanced hybrid particle 
collector [AHPC], and/or ESP) operating data to be monitored continuously and recorded on a 
data logger. 
 
 Flue gas samples can be taken at any combination of two of three available system sample 
points: the furnace exit, the particulate control device inlet, and the particulate control device 
outlet. After passing through sample conditioners to remove the moisture, the flue gas is 
typically analyzed for O2, CO, CO2, SO2, and NOx. Except for CO and CO2, each constituent is 
normally analyzed at both the furnace exit and the outlet of the particulate control device 
simultaneously, using two analyzers. The concentration values from all of the instruments are 
recorded continuously. In addition, data are manually recorded at set time intervals. NOx is 
determined using two Thermoelectron chemiluminescent NOx analyzers. The O2 and CO2 
analyzers are made by Beckman, and the SO2 analyzers are manufactured by DuPont. Each of 
these analyzers is regularly calibrated and maintained to provide accurate flue gas concentration 
measurements. An illustration for the PTC is given in Figure 8. 
 
 Based on operating conditions, PSL modeled one coal combustion case for the PTC.  
The modeling results are illustrated in Figure 9 with the distributions of gas temperature, oxygen 
concentration, and NO concentration on a cross section of the combustor. The average gas 
temperature is calculated on the cross sections along the combustor axis and is plotted in  
Figure 10. EERC measured the gas temperature at two locations, and the measured temperatures 
are shown in Figure 10 for comparison. The predicted gas temperature at the first point is very 
close to the measurement. The predicted temperature at the second point is slightly higher than 
the measurement. 
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Figure 8. Schematic of the EERC’s PTC. 
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Figure 9. Predicted temperature, oxygen, and NO in PTC coal combustion model. 
 

 
 The predicted oxygen concentration of 5.02% falls in the range of measurement. However, 
the predicted NO emission of 366 ppmv is lower than the measured 590 ppmv. In order to 
examine the contributions of thermal NOx and fuel NOx to the total NOx emission, a test with no 
fuel NOx consideration was carried out. The result of the test shows almost no NOx in the flue 
gas. It reveals that no thermal NOx is produced in the simulated coal-firing case. This is the result 
from the thermal NOx model adopted by PSL, as the predicted maximum gas temperature is 
lower than 1644 K. As discussed above, no significant thermal NOx is produced when the 
temperature is lower than 1800 K. 
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Figure 10. Comparison of temperature prediction and measurement in PTC coal combustion. 
 
 
 In order to validate the NOx model, PSL modeled natural gas combustion in the EERC 
PTC. The modeling results of gas firing are illustrated in Figures 11 and 12. The predicted flame 
temperature in gas firing is slightly lower than that in coal firing. By contrast, the two measured 
temperatures in gas firing are very close to those measured in coal firing. The predicted 
temperatures at the measurement locations are very close to the measurements, indicating that 
the PSL model is accurate in its predictions of PTC temperatures during natural gas combustion. 
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Figure 11. Predicted temperature, oxygen, and NO in PTC gas firing model. 
 

 
 The predicted oxygen concentration of 3.29% is close to the measured concentration of 
3.5%. However, the predicted NO emission of 8 ppmv is lower than the measured value of 
120 ppmv. In the case of gas firing, no fuel NOx is formed. The difference between the 
prediction and the measurement indicates that the thermal NOx model underpredicts the thermal 
NOx in the simulated lower temperature range. 
 
 Considering the higher flame temperature in coal firing, the thermal NOx could be slightly 
higher than 120 ppmv. Adding this amount of thermal NOx to the predicted NO formation in coal 
firing modeling gives a total NOx formation of about 500 ppmv, which is close to the measured 
NOx of 590 ± 44 ppmv. This indicates that the predicted fuel NOx is reasonable. 
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Figure 12. Comparison of temperature prediction and measurement in PTC gas firing. 
 
 
 The modeling of coal and gas combustion in the EERC’s PTC has shown a consistency 
between the predictions and the measurements in gas temperature and major flue gas 
components. In NOx prediction, PSL’s NOx model can predict fuel NOx reasonably well, but 
underpredicts thermal NOx in the temperature range lower than 1650 K. 
 
 The adopted thermal NOx model and the kinetic data calculate the thermal NOx formation 
rate in an exponential function of temperature. Although the model underpredicts thermal NOx in 
the lower temperature range, it is possible that it can predict thermal NOx reasonably well in a 
higher temperature range. On the other hand, it is also possible that the model overpredicts 
thermal NOx in an even higher temperature range. The model could be improved by modifying 
kinetic rate coefficients, but this effort would require experimental data at different temperatures. 
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Burner Configuration 
 
 The burner at Alpena Kiln 20/21 was changed in 2006 from a direct-fired system to an 
indirect-fired system in which air and fuel were fed separately through several ports in a low-
NOx burner. To examine the effect of burner configuration on NOx emissions and kiln 
performance, PSL’s model was used to predict the effect of this change. The predictions were 
validated against measured data collected from the kiln before and after the burner change. 
 
 The kiln model predicts three-dimensional distributions of gas temperature, velocity, and 
species concentration inside the kiln; axial profiles of clinker temperature and composition; and 
two-dimensional distributions of refractory and shell temperatures.  
 
 A flame is formed a short distance downstream of the burner in this model. Because of the 
high flame temperature, a large amount of NOx is formed in the flame zone. Moreover, both the 
refractory and kiln shell have high temperatures in the same area. Kiln feed materials are heated 
by the flue gas and start calcining near the fire end. Other clinkering reactions occur farther 
downstream in the burning zone. 
 
 The kiln bed can be divided into three regions based on the processes within the bed. In the 
first region, known as the preheating zone, clinker materials are heated, and the temperature 
increases. The next zone is the calcination zone within which calcium carbonates decompose into 
calcium oxides and carbon dioxide. The released carbon dioxide travels to the gas phase, and as a 
result, the mass flow rate of the bed decreases. Also, since calcination is highly endothermic, the 
clinker temperature increases very slowly. After the completion of calcination, the temperature 
of the bed rises further and peaks approximately where the peak flame temperature is attained. 
This last region is known as the burning zone and is the region in which the rest of the clinkering 
reactions take place. After reaching the peak temperature, the clinker continuously cools down as 
it travels toward the kiln exit. 
 
 The simulation results of the old burner operation were compared to plant measurements 
and audit data. The predicted clinker temperature at the kiln exit is lower than the measured 
clinker temperature. The model predicted an average flue gas temperature slightly lower than 
what was measured. Considering the complexity of the problem and the nature of the 
assumptions that were made, the predictions are reasonable. Based on a mass balance 
calculation, the oxygen concentration could not be as high as measured. This means that the gas 
sampled for NOx measurement was diluted by air. Converting the oxygen concentration to the 
same base, the predicted NOx emission should be higher than the measurement. The difference 
between the prediction and the measurement of NOx is attributed to the thermal NOx kinetics. As 
shown in the NOx model, the formation rate of thermal NOx increases exponentially when the 
temperature is high. Further computations showed a specific heat consumption and a clinker 
formation heat which are very close to those of the operating kiln. 
 
 The modeling is further validated by comparing the predicted final clinker composition 
with Bogue calculations. The model predictions and the Bogue calculation indicate good 
agreement.  
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 As discussed previously, thermal NOx is the dominant formation mechanism in cement 
kilns because of the very high flame temperature. The low-NOx burner uses a very low primary 
air ratio with a high air jet velocity. This design aims to lower flame temperature and form a 
reducing atmosphere in the flame zone. Both the modeling and the kiln operation have proven 
that this burner is effective in reducing NOx emission. The maximum average flame temperature 
in this operation is lower than that in the old burner operation. As a result of temperature 
decrease, NOx emission is significantly reduced. The plant reported that the measured NOx 
emission in the new burner operation indicates good agreement between the prediction and the 
measurement. 
 
 In addition to Alpena Kiln 20/21, Kiln 22/23 was also modeled by PSL. Similar to Kiln 
21/22, this kiln also fires a blend of coal and coke. The original design of the combustion system 
was a direct firing system using a pipe burner. In 2006, the system was changed to an indirect 
firing system using a low-NOx burner.  
 
 The predicted impact of burner design on the NOx emission is different between Kiln 
20/21 and Kiln 22/23. The low-NOx burner design is similar for the two kilns. Kiln 22/23 uses a 
higher primary air ratio compared to that used in Kiln 20/21. The only other difference between 
the two kilns is the kiln size. When both kilns were operated with old burners, Kiln 22/23 had a 
higher NOx emission than Kiln 20/21. When both kilns are operated with new burners, the 
modeling shows that Kiln 20/21 has a NOx reduction, while for Kiln 22/23, NOx emission has 
almost doubled. The prediction of NOx reduction in Kiln 20/21 has been validated, but the 
prediction in Kiln 22/23 has not yet been validated because of unavailable site measurements.  
 

Midkiln Firing 
 
 A one-dimensional mathematical model for whole-tire combustion was developed and 
further implemented in PSL’s CFD model. With the developed comprehensive kiln model, 
Alpena Kiln 20/21 was targeted for simulation. The kiln operation conditions without midkiln 
firing (MKF) are same as those of the old burner operation simulated previously. When 
operating with MKF, all of the operating conditions remain the same except that a part of the 
main fuel is replaced by tires. 
 
 The kiln simulation predicts the gas temperature, velocity, and species concentration inside 
the kiln; the clinker temperature and composition along the kiln; and the refractory and shell 
temperatures. The maximum flame temperature reaches over 2000 K. Because of the high 
temperature, a large amount of NOx is formed in the flame zone. The feed material is heated by 
the hot flue gas and reaches the calcination temperature in the middle of the kiln. The strong 
endothermic calcination reaction takes a large amount of heat from the flue gas. After calcination 
is almost complete, the material temperature goes up, and the clinker formation reactions occur. 
The four major components in the final clinker are C3S, C2S, C3A, and C4AF. The predicted 
clinker composition in this operation is in good agreement with Bogue calculations. These values 
predict a good clinker quality. The quality of clinker can also be evaluated by the content of free 
lime in the clinker. A higher content of free lime indicates incomplete clinker formation.  
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 Simulations were performed to investigate the effect of midkiln tire combustion on kiln 
performance, with emphasis on NOx formation and clinker quality. From the axial profile of gas 
and clinker temperatures, it is seen that the flame is formed around 20 m from the burner and the 
endothermic calcination occurs between 20 and 70 m. The tire can be dropped in the calcination 
zone to provide heat for the process. In the first case, six whole tires are dropped in by rotation at 
a location 50 m from the burner tip. These six tires replace a portion of the total heat input from 
the main fuel. The firing rate of the main fuel is correspondingly reduced, and the total 
combustion air is kept constant and is fed entirely from the fire end.  
 
 Comparing contour plots with those of the operation without tire combustion, it is 
observed that the maximum flame temperature is decreased. A lower maximum flame 
temperature contributes to reduced NOx emission. For the operation without tire combustion, 
NOx concentration reaches a peak in the flame area and drops at the exit. The comparison 
between the final clinker composition and Bogue calculation reveals no deterioration in the 
product quality. From this simulation, it can be concluded that, for this kiln system, tire 
combustion reduces NOx emission while maintaining good clinker quality. 
 
 Modeling results show, as expected, increasing the tire-firing rate reduces the maximum 
gas temperature and, therefore, the NOx emission. On the other hand, the content of free lime 
increases, and the clinker quality is negatively affected. In addition, the increase in tire 
combustion rate results in a higher flue gas temperature and, therefore, more heat loss out the 
stack. This corresponds to lower kiln efficiency. 
 
 Further simulations are conducted to investigate the impact of the tire drop-in location on 
the kiln performance. Three other locations were chosen No significant change in the kiln 
performance is observed when the drop-in location is between 30 and 50 m. The maximum gas 
temperature is almost invariant; therefore, NOx emissions at the kiln exit stay unchanged. When 
the drop-in location moves farther downstream, the maximum flame temperature is a little lower, 
and NOx emission is slightly reduced. However, the free lime content is significantly increased, 
and the clinker product quality becomes poor. The flue gas temperature at the exit is also 
increased significantly, which reduces the kiln efficiency. This indicates that dropping tires in at 
this location does not provide enough energy for the calcination process. 
 

Dust Insufflation 
 
 The third kiln simulated in this project was the No. 1 kiln in the Lafarge Plant at Ravena, 
New York. The differences between this kiln and the two Alpena kilns are that the Ravena kiln is 
a wet kiln and is operated with CKD insufflation at the fire end. The objectives in modeling this 
kiln were to verify the developed kiln model and to investigate the impact of insufflation on NOx 
emissions. 
 
 Ravena Kiln 1 was simulated as operating both with and without CKD. For the case with 
CKD insufflation, the predicted flue gas temperature at the feed end is higher than the 
temperature calculated by energy balance in the audit report. The predicted NOx emission is 
slightly higher than the value measured by the EERC. The model also predicts complete clinker 
formation, as the free lime in the product is almost zero. When the kiln was modeled without 
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CKD, the flame temperature increased. This is because CKD takes a very significant amount of 
heat from the flame as it increases in temperature and completes calcination. As a result, the NOx 
emission is significantly increased. The predicted impact of CKD on the NOx emission is 
encouraging. It reveals that CKD is an efficient way to control the NOx emission. The plant has 
never operated the kiln without CKD. Therefore, there is no available measurement to validate 
the simulation results for the case without CKD. 
 

EERC Model 
 

SNCR 
 
 The effects of selective noncatalytic reduction (SNCR) on NOx emissions were modeled 
using FLUENT software. SNCR is a method used to reduce NOx emissions by injecting a 
solution containing ammine-rich species, typically ammonia or urea, into the hot flue gas. At 
high temperatures, the ammine groups react with NOx to produce N2 and H2O. Although 
effective at reducing, this method can lead to other pollution problems in the form of ammonia 
slip. 
 
 The built-in SNCR model in FLUENT is a postprocessing step (that is, it is run as a 
separate step after the main NOx model). The model is capable of using either urea or ammonia 
as a reactant, although difficulties with the software precluded the use of urea. Although urea 
injection is a generally safer alternative to ammonia injection at cement kilns (12), the ammonia 
model was used under the assumption that urea would rapidly dissociate into ammonia anyway 
at the injection temperature (13). To determine the amount of ammonia required for injection, the 
baseline model was first run to determine NOx emissions in the absence of SNCR control. 
Ammonia was then injected in the model at a molar ratio of 1:1 with baseline NOx, which is the 
stoichiometric ratio required for complete conversion. 
 
 The optimum temperature injection window for SNCR in FLUENT is 1073–1373 K, as 
reported in Section 20.1.8 of the user’s manual. At lower temperatures, reduction kinetics are 
unfavorable, while at higher temperatures, ammonia may oxidize to form NOx. When an 
ammonia injection nozzle was placed in the model within this temperature window, the nozzle 
and the flow of ammonia changed the flow pattern such that injection was no longer occurring at 
the desired temperature. To correct this, a set of models were constructed with nozzles at various 
locations in the kiln. Each model was run until one of the models resulted in ammonia injection 
at the desired location.  
 
 The effect of SNCR on NOx emissions was drastic. The baseline NOx model had exit NOx 
concentrations significantly higher than predicted with SNCR. 
 
 These results suggest impressive performance for SNCR in cement kilns using ammonia 
injection, a conclusion backed up by SNCR test results reported elsewhere (12). However, the 
degree of NOx reduction is unlikely to be as great as was predicted by the model; typical results 
with ammonia suggest a maximum NOx reduction of around 70%–80% for kilns equipped with a 
precalciner and/or preheater system. In long kilns, the results may be less impressive. Moreover, 
ammonia has been observed to form an “ammonia cycle” of condensation and volatilization in 
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operating kilns. When the kilns are periodically shut down, this ammonia may exit the stack 
suddenly, leading to undesirable emissions (12). Whether or not this would be a problem for a 
long kiln remains unknown. 
 

Heat Management 
 
 Another option for reducing NOx is by transferring heat from the hot end of the kiln to the 
middle of the kiln, by adjusting either airflows or fuel feed. By diverting a portion of the fuel or 
the air to the center of the kiln, complete combustion is delayed, and a portion of the heat of 
combustion is moved downstream. Thus the method functions essentially as staged combustion. 
Although capable of reducing NOx emissions, such a method must be balanced against the needs 
of the clinkering process: the temperature at the hot end of the kiln must remain high enough 
over a large enough distance to produce high-quality cement clinker. 
 
 The effect of heat management was examined in the FLUENT model at the EERC. Two 
heat management cases were examined. In the first case, secondary air temperature was reduced. 
Rather than manually adjust parameters and create new injection ports in the model to move this 
heat downstream, a heat flux was defined downstream of the flame. The change in sensible heat 
resulting from the lowered secondary air temperature was calculated, and this amount of heat 
was put back into the kiln. It should be noted that this approach is not possible to achieve 
physically, but the results should be similar to what would be observed by diverting a portion of 
the combustion air or fuel downstream. 
 
 In the second heat management case, the secondary air temperature was again reduced, but 
the heat was now forced into the kiln through a very small window. The intent of the second case 
was to determine whether heat management would have a greater impact by diverting heat into a 
small region of the kiln. 
 
 In comparisons of NOx between the baseline case and the first heat management case, heat 
management appears to reduce NOx emissions by more than an order of magnitude. However, 
the effect on temperature is equally drastic. 
 
 The maximum flame temperature in the baseline case is greater than 2200 K (3500°F). 
However, in the heat management case, the peak flame temperature is around 2050 K (3230°F). 
This represents a temperature drop of more than 423 K in the gas phase, which would 
presumably result in a similar decrease in solid-phase temperature. Such a change is likely to 
negatively impact clinker quality to an unacceptable extent. 
 
 FLUENT modeling for the second heat management case, in which all of the heat was 
forced into the kiln over a 20-ft window, was performed. In this case, heat management does not 
provide an improved temperature trend: the peak flame temperature is still quite high at 2530 K 
(4094°F). Such a high flame temperature is likely to cause NOx emissions as high as or even 
higher than those observed in the baseline case. 
 
 Although neither of the heat management cases provided satisfactory results, they 
represented the extreme cases of what might actually be practiced. In the first case, heat flux 
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occurred over a larger window. Recognizing that heat flux would probably be achieved in an 
actual kiln by staged combustion, this long window represents a very long, lazy flame. The 
second case had all heat flux occurring over a window of only 20 ft. This short window 
represents a short, high-temperature flame. 
 
 In practice, staged combustion would have results somewhere between these extremes, as a 
flame is unlikely to completely burn out over 20 ft or to continue burning long distances in the 
kiln. Thus the flame temperature would likely drop. This would result in a decrease in NOx 
emissions. 
 

Dust Insufflation 
 
 The EERC’s FLUENT model was used to predict the results of dust insufflation on NOx 
emissions. However, because of the large mass flow rate of dust and the short window over 
which it is insufflated, changes in conditions between cells in the model were unusually high. 
These high temperatures and mass gradients prevented the iterative model from converging. As a 
consequence, successful results were never obtained. 
 
 
SUMMARY 
 
 Field sampling was conducted at three of Lafarge’s kilns: Ravena Kiln 1, Alpena Kiln 21, 
and Alpena Kiln 23. Sampling at Ravena occurred at several points from the end of the kiln to 
the stack and identified those locations exhibiting the highest levels of NOx and SO2. Sampling at 
Alpena identified differences between kilns based on size. Between Alpena Kilns 21 and 23, 
Kiln 23—the larger of the two—exhibited higher SO2 and NOx emissions. By contrast, Kiln 21 
had higher particulate emissions. 
 
 Laboratory- and bench-scale combustion testing indicated that none of the additives tested 
achieved significant NOx reduction under the conditions used in this study. Because the 
geometry and temperature of the systems used in this study are fundamentally different from 
those observed in cement kilns, the negative results may not correlate directly to kilns. Some of 
these additives could potentially lower both NOx and SOx in a cement kiln, but further testing at 
more extreme conditions would be required to test this hypothesis. Given the cost of such testing 
and the negative results obtained, no further testing with these additives is recommended. 
 
 The sulfur model constructed as part of this work was successful at predicting SO2 
emission and sulfur capture in the Alpena kiln. A sudden spike in sulfur capture was generally 
predicted at the hot exit of the kiln and was ignored to obtain accurate results. This model is 
designed to run as a postprocessing step that uses the output of a NOx model as input. With an 
accurate NOx model, the sulfur model may prove to be a valuable tool in estimating the impact of 
kiln modifications on sulfur emissions. 
 
 The NOx model constructed by PSL was applied to model two laboratory-scale 
combustors: the CEPS and PTC, both located at the EERC. CEPS modeling showed reasonably 
good agreement in gas temperatures between the prediction and the measurement. However, the 
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predicted NOx is about half of the measured value. In the modeling of the PTC, both coal-fired 
and gas-fired cases were modeled. In both of the two cases, the predicted gas temperature and 
composition are in reasonably good agreement with the measurements, while the predicted NOx 
emissions are lower than the measurements. The analysis reveals that the prediction of fuel NOx 
is reasonable, but the thermal NOx is underpredicted in the lower temperature range and could be 
overpredicted in the very high temperature range. This is because the thermal NOx formation rate 
is an exponential function of temperature, and it is very likely that this function of temperature 
only approximately represents the NOx formation process. The improvement of the NOx model 
will require better kinetics and experimental data. 
 
 The PSL model was also applied to model several operating scenarios on three of 
Lafarge’s kilns: Alpena 20/21, Alpena 22/23, and Ravena 1. Alpena Kiln 20/21 was first 
simulated as it operated during the 2005 audit. The predictions of the flue gas temperature at the 
kiln feed end, the kiln shell heat loss, the quality of clinker, and the excess O2 in flue gas are 
consistent with the audit data. The predicted NOx emission is slightly higher than the on-site 
measurement by the EERC. Operation after the 2006 retrofit was also simulated. In the retrofit, 
the original direct-firing system was replaced by an indirect-firing system, and a low-NOx burner 
was adopted. The model predicts a decrease of flame temperature of about 423 K and a 74% 
reduction of NOx emission. The predicted NOx emission in the new burner operation is very 
close to what was reported after the retrofit. 
 
 Similar simulations were performed for Alpena Kiln 22/23. In the old burner operation, the 
predictions of the flue gas temperature at the kiln feed-end, the kiln shell heat loss, the quality of 
clinker, and the excess O2 in flue gas are consistent with the audit data. The predicted NOx 
emission is also close to the on-site measurement by the EERC. A similar low-NOx burner is 
adopted in this kiln with a slightly higher primary air ratio compared to that of Kiln 20/21. An 
357 K increase in flame temperature and an almost-doubled NOx emission was predicted for this 
case. No plant data for NOx emission with the new burner were provided for the modeling 
validation. Other than the primary/secondary air split, the only differences between Kiln 20/21 
and Kiln 22/23 are the kiln size and the load. It is not clear why the same low-NOx burner design 
resulted in a significant reduction of NOx in one kiln simulation but a significant increase of NOx 
emission in the other simulation. 
 
 The third cement kiln modeled was Ravena Kiln 1, a wet kiln that utilizes CKD 
insufflation. The predicted kiln performance is in good agreement with the audit data. The 
comparison between operation with and without insufflation indicates that CKD reduces the 
flame temperature and thus reduces NOx emissions by about 50%. This is because recirculating 
dusts take heat from the flue gas as they are heated and calcined. 
 
 The modeling in this project predicts that midkiln tire combustion is an effective 
technology to reduce NOx emission in long rotary kilns. Shifting a certain percentage of heat 
input from the main burner to midkiln could reduce the flame temperature in the burning zone 
but still provide enough heat for the calcination and preheating processes. However, the clinker 
quality is negatively affected as the rate of replacement of tire combustion increases. In the 
simulation of Alpena Kiln 20/21, 30% replacement is acceptable to maintain good clinker 
quality. In this case, NOx emission is reduced by 47%. The drop-in location is another critical 



 

 26

factor in midkiln tire combustion. The simulation results show that the drop-in location should be 
within the calcination zone so that the tire combustion can provide enough energy for the 
calcination reaction. Moving the drop-in location farther downstream worsens the clinker quality 
and reduces kiln efficiency. Investigations indicate that for the targeted kiln, tires can be dropped 
in within 50 m from the burner tip. It is not appropriate to throw them in at 80 m and after. 
 
 The developed simulation tool in this project has proven to be an effective way to 
investigate the NOx emissions, optimize the kiln performance, and assess the change in operating 
condition on kiln performance. We suggest that the numerical study of new technologies for the 
NOx emission reduction be continued. 
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