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CHAPTER 1
INTRODUCTION

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

[Within 3 years after the date of the
enact ment of the [CAAA], the Adm nistrator
shal |l issue technical docunents which
identify alternative controls for al
categories of stationary sources
of . . . oxides of nitrogen which emt, or
have the potential to emt 25 tons per
year or nore of such air pollutant.
These docunents are to be subsequently revised and updated as
determ ned by the Adm nistrator.

Cenment kilns have been identified as a stationary source
that emt nore than 25 tons of nitrogen oxides (NQ) per year
This alternative control technique (ACT) docunent provides
technical information for use by State and | ocal agencies to
devel op and inplenment regulatory progranms to control NQ
em ssions from cenent kilns. Additional ACT docunments are being
or have been devel oped for other stationary source categories.

The information in this ACT docunent was generated from
previ ous EPA docunents and literature searches and contacts wth
cenment manufacturers; engineering firns; control equipnent
vendors; and Federal, State, and |ocal regulatory agencies.
Chapter 2 presents a sumary of the findings of this study.
Chapter 3 provides a process description and industry
characterization of cenent manufacturing. A discussion of
uncontrol led NQ, em ssion levels is presented in Chapter 4.

Al ternative control techniques and achievable controlled em ssion



| evel s are discussed in Chapter 5. Chapter 6 presents control
costs and cost effectiveness for each control technique.

Envi ronnental and energy inpacts associated wth the use of NQ
control techniques are discussed in Chapter 7.
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CHAPTER 2
SUMMARY

This chapter presents a summary of the information contained
in this docunent. Section 2.1 presents a sunmary of uncontrolled
NO, em ssion |levels fromdifferent types of cenent Kkilns.

Section 2.2 presents a summary of NQ, em ssion control

t echnol ogi es and NQ, em ssion reductions for these technol ogies.
Section 2.3 presents a sunmary of the capital and operating costs
as well as the cost effectiveness of NQ, control technol ogies and
Section 2.4 provides a sunmary of the inpacts of these

t echnol ogi es.

2.1 UNCONTROLLED NO, EMISSIONS

In cement manufacturing, conditions favorable for formation
of nitrogen oxides (NQ) are reached routinely because of high
process tenperatures. Essentially all NQ, em ssions associ ated
with cenment manufacturing are generated in cenment kil ns.

In cenment kilns, NQ emssions are formed during fuel
conbustion by two primary nechani sns:

® xidation of nolecular nitrogen present in the
conbustion air which is termed thermal NQ, formation, and

® Xxidation of nitrogen conpounds present in the fue
which is termed fuel NQ, formation
Often the raw material feed to the kiln may al so contain a
significant anmount of nitrogen conpounds which may lead to feed
NO, formation simlar to fuel NQ formation. Because of the high



tenperatures involved in the burning or clinker formation step,
thermal NQ, formati on provides the dom nant nechani sm for NOQ,
formation in cenent manufacturing.

There are four different types of cenent kilns used in the
industry: long wet kilns, long dry kilns, kilns with a preheater,
and kilns with a precalciner. The long wet and dry kilns and
nost preheater kilns have only one fuel conbustion zone, whereas
t he newer precalciner kilns and preheater kilns with a riser duct
have two fuel conbustion zones. Since the typical tenperatures
in the two types of conbustion zones are different, the factors
affecting NQ, formation are also somewhat different in different
kiln types. In a primary conbustion zone at the hot end of a
kiln, the high tenperatures lead to predom nantly thermal NQ
formation; whereas in the secondary conbustion zone |ower gas-
phase tenperatures suppress thermal NQ, formation.

In addition, to the specific NQ formation nechanisns, the
energy efficiency of the cenent-nmaking process is also inportant
as it determnes the anobunt of heat input needed to produce a
unit quantity of cement. A high thermal efficiency would lead to
| ess consunption of heat and fuel and would produce |ess NQ
em ssi ons.

Since the four types of cenent kilns exhibit different
conmbustion characteristics as well as energy efficiencies and
heat requirenents, the available NQ em ssions data are grouped
by these cenent kiln types. The data indicate substantial spread
in the reported NQ em ssions with |arge overlap for different
kiln types. The four different cenent kiln types, however, do
appear to have different |levels of NQ em ssions and different
characteristics influencing NO formation. The uncontrolled
em ssion factors based on the information obtained during this
study are given in Table 2-1. This table also includes the heat
i nput requirenment for the different cenent kiln types which
indicates a good correlation with the NO em ssion rates.
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2.2 NO, EMISSION CONTROL TECHNOLOGIES

TABLE 2-1. UNCONTROLLED NO, EMISSION FACTORS FOR DIFFERENT

KILN TYPES
NO, Range of NO,
Heat input emission Emissions
requirement rate (Ib/ton of
Cement kiln type (MM Btu/ton of (Ib/ton of clinker)
clinker) clinker)
Long wet kiln 6.0 9.7 3.6-19.5
Long dry Kkiln 4.5 8.6 6.1- 10.5
Preheater kiln 3.8 5.9 2.5 - 11.7
Precal ciner kiln 3.3 3.4 0.9 - 7.0

NQ, control approaches applicable to the cenent industry may
be grouped in two categories:

® Conbustion control approaches where the enphasis is on
reduci ng NQ, formation, and

® Postconbustion control approaches which control the NQ,

formed in the conbustion process.

Process control approaches are based upon providing optinmm
kil n operating conditions which increase the energy efficiency
and productivity of the cenent-nmaking process while mnimzing
NO, em ssions. Such neasures will provide a baseline of NQ
em ssions in cenent kilns wthout any specific NQ, control
equi pnent. Al though these sinple process control approaches wl|
reduce NQ, emi ssions in poorly operated kilns, for the purposes
of this ACT docunent, such approaches are considered to be needed
for proper kiln operation and not specifically considered as NQ
control techniques.

Limted information is available regarding use of |ow NQ
burners in a cenent kiln. Staging of conbustion air as achieved
by such burners is a possible technique for NQ, reduction in
cement kilns. In the first stage, fuel conbustion is carried out
in a high tenperature fuel-rich environnent and the conbustion is
conpleted in the fuel-lean |ow tenperature second stage. By
controlling the avail able oxygen and tenperature, |ow NQ, burners
attenpt to reduce NQ formation in the flanme zone
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The concept of external flue gas recirculation for NQ
reducti on has not been denonstrated in cenent kilns. Simlarly,
the potential of secondary conbustion of fuel in conventiona
kilns (by "md-kiln" firing) as an NQ, control technique has been
eval uated for whole tire burning only. This technique can be
potentially applied with other waste-derived fuels as well and
needs further denonstration. Secondary conbustion of fuel is
inherently present in all precalciner kilns and preheater kilns
with riser duct firing and such kilns produce |ess NQ, em ssions
conpared to long dry kilns.

Sel ective catalytic reduction (SCR) uses ammonia in the
presence of a catalyst to selectively reduce NQ em ssions.

There have been limted pilot test prograns of SCR  Sel ective
noncatal ytic reduction (SNCR) technol ogy appears to be applicable
to preheater/precalciner type kilns with limted data indicating
its effectiveness. SNCR reduces NQ w th ammonia or urea wthout
a catalyst. SNCR is not considered applicable to | ong wet and
dry kilns due to difficulties involved in continuous injection of
reduci ng agents. There have been a few denonstrations of SNCR at
preheater/ precal ci ner kil ns. Mol ar reagent ratio, tenperature,
and gas residence tine in the appropriate tenperature w ndow are
primary factors affecting NQ reduction efficiency. Table 2-2
presents the potential NQ reductions with these techniques.
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TABLE 2-2. ACHIEVABLE NO, REDUCTIONS WITH VARIOUS NO,
CONTROL TECHNOLOGIES

ACHI EVABLE NQ, EM SSI ONS

NQ, CONTROL TECHNOLOGY REDUCTI ON (%
Process Mbdi fications 25
Stayed conbustion in 30 - 45

precal ci ner

Conversion to indirect firing

with a | ow NQ, burner 20 - 30
Md-Kiln firing of tires

in long kilns 20 - 40

SNCR 30 - 70

SCR 80 - 90

2.3 COSTS AND COST EFFECTIVENESS OF NO, CONTROL TECHNOLOGIES

Capital and annualized operating costs as well as cost
effectiveness were determned for technologies for which detailed
costs could be developed: Low NO, burner, md-kiln firing
conversion, SNCR and SCR. Since there are limted installations
of these technol ogies, the capital and annualized costs were
based on the information provided by vendors and guidelines
provided by the U S. Environnental Protection Agency/ O fice of
Air Quality Planning and Standards (EPA/ QAQPS) Control Cost
Manual

Tables 2-3 and 2-4 present the total capital and annualized
operating costs for each of the three control technol ogies as
applied to nodel plants defined in Table 6-1. The | ow NQ, burner
capital costs range from $1, 270,000 to $2, 180,000, whereas the
annual costs range from $267,000 to $423,000. Capital costs for
md-kiln firing conversion range from $391,000 to $707, 000.
Annual costs range from $128, 000 to $207,000. The urea-based
SNCR capital costs range from $671, 000 to $1, 240, 000 for
preheater/precal ciner kilns. The urea-based SNCR annual costs
range from $438, 000 to $820,000. The ammoni a- based SNCR
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TABLE 2-3. CAPITAL AND ANNUAL COSTS OF NO, CONTROL TECHNOLOGIES

LOW NQ, BURNER M D-KI LN Fl RI NG

KILN CAPACI TY CAPI TAL COSTS ANNUAL CAPI TAL ANNUAL

MODEL NO. (TONS/ (10° $) COSTS COSTS COSTS

KI LN TYPE CLI NKER/ HR (10° $/ YR) (10% $) 10° $/ YR

1 Long Wt 30 1, 640 329 718 549
2 Long Wt 50 2,180 423 748 777
3 Long Dry 25 1,270 267 708 461
4 Long Dry 40 1, 640 329 728 593
5 Preheat er 40 1, 490 305 “NA NA
6 Preheat er 70 2, 040 398 NA NA
7 Precal ci ner 100 1,720 344 NA NA
8 Precal ci ner 150 2,170 421 NA NA

"NA - NOT APPLI CABLE
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TABLE 2-4. CAPITAL AND ANNUAL COSTS OF NO, CONTROL TECHNOLOGIES

SNCR SNCR
UREA- BASED AMVONI' A- BASED SCR
KI LN CAPACI TY CAPI TAL COSTS ANNUAL CAPI TAL ANNUAL CAPI TAL ANNUAL
MODEL NO. ( TONS/ (10° $) COSTS COSTS COSTS COSTS CCSTS
KI LN TYPE CLI NKER/ HR (10° $ (10° $) (10° $) (10° $) (10° $)
1 Long Wét 30 ‘NA NA NA NA 12.8 3.35
2 Long Wt 50 NA NA NA NA 17.4 4. 86
3 Long Dry 25 NA NA NA NA 9. 87 2.51
4 Long Dry 40 NA NA NA NA 13.1 3. 49
5 Pr eheat er 40 671 438 1, 340 518 12.0 3.09
6 Pr eheat er 70 927 655 1, 850 753 16.8 4.61
7 Precal ci ner 100 969 598 1, 650 665 19.3 5.30
8 Precal ci ner 150 1, 240 820 2,110 894 24. 6 7.18

"NA - NOT APPLI CABLE
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capital costs for preheater/precalciner kilns range from

$1, 340, 000 to $2, 100, 000. The ammoni a- based SNCR annual costs
for preheater/precal ciner kilns range from $1, 340,000 to

$2, 100, 000. The capital costs for the SCR technol ogy range from
9.9 to 24.6 mllion dollars. The annual costs for SCR are al so
the highest and range from2.5 to 7.2 mllion dollars.

Cost effectiveness of a technol ogy was cal cul ated by
dividing the total annual cost of a given technol ogy by the
annual NQ, reduction likely to be achieved by that technol ogy and
is expressed in the units of $/ton of NO, renoved. To determ ne
the cost effectiveness of control technol ogies, |ow NQ, burner
technology and md-kiln firing of tires were assunmed to provide
25 percent NQ, reduction efficiency, whereas SCR technol ogy was
assumed to provide 80 percent NQ, reduction. SNCR technol ogy was
assunmed to provide 50 percent NQ, reduction in preheater and
precal ciner kilns. Cost-effectiveness values were determ ned for
each of the eight nodel plant scenari os.

Tables 2-5 and 2-6 present the expected NQ, reductions and
the cost effectiveness for each nodel plant for the four
t echnol ogi es considered. The cost effectiveness for the | ow NQ
burner technology were within a close range for the nodel plants
and ranged from $830/ton to $1,330/ton of NQ, renmoved. The cost
ef fectiveness for md-kiln firing of tires range from $430/ton to
$610/ton for long wet and long dry kilns. Cost effectiveness for
t he anmoni a- based SNCR range from $470/ton to $1, 100/ton of NQ
renoved. Cost effectiveness for SNCR are al nost four tines those
for low NQ, burners. However, SNCR can provide nmuch greater
reduction in NQ emssions conpared to a |ow NQ, burner. Cost
effectiveness for SCR range from $3,140/ton to $4,870/ton of NQ
renoved. Cost effectiveness for SCR were alnost two to three
times those for the SNCR
2.4 IMPACTS OF NO, CONTROLS

Tabl es 2-5 and 2-6 present the possible NQ, em ssion
reductions in the eight nodel plants using |ow NQ burners, md-
kiln firing, SNCR and SCR techniques. Wth the postconbustion
t echnol ogi es of SCR and SNCR, expected annual NQ, em ssion
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TABLE 2-5. COST EFFECTIVENESS OF NO, CONTROL TECHNOLOGIES
LOW NQ, BURNER M D-KI LN FI R NG
CosT COsT
EFFECTI VE- EFFECTI VE-
KI LN CAPACI TY NQ, NESS ($/ TON NQ, NESS ($/ TON
MODEL NO. ( TONS/ REMOVED NQ, REMOVED NQ,
KI LN TYPE CLI NKER/ HR ( TONS/ YR) REMOVED) ( TONS/ YR) REMOVED)
1 Long Wt 30 290 1,130 290 550
2 Long Wt 50 480 880 480 430
3 Long Dry 25 210 1, 270 210 610
4 Long Dry 40 340 970 340 470
5 Pr eheat er 40 230 1, 330 "NA NA
6 Pr eheat er 70 410 970 NA NA
7 Precal ci ner 100 340 1,010 NA NA
8 Pr ecal ci ner 150 510 830 NA NA

"NA - NOT APPLI CABLE
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TABLE 2-6. CAPITAL AND ANNUAL COSTS OF NO, CONTROL TECHNOLOGIES
SNCR SNCR
UREA- BASED AMVONI A- BASED SCR

COST COST COST

KI LN CAPACI TY EFFECTI VENE EFFECTI VEN NQ, EFFECTI VEN

(TONS/ NQ, REMOVED SS ($/ TON NQ, REMOVED | ESS ($/ TON | REMOVED | ESS ($/ TON

MODEL NO. KI LN TYPE CLI NKER/ HR (TONS/ YR) NQ, REMOVED (TONS/ YR) NQ, (TONS/ Y NQ,
REMOVED) R) REMOVED)

1 Long Wt 30 "NA NA NA NA 930 3, 600
2 Long Wt 50 NA NA NA NA 17.4 4,86
3 Long Dry 25 NA NA NA NA 9. 87 2.51
4 Long Dry 40 NA NA NA NA 13.1 3. 49
5 Pr eheat er 40 671 438 1, 340 518 12.0 3.09
6 Pr eheat er 70 927 655 1, 850 753 16. 8 4. 61
7 Precal ci ner 100 969 598 1, 650 665 19.3 5. 30
8 Pr ecal ci ner 150 1, 240 820 2,110 894 24.6 7.18

"NA - NOT APPLI CABLE
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reductions ranged from 470 tons/year to 1,550 tons/year, whereas
annual NQ, em ssions reductions of 210 tons/year to 510 tons/year
are expected wth the | ow NQ burner technology for the eight
nodel plants.

The | ow NQ, burner technology is not expected to have any
measur abl e inpact on CO em ssions and its inpact on hydrocarbon
em ssions is not known. For the postconbustion NQ, control
approaches of SCR and SNCR, generally a little excess of reagent
is used than that required stoichionetrically to ensure the
desired percent reduction of NQ. This results in ammonia
em ssions which is usually referred to as "ammonia slip" which
are normally below 10 ppm These techniques are not likely to
affect the formation of other pollutants.

No data are available to determine the energy inpacts of the
| ow NQ, burner technology. Because of problens related to
catal yst fouling, an SCR system may need to be installed
downstream of a particulate control device. Since the SCR
process requires gas tenperature to be about 400 to 500 °C (750
to 930 °F), the gas stream nmay need to be reheated causing an
additional energy cost. Additional energy is also needed due to
the pressure drop across the catalyst bed. Wth no heat recovery
in the flue gas reheater, additional energy required for flue gas
reheating may be as high as 25 percent of the energy consuned in
t he cenent-maki ng process. Wth an energy recuperative type
process heater with an energy recovery of 60 percent the energy
requi renent for the flue gas reheating would be approximately 10
percent of that consunmed in the cenent manufacturing. Additiona
el ectrical energy required to operate ammopnia or urea solution
punps in the SCR or SNCR technologies is negligible.
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CHAPTER 3
INDUSTRY DESCRIPTION

3.1 BACKGROUND

This chapter provides an overview of the cenent industry,
its annual production rates, and the various manufacturing
processes used. Process and operating paraneters nost
influential for NQ, formation in the various processes are
di scussed.

The cenent industry is a vital industry for a nodern
society. One need only nention reinforced-concrete walls and
girders, tunnels, dans, and roads to realize the dependence of
our society upon cenment products. The hydraulic portland cenent,
produced by burning a m xture of |inestone, clay, and other
ingredients at a high tenperature, is the primary product of the
cenment industry. Linestone is the single largest ingredient
required in the cenent-nmaki ng process, and nost cenent plants are
| ocated near large |linmestone deposits. Portland cenent is used
in alnost all construction applications including hones, public
bui | di ngs, roads, industrial plants, dans, bridges, and nany
ot her structures.

In the cenment-making process, the solid raw nmaterials are
heated to their fusion tenperature, typically 1400 to 1500 °C
(2550 to 2750 °F), by burning various fuels such as coal.

Portl and cenent has been defined as "a hydraulic cenment produced
by pul verizing clinker consisting essentially of hydraulic
calciumsilicates, usually containing one or nore of the forns of
calcium sulfate as an interground addition."* Burning an
appropriately proportioned m xture of raw materials at a suitable



tenperature produces hard fused nodules called clinker which are
further ground to a desired fineness. Five types of portland
cement are recognized in the United States which contain varying
amounts of the basic clinker conpounds given in Table 3-1.2
Different types of cenents are produced by starting with
appropriate kiln feed conposition, blending the clinker with the
desired anount of calcium sulfate, and grinding the product
m xture to appropriate fineness. Mnufacture of cenents of al
of the various types involves the sane basic high tenperature
fusion and clinkering process responsible for the NQ em ssions
from cement kil ns.
3.2 TYPES OF CEMENT PRODUCED

The five basic types of portland cenent recognized and
produced in the United States are described below.? |In addition
different varieties are prepared by using various blending
fornul ations.?®

Type |. Reqular portland cenents are the usual products for
general concrete construction, nost commonly known as gray cenent
because of its color. White cenent typically contains |ess
ferric oxide and is used for special applications. There are
ot her types of regular cenents such as oil-well cenent, quick-
setting cenent, and others for special uses.

TABLE 3-1. BASIC CLINKER COMPOUNDS?

Formula Name
2Ca0'Si G, Di cal cium silicate
3Ca0'Si G, Tricalcium silicate
3Ca0"Al ,0, Trical cium al um nate
4CaQ'Al ,0,"'Fe, 0, Tetracal cium alum noferrite
MO Magnesi um oxide in free state or conbined in di- or
tri- calciumsilicate lattice
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Type |1. Moderate-heat-of-hardening and sulfate resisting
portland cenents are for use where noderate heat of hydration is

required or for general concrete construction exposed to noderate
sul fate action.

Type 111. H gh-early-strength cenents are nmade from raw
materials with a line to silica ratio higher than that of Type |
cement and are ground finer than Type | cenments. They contain a
hi gher proportion of tricalciumsilicate (3Ca0O'Si Q) than regul ar
portland cenents.

Type IV. Low heat portland cenents contain a | ower
percentage of tricalciumsilicate (3Ca0O'Si Q) and trical cium
alum nate (3CaO’'Al ,Q) than type I, thus |owering the heat
evolution. Consequently, the percentage of dicalciumsilicate is

i ncreased substantially and the percentage of tetracal cium
alum noferrite (4CaO’'Al ,O'"Fe,0) nmay be increased or may stay the
sane.

Type V. Sulfate-resisting portland cenents are those which,
by their conposition or processing, resist sulfates better than
the other four types.

The use of air-entraining agents increases the resistance of
t he hardened concrete to scaling fromalternate freezing and
thawing. By adding these materials to the first three types of
cements, IA IIA and II1A varieties of cenments are produced.
Addi tional varieties of cenents are produced for specia
applications by blending different ingredients: masonry cenent,
expansi ve cenent, oil-well cenent, etc. Masonry cenents are
commonly finely ground m xtures of portland cenent, |inestone,
and air-entraining agents. G anulated blast furnace slags and
natural or artificial pozzolans are m xed and interground with
portland cenent to prepare still other varieties such as bl ended
types IP, IS, S, I(PM, and I(SM.?

3.3 INDUSTRY CHARACTERIZATION
3.3.1 Description of the Cement Industry

About 80.8 mllion tons of gray portland cenent were

produced in a total of 213 cenent kilns at 109 plants in the

3-3



United States in 1990.° In addition, about 290,000 tons of white
cement were produced in three plants using four kilns. This was
a 0.6 percent decline fromthe 1989 reported production of 81.5
mllion tons. Cenent industry annual clinker capacity has
steadily declined fromthe 1973 peak when 414 kilns had a tota
rated capacity of 91.1 mllion tons. Al though 49 cenent
conmpani es produced clinker in 1990, the top 10 conpani es provided
about 58 percent of the total clinker production. Table 3-2
provides a list of all conmpanies along with their share of the
total clinker production. The |ocations of the operating kilns
are shown in Figure 3-1. Table 3-3 lists the clinker producing
capacity in the United States by States. California and Texas
are the two largest states in terns of clinker capacity with
Pennsyl vani a, M chigan, and M ssouri rounding out the top five.
Fourteen states had no cenent clinker- producing plants in 1990.°

The large majority of the cement plants (about 75.9 percent)
in the United States are coal fired with about 8 percent using
natural gas, and 0.9 percent using oil as the primary fuel.® The
remai ning 15.2 percent of the plants used other conbinations,
e.g. coal/waste as primary fuel. In 1990, 55 of the 109 plants
(50.5 percent) used waste as a primary and/or alternate fuel
The nunber of plants accepting waste as a fuel has increased
significantly within the last 2 years.
3.3.2 Qverview of Cement Manufacturing Process

The process of portland cenent manufacture consists of“

® (Qarrying and crushing the raw material s,

® Ginding the carefully proportioned materials to a high
degree of fineness,

® Pyroprocessing the raw mx in a rotary kiln to produce
clinker, and

®¢ Ginding the clinker to a fine powder along with the
appropriate proportion of gypsumto produce cenent.

A layout of a typical plant is shown in Figure 3-2 which
also illustrates differences between the two primary types of
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TABLE 3-2. UNITED STATES CEMENT COMPANY CAPACITIES-1990°*
Clinker Percent
Rank (10° tons) industry Company name
1 10, 140 12.5 Hol nam | nc.
2 7, 790 9.6 Laf arge Corporation
3 4, 960 6.1 Sout hdown | nc.
4 4, 090 5.0 Lone Star |ndustries
5 3,990 4.9 Ash Grove Cenent Conpany
6 3, 900 4.8 Lehi gh Portl and Cenent
7 3, 340 4.1 Blue Circle Inc.
8 3,220 4.0 Essroc Materials
9 2, 850 3.5 California Portland Cenent
10 2,830 3.5 Medusa Cenent Conpany
11 2,020 2.5 Texas |ndustries
12 1, 880 2.3 Gfford-H Il & Conpany, Inc. (bought
out by Blue Crcle and Riverside
Cenent Conpani es)
13 1,670 2.1 M t subi shi Cenent Corp.
14 1, 600 2.0 Kai ser Cenent Corporation
15 1,290 1.6 Cent ex
16 1,180 1.5 Ri ver Cenent Conpany (RC Cenent)
17 1,120 1.4 Kosnps Cenent Co.
18 1,120 1.4 Roanoke Cenent Conpany
19 1, 080 1.3 Cal averas Cenent Conpany
20 1, 030 1.3 Tarmac Florida, Inc.
21 1,010 1.2 | ndependent Cenent Corporation
22 1, 000 1.2 Boxcr ow Cenent
23 990 1.2 Texas- Lehi gh Cenent Conpany
24 970 1.2 Monar ch Cenent Conpany
25 930 1.1 Al'l ent own Cenent Conpany | nc.
26 900 1.1 North Texas Cenent
27 870 1.1 G ant Cenent Conpany

4 ncludes gray and white plants.
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TABLE 3-2. (con.)

Clinker Percent

Rank (10° tons) industry Company name

28 860 1.1 Capi tol Aggregates, |nc.

29 850 1.0 Nat i onal Cenent Conpany of Al abama

30 820 1.0 Capi tol Cenent Corporation

31 800 1.0 RMC Lonest ar

32 770 0.9 Dakot ah Cenent

33 750 0.9 Al ano Cenent Conpany

34 720 0.9 Her cul es Cenent Conpany

35 710 0.9 Phoeni x Cenent Conpany

36 650 0.8 Nati onal Cenent Conpany of California

37 610 0.8 St. Mary's Peerless Cenent
Cor por ati on

38 600 0.7 Carl ow G oup (M dwest Portland
Cenent )

39 600 0.7 Keyst one Cenent Conpany (G ant Cenent
Conpany)

40 600 0.7 Conti nental Cenent Conpany, |nc.

41 570 0.7 Fl orida Crushed Stone

42 560 0.7 Ri nker Portland Cenent Corporation

43 520 0.6 Di xon- Mar quette

44 500 0.6 G ens Falls Cenent Conpany |nc.

45 460 0.6 Dragon Products Conpany

46 450 0.6 Si gnal Muntain Cenent Conpany

47 340 0.4 Heart| and Cenent Conpany

48 310 0.4 Arnstrong Cenent & Supply Corporation

49 260 0.3 Hawai i an Cenent Conpany

Total 81,100
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TABLE 3-3. UNITED STATES CLINKER CAPACITIES BY STATE-1990°°

Clinker

Rank (10° tons) States

1 10, 390 California

2 8, 590 Texas

3 6, 640 Pennsyl vani a
4 4,900 M chi gan

5 4, 680 M ssouri

6 4, 260 Al abama

7 3, 360 Fl ori da

8 3, 100 New Yor k

9 2,830 | ndi ana

10 2,810 | owa

11 2,590 I11inois

12 2, 580 Sout h Carolina
13 1, 890 Kansas

14 1, 890 Okl ahoma

15 1, 860 Maryl and

16 1, 800 Col or ado

17 1,770 Ari zona

18 1, 700 Chi o

19 1, 380 Ceorgi a

20 1, 310 Ar kansas

21 1,120 Virginia

22 1, 050 Tennessee

23 960 Nebr aska

24 930 Ut ah

25 820 West Virginia
26 770 Sout h Dakot a
27 720 Kent ucky

28 590 Mont ana

29 500 M ssi ssi ppi
30 500 Oregon

*I ncludes gray and white plants. 3-8



Table 3-3. (con.)

Clinker
Rank (10° tons) States
31 490 New Mexi co
32 470 WAshi ngt on
33 460 Wom ng
34 460 Mai ne
35 420 Nevada
36 260 Hawai i
37 210 | daho
Total 81,100

There are no clinker-producing plants
in the follow ng states:

Al aska
Connecti cut
Del awar e
Loui si ana
Massachusetts
M nnesot a

New Hanpshire
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North Carolina
Nort h Dakot a
Rhode 1| sl and
Ver nont
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cenent processes: wet process and dry process.®> Newer designs
of dry process plants are equi pped with innovations such
assuspensi on preheaters or precalciners to increase the overal
energy efficiency of the cenent plant. A cyclone preheater
system typically achieves 40 to 50 percent calcination of the
feed before it enters the rotary cenent kiln, whereas a
precal ci ner system uses an additional firing systemto achieve

al nost 95 percent calcination of feed before it enters the kiln.*
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dry process system?®

The choice between the wet or dry process for cenent
manuf act uring often depends upon the noisture content in the raw
feed materials mned fromquarries. |f the noisture content of
the feed materials is already very high (15 to 20 percent), a wet
process nmay be attractive. The recent trend, however, has been
toward the dry process with preheater/precal ciner systens. In
1990, about 25 mllion tons of clinker were produced by the wet
process with 55.8 mllion tons produced by a dry process. Wthin
the dry process category, 15.7 mllion tons were produced by
facilities equipped with a preheater systemand 21.4 mllion tons
were produced by facilities equipped with a precal ci ner system?

The different steps involved in the cenent manufacturing
process are described in the follow ng subsections.
3.3.3 Raw Materials and Kiln Feed Preparation

Oxides of calcium silicon, alumnum and iron conprise the
basic ingredients of cenment. Because of the |arge requirenent of

CaO, the plants are generally | ocated near the source of the

cal careous material. The requisite silica and alum na may be
derived froma clay, shale, or overburden froma |inestone
quarry. Such materials usually contain sonme of the required iron
oxi de, but many plants need to supplenent the iron with mill
scale, pyrite cinders, or iron ore. Silica may be suppl enented
by adding sand to the raw m x, whereas al um na can be furnished
by bauxites and alumina-rich flint clays.” |Industrial by-
products are becomng nore widely used as raw materials for
cement, e.g., slags contain carbonate-free line, as well as
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substantial levels of silica and alumna. Fly ash fromutility
boilers can often be a suitable feed conponent, since it is
already finely dispersed and provides silica and al um na.

The bul k of raw materials originates in the plant quarry. A
primary jaw or roll crusher is frequently located within the
guarry and reduces the quarried linestone or shale to about 100
mm top size. A secondary crusher, usually roll or hamer mlls,
gives a product of about 10 to 25 mmtop size. Conbination
crusher-dryers utilize exit gases fromthe kiln or clinker cooler
to dry wet material during crushing. Each of the raw materials
is stored separately and fed into the grinding mlls separately
usi ng wei gh feeders or volunetric neasurenents. Ball mlls are
used for both wet and dry processes to grind the material to a
fineness such that only 15 to 30 W% is retained on a 74-um (200
nmesh) si eve.

In the wet process the raw materials are ground w th about
30 to 40 percent water, producing a well-honbogeni zed m xture
called slurry. Raw material for dry process plants is ground in
closed-circuit ball mlls with air separators, which may be set
for any desired fineness. Drying is usually carried out in
separate units, but waste heat can be utilized directly in the

mll by coupling the raw m |l to the kiln. For suspension
preheater-type kilns, a roller mll utilizes the exit gas from
the preheater to dry the material in suspension in the mll. A

bl endi ng system provides the kiln with a honbgeneous raw feed.
In the wet process the mlIl slurry is blended in a series of
continuously agitated tanks in which the conposition, usually the
CaO content, is adjusted as required. These tanks may al so serve
as kiln feed tanks or the slurry may be punped to large kiln feed
basins. Dry process blending is usually acconplished in a silo
with conpressed air.*
3.3.4 Pyroprocessing

Nearly all cenent clinker is produced in large rotary kiln
systens. The rotary kiln is a highly refractory brick-1ined
cylindrical steel shell [3 to 8 m(10 to 25 ft) dia, 50 to 230 m
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(150 to 750 ft) long] equipped with an electrical drive to rotate
at 1 to 3 rpm It is a countercurrent heating device slightly
inclined to the horizontal so that material fed into the upper
end travels slowy by gravity to be discharged onto the clinker
cooler at the |ower discharge end. The burners at the firing
end, i.e., the lower or discharge end, produce a current of hot
gases that heats the clinker and the calcined and raw material s
in succession as it passes upward toward the feed end.

Refractory bricks of nmagnesia, alumna, or chronme-nagnesite
conbinations line the firing end. 1In the |less heat-intensive

m dsection of the kiln, bricks of |lower thermal conductivity are
often used. Abrasion-resistant bricks or nonolithic castable
linings are used at the feed end. The cenent formation process
in the kiln may be divided into four stages, correlated with
tenperature of the materials in the rotary kiln®

® Unconbi ned water evaporates fromraw materials as
material tenperature increases to 100 °C (212 °F).

® As the material tenperature increases from 100 °C
(212 °F) to approximtely 900 °C (1650 °F), dehydration
and material heating occur

e At 900 °C (1650 °F), calcination occurs in which CO is
| i berated from carbonates.

e Following calcination, a chem cal reaction of the
dehydrat ed and decarbonated raw materials occurs in the
burning zone of the rotary kiln at tenperatures of about
1510 °C (2750 °F), producing clinker. About 20 to 25
percent of the material is nolten.

® The cenent clinker continues to change in character as
It passes the zone of maxi mum tenperature.

The duration and |ocation of these stages in an actual kiln
depend upon the type of process used, e.g., wet or dry, and the
use of preheaters and precal ciners as discussed in the follow ng
section. It is desirable to cool the clinker rapidly as it
| eaves the burning zone. This is best achieved by using a short,
intense flane as close to the discharge as possible. Heat
recovery, preheating of conbustion air, and fast clinker cooling
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are achieved by clinker coolers of the reciprocating-grate,
pl anetary, rotary, or shaft type. Mst commonly used are grate
coolers where the clinker is conveyed along the grate and
subj ected to cooling by anmbient air, which passes through the
clinker bed in cross-current heat exchange. The air is noved by
a series of undergrate fans and becones preheated to 370 to
800 °C (700 to 1500 °F) at the hot end of cooler. A portion of
the heated air serves as secondary conbustion air in the kiln.
Primary air is that portion of the conbustion air needed to carry
the fuel into the kiln and di sperse the fuel.

3.3.4.1 Wet Process Kilns. 1In a long wet-process kiln, the
slurry introduced into the feed end first undergoes sinultaneous
heating and drying. The refractory lining is alternately heated
by the gases when exposed and cool ed by the slurry when inmersed;
thus, the lining serves to transfer heat as do the gases

t hensel ves. Because large quantities of water nust be
evaporated, nost wet kilns are equipped with chains to maxi m ze
heat transfer fromthe gases to the slurry. The chains also
serve to break up the slurry into nodules that can flow readily
down the kiln without formng nud rings. After nost of the

noi sture has been evaporated, the nodules, which still contain
conbi ned water, nmove down the kiln and are gradually heated to
about 900 °C (1650 °F) where the calcination reactions comence.
The cal cined material further undergoes clinkering reactions. As
the charge | eaves the burning zone and begins to cool, clinker
mnerals crystallize fromthe nelt, and the liquid phase
solidifies. The granular clinker material drops into the clinker
cooler for further cooling by air.*

Long process kilns typically represent an ol der cenent
technology with smaller capacity kilns. In the United States wet
cenment kiln capacities range from 90,000 to 1,312,000 tons/year
with an average of 325,000 tons/year (41 tons/hour).?

3.3.4.2 Dry Process Kilns. The dry process utilizes a dry
kiln feed rather than a slurry. Early dry process kilns were
short, and the substantial quantities of waste heat in the exit
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gases from such kilns were frequently used in boilers to generate
el ectric power which often satisfied all electrical needs of the
plant. In one nodification, the kiln has been |engthened to
nearly the length of [ong wet-process kilns and chains were
added. The chains serve al nost exclusively a heat-exchange
function. Refractory heat-recuperative devices, such as crosses,
lifters, and trefoils, have also been installed. So equipped,
the long dry kiln is capable of good energy efficiency. her
than the need for evaporation of water, its operation is simlar
to that of a long wet kiln. To inprove the energy efficiency of
a dry process, variations such as suspension preheaters and
precal ci ners have been introduced as discussed in the next
sections.*’

Long dry process kilns are generally of a smaller capacity
conpared to long wet kilns. In the United States dry cenment kiln
capacities range from 84,000 to 650,000 tons/year with an average
capacity of 270,000 tons/year (34 tons/hour).?

3.3.4.3 Suspension Preheaters. |In systens w th suspension
preheaters, the dry, pulverized feed passes through a series of
cyclones where it is separated and preheated several tines,
typically in a four-stage cyclone system The partially (40 to
50 percent) calcined feed exits the preheater tower into the kiln
at about 800 to 900 °C (1500 to 1650 °F). The kiln length
required for conpletion of the cenent formation is considerably
shorter than that of conventional kilns, and heat exchange is
very good. Suspension preheater kilns are very energy efficient
conpared to long wet or dry kilns. The intimate m xing of the
hot gases and feed in the preheaters pronotes condensation of
al kalies and sulfur on the feed which sonetines results in
obj ectionabl e high alkali and sulfur contents in the clinker. To
alleviate this problem sone of the kiln exit gases can be
bypassed and fewer cyclone stages used in the preheater with sone
sacrifice of efficiency.

Suspensi on preheater kilns represent a newer cenent
technol ogy conpared to the long kilns. They are also sonewhat
| arger in production capacity than the |long process kilns. In
the United States the preheater type kiln capacities range from
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126,000 to 963,000 tons/year with an average capacity of 400, 000
tons/year (50 tons/hour).?

3.3.4.4 Precalciner Systems. The success of preheater kiln
systens, particularly in Europe and Japan where |ow al kal i
specifications do not exist, led to precalciner kiln systens.
These units utilize a second burner to carry out calcination in a
separate vessel attached to the preheater. The flash furnace
utilizes preheated conbustion air drawn from the clinker cooler
and kiln exit gases and burns about 60 percent of the total kiln
fuel. Mst often coal is used as a fuel in a calciner furnace;
however, al nost any fuel may be used including chipped tires.
The raw material is calcined al nost 95 percent, and the gases
continue their upward novenent through successive cycl one
preheater stages in the sane manner as in an ordinary preheater
The precal ciner system permts the use of smaller dinension kilns
since only actual clinkering is carried out in the rotary kiln.
Energy efficiency is even better than that of a preheater kiln,
and the energy penalty for bypass of kiln exit gases is reduced
since only about 40 percent of the fuel is being burned in the
kiln. The burning process and the clinker cooling operations for
the nodern dry-process kilns are the sanme as for long wet kilns.*

The precal ciner technology is the nost nodern cenent
manuf acturing technol ogy and al nost all of the newer cenent
plants are based on these designs. Precalciner kilns are also
much larger in capacity than the long kilns. The capacities of
the precalciner type kilns in the United States range from
450,000 to 1,600,000 tons/year with an average of 890, 000
tons/year (111 tons/hour).® Because of the new | arge precal ciner
pl ants replacing older and smaller long kiln plants, the overal
average kiln capacity has been steadily increasing in the United
States. It has increased from an average of 264,000 tons/year
(33 tons/hr) in 1980 to an average capacity of 380,000 tons/year
(48 tons/hr) in 1990.°3
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3.3.5 Einish Grinding
The cooled clinker is conveyed to clinker storage or m xed

with 4 to 6 percent gypsum and introduced directly into the
finish mlls. These are large, steel cylinders [2 to 5 m (7 to
16 ft) in dia] containing a charge of steel balls, and rotating
at about 15 to 20 rpm The clinker and gypsum are ground to a
fi ne, honbgeneous powder. About 85 to 96 percent of the product
is in particles less than 44 ymin dianeter. These objectives
may be acconplished by two different mll systens. In open-
circuit mlling, the material passes directly through the mll
wi t hout any separation. A wide particle size distribution range
is usually obtained with substantial amounts of very fine and
rather coarse particles. Open circuit grinding is, however,
rarely practiced in U S. cenent plants. In closed-circuit
grinding, the mll product is carried to a cyclonic air separator
in which the coarse particles are rejected from the product and
returned to the mll for further grinding.
3.3.6 Quality Control

Begi nning at the quarry operation, quality of the end
product is naintained by adjustnents of conposition, burning
conditions, and finish grinding. Control checks are nade for
fineness of materials, chem cal conposition, and uniformty.
Ainker burning is nonitored by the liter weight test weighing a
portion of sized clinker, a free Iine test, or checked by
m croscopi c evaluation of the crystalline structure of the
clinker conpounds. Sanples may be anal yzed by X-ray
fl uorescence, atom c absorption, or flame photonetry. Standard
cement sanples are available fromthe National Institute of
Standards and Technol ogy. Fineness of the cenent is nost
commonly nmeasured by the air perneability nethod. Finally,
standardi zed perfornmance tests are conducted on the finished
cement .
3.3.7 Emission Control Systems

Most cenent plants are equipped with particul ate collection
devices to renove cenent kiln dust (CKD) from the kiln exhaust
gases as well as clinker cooler gases. Several small dust
collectors are also installed at various dust em ssion points
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such as crushing and grinding operations. The collected CKD is
usually recycled with the feed or injected at different points in
the kiln depending upon the quality and source of the CKD. None
of the cenment plants in the United States uses any flue gas
treatment for reducing NO, em ssions.
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CHAPTER 4
UNCONTROLLED NO, EMISSIONS

4.1 MECHANISMS OF NO, FORMATION IN CEMENT MANUFACTURING

In cement manufacturing, conditions favorable for formation
of nitrogen oxides (NQ) are reached routinely because of high
process tenperatures involved. Essentially all of the NQ
em ssions associated with cenent manufacturing are generated in
the cenent kilns. Although, there are other heating operations
in a cenent plant, such as drying of raw feed or coal, often the
heat fromthe kiln exhaust gases is used for these operations
making their contribution to NO, em ssions negligible.

In cenment kilns, NQ emssions are formed during fuel
conmbustion by two primary nechani sns:

® Xxidation of the nolecular nitrogen present in the
conbustion air which is terned thermal NQ, formation, and

® xidation of the nitrogen conpounds present in the fuel
which is termed fuel NQ, formation.

Sonmetines the raw material feed to the kiln may al so contain
ni trogen conpounds which may lead to feed NQ formation simlar
to fuel NQ formation. Because of the high tenperatures involved
in the burning or clinker formation step, the thermal NQ,
formati on provides the dom nant nechanism for NQ, formation in
cement manufacturing. The term NQ, includes both NO and NG,
speci es, although NQ normally accounts for |ess than 10 percent
of the NQ enissions froma cenent kiln exhaust stack.' The
concentration and em ssion of NQ are, however, typically
expressed in equivalent NGO form



4.1.1 Thermal NO _ Formation

Thermal NQ, is forned by the honpgeneous reaction of oxygen
and nitrogen in the gas phase at high tenperatures. 1In the
overal | reaction nechani sm proposed by Zel dovich,? the two
inportant steps in NO formation are given as:

N, + O=NO+ N k. =2x 10" EXP (-76500/ RT) (4-1)

N+Q <NO+ O k =6"3x 10° EXP (-6300/ RT) (4-2)

where Kk, are the rate constants for the reactions shown. The
hi gh activation energy of reaction (4-1), 76.5 kcal/nol, neans
that this reaction is the nost tenperature sensitive. An

equi libriumreaction of NOwth O further results in NG
formation.

The equilibrium concentrations of NO and NQ, fornmed thus
depend strongly upon the gas-phase tenperature as well as the
concentration of Q and N, in the gas phase. Table 4-1 shows the
equi | i brium concentrations of NO and NQ, for two conditions.?
First, the equilibrium concentrations of NO and NO, for N, and G
concentrations found in anbient air are shown. Secondly, Table
4-1 al so shows the NO and NOQ, concentrations at flue gas
conditions where the O and N, concentrations are defined for
this table as 3.3 percent Q, and 76 percent N, The equilibrium
NO concentrations for the flue gas conditions are |ower than
those for anbient conditions due to the |ower O, concentration.

TABLE 4-1. CALCULATED EQUILIBRIUM CONCENTRATIONS (in ppm) OF
NO AND NO, IN AIR AND FLUE GAS®

Temperature Alr Flue gas
K °F NO NO, NO NO,
300 80 3.4(10) % 2.1(10)"* 1.1(10)*° 3.3(10) 3
800 980 2.3 0.7 0.8 0.1
1440 2060 800 5.6 250 0.9
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The excess air used during fuel conbustion can substantially
affect NO formation by determ ning the anount of oxygen avail able
for NO reaction. The cenent kiln burning zones usually have
about 5 to 10 percent excess air while higher excess air |evels
are not uncomon. Figure 4-1 shows the theoretical equilibrium
concentrations of NOin the flue gas for different excess air
level s.* As can be seen fromthis figure, over 1000 ppm of NO
may possibly be forned at the typical kiln solids tenperatures of
1430 to 1480 °C (2600 to 2700 °F) as the correspondi ng gas-phase
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tenperatures are on the order of 1650 °C (3000 °F).
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Figure 4-1. Theoretical equilibrium concentrations of NO in gas
from conbustion sustained in air.*’
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Fuel conbustion in the kiln burning zone is the primary
source of thermal NQ formation in cenment kilns due to
tenperatures well above 1400 °C (2550 °F). In contrast, the fue
conmbustion tenperature in a precalciner or in a kiln riser duct
is well below 1200 °C (2200 °F), suppressing thermal NQ
formation.* Minly fuel and feed NO nmay be fornmed in the
secondary firing zone of preheater and precal ciner kiln systens.
Along with the conbustion tenperature, the gas-phase residence
tinme and the avail abl e oxygen concentration in the high
tenperature kiln burning zone are inportant paraneters. Longer
residence tines at the high tenperatures will allow the NO to be
formed in the equilibriumquantities. Geater anounts of oxygen
in the conbustion zone will of course |lead to greater anmounts of
NO formation. Once forned, the deconposition of NO at | ower
tenperatures, although thernodynam cally favorable, is
kinetically limted. Thus, strategies to reduce NQ, eni ssions
need to be based upon reducing formation of NQ which may be
achi eved by reducing conbustion tenperature, oxygen concentration
in the high tenperature conbustion zone, and the gas residence
time at high tenperatures.

4.1.2 Fuel NO,_ Formation

Fuel NQ, is forned by the conversion of nitrogen present in
the fuel used. A recent survey of the cenment industry by
Portl and Cenent Association (PCA) indicates that al nost 76
percent of the energy requirenent of the cenent industry is
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provided by coal.® Natural gas contributed about 8 percent of

t he energy demand, oil about 1 percent, and other fuels such as
wast e sol vents provided about 15 percent of the energy. Both oi
and natural gas have relatively |ow fuel-bound nitrogen content,
whereas coal may contain 1 to 3 percent of nitrogen by wei ght
dependi ng upon the source of coal. Waste-derived fuels (VDF)
such as organic solvents are finding an increasing application in
the cenent kilns. The nitrogen content in these fuels may be
significant depending on the chemcals included in the waste m x
bei ng burned.

The maxi mum possi ble fuel NQ, formation may be estinmated
fromthe fuel nitrogen content by assum ng 100 percent nitrogen
conversion. The typical heat requirenment for a wet process is
estimated to be about 6 mllion Btu for a ton of clinker and the
corresponding requirement for a dry process is estimated to be
about 4.5 mllion Btu for a ton of clinker. Assum ng an average
heat requirenment of 5.3 mllion Btu for a ton of clinker, and a
coal heating value of 12,000 Btu/lb, about 442 Ib of coal wll be
requi red per ton of clinker produced. Wth a nitrogen content of
1 percent by weight, approximately 9.5 Ib of NO (14.5 I b
expressed as NQ) would be produced per ton of clinker with 100
percent nitrogen conversion. Thus, even with only 10 percent
conversion of coal nitrogen to NQ, 1.5 | b of fuel NQ, (expressed
as NQ) may be formed per ton of clinker when coal is used as a
primary fuel

The amount of fuel NQ, forned is difficult to identify
separately from thermal NQ, as neasurenents indicate the overal
NO, formed. In general, however, thermal NQ, is assuned to be
t he domi nant mechanismin cenment kilns.® Typically, gas burners
produce nore intense and hot flanmes conpared to the |less intense
"lazy" flames produced by coal burners. Thus, gas-fired kilns
may be expected to produce greater thermal NQ, as conpared to
coal -fired kilns. Coal, on the other hand, contains nuch greater
anounts of fuel-bound nitrogen than natural gas which has al nost
no fuel -bound nitrogen. The coal-fired kilns may thus be
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expected to produce nore fuel NQ, than gas-fired kilns. A study
of gas- and coal-fired kilns, however, clearly indicated that
gas-fired, dry-process kilns may typically produce al nost three
times nmore NQ than the coal-fired, dry-process kilns.® This
fact indicates the dom nance of thermal NQ, in the overall NQ
formation.
4.1.3 Feed NO _Formation

Simlar to coal, the raw naterials used in cenment production
may contain significant amount of nitrogen. |In nost cases,

l[imestone is the major raw material, with the remai nder of the
raw m x bei ng conposed of clays, shales, sandstones, sands, and
iron ores. Since nost of these raw material conponents are
sedinmentary mnerals, they may contain small anounts of
chem cally bound nitrogen, presumably of organic origin. A
recent study indicated various kiln feeds to contain appreciable
amounts of nitrogen, ranging from about 20 ppmup to as nuch as
1000 ppm (as N).” The higher values (>100 ppnm) are generally
associated with mneral s displaying noticeabl e kerogen contents.
Since 100 ppm N in a kiln feed is equivalent to about 1 Ib NQ
per ton of clinker (if it all converted), NQ, em ssions fromthe
kiln feed may represent a mmjor source of NQ, from cenent kil ns.
Nevertheless, it is probably less inportant than thernmal NO, and
fuel NQ, in nost cases.

The sane study indicated that conversion of feed nitrogen to
NQ, occurs mainly in the 300 to 800 °C (570 to 1470 °F)
tenperature range and depends upon the feed heating rate.” Rapid
heating rates (~1000 °C flash heating) of the kiln feed m xtures
were found to give nmuch | ower conversion efficiencies, whereas
slow heating rates of kiln feed m xtures (~60 °C/mn) gave fairly
hi gh conversi on of about 50 percent of bound nitrogen to NO
These results were explained by assum ng that the organic
nitrogen nust vaporize fromthe sanple prior to oxidation if high
conversion efficiencies to NQ are to be achieved. If heating
rates are rapid, "cracking" of these volatile conpounds may occur
in situ, and this may result in conversion of the bound nitrogen
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directly to N, before it cones into contact with gaseous oxygen
thus reducing the fraction converted to NQ. Such a hypothesis
is also consistent with the observation that, during coa
conbustion, the involatile or "char" nitrogen is converted to NQ
much less efficiently than the volatile nitrogen.?
4.2 FACTORS AFFECTING NO, EMISSIONS IN CEMENT MANUFACTURING

Chapter 3 identified four different types of cement kilns
used in the industry: long wet kilns, long dry kilns, kilns with
a preheater, and kilns with a precalciner. The long wet and dry
kil ns have only one fuel conbustion zone, whereas the newer
preheater and precalciner kiln designs have two fuel conbustion
zones: kiln burning zone and secondary firing zone. Because the
typical tenperatures present in the two types of conbustion zones
are different, the factors affecting NQ fornmation are also
somewhat different in different kiln types and are discussed in
the following sections. 1In addition, to the specific NQ
formati on mechani sns, the energy efficiency of the cenent-nmaking
process is also inportant as it determ nes the anount of heat
i nput needed to produce a unit quantity of cement. A high
thermal efficiency would lead to | ess consunption of heat and
fuel and woul d generally produce |ess NQ, em ssions.
4.2.1 NO, Formation in the Kiln Burning Zone

In the kiln burning zone, thermal NQ, provides the primary
mechani sm for NQ, formati on which depends upon the conbustion
zone tenperature, and the gas-phase residence tine and the oxygen
concentration in the high tenperature conbustion zone. The flane
tenperature strongly depends upon the type of fuel burned. The
tenperature and intensity are generally greater for gas burners
than coal burners. The oxygen concentration in the conbustion
zone depends upon the overall excess air used and on the source
and proportion of primary and secondary conbustion air. Less
primary air may produce an initial high-tenperature, fuel-rich
conmbustion zone followed by a |owtenperature fuel-I|ean
conbustion zone. Such a conbination is likely to reduce NG
formation.

The firing systemused in the kiln affects the proportion of
primary and secondary conbustion air. Direct firing systens
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introduce a |large proportion of conbustion air with the fue
bei ng burned. This produces two conflicting effects for NQ

em ssions: higher oxygen concentration or fuel |ean conbustion
and | ower gas tenperature. Indirect firing systens on the other
hand use only a small portion of conbustion air to convey fue
and thus use less primary air. |In general, direct fired systens
may be expected to produce greater NQ, em ssions conpared to
indirect fired systens. The majority of kilns in the United
States are direct fired.

The flame shape and the theoretical flane tenperature are
inmportant factors in thermal NQ, formation as these factors
determ ne the hottest points in the flane. A long "lazy" flane
Wi Il produce Iess NO than a short intensive flane. The flane
shape depends on the fuel being burned as well as the proportion
of air. For the sanme anmount of primary air, gas burning may be
expected to produce a shorter intensive flanme than coal burning.
The lower the secondary air tenperature and the greater the dust
content in the secondary air, the lower the NQ formation in the
kiln burning zone. A large ambunt of water in the primary air
(fromdirect firing coal mll) and injection of cenent kiln dust
(CKD) in the burning zone (insufflation) may al so reduce NQ,
formation. Wth increasing excess air percentage, the NQ
formation in the kiln will increase, but only up to a certain
point as an increasing excess air rate will reduce the secondary
air tenperature and, consequently, the flanme tenperature.

Process conditions that can affect NQ, em ssions
substantially are: tenperature stability, burnability of raw
m x, and alkali and sulfur control. Tenperature stability is
inportant to maintain the quality of clinker and is achieved by
stable flane conditions and energy efficiency. dinker formation
reactions require tenperatures in excess of 2,600 °C(4,710°F) and
oxygen-rich environment. Oten natural gas is used to control
flame conditions and inprove clinker quality. The excess air
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used during conbustion has a substantial influence on NO,

em ssions. Oxygen levels of 4 to 5 percent in kiln exhaust gases
woul d correspond to high NQ, em ssions, whereas oxygen |evels of
only 0.5 to 1.5 percent would nean | ower NQ, em ssions. Thus,

NO, em ssions in a kiln may depend upon the excess oxygen needed
to maintain the quality of the clinker produced. dinker
formati on reactions are exotherm c and represent a dynam c
process that requires constant operator adjustrments which can
vary NQ, formation.

The heating value of the fuel burned may al so affect NQ,
em ssions. High heating value fuels, such as petrol eum coke,
require | ess conmbustion air and produce |ess NQ per ton of
clinker.

Different raw material conpositions require different
burning conditions to maintain the quality of clinker produced.
Thus, simlar types of kilns with different feed materials may
produce different levels of NQ emssions. The alkali content of
finished cenent needs to be below a certain acceptable |evel
Low al kali requirenents require higher kiln tenperatures and
| onger residence tinmes at high tenperatures to volatilize the
al kali present in the nolten clinker. Raw materials wth greater
al kali content need to be burned harder (Ionger at higher
tenperatures) to neet alkali requirenents and thus nay produce
greater NQ, em ssions. |Increased volatilization of alkali also
results in increased alkali emssions in kiln exhaust gases. To
control alkali emssions, a part of the kiln exhaust gases may be
bypassed from a downstreamunit, e.g., a precalciner. The
bypassed gases are quenched to renove al kali and sent through a
particulate collector. The bypass of kiln exhaust gases
typically involves a fuel penalty: about 20,000 Btu/ton of
clinker for every 1 percent gas bypass. The additional heat
requirement will contribute to increased NQ, em ssions.

Wet kilns require about 33 percent nore heat than a dry
kiln. This neans a greater anount of exhaust gas from a wet
kiln. On the other hand, the greater anmount of conbustion air
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will also nean a sonewhat |ower secondary air tenperature.
Based on these contrasting factors, one m ght expect the NQ,
em ssions froma wet process kiln to be simlar to the dry and
preheater kilns w thout riser duct firing.
4.2.2 NO, Formation in Secondary Firing
In the secondary firing region of preheater and precal cining
kil ns, where tenperatures range from 820 to 1100 °C (1500 to
2000 °F), the followi ng reactions may take place:

"N' +O - NO (4-3)

"N'+NO - N, +O (4-4)

where "N' neans nitrogen originating from nitrogen conpounds in
the fuel.' Reaction (4-3) shows that NO formation in the
secondary firing zone will depend upon the nitrogen content in
the fuel and the oxygen level in the firing zone. Reaction (4-4)
indicates that, if there is already NO present in the gas
introduced in the secondary firing zone, a reduction of this NO
may occur with the fuel nitrogen conpounds acting as reducing
agents. Accordingly, the net formation of NO in the secondary
firing zone will also depend upon the initial NO concentration in
t he conbustion gas. Finally, neasurenents have shown that the
volatile content in the solid fuel and the tenperature in the
secondary firing zone also influence the NO formation in the
secondary firing zone.® Wth increased volatile content in the
fuel, the ratio of fuel nitrogen conversion into NO seens to
decrease and, as the reaction rate of reaction (4-4) increases
nore rapidly with the tenperature than that of reaction (4-3), an
increase in the tenperature of the secondary firing region may
reduce the net NQ formation.’

4.2.2.1 Suspension Preheater (SP) Kilns with Riser Duct
Firing. In many SP kiln systens 10 to 20 percent of the fuel is
fired into the riser duct. The preheater systens are nore energy
efficient conmpared to long dry kilns. The increased energy
efficiency and the reduction in the anmount of fuel burned at the
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hi gher clinker burning tenperature may be expected to reduce the
NO, em ssions from preheater kilns when conpared with the |ong
dry and wet kilns. Measurenents at several riser-duct fired kiln
systens indicate that firing coarse fuel (e.g., tires) into the
kiln riser duct will reduce NQ emnissions fromthe kiln systens.'
This may be explained by the fact that a large part of the fuel
falls directly dowmn into the kiln charge, creating a reducing

at nosphere in the kiln back-end where NQ from the burning zone

i s reduced.

Conversely, when firing finely ground fuel into the kiln
riser duct, the NQ content in the exhaust gas may increase on
passing through the riser duct. As the NQ em ssions fromthe
kiln may also increase slightly due to an increased excess air
rate, the total NQ emssions fromthe kiln system may increase
when starting up riser duct firing with finely ground fuel.*’

4.2.2.2 Precalcining Kiln Systems. |In precalcining kiln
systens with tertiary air duct, firing into the rotary kiln
typically accounts for only 40 to 50 percent of the total heat
consunption and the specific anmount of conbustion gases fromthe
kil n burning zone is reduced proportionally. Precalciner kilns
also typically require the | east anount of energy per unit anount
of clinker produced. The |ower energy requirenent and the
substantial reduction in the proportion of the fuel burned at the
clinker burning tenperatures may be expected to reduce the NQ
em ssions fromthe precalciner kilns as conpared to the preheater
kilns. On the other hand, the NQ concentration (in ppm in the
kiln gas may be considerably higher than in preheater kilns.

This is probably due to the shorter material and |onger gas
retention tinmes in the precalciner kiln burning zone conbi ned
with a very high secondary air tenperature.’

When exam ning the contribution fromthe calciner firing to
the emssion of NQ, two basically different types of
precal cining kiln systens need to be considered:

® The in-line (ILC) type in which the kiln gas passes the
firing region of the precal ciner, and

® The separate line (SLC) type in which the kiln exhaust
gas bypasses the firing region of the precalciner
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ILC systems: In these systens, the fuel conbustion in the
calciner takes place in a mxture of the kiln exhaust gas and hot
air fromthe cooler (tertiary air). Sonme of the nitrogen in the
fuel reacts with NO fromthe kiln exhaust gas while another part
reacts with oxygen to form NO  The result may be a net
production or a net reduction of NO in the calciner.

SLC systems: In these systens, the fuel conbustion in the
calciner takes place in pure hot air. |In the case of oil firing,
NO production in the calciner is negligible; but when using fuels
contai ni ng fuel -bound nitrogen, up to 50 percent of the nitrogen
conpounds in the fuel may be converted into NQ. The specific
NQ, production in an SLC calciner may be as high as 4 Ib NQ, per
ton of clinker as neasured in a calciner fired with pet coke
whi ch has a high nitrogen content and |low volatile content.* The
NO, in the cal ciner exhaust gas is added to the NQ in the gas
fromthe rotary kiln which |eaves this type of kiln system
Wi t hout being reduced. Wen fired with solid fuels, SLC systens
may therefore be expected to generate sonmewhat higher NO,
emi ssions than the ILC systens.!

4.2.3 Enerqgy Efficiency of the Cement-Making Process

Since the NO, formation is directly related to the fue
conbustion, any reduction in the anount of fuel burned per unit
amount of cenent produced should reduce NQ, em ssions per unit
amount of cenent. Attenpts to inprove energy efficiency of the
process by avoi ding excessive clinker burning, utilizing waste

heat effectively for preheating conbustion air, coal, and raw m x

is likely to reduce NQ, em ssions. | nprovi ng heat transfer
bet ween hot gases and solid materials, e.g., by chain systens,
will inprove energy efficiency. The newer preheater and

precal ciner kiln designs provide very efficient preheating and
precal cining of the raw mx with intimate gas-solids contact in
cyclone towers. New cenent Kkiln constructions or renovations