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The production of portland cement converts maffigidint raw materials into
clinker, in the presence of temperatures on therasti1l,500°C. Historically,
nonrenewable fossil fuels have been used to maittiase temperatures; however, the
cement industry has started to explore optionsipplement nonrenewable fuels with
alternative sources. These alternative fuels eneglly derived from waste, and their
disposal in a cement kiln could benefit the ceneditistry as well as the environment.

The cement for this study was produced in a fcdlles, operational, cement plant,
where three different 3-day test burns were coratliasing various combinations of
alternative fuels. The fuels used in each buriodexere: Coal Only; Coal plus Tires;
and Coal, Tires, and Plastics.

One objective of this study was to determine ifahernative fuels selected could

be successfully burned while maintaining productibthe cement plant. Although some



minor problems did occur, the energy content, atdlity, cost, and overall compatibility
made both tires and specific waste plastics viaptens.

Another objective was to determine if the chemamhposition of the fuels
directly impacted the chemical composition of theker and/or cement. The primary
chemical compounds; ADs;, CaO, FeOs, and SiQ showed no practically significant
changes. Some changes did occur in other compphatilbased on this study it was not
possible to conclude that these changes were & dasult of the fuels that were burned.

The main objective of this study was to determiriee fuels had a direct impact
on the properties of the cement and/or concretéymed from the cement. Although the
results could not be attributed directly to theldusome significantly different results
were found relative to the baseline burn, whichduSeal plus Tires as fuel. Tests of
drying shrinkage development, splitting tensilesgth of concrete, and concrete
permeability all showed no significant changesst@aetting times showed an
acceleration of 27 percent in the Coal, Tires, Rlagtics Burn, and concrete setting times
showed a retardation of 40 percent in the Coal @nign. Additionally, the compressive
strength of concrete made from the Coal Only bemiogl showed a decrease of as much
as 20 percent.

The final objective of this study was to determiinie fuels directly affected the
emissions. Based on the averages, the Coal plas burn was the highest, and the Coal
Only was the lowest in NQSGO,, and VOC. The CO emissions emitted by the cement
plant were the highest for the Coal Only burn. Tke of tires and waste plastics appear
to be feasible alternative fuels for cement proidmcand their use should be further
explored.
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Chapter 1

Resear ch I ntroduction

1.1 Project Background

The modern day production of portland cement is an industry composed of
countless materials, complex facilities, and closely monitored processes. Each of these
entities work closely together to develop a product that satisfies the construction demands
of the entire world. Portland cement is the key component of concrete, which is used to
build roads, bridges, buildings, and many other structures used by mankind. However,
the production of portland cement requires high temperatures sustained over long periods
of time, which are supplied by the combustion of large quantities of fuels. The majority
of these fuels have historically come from nonrenewabl e sources, which leaves the
sustainability of the process lacking.

Portland cement is manufactured by taking raw materials, which are generally
mined from the earth, and chemically fusing them together in the presence of extremely
high temperatures. The new product, known as clinker, is ground down with sulfatesto a
specific particle size distribution, and this final product is known as portland cement. For
amore thorough discussion of the portland cement production process, see Section 2.2.

The temperatures necessary to turn the raw materias into clinker are on the order
of 1500 °C. These temperatures are maintained by burning large quantities of

1



combustible fuelsinside arotary kiln, where the fusing of the materials takes place. In
order to meet the demands of the construction industry, it is common for a portland
cement production facility to run 24 hours aday for seven days aweek. With that
amount of production, and the quantities of fuels necessary to maintain that level of
production, it is easy to see why the fuels used play avital role in the production process.

It has been reported that the costs associated with fuelsin a cement plant can be as
high as 30 to 40 percent of the total production costs (Mokrzycki et al. 2003). These
numbers are associated with traditional fuels such as coal, natural gas, and oil. One
aspect of adternative fuelsisthat they are typically a waste product from other industries.
Since that isthe casg, it is often significantly cheaper for a cement plant to acquire waste
that would otherwise be landfilled or incinerated. In fact, there are certain situations
where the cement plant may actually be paid to dispose of certain wastes. If a portland
cement production facility is capable of acquiring an alternative fuel at a significantly
less (or even negative) cogt, it could be a particularly worthwhile financial undertaking.

Another reason why the utilization of alternative fuels in the cement production
process is beneficial isthe decrease in consumption of nonrenewable resources. In an
efficient kiln system, where the production rates are high, it is possible for asingle
facility to consume as much as 1200 tons of coal aday (Manias 2004). Not all cement
production facilities can consume this quantity of material, but when one considers that
there are thousands of facilities worldwide, the quantities of fuels consumed can be
staggering. If only asmall portion of the nonrenewable resources used in this process
could be replaced in many of these facilities, a significant decrease in use of

nonrenewabl e resources could be seen.



The emissions released by a cement production facility are an aspect of the
production process that is closely monitored and controlled. The use of alternative fuels
may have a profound effect on the emissions. The primary fuel that is being used at any
given cement plant may produce more emissions than an alternative fuel that could
possibly be utilized. Moreover, the incineration of wastesin a cement plant serves a dual
purpose, in that the heat produced during the incineration process is used to manufacture
aproduct. When wastes are incinerated otherwise, the heat developed is not used at all.
The utilization, at a cement production facility, of alternative fuels that are derived from
waste that would normally be incinerated combines two emissions producing processes
into asingle one (Greco et al. 2004). Thisdirectly reduces the amount of emissions
released into the atmosphere.

Regardless of the fuel that is used to produce portland cement, the magjority of the
incombustible material is actually incorporated into the product that is being formed.
This presents issues associated with the altering of the final chemical composition of the
portland cement. In turn, these aterations of chemical composition may lead to changes
in the properties of the ultimate product, concrete. For this reason, this study seeksto
measure the chemical composition of al of the materials involved in the production
process, along with all of the outputs from the process. Perhaps then, the effect on
chemical composition due to the aternative fuels can be understood. Ultimately, this
study will test the physical properties of the cement and concrete and determine if there
have been any effects that can be directly associated with the implementation of the
alternative fuels. In spite of all the positive aspects of the utilization of alternative fuels,
if the final product suffers from deficiencies in the properties that make concrete the
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versatile building material that it is, then the fuel in question may not be considered a

viable alternative.

1.2 Statement of Objectives

The objectives of this project are numerous. However, due to the complex nature
of the production process, and the research associated with it, some of the objectives have
been given more attention than others. The primary objectives of this project are as
follows:

1. Determineif the utilization of aternative fuels has an impact on the ability of the
cement plant to maintain productive operation,

2.  Determineif the implementation of alternative fuels has an impact on the chemical
composition of clinker and/or portland cement,

3. Determineif the implementation of alternative fuels directly impacts the physical
properties of the portland cement,

4.  Determineif the implementation of aternative fuels directly impacts the properties
of concrete made from this portland cement, and

5. Determineif the implementation of alternative fuels directly impacts the plant
emissions.

The first objective was not given much attention by researchers at Auburn
University. It was primarily studied by the personnel at the cement plant itself.

However, this objective was no less important to the study. If the utilization of a certain

aternative fuel does not allow the plant to maintain production, that fuel cannot be used.



The second through fourth objectives listed above are closely related, and are the
main focus of this study. Chemical compositions of all materiasinvolved in the
production process were determined, and an attempt was made to associate the utilization
of alternative fuels with any changesin chemical composition in the final product. Many
physical properties of cement and concrete were measured, and the differences between
the cement from each of the fuels was noted. Finally, an attempt was made to associate
the differences in properties of cement and concrete to the chemical changes brought on
by the utilization of alternative fuels.

Thefinal objective is another one of particular concern to the cement plant.
Because the emissions released by a cement plant are closely monitored and controlled,

any effects that the combustion of alternative fuels may have displayed were assessed.

1.3 Research Plan

Based on the objectives listed above, a complex yet thorough sampling and
testing plan was developed. Researchers at Auburn University and at a cement
production facility, referred to as the cement plant, partnered to compl ete this research
plan. The research was conducted during the full-scale production process using the
normal procedures utilized at the cement plant. The only change to the production
process was the fuels that were used, as they applied to the study.

The research plan consisted of four burn periods in which unique combinations of
fuelswere used. Thefirst burn period utilized pulverized coa asthe only fuel. Coa isa
common fuel source used by portland cement production facilities, and is the primary

fuel used at the cement plant where this research was conducted. The second burn phase



maintained coal asthe primary fuel, but replaced a portion of it with whole scrapped
tires. Thisisthe fuel combination that the cement plant usesin its everyday operations.
Therefore, the second burn period was considered the reference baseline to which each of
the other burns were compared. The third burn period used a combination of pulverized
coal, wholetires, and recycled industrial plastics. The plastics were considered to be the
first aternative fuel used. The final burn phase used codl, tires, and broiler litter. Broiler
litter is a byproduct of the broiler farming industry. The broiler litter was considered to
be the second alternative fuel.

In order for the cement plant to burn the fuels implemented in this project, many
modifications had to be made to the facilities at the cement plant. New equipment had to
be installed that was capable of handling, transporting, measuring, and introducing the
fuelsinto the production systems. Due to the amount of work and time necessary to
install al of this equipment, the fourth burn phase had not been completed at the time this
document was developed. Therefore there will be no results presented here. However,
discussion of the broiler litter itself, and the testing associated with this burn will still be
included.

Within each of these burn periods, athorough sampling and testing procedure was
used. Each of the materials used to produce the portland cement were sampled and tested
for their chemical composition. Additionally, each of the outputs from the production
process were collected and tested for their chemical composition. Each of the inputs and
outputs were sampled and tested at different frequencies relative to their importance to
the production process. The chemical analyses were conducted at the cement plant on
each of these materials. Samples from each of these materials were also sent to an
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external laboratory for additional testing. This additional testing served to verify the
results provided by the cement plant. Some specialty chemical analyses were conducted
by a specialty laboratory that is a subsidiary of the company that owns the cement plant.

In addition to the chemical analyses, select physical properties of the cement, as
well as many properties of concrete made from the cement, were determined. Many
physical properties of the cement were evaluated at the cement plant. Most of the same
properties were determined by personnel at Auburn University aswell. Moreover, the
concrete tests were conducted at both Auburn University and the concrete laboratory of
the cement plant. However, the testing conducted at Auburn was more thorough than that
conducted at the cement plant. At Auburn University, two different concrete mixtures
were produced. The goa of producing two different mixtures was to examine the
interaction of the cement with various concrete admixtures.

The final aspect of the research plan was to collect and monitor the emissions
during each of the burn periods. The emissions were monitored by the cement plant
using a continuous emissions monitoring system. These results were then reported to

Auburn University and are presented in this document.

1.4 Document Organization

This document is organized into five chapters, followed by a set of appendices.
The current chapter introduces the reader to the possibilities and problems associated
with aternative fuels and portland cement production. It is also where the objectives for
this project are stated. Finally, Chapter One provides a brief description of the procedure

that was implemented in satisfying the objectives.



The second chapter of this document is where background research for this study
ispresented. Literature from other studies pertaining to this research was examined and
pertinent information is presented. Another important goal of Chapter Two isto provide
athorough explanation of the production process associated with portland cement. This
discussion is based on the process in general, and is not specific to the cement plant used
in thisstudy. After that, an introduction to each of the materiasinvolved in the
production process, and how they may be affected by the use of alternative fuels, is
given. Chapter Two concludes with a thorough explanation of how many elemental
compounds that may be introduced into the portland cement by the alternative fuels can
potentially affect the properties of cement and concrete.

A thorough explanation of the methods used to research the problem at hand is
presented in Chapter Three. Each of the inputs and outputs to the production of portland
cement were sampled and tested in various manners. Chapter Three expands on this
sampling and testing procedure.

Chapter Four includes presentation, analysis, and discussion of results of this
study. Dueto the large quantity of data associated with some of the results, the primary
method of data presentation used in this chapter is the utilization of summary statistics.
Once the statistics have been presented, they are analyzed and discussed. Where the
results allow for conclusions to be drawn, they are discussed, and in some cases,
compared to the data presented in the literature cited in Chapter Two.

A summary, severa conclusions, and recommendations for this study are
presented in the final chapter of this document. Thereisasummary of the reasons why
this study isimportant, along with the way this study was conducted. The objectives are
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restated, and conclusions pertaining to each one are given. In some cases definitive
conclusions could not be made, but in such cases, reasons for this condition are given.
Chapter Five concludes with recommendations on a number of aspects of this study.
Suggestions for future work, possible ways to improve the research, and aspects that may
have been overlooked in the current study are given.

A set of appendices follows Chapter Five. Appendix A presents the sampling and
testing plan in tabular form. Chapter Three discusses the plan in more detail.

The final section of this document is Appendix B. This appendix has three parts.
Each part serves to present al of the raw data associated with each burn period. For
instance, Appendix B.1 presents all of the data for the Coal Only burn. This appendix

consists of tabulated data only.



Chapter 2
Literature Review

2.1 Introduction

Modern concrete is made from three primary matrizmely: water, aggregate
(gravel and/or sand), and cementitious materiat, tthen mixed with the water, hardens
with time. There are many different types of cetiignmaterial, however, the most
common is known as portland cement. “The inventibportland cement is generally
credited to Joseph Aspdin, an English mason. B#]1Be obtained a patent for his
product, which he named portland cement becausa sdte it resembled the color of the
natural limestone quarried on the Isle of Portlamthe English Channel” (Kosmatka et
al. 2002).

The technology of cement production has progredsaaatically from the days
of Aspdin. One of the most significant advances W& addition of extremely high
temperatures, which causes the raw materials tdt"together, forming a relatively
uniform product. The temperatures required to pcednodern cement are on the order
of 1500°C, making the production of portland cermamextremely fuel-intensive process
(Jackson 1998). In many cases, the costs assbevitefuels may be as much as 30 to
40% of the total production costs (Mokrzycki et2003). In an attempt to reduce this

cost, many cement production facilities are turrtmgards the utilization of alternative

10



fuels (Mound and Colbert 2004). The reason forrétkiced cost of alternative fuels is
that they are typically a byproduct of some otlnelustry. Some examples of alternative
fuels are scrap tires, waste wood, biomass, usgdamid spent solvents (Wurst and Prey
2002).

The environment can also benefit from alternatiwed fitilization. There are three
primary ways in which the use of alternative fuerlg beneficial in this way: preservation
of fossil fuel resources, reduction in the volunigvastes that must be disposed of by
other means, and a decrease in the global greemlefiest (Greco et al. 2004).

Care must be taken, however, to select altern&iiss that do not produce
adverse side effects. Increased emissions andjekao product chemistry and
performance are the potential negative effectsahabf greatest concern (Mokrzycki
and Uliasz-Boch&czyk 2003).

As with any process-related decision, it is neagssacompare the advantages
with the disadvantages in order to determine ifithhiglementation of alternative fuels is
appropriate for each portland cement facility. oal of this document is to identify
and examine all of the parameters that have saamfibearing on the feasibility of

introducing alternative fuels to the portland cetrirdustry.
2.2 Portland Cement Production

Simply put, the modern-day production of portlaethent occurs when raw
materials consisting of appropriate proportionsaltium, silica, alumina, and iron are
fused together at approximately 1500°C to formadpct known as clinker. Once the
clinker is cooled, it is interground with an appriage quantity of sulfate to a

predetermined fineness to form portland cementIfrey997). Due to the high level of
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complexity of the production process, and the @dsitbe as economical as possible, the
exact process varies from one facility to anotdackson 1998). One fundamental
difference is the choice between a wet or dry gecdn the dry process, grinding and
blending are done on dry raw materials. The wetgss completes these procedures
with the raw materials suspended in water to forstuary. Other than that, both
processes are similar (Kosmatka et al. 2002). dig@rocess is more energy efficient,
and is therefore utilized more in modern kilns.

A schematic of a typical dry process is shown guFe 2.1. The raw materials
are first proportioned in the appropriate ratidfiey are then sent to a grinder, which
reduces each of the materials to a uniform sizemRhe grinder, the raw materials are
sent to a blending silo, where they are thoroughiyed. If the mixed raw materials are
not immediately used, they may be sent to a stasdge The raw material feed is then
sent to the preheater, where it is calcinated bedatering the kiln. Once in the kiln, the
raw material feed is fused together into clink@®nce the clinker exits the kiln, it is
cooled before being stored in silos. Finally, ¢hieker is mixed with gypsum and ground
into cement. The cement is then stored, packageshipped to the consumer.

Throughout the process, dust is removed and cetlest various locations.

2.2.1 Raw Materials

The selection and processing of raw materialsimapr component of the
portland cement manufacturing process. In faet,material processing accounts for 10

percent of the energy cost in an average faciltyatterjee 1979).
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The raw materials used in the manufacture of padti@ement primarily consist of
a combination of a calcareous (higdCO; content) material and an argillaceous (high

silica and alumina content) material (Kosmatkal e2@02). Table 2.1 shows the wide
variety of sources from which raw materials mayabguired. Because the calcareous

material is the one used in the greatest quantdies the fact that approximately one
third of the carbon mass is lost@&, during the process, portland cement plants are

typically located near a calcareous raw materiatc® (EPA 1995). This helps keep
transportation costs down. Due to the variableneadf the chemical composition of the
raw materials, it is often necessary to operaseciitly in a location where the calcareous
and argillaceous materials alone do not provideafigopriate composition. In such
cases, as long as one component has a calciutTmeaebammposition of at least 80 to 85
percent, the correct composition may be achieveithé@yntroduction of other materials,

such as those shown in Table 2.1 (Jackson 1998).
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Once the cement plant has obtained all the negessarmaterials, they must be
crushed and proportioned so that the appropriageaal composition of the raw
material feed is met (Kosmatka et al. 2002). Toal gf the crushing process is to
achieve the desired patrticle size distributionrage particle size, and specific surface
area with the least amount of energy consumptiahodimer operating costs (Chatterjee
2004). Just like the chemical composition, the sistribution of the raw materials is
crucial to both the quality of the product and diperation of the process. In order to
achieve the lowest possible temperature in the &ihal therefore lower fuel
consumption, it is imperative that the feedstoafrmund to the appropriate fineness
(Jackson 1998). Once the appropriate finenesbd®s reached, the raw materials are
mixed together to form a homogenous mixture withpghedetermined chemical

composition (Chatterjee 2004).

Table 2.1: Typical Sources of Raw Materials (fronKosmatka et al. 2002)

Calcium Iron Silica Alumina Sulfate
Alkali waste Blast-furnace flue dust Calcium silicate Aluminum-ore refuse* Anhydrite
Aragonite* Clay* Cementrock  Bauxite Calcium sulfate
Calcite* Iron ore* Clay* Cement rock Gypsum*
Cement-kiln dust Mill scale* Fly ash Clay*
Cement rock Ore washings Fuller's earth  Copper slag
Chalk Pyrite cinders Limestone Fly ash*
Clay Shale Loess Fuller's earth
Fuller's earth Marl* Granodiorite
Limestone* Ore washings Limestone
Marble Quartzite Loess
Marl* Rice-hullash ~ Ore washings
Seashells Sand* Shale*
Shale Sandstone Slag
Slag Shale* Staurolite
Slag
Traprock

Note: * Most common source
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2.2.2 Pyro-processing

Pyro-processing is the utilization of heat to claatige chemical composition of a
material. Once the raw materials have been prigmad and mixed, they are ready to be
fused together on a chemical level. It was meetibpreviously that there are two types
of processes, wet and dry. While that is fundaadgntrue, there are actually five types
of processes. In the wet process and the longrmgess, all of the activity occurs within
the kiln itself. The semidry process, the dry psswith a preheater, and the dry process
with a preheater/precalciner each heat the rawrmaldefore they enter the kiln (EPA
1995). The purpose of a preheater and/or pre@lrto heat the raw material mix from
ambient temperature to approximately 850°C befioiefed into the kiln. In the process,

some of the carbon is removed@®),, which leaves a material with a higteaO

content (Jackson 1998). This process makes clzdé@n much more fuel and cost
efficient.

Whether or not a preheater and/or precalcinerad uke raw material passes
through the kiln at a rate determined by the skpe rotational speed of the kiln
(Kosmatka et al. 2002). Although the mechanismglmthe preheater (when present)
and kiln are very complex, the progression of atgtiig basically as follows (Manias
2004):

1. Evaporating free water, at temperatures u@a@
2. Removal of adsorbed water in clay material®°’€3300°C

3. Removal of chemically bound water, 450°C-900°C
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4. Calcination of carbonate materials, 700°C-850°C

5. Formation ofC,S aluminates and ferrites, 800°C-1250°C
6. Formation of liquid phase melt, >1250°C

7. Formation ofC3S, 1330°C-1450°C

8. Cooling of clinker to solidify liquid phase, @3 C-1240°C
9. Final clinker microstructure frozen in clinker,200°C

10. Clinker cooled in cooler, 1250°C-100°C
In these mechanism&S (alite), C,S (belite), C3A (aluminate), anéC,AF

(ferrite) are known as Bogue Compounds, which lagentajor clinker phases. When
portland cement is mixed with water, these four pounds react with the water to form
the majority of the hydrated cement products tina gement its cementitious properties
(Taylor 1997).

Figure 2.2 shows the gas temperature (dotted lame) the material temperature
(solid line) as they progress through the varicagspof the kiln system. Additionally,

the retention times in each area of the systerstayern.

2.2.3 Clinker Cooling

Before the clinker can be ground into the finaldarct, it must be cooled. The
cooling of clinker takes place in two locationsmhile it is still in the kiln, but past the
burning zone, and 2) in a clinker cooler (Mania®40 Because the latter is the primary
mode of cooling, the former will not be discussediétail here.

The cooling of clinker halts the further reactidrttee raw materials (Jackson

1998). In order for cement to exhibit its besesgth-giving properties, the clinker from
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which it is produced must be cooled rapidly frora tamperature at the burning zone to
about 1200°C, otherwise some of the clinker phasgsfurther react into a form that
inhibits strength gain as well as other cement#tiptoperties (Jackson 1998; Mosci
2004). Once the reactions have been halted, it bmusooled to approximately 93°C so
that it may be handled with traditional conveyimgigpment (EPA 1995).

Clinker coolers are also designed to recover anarré¢o the system as much heat
as secondary or tertiary air (Mosci 2004). As maslIB0 percent of the heat input to the
kiln may be recovered (EPA 1995). The degree tmhvheat recovery can be made, as
well as efficiency in cooling, is based primarily the type of cooler used. A number of
different types of coolers have been implementest thve years, including planetary,
rotary, shaft, and traveling grate coolers (Mo$i®). The latter type is most commonly

used today.
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2.2.4 Grinding and Finishing

The final step before packaging and shipping iggtieding of clinker and
gypsum together. Up to five percent (by weightpgiym, or other sulfate source, is
added to the clinker after it has cooled (EPA 199H)e amount of gypsum is adjusted to
regulate cement properties such as setting timeslandkage and strength development
(Kosmatka et al. 2002).

There are many types of grinders that may be us#tkifinishing milling.
Typically, the process is accomplished using arodll roller mill, roll press, or a
combination of these (Strohman 2004). Today, h@ngeinish milling is done almost
exclusively by ball mills (EPA 1995). A ball mitbnsists of a tube rotating about its

horizontal axis, filled with balls ranging in sit@m 13mmto 100mMm. As the mill

rotates, the balls frequently collide with the k&n causing it to fracture into
progressively smaller pieces (Jackson 1998). & $ize of the cement is determined
by its desired application. Typically, the finisheroduct will be ground so that almost
every particle will pass through a 45 micrometewsi(Kosmatka et al. 2002). Whatever
the desired fineness, it is imperative that unifibyns maintained as much as possible

(Strohman 2004). Once grinding is completed, ihistied product is portland cement.
2.3 Alternative Fuels and Portland Cement Production

According to Greco et al. (2004), fuels are “subsés that in the presence of an
oxidant (usually, but not exclusively, atmospheiiiy and provided there is an “initial

energetic impulse,” give rise to a chemical reactboxidation that is exothermic, self-
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sustainable, and very rapid.” The exothermic camepb of this reaction is, of course,
that with which the cement industry is primarilyncerned.

Clinker production is a fuel-intensive process k3an 1998). The efficiency
with which a facility runs is highly variable. Hewer, an average cement plant burning

coal consumes 12Xy of fuel in the process of producing 1 ton of pamtl cement

(Mokrzycki and Uliasz-Bocheczyk 2003). The least productive plants are tylgica
those that employ the wet kiln process. At thesdifies it is possible to produce clinker
at a rate of 2,000 tons per day. The most prodeigiants are generally those utilizing a
precalciner system. In a location using this tgpkiln, production may be as high as
10,000 tons per day (Manias 2004). At this rdtis, possible to consume as much as
1,200 tons of coal on a daily basis. This amotm®0 to 40 percent of the total
production costs (Mokrzycki et al. 2003).

The significant contribution to operating cost magduels, means “the
appropriate selection and use of a fuel has allwags and still is a matter of great
concern for the cement industry” (Greco et al. 20(Many different types of fuel exist.
Figure 2.3 shows some of these fuel types, andchtrens by which they are derived.

Some of the more traditional fuels commonly usedement manufacturing
today are natural gas, furnace oil, petroleum cakd, miscellaneous coals (Wurst and
Prey 2002). However, due to the potentially envinentally friendly aspect, in
combination with the possibility of substantial desese in (or even negative) cost, the
cement industry is increasingly turning to alteweafuels (Bhatty 2004). Some typical
alternative fuels used are (see Section 3.4); tivaste wood, used oils, and spent

solvents, which may replace some or all of theiti@thl fuels mentioned above (PCA
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2004). Figure 2.3 shows both traditional and aliéve fuels. In many cases, the terms
alternative fuels and waste (or waste-derived)sfae¢ used interchangeably. For the
purpose of this document, alternative fuels wileréo anything used as a substitute for

traditional fuels.

2.3.1 Alternative Fuels in Cement Kilns

The unique environment that is present within aexrkiln makes it a very
conducive atmosphere for the implementation ofadteve fuels (Mokrzycki and Uliasz-
Bocheaiczyk 2003). The following kiln characteristics dem it amenable to alternative
fuels (Greco et al. 2004):

* The temperatures in the kiln, upwards of 1500°€,sabstantially higher than the
threshold above which waste fuels must be inciedras established by
environmental regulations

» The high alkalinity atmosphere readily absorbs racglic gases released by the
oxidation of sulfur and chlorides.

* Most of the non-fuel compounds, such as metallides; are not deleterious to the
production of clinker.

» The majority of the noncombustible products, pattidy metals, are either
incorporated into the clinker itself, or trappedand recycled with the cement kiln

dust.

22



ec

Origin of Fuel

Renewable Fuel

Non-renewable fuel

Synthetic Natual Natural
. . Fossil derived synthetic fuel
Biomass derived y
Non-
biomass iqi iqi Biomass Fossil
derived Originated | Originated Coal originated| Petroleum
ernve through through .
: . fuel originated fuel
synthesis | decomposition

Typical
Examples
C_CG l l l v l v
2 Methanol Charcoal Logs Coal coke Synthetic Natural gas
o Ethanol Landfill gas Sugar-cane Coke gas natural gas Bituminous
>
S Lean gas Wood tar bagass LPG coal
O c_:cs Naphta Anthracite
— T Gasoline Lignite
o § ! Kerosene Peat
.9 . - .
% Plastic P;é)er | Sawdust | Dlliseelzloci)lll Shale
> waste  cardboar Wood chips Coal gas
S l Cotton seeds Synthetic gas
g Hydrogen Biodiesel Rice hull Tar Petcoke
pd

Figure 2.3: Various fuels and their origin (Adaptal from Greco et al. 2004)




Because most of the noncombustible products aepocated into the final
product, it is necessary to establish that theoperdnce of the cement is not inhibited by
the altered chemical composition. A thorough déstan of the elements and their
possible effects on the product can be found ini@e6. Similarly, a discussion of the

cement kiln dust and the impact of altered compwsstcan be found in Section 5.

2.3.2 Advantages of Alternative Fuels

The advantages of using alternative fuels in timeece industry are numerous.
According to Greco et al. (2004), the four primadvantages that are simultaneously
gained by burning alternative fuels are: reductbproduction costs, preservation of
fossil fuel resources, reduction in the volume aktes that must be disposed of by other

means, and a decrease in global greenhouse effbetlatter is based on the fact that the
emission ofCO, from what would normally be two separate processesmbined into a
single process.

With energy demands in a wet process kiln as sotiatas 6 millionBTUS per

day, it is easy to see that the implementatiomwftost alternative fuels offers
significant economic advantages (Barger 1994)hdlgh the unit costs of alternative
fuels are less than those of traditional fuels tlagoaspect of acquisition that must be
evaluated in order to accurately estimate the piaieior cost savings is availability. A
systematic view of the conditions concerning actual availability as well as the short-
and medium-term new trends of availability of newlftypes must be conducted (Greco
et al. 2004). A substantial portion of the acdiosi cost of fuels is intertwined with
availability, transportation, and processing costs.
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One major environmental advantage of substitutltegraative fuels in the cement
industry is the reduction of waste disposal sitdés.the consumption of goods increases
to satisfy our product-based life styles, so todlrdomanufacturing wastes that must be
disposed of (Barger 1994). As industries produastes such as oils, plastics, tires, etc.,
the environmental impact of landfilling or incinérey these wastes becomes a serious
problem (PCA 2004). Landfills require large quaes of land that may become
unsightly and environmentally detrimental. Equalisenuous on the environment are
waste incinerators, which have only a single pugpdsacinerators burn garbage, but do
not use the heat generated; whereas a cemenolesthe same thing only it uses the
heat generated to manufacture portland cementrefdre, unlike incinerators, a cement
facility serves a dual purpose (Mokrzycki and Utigocheczyk 2003).

Another significant environmental advantage ofralive fuel substitution is the
preservation of nonrenewable energy sources (Tr@zdécian 2000). The process of
mining coal, for instance, negatively influences émvironment (Mokrzycki et al. 2003).
Although coal is used for many applications ottmantfiring cement kilns, even a small
reduction in coal consumption will make a differencin general, a decreased use of
nonrenewable resources in cement plants can msigmificant difference in the total
volume of consumption around the world (Wurst anelyR2002). For instance, the
utilization of alternative fuels in the Australiaement industry accounted for a reduction
of 57,000 tons of coal consumption in 1999 (PCA400

One secondary advantage in the case of some diterfizels is the reduction in
required quantities of certain raw materials. iRstance, due to the high silica content
(78 to 90 percent) in the ash of rice husks, thewarhof silica required in the raw feed
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may be significantly reduced (Jackson 1998). Adddlly, the steel belts in tires may be

used to replace a portion of the iron requirechenraw materials (Kaantee et al. 2002).

2.3.3 Disadvantages of Alternative Fuels

In order to make educated decisions concerningubstitution of alternative
fuels in the production of portland cement, theadisntages must be examined and
weighed against the advantages. Fundamentallgatieing of alternative fuels must be
carried out under conditions guaranteeing totatieficy of combustion. Otherwise,
problems associated with the quality of the produnti/or environmental protection may
occur (Greco 2004). Additionally, in order foraatative fuels to be implemented, many
logistical problems such as fuel preparation amltaning, storing, dosing, feeding,
and burning must be overcome (Wurst and Prey 2002).

Many studies have previously been conducted tostiyate the effect of burning
various alternative fuels on the environment. 8madly, a number of these studies have
been concerned with changes in emission charaatsriOne such study was conducted
in California where a cement plant had petitioreedge tires as a fuel supplement. In
this study, it was found by the air quality managatrdistrict of Cupertino, California,
that tire burning substantially increases emissadnmotentially toxic chemicals such as
benzene, nitrogen oxides, furans, lead, as waltlaers (Martinez 1996). A detailed
discussion of emissions can be found in Sectiolf desults such as these were found to
be true of any alternative fuel, it would be verfficult to make use of this type of fuel

substitution.
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One potentially devastating constraint of the impdatation of alternative fuels is
the final clinker composition (Mound and Colber02). Because the cement clinkering
process incorporates the combustion byproductsi@alinker, any undesirable
compounds present in the fuels may be depositedhietcement itself. If any of these
compounds produces a decrease in quality of thewgrtine benefits of alternative fuel
substitution could be negated. A detailed disamssi elements that could alter the
properties of cement and/or concrete can be foui&kction 2.6.

The replacement of traditional fuels by alternafivels inherently requires
investment costs associated with adjustment oacephent of a burner, implementation
of alternative fuel delivery systems, new fuel atw facilities, and fuel distribution
systems (Greco et al. 2004).

The production of clinker requires an even comiounstif fuels in order to
consistently heat the raw materials (Peray 198&)nsidering this, the fuels must be
processed and conditioned to have the followingaxttaristics (Wurst and Prey 2002):
* even particle size distribution
* as high and uniform calorific value as possible
» free of detrimental contents like some metals,gglaad minerals, and
* low moisture content.

In most situations, modifications to facilities lnnlave to be made in order to
process and condition alternative fuels to meetdiwiteria.

Each of the other logistical hurdles listed abowestibe overcome as well, and it
must be done at a lesser cost than the savingmtght be gained from use of cheaper

fuels.
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2.3.4 Alternative Fuel Options

In addition to the ability of a substance to reéelEsge amounts of energy when
consumed, there are a number of other charactsristat a substance must possess in
order to be considered for implementation. Fotanse, composition and heat value are
of significant importance to the operation of ankiPeray 1986). It would make little
sense to replace coal with a fuel that has a rggatitue too small to allow for its
utilization with reasonable quantities.

The specific criteria that a material must meadritler to be considered as a fuel
is typically specific to either the facility or tlwrporation that owns the facility. In
general, each company that may be consideringralige fuel substitution usually
develops its own set of standards. As an exampemk of these standards, the
following criteria must be met in order for the hele Cement Polska group to use a

substance as an alternative fuel (Mokrzycki e2@03):
+ Energy value — over 1J/kg (6019BTUY/Ib)

» Chlorine content — less than 0.2 percent

e Sulfur content — less than 2.5 percent

 Polychlorinated BiphenyldRCBS) content — less than 50 parts per milligpit)

* Heavy metals content — less than 2p@mn.

It is evident from this list of criteria that thear is wide open for the types of
materials that may be considered as a viable aliemfuel. Alternative fuels are
categorized by the phase in which they exist. Tioeeethe three classifications of fuels

are solid, liquid, and gas (Peray 1986). Thegewsde variety of fuels that fall into each
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of the classifications, all of which present th@iwn unique advantages as well as
problems. Table 2.2 shows a number of alternditiges from each classification that
have been successfully burned in cement kilns.

In this study, scrap tires, waste plastics, anddorbtter are considered as fuels.
All these alternative fuels can be classified dglso Therefore, liquid and gaseous
alternative fuels will not be discussed here. &oomprehensive discussion of these
classifications, see Greco et al. (2004).

Solid fuels are the most commonly used, and ingesfiparticular fuels,
pulverized coal is the predominant fuel used feneet production worldwide (Greco et
al. 2004). Therefore, coal is quite obviously aotalternative fuel, and due to
widespread literature on its use, it will not bel@ssed any further. The alternative fuels
with which this study is primarily concerned arexap tires, industrial plastics, and

broiler litter.

2.3.4.1Tires as Fuel

Scrap tires first gained notoriety as a seriougevpsoblem in the mid 1980s,
when an estimated 2 to 3 billion scrap tires hadiawilated in both legal and illegal
dump sites in the United States (Schmidthals 2083)of 1993, 234 million scrap tires
were produced annually in the U.S., 82 percentlatiwwere landfilled, stockpiled or
illegally dumped. A mere nine percent were conslifmeenergy recovery projects
(Barlaz et al. 1993). This trend is not uniqué® U.S.; it is present around the world.
Corti and Lombardi (2004) reported that duringykar of 1999, Italy produced 330,000

tons of waste tires. These staggering quantifiesed tires “represent considerable
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environmental and public health hazards,” to whiehcement kiln could be a

tremendous solution (Greco et al. 2004). For m=#alif all Italian cement plants were

able to use tires as fuel at a replacement rdfite$n percent, 646,000 tons of tires

could be disposed of per year, almost 100 percent than is actually produced in that

country (Corti and Lombardi, 2004).

Table 2.2: Classifications of Many Alternative Fuks (Greco et al. 2004)

Gaseous waste

Landfill gas

Liquid waste

Cleansing solvents

Paint sludges

Solvent contaminated waters

"Slope" - residual washing liquid from oil and oil products storage tanks

Used cutting and machining oils

Waste solvents from chemical industry

Solid or
pasty waste

Municipal waste

Plastic shavings

Residual sludge from pulp and paper production

Rubber shavings

Sawdust and wood chips

Sewage treatment plant sludge

Tannery waste

Tars and bituminus

Used catalyst

Used tires

Fifteen percent replacement is not unreasonabteat isuapproximately the upper

limit for whole tire substitution through convemia means. Whole tire replacement

rates are typically limited to 10 to 15 percentdiese the excess energy supply may

result in localized overheating and reducing caod#. This promotes the volatilization

of sulfur, which leads to material melting and Quilps in the kiln and preheater
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(Schmidthals 2003). There is no known upper liimitshredded tires due to the fact that
they are typically fed through the primary burner.

Some typical characteristics of tires used asifuttie kiln system are: ash
content of 12.5 to 18.6 percent (by weight), 1.2.@®percent sulfur, one to two percent
zinc, and an energy value of 26987 to 33k3/kg (11602 to 1439@TUS/Ib) (Jackson
1998). Wurst and Prey (2002) report average enafyes of tires to be 25104 to 29288

kJ/kg (10793 to 1259BTUYIDb), with zinc and sulfur as the primary elements of

concern. Table 2.3 shows the energy value ofigresed fuel (TDF) relative to two
sources of coal. Sulfur, nitrogen, and chlorireaso shown in terms of content in the
tires, as well as production. Finally, this repado gives zinc concentrations of 1.4
percent and 1.53 percent in chipped tires withwaitidout the steel belts present,

respectively.

Table 2.3: Various Properties of Tire Derived FueRelative to Two Coal Sources

(Barlaz et al. 1993)

Energy Source

Coal Coal
TDF (Eastern U.S.) (Western U.S.)

Energy Value (kJ/kg) 34,000 27,000 27,000
Sulfur (%) 1.2 2.0 0.8
Sulfur Production (Kg x 10%/kJ) 0.35 0.74 0.30
Nitrogen (%) 0.24 1.76 1.76
Nitrogen Production (kg x 10%kJ)  0.07 0.65 0.65
Chlorine (%) 0.15 0.08 0.08
Chlorine Production (kg x 10%kJ)  0.04 0.03 0.03
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Waste tires not only act as fuel, they supplementesof the raw materials
needed for cement production (Kaantee et al. 200&)en the iron belts in tires are not
removed before introduction to the kiln, a portadrihe raw feed iron is replaced, thus
decreasing the quantities of iron that must beratise acquired (Corti and Lombardi
2004). One cement plant in Redding, Californiaiclwhreplaces 25 percent of its energy
requirements with shredded tires, has reportecteedse in iron ore costs of 50 percent
(Kearny 1990). Obviously, tire substitution cankea significant contribution to
decreased raw materials cost.

Corti and Lombardi (2004) reported on a study inclhires were substituted for
coal at a replacement rate of 15 percent. Tadlsl®ows the change in emission
characteristics between a kiln fired with coal @&pand the same kiln fired with coal and
tires. The two abbreviated compounds presentedaranetallic volatile organic
compounds (NMVOC) and particulate matter (PM). [€db5 shows the change in input
characteristics required for the substitution @ftines. The latter shows a decrease in the
amount of coal and iron required, while at the séime, an increase in the amount of

electricity required to run the tire-specific feggstem. Additionally, the diesel fuel
required for transportation of the tires a distaot85Kkmis shown. The final result of

this study, by life cycle assessment, was thastistitution of tires for coal in the
cement production process was a better source stewiae disposal than as mechanically

or cryogenically pulverized filler, or conventionabste-to-energy processes.
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Table 2.4: Emissions of Coal Relative to Coal antlires (Corti and Lombardi 2004)

Fuel SO, NO, NMVOC CH; CO CO, N,O PM Cr Pb

g/Gl

Coal 25 575 15 15 86 35 288 1.00x1073 4.62x10™
Tyres" - —151t030% —54% - 2g/GI° - 1 1 174% 174%
Additional emission factors (g/tonyggs)

Tyres 211043 -2 - 390 - - - 1.84x 107" 8.51x107?

* Percentage change in emission with respect to coal feeding.
® From measured data.

Table 2.5: Effect on Input and Output Quantities br Tires Used as Fuel (Corti and

Lombardi 2004)

Input Output Amount

Tyres 1000 kg

Diesel 6.05 kg

Electricity 6 MJ

Coal —877 kg

Iron minerals =250 kg
Emissions

The results of the studies shown above show timeetndous possibilities for tire
derived fuel usage in cement plants. Figure 2o0fvstthe rate of increase in facilities
using tires in the United States (PCA 2005). Tiesd is certainly a step in the right

direction as far as scrap tire disposal and cemeatuction is concerned.
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U.S. Portland Cement Plants Utilizing Tire-Derived Fuel
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Figure 2.4: Trend of Tire Use as Fuel in Cement Bhts in the U.S. (PCA 2005)

2.3.4.2Plastic Waste as Fuel

Currently, very little literature exists on the udfelastic wastes as an alternative
fuel in the cement industry. However, it is cartpia viable option that is continuously
gaining consideration for such applications.

Wurst and Prey (2002) have reported a limited arhofidata on plastic waste

fuels. Based on their research, plastics typidadlye an energy value on the order of
28870kJ/kg (12412 BTUS/Ib). Additionally, the elements that are deemed thsetm

worthy of concern in cement production applicatians cadmium, lead, and zinc. The

final result which is reported is that the optimparticle size for implementation is 10
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mMm. This is to avoid conglomeration of particles npotroduction to the kiln, which

may result in noncombusted plastic fractions.

The results of a study done by Miller et al. (2088 presented in Table 2.6 and
Table 2.7. Table 2.6 shows typical concentrataoges of various elements present in
plastic used as fuel, relative to the same elensrdgheir concentrations in coal. Table
2.7 shows relative percentages of the same elertiatta/ere retained in the ash after
each of the fuels was combusted at a temperati@@®to 900°C in a suspension firing
reactor. Therefore, the elements with the lowetgntion quantities are the elements that
were the most volatilized, and would have the grgtadendency to end up in stack
emissions. Also, the elements with the highestitein quantities would be most likely

to be incorporated into the clinker if these fugése burned in a cement kiln.  The
results of this study, as they relate to plastes,thatCd, Cu, Hg, Pb, andTl have the
greatest potential to end up in emissions, wBieCo, Mo, andNi are the most likely

to be incorporated into the clinker. A discussidthese elements and their effects on

cement properties is presented in Section 2.6.

Table 2.6: Concentrations of Elements in Coal anBlastic Fuels (Miller et al. 2002)

Fuel less than 1 ppm 1t0 10 ppm 10-100 ppm greater than 100 ppm
Colombian coal Be, Cd, Hg, Sb, Tl As, Co, Cu, Ni, Mo, Pb, Se Ba, Cr, Mn, Sr, V, Zn
Polish coal  Cd, Hg, Mo, Tl As, Be, Co, Sh, Se Cr, Cu, Ni, Pb, Sr,V,Zn  Ba, Mn
plastic waste  As, Be, Hg, Se, Tl Cd, Co, Ni, Mo, Sh, V Cr, Cu, Mn, Ph, Sr Ba, Zn
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Table 2.7: Concentrations in Ash From Coal and Plstic Fuels (Miller et al. 2002)

percentage of trace elements retained in ash

Fuel 0-20% 21-40% 41-60% 61-80% 81-100%
Colombian coal Hg, Se As, Cd Cr, Mn, Mo, Sh, Sr, Tl Ba, Be, Ph, Co, Cu, Ni, V, Zn
Polish coal  Hg, Se Tl As, Cd, Pb, Sh Ba, Cr, Cu, Mo, Sr Be, Co, Mn, Ni, V, Zn
plastic waste Hg Cd, Cu, Pb, Tl, % Cr, Ba, Mn, Sr Be, Co, Mo, Ni

2.3.4.3 Broiler Litter as Fuel

Broiler litter is the material removed from thedls of poultry houses. The two
main components are chicken litter and some sdsedtling material, such as sawdust.
Other components that are generally present atlediesa dirt, etc. The UK produces 1.5
million tons of poultry litter per year, which iggically land-applied as fertilizer.
However, some environmental problems have manddbiEmselves, such as
phosphorus-rich water runoff (Davalos et al. 20)oiler litter is oftentimes also
referred to as poultry litter, and for the purpo$¢his document, these terms will be used
interchangeably. Due to the lack of research cotedlutilizing broiler litter in cement
kilns, a basic discussion of its composition aneshloostion characteristics will be
presented.

In a study reported by Abelha et al. (2003), pguitter alone, and mixed with 50
percent (by weight) peat, was burned in a fluidiked combustor, under various
combustion conditions. The results of a proxinaatd an ultimate analysis on the litter

and peat are shown in Table 2.8, along with araasllysis of the litter in Table 2.9.

36



Table 2.8: Proximate and Ultimate Analysis of Chiken Litter and Peat (Abelha et

at. 2003)

Chicken litter Peat
Proximate analysis: as received (wi%)
Moisture 43.0 24.1
Volatile matter 38.9 50.3
Fixed carbon 1.7 19.9
Ash 16.4 5.7
Ultimate analysis: dry basis (wit%)
C 28.17 47.57
H 3.64 4.80
N 3.78 1.97
S 0.55 0.00
Cl 0.63 0.00
0 34.43 38.15
HHV (kJ/kg) 106.20 212.60

Table 2.10 shows the rangesG and Volatile Organic ContentV/QOC)

emissions concentration. In the cas€@) with no secondary air, the concentrations are
excessively high, which indicates incomplete mixaigir with the fuel, and possibly

incomplete combustion of the fuel. In all othasesCO levels were at or below the

regulated levelsVOC concentrations followed the same trend€6% Although these

tests were not conducted in a cement kiln, thidysprovides results that may be typical

of broiler litter combustion.
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Table 2.9: Ash Analysis of Chicken Litter (Abelhaet al 2003)

Elements (wt% or wt/wt)

Ca 1.5%

K 3.1%

Fe 0.1%

Mn 596 pg/g

Zn 209 pg/g

Cu 71 pglg

Cr 112 pefg

Ni <LL (LL = 10 p.g/g)

LL: lower limit.

The primary problem Abelha et al. (2003) encourttavas the feeding of the
litter. The screw-type feeder that was used caotchandle the litter when it had a
moisture content greater than 25 percent. Thifdomertainly cause problems in cement
plant applications as well. In fact, the moistooatent of litter is also a problem for
other reasons. The most prominent of these is oetittility.

Davalos et al. (2002) reported on a study in wisisimbustion characteristics of
poultry litter were evaluated for various moistamntents. Table 2.11 shows the
elemental analysis of a wet sample (approximat8lp&rcent water content) and a dry
sample. Figure 2.5 illustrates the energy contergus water content. A linear

approximation is fitted to the experimental dalBased on this approximation, a

completely dry sample will have a calorific valueld,447kJ/kg (6211BTUS/Ib), and

a sample has a calorific value of 4,dallkg (1720BTUS/Ib) when its water content
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reaches 78 percent. These data clearly illustngteletrimental effect that increasing

moisture content has on the heating value of hrbiter.

Table 2.10;: CO and VOC Concentrations for VariouChicken Litter/Peat Mixtures

and Burning Conditions (Abelha et al. 2003)

Conditions used

CO concentration
(ppm, at 11% Os)

YVOC concentration
(ppm, at 11% O5)

100% chicken litter with

no secondary air

100% chicken litter with
secondary air

(A) Secondary air/fluidising
air=0.4

No staging

Little turbulence

(B) Secondary air/fluidising
air=0.4

Two-level staging

Strong turbulence

50% chicken litter and 50%
peat with secondary air
Secondary air/fluidising

air =04

Two-level staging

Strong turbulence

1500-6000

360-540

50-120

180-300

40-65

20-35

15-25
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Table 2.11: Elemental Analysis of Poultry Litter @ Wet and Dry Moisture

Conditions (Davalos et al. 2002)

Elemental analysts (%)

C H N S Halogens 0+ others

Wet-poultry litter 102407 901406 13101 794
Dry-poultry liter M1404 52102 56402 0131012 035 £0.15 5409

16000+
14000:
12000
10000:

8000~

Energy Content (kJ/kg)

6000 -

4000'1-'| L I R R LB AL LR R | T 1
0 10 20 30 40 50 60 70 80

w (%), water content of poultry litter

Figure 2.5: Energy Content Relative to Water Contet of Poultry Litter (Davalos et

al. 2002)

2.4 Emissions

A portland cement manufacturing facility that prods one million tons of

cement annually will also produce roughly 1.5 billicubic meters of gases in the
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process (Jackson 1998). The primary componeritseesé gaseous emissions @@,,

NO,, andSO,. Lesser pollutants emitted into the atmosphesecarbon monoxide,

dioxins, furans, particulate matter, and metalfh(®macher et al. 2003). Due to the
highly variable nature of portland cement manufasty the specific composition of

plant emissions will be unique to each facilitylth®ugh many factors affect the specific
makeup of a plant’'s emissions, there are threednahtal aspects of the process, which
the manufacturer can control, that ultimately deiae their emissions state. These three
parameters are the chemical composition of thematerials, the chemical and physical
properties of the fuel, and the kiln conditions (®tago et al. 2006). Based on the focus
of this document, a discussion of each of the pyneaission components and their
relationship with alternative fuels will be discadsn the following sections. Brief

mention of the lesser emission compounds will Glsonade.

2.4.1 Carbon Emissions

Carbon dioxide CO,) and carbon monoxid€_0O) are major emission

components with which portland cement productianilifies must be concernedCO, is

the primary agent responsible for the “greenhotfeets’ and is therefore closely
monitored by environmental agencies around thedvdportland cement production

facilities are a significant contributor to atmospib carbon dioxide worldwide. In 2000,

global CO, emissions from portland cement production werenaded at 829 million

metric tons, which accounts for 3.4 percent ofZ{D, emissions for that year (Hanle et

al. 2004). On a more regional scale, in 1999 tihhdland cement industry in the United
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States was responsible for 22.3 million metric tohsarbon dioxide emissions, which
accounted for 4 percent of all that yedc€), emissions (Bhatty 2004).

Carbon dioxide emissions come from combustion s$ifduels and the
calcination of limestone, each of which contribapproximately half of th€O, during
production (Worrell et al. 2001). Calcining is {cess of heating limestone and

convertingCaCO; into CO,andCaO. This process is typically carried out in a
preheater, which may also be known as a precalcifleeCO; is released into the

atmosphere, and teaO enters the kiln where it becomes a primary compbimethe

formation of the clinker. Carbon monoxide is priityaproduced when fuels are not
completely consumed due to insufficient mixturerygen and fuel at the location of
combustion and/or a rapid decrease in local tentyrer#o levels below those required
for ignition (Bhatty 2004).

The amount 0O, produced during combustion is a partially a functad the

type of fuel being consumed (Worrell et al. 200The same can be said of carbon
monoxide. In an experiment conducted at the Mamagp cement plant in Poland, up to
40 percent of the heat required for clinkerizatizas provided by two different
alternative fuels called PASr and PASi. PASr fuak a composite mixture of grain-
sized particles made from paper, cardboard, fmth¢textile, plastic containers, tapes,
cables and cleaning agent. The PASI fuel was cepgpof sawdust or tobacco dust
mixed with wastes derived from paint, varnish, hepwst-distillation fractions,
diatomaceous earth contaminated with petroleumebaseste, etc. The emissions data
for the three major compounds are shown in Figuse 2
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Figure 2.6: Emissions Data from a Plant Burning Alernative Fuels (modified from

Mokrzycki et al 2003)

Prisciandaro et al. (2003) have also reported @omssesults of tests run
comparing traditional fuels with alternative fuelBwo Italian cement plants were used
for the study. Both plants used petcoke as thaditional fuel. Plant 1 replaced up to 20
percent of its energy with that from tires. Plameplaced the same percentage of its
energy with that from recycled oils. Figure 2.6wh the change in emissions
concentrations due to the changes in fuel tyffé®) levels remained approximately

unchanged in Plant 1, and Plant 2.

43



144

Emissions (mg/Nmc) - Plant 1 alternative

Emissions (mg/Nmc) - Plant 1 traditional

2200

2000 -~

1800

1600

1400

1200 A

1000

800

600

400

200 4

NO, limit

(a)

2000 A

1800 A

1600

1400

1200 A

1000

800

600

400

200 A

NO, limit

Figure 2.7:

10 15 20 25 30

Time (days)

Emissions (mg/Nmc) - Plant 2 traditional

Emissions (mg/Nmc) - Plant 2 alternative

2200

2000

NO, limit

(a)

1800 49——— — —— e —_——— —— e —— o+ + ]

1600

1400

1200 +

1000 4

800

600 1

400

200

NO,

2000

1800 A

1600

1400

1200

1000

800

S0, limit

600 49— — - ———

400

200

10 15
Time (days)

Change in Emission Levels due to Chaeg in Fuel Types (Prisciandaro et al. 2003)



2.4.2 Nitrogen Emissions

Nitrogen OxidesNO,) are a family of nitrogen-based compounds thafarad
in the stack emissions of a portland cement pradi¢acility. The two most common
forms areNO andNO,. Typically, more than 95 percent of exhaust ggseduced by a
cement kiln ardNO, with the remainder of the gases generally coradrifNO,
(Gardeik et al. 1984; Greer 1989). Just like carbased emissionBO, concentrations
are also susceptible to the temperamental natureroént kilns. The independent
variables which have the greatest influencd\N@ levels are fuel type, feed rate, amount
of air flow, and the temperatures in the burningezof the kiln (Walters et al. 1999).
There are three mechanisms by wH¥D is formed in the kiln. In order of
decreasing contribution to overall concentratibeytare thermadNO,, fuel NO,, and

feedNOy (Young 2002). Thermd\O, (primarily NO) is the most abundant source of

NOy in the kiln system. It is formed when atmospheitcogen present in the
combustion air is oxidized in the presence of higghperatures. The threshold at which
thermalNO, begins to form is commonly thought to be aroun@QP€&, above which

NO levels increase dramatically. The majority of thermalNO, are formed in the

burning zone where flame temperatures easily r&&60°C (Bhatty 2004; Greer 1989;

Marengo et al. 2006; Young 2002).
FuelNOy is formed when chemically bonded nitrogen in the fs released and

oxidized due to combustion. Therefore, as lonthagemperatures are above the
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ignition temperature of the fuel, fublOy is being formed (Gardeik et al. 1984). The
guantity of nitrogen present in fuel is significlgriess than that present in the
combustion air, which means that the contributibfuel NOy in the burning zone is
relatively small. However, in a system where eéhpeger is utilized, the temperature at
the secondary combustion zone is much less thaimtéeshold for thermdNOy
formation. This allows fudNOy to be the primary contributor at this location (Mg

2002). Greer (1986) stated that if all the otletdrs controllingNO, formation are held

constant, the total amount BNO, can be altered by controlling the content of mj&o in
the fuel (Greer 1986).

The final source oNO,, is the raw material feeds. FeND, is similar to fuel
NOy in that it is formed when the nitrogen that ismieally bonded within the feeds is

released and oxidized. This process takes plaegrgteratures in the range of 300-

800°C (Marengo et al. 2006). An upper limit of f€rcent has been reported for the
amount of feed nitrogen that may be convertebl@). Ratios this high will only occur

when the raw materials are heated slowly (Gart@8B) Considering this theoretical

maximum along with the natural limit of the amoohnitrogen present in feeds, it is
evident that the contribution of fe®&O, to the overalNOy production in the kiln is
minimal (Young 2002).

There are two major implications of large volumé§&, emitted into the
atmosphere. The first is thdlO, combines with moisture in the atmosphere to form

either nitrous acid or nitric acid. These two cammpds are the primary components of
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acid rain (Bhatty 2004). Although the majoritythe NOy produced in the kiln system is
NGO, it is largely converted inthlO, in the atmosphere (Greer 1989). The second
product that forms wheNOy is released into the atmosphere is smog. Smiogrized
whenNO, combines with hydrocarbons in the presence of satfiation (Bhatty 2004;

Greer 1989). Therefore, it is important thatMdD, levels are monitored and limited
throughout the portland cement industry.

Because the majority of ttdO, produced in cement kilns comes from thermal
NO,, alternative fuels cannot change its concentratidsstantially in either direction.
However, the nitrogen concentration of fuels dagehsome effect on the amount of
NOy produced. The results of the study conducted bkriy/cki et al. (2003) show that
NO, emissions were decreased by 81 percent betweditianal fuels and the PASTr fuel
(see Figure 6). The study conducted by Prisciandtal. (2003) shows an increase in

NO, emissions in Plant 1, and a decreadd@, emission at Plant 2 (see Figure 2.7).

2.4.3 Sulfur Emissions

Sulfur Oxides 80,) are a family of sulfur-based compounds that araronly
released as emissions from industrial applicatidnghe portland cement industi§O,
andS0s are the most prevalent members of this familythéligh both of these
compounds are typically present in a cement kilhas been reported that as much as 99
percent of thedO, emissions are in the form 80D, (Marengo et al. 2006). TH&O,

that is released from the kiln system is producethb oxidation of sulfur compounds
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that enter the kiln in either the fuel or the raatarials. The quantity &8O, released is

highly variable based on factors such as the formhich it enters the kiln, the presence
of certain other elements, such as alkalies anaric, in the kiln, and the kiln operation
and design (Miller and Hawkins 2000). Althoughrsigant quantities of sulfur are
released via emissions, the majority of sulfur #aers the kiln is either incorporated
into the clinker, usually as alkali-sulfates, opdsited in the kiln/preheater system in the
form of deposits or kiln rings. Greer (1989) repdr50 to 90 percent of the sulfur that

enters the kiln either remains in the kiln or isarporated into the clinker.

When30y are emitted into the atmosphere, they typicakgsaone of two forms.
SO, readily combines with the moisture in the atmosehe formH,S0,, also known

as sulfuric acid, which is a major contributor tadarain (Bhatty 2004) S0, may also

remain solid and become what is known as dry dépaswhich is a solid reaction
product (Greer 1989). The consequences of eithiiese phenomenons are certainly
detrimental. The former speaks for itself in telwhpotentially harmful effects. The
latter exists as particles small enough to be athaly both animals and humans, where it

is harmful to the respiratory system and potentiftal (Schuhmacher et al. 2003).

Just as witiNOy and carbon-based emissions, the type of fuels himeel a direct
effect on the amount &0, in the emissions. This can be illustrated by erarg the
study by Mokrzycki et al. (2003), which was showe\pously. It was reported that there
was a decrease 80, emissions by 7 percent between traditional fudl RASr fuel (see

Figure 2.6).
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2.4.4 Other Problematic Emissions

In addition to the three major types of emissidrat have been previously

discussed, many other compounds may be creatée kilh system and emitted into the
atmosphere. Just as wiHO,, SO,, and carbon-based emissions, the concentrations of

each are affected, to some extent, by the typegaaditities of fuels being used. Due to
the lack of literature directly relating alternaifuels and the emission of these
compounds, a brief discussion of their formatiod patential dangers will be presented,

and the ability of alternative fuels to affect thgiesence will be briefly discussed.

2.4.5 Dioxins and Furans

“Polychlorinated dibenzodioxind?CDD) and polychlorinated dibenzofurans

(PCDF) are halogenated aromatic hydrocarbons that grebycts of combustion

below 400°C and chemical processes in the pressdraddorine” (Kirk 2000). Although
the formation of these compounds is not complatalyerstood, many of the precursors

can be readily identified. Many chlorine compoundsluding polyvinyl chloride
(PVC) and sodium chloride, are the primary harbingédiaxins and furans (Bhatty

2004). The major concern with dioxins and furanthat they are extremely harmful to
animals and humans when they are ingested. Humggstion typically arises from the
consumption of animals, such as fish, that have beataminated. Some of the effects
in humans are eye irritation, dermatitis, gastestinal disturbances, liver and kidney
damage, and possibly cancer (Kirk 2000). Therefomeases in dioxin and furan
emissions due to implementation of alternativedwebuld be a serious setback for the

viability of those fuels.
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2.4.6 Metals

Metals in the emissions from cement plants are alsoncern. Many metals
present in the kiln system are incorporated inéodimker and are not emitted in
measurable quantities. However, some metals @rensely volatile in the kiln, and are
present in the stack gases. Some of the metaleatest concern are mercury, lead,
cadmium, and chromium. Detailed discussion of eaetal is presented in Section 2.6.
The concentration of metals in the emissions isatly related to the concentration of
that metal in both the fuel and raw materials. réf@e, if the concentration of a metal
typically found in emissions is changed by utilzian alternative fuel, the concentration
of that metal in the stack gases may change byidasiamount. One example of this
phenomenon is reported by Bhatty (2004), who regbttiat ZnO mass flow rates in

stack emissions decreased from 219J/Sec to 1.53mMg/Sec in U.S. cement plants using

traditional fuels and waste fuels, respectively.

2.4.7 Particulates

One final emissions component that must be consitisrparticulate matter.
These solids are fine enough to remain suspendie igases flowing through the kiln
and into the stack. Although particulates are comin stack gases, they typically do
not actually exit the stack in appreciable quaasitilt is common practice for portland
cement plants to have electrostatic precipitatwstailed in the stack, which filter out and
collect this dust. A precipitator works by impagian electrical charge to the dust
particles as they pass, then these charged paréicteattracted to oppositely charged
plates to which they stick. When a plate beconoasptetely coated, the dust is removed
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and collected. The amount of particulates colgctedependent upon local regulations
and how much the facility is willing to spend om@val devices. The price of a
precipitator increases exponentially with a deazaaghe size of the patrticles it is
capable of removing. The implementation of ele¢atos precipitators has significantly
reduced the concern over particulate emissions &quortland cement facility (Jackson

1998).

2.5 Cement Kiln Dust

It has been mentioned previously that all prodtizas enter the kiln are either
incorporated into the clinker, or they are volagll and become suspended in the gas
flow. When these gases reach the cooler partsedfitn, many of the suspended
particles precipitate out and are absorbed intortb@ming raw material stream. This is
particularly true in kilns with a suspension prdaleeaystem. In this way, a cycle is
established in which particularly volatile elememtsch a¥, Na, S Cl, and some
metals, are continuously redeposited into the ratenal feed (Taylor 1997). The
particles that remain aloft in the gases are ctbby what are known as particulate

matter control devicedMCD) (Hawkins et al. 2004), thus removing them from th
remainder of the emissions. These particulatesalhectively referred to as cement kiln
dust CKD).

The amount of cement kiln dust produced by a padtieement facility varies
based on the chemical composition, type, and dyawitraw materials and fuels present,
as well as the type of kiln being used. Bhatty Bfiker (2004) reportedCKD

production of a typical facility to be five percesftthe total cement produced. Shoaib et
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al. (1999) report the production rate may be ak hg12 percent. The United States is
responsible for producing over 4 million tons(@KD that must be disposed of yearly

(Todres et al. 1992). On a global scale, theraboit 30 million tons produced in the
average year (Konsta-Gdoutos and Shah 2003). §Mehtities such as these produced
annually, it is easy to see why CKD poses tremesdigposal problems for the industry.
Many portland cement facilities are able to redgenat least a major portion of,
the CKD they generate as a replacement for some of thenaerial feed or the fuels
(Taylor 1997). However, due to chemical compogitimits related to concrete
durability issues, particularly those associateith alkalies, sulfates, and chlorides, most
facilities are forced to find other applications tbis industrial waste (Bhattacharja
1999). Some common alternative applications,an bf landfilling, are use as a
supplementary cementing material (Mishulovich 19898paib et al. 2000), stabilization

of soils (Bhatty et al. 1996), and waste stabii@asolidification (Hawkins et al. 2004).

2.5.1 Composition of Cement Kiln Dust

Cement kiln dust varies from plant to plant in clieah mineralogical, and
physical composition, based upon factors sucheettd raw materials, type of kiln

operation, dust collection facilities, and the tybpduel(s) used (Klemm 1980). Table
2.12 shows the chemical composition, as a percerhtptal weight, of th€KD
produced in three different types of kilns (Bhagtyal. 1996). Figure 2.8 shows the
particle size distribution of the same thfeKDs, where, “Dust G” is from the long-wet

kiln, “Dust H” is from the long-dry kiln, and “Dus$” is from the alkali by-pass kiln

(Todres et al. 1992).
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Table 2.12: Chemical Composition of CKD Producedn Various Kiln Types

(Bhatty et al. 1996)

Constituent Long-wet kiln Long-dry kiln Alkali by-pass
SiO2 15.02 9.64 15.23
AloOg 3.85 3.39 3.07
FepOg 1.88 1.10 2.00
CaO 41.01 44.91 61.28
MgO 1.47 1.29 2.13
SO3 6.27 6.74 8.67
NapO 0.74 0.27 0.34
K20 2.57 2.40 2.51
L.O.l. 25.78 30.24 4.48
Free CaO 0.85 0.52 27.18
Mean Particle Size (um) 9 um 3 um 22 um

2.5.2 Alternative Fuels and CKD

The type and quantity of fuel used to fire a cenk@inthas a direct effect on the
chemical composition of the kiln dust (Bhatty 200&ckert and Guo (1998) reported on

a study conducted at numerous cement plants aitredsnited States to determine the
chemical composition of cement a@dKD when waste-derived fuel$\(DF) were used

as a replacement for a portion of the traditional$. These chemical compositions were
determined by means of X-ray fluorescen$&F). Table 2.13 provides information

about each of the plants, which includes whetheséd waste-derived fuels as its

primary (P) or alternate (A) fuel source.
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Cumulative mass, percent

Equivalent spherical diameter, um

Figure 2.8: Particle Size Distribution of CKD Produced in a S (alkali by-pass kiln),

G (long wet kiln), and H (long dry kiln) (Todres etal. 1992)

Table 2.14 shows the results for seven of the deearkilns studied. Although
these results provide only a snapshot of the effiaett fuel has oKD, they do provide

some understanding of the link between these twigpoments of portland cement

manufacturing.
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Table 2.13: Cement Plant Information (Eckert and Guo 1998)

Company Name Plant Location WDF use Sample Designation

Giant Harleyville, SC
Holnam Holly Hill, SC
Giant Harleyville, SC
Holnam Holly Hill, SC

Texas Industries Midlothian, TX
Texas Industries Midlothian, TX
North Texas  Midlothian, TX

>T U T TUTTUTT

Giant(SC)-1
Holnam(SC)-1
Giant(SC)-2
Holnam(SC)-2

TXI(TX)-1
TXI(TX)-2

NTXC(TX)-1

WDF usage: P=Primary, A=Alternate

Table 2.14: CKD Composition (Eckert and Guo 1998)

Sample Giant Holnam Giant Holnam TXI TXI NTXC
#: (sC)-1 (80)-1 (30)-2 (5C)-2 (TX)-1 (TX)-2 (TX)-1
Oxide (Wt%)

S10, 20.89 21.26 20.46 20.48 20.13 20.06 21.28
Al O, 5.72 5.46 5.47 4.5 4.45 4.72 5.1
Fe, 04 2.89 2.6 2.61 3.34 3.78 4.24 3.12
MnO 0.01 0.02 0.01 0.02 0.23 0.17 0.3
MgO 1.11 1.06 1.05 1.28 1.03 0.98 0.89
Ca0 68.22 66.4 68.6 67.87 67.35 65.6 67.84
Na,0 0.17 0.16 0.16 0.13 0.28 0.27 0.14
K,0 0.32 0.3 0.47 0.16 0.32 0.36 0.47
TiO, 0.3 0.37 0.3 0.23 0.24 0.24 0.21
P05 0.14 0.14 0.15 0.14 0.15 0.16 0.19
LOI <0.01 1.32 <0.01 0.41 0.54 0.74 0.22
TOTAL Wt.% 08.37 99.09 98.57 08.54 98.51 97.55 00.75
Element (ppm)

Al 30273.1 28897.1 28950.0 23816.3 23551.7 24980.6 26991.8
Ti 1798.2 22178 1798.2 1378.6 1438.6 1438.6 1258.8
v 136.0 112.0 167.0 114.0 108.0 103.0 112.0
Cr 87.0 112.0 118.0 143.0 315.0 176.0 63.0
Mn 774 1549 77.4 154.9 1781.3 1316.6 23234
Co 17.0 2.0 17.0 9.0 8.0 8.0 15.0
Ni 52.0 41.0 55.0 49.0 40.0 55.0 55.0
Cu 47.0 36.0 86.0 20.0 84.0 83.0 21.0
Zn 71.0 39.0 135.0 24.0 204.0 332.0 58.0
As 20.0 9.0 24.0 13.0 10.0 10.0 10.0
Pb <50 <5.0 <5.0 <5.0 <5.0 <5.0 <350
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2.6 TheEffects of Elements on Clinker, Cement, and Concrete

There are many elements that may be incorporategortland cement
throughout the manufacturing process that coukt #tte performance of the final
product. The assimilation of these elements inéodement is highly complex, and
depends on the kiln process conditions. The dispect of their inclusion is the source.
It has previously been shown that many materialstine fed into the kiln in order to
produce cement. The raw materials, fuels, andaild potentially be sources of altered
composition of the clinker (Bhatty 2004).

Another factor that determines whether an eleméhbe detrimental is the
concentration at which it is present. The con@giain at which an element becomes
harmful is unique to that element. In the casmahy of the elements, it may not be
known if there is any effect to the product or finecess at any concentration.

A project conducted by Mokrzycki et al. (2003) velescribed in Section 2.1 of
this document. In this research, a portland cerfaaility produced clinker using
traditional fuels alone, as well as two separagtsta which two different alternative
fuels were used. Table 2.15 shows the changeaemicial composition of the clinker
based on changes only in fuel types. It is evifiemh this data that the chemical
composition of the fuels has an effect on somé&efchemicals in the clinker. In order
for an alternative fuel to be implemented, it mustestablished that changes such as
these will not adversely affect the propertieshef tinal product (Gartner 1980).

One criterion that must be considered when evalgatata relating changes in
chemical composition to cement or concrete progeris the method by which the

variation in chemical composition is brought abolMtany tests are conducted in which
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specific elements are isolated and cement or dlisaples are artificially dosed with
predetermined concentrations of the correspondingpound after the cement has been
formed (Trezza and Scian 2000). In such casesethdts may be substantially different
from those in which the concentration changes calnoait through the clinkering

process. These results can serve illustrativeqa@pnonetheless.

Table 2.15: Elemental Composition of Clinker Prodeed with and without Two

Alternative Fuels (Mokrzycki et al. 2003)

Element Final sample without Final sample when Final sample when

(ppm) alternative fuel alternative fuel alternative fuel
PASr applied PASi applied

As 73 81 77

Cr 42 43 4

Zn 57 187 62

CD 3 4 3

Pb <10 <10 <10

Co 8 8 5

Ni 20 20 19

N 40 36 32

Cu 11 21 55

Be 0.5 0,5 0.5

Mo <3 <3 5

Tl <30 <30 <30

Hg 3 2 2

Mn 131 [53 137

Table 2.16 is a summary, based on previous reseairtine effects that selected
elements have on concrete properties. The efébcian resulted from an increase in the
respective element concentration in the cement frbich the concrete was made.
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Many elements have been found to affect compressieagth, the predominant property
of concrete, differently at different ages. Theref compressive strength is divided into
three age groups: early strength (less than 28 dstysngth at 28 days, and long-term
strength (later than 28 days). In many casedijtdrature was contradictory. In such
cases, multiple effects are shown for the sameegieqproperty interaction.

The following sections discuss the source, resylii@stination, and effect on the

properties of the product for many selected element
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Table 2.16: Effects of Elements on Concrete Propies

Element

Property

Early Comp. Str.

(< 28 days)

Comp. Str.
(@ 28 Days)

Long Term Comp. Str.
(> 28 Days)

Setting Time
(1 = accelerated)

Heat of
Hydration

Shrinkage

Water
Demand

Leaching
Concerns?

Other

Alkalis

Tt

1l

1,1

1

Antimony

Arsenic

Barium

M

Beryllium

Possibly effects color of clinker/cement

Boron

Bromine

Cadmium

Carbon

Chlorine

Promotes corrosion of reinforcing steel

Chromium

Cobalt

Copper

1!

1l

Produces darker colored clinker/cement

Fluorine

1l

Lead

1l

Discourages Alkali-Silica Reaction

Lithium

Magnesium

Manganese

-

Effects color of clinker/cement

Mercury

Molybdenum

Nickel

Produces brown color in clinker/cement

Nitrogen

Phosphorus

Rubidium

Strontium

Sulfur

Thallium

Titanium

Produces yellow color in clinker/cement

Vanadium

11

Zinc

1,1

1,1

Produces color changes in clinker/cement

Zirconium

1

1

Key

Major Increase

Minor Increase

Major Decrease

Minor Decrease

Multiple Sources

r

¢

Single Source

17

1

1




2.6.1 Alkalis (Sodium and Potassium)

These two elements are typically addressed togetwause their effects are so
closely related in the cement/concrete industrydi®n and potassium are both metals
and are numbers 11 and 19 on the periodic taldpecntively. Alkalis are present in both
raw materials and fuels, particularly coal (Garth@80). Bhatty (2004) reported alkali
concentrations of 0.13 percent for sodium and @e¥éent for potassium in typical raw
feeds.

When alkalis are present in the kiln process, thidyprimarily be incorporated
into the clinker. They will most likely take thert of sulfates, if adequate sulfur is
present, and will combine with the major clinkeapls (Taylor 1997). The amount of
alkalis in the major phases is dependent on theeddg which they can react with sulfur.
This reaction will continue until all sulfates arensumed (Gartner 1980). Alkalis are
potentially detrimental to the kiln process. ltikely that some will volatilize in the
hottest portions of the kiln and condense in tha@ergparts (Jackson 1998). This

produces clogs in the preheater (when presentjiagsl in the kiln (Gartner 1980). One

method for avoiding this phenomenon is to by-phssatkalies into th€KD. Many

facilities do this, an€CKD is usually high in alkali concentration becauséhis process

(Bhatty 2004).

Alkalis incorporated into the cement typically puoe high early strengths and
lower long-term strengths (Gartner 1980; Taylor)99At alkali levels greater than 0.8
percent, Jackson (1998) reported increases in s@dggth of approximately 10 percent,
with a corresponding decrease in 28-day strengfl®db 15 percent. If alkalis are
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present at levels too large to completely combiitha sulfur, they are detrimental to
setting and hardening properties (Gartner 1980e gresence of alkalis, together with
reactive silica in the aggregates, also promotesetion known as alkali-silica reaction,
which causes significant cracks in concrete (Bha@y4; Gartner 1980; Taylor 1997).
Taylor (1997) also reported that if the concentrabf alkalis is increased, the optimum
amount of gypsum is also increased. Jackson (I@@®yted high alkali cements exhibit
higher drying shrinkage characteristics, acceldredées of hydration, and decreased
setting times.

The effects of alkalis on setting time and compuesstrength are shown in
Tables 2.17 and 2.18 as reported by Lawrence (19B8)le 2.17 shows the initial and
final setting times, in minutes, for concrete widrious concentrations of alkalis. In this
study, it was found that as the concentratiohNa$O increased, so did both initial and
final setting times. This contradicts what Jack&®#98) reported. As the concentration
of K5O increased, both initial and final setting timesmased.

Table 2.18 shows the variation in compressive gtierat four ages, for the same
concrete specimens as in Table 2.17. As the ctratiam of Na,O increased, the
compressive strength decreased at all ages. Thpressive strength for the various
concentrations dk,O was more variable. For the concrete with 0.88@aiK,0O, the
compressive strength, relative to the control samphs increased at 1 and 3 days, but

decreased at 7 and 28 days. The concrete withpk#@nt,0 was decreased at 1 and

3 days, and increased at 7 and 28 days relatitreetooncrete with 0.88 percdfsO.

This is consistent with what Gartner (1980) andldiaf1997) reported.

61



Table 2.17: Setting Time of Cement Specimens wilWarious Alkali Contents

(Lawrence 1998)

Cement + sodium or potassium Setting Time (min)

oxide in clinker H,O (%) Initial Final
Control 25 180 215
0.72% Na,O in clinker 25 185 290
1.26% Na,O in clinker 25 295 360
0.88% K,0 in clinker 25 150 205
1.48% K,0 in clinker 25 50 135

Table 2.18: Compressive Strength of Cement Specimgwith Various Alkali

Contents (Lawrence 1998)

Cement + sodium or potassium Compressive strength (MPa)

oxide in clinker 1 day 3 days 7 days 28 days
Control 20.0 41.5 61.8 74.2
0.72% Na,0 in clinker 19.5 39.8 59.6 68.7
1.26% Na,O in clinker 18.4 39.2 57.5 68.2
0.88% KO in clinker 21.9 44.8 60.7 72.1
1.48% K,O in clinker 20.0 43.1 61.0 73.2

2.6.2 Antimony (Sh)

Antimony is element number 51 on the periodic tahiel is classified as a semi-
metal. Typically, antimony is not found in largeagtities in any of the components used
to produce portland cement. However, it is notammon to find trace amounts, on the
order of 0.080pm, in the raw materials (Bhatty 2004). Antimony lwbpossibly be
introduced by fuels, but more than likely it woldd at levels even lower than those
found in the raw materials (Bhatty 2004).
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When antimony is introduced into the kiln, it iscentain where it will establish

itself. Bhatty (2004) stated that, “a considergimetion of antimony gets incorporated in
clinker.” It is also known that antimony has adency to be combined with teKD

(Gartner 1980).
Although it is possible to find antimony in portthnement, it is not known how
its presence affects the properties of the finatpct. This is likely due to its very low

concentration levels in cement.

2.6.3 Arsenic (As)

Arsenic is number 33 on the periodic table, andassified as a nonmetal. It can

generally be found in both raw materials and infudhatty (2004) claimed th&s can
be present in levels up to ppmin limestone, 2Pppmin clay, 50ppmin coal, and 0.6

ppmin petroleum coke. Therefore, it is evident thatne arsenic will be present in
cement manufacture.
Although it is well known thaAs will almost certainly be present in at least one

of the products introduced to the kiln, it is fas$ certain where that arsenic ends up.

Typically, arsenic takes the form of a volatile gmund and would seemingly be
incorporated into th€KD (Gartner 1980). It has been argued, however AB@nters
into the clinker due to exce&3a0, oxidizing conditions, and high temperatures withi
the kiln (Weisweiler and Kmar 1989).

No significant results are known to have been ctdig on the effects @S on

the properties of cement or concrete.
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There is another concern with arsenic. Becauseaitoxic and volatile element,
its presence in emissions must be closely monitoredder to ensure the health of

people, animals, and the environment (Moir and £8a4992).

2.6.4 Barium (Ba)

Barium, classified as a metal, is number 56 orptiréodic table.Ba is typically
found in the raw materials, particularly limestareclay. In some instances, barium can
also be found in fuels, such as coal, at leveloupt.5ppm (Bhatty 2004).

Because barium is not a volatile metal, it is gateincorporated into the clinker
when introduced into the kiln.

Unlike many of the elements present in this stlidiks have been made between
varying concentrations dda and the properties of the cement produced. It has

repeatedly been reported that additions of bariawetproduced an increase in
compressive strength of the concrete (Miller 193&rtner 1980). Specifically, Jackson

(1998) reported that at small amounts, barium masease 28-day strengths.
Particularly, a 0.3 percent increaseBa0O may increase 28-day strengths by up to 20
percent, and a 0.5 percent increasB&® may increase 28-day strength by 10 percent.
It is also thought that cement paste shrinkagéfest@d by changes in barium
concentrations. Both Miller (1976) and Gartner§@Preport that increases Ba levels

produced increases in paste shrinkage. Finaliyatso possible that additions of Ba

produce a decrease in water demand (Miller 1976).
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2.6.5 Beryllium (Be)

Beryllium is element number four and is classifeeda metal. Although it is
rarely present in any appreciable amounts, tracauats can be found in the raw

materials or in fly ash if it is being used aswa raaterial substitute (Bhatty 2004).

Bhatty (2004) reported th&e can be found in levels up to @Pm in limestone, pm

in clay, and 2.2ppmin coal.
When beryllium is present in products introduced ite kiln, it is usually
incorporated into the clinker. This is due to thet thatBe is a stable, nonvolatile

element (Bhatty 2004; Gartner 1980).
Because beryllium is typically present in such lmamcentrations, its effect on

cement and concrete is debatable. It is thouglttatiditions of beryllium may cause the
clinker to be blacker than without it. AlsBe could possible have significant effects on

the setting and strength properties of cementnbutata are reported (Bhatty 2004).

2.6.6 Boron (B)

Boron is element number five, and is a nonmetais usually only found in small

guantities in the raw materials, specifically the® used as an iron source. In general,

the upper limit on the concentration of boron iswt3 ppm.

B is usually absorbed by the clinker when it isadtrced into the kiln (Miller
1976).

The effects of boron addition are most notabléneéndhemical reaction of the raw
materials. Gartner (1980) reported that quantdgetow as 0.04 percent can be
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deleterious to cement properties, but its effeshaghly unpredictable. Besides this, not

much is known about the effect of boron on the progs of portland cement.

2.6.7 Bromine (Br)

Bromine is a nonmetal that is number 35 on theopiéritable. Br is typically

only found in appreciable amounts in the raw matsri Bhatty (2004) gives the

following values as reasonable upper limits ondtwecentration of bromine: limestone (6
ppm), clay (58ppm), and coal (1ppm).

Due to the volatility of bromine, if it were intraded into the kiln, it is most
likely to end up in either the emissions or GKD. Negligible amounts dBr would be

found in the clinker (Bhatty 2004).

Because bromine is volatilized in the kiln, it dows end up in the clinker.

Therefore, the effects @r on portland cement are unknown.

2.6.8 Cadmium (Cd)

Cadmium is element number 48, and is classifieal mgtal. Cd can be found in
small amounts in the raw materials as well astleésf Bhatty (2004) gives possible
concentration values for cadmium: limestone (0.@38.1ppm), clay/shale (0.016 to 0.3
ppm), coal (0.1 to 1pm), and used oil (4HpM).

It is most likely that the majority dEd introduced into the kiln will end up in the
preheater cyclones, in facilities that have theminshe CKD (Bhatty 2004; Taylor

1997). Bhatty (2004) claimed that, “in a cyclomehgeater kiln, 74 to 88 percent of the
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total Cd entering the kiln is incorporated in clinker apoged to 25 to 64 percent for
that produced in the grate preheater kilns.”
The most significant findings regarding the effet€d on the properties of

portland cement were presented by Murat and Sance(1996). They claim that

cadmium in the clinker slows the setting time, dedreases the compressive strengths.
Additionally, Gartner (1980) reported that the didai of Cd(OH), to mortars produced
a slight reduction in strength.

In addition to the effect th&&d may have on the final product, its introduction
into the environment must be closely monitored tui¢s toxic nature. Therefore,
emission levels must be observed in order to pte@elfrom being released.
Additionally, the leachability o€d from cement/concrete must be monitored. Murat
and Sorrentino (1996) noted that no cadmium wasctied in the leached material from
concrete after one month. Although leachingCofis not typically a problem, it is

something that anyone placing concrete high in ¢asntevels should be aware of its

consequences.

2.6.9 Carbon (C)

Carbon is element number six on the periodic tabié, is classified as a
nonmetal. Itis present in very large quantitrebath the raw materials and in the fuels.
Limestone is the major contributor of carbon totén materials. Any fuel that is used

will contain carbon in high concentrations.
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Almost without exception, any carbon that is introdd into the kiln will be
released through the stack emission€&%. This is one of the most significant

problems that portland cement manufacturers hadeabwith. A detailed discussion of

carbon-based emissions can be found in Section 4.1.
Due to the fact that all of the carbon is reledsdtie emissions, there is i

that is incorporated into the clinker. Therefote effect on cement and concrete is

negligible.

2.6.10Chlorine (CI)
Chlorine is the 17 element, and a nonmetal. Chlorine is commonlyébin
both the raw materials and fuels. Bhatty (2004)reasrted the following typical

concentrations: less than 0.02 percent by weighaw materials and 10 to 28pPmin
traditional fuels. Limestone is quite often closassociated witkCl, as well as other
CaCOs sources, particularly those derived from maririgios (Gartner 1980), which

may contain chloride levels up to 2ppm (Bhatty 2004). The tendency toward refuse-

derived fuels, including scrap tires, is pronedatabuting meaningful increases in
chloride levels (Miller 1976).

Alkali chlorides that volatilize and condense ie #iln may lead to the formation
of kiln rings. If the volatilized alkali chloridesscape into the preheater stack, they have
a tendency to cause buildups which lead to podopaance of the facility (Bhatty 2004;
Jackson 1998; Taylor 1997). It has been repohatias much as 99 percent of all

chlorides in the preheater are recaptured by tt@mmng raw feeds (Ritzmann 1971). If
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no preheater stacks are present, these compoundsmerally incorporated into the
CKD, if they don’t form kiln rings (Bhatty 2004). Jaon (1998) also claimed that

chlorides will end up in emissions.

Due to the volatile nature of chlorine and its tmcl to be deposited elsewhere,
typical concentrations dEl in clinker are not very high (Gartner 1980). Teé=vels are

generally less than 0.03 percent (Bhatty 2004)e €ffect of chlorides on concrete that is
a cause of major concern in the concrete industtlye acceleration of corrosion of the
reinforcing steel (Taylor 1997). If the reinforgisteel found in most structures is
exposed to chlorides and oxygen, corrosion mayromeer time. Overall, the greatest
concern with increased levels of chlorine is thieeious effect it has on the production

process.

2.6.11Chromium (Cr)

Chromium is element number 24 on the periodic tadold it falls into the metal

classification. Cris a common element that cafobied in any of the materials

introduced into the kiln. Reports have shown chromlevels from 1.2 to 1ppmin
limestone, as well as 90 to 1pPMin clay and shale. Additionally, the levels of
chromium in fuels are on the order of M in coal and 5PPM in used oils (Bhatty

2004). Bhatty also reported that it is not unusaahtroduce meaningful levels Qir

into the cement during the grinding of the clink@he grinding balls as well as the

added gypsum may contain significant amounts aroium.
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The volatility of Cr is generally very low, thus it is primarily deptesl in the
clinker. However, if conditions in the kiln argnt, Cr may volatilize and be

concentrated in either t{eKD or emissions at levels as high as 100 to 190®
(Gartner 1980). One statistic that is particulaglevant to this study is that Bhatty
(2004) reportedCr concentrations in the range of 0.01 to pg#nin CKD from

facilities that use waste-derived fuels, whichdsrauch as an 11 percent increase relative
to facilities using traditional fuels.
The common presence of chromium has led to mamljeston its effect on the

properties of cement. Many researchers have fthaicchromium is directly related to
concrete compressive strength. It has been reptivéd increased concentrationgEif

in the raw materials have shown improved earlyngfite, but a decrease in 28-day

strength (Bhatty 2004; Gartner 1980; Miller 197 ynsit and Sorrentino 1996). Other
effects attributed to increas€&lf concentrations, as reported by Miller (1976), were
higher heat of hydration, lower autoclave expansaom increased 24-hour paste
shrinkage. Gartner (1980) confirms that higheelewfCr reduced autoclave
expansion. Kakali, Tsivilis, and Tsialtas (1998)dsed the effect o€r on rate of

hydration and found that it is slowed during thetfiwo days, but the effect is negligible

at 28 days. Stephan et al. (1999) reported dezsaeasetting time, as well as a lowered
heat of hydration, for increasé€dt concentrations, which contradicts Miller (1976).
In a study conducted by Stephan et al. (2000)kelisamples were prepared

using a raw mix dosed with various concentratidn€ipOs, NiO, andZnO, ranging
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from 5000 to 25,00@pm. It should be noted that these are very high glesaf these

compounds. The chemical composition of the rawlinefore dosing is shown in Table

2.19. Once the cement was produced, a numberysiqat tests were conductefligure
2.9 shows the heat of hydration for the samplesd@sth 25,00Qppm of each of the

oxides. The sample dosed with chromium exhibited@celerated rate of heat liberation,
and a decrease in total amount of heat releasigdires 2.10 and 2.11 show the

penetration, which is related to initial settingé, for the samples dosed with 25,000 and
5,000ppm, respectively. The samples dosed with chromiuowsld accelerated setting
times in both cases. This phenomenon was significanore pronounced in the sample
containing 25,00@pm, however.

The final tests conducted were compressive stremgihmortar cubes. Figures

2.12 and 2.13 show these results for the samplesddwith 25,00ppm and 5,00ppm

respectively. In both cases, the compressive ginesf the samples dosed wiB,05

decreased at both dosage levels. The differertegeba the strength effects of the two
concentrations was minimal. The results of theasdosed with the other elements

will be discussed in the following appropriate smts.
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Table 2.19: Chemical Analysis of Cement before Adiilon of Dosed Elements

(Stephan et al. 2000)

Oxide Portland Cement
SiO, (wt.%) 14.1
Al,O5 (wt.%) 3.5
Fe,05 (wt.%) 2.2
CaO (wt.%) 41.3
MgO (wt.%) 1.7
K50 (wt.%) 1.1
SO; (wt.%) 0.6
Cr (ppm) 51
Ni (ppm) 15
Zn (ppm) 88
Specific surface (m2/cm3) 1.71

One additional concern with chromium is that iaitoxic element. Many authors,
including Murat and Sorrentino (1996), agree fBatmay be easily leached from

concrete. Therefore, special considerations meishdéde in order to prevent harmful
effects from concrete manufactured with portlaneheet with high concentrations of

chromium.
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2.6.12Cobalt (Co)

Cobalt is the 27 element on the periodic table and a me@ is generally

found in the raw materials as a trace element, goticentrations no more than pm

(Bhatty 2004; Kolovos et al. 2002). It may alsoftwend at levels significantly higher if
fly ash is used a supplementary raw material (§H2@04).

When cobalt is present in the kiln, it is typicalhcorporated into the clinker,
where it may be found at concentrations up to A3 (Bhatty 2004). At

concentrations this high, it has been reportedttietlinker may exhibit changes in its
properties such as altered color and increasedhassd Gartner 1980).
Cobalt is typically found in cement at low levedsid the effects on the physical

properties are therefore not well known. HoweMtler (1976) reported that additions
of Co might slightly reduce long-term strengths, as \aslklightly increase water

demand. Additionally, cobalt has been shown tarcehydration during the first two

days (Kakali et al. 1998).

2.6.13Copper (Cu)

Copper is a metal and is the"28lement on the periodic tabl€U is introduced
into the kiln system predominantly by the raw mialsr Approximate concentrations are
on the order of 1@pmM in such components (Bhatty 2004).

Copper is a volatile element, and the majority ¢fane attaches itself to the

CKD. In fact,Cu has been known to show up in 6KD at levels up to 500 ppm
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(Bhatty 2004). A much smaller amount of the eleneimcorporated into the clinker.

Bhatty (2004) claimed concentrations@fl in clinker may reach values as high as 90

ppm.
When copper is fused into the clinker, it has baamwn to influence a number of
properties of the final product. First of all, & in clinker has a tendency to produce a

darker colored, sometimes tan, product (Bhatty 28@fovos et al. 2002). Copper also
affects the hydration properties of portland cemepecifically, the addition dEuO to

the raw mix has shown significant retardation &f fthydration process, as well as a

retardation of the amount of heat released dutirgghydration (Gartner 1980; Kakali et
al. 1998; Miller 1976). In fact, Kakali et al. (@8) claim thatCuO causes the greatest

delay of hydration, even at 28 days, of all thadrton elements.

2.6.14Fluorine (F)

Fluorine is the § element and is a nonmetal. It is found in neallyaw
materials and fuels alike. Bhatty (2004) repoteaetls between 50 and 3pPpmin coal,

and as much as 0.06 percent by mass in commeagvainaterials.

Fluorine is a prominent element in the manufactineortland cement. 88 to 98
percent of alF introduced into the kiln may be incorporated itite clinker (Bhatty

2004). However, fluorine may take a number ofat#ht forms during clinkering, each

of which has a different melting point. Therefates not uncommon to find fluorine in
bothCKD and emissions, almost without exception at lelel®r than in the clinker

(Bhatty 2004). Gartner (1980), Miller (1976), anhalylor (1997) all claim that iF is
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volatilized, it has a tendency to cycle in t6KD where it may lead to kiln rings or

clogging of the precalciner.

One of the properties that may be affected by aunatons of fluorine over 0.2
percent, by mass, is setting time. When the anléamperature is below 5 degrees
Celsius, setting time may be significantly slowddokson 1998). However, setting time
is slowed by a decrease in temperature in all cemen

Miller (1976) reported that high levels of fluorimerease 28 day compressive
strength. Jackson (1998) reported, however, thatentrations over 0.5 percent

decrease compressive strength.

2.6.15Lead (Pb)

Lead is element number 82 and is a semi-metahait be present in both raw
materials and fuels. The latter of which has aégicy to exhibit higher concentrations.
Lead is of particular concern with nontraditionaglfs, such as used oils and tires, where
its concentrations may be higher (Bhatty 2004).

Lead is a volatile element, which results in higb@ncentrations in the emissions
andCKD (Bhatty 2004; Gartner 1980; Taylor 1997). Despiis fact, substantial
concentrations of lead have been detected in thieetl(Bhatty 2004; Gartner 1980).

When lead is present in clinker, it has been shimArave a number of different
effects. Many researchers have found that legmitland cement has a direct retarding
effect on setting time (Gartner 1980; Murat andr&atino 1996; Taylor 1997). This is

especially true at levels above 0.2 percent by kidigliller 1976). Although retarded
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setting times would generally be detrimental, Mi{l€976) claimed that when setting
time is not an issue, lead may actually increase€8iday compressive strength.

In addition to the effects that lead may have @pfoperties of cement, its
effects on the environment must also be consideltedd is a toxic chemical, whose
introduction into the environment must be closelynitored in order to ensure a healthy
environment is sustained. Additionally, the ledwlity of the element must also be
studied in order to prevent its introduction thrbube placement of concrete. Gartner
(1980) and Murat and Sorrentino (1996) agree thigtzal dosages as high as five percent

it does not generally leach from concrete.

2.6.16Lithium ( Li)

Lithium is element number three, and is classiiech metal. Its presence in the
kiln is usually attributed to raw materials, butaiimost undetectable quantities. If wastes

are being used as a fuel source, concentrationdomagnsiderably higher (Bhatty 2004).

If Li is present in the kiln, it will be incorporatedarthe clinker since it is not a

volatile element. However, this is generally ayvew concentrations. If levels df

are elevated, the most reported effect is thatl slow the rate of reaction between the
alkalis and the aggregate in concrete (Gartner 19B0fact, lithium has been proven
very effective at reducing concrete’s susceptiptiit alkali-silica reaction. Figure 2.14
shows the results of a test conducted by Kawamuildawa (2001) in which expansion

due to alkali-silica reaction was monitored. TRpansion of the concrete decreased as

the quantity oLi,COj3 increased.
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2.6.17Magnesium (MQ)

Magnesium is element number 12 and classifiedrastal. It is very common in
most of the raw materials, where it may be preaenbncentrations as high as 0.63
percent (Bhatty 2004).

TheMd that is introduced into the kiln is almost excldy incorporated into the
clinker. Trace amounts may be found in €€D or emissions. Bhatty (2004) reported

thatMg may be found in the clinker at concentrationsigh hs 890@Qpm.
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Magnesium concentrations of 0.5 percent, by masg,eater can potentially

decrease early strengths (Taylor 1997). Gartr@@)Lclaimed no dramatic changes in
setting or hardening properties are brought abputigh concentrations d¥lg.
However, it can lead to destructive expansion ofccete. Generally speakinglg is

regarded as a good thing in cement due to its lisrwef the production process with

minimal effects on the properties. ASTM C150 sfiesian upper limit of six percent

MgQO in cement.

2.6.18Manganese Mn)

Manganese is element number 25 and is classifiachastal. Mn is a common

element, and has a marked presence in the produadtjportland cement. Manganese

can be found in both raw materials and fuelss ttat uncommon to find levels of
Mn,Os in limestone up to 1.91 percent, as well as UpBt® percent in shale and 36.7
percent in bauxite (Bhatty 2004). Nontraditiorealrmaterials such as slag may contain

higher levels ofMn than their traditional counterparts (Miller 1976).
It is highly unlikely thatMn will vaporize in the kiln process, and will theved
be incorporated into the clinker in most cases {@ar1980). The boiling point dfln is

1960°C. It will therefore not typically volatilizand attach t&€KD particles (Bhatty

2004.)
An increase in manganese has been reported toqgeathcreased compressive

strengths (Bhatty 2004; Miller 1976). Howeverleatels of 0.7 percent or more, it has

been shown to impart high early strength (Gart®@80). Mn has also been found to
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cause various changes in color to clinker (Gart®&0; Taylor 1997). In particular,
“reddish-brown to blue casts have been observethimganese-containing clinkers

(Bhatty 2004; Miller 1976).”

2.6.19Mercury (HQ)
Mercury is the 8 element and is classified as a metal. Hg maybed in very
small quantities in both raw materials and fu&d®me typical concentrations, provided
by Bhatty (2004), are limestone 0.ppm, clay/shale 0.4ppm, and coal 0.2ppm.

Mercury is a volatile element, and will thereforefound in the CKD and
emissions. The concentrations in either placeanearily very low due to the low levels
of the element entering the kiln. However, it basn found that plants that use waste

fuels in place of traditional fuels have shown eréase in mercury emission mass flow
rates from 0.984nQg/Sec to 2.14mg/sec (Mantus et al. 1992).

Due to the scarcity of substantial levels of meyaarthe clinker, very little is

known about its effect on the product. It is néveless, necessary to monitor mercury
levels due to its toxic nature. Gartner (1980prégd that if mercury forms tHdgO

compound and is incorporated into the clinkerag l tendency to leach from concrete.

This is certainly a concern, and must be closebeoled.

2.6.20Molybdenum (Mo)

Molybdenum is number 42 and is a met®10 can be present in both raw

materials and fuels in significant quantities. Guoeplementary raw material of
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particular interest is coal fly ash, which has bslkeown to contain molybdenum at levels
up to 1.5 percent by weight (Bhatty 2004).

Molybdenum is not a volatile element and, in cogjion with its abundant
presence in the kiln components, can potentiallfobad at high concentrations in the
clinker. Blaine, Bean, and Hubbard (1965) havereal that these concentrations could

be as high as 0.05 percent.
Due to the potentially high levels MO0 in clinker, the effects that it may have on

cement and concrete properties have been well deigah. Taylor (1997) reported that
concentrations up to 0.5 percent increase 28-daggth, but at concentrations above
three percent that same strength may be significeeduced. Another effect that has
been attributed to high concentrations of Mo isrtite of setting. The effects of

hydration are slightly retarded during the firsbtdays (Kakali et al. 1997).

2.6.21Nickel (Ni)

Nickel is element 28 and a metal. Oil and coal Hasfen observed to have high

levels of nickel (Miller 1976). These may be or tirder of 3 to 3pm and 20 to 80
ppm respectively (Bhatty 2004). Additionally, Bha{®004) reported levels of 1.5 to

7.5ppmin limestone, 61 to 7Ppmin clay/shale, and 208om in petroleum coke.

Miller (1976) also reported higher levels of nickeblack shale as well as in refuse-

derived fuels.

It has been shown thAli may exhibit volatile characteristics when subjddte

coal combustion, resulting in its incorporatioroithe CKD (Gartner 1980). However,
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nickel amounts of up to 0.02 percent in clinkergehalso been reported (Blaine et al.

1965). Bhatty (2004) confirms that the locatiorNdfis dependent on the compound it

forms, and may be incorporated in clinkeif@KD.

Compressive strengths have reportedly been imprbyddgher concentrations
of Ni. Levels of 0.5 to one percent have been resplenibincreases in 1-day and 5-
year strengths (Gartner 1980). Another propery thay be affected by nickel is

hydration. Miller (1976) stated that water-solubiekel is an accelerator for cement
hydration, while nickel in clinker at levels up@d2 percent has very little effect on
hydration. High levels dNi may also produce a dark brown color in clinkerg@
2004).

The results concerning nickel additions in the gtoohducted by Stephan et al.
(2000) (as described in section 6.11) can be seEigures 2.9 through 2.13. From
Figure 2.9, the rate of hydration and the totalrhtidn energy were approximately
unchanged due to nickel addition. Figures 2.102hd show the rate of setting was also
approximately unchanged for both levels of niclddidon. Finally, Figures 2.12 and
2.13 show that the compressive strength decreassilg ages and increased at later

ages for both nickel addition levels.

2.6.22Nitrogen (N)

Element number seven is nitrogen. In its natugsdes nitrogen is a gad\, in

solid form as an oxide, can be found in both raviemals and fuels, and may be present
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at high levels. Specifically, nitrogen may be fdwat 0.01 percent in raw materials, and
as high as two percent in fuels (Bhatty 2004).

Nitrogen is always present in kiln systems in thef of combustion air.
However, it generally remains in the gaseous fonohia released with the stack

emissions. A detailed discussion of nitrogen eimisscan be found in Section 2.4.2.

2.6.23Phosphorus P)

Phosphorus is element number 15 and is classifiedreonmetal. The most
common form of phosphorus in the cement proceBs@s. Phosphorus is generally
introduced into the kiln through limestone (Jack46@8), but is present at some levels in
most raw materials. It may exist at concentrati@ngve one percent in many raw
materials (Gartner 1980). Research conductedédPtntland Cement Association
(PCA) has found that waste lubricating oil, as vasliother refuse-derived fuels may

exhibit substantial levels of phosphorus (Millei7&%.

P,Osis not a volatile compound in the kiln process, aitlusually be

incorporated into the clinker. A typical concetia for P,Osin cement clinker is 0.2
percent (Taylor 1997). Jackson (1998) agrees tiagaypical values of 0.03 to 0.22
percent.

Although Miller (1976) claimed thd?,Os at levels below 0.5 percent have no
measurable effect, if that threshold is surpagsedsphorus may produce a slight
decrease in water requirements, slightly lower béatydration, and shows a tendency

toward paste shrinkage. Gartner (1980), alsorteg@erious decreases in strength at

P,Oslevels above 2.5 percent. Concrete hardening besstower with high levels of
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P,Os. Figure 2.15 shows the effectl8§Os content on compressive strength (Miller

1976). From this figure, it can be seen that thesn optimunP,0Os content at
approximately 2.5 percent, above which compressinength decreases. However,

based on th&,0s5 concentrations reported by Taylor (1997) and Jack$998), it may

be concluded that most cements will contain leas this optimunfP,Os concentration.
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Figure 2.15: Compressive Strength for Different FOs Concentrations (Miller 1976)
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2.6.24Rubidium (Rb)

Rubidium is number 37 and a metal. It is geneffaliynd only in small
concentrations in the raw materials (Bhatty 200@xrtner (1980) claimed thB¥ acts

similarly to potassium, in that it has a tender@jorm rings in the kiln and promote
clogging throughout the system.

The levels at which rubidium is present in clinkee typically very low. Miller
(1976) stated that although the concentrations Imespw, Rb may affect cement in a
number of ways. First, it may have a negativecefb® compressive strength at all ages.
Additionally, the paste may shrink more than a @agth lower concentrations &b.

Rubidium may also be a culprit in the expansionafcrete, as well as in reducing its

ability to resist freezing and thawing cycles. Elevater may also be required to
properly hydrate cement with high levelskib (Bhatty 2004). More research is required

to determine if these changes in properties caacbarately attributed to rubidium.

2.6.25Strontium (Sr)

Strontium is the 38element and a metal. The presenc&oi not uncommon

in the raw materials, particularly @aCQOs sources, such as limestone (Bhatty 2004).
The concentrations are not especially high, however
BecauseéY is not volatile, it is generally trapped in thankkr, where it would

not be uncommon to find strontium at levels ondhder of 0.5 percent by weight

(Bhatty 2004; Gartner 1980).
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Although the concentrations at which strontium basn observed in the clinker

are not high, researchers have reported that thetgefon the physical properties may be
many. Miller (1976), in particular, outlined a nber of possible effectsr may

produce. Namely, lower strengths, higher autoceymansion, lower heat of hydration
at 28 days, and increased concrete shrinkage viser\ved. Gartner (1980) confirmed
that strontium “is marginally deleterious to cemstneéngth and other physical

properties.”

2.6.26Sulfur (S)

Sulfur is a nonmetal and element number 16. Suoffay be introduced into the
kiln through both raw materials and fuels (Jacks®88). Fuels such as coal and oil are
particularly prone to high levels of sulfur (Gantri®80). Limestone, clayey sediments,

and marl also contain appreciable quantities diisBhatty 2004). The primary source

of SOz in cement is the addition of gypsum during grimgdaf the clinker. The levels of
S0O; added are closely monitored in order to produeedisired effects in the cement,

such as control of setting times. The optimum ¢janf SO3 added is on the order of

three to five percent (Taylor 1997). ASTM C150ites the amount of gypsum that may

be added.
Some sulfur in the form &8O, is released through the stack emissions. A

detailed discussion of sulfur emissions can beddarSection 2.4.3. The most common
place for sulfur to be found is in the clinker. iFfs likely to occur because sulfur prefers

to combine with alkalis (Gartner 1980), which agadily available in most kiln systems.
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As was mentioned in Section 2.6.1, alkali sulfdtage a tendency to volatilize in high
temperature areas, and condense in cooler tempeeaeas, where they may form kiln
rings or clogs in the preheater system (Gartne®L98&his is obviously detrimental to

the production process. Many production facilitiese chosen to break the cycle of
vaporization and condensation by removing alkdfasess from the system in tHeKD

(Bhatty 2004; Gartner 1980).
“The effect of the presence of sulfates is intiryat®nnected with those of the
alkalis” (Jackson 1998). Gartner (1980) claimeat the presence of sulfur in clinker has

no deleterious effects, so long as it is maintaiegcceptable concentrations.
Otherwise, it may retard setting time and inhibiésgth gain. 1SOs is present at

excessive levels, the cement paste will have aetendto expand at an increased
magnitude. The overall early hydration rate oftlpmd cement is retarded as the levels
of sulfate are increased (Jackson 1998). Jack€98] also reported that sulfur
incorporated into the clinker phases has an aatelgreffect on setting. There is an

optimum gypsum content for all portland cementsiciiis specific to the chemical
composition of that particular clinker. 303 is added in excess of this optimum

concentration, strengths, especially at early agesknown to decrease (Jackson 1998).

2.6.27Thallium (TI)

Thallium is number 81, and is classified as a semtal. Another trace element,

Tl may be found in small quantities in both raw miaterand fuels. The largest values

reported were on the order oppmin coal (Bhatty 2004; Gartner 1980).
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One of the most volatile of all elements introduadd the kiln; thallium almost

certainly ends up in theKD or emissions. Therefore, it has little to no efffen clinker
properties. However, in a facility where t6&D is recycled without regular disposal,

thallium has been shown to build up to concentratias high as 10,0q3pm (Bhatty

2004). If this happens, serious problems may fiorthe kiln system such as clogging of
the precalciner.
One additional concern with Tl is its high toxicitBecause of this, its levels

must be monitored closely in order to ensure healthsafety.

2.6.28Titanium (Ti)

Titanium is the 2% element and is classified as a metal. It mayobed in
concentrations on the order of 0.1 to one pereentast kiln feeds (Gartner 1980). Ti

may also been found in certain auxiliary raw maisrsuch as slag (Miller 1976). Bhatty

(2004) reportediO; levels in such materials of 1.7 percent in slag o to eight

percent in bauxite. Miller (1976) also claimedrthenay be substantidl content in

some refuse-derived fuels.
Titanium is not volatile in the kiln system (Gantri®80). Therefore, it is

typically incorporated into the clinker (Bhatty 200 Jackson (1998) claimed that the
levels of TIO, in typical portland cement clinkers are betwedrt(ercent and 0.43

percent.

Knofel (1976) reported that titanium concentrationthe range of one to two

percent ad10, produces improved cement strengths. Jackson J16p8rtedTiO,
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levels up to one percent decrease one to two dayghs, but may improve strengths at
ages greater than three days. Two percent Titahasralso been reported to slightly
retard hydration during the first two days (Kaletlial. 1998). Miller (1976) reported that
at Ti levels less than one percent there is lgtlielence to support any substantial
deleterious effects. Titanium may lead to incrdasater demand as well as give the

cement a yellow color (Miller 1976). Taylor (1993aimed the color change associated

with Ti is of a darker nature.

2.6.29Vanadium (V)

Vanadium is the Z3element and a metaV can be readily found in both raw
materials and fuels. Limestone has been knowmtainV at concentrations of 10 to
80 ppm, with even higher levels reported in clay and sh&oal may have vanadium up

to 50ppm (Bhatty 2004). Gartner (1980) reported that vamadmnay be found at “very

high levels” in crude oil, and when introduced itite kiln at such levels, it has a
tendency to deteriorate the kiln lining.

When vanadium is introduced into the kiln, its tendy is to combine with
oxygen to formV,Os. This compound is mostly stable throughout tlrekelring
process, and will therefore be incorporated primanto the clinker (Bhatty 2004). Itis
not uncommon, however, to be present in detectpidatities in both th€KD and
emissions.

The effects of vanadium on cement and concretaareerous.V has a tendency

to produce increased expansion characteristidseiptesence of sulfate (Gartner 1980;
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Miller 1976). It has also been suggested that gama additions result in a higher water
demand (Miller 1976). In the study conducted bk#aet al. (1998), concerning the
effects of certain elements on hydration, it waeeined that vanadium slightly retards
hydration in the first 2 days. Jackson (1998)estdhat 0.2 percent, by mass, may lead to

a 10 percent reduction in the 28-day compressreagth.

2.6.30Zinc (Zn)

The metal zinc is element number 30 on the periabte. Zinc may be present
in concentrations from 22 to 13PM n limestone and clay/shale, 16 to Z4@min
coal, and as high as 100pPmM in alternative fuels such as tires (Bhatty 200@grtain

byproduct raw materials such as fly ashes may hppeeciably higher levels of zinc
than more traditional materials (Miller, 1976). ns®refuse-derived fuels have shown
high levels of zinc as well (Miller, 1976).

About 10 to 20 percent of zinc is volatile in thinlprocess. This portion has a

tendency to be incorporated into 6&D (Miller 1976). Gartner (1980) claimed

“virtually all of the ZnO is retained in the clinker if the kiln dust is yeted.” In this
case, zinc may be incorporated into the clinkéeals up to 0.2 percent (Blaine and

Bean 1965). Barros et al. (2004) claimed that@@ent 0ofZnO may be incorporated
into the clinker. Bhatty (2004) reported that be¢w 80 and 90 percent4hO in the

kiln feed may end up in the clinker. If zinc isptiared and recycled in tHeKD, it is

possible for it to form deposits in the preheatewall as in the kiln in the form of kiln
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rings (Taylor 1997). When this phenomenon occaggpus problems may arise
throughout the production process.
Blaine et al. (1965) have reported increased streaigfive and ten years,

decreased paste shrinkage at 1 and 28 days, arehded concrete shrinkage due to

increased levels NO. Gartner (1980) claimed that additionsZsf in the raw mix

decreased early strength while increasing long-&rength, and solubBn®" leads to

severe retardation of hydration. Miller (1976)oaleported retarded setting times,
decreased strengths, and changes in color whee@able levels of zinc are present.
Kakali and Parissakis (1995) agreed, reportingoavhrcolor being imparted on the
clinker. Zinc at concentrations on the order @100 0.2 percent have been shown to
lead to retardation of setting time, but when theel is maintained below 0.5 percent,
there are no profound affects on other hydrauliperties (Jackson 1998). Murat and
Sorrentino (1996) have shown that when extremetelguantities oZnO

(approximately ten percent) are mixed with cemseitting time is retarded and strengths
are reduced.

The results of the study conducted by Stephan é2@00) concerning zinc
additions can be seen in Figures 2.9 through 2Fi@ure 2.9 shows that zinc severely
retards setting time, and increases the amourgatfieleased during hydration. Figures
2.10 and 2.11 show that zinc severely decreastsgstime at concentrations of 25,000

ppm, but has little effect on setting at the 5,q@@M level. Finally, Figure 2.12 and 2.13

show the effect of zinc on compressive strengthbdth concentrations reported, the

effects were negligible.

95



2.6.31Zirconium (Zr)

Zirconium is the 48 element on the periodic table. It is classifischanetal.
Although the raw materials are the most meaningguirce ofZr, the concentrations

there are not very high. Miller (1976) reportectanium levels of O to 0.5 percent by
weight in the raw materials.

A number of possible effects of zirconium on theparties of cement have been
reported. Modestly higher compressive strengtlal aiges, a reduction in water
requirements, and higher heat of hydration werenalhtioned by Miller (1976).
Additionally, Gartner (1980) reported that zircamimay increase early strengths, but

admits the effects of high concentrations are unkno

2.7 Conclusion

The production of portland cement is a tremendofig{+intensive process.
Typically, the cost of fuel accounts for 30 to 4¥gent of the total production costs
(Mokrzycki et al. 2003). Because of this, cemewpicers are turning to cost-efficient
alternative fuels at an increasing rate. Typictilse fuels are derived from byproducts
from other industries. Using such fuels allowstbeent industry to save substantial
amounts of money. Additionally, the use of wassdseneficial to the environment. By
reducing the amount of fossil fuels consumed, redul@andfill demand, and typically
decreasing harmful greenhouse gases, the impletimantd wastes in this way benefits
us all.

Although the benefits of using waste fuels in tement industry are significant,

there are issues that must be considered in adahy utilize these fuels. Primarily, the
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composition and performance of the cement musbeaompromised. Ifitis, the use of
these fuels is not a viable option. Additionaityhas been shown that, in some cases,
emissions of potentially harmful elements haveeased due to the incineration of some
material waste. If alternative fuels are to bedysieese emissions must be monitored and
effectively controlled.

Careful consideration of alternative fuel implenai@n must be made by the
cement industry. If the appropriate fuels areelin the appropriate situations, the

producers, the environment, and the world will Befiem this technology.
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Chapter 3

Test Methods

3.1 Introduction

The production of portland cement is a complex pss¢involving many
materials and complex systems working in coopemaiiith one another. For a detailed
discussion of the portland cement production pracese Section 2.2. In order to satisfy
the objectives of this project, a thorough sampéng testing program was developed.
The program described in the following sections wsed to collect and analyze samples
of every material used in the production of pordl@ement at this particular facility.

The scope of this project included four distindlextion and testing periods,
which are referred to as burn periods. They afelksvs:

1. Burn period one utilized only coal as fuel.

2. Burn period two utilized coal and tires. Thishe tstandard fuel combination
used at the cement plant, and was therefore caesidiee baseline for comparison
purposes.

3. Burn period three used coal, tires, and recycled-pwlustrial plastics. These
plastics were considered alternative fuel one.

4. Burn period four used coal, tires, and broileelitt The broiler litter was
considered alternative fuel two.
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In each burn period, all materials were sampledtastdd in accordance with the
program described in the following sections. Aesohtic of the overall sampling and
testing plan is shown in Figure 3.1.

The first step in the testing program was to colézanples of all of the materials
involved in the process. The cement plant alrdetya program in place for collecting
samples of these materials. For the sake of siiplas well as to reduce the amount of
additional work required of the cement plant persdnit was decided to collect samples
at the same frequencies as were used by the plhetse frequencies, as well as the
particular materials and sample quantities, areudsed in the following sections.

The second half of the testing program was theshtdsting of the materials that
were collected. Many different tests were impletadnn this program. Just as with the
sampling of the materials, one goal of the testiadion of the program was to be as
thorough as possible. This was particularly tirethe testing of the portland cement
itself. The specific tests that were conducteddiseussed in the appropriate sections

that follow.
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Figure 3.1: Overall Sampling and Testing Plan




3.1.1 Definitions

The process of sampling refers to the method byghvaiquantity of material is
collected at the cement plant. A specimen is theenal on which a test is conducted. A
discrete sample is the material collected at vartoues and locations at the cement
plant. A composite specimen is prepared, in acwe with Section 3.3.2, using
discrete samples taken over a given period of tilelaily composite is a composite
specimen that is prepared using discrete samies t@aver a 24-hour period. A three
day composite is a composite specimen that is pedpasing discrete samples taken over

a 72-hour period.

3.2 General Test Planning and Overview

The comprehensive testing plan, presented in tabarda, is presented in
Appendix A This testing plan presents an overview for the netethat were sampled,
sampling frequency, specimen preparation methedss tonducted, as well as other
pertinent information concerning sampling and tegti

Sampling frequency refers to the frequency at whiishrete samples were
collected at the cement plant. Specimen preparatiethod describes the manner in
which samples were prepared for testing; namelgthdr the discrete samples collected
at the plant were tested, or if composite specimaaTe prepared from the discrete
samples collected. Discussion of specimen preparatethods is given in Section 3.3.2.
The typical sampling period was during Burn OnejryBurn Two, during Burn Three,
and during Burn four. A graphical timeline for ttypical sampling period can be found

in Figure 3.2.
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Pre-Burn Period Burn Period Post-Burn Period
Fuel Type(s) (Days) (Days) (Days)
1 2 3 4 1 2
1. Coal Only
sample Days A\ <] S>< >< ) AN
2. Coal + Tires
sample Days R\ AN
3. Coal + Tires+ Plastics
o Sample Days R\ AN
4. Coal + Tires+ Broiler Litter
Sample Days R\\\\\\\\\\\\\h AN

Legend: - - Coal only as fuel |:| - Coal, tires, @ndiler litter as fuel
|:| - Coal and tires as fuel |X| - Collect material sis1p
1 - Coal, tires, and plastics as @\ - Colkewissions samples

Figure 3.2: Sampling Timeline




3.2.1 Collection of Materials

All of the materials used in the production processe sampled and tested for
various properties. All but one of these matertals be divided into two categories.
These categories are process inputs and procgaa®ufor a detailed description of the
production of portland cement, see Section 2.2.

Process input materials are those that are usgwtince portland cement. The
inputs at this specific cement plant were the raatemals, of which there were six, as
well as the fuels. Five of the six raw materialsygvcombined in strictly controlled
proportions in order to produce a material knowkibsfeed, also considered raw
material seven. The kiln feed is the material thaent into the kiln, where in the
presence of high temperatures produced by the cstiobof the fuels, it is chemically
transformed into clinker. The sixth raw matersatombined with the clinker prior to
grinding to produce portland cement. Each of thseess input materials were sampled
and tested for various properties as describelderidiiowing sections.

The process output materials are clinker, portizemdent, and emissions. Each of
these materials were sampled and tested for vapimperties. An emphasis was placed
on the primary output, portland cement. Each e$éhprocess output materials were
sampled and tested for various properties as destin the following sections.

One final material that was collected and testeximent kiln dust (CKD). CKD
is primarily composed of fine particulate matteattdoes not combine with the other
materials in the kiln to become clinker. For a ptete discussion of CKD, see Section

2.3. What distinguishes CKD from the other matsiigthat it is both an output and an
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input. Itis a byproduct of the clinkering procglsst it is recycled back into the kiln feed
just before entering the kiln. As with the otheaterials, CKD was sampled and tested

for various properties as described in Sectiorb3.3.

3.2.2 Typesof Tests

The primary test conducted on all materials walseargcal analysis. The
chemical compounds were determined by X-Ray Fluemse (XRF), and the
components were reported either as a percent lghivewt. %), or as parts per million
(ppm). The former is the percentage of the tata weight comprised by the chemical
or component in question. Parts per million (ppsrgctually measured ag/g. PPM
units were used for many of the elements that hadbsively small presence in the
material being examined.

XRF was used to determine the chemical composittise cement plant and
the external laboratory, with one exception. Rawatdfiial Three was not tested by XRF
at the cement plant. In this case, the chemicalbposition was determined by a Prompt
Gamma Neutron Activation Analyzer (PGNAAThe testing of the emissions did not
include a chemical analysis; and is discussed atic®@e3.3.10.

The cement plant and the external laboratory kegttet the chemical
composition of the materials; however, the stan@éecthents tested for differed
somewhat between the two testing entities. TaldlesBows the standard parameters that
were tested for by the cement plant and by thereatéaboratory. Each of the
parameters shown in Table 3.1 was determined by, XRéept for NgOeq, Which is

calculated from the concentrations of,Naand KO by the formula presented in ASTM
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C 150. The approximate detection limits for theFXiised at the external laboratory are

shown in Table 3.2.

Table3.1; Standard Chemical Parameters

Standard Cement Standard External Lab Parameters
Plant Parameters
(wt. %) (wt. %) (ppm)
Al,Oq Al,Oq Arsenic (As)
CaO CaO Barium (Ba)
Fe,0; Fe, O Cadmium (Cd)
K,O K,O Chlorine (Cl)
MgO MgO Cobalt (Co)
Na,O N&aO Chromium (Cr)
Na,Ogq P,Os Copper (Cu)
Sio, Sio, Mercury (Hg)
SO SO, Manganese (Mn
Moisture TiO, Molybdenum (Mo
Loss On Ignition Moisture Nickel (Ni)
Loss On Ignition Lead (Pb)
Tin (Sb)
Selenium (Se)
Strontium (Sr)
Vanadium (V)
Zinc (Zn)

Concrete was made from the portland cement cotledtieing each of the burn
periods. The specific tests associated with cae@ee described in Section 3.3.9. Any

other tests that were specific to only one matevere discussed in the section pertaining

to that material.
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Table3.2: Approximate Detection Limitsfor XRF used at the External Laboratory

Parameter Lower Limit of Detection
Al,O5 (wt. %) 0.01
CaO (wt. %) 0.01
Fe,O5 (wt. %) 0.01
K,0 (wt. %) 0.01
MgO (wt. %) 0.01
Na,O (wt. %) 0.01
P,O5 (Wt. %) 0.01
SO, (wt. %) 0.02
SO, (wt. %) 0.01
TiO, (wt. %) 0.01
Moisture (wt. %) 0.01
LOI (wt. %) 0.01
As(ppm) 2
Ba (ppm) 40
Cd (ppm) 3
Cl (ppm) S
Co (ppm) 10
Cr (ppm) 16
Cu (ppm) 13
Hg (ppm) 0.01
Mn (ppm) 12
Mo (ppm) 9
Ni (ppm) 9
Pb (ppm) 4
Sb (ppm) 20
Se (ppm) 1
Sr (ppm) 16
V (ppm) 20
Zn (ppm) 9
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3.3 Detailed Test Procedure

3.3.1 Plant Layout, Sample Collection L ocations, and Collection M ethods

Figure 3.3 shows a schematic layout of the cemiamt,ancluding material paths,
sample collection points, and important facilitiéhe main raw material, raw material
three, is mined from the quarry and unloaded ingogrimary crusher where it is reduced
to a manageable size. From the primary crushermraterial three is sent by conveyor
through the Prompt Gamma Neutron Activation AnatyBNAA), to be discussed in
Section 3.3.3, which determines its chemical contipos Once it is analyzed by the
PGNAA, it is either stockpiled for later use, onsdirectly to the proportioning
equipment. Based on the chemical analysis of RateNal Three, Raw Materials One,
Two, Four, and Five are added to the stream bptbportioning equipment, in order to
meet the chemical requirements to produce poritangent. Sample Points One through
Four in Figure 3.3 apply to Raw Materials One, T®wour, and Five respectively. These
raw material samples were collected by removing@pmately one gallon of material
directly out of the stream just before they werdeatito raw material three. The one
gallon tin pail in which they were collected, i$exeed to as the typical container from

this point forward. Figure 3.4 shows a typical péarpoint for the raw materials.
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Figure 3.4: Raw Material Sample Point

Once the raw materials have been proportioned,dhegent to the roller mill,
which grinds the material to the desired particte slistribution. They are then sent to
the homogenizing silo. Just before the raw mdteaater the homogenizing silo,
recycled cement kiln dust (CKD) is added. Oncentiagerials enter the silo, they are
mixed to produce a homogeneous mixture known akibhéeed, or Raw Material
Seven. After the kiln feed has been blended, gpkamas taken at Sample Point Five in
Figure 3.3, by inserting a pint-sized tin contaidiectly into the stream, as shown in
Figure 3.5. Before the CKD is added to the rawemals, a sample was collected at
Sample Point 12 in Figure 3.3, in the same manséorathe kiln feed.

From the homogenizing silo, the kiln feed is serthie preheater/precalciner.
Once the kiln feed makes its way completely throthghpreheater/precalciner, it goes

into the rotary kiln where it is chemically fusedgroduce clinker. The clinker then exits
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the kiln and is sent directly to the clinker cool@me clinker was sampled at Sample
Point Six immediately after it exited the kiln, stown in Figure 3.6A rod with the top
half partially removed to form a trough was insérntirectly into the clinker stream,

where a small volume of clinker was removed antectdd into the typical container.

Figure 3.5: Kiln Feed Sampling

Figure 3.6: Sampling of Clinker
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The preheater/precalciner-rotary kiln system haslogations at which fuel is
introduced. The back end is considered to be pipemend of the kiln. This is where
approximately 60 percent of the coal is consumkdditionally, all of the alternative
fuels are introduced at this end of the kiln. Témaining 40 percent of the coal is
injected at the front end of the kiln, which is tbever end. The coal was sampled at
Sample Point 14 in Figure 3.3 by an automated @usgstem that removes material
from the stream, and empties it into the typicaltamer, as shown in Figure 3.7. The
tires are sent into the kiln through a conveyoteaysthat drops them directly in one at a

time. This process is shown in Figure 3.8 and f@d.9.

Figure 3.7: Automated Plunger Removing Coal Samples
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The broiler litter and plastics utilize an injectipoint just above the tires’, and
are inserted using a conveyor and screw systeraagnsin Figure 3.10 The tires,
plastics, and broiler litter were sampled at SarRdents Nine, Ten, and Eleven in Figure
3.3, respectively. Tires were sampled by remoasgngle tire from the conveyor at a
time. Preparation of tire samples is discussegkeiction 3.3.2 The plastics and broiler

litter were sampled by inserting the typical congaiidirectly into the feed stream.
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Figure3.8: TiresTransported toKiln
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Figure3.9: TireEnteringKiln

Figure 3.10: Plasticsand Broiler Litter Kiln Injection System
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Once the clinker has been cooled, it is sent, alatigRaw Material Six, which
was sampled at Sample Point Seven in Figure 3tBgetéinish mill. The finish mill
grinds these two materials together to form thalfproduct, portland cement. After the
materials are ground, the portland cement was sahgilSample Point Eight in Figure
3.3, by an automated plunger that removes the ptdthm the mill, and empties it into a
five gallon plastic bucket. This process is shawhkigure 3.11 Finally, the finished
product is either sent to storage, placed in baigwaded directly into trains or trucks for

distribution.

Figure 3.11: Automated Plunger Collecting Cement Samples
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3.3.2 Sample Preparation, Shipping, and Storage

Once all of the samples were collected for a gsempling period, the samples
had to be prepared for shipping and/or testind.ofhe typical containers that were
filled with samples were each emptied into two-grallneavy-duty, plastic bags, which
were labeled with the material type, date of sangpland time of sampling.

In many cases, single discrete specimens werealtbgtthe external laboratory.

In this case, a small portion (approximately tWograms) was removed from the sample
bag, placed into a separate bag, labeled with @lsanentification number, and sent
directly to the external laboratory. Many of tlarples were not tested as discrete
specimens, but as composite specimens produceckibier an entire day of sampling,

or over a three day period of sampling. In ordgrrioduce composite specimens, a small
guantity (approximately one half kilogram) was takeom each of the sample bags
pertaining to the composite period, and placed anfiwze-gallon bucket. Once the bucket
was filled with all the appropriate samples, it waked on its side 60 feet in one
direction, and back following the same path. Thethod was used in order to minimize
the human interference in the composite specimeattion process. Once the material
had been thoroughly mixed, two kilograms were reeapyplaced in a plastic bag, and
labeled.

Once all of the composite specimens were prodwsdiall necessary specimens
(both composite and discrete) had been baggedabeted, they were placed into boxes
and sent to the external lab for testing. Forstiee of possible future testing, the

samples originally collected at the plant were qudytially used for testing.
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Approximately two kilograms of each sample wereeddan a cool, dry place
indefinitely. All of the specimens that were tesbgdthe cement plant did not require

preparation by staff from Auburn University.

3.3.3 Analyzing the Chemical Composition of Raw Materials

There were seven raw materials that were testall.ircach of the particular raw
materials’ source and name were not used, bechasatormation is proprietary
information of the cement plant. The primary raatemial sampled and tested was
known as the kiln feed, which was produced by canigi raw materials one through
five in closely controlled proportions. The kileed, Raw Material Seven, was sampled
at a frequency of two times a day over the standanapling period. Each of the discrete
samples was tested by the cement plant as desdtaileedn this section. Additionally,
after each of the discrete samples was collectsohghe composite specimen was
prepared, in accordance with Section 3.3.2, oveln daree-day period during the
standard sampling period. These composite spesimere tested by the external
laboratory as described below.

In addition to the kiln feed, each of the indivitlteawv materials from which it is
composed, raw materials one through five, were $sohgnd tested. The samples of
these individual raw materials were collected fesguently than the kiln feed. A single
discrete sample of each was collected during elvery period. Both the cement plant
and the external laboratory tested these discpeteimens as described below.

The final raw material collected and tested was maaterial six, which was

mixed with the clinker, prior to grinding, to prazkiportland cement. The frequency of
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sampling for raw material six was one discrete daropllected during the grinding
process for each of the burn phases. A singleatsspecimen was tested by both the
cement plant and the external laboratory as destielow.

The test specimens for each of the raw materiate aealyzed for the standard
parameters shown in Table 2y XRF, with the exception of raw material thregne
chemical composition of raw material three wasdeiermined by XRF, but instead by a
Prompt Gamma Neutron Activation Analyzer (PGNAA}iah was capable of
determining these concentrations in real time.sHavice determined the concentration
of all of the standard cement plant parameters showable 3.1, except for moisture

and loss on ignition (LOI).

3.3.4 Analyzing the Chemical Composition of Fuel Sources

Each of the four fuel sources was sampled at @iffefrequencies. Although the
guantity of testing was different for each of thel§, the actual tests conducted were the
same.

Coal, the primary fuel source, was sampled twidayaover the standard
sampling period. Three-day composites were thepgred from the discrete samples in
accordance with Section 3.3.2. These composites tested by the external laboratory
as described below. A single discrete specimentesisd by the cement plant as
described below. Tires were sampled by collectigit different tires during each burn
period. From these tires, eight discrete radiefiges were removed, one section from

each tire. These radial sections were then cuhdot® one inch square pieces, which
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were made into individual composite specimens tteb&d by the external laboratory
alone. Tires were sampled once during each butag which they were used.

Sampling of the two alternative fuels was the saiight discrete samples were
taken for each fuel in a single day. These sampégs collected only in the burn phase
to which they applied. Each of the discrete speasnwas tested by the external
laboratory only. In addition, two of the discregmples from each day were tested in
duplicate in order to ensure accuracy.

The testing of the fuel sources at the externairatiory was the same for all of
the fuels. First, an XRF scan was conducted opeeimen. Then, a proximate and an
ultimate analysis were conducted on each sampbleT3.3 shows a detailed list of the
data collected in each of these analyses. Iniaddw the proximate and ultimate
analysis, a combustion analysis was conductedteymdee the energy content (BTU/Ib)
of the fuel. Once this test was completed, thevesshanalyzed, by XRF, in order to
determine the concentration of the standard paemnshown in Table 3.1. The cement
plant did not conduct any tests on the tires, gasbr broiler litter. For the coal, the

cement plant conducted the same tests as the akigboratory.

Table 3.3: Proximate and Ultimate Analysis Details

Proximate Analysis (wt. %) | Ultimate Analysis (wt. %)
Moisture Hydrogen
Ash Carbon
Volatile Matter Nitrogen
Fixed Carbon Sulfur
Oxygen
Ash
Moisture
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3.3.5 Analyzing the Chemical Composition of Cement Kiln Dust

The cement kiln dust (CKD) was sampled two timasdag over the standard
sampling period. These discrete specimens wetedt@sthout making composite
samples.

The standard parameters shown in Table 3.1 weeerdeted by XRF at the
cement plant and at the external laboratory. Atdibment plant, moisture and loss on
ignition were not determined. The standard exidateratory parameters were all

tested for, with no exceptions or additions.

3.3.6 Analyzing the Chemical Composition of Clinker

Clinker was sampled at the cement plant twelvegiper day in accordance with
Section 3.3.1. The standard sampling period wed t collection of clinker samples.

The standard cement plant parameters, as showabie B.1, were determined
for each of the discrete specimens collected.dthit@an to the standard cement plant
elements, the equivalent alkali content and Boguepounds were calculated in
accordance with ASTM C 150. The cement plant détermined the free lime (FCaO)
content in each of these discrete specimens.

In addition to the tests conducted at the cementtpRietveld Analysis was also
conducted on clinker samples by the cement plapegialty lab Reitveld Analysis is a
procedure used to determine the Bogue compounds atourately than the formulas

given by ASTM C 150. This test was conducted o@ composite specimen per day,
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which was created in accordance with Section 3ukidg each of the twelve discrete
samples collected during that day.

Finally, the standard external laboratory paransetes shown in Table 3.1, were
determined by XRF. These determinations were madangle-day composite
specimens prepared, in accordance with Sectiof,318ing all twelve of the discrete
samples from that day. Each of the daily compaperimens was tested for the

standard external laboratory elements twice.

3.3.7 Analyzing the Chemical Composition of Cement

Portland cement was sampled at the cement plaint tges per day, in
accordance with Section 3.3.1. The standard sampkriod was used for collection of
cement samples.

The standard cement plant parameters, as showabie B.1, were determined on
each of the discrete specimens collected, as wahadaily composites made from each
of the discrete samples. In both cases, the elgmivalkali content and Bogue
compounds were calculated in accordance with ASTMQ Additionally, the free lime
content and Blaine Specific Surface Area were datexd.

In addition to the tests conducted at the cementtpRietveld Analysis was
conducted on cement samples by the cement plastsaity lab. This test was
conducted on one composite specimen per day, wiashcreated by the process
described in Section 3.3.@sing each of the eight discrete samples colledtehg that

day.
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Finally, the standard external laboratory paransetg@rown in Table 3.1, were
determined by XRF. These determinations were mad&ngle-day composite
specimens prepared using all eight of the dissateples from that day. In addition to
the standard external laboratory elements, thédoganic carbon content was

determined on each of the daily composites usitogeh organic carbon (TOC) analyzer.

3.3.8 Analyzing the Physical Properties of Cement

The cement samples collected were also used taicbpdysical property testing.
The physical properties of cement were tested tetdifferent entities: the cement
plant, Auburn University, and the cement plant'e@alty lab. All of the tests conducted
by the cement plant were conducted on one-day csitgpspecimens prepared from the
eight daily discrete samples. The tests perforbyeduburn University were done so on
a single composite specimen prepared over eadtedfurn periods. Table 3.4, Table
3.5, and Table 3.6 show the physical propertiesaient tested by Auburn University,
the cement plant, and the cement plant’s spedalbiyratory, respectively. These tables

also show the specifications and units used fon ¢ast.
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Table3.4:

Cement Physical Property Tests Performed by Auburn University

Property Units| ASTM Specification

Autoclave Expansion % C 151

Cube Flow % C 230
Compressive Strength at

1, 3, 7, and 28 days MPa ¢ 109

Normal Consistency % C 187
Gillmore Initial Set Min C 266
Gillmore Final Set Min C 266
Vicat Initial Set Min C 191
Vicat Final Set Min Cc191

Drying Shrinkage Developmgnt ¢ C 596

Table 3.5: Cement Physical Property Tests Performed by Cement Plant

Property Units| ASTM Specification
Air in Mortar % C 185
Blaine Specific Surface Ar¢m?/kg C 204
Autoclave Expansion % C 151
Cube Flow % C 230
Compressive Strength alf
1, 2 7, and 28 da?ys MPa ¢ 109
Normal Consistency % C 187
Gillmore Initial Set Min C 266
Gillmore Final Set Min C 266
Vicat Initial Set Min C 191
Vicat Final Set Min C 191

Laboratory

Table 3.6: Cement Physical Property Tests Performed by Cement Plant Specialty

Property

Units

ASTM Specification

Heat of Hydration 7 day

kJ/|

vJ

g

C 186

Heat of Hydration 28 day

s kJ/

K9

C 186

Particle Size Distributior]

N/A

Laser Diffraction
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3.3.9 Analyzing the Properties of Concrete

For each of the burn periods, cement was used ke ie@ncrete in an attempt to
establish any links between the fuels and the ptiggseof concrete. The bulk cement
from the first burn was collected at the end ofghading period through the typical
bagging process used at the cement plant. Thentdroen each of the subsequent burns
was collected by making a composite specimen dweehtire burn period using the 5-
gallon samples taken at each of the discrete sagpines.

There were two different mixture designs from whiodmcrete was made using
the cement from each burn. The primary mixturegtesiamed Mix A, is shown in
Table 3.7. Mix A had a water-to-cement ratio @&f4).and used #57 crushed limestone
and a natural river sand as the aggregate. Tlmdary mixture design, named Mix B,
is shown inTable 3.8. The water-to-cement ratio in Mix B v@a37, and utilized #78
crushed limestone and a natural river sand asgfeegate. In an attempt to eliminate
the variability in aggregates, enough of each vadlected from the same source on the

same date to make all the concrete for all burns.
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Table3.7: Mix A Proportions

Materials ltem Volumes
Watel 273 lbslyd 4.38 f3
Cement (Type |) 620 Ibs/yc® 3.15 ft°
Coarse Aggregate (# 57 Crushed Limestpne),900 Ibs/yc’ 10.61 ft3
Fine Aggregate (Natural River Sand) 1,272 |bs/yd’ 7.78 ft°
Air 4.0 % 1.08 ft3
Air-Entraining Admixtur¢ 1.2 oz/yd’ 0.00 ft°
Mixture Properties
Water/Cement ratio:  0.44 |Total Volume  27.00 ft°

Mix A was produced by Auburn University and the estnplant’s specialty lab.
The aggregate used by the cement plant for Mix A ealected and provided by
personnel at Auburn University. Table 3/ows the tests conducted by both entities, as
well as those conducted only by Auburn Universitihe specification associated with

each test is also shown.
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Table3.8: Mix B Proportions

Materials [tem Volumes
Watel 260 Ibslyd’ 417 ft®
Cement (Type |) 705 Ibs/yc’ 3.59 f3
Coarse Aggregate (#78 CrushedLimestpne}, 942 Ibs/yd3 11.36 ft°
Fine Aggregate (Natural River Sapd) 1,115 |bs/yc’ 6.79 ft°
Air 4.0 % 1.08 ft3
Water-Reducing Admixtufe  14.1 oz/yd® 0.01 ft®
Air-Entraining Admixturé 1.8 oz/yd’ 0.00 ft*
Mixture Properties
Water/Cement ratio:  0.37 |Total Volume= 27.00 ft°

The typical concrete mix at Auburn University waada by preparing enough
material, in the proportions shown in Table 3.7able 3.8, to produce seven cubic feet
of concrete. Once the concrete had been mixddngdest and total air content test
were conducted in accordance with ASTM C 143 an@M¥ 231, respectively. Next,
a setting time test specimen was prepared in aanoedwith ASTM C 403. The
following step was to prepare three 3 x 3 x 11ri@fhibars to be used in the drying
shrinkage development test (ASTM C 157). Finallye 6 in. x 12 in. cylinder was
prepared for the heat of hydration under semi-adialzonditions test, along with ten 6
in. X 12 in. cylinders for both compressive strén@STM C 39) and splitting tensile
strength (ASTM C 496) tests. Two cylinders westdd at each age for each test.
Additionally, six 4 in. x 8 in. cylinders were p@ed in order to conduct the rapid

chloride ion permeability (RCPT) test at 91 and 8a§s.
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Table 3.9. Concrete Tests

Tests Conducted by Both Entities

Test Specification
Slump ASTM C 143
Setting Time ASTM C 403
Total Air Content ASTM C 231
Compressive Strength
1, 3,7, 28, and 91 days ASTM C 39
Drying Shrinkage Development ASTM C 157
Permeability (RCPT) ASTM C 1202

Tests Only Conducted at Auburn University

Test

Specification

Heat of Hydration (Semi-Adiabati

)

Rilem 119-TC

Splitting Tensile Strength
1, 3,7, 28, and 91 days

ASTM C 496

3.3.10 Analyzing the Emissions

before, during, and two days after each burn.

3.4 Conclusion
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The emissions were collected by the cement plangus Continuous Emissions
Monitoring System (CEMS). Although the emissiorsrgvcontinuously monitored, they

were reported as an hourly average. The sampéniggfor emissions was four days

The emissions that were monitored from the maioksteere carbon monoxide

(CO), nitrogen oxides (N, sulfur dioxide (S@), and volatile organic compounds

The test procedure described in the previous secti@s developed to provide

the most thorough data possible regarding the tsffgfthe alternative fuels on the



production process, as well as on the productssbbms. All materials involved in the
production process were sampled and tested. Thelseled the raw materials, fuels, and
CKD. Also, all of the products of the process weaenpled. These included clinker,
portland cement, and emissions. A chemical amalyas conducted on each of the
materials listed above in order to determine amawaes that may be attributed to the
utilization of the alternative fuels. Additionallgpecial testing was conducted to
determine any effects that the fuels may have macbacrete produced using the

portland cement.
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Chapter 4

Presentation and Analysis of Data

4.1 Introduction

This chapter presents the collected data along with an analysis and discussion of
these results. The data pertaining to each material tested follow the same order utilized in
Chapter Three. For the discussion of each material, there are three goals: presentation of
data, analysis of data, and discussion of results. For each material, the results presented
by the various testing agencies are discussed separately. Comparisons are made between
testing agencies when it is determined to be necessary.

The first task of this chapter is simply to present the data pertaining to each test or
parameter for that material. When there are ten or more data points for a set of results, a
complete set of summary statistics are given. The summary statistics consist of the
average, coefficient of variation (as a percentage), and an indication of how well the data
are represented by a normal distribution. The latter statistic is given in the form of a P-
value based on Anderson-Darling statistics. If the minimum requirement for summary
statistics is not met, only the average value is presented. The complete data sets for
which only summary statistics are given are shown in Appendices B.1 through B.3.

The second task of this chapter is to provide an analysis of the data. In this
section, graphical representations are presented showing the difference in means between
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each of the burns relative to the primary burn, which is the coal plus tires burn (Burn
Two). Burn Two was chosen as the burn to which all other burns are compared because
the cement plant burns coal and tires during normal operation. In addition to the graphs,
when there are more than ten data points, a table is shown that indicates whether or not
any changes in means were statistically significant. A P-value is presented that serves as
the indicator for statistical significance. The limiting P-value used for determination of
statistical significance was selected to be 0.10. This was done because the sample sizes
for all materials except emissions were considered to be small to very small. Any P-
value above this limiting value will signify that the difference in means for that specific
result is not statistically significant.

The final task of this chapter is discussion of the results. In this section, an
emphasis is placed on the tests or parameters that showed the greatest change in means.
Any conclusions that can be drawn for the cause of these changes are presented. Finally,
this task compares the parameters that are significantly changed to effects reported in the
literature review. Where applicable, a discussion of whether the findings of this project
agree or disagree with the literature presented in Chapter Two is given.

The previous chapters in this document address the utilization of two alternative
fuels. It was the goal of this study to produce portland cement using both recycled
industrial plastics and broiler litter. The implementation of these alternative fuels is a
complex endeavor for the cement plant. Because of this fact, the broiler litter test was not
completed within the timeframe necessary for the results to be presented and discussed in

this document. Therefore, only data pertaining to Burn One, Burn Two, and Burn Three
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are presented. However, this study will continue, and the data associated with the broiler

litter burn will be presented in future documentation related to this project.

4.2 Research Conditions

Each of the test burn periods lasted a total of three days. Considerable time
elapsed between each burn period, which allowed the cement plant to establish its typical
production process without the influence of the additional testing and fuel usage
associated with this study. Furthermore, because the cement plant is concerned with its
production, many aspects of the production process were changed relative to each burn,
in order to assure maximum production. Some of these aspects that were variable were
the kiln feed rate, fuel feed rates, and production rates. Since these aspects of the
production process are proprietary information, the ranges for each of these parameters
are given, instead of the averages.

Burn One utilized coal as the only fuel, and was conducted between 7 AM on
April 18, 2006 and 7 AM on April 21, 2006. The kiln feed rate for Burn One was
between 250 and 310 tons per hour. The total coal feed rate was between 18 and 20 tons
per hour. Finally, the clinker production rate for Burn One was between 160 and 200
tons per hour.

Burn Two utilized coal and tires as fuel, and was conducted between 7 AM on
July 11, 2006 and 7 AM on July 14, 2006. The kiln feed rate during Burn Two was
between 90 and 330 tons per hour. The total coal feed rate was between 10 and 20 tons
per hour. The total tire feed rate was between 0.03 and 1.4 tons per hour. These rates

correspond to between a 1 and 10 percent tire-to-fuel replacement rate on an energy
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basis. The rate of tire replacement was controlled by the development of sulfur build-ups
which limited airflow within the system. The clinker rates for this burn period were
between 100 and 200 tons per hour.

Burn Three utilized coal, tires, and recycled post-industrial plastics as the fuel,
and was conducted between 7 AM on April 3, 2007 and 7 AM on April 6, 2007. The kiln
feed rate during Burn Three was between 260 and 330 tons per hour. The total coal feed
rate was between 10 and 20 tons per hour. The tire feed rate was between 0.3 and 4 tons
per hour. This results in a tire-to-fuel replacement rate of 2 to 8 percent, on a heat
replacement basis. Just as with Burn Two, this rate was controlled by the development of
sulfur build-ups in the system. The feed rate for the plastics was between 2.5 and 3.5
tons per hour. This rate was found to be controlled by the low density of the plastics, and
the ability of the equipment at the cement plant to handle it. Finally, the clinker rates for

Burn Three were between 170 and 240 tons per hour.

4.3 Data Presentation and Analysis

For all of the tables and figures presented in this chapter, a specific terminology
will be implemented in order to designate the origin of the data. Cement plant results
(CPR) refers to data that were collected or tested at the cement plant. Auburn University
results (AUR) refers to data that were collected at Auburn University. External
laboratory results (ELR) are those that were collected at the external laboratory. The
external laboratory provided results concerning all chemical compositions. Although
more parameters were reported by the external laboratory than by the cement plant, only

the major parameters (those which are measured as percent by weight) are discussed in
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most cases. This was done because the major parameters were determined by both the
cement plant and the external laboratory. Finally, specialty laboratory results (SLR) are
those that were collected at the cement plant’s specialty laboratory.

In all tables that present summary statistics, the abbreviation C.V. stands for
coefficient of variation. It is calculated by dividing the standard deviation of the data set
by the average, and is reported as a percentage. In addition, as the normality P-value
decreases, the coefficient becomes less meaningful. For this reason, when the P-value is
below the limiting value of 0.10, the data are considered not normally distributed, and the
coefficient of variation is noted with a superscript. In the tables where a percent
difference is given, this statistic is abbreviated as % Diff. This difference is relative to
the results of the coal plus tires burn, from the testing agency in question. For instance,
in any given table of results as presented by the cement plant, the percent difference is
relative to the coal plus tires, as reported by the cement plant. If the data were reported
by the external laboratory, the percent difference is relative to the coal plus tires burn, as
reported by the external laboratory.

Summary statistics will not include the coefficient of variation or the P-value
relative to normality for data sets which contain less than ten data points. The same limit
will be utilized for determining statistically significant differences relative to Burn Two.
Even though statistical significance will not be reported for such small data sets, a
graphical representation of percent difference between means relative to Burn Two will
be given. These percent difference plots may show the results from different testing
agencies. Once again, these differences are relative to the coal plus tires burn as reported
by the testing agency in question. In the plots of percent difference for chemical
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compositions, the same set of major parameters will be plotted. These major parameters

are Al,03, Ca0, Fe,03, K,0, MgO, Na,0, SiO,, and SOs.

4.3.1 Chemical Composition of Raw Materials

The chemical compositions of the raw materials were tested using XRF by both
the cement plant and the external laboratory. The kiln feed is obtained by blending
various raw materials and it becomes the primary material entering the kiln; therefore,
only a single specimen of each of the individual raw materials was tested during each
burn. Table 4.1 shows the results of the chemical analysis conducted by the cement plant
on Raw Materials One, Two, and Three. Table 4.2 shows the results of the chemical
analyses conducted by the external laboratory on the same three raw materials. Table 4.3
and Table 4.4 show the chemical composition of Raw Materials Four, Five, and Six for

the cement plant and the external laboratory, respectively.
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Table 4.1: CPR - Chemical Composition of Raw Materials One, Two, and Three

Parameter| Raw Material One Raw Material Two Raw Material Three
(wt. %) |Burn 1|Burn 2|Burn 3|Burn 1|Burn 2|Burn 3]Burn 1{Burn 2({Burn 3
Al,O4 25.80 | 22.80 | 2322 | 033 | 0.30 | 0.39 | 268 | 3.16 | 2.98
CaO 3.95 | 438 | 4.27 | 54.00 | 54.10 | 52.85 ] 41.54 | 40.94 | 41.59
Fe,O4 10.20 | 9.27 | 1441 | 0.14 | 0.17 | 0.00 | 1.63 | 143 | 1.30
K,O 257 | 208 | 215 | 0.07 | 001 | 0.07 | 0.18 | 0.17 | 0.26
MgO 121 | 109 | 221 | 115 | 095 | 0.97 | 350 | 3.48 | 3.29
Na,O 038 | 040 | 042 | 0.00 | 0.00 | 0.03 | 0.01 | 0.07 | 0.10
Sio, 43.70 | 4490 | 43.03] 0.96 | 0.85 | 2.04 | 14.00 | 14.35 | 13.77
SO, 066 | 1.21 | 013 | 018 | 1.05 | 0.10 | 0.12 | 0.14 | 0.15
Moisture 9.07 | 1981 ]| 3460 | 580 | 180 | 3.00 NC NC NC
LOI 9.07 | 11.63 | 7.10 | 43.18 | 42.47 | 43.20 ] NC NC NC
Notes:

NC - Not Collected
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Table 4.2: ELR - Chemical Composition of Raw Materials One, Two, and Three

Property Raw Material One Raw Material Two Raw Material Three
Burn 1| Burn 2| Burn 3 |Burn 1|Burn 2|Burn 3|Burn 1{Burn 2|Burn 3
Al,O5 (wt. %) 2476 | 24.07 | 26.87 | 0.19 | 0.07 | 0.87 | 3.23 | 5.32 | 8.09
CaO (wt. %) 295 | 2.74 3.20 | 50.49 | 5492 | 91.85 ] 43.00 | 36.02 | 43.79
Fe,O3 (wt. %) 996 | 1097 | 1235 | 0.13 | 0.15 | 047 | 1.89 | 275 | 3.56
K,0 (wt. %0) 2.25 2.25 2.69 0.06 | 006 | 0.14 | 0.34 | 0.40 | 0.69
MgO (wt. %) 1.26 1.07 1.52 077 | 082 | 3.04 | 117 | 118 | 1.86
Na,O (wt. %) 0.53 | 055 0.60 0.00 | 0.03 | 047 | 0.00 | 0.08 | 0.11
P,0O;5 (wt. %0) 0.63 | 0.56 0.63 0.01 | 000 | 0.01 | 0.03 | 0.06 [ 0.04
SiO, (wt. %) 4344 | 43.09 | 50.21 | 051 | 0.49 | 2.86 | 15.92 | 22.11 | 41.12
SO; (wt. %) 0.30 | 0.15 0.09 0.12 | 015 | 020 | 0.29 | 0.25 | 0.12
TiO, (wt. %) 1.15 1.10 1.37 001 | 000 | 0.00 | 023 | 1.04 | 0.43
Moisture (wt. %) 1771 | 23.67 | 2226 | 254 | 002 | 293 | 453 | 0.34 | 651
LOI (wt. %) 1277 | 13.44 | 11.99 | 47.72 | 43.32 | 42,91 | 33.93 | 30.78 | 27.56
As (ppm) 173 137 299 ND ND 6 7 18 23
Ba (ppm) 1867 | 1510 | 2000 68 88 300 316 293 300
Cd (ppm) ND ND NR ND ND NR ND ND NR
Cl (ppm) 23 125 25 24 265 29 42 158 34
Co (ppm) 43 45 64 ND ND 12 26 ND 15
Cr (ppm) 139 135 203 ND ND 16 62 40 54
Cu (ppm) 269 200 219 ND ND 18 21 ND 46
Hg (ppm) 0.07 | 0.01 NR 0.01 | 0.03 NR 0.04 | 0.03 NR
Mn (ppm) 280 302 1000 24 18 300 801 96 1200
Mo (ppm) ND ND 40 ND ND 12 ND ND 13
Ni (ppm) 112 | 114 122 ND | ND 14 ND 21 16
Pb (ppm) 63 67 195 12 12 4 17 47 27
Sb (ppm) 20 ND NR 32 80 NR 82 30 NR
Se (ppm) 3 3 NR 1 ND NR 1 ND NR
Sr (ppm) 1432 | 1373 1800 172 225 400 240 259 400
V (ppm) 303 271 325 ND ND 17 49 103 74
Zn (ppm) 84 150 363 ND 24 26 27 90 52
Notes:

ND - Not Detected
NR - Not Reported

Raw Material Three was not tested using XRF at the cement plant. This analysis
was done using a Prompt Gamma Neutron Activation Analyzer (PGNAA). This is the

reason for there not being results for moisture and loss on ignition for this raw material.
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For a more thorough discussion of the chemical analysis of the raw materials, see Section

3.3.1L

Table 4.3: CPR - Chemical Composition of Raw Materials Four, Five, and Six

Parameter| Raw Material Four Raw Material Five Raw Material Six
(wt. %) |Burn 1{Burn 2{Burn 3|Burn 1|Burn 2(Burn 3|Burn 1|Burn 2|Burn 3
Al,O4 422 | 628 | 760 | 1.79 | 0.76 | 1.14 | 0.87 | 187 | 2.62
CaO 2890 | 35.10 | 38.10 | 087 | 2.16 | 1.66 | 36.80 | 29.10 | 32.57
Fe,O4 3470 |1 25.00 | 1450 | 1.72 | 145 | 163 | 045 | 0.30 | 0.25
K,O 019 | 002 | 005 | 032 | 016 | 0.28 | 0.11 | 0.19 | 0.25
MgO 8.80 | 1040 | 1290 | 0.08 | 019 | 0.19 | 1.05 | 140 | 3.15
Na,O 0.00 | 0.00 NR 0.03 | 0.00 NR 0.00 | 0.00 | 0.20
Sio, 15.40 | 16.50 | 24.60 | 93.70 | 92.20 [ 9590 | 3.98 | 8.14 | 13.56
SO, 127 | 060 | 041 | 038 | 1.12 | 0.21 | 44.40 | 41.67 | 34.95
Moisture 8.00 | 446 | 650 | 7.70 | 430 | 3.40 | 12.30 | 8.70 | 10.40
LOI 299 | 184 | 0.10 | 048 | 156 | 0.40 | 12.24 | 17.63 | 11.40
Notes:

NR - Not Reported
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Table 4.4: ELR - Chemical Composition of Raw Materials Four, Five, and Six

Raw Material Four

Raw Material Five

Raw Material Six

Property Burn 1| Burn 2| Burn 3 |Burn 1|Burn 2|Burn 3|Burn 1{Burn 2|Burn 3
Al,O5 (wt. %) 3.64 3.90 4.27 147 | 192 | 100 | 122 | 0.76 | 2.71
CaO (wt. %) 5,57 | 31.68 | 29.01 | 0.19 | 0.37 | 0.41 | 33.31 | 30.90 | 38.80
Fe,O5 (wt. %) 52.83 |1 4025 | 34.03 | 091 | 1.17 | 059 | 0.74 | 0.25 | 0.50
K,0 (wt. %0) 0.79 0.03 0.20 043 | 025 | 0.17 | 013 | 0.16 | 0.26
MgO (wt. %) 166 | 1195 1216 | 030 | 019 | 0.18 | 150 | 0.62 | 2.78
Na,O (wt. %0) 0.20 0.03 0.13 0.00 | 0.07 | 0.04 | 0.03 | 0.06 | 0.16
P,O;5 (wt. %0) 0.56 0.61 0.47 001 | 003 | 000 | 0.03 | 0.010 | 0.03
SiO, (wt. %) 1351 | 1237 | 15.27 | 9559 | 94.77 | 97.37 | 593 | 458 | 13.21
SO; (wt. %) 0.69 0.20 0.30 0.25 | 0.01 | 0.00 | 38.60 | 41.90 | 41.23
TiO, (wt. %) 0.16 0.26 0.25 043 | 028 | 0.20 | 0.05 | 0.02 | 0.10
Moisture (wt. %) 1249 | 0.31 6.01 431 | 420 | 229 | 2.09 | 0.80 | 4.06
LOI (wt. %) 20.39 | ND -1.30 045 | 093 | 0.35 | 18.44 | 20.74 | 18.06
As (ppm) 6 ND 4 ND 7 4 ND ND <2
Ba (ppm) 308 ND 200 131 ND 200 73 ND 300
Cd (ppm) 6 3 NR ND ND NR ND ND NR
Cl (ppm) 114 238 100 43 59 13 7 105 30
Co (ppm) 38 ND 4 ND ND 5 ND ND 7
Cr (ppm) 285 2672 3249 ND ND 9 ND ND 32
Cu (ppm) 545 22 61 23 30 33 36 ND <10
Hg (ppm) 0.01 0.05 NR 0.01 | 0.01 NR 0.09 | 0.09 NR
Mn (ppm) 7919 | 19571 | 38700 | 153 78 200 340 82 1200
Mo (ppm) 18 72 90 ND ND 23 ND ND 23
Ni (ppm) 192 11 75 ND 22 <5 ND 9 5
Pb (ppm) 450 13 21 40 8 9 8 21 23
Sh (ppm) ND 36 NR ND ND NR ND ND NR
Se (ppm) 2 2 NR ND 1 NR 1 ND NR
Sr (ppm) 127 169 200 50 122 100 573 566 800
V (ppm) 97 687 604 ND ND 20 ND ND 18
Zn (ppm) 6464 134 198 80 13 2 ND ND 8

Notes:

ND - Not Detected
NR - Not Reported
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Table 4.5 shows the percent change in each parameter for Raw Materials One,

tables.

Two, and Three, as reported by the cement plant. Table 4.6 shows the percent change for
the same raw materials as reported by the external laboratory. Table 4.7 and Table 4.8
show the percent change for Raw Materials Four, Five, and Six, as reported by the
cement plant and the external laboratory, respectively. The percent changes for each
burn are relative to Burn Two. Wherever a result was not reported by the cement plant,

or the result was zero for Burn Two, a value of not applicable (NA) was reported in these

Table 4.5: CPR - Percent Change in Raw Materials One, Two, and Three

Percent Change Relative to Burn Two

Parameter| Raw Material One | Raw Material Two | Raw Material Three
Burnl Burn 3 Burn 1 Burn 3 Burn 1 Burn 3
Al,O4 13.2 1.8 10.0 30.0 -15.2 -5.8
CaO -9.8 -2.5 -0.2 -2.3 1.5 1.6
Fe,O,4 10.0 55.4 -17.6 NA 14.0 -9.3
K,0 23.6 3.4 600.0 600.0 5.9 54.9
MgO 11.0 102.8 21.1 2.1 0.6 -5.5
Na,O -5.0 5.0 NA NA -85.7 47.6
SiO, -2.7 -4.2 12.9 140.0 -2.4 -4.0
SO, -45.5 -89.3 -82.9 -90.5 -14.3 9.5
Moisture -54.2 74.7 222.2 66.7 NA NA
LOI -22.0 -39.0 1.7 1.7 NA NA
Notes:

NA - Not Applicable
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Table 4.6: ELR - Percent Change in Raw Materials One, Two, and Three

Percent Difference Relative to Burn Two

Property| Raw Material One | Raw Material Two | Raw Material Three

Burn 1 Burn 3 Burn 1 Burn 3 Burn 1 Burn 3
Al,O4 2.9 11.63 179.7 1167.58 -39.3 52.02
CaO 7.8 16.79 -8.1 67.25 19.4 21.56
Fe,O; -9.2 12.59 -13.7 204.35 -31.4 29.32
K,O -0.3 19.32 -2.3 133.12 -16.2 71.10
MgO 18.4 42.52 -6.8 269.10 -1.2 57.16
Na,O -4.2 8.12 -100.0 1726.10 -100.0 39.41
P,Os 11.3 11.78 NA NA -43.5 -34.82
SiO, 0.8 16.51 4.7 484.84 -28.0 85.98
SO, 106.8 -38.94 -15.9 37.13 20.0 -51.11
TiO, 4.4 24.41 NA NA -78.4 -58.78
Moisture -25.2 -5.95 16649.6 | 19221.40| 1250.9 1841.39
LOI -5.0 -10.77 10.2 -0.94 10.2 -10.45
As 26.5 118.25 NA NA -62.3 24.93
Ba 23.6 32.41 -23.4 239.49 8.0 2.45
Cd NA NA NA NA NA NR
Cl -81.6 -80.00 -90.9 -89.06 -73.4 -78.48
Co -5.3 41.94 NA NA NA NR
Cr 3.0 50.07 NA NA 52.6 33.90
Cu 34.4 9.34 NA NA NA NR
Hg 600.0 NA -66.7 NA 33.3 NR
Mn -7.3 231.40 33.2 1565.14 730.2 1144.35
Mo NA NA NA NA NA NR
Ni -1.1 7.40 NA NA NA -23.96
Pb -6.1 192.06 -2.3 -66.70 -63.4 -42.97
Sh NA NA -59.9 NA 176.2 NR
Se 34.0 NA NA NA NA NR
Sr 4.3 31.05 -23.4 77.95 -7.2 54.67
\Y 12.1 20.13 NA NA -51.8 -27.86
Zn -44.2 141.99 NA 8.23 -70.3 -42.41

Notes:

NA - Not Applicable
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Table 4.7: CPR - Percent Change in Raw Materials Four, Five, and Six

Percent Change Relative to Burn Two

Parameter| Raw Material Four | Raw Material Five Raw Material Six

Burnl Burn 3 Burn 1 Burn 3 Burn 1 Burn 3
Al,O4 -32.8 21.0 135.5 50.0 -53.5 40.2
CaO -17.7 8.5 -59.7 -23.1 26.5 11.9
Fe,O,4 38.8 -42.0 18.6 12.4 50.0 -16.7
K20 850.0 150.0 100.0 75.0 -42.1 31.6
MgO -15.4 24.0 -57.9 0.0 -25.0 125.0
Na,O NA NA NA NA NA NA
Sio, -6.7 49.1 1.6 4.0 -51.1 66.6
SO, 110.6 -32.0 -66.1 -81.3 6.6 -16.1
Moisture 79.4 45.7 79.1 -20.9 41.4 19.5
LOI 62.5 -94.6 -69.2 -74.4 -30.6 -35.3

Notes:

NA - Not Applicable

Although the percent change of each parameter is presented for the raw materials,
no conclusions can be drawn based on these data alone. The proportions of each material
that were combined to produce the kiln feed were not provided by the cement plant,
because it is proprietary information. This is the reason for emphasizing the chemical
composition of the kiln feed above that of the individual raw materials. This is also the

reason that no graphical representation of the percent changes has been reported.
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Table 4.8: ELR - Percent Change in Raw Materials Four, Five, and Six

Percent Difference Relative to Burn Two

Property| Raw Material Four | Raw Material Five Raw Material Six

Burn 1 Burn 3 Burn 1 Burn 3 Burn 1 Burn 3
Al,O4 -6.7 9.48 -23.3 -47.90 61.5 257.71
CaO -82.4 -8.44 -48.5 11.08 7.8 25.55
Fe,O4 31.2 -15.46 -21.9 -49.60 192.0 97.99
K,O 2465.4 549.56 68.8 -32.83 -15.1 64.73
MgO -86.1 1.79 56.3 -5.17 140.6 345.91
Na,O 555.0 322.21 -100.0 -45.81 -46.9 153.43
P,Os -7.0 -22.38 -62.5 -100.00 324.7 280.14
Sio, 9.3 23.47 0.9 2.74 29.6 188.60
SO, 253.3 53.84 2263.7 -100.00 -7.9 -1.59
TiO, -37.8 -2.57 50.1 -29.76 218.5 533.57
Moisture | 3866.9 1808.83 2.7 -45.44 162.0 408.92
LOI NA NA -51.4 -62.17 -11.1 -12.94
As NA NA NA -45.81 NA NA
Ba NA NA NA NA NA NA
Cd 91.0 NA NA NA NA NA
Cl -52.1 -57.98 -27.1 -77.97 -93.3 -71.43
Co NA NA NA NA NA NA
Cr -89.3 21.61 NA NA NA NA
Cu 2426.4 183.02 -23.6 11.76 NA NA
Hg -80.0 NA 0.0 NA 0.0 NA
Mn -59.5 97.74 96.2 156.29 314.5 1362.09
Mo -74.3 25.27 NA NA NA NA
Ni 1604.5 564.32 NA NA NA -47.20
Pb 3269.4 57.39 378.4 6.68 -64.6 7.94
Sh NA NA NA NA NA NA
Se -18.1 NA NA NA NA NA
Sr -25.1 18.10 -59.2 -18.25 1.3 41.38
\Y -85.8 -12.03 NA NA NA NA
Zn 4707.4 47.27 528.4 -84.20 NA NA

Notes:

NA - Not Applicable
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4.3.2 Chemical Composition of Kiln Feed

The kiln feed is the primary input to the production process. The chemical

composition of the kiln feed, reported by the cement plant, consisted of ten, twelve, and

seven data points for Burns One, Two, and Three, respectively. Table 4.9 shows the

summary statistics for each of the burns. Although Burn Three did not consist of ten or

more data points, it was determined to be necessary to report all summary statistics due to

the critical nature of the kiln feed to the overall production process.

Table 4.9: CPR - Chemical Composition of Kiln Feed

Burn One Burn Two Burn Three

Parameter V. V. V.

'?V\\//te.rg/g; ((:%V) P-Value '?v\;ir?/g;} %0 /:)/) P-Value '?xir?/g; ((:W?)/) P-Value
AlyO4 311 | 24 | 0561 | 323 | 26" | 0092 | 301 | 21 | 0.386
CaO 4395 | 05 | 0642 | 4304 | 08 | 0166 | 4374 | 06" | 0.078
Fe,0, 203 | 39 | 0526 | 201 32 | 0965 | 190 | 4.0 | 0.356
K0 033 |29'| 0005 | 029 | 53%|<0005| 028 |1.7'| <0.005
MgO 192 | 24 | 0954 | 251 | 66" | 0064 | 207 | 2.9 | 0.440
Na,O 0.04 |[14.4%| 0.008 | 0.10 186 | 0238 | 004 [17.8*| 0.021
Na,Oc, 026 | 42 | 0241 ] 0.29 53 | 0336 | 023 |39%'| 0.091
Sio, 13.67 | 1.1 | 0960 | 14.38 1.7 | 0181 | 1366 | 1.4 | 0.156
SO, 029 | 124 0502 | 029 | 121 | 0611 | 011 | 183 | 0.223
LOI 3659 | 0.4 | 0430 | 35.05 1.2 | 0249 | 3472 | 0.7 | 0.183

Notes:

! Data Not Normally Distributed

Table 4.10 shows the percent change in chemical parameters in the kiln feed

based on the cement plant data. All parameters exhibited a statistically significant change

relative to the kiln feed used in Burn Two, except for Fe;O3 and SO3 from Burn One and

K,0 from Burn Three.
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Table 4.10: CPR - Percent Change in Mean for Kiln Feed

Burn One Burn Three
Parameter Dliaff‘gizgf:e P-Value|Significant Dlipfigizgf:e P-Value|Significant
Al,O; -3.7 0.002 Yes -6.8 0.000 Yes
CaO 2.1 0.000 Yes 1.6 0.000 Yes
Fe,O; 1.0 0.476 No -5.5 0.003 Yes
K;0 13.8 0.000 Yes -3.4 0.130 No
MgO -23.5 0.000 Yes -17.5 0.000 Yes
Na,O -60.0 0.000 Yes -60.0 0.000 Yes
Na,Ogq -10.3 0.000 Yes -20.7 0.000 Yes
Sio, -4.9 0.000 Yes -5.0 0.000 Yes
SO, 0.0 0.983 No -62.1 0.000 Yes
LOI 4.4 0.000 Yes -0.9 0.071 Yes

The kiln feed was analyzed by the external laboratory in the form of a single
composite sample collected during each burn period. Table 4.11 shows the results of the
XRF scan conducted by the external laboratory, along with the relative differences
between the burns. Burn One showed a number of parameters that exhibited a percent
change greater than ten percent relative to Burn Two. These parameters, in decreasing
order of the absolute value of percent change are: Na,O, Moisture, SO3, P,0s, SiO»,
TiO,, K0, Fe,03, and Al,O3. The results from Burn Three showed a very different
trend than the same burn as reported by the cement plant. Each of the major parameters
showed an increase of more than 15 percent relative to Burn Two. The only exceptions
were Na,O, moisture, and LOI. The apparent complete change in chemical composition

of the kiln feed for Burn Three was most likely purposefully done by the cement plant.
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Table 4.11: ELR - Chemical Composition of Kiln Feed

Parameter Burn One Burn Two Burn Three

Value (wt. %) | % Diff. | Value (wt. %) | Value (wt. %) |% Diff.
Al,O4 3.04 10.5 2.75 491 78.5
CaO 44,17 9.8 40.23 65.27 62.2
Fe,O, 2.15 12.0 1.92 3.01 56.8
K,O 0.32 10.3 0.29 0.50 724
MgO 1.90 -8.7 2.08 3.35 61.1
Na,O 0.01 -66.7 0.03 0.01 -66.7
P,Os 0.05 25.0 0.04 0.07 75.0
SiO, 13.37 -21.4 17.00 21.87 28.6
SO, 0.35 45.8 0.24 0.34 41.7
TiO, 0.17 -15.0 0.20 0.24 20.0
Moisture 0.06 -66.7 0.18 0.10 -44.4
LOI 34.44 -2.1 35.18 34.67 -1.4

Value (ppm) | % Diff. | Value (ppm) | Value (ppm) (% Diff.
As 2 -83.3 12 18 50.0
Ba 191 -25.4 256 400 56.3
Cd ND NA ND NR NA
Cl 111 46.1 76 63 -17.1
Co ND NA 20 14 -30.0
Cr 51 -15.0 60 86 43.3
Cu 42 NA ND 41 NA
Hg 0 NA 0 NR NA
Mn 664 110.1 316 1700 438.0
Mo ND NA ND 16 NA
Ni ND NA 14 12 -14.3
Pb 23 155.6 9 <4 NA
Sb 32 -63.2 87 NR NA
Se 0 NA ND NR NA
Sr 260 13.5 229 500 118.3
\Y 39 -18.8 48 73 52.1
Zn 112 5.7 106 37 -65.1
Notes:

ND - Not Detected
NA - Not Applicable
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Figure 4.1 shows a plot of the percent difference for the primary parameters, as
reported by both testing agencies. For each testing agency, the percent differences are
relative to Burn Two as reported by that testing agency. The cement plant results show
two parameters, MgO and Na,O, which showed a decrease of more than ten percent for
Burn One and Burn Three. Additionally, K,O for Burn One also showed a change of
more than ten percent. The greatest difference in kiln feed was in SO3 for Burn Three.
This parameter exhibited a decrease of more than 60 percent. Figure 4.1 shows just how
dramatic the changes were between Burn Three and Burn Two for the results from the
external laboratory. The results from the external laboratory for Burn One were much
less dramatic. The only parameters between these burns that showed a large change were
Na,O with a 70 percent decrease, and SO3 with a 48 percent increase.

The reasons for the changes in chemical composition of the kiln feed can be
many. One primary explanation is that the cement plant changed the composition
purposely in order to assist in the production process. For instance, a change in many
different parameters may result in more efficient conversion from kiln feed to clinker.
An additional explanation may be that a change in composition of the kiln feed may
result in a significant change in emissions properties. Since the composition of the kiln
feed is closely monitored and adjusted by the cement plant, modifications to blending of

raw materials are made with a purpose.
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4.3.3 Chemical Composition of Fuel Sources

Pulverized coal is the primary fuel used to produce clinker from the kiln feed at
the cement plant. A proximate, ultimate, and combustion analysis were conducted by the
cement plant. These analyses were conducted on a dry basis, which means the tests were
done after all moisture had been removed. Additionally, the standard cement plant
parameters were determined. These parameters were determined on the ash from the
fuels. This was done because it is the ash from the fuels which is actually incorporated
into the clinker. Each of these tests was conducted on a single discrete sample during
each burn period. The results of these tests, along with the percent differences for Burn
One and Burn Three relative to Burn Two are presented in Table 4.12.

The parameters in the Burn One coal which showed the greatest increase relative
to Burn Two were oxygen, Na,O, and SO3, which showed increases of 42, 26, and 13
percent, respectively. The parameters showing the greatest decrease between these two
burns were sulfur and MgO, which showed decreases of 31 and 21 percent, respectively.
Overall, the chemical composition of the coal used during Burn One, and the coal used
during Burn Two were reasonably similar.

Unfortunately, the coal source used by the cement plant was changed between
Burn Two and Burn Three. This decision was made with production and economic
issues in mind. The result of this new coal source can be seen in the percent differences
between Burn Three and Burn Two, as shown in Table 4.12. The parameters showing the
greatest change were sulfur and Fe,O3, which increased by 149 and 481 percent,

respectively.
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Table 4.12: CPR - Chemical Analysis and Percent Difference for Coal

Test Parameter Burn One _ Burn Two Burn Three _
Value (wt. %)| % Diff.] Value (wt. %) | Value(wt. %) | % Diff.
% 2 Ash 18.9 6.1 17.82 23.43 31.5
E § Fixed Carbon 50.17 -3.6 52.05 48.43 -7.0
& < [Volatile Matter 30.93 2.7 30.13 28.14 6.6
2 Carbon 69.06 -3.0 71.17 64.41 -9.5
? Hydrogen 4.25 -2.1 4.34 4.01 -7.6
g Nitrogen 151 4.1 1.45 1.31 -9.7
§ Oxygen 5.22 415 3.69 3.05 -17.3
S |sulfur 1.06 -30.7 153 3.79 147.7
Al,O4 24.67 5.2 23.45 15.43 -34.2
» |CaO 13.32 4.6 12.74 3.23 -74.6
g Fe,O4 5.83 -6.6 6.24 36.24 480.8
©
s |KO 1.97 -8.8 2.16 1.94 -10.2
% MgO 1.18 -20.8 1.49 1.04 -30.2
_‘g Na,O 0.39 25.8 0.31 0.36 16.1
»1Sio, 42.89 -7.2 46.21 36.17 -21.7
SO, 8.36 12.8 7.41 44 -40.6
Heat Value * 12102 -3.2 12506 11255 -10.0
Notes:

! Value is Reported as BTU/Ib

The tests conducted by the cement plant were also conducted by the external
laboratory. However, the specimens that were tested by the external laboratory were
composites prepared from six discrete samples collected throughout each of the burn
periods. For this reason, the results presented by the external laboratory more accurately
reflect the chemical composition of the coal over the entire burn phase. The results from

the proximate, ultimate, and combustion analysis conducted by the external laboratory
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are shown in Table 4.13. These results showed that the ash content of Burn One showed

the largest increase relative to Burn Two. Just as was reported by the cement plant, the

oxygen composition between Burn One and Burn Two showed a large increase; in this

case it was 26 percent. Hydrogen and moisture showed the largest decrease between

Burns One and Two, with decreases of 27 and 11 percent.

As was expected, the results between Burns Three and Two showed dramatic

differences in just about all parameters. The largest increases were for ash and sulfur.

The largest decreases were between hydrogen and fixed carbon.

Table 4.13: ELR - Proximate, Ultimate, and Combustion Analysis for Coal

Test Parameter Burn One : Burn Two Burn Three :
Value (wt. %) | % Diff.| Value (wt. %)] Value(wt. %)| % Diff.
% 2 Ash 22.45 34.1 16.74 24.54 46.6
£ 5 |Fixed carbon 49.58 95 54.81 4768 | -13.0
£ < [Volatile Matter 27.97 1.7 28.45 27.78 2.4
.2 |Carbon 67.61 -71.5 73.09 64.68 -11.5
? Hydrogen 3.61 -22.5 4.66 3.93 -15.7
g Nitrogen 1.1 -9.8 1.22 1.08 -115
§ Oxygen 3.95 25.8 3.14 4.11 30.9
= Sulfur 1.28 11.3 1.15 1.66 44.3
Heat Value * 11698 * 73 12624 * 11369 * -9.9
Notes:

! Value is Reported as BTU/Ib

In addition to the results shown in Table 4.13, the standard external laboratory

parameters for the coal, along with the differences relative to Burn Two, are shown in
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Table 4.14. All of these results were determined by XRF. Two different sets of units
were used to report these data. The primary parameters, those that showed a more
prominent presence, are reported as a percent of the total weight, while the less prominent
parameters were reported as parts per million (ppm). The parameters that showed a
presence less than the detection limit of the XRF are reported as not detected (ND). The
majority of the standard parameters shown in Table 4.14 were determined on the ash of
the fuel. Select parameters could only be determined on the dry coal. In such cases, this
IS noted.

The results presented in Table 4.14 show primary parameters for the coal from
Burns One and Two to be reasonably similar. Na,O and P,Os were the only parameters
that showed a change of more than ten percent. Of the less prominent parameters, the
arsenic showed the greatest change between Burns One and Two. However, since the
composition of the arsenic in Burn Two was only 80 ppm, it is difficult to determine
whether this difference is practically significant. CI, Cu, Mn, and Zn also showed large
changes between Burns One and Two.

Just as with the results already presented for the coal from Burn Three relative to
the coal from Burn Two, Table 4.14 shows large differences in most parameters. Of the
primary parameters, Fe,O3 showed the greatest difference, with an increase of over 100
percent. The less prominent parameters mostly showed large changes as well, most
notable were Mn and Mo, both of which showed an increase of more than 300 percent.

Figure 4.2 presents the percent change in the primary parameters from both
testing agencies. Fe,Oj3 is not shown simply because of the large percent difference from
the cement plant concerning Burn Two, relative to the other parameters.
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Table 4.14: ELR - Standard Parameters for Coal

T Burn One Burn Two Burn Three
St | Parameter | e (Wt %)] % DIff. [Value (i, %)| Value (Wi, %) % Diff,
Al,O, 25.07 -1.8 25.53 21.04 -17.6
CaO 7.52 -5.6 7.97 8.25 3.5
Fe,O4 7.60 3.4 7.35 15.16 106.3
K,O 2.57 -3.4 2.66 2.49 -6.4
MgO 1.35 0.7 1.34 1.25 -6.7
Na,O 0.22 -47.6 0.42 0.36 -14.3
P,Os 0.18 -10.0 0.20 0.23 15.0
Sio, 47.39 3.0 46.01 43.44 -5.6
SO, 6.95 -5.2 7.33 6.5 -11.3
TiO, 1.12 -2.6 1.15 0.96 -16.5
g Value (ppm) | % Diff. | Value (ppm) | Value (ppm) | %o Diff.
o |As 325 306.3 80 315 293.8
E Ba 1273 17.5 1083 1300 20.0
S |cd ND NA ND 5° NA
ch Cl 1251 -31.3 182 134! -26.4
S |Co ND NA 29 43 48.3
g Cr 109 -14.2 127 116 -8.7
Cu 150 29.3 116 102 -12.1
Hg <1 NA ND <1 NA
Mn 220 -38.0 355 1500 322.5
Mo ND NA 9 39 333.3
Ni 80 -19.2 99 92 -7.1
Pb 41 -12.8 47 45 -4.3
Sb ND NA ND NR NA
Se ND NA 8 1! -87.7
Sr 487 -17.5 590 500 -15.3
V 225 0.0 225 214 -4.9
Zn 67 -49.6 133 197 48.1
Notes:

ND - Not Detected
NR - Not Reported

NA - Not Applicable
' Dry Basis
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The second fuel that was used at the cement plant was whole tires. These tires are
not tested for their chemical composition by the cement plant. They were however,
sampled by Auburn University, and tested by the external laboratory. The samples were
collected by removing approximately eight tires from the feed stream, reducing a section
of each to one inch squares, and making a single composite specimen from the pieces.
One composite sample, prepared in this manner, was tested by the external laboratory. A
proximate, ultimate, and combustion analysis were conducted on this sample.
Additionally, a XRF scan was used to determine the standard external laboratory
parameters.

The results from the proximate, ultimate, and combustion analyses, as conducted
by the external laboratory, are shown in Table 4.15. The percent difference between the
tires used in Burn Three and the tires used in Burn Two are also shown. Overall, there
was a relatively large difference in many of the parameters. Oxygen and moisture
showed the greatest decreases, while nitrogen, sulfur, and heat content showed the
greatest increases. These changes are most likely due to the variable nature of the tires
being used in the fuel feed stream. Many different tire types and sources are used, and
these differences in results may simply be an indication of the actual variability in the
stream.

Table 4.16 shows the standard external laboratory parameters for the tires. Every
primary parameter except for Fe,O3 showed a decrease. Of those which decreased, all
but Al,O3 and MgO showed decreases of more than 28 percent. Most of the less
prominent parameters also showed substantial changes. Once again, these differences are
most likely simply due to the variability in the actual tire feed stream.

153



Table 4.15: ELR - Proximate, Ultimate, and Combustion Analysis for Tires

Test Parameter Burn Two Burn Three _
Value (wt. %) | Value (wt. %) [ %o Diff.

2 |Ash 13.72 14.56 6.1

£ ‘2 [Fixed Carbon 24.6 26.38 7.2
S § Moisture * 0.14 0.07 -50.0
o Volatile Matter 61.68 59.06 -4.2

Carbon 72.34 75.94 5.0

£ § Hydrogen 7.05 6.53 7.4
€ < [Nitrogen 0.36 0.52 44.4
5 & [Oxygen 4.98 0.46 -90.8
Sulfur 1.54 2.00 29.9

Heat Value 2 14467 14687 1.5

Notes:
' As Received
2 Values Reported as BTU/Ib

The final aspect of the tires that is pertinent to this study is the rate of substitution
of tires relative to the total fuel consumption rate. Figure 4.3 shows the percentage of the
total fuel consumed that is tires. This percentage was calculated using the average heat
value of the fuels (reported from each burn period) as determined by the external
laboratory. The heat values used in this calculation were 11,897 BTU/Ib for the coal, and
14,577 BTU/Ib for the tires. The feed rate data (in tons per hour) were collected at the
cement plant every five minutes. The data reported in Figure 4.3 is a 30-minute rolling
average, reported over each of the 72-hour burn periods in which tires were used. Where
data were not reported by the cement plant, gaps in the plots are shown. The average tire
replacement rate during Burn Two was 6.5 percent. The average replacement rate during
Burn Three was 4.8 percent. The lower rate for Burn Period Three was due to the fact

that a portion of the coal was also replaced by the plastics.
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Table 4.16: ELR - Standard Parameters for Tires

Burn Two Burn Three

Test Parameter -
Value (wt. %) | Value (wt. %) | % Diff.

Al, O, 1.18 1.15 -2.5
CaO 2.36 1.68 -28.8
Fe,O, 68.64 84.72 23.4
K,O 0.33 0.17 -48.5
MgO 0.35 0.33 -5.7
Na,O 0.31 0.19 -38.7
P,Os 0.21 0.12 -42.9
Sio, 16.87 491 -70.9
SO, 2.64 0.51 -80.7
TiO, 0.20 0.01 -95.0
% Value (ppm) | Value (ppm) | % Diff.
2 |As (ppm) NR NR NA
£ [Ba(ppm) 300 300 0.0
g [cd(ppm)’ 6 3 -50.0
g [cl (ppm) * 405 NR NA
S [Co (ppm) 616 536 -13.0
g Cr (ppm) 118 178 50.8
Cu (ppm) 1398 900 -35.6

Hg (ppm) * 0.4 0 NA

Mn (ppm) 4100 5200 26.8

Mo (ppm) 28 23 -17.9

Ni (ppm) 367 239 -34.9

Pb (ppm) 11 13 18.2

Sb (ppm) NR NR NA

Se (ppm) * <1 <1 NA

Sr (ppm) 200 100 -50.0

V (ppm) 37 50 35.1

Zn (ppm) 54000 48400 -10.4

Notes:

NR - Not Reported

NA - Not Applicable

155

ND - Not Detected

' Dry Basis




99T

— Burn Two - Tires (Avg. = 6.5)
$ 24 || — BurnThree - Tires. (Avg. = 4.8)
P Burn Three - Plastics (Avg. = 16.9)
g 2 Wi )
5
£ 18
S
<
& 15
nd
312
"6 A A A g )
S 4 FaN N \
|_
: AR VA s R
?) 6 A n A _a \f/-\\ N ﬂU Uﬂ P
10 Wt Y
< 3
0 T T T T T T T T
0 8 16 24 32 40 48 56 64

Time (hrs)

Figure 4.3: Alternative Fuel to Total Fuel Substitution Rate by Heat Equivalency Basis

72



The plastics used in Burn Three were not tested for any chemical parameters by
the cement plant. However, samples of the plastics were collected by Auburn University
and tested by the external laboratory. Discrete samples were collected every three hours,
and each of them was tested. In addition, every fourth sample was tested in duplicate.
The tests conducted on each of these specimens were the same as for each of the other
fuels. The complete set of summary statistics for the proximate, ultimate, and
combustion analyses is shown in Table 4.17. Table 4.18 shows the summary statistics
which apply to the standard external laboratory parameters for the plastics. Perhaps the
most interesting result was the extremely high concentration of CaO in the plastics, which

composed 92 percent of the total weight.

Table 4.17: ELR - Proximate, Ultimate, and Combustions Analysis of Plastics for

Burn Three
Test Parameter Average | C.V. (%) | P-Value®
@ |Ash (wt. %) 8.75 4081 0.013
.g 2 |Fixed Carbon (wt. %) 2.95 4391 0.026
5 § Moisture (wt. %) 0.32 40,5 0.026
% |Volatile Matter (wt. %) |  88.30 27" <0.005
Carbon (wt. %) 64.23 131" <0.005
2 § Hydrogen (wt. %) 8.06 18.41 <0.005
£ E Nitrogen (wt. %) 1.27 31.6 0.888
S < |Oxygen (wt. %) 17.46 4931 <0.005
Sulfur (wt. %) 0.22 185.6° <0.005
Heat Value * 12754 7.9 0.313
Notes:
' Not Normally Distributed * As Received

2 Based on Anderson-Darling Statistics * Value is as BTU/Ib
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Table 4.18: ELR - Standard Parameters of Plastics for Burn Three

Test Parameter Average (wt. %) | C.V. (%) | P-Value?
Al,O, 0.48 59.8 * <0.005
CaO 92.00 201! 0.034
Fe,0, 0.54 258" 0.041
K,O 0.13 40.4* <0.005
MgO 1.75 4.2 0.727
Na,O 0.17 91.9* <0.005
P,Os 0.14 41.3 0.429
Sio, 2.12 346" <0.005
SO, 0.41 30.5 0.116
TiO, 1.77 46.8 0.177
. Parameter Average (ppm) | C.V. (%) | P-Value?
g |as 62 62.7" 0.067
E |Ba 4100 47.1 0.518
s |cd 7° 9.3* <0.005
g [c 54 ° 25.81 <0.005
S |Co 142 27.8 0.113
g ler 356 33.0 0.504
Cu 369 28.4 0.279
Hg <0.001° NA NA
Mn 300 209° <0.005
Mo 6 172.3 0.144
Ni 50 165.2" <0.005
Pb 628 50.6 ° 0.009
Sb NR NA NA
Se <1? NA NA
Sr 600 88! <0.005
V 66 83.8" <0.005
Zn 283 50.0 0.275
Notes:

NR - Not Reported

! Not Normally Distributed
NA - Not Applicable  Based on Anderson-Darling Statistics

3DwB%B
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Figure 4.3 shows the replacement rate of the plastics relative to the total amount
of fuels consumed. The plastics were substituted at an average rate of 16.9 percent,
which was significantly higher than the replacement rate of the tires. This percentage
was based on an average energy content of 12,812 BTU/Ib for the plastics, and 11,897
BTU/Ib for the coal, as determined by the external laboratory. The fuel feed rates (in tons
per hour) was supplied by the cement plant.

One final property of the plastics which is pertinent to this study is the material’s
density. The density of each of the 24 samples of plastics collected at the cement plant
was determined by researchers at Auburn University. Each of the 24 results can be found
in Appendix B.3. The average of these values was 84.3 kg/m®.

Table 4.19 shows the chemical composition of all of the fuels. Although the data
presented have been shown previously, presentation in this manner allows the reader to
easily see the differences in composition of each of the fuels relative to one another. This
table will serve as the basis for determining if the changes in chemical composition of the
output materials can be attributed in any way to the fuels. Additionally, Table 4.19
shows the heat value for each of the fuels. The tires used during Burn Three had the
highest heat value, followed by the tires from Burn Two. The plastics had a higher heat
value than any of the coal samples.

Many differences between the fuels are shown in Table 4.19. The tires and the
plastics contained very little Al,O3, but each of the coal samples was approximately 25
percent Al,O3. The plastics were over 90 percent CaO, whereas the coal and tires
contained less than 10 percent. The Fe,O3 was much higher in the tires than in the coal
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or plastics. This can be attributed to the steel belts present in the tires. The final primary
parameter that showed a large difference was the SiO,. Each coal sample was made up
of approximately 40 percent SiO,, while the tires and the plastics contained much less. A
number of the less prominent parameters showed pronounced differences. Ba, V, and Zn
levels were reasonably lower in the tires than the other fuels. Co, Cu, Mn, and Ni all
showed appreciably higher concentrations in tires than the other fuels. The plastics
showed higher concentrations of Ba, Cr, Pb, and Zn than the other fuels. Cl and Ni were

lower in the plastics than in the other fuels.

160



Table 4.19: ELR - Chemical Composition of all Fuels

Burn One Burn Two Burn Three
Test Parameter - - -
Coal Coal Tires Coal Tires Plastics
AlLO; (wt. %) | 25.08 25.54 1.18 21.04 1.15 0.48
CaO (wt. %) 7.53 7.97 2.36 8.25 1.68 92.00
Fe,05 (Wt. %) 7.61 7.35 68.64 15.16 84.72 0.54
K,O (wt. %) 2.58 2.67 0.33 2.49 0.17 0.13
MgO (wt. %) 1.35 1.34 0.35 1.25 0.33 1.75
Na,O (wt. %) 0.22 0.43 0.31 0.36 0.19 0.17
P,O (wt. %) 0.18 0.20 0.21 0.23 0.12 0.14
SiO, (wt. %) 47.39 46.01 16.87 43.44 4.91 2.12
SO, (Wt. %) 6.95 7.33 2.64 6.5 0.51 0.41
o |TiO, (wt. %) 1.12 1.15 0.20 0.96 0.01 1.77
£ [As (ppm) 325 80 NR 316 NR 62
£ [Ba(ppm) 1274 1083 300 1300 300 4100
S [cd (ppm) ND ND 6 5 3 7
g Cl (ppm) * 125 182 405 134 NR 54
S [Co (ppm) ND 30 616 44 536 142
£ [Cr (ppm) 109 127 118 117 178 356
Cu (ppm) 150 116 1398 103 900 369
Hg (ppm) * 0 ND 0 0 0 0
Mn (ppm) 221 355 4100 1500 5200 300
Mo (ppm) ND 9 28 39 23 6
Ni (ppm) 81 100 367 92 239 50
Pb (ppm) 42 48 11 45 13 628
Sb (ppm) ND ND NR NR NR NR
Se (ppm) * ND 8 <1 1 <1 <1
Sr (ppm) 487 591 200 500 100 600
V (ppm) 226 225 37 214 50 66
Zn (ppm) 68 133 0 197 0 283
Heat Value (BTU/Ib) | 11698 12624 | 14467 | 11369 | 16754 | 12754

Notes:

ND - Not Detected
NR - Not Reported

! Dry Basis
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4.3.4 Chemical Composition of Cement Kiln Dust

The cement plant collected two cement kiln dust samples every day during each

of the burn periods. Each of these samples was tested once for the standard cement plant

parameters, except for moisture and loss on ignition. Table 4.20 shows the results of

these tests, along with the percent differences of Burns One and Three relative to Burn

Two.

Table 4.20: CPR - Chemical Analysis and Percent Difference for CKD

Test | Parameter Burn One _ Burn Two Burn Three :
Value (wt. %) | % Diff.] Value (wt. %)| Value (wt. %) [ % Diff.
o Al,O4 3.69 -7.5 3.99 3.65 -8.5
£ CaO 47.54 6.4 44.69 47.63 6.6
% Fe,O; 1.81 -10.0 2.01 1.73 -13.9
f:s K,0 0.48 14.3 0.42 0.38 -9.5
o MgO 1.65 0.0 1.65 1.80 9.1
g [Na,0 0.07 -12.5 0.08 0.05 -37.5
& [Sio, 11.68 -3.0 12.04 11.56 -4.0
150, 1.13 18.9 0.95 0.84 -11.6

The six cement kiln dust samples that were collected at the cement plant were also

tested by the external laboratory. Once again, there were not enough data points to

present a complete set of summary statistics. The averages and percent differences from

the external laboratory are presented in Table 4.21. From this table one can see that

many of the parameters showed a change of more than ten percent for Burns One and

Three relative to Burn Two.
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Table 4.21: ELR - Chemical Composition of Cement Kiln Dust

Parameter Burn One ' Burn Two Burn Three .

Value (wt. %) | % Diff.] Value (wt. %)| Value (wt. %) |% Diff.
Al,Oq 3.76 1.3 3.71 511 37.7
CaO 56.32 20.4 46.77 72.01 54.0
Fe,O, 2.00 -4.3 2.09 2.57 23.0
K,O 0.42 -25.0 0.56 0.46 -17.9
MgO 1.89 23.5 1.53 2.54 66.0
Na,O 0.01 0.0 0.01 0.08 700.0
P,Os 0.05 25.0 0.04 0.06 50.0
SiO, 11.32 2.3 11.07 15.70 41.8
SO, 1.43 14.4 1.25 1.01 -19.2
TiO, 0.21 0.0 0.21 0.25 19.0
Moisture 0.06 -712.7 0.22 0.13 -40.9
LOI 22.54 -30.7 32.54 33.25 2.2

Value (ppm) | % Diff.|] Value (ppm) | Value (ppm) | % Diff.
As 3 -83.3 18 29 61.1
Ba 278 -10.0 309 333 7.8
Cd ND NA ND NR NA
Cl 482 716.9 59 131 122.0
Co 14 -12.5 16 13 -18.8
Cr 32 -27.3 44 54 22.7
Cu 49 226.7 15 47 213.3
Hg 0.02 NA <0.01 NR NA
Mn 315 87.5 168 883 425.6
Mo ND NA ND 16 NA
Ni 11 -21.4 14 14 0.0
Pb 20 11.1 18 22 22.2
Sb 55 -5.2 58 NR NA
Se 1 -50.0 2 NR NA
Sr 320 9.2 293 533 81.9
\Y 54 10.2 49 64 30.6
Zn 91 -9.0 100 38 -62.0
Notes:

ND - Not Detected
NA - Not Applicable
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Some of the less prominent parameters are also a concern in the cement kiln dust.
From Table 4.21 one can see that the Arsenic (As), which is a toxic element, was higher
for both of the burns that used tires. It showed the greatest concentration in the burn that
utilized both tires and plastics. It is also interesting to note that the chlorine (CI) was over
700 percent higher in Burn One than in Burn Two, and about 600 percent higher than
Burn Three. Cu and Mn also showed a large change in both Burns One and Three.

Figure 4.4 shows a graphical representation of the percent differences in values
from both the cement plant and the external laboratory, for the primary parameters. The
result for Na,O is not shown, because of the difference between Burns Three and Two
from the external laboratory relative to the rest of the percent differences. The primary
point to notice is that the result from the external laboratory concerning Burn Three
showed relatively large changes in all of the parameters. CaO and MgO showed an
increase for all burns from both laboratories. The rest of the parameters do not
consistently show the same relative change in the data obtained from both testing

laboratories.
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4.3.5 Chemical Composition of Clinker

Clinker is the primary output of the kiln process. For that reason, more clinker

samples were collected for chemical analysis than any other material. There were twelve

samples collected per day by the cement plant. Each of these samples was tested for

chemical composition. The results shown in Table 4.22 are the summary statistics from

at least 36 discrete samples collected for each burn at the cement plant.

Table 4.22: CPR - Summary Statistics of Chemical Composition of Clinker

Burn One Burn Two Burn Three

Parameter ?xsrg; ((:%V) P-Value ?xi_rg;} %/l/)' P-Value ?xir(zg)e %0'/:)/)' P-Value
Al,O, 530 |32'| 0033 | 507 20 | 0840 | 514 | 20" <0.005
CaO 6496 | 04 | 0.116 | 6448 | 02 | 0908 | 6455 | 0.6'| 0.039
Fe,0; 341 |66'| 0012 | 3.35 47 | 0289 | 356 |6.1%]| <0.005
K,O 056 |41'| 0022 | 048 38 | 0118 | 046 |46'| 0077
MgO 203 | 23 | 0453 | 348 | 54! | <0.005| 325 | 3.3 | 0.589
Na,O 0.07 |68'|<0005| 010 | 96* | <0.005| 0.07 |58"'| <0.005
Na,Oq 044 |37%'| 0022 | 041 | 37* | 0069 | 037 |44'| 0053
SiO, 2138 | 09 | 0391 | 2123 | 09 | 0.869 | 2131 | 1.2 | <0.005
SO; 084 | 121 0323 ] 066 | 121 | 0117 | 091 |21.1%] <0.005
FreeCaO | 110 |371] 0605 | 106 |388'|<0005| 124 | 41.0]| 0374
C,A 828 |68 0043 | 7.78 49 | 0416 | 761 |54'| 0021
C,AF 1037 | 6.7'| 0009 | 1021 | 47 | 0206 | 10.86 |6.2" | <0.005
CsS 6149 | 44 | 0362 | 6224 | 28 | 0544 | 6115 | 39" | 0.033
C,S 1490 | 166 | 0742 | 1391 | 132 | 0602 | 1496 [16.4°| 0.007
Notes:

! Data Not Normally Distributed

Table 4.23 shows the percent difference of the means for Burns One and Three

relative to the mean of Burn Two. This table also shows whether or not the difference in
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each mean is statistically significant, along with the P-value, which is the indicator of

significance. In most cases, there was a statistically significant difference between

means. This does not mean they are practically significant, however. The parameters

that did not show a statistically significant difference were Free CaO, C,AF, and C3S for

Burn One, along with CaO and SiO; for Burn Three. One point worth noting is that the

P-value for most of the Bogue compounds are above 0.03. This indicates that all of these

compounds showed at least some statistical similarity. Selected differences presented in

Table 4.23 are shown graphically in Figure 4.5.

Table 4.23: CPR - Percent Differences and Statistical Significance for Clinker

Burn One Burn Three
Parameter D';i;iigte P-Value|Significant Dz‘igiigte P-Value| Significant
Al,O3 4.54 0.000 Yes 1.38 0.005 Yes
CaO 0.74 0.000 Yes 0.11 0.310 No
Fe,0; 1.79 0.241 No 6.27 0.000 Yes
K20 16.67 0.000 Yes -4.17 0.000 Yes
MgO -15.80 | 0.000 Yes -6.61 0.000 Yes
Na,O -30.00 | 0.000 Yes -30.00 | 0.000 Yes
Na,Ocq 7.32 0.000 Yes -9.76 0.000 Yes
SiO, 0.71 0.001 Yes 0.38 0.135 No
SO; 27.27 0.000 Yes 37.88 0.000 Yes
Free CaO 3.77 0.647 No 16.98 0.000 Yes
C.A 6.43 0.000 Yes -2.19 0.086 Yes
C.,AF 1.57 0.253 No 6.37 0.000 Yes
CsS -1.21 0.166 No -1.75 0.031 Yes
C,S 7.12 0.055 Yes 7.55 0.042 Yes
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Based on the cement plant results, a few parameters showed large changes. There
was a 27 percent and a 37 percent increase in SO3 for Burns One and Three, respectively.
Burn One showed a 26 percent decrease in Na,O, and Burn Three showed a 30 percent
decrease in the same parameter. Other parameters from Burn One that showed changes
greater than ten percent were K,O and MgO, which showed an increase of 16 percent and
a decrease of 15.8 percent, respectively. Many of these notable changes in chemical
composition are discussed with reference to the chemical changes present in the cement.

From the discrete clinker samples collected at the cement plant, a single
composite sample was prepared for each day during each burn period. Each of these
composite samples was tested in duplicate for chemical composition by the external
laboratory. Table 4.24 shows these results, along with the percent differences between
burn periods. Of the less prominent parameters, both Cu and Ni showed an increase of
more than 100 percent for Burn One. Mn exhibited the largest change during Burn
Three, where it showed and increase of more than 200 percent.

From Figure 4.5 it can be seen that the SO3 showed an increase of at least 37
percent in each burn. Another large change was the Na,O. It showed a decrease of 70
percent for Burn One and an increase of over 100 percent for Burn Three. However,
because the overall concentration of Na,O is so small, a small change in concentration
results in a large percent change. K,O and MgO also showed a change of over ten
percent for Burn Period One.

The most significant result shown in Figure 4.5 is the percent change in Al,O3,
CaO, Fe,03, and SiO,. Each showed very little change between either of the burns from
both the cement plant and the external laboratory. These results are significant because

168



these four parameters are the primary compounds in the clinker, and are the ones that
have the most effect on cement and concrete properties. Based on these results, it can be
concluded that the cement plant is capable of maintaining consistent concentrations of the
primary parameters in the clinker regardless of the fuels that are used.

After comparing the results from Table 4.19 and Table 4.24, it is very difficult to
conclude that the chemical composition of the fuels directly impacts the chemical
composition of the clinker. In fact, it appears as though the effect that the fuels directly
have on the composition of the clinker is minimal with respect to the many other aspects
of the production process that are designed to produce clinker with a consistent chemical
composition. Perhaps the most important thing to conclude is that the four primary
parameters of the clinker, Al,O3, CaO, Fe,O3, and SiO,, each showed no practically

significant change, regardless of the fuel that was used.
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Table 4.24: ELR - Chemical Composition of Clinker

Parameter Burn One Burn Two Burn Three
Value % Diff. Value Value % Diff.

Al,O4 5.26 4,57 5.03 4.96 -1.4
CaO 65.15 1.37 64.27 64.71 0.7
Fe,O4 3.34 2.45 3.26 3.32 1.8
K,0 0.59 15.69 0.51 0.42 -17.6
MgO 2.88 -18.41 3.53 3.40 -3.7
Na,O 0.01 -75.00 0.04 0.10 150.0
P,Os 0.08 33.33 0.06 0.07 16.7
Sio, 21.23 -2.93 21.87 21.50 -1.7
SO, 0.96 37.14 0.70 0.98 40.0
TiO, 0.30 15.38 0.26 0.26 0.0
Moisture 0.01 -50.00 0.02 0.00 NA
LOI 0.15 -60.53 0.38 0.13 -65.8

Value (ppm)| % Diff.|Value (ppm)|Value (ppm)| % Diff.
As 8 -61.90 21 36 71.4
Ba 365 79.80 203 367 80.8
Cd ND NA 3 NR NA
Cl 238 -43.87 424 177 -58.3
Co 15 NA ND 12 NA
Cr 72 -7.69 78 90 15.4
Cu 65 160.00 25 28 12.0
Hg 0.00 NA 0.00 NR NA
Mn 958 81.78 527 1683 219.4
Mo 11 NA ND 19 NA
Ni 43 152.94 17 15 -11.8
Pb 36 9.09 33 12 -63.6
Sb 57 16.33 49 NR NA
Se 0 NA 2 NR NA
Sr 402 1.52 396 500 26.3
\Y/ 64 -1.54 65 66 1.5
Zn 134 -28.34 187 68 -63.6
Notes:

ND - Not Detected

NA - Not Applicable
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The final result concerning the chemical composition of clinker is the Rietveld
analysis. This test determines the Bogue compounds of the material, and does so more
accurately than the formulae used in ASTM C 150. Table 4.25 shows these results, along
with the percent difference relative to Burn Two. The results for Burn Three were not

available at the time of preparation of this document.

Table 4.25: SLR - Rietveld Analysis of Clinker

Parameter Burn One . Burn Two Burn Three .
Value (wt. %)| % Diff. [Value (wt. %)|Value (wt. %)[ % Diff.
Alite 68.23 9.1 62.52 CIP NA
Belite 13.17 -29.0 18.54 CIP NA
Ferrite 10.23 -3.8 10.63 CIP NA
Aluminate 5.17 20.8 4.28 CIP NA
Notes:

CIP - Collection in Progress
NR - Not Reported
NA - Not Applicable

4.3.6 Chemical Composition of Cement

Portland cement is the primary output from the overall production process.
Because of this, it was sampled very frequently at the cement plant. The samples that
were collected were tested for their chemical composition by both the cement plant and
the external laboratory. The tests at the cement plant were conducted on eight discrete
specimens each day during all three burn periods. The complete set of summary

statistics, based on the results collected by the cement plant, is shown in Table 4.26.
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Table 4.26: CPR - Summary Statistics for Cement Chemical Composition

Burn One Burn Two Burn Three
Parameter '?xf.rg; ((:0/1/) P-Value '?v\v/f'rf?/g)e C(:%V) P-Value '?xf.rg/g; ((:0/:/) P-Value
Al,O4 498 |28'| 0065 | 4.66 21 | 0331 | 485 | 22 | 0.164
CaO 63.49 | 05 | 0843 | 6256 | 0.7' | 0.008 | 62.79 | 0.8' | 0.009
Fe,0; 310 |32'| 0056 | 3.02 30 | 0297 | 321 |38'|<0.005
K,O 052 |19'|<0005| 044 | 34" | 0023 | 044 |25'| 0.021
MgO 287 |29']|<0005| 327 | 55" |<0005| 321 |1.8%| 0.095
Na,O 009 |78'|<0005| 011 | 120'|<0.005| 0.08 |8.0"| <0.005
NayOgq 043 | 16 | <0005| 041 | 29* | <0.005| 037 |21'| <0.005
SiO, 2056 | 05 | 0646 | 1996 | 1.4 | 0.810 | 2059 | 1.0'| 0.049
SO; 261 |62'] 0075 | 263 75 | 0751 | 2.68 | 88 | 0.126
Free CaO 094 |233%| <0.005| 099 | 215 | 0751 | 1.39 | 19.6 | 0.183
LOI 103 [ 174] 0859 | 122 | 131 | 0270 | 125 [ 18.0] 0.347
C,A 794 | 33| 0118 | 723 | 33' | 0030 | 743 | 47 | 0413
C.,AF 945 |32%| 0016 | 9.20 30 | 0100 | 979 |38']| <0.005
C,S 5675 | 47 | 0738 | 59.76 | 5.6 | 0623 | 5426 | 4.0 | 0.330
C,S 16.15 | 135 | 0380 | 1215 | 26.2 | 0.281 | 18.10 | 104 | 0.732
BlaineSSA| 3772 | 29'| <0.005| 380% | 30 | 0376 | 3692 | 59 | 0.927
Notes:

! Data Not Normally Distributed
2 Units are m%/kg

Table 4.27 shows the percent difference relative to Burn Two between all of the

parameters tested for at the cement plant. Almost every parameter showed a statistically

significant change relative to Burn Two. From Burn One, the only parameters that did

not show a statistically significant change relative to Burn Two were SO3 and Blaine

specific surface area. Burn Three and Burn Two showed more similarities than Burn One

and Burn Two. CaO, K;0, MgO, SOs, LOI, and Blaine specific surface area (SSA) all

showed no statistically significant difference. One thing to consider, however, is that just

because many parameters showed a statistically significant difference, does not mean that
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these same parameters have shown a practically significant difference. Practical
significance is determined by the performance of the cement, and whether a statistically

significant difference in a parameter significantly alters the behavior of the cement.

Table 4.27: CPR - Chemical Composition Percent Difference in Mean for Cement

Burn One Burn Three
Parameter D';;gizgte P-Value|Significant Dliafigizgf:e P-Value|Significant
Al,O; 6.87 0.000 Yes 4.08 0.000 Yes
CaO 1.49 0.000 Yes 0.37 0.158 No
Fe,0; 2.65 0.003 Yes 6.29 0.000 Yes
K;0 18.18 0.000 Yes 0.00 0.231 No
MgO -12.23 | 0.000 Yes -1.83 0.123 No
Na,O -18.18 | 0.000 Yes -27.27 | 0.000 Yes
Na,Ocq 4.88 0.000 Yes -9.76 0.000 Yes
SiO; 3.01 0.000 Yes 3.16 0.000 Yes
SO;3 -0.76 0.787 No 1.90 0.531 No
Free CaO -5.05 0.000 Yes 40.40 0.000 Yes
LOI -15.57 | 0.000 Yes 2.46 0.698 No
C:A 9.82 0.000 Yes 2.77 0.046 Yes
C,AF 2.72 0.005 Yes 6.41 0.000 Yes
CsS -5.04 0.000 Yes -9.20 0.000 Yes
C,S 32.92 0.000 Yes 48.97 0.000 Yes
Blaine SSA -0.98 0.271 No -3.19 0.103 No

The portland cement that was sampled at the cement plant was prepared into daily
composite samples each day by personnel from Auburn University. It was these
composite samples that were tested by the external laboratory. The external laboratory

determined the standard parameters using XRF. Additionally, the total organic carbon
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(TOC) was determined using a total organic carbon analyzer, and the Bogue Compounds
were calculated in accordance with ASTM C 150. The results of these tests, along with
the percent difference relative to Burn Two, are shown in Table 4.28. Of the less
prominent parameters, Ba, Cu, and Mn showed an increase of approximately 100 percent
for Burn One. As and Cl showed a decrease of more than 50 percent in Burn One. Ba
and Mn each showed an increase of over 100 percent in Burn Three. CI, Cu, and Zn
showed decreases of approximately 50 percent or more in Burn Three.

Figure 4.6 graphically shows the major parameters for both testing agencies.
Al,O3, Ca0, Fe,03, and SiO, are the primary compounds in the cement, and have the
greatest impact on the physical properties of cement, and on the properties of concrete.
Figure 4.6 shows that there was very little change in concentration of each of these
parameters. Just as with the clinker, these results suggest that, regardless of the fuel that
is being burned, the cement plant is capable of maintaining consistent concentrations in
Al,O3, Ca0, Fe,03, and SiO5.

Figure 4.6 shows that K,O, MgO, and Na,O each showed appreciable differences
in at least one burn. These parameters make up a small portion of the cement, therefore,
a small change in concentration shows a large percent difference. Also, once again, just
because the difference is appreciable, does not necessarily mean that it is practically
significant. Additionally, each of these compounds are less important to the properties of
cement and concrete than Al,03, CaO, Fe,0s3, and SiO,.

Just as with the clinker, when the data shown in Table 4.19 is compared with the
results shown for the cement, it not possible to conclude that the chemical composition of
the fuels has any effect on the chemical composition of the cement. This is to be
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expected based on the results from the clinker, because the only chemical difference
between the clinker and cement is the addition of a relatively small amount of Raw

Material 6.
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Table 4.28: ELR - Chemical Composition of Cement

Burn One Burn Two Burn Three

Parameter

Value (wt. %) % Diff. | Value (wt. %) | Value (wt. %) | % Diff.
Al,O4 5.04 4.8 481 4.93 2.5
CaO 63.99 15 63.05 63.18 0.2
Fe, O, 3.20 4.6 3.06 3.11 1.6
K,O 0.49 4.3 0.47 0.40 -14.9
MgO 2.89 -14.5 3.38 3.47 2.7
Na,O 0.01 -85.7 0.07 0.12 714
P,Os 0.08 33.3 0.06 0.06 0.0
SiO, 20.53 -2.5 21.05 21.51 2.2
SO, 2.78 -4.1 2.90 2.71 -6.6
TiO, 0.26 8.3 0.24 0.26 8.3
Moisture 0.28 -41.7 0.48 0.39 -18.8
LOI 0.69 -17.9 0.84 0.91 8.3
CsS 58.06 12.5 51.62 48.39 -6.3
C,S 15.06 -29.7 21.42 25.16 17.5
C;A 7.96 5.2 7.57 7.80 3.0
C,AF 9.74 4.4 9.33 9.46 1.4
TOC ND NA ND 0.05 NA

Value (ppm) | % Diff. | Value (ppm) | Value (ppm) [% Diff.
As (ppm) 8 -55.6 18 27 50.0
Ba (ppm) 321 134.3 137 300 119.0
Cd (ppm) ND NA ND NR NA
Cl (ppm) 80 -85.2 541 57 -89.5
Co (ppm) 14 NA ND 13 NA
Cr (ppm) 82 3.8 79 92 16.5
Cu (ppm) 64 106.5 31 14 -54.8
Hg (ppm) 0.00 NA 0.00 NR NA
Mn (ppm) 958 91.2 501 1600 219.4
Mo (ppm) 8 NA ND 2 NA
Ni (ppm) ND NA ND 12 NA
Pb (ppm) 33 -10.8 37 27 -27.0
Sb (ppm) 51 -19.0 63 NR NA
Se (ppm) 1 0.0 1 NR NA
Sr (ppm) 409 2.0 401 500 24.7
V (ppm) 62 19.2 52 69 32.7
Zn (ppm) 126 -30.8 182 62 -65.9
Notes:

ND - Not Detected
NR - Not Reported
NA - Not Applicable
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The final chemical composition of cement that was determined was the Bogue
compounds by Rietveld Analysis. This test was conducted by the cement plant specialty
laboratory. The results of this test are shown in Table 4.29. Along with the results, the
percent differences relative to Burn Two are also shown. The results for Burn Three had

not been received by the time of the completion of this document.

Table 4.29: SLR - Rietveld Analysis on Cement

Parameter Burn One . Burn Two Burn Three .
Value (wt. %)| % Diff. [Value (wt. %)|Value (wt. %) % Diff.
Alite 65.11 12.4 57.94 CIP NA
Belite 17.12 -6.6 18.33 CIP NA
Ferrite 6.36 -37.9 10.24 CIP NA
Aluminate 5.67 35.2 4.20 CIP NA
Notes:

CIP - Collection in Progress
NR - Not Reported
NA - Not Applicable

4.3.7 Physical Properties of Cement

The physical properties of the cement were determined by personnel at the cement
plant and at Auburn University. Both testing entities conducted the same tests; the one
exception was that Auburn determined the drying shrinkage development of paste prisms.
The results of the physical properties conducted by the cement plant are shown in Table
4.30.

Table 4.31 shows the results from the physical property tests conducted by

Auburn University.
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A graphical representation of selected results can be seen in Figure 4.7. Just as
with the chemical composition plots of this nature, the percent differences for each of the
testing agencies are relative to Burn Two data as determined by that testing agency.
Some of the percent differences are not shown in Figure 4.7. Notably, the compressive
strength and drying shrinkage results were plotted on their own, and are discussed later in
this section.

Figure 4.7 shows that a major change was seen in the autoclave expansion. Burn
Three showed an 83 percent increase, and Burn One showed a 40 percent decrease
relative to Burn Two as reported by the cement plant. Auburn University reported an
increase of 67 and 33 percent for Burn One and Three respectively, for the same
property.

Another interesting result to note from Figure 4.7 is that Burn Three showed an
acceleration in setting times, both initial and final, in the Gillmore and Vicat setting test,
at both testing agencies. This result may suggest that the cement produced during Burn
Three has a tendency to set more quickly than the cement produced during Burns One
and Two. The setting time results for Burn One relative to Burn Two do not show results
that allow for any conclusive results to be made. However, six of the eight results did
show a dramatic retardation in setting times.

The final property that showed large changes for Burns One and Three, relative to
Burn Two, is the air content in mortar, as shown in Table 4.30. This test was only
conducted by the cement plant. Both burns showed an increase in air content relative to

Burn Two. However, this change may be attributed to laboratory conditions and mixing
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procedure as much as anything else. Therefore, this property cannot be directly attributed

to the cement, and is not practically significant to this study.

Table 4.30: CPR - Physical Properties and Percent Change for Cement

Property Burn One:* Burn Burn Thre:e
Value| % Diff] Value [|Value|% Diff.
Air in Mortar (%) 6.7 | 15.5 5.8 6.6 | 13.8
Blaine Specific Surface Area (m’/kg)} 366 | -3.9 381 374 | -1.8
Autoclave Expansion (% Exp.) 0.06 | -40.0 0.10 0.18 | 80.0
Cube Flow (%) 125.7] 2.2 123.0 |1225| -0.4
Compressive Strength (MPa)
1 day 153 | -0.6 15.4 13.6 | -11.7
3 days 243 | -2.8 25.0 22.2 | -11.2
7 days 319 | -21 32.6 30.7| -5.8
28 days 427 | -3.0 44.0 428 | -2.7
Normal Consistency (%) 256 | -04 25.7 259 | 0.8
Gillmore Initial Set (Min.) 105 | -8.7 115 98 | -15.2
Gillmore Final Set (Min.) 275 3.0 267 263 | -1.5
Vicat Initial Set (Min.) 80 9.6 73 62 | -15.1
Vicat Final Set (Min.) 180 | -23.4 235 225 | -4.3
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Table 4.31: AUR - Physical Properties and Percent Change for Cement

Property Burn Ong Burn Burn Thrge
Value|% Diff.] Value |Value|% Diff.
Autoclave Expansion (% Exp.)] 0.05 | 66.7 0.03 0.04 | 33.3
Cube Flow (%0) 91 -7.1 98 111 | 133
Compressive Strength (MPa)
1 day 9.30 | -155 11.0 115 | 45
3 days 17.2 | -25.5 23.1 17.1 | -26.0
7 days 25.8 | -134 29.8 24.8 | -16.8
28 days 35.1 | -111 39.5 388 | -18
Normal Consistency (%) 254 | -3.1 26.2 26.2 1 0.0
Gillmore Initial Set (Min.) 150 | 108.3 72 72 0.0
Gillmore Final Set (Min.) 238 | 64.1 145 105 | -27.6
Vicat Initial Set (Min.) 106 | 53.6 69 66 -4.3
Vicat Final Set (Min.) 236 | 72.3 137 115 | -16.1
Drying Shrinkage (%)
7 days -0.042| -17.6 | -0.051 |-0.045| -11.8
14 days -0.068| -5.6 -0.072 |-0.069| -4.2
21 days -0.079| -4.8 -0.083 |-0.081] -2.4
28 days -0.087| -7.4 -0.094 |1-0.089] -5.3
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The results from both the cement plant and Auburn University for mortar cube
compressive strengths are presented graphically in Figure 4.8. The most notable aspect
of these results is that the numbers presented by the cement plant are all higher than those
presented by Auburn. This result may be simply attributed to differences in laboratory
practices and/or conditions at the time of mixing and placement. However, the aspect
worth noting is the relative difference between each burn from both testing entities. The
acceptable range of test results, based on ASTM C 109, within a single laboratory is
approximately 11 percent, for mortar ages of three and seven days. Based on those
criteria, none of the results presented by the cement plant are significantly different
between burns. However, the results presented by Auburn University show that the
compressive strength of the three- and seven-day cubes for Burn Two are significantly
stronger than those of either of the other burns. These results will be compared with the
compressive strength results associated with concrete in Section 4.3.8.

The final test of the physical properties of cement, which was conducted only at
Auburn University, was drying shrinkage of paste prisms. The results of this test are
shown graphically in Figure 4.9. The ages associated with these results are cement ages.
The specimens were cured for three days prior to exposure to drying conditions. These
results are presented with a shrinkage value reported as a positive percentage of the
original length. From Figure 4.9 one can see that the trend of the results is reasonably
definitive, although not too different. At all ages, Burn One showed the least shrinkage,
and Burn Two showed the most shrinkage, while Burn Three was consistently in the
middle. These results will be compared with the drying shrinkage results exhibited by
concrete in Section 4.3.8.
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Another physical property of the cement is the heat of hydration. This is the
amount of heat generated by the cement as the hydration process progresses. This test
was conducted by the specialty laboratory, and the results can be seen in Table 4.32.
This table also shows the difference between Burns One and Two. The results for Burn
Three had not been received by Auburn personnel at the time of the completion of this

document. The heat of hydration data are very similar between Burns One and Two.

Table 4.32: SLR - Heat of Hydration of Cement

Age Burn One Burn Two Burn Three
Value (kJ/kg)|% Diff.| Value (kJ/kg)| Value (kJ/kg)|%o Diff.
7 days 359 -2.2 367 CIP NA
28 days 395 -0.4 397 CIP NA
Notes:

CIP - Collection in Progress
NA - Not Applicable

The final physical property of cement that was determined was the particle size
distribution. This result is truly independent of the fuels used, but completely based on
the grinding process. This fineness of the cement is adjusted by the cement plant to
achieve the desired setting and strength gain behavior in the cement. However, this result
may help to explain some of the differences in some of the physical properties of the
cement and concrete. The results of this test are shown in Figure 4.10. From this result,
one can see that the particle distribution of Burn One was somewhat finer that of Burn

Two.
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4.3.8 Properties of Concrete

Concrete was produced using the cement collected during each of the burn
phases. There were two different concrete mixtures that were produced relative to each
burn phase. The results for each type of mixture are discussed individually due to the
fact that proportions of the mixtures were different, and cannot be compared with one
another.

The first mixture, Mix A, was a conventional mixture with a water-to-cement
ratio of 0.44, and utilized only an air-entraining admixture. This mixture was made at
Auburn University and at the concrete laboratory of the cement plant. Table 4.33 shows
the concrete property results of Mix A. Burn Three does not show any results from the
laboratory of the cement plant because this mixture had not been produced by the
completion of this document. Additionally, setting time and splitting tensile strength data
were not determined by the cement plant.

The percent difference for each concrete property reported in Table 4.33 is
calculated relative to the concrete mixture produced at Auburn University using cement
from Burn Two. These differences for all properties except for compressive strength and
splitting tensile strength are shown in Figure 4.11. It is obvious from this figure that the
most dramatic change was in the slump. The results concerning slump from the cement
plant showed a decrease of 64 and 71 percent for Burns One and Two, respectively. This
difference can most likely be attributed to differences in laboratory practices and/or

conditions between the cement plant and Auburn University. Therefore, it is not a
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property attributable to the cement used, and is only significant relative to the strengths of
the concrete.

It is important to note that the 91-day permeability results are similar, especially
after considering that the within-test repeatability for ASTM C 1202 is on the order of
1000 Coulombs. From this data it may thus be concluded that the concrete made from

each of these cements should have similar permeability.
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Table 4.33: AUR and CPR - Concrete Mix A Results

Property Burn One Burn Two Burn Threej
AUR [% Diff.| CPR |% Diff.] AUR | CPR |% Diff.] AUR |% Diff.
Total Air Content (%) 4.0 -5.9 3.6 -15.3 4.25 3.2 -24.71 4.0 -5.9
Slump (mm) 100 11.1 30 -66.7 90 30 -66.67 90 0.0
Unit Weight (kg/m®) 2394 -1.8 2450 0.5 2439 | 2448 0.37 2464 1.0
Initial Set (Min.) 211 -3.2 218 0.0 218 247 13.30 216 -0.9
Final Set (Min.) 298 9.2 322 17.9 273 NC NA 266 -2.6
Compressive Strength (MPa)
1 day 12.3 -11.5 15.8 13.7 13.9 15.1 8.63 14.0 0.7
3 days 22.7 9.7 23.3 12.6 20.7 21.9 5.80 23.1 11.6
7 days 25.2 -11.3 33.3 17.3 28.4 32.8 | 1549 | 285 0.4
28 days 35.0 -5.7 43.3 16.7 37.1 422 | 1375 | 39.0 51
91 days 41.6 0.5 48.2 16.4 41.4 49.6 | 19.81 CIP NA
Splitting Tensile Strength (MPa)
1 day 1.7 -15.0 NC NA 2.0 NC NA 1.7 -15.0
3 days 2.4 4.3 NC NA 2.3 NC NA 2.3 0.0
7 days 2.6 -7.1 NC NA 2.8 NC NA 2.8 0.0
28 days 3.2 -3.0 NC NA 3.3 NC NA 3.5 6.1
91 days 3.7 -7.5 NC NA 4.0 NC NA CIP NA
Permeability @ 91 days (Coulombs)] 2650 -9.6 2530 -13.7 | 2930 | 2660 | -9.22 CIP NA

Notes:
CIP - Collection in Progress
NC - Not Collected
NA - Not Applicable




¢61

Percent Difference Relative to AUR for Burn Two

30

B AUR - Burn One
O AUR - Burn Three
[ CPR - Burn One
B CPR - Burn Two

Total Air Slump Unit Wgt. Initial Final Set Permeability

Figure 4.11: Percent Difference in Mix A Concrete Results Relative to AUR Burn Two



Compressive strength is the primary property of concrete, and the most often
specified by engineers. Because of that, it is a high priority of this project to determine if
the utilization of alternative fuels in the production of portland cement has any effect on
the compressive strength of concrete produced from that cement. The compressive
strength results of Mix A are shown in Table 4.33. These results are plotted relative to
one another in Figure 4.12.

The most noticeable difference in compressive strength is that both of the
mixtures conducted by the cement plant produced higher compressive strengths. This
result was also shown in the compressive strength of mortar cubes. The fact that the
slumps of the cement plant mixtures were considerably lower than that for those
produced at Auburn University indicates that the fresh concrete had a lower consistency
at the time of placement. This may indicate that less free mixing water was available;
these concretes were thus made with a slightly lower water-to-cement ratio. This result is
most likely the primary reason for the difference in strengths between the two testing
entities. However, the value that is more meaningful is the relative difference between
the concrete strengths for each burn. The results from the cement plant show very little
difference at all ages between the concrete from Burns One and Two.

The compressive strength results reported by Auburn University show a
meaningful difference at ages of seven and 28 days. The acceptable range of results, as
specified by ASTM C 39, for a single operator, is 7 percent. Based on this criteria, Burn
One showed a significant change relative to Burn Two at 1, 3, and 7 days. However,
because two results decreased, and one increased, these results are inconclusive. Burn
Three showed a significant increase over Burn Two only at a concrete age of 3 days.
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Because the results at other ages were so similar, these results are once again
inconclusive. There was a significant difference between Burns One and Three at
concrete ages of 1, 7, and 28 days. This may suggest that the concrete produced from
Burn Two cement is significantly stronger than that produced from Burn One cement.
These results will be compared with those of Mix B in the following sections.

Results from splitting tensile strength tests of concrete produced from portland
cement from Burns One, Two, and Three can be seen in Figure 4.13. According to
ASTM C 496, the acceptable range of results within a single laboratory is 14 percent.
Based on this criteria, there were no significant changes in splitting tensile strength
between any of the burns. The greatest difference occurred at a concrete age of one day,
and was only one percent above the acceptable range of results. This suggests that there

were no significant changes in splitting tensile strength for Mix A.
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The drying shrinkage development of concrete Mix A is shown in Table 4.34.
The results are presented with shrinkage values reported as positive numbers. All values
are given as a percent length change relative to the original length. In addition to the
length change value, the percent difference of Burns One and Three relative to Burn Two
are also presented. The concrete was exposed to drying conditions after seven days of
saturated curing after concrete placement. Due to the timing of the burn, shrinkage

results for the concrete from Burn Three are only reported up to a concrete age of 28

days.
Table 4.34: Drying Shrinkage Development of Mix A Concrete
Drying Age Burn One Burn Two Burn Three
(days) |Length Chage (%) % Diff |Length Chage (%)|Length Chage (%)| % Diff
4 0.009 -50.0 0.018 0.008 -55.6
7 0.018 -33.3 0.027 0.011 -59.3
14 0.028 -17.6 0.034 0.020 -41.2
28 0.029 -17.1 0.035 0.029 -17.1
56 0.038 5.6 0.036 CIP NA
112 0.045 2.3 0.044 CIP NA
224 0.049 4.3 0.047 CIP NA
448 CIP NA CIP CIP NA
Notes:

CIP - Collection in Process
NA - Not Applicable

The results in Table 4.34 are presented graphically in Figure 4.14, where
shrinkage values are reported as a positive percent length change. According to ASTM C
157, the allowable percent length change difference between results is 0.0266. This value

is percentage of length change, not relative difference between the results for each burn.
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Based on this allowable value, there was no significant difference in drying shrinkage
between any of the burns.

Another test conducted by personnel at Auburn University determination of the
heat of hydration produced under semi-adiabatic conditions. The results of this test for
concrete Mix A can be seen in Figure 4.15. This plot shows the degree of hydration
experienced by the concrete relative to concrete equivalent age. The concrete equivalent
age is a property that quantifies the maturity of concrete, and is a measurement that
includes both actual concrete age, and a multiplication factor based on temperature. The
equivalent age is shown on a logarithmic scale. As one can see from Figure 4.15, there
was essentially no difference in degree of hydration between the three burns. The
concrete from Burn Three reached a slightly higher degree of hydration at an equivalent
age of 10,000 hours, but the difference is still very small. Based on this result, there was

very little difference in hydration progression between the three burns.
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The second mixture, Mix B, was a high-strength mixture with a water-to-cement
ratio of 0.37. This mixture utilized both an air-entraining admixture and a water-reducing
admixture. Mix B was only prepared by personnel at Auburn University. The results of
tests on Mix B are shown in Table 4.35. Once again Burn Two was considered the
baseline, and therefore is used as the reference for the percent differences. These
changes, for all properties except compressive strength and splitting tensile strength, are
presented graphically in Figure 4.16.

Mix B showed an increase in total air content for both Burns One and Three. In
fact, Burn One showed a 50 percent increase in this property over Burn Two, and these
differences are also slightly reflected in the unit weight. The unit weight showed a
maximum change of 2.2 percent, which occurred in Burn One.

The slumps from Burns One and Three were both 152 millimeters. This was a
decrease of approximately eight percent relative to Burn Two. The final property was
setting time, which showed a similar change in both initial and final times for the Coal
Only burn. This burn showed an increase in initial setting time of 33 percent, and an
increase in final setting time of 39 percent. Burn Three showed an acceleration in initial
set, which is the same result that was seen in mortar setting times and in Mix A. The

final set time for Burn Three showed practically no change.
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Table 4.35: AUR - Concrete Results for Mix B

Property Burn One. Burn Two|] Burn Threg
Value | % Diff.] Value | Value | % Diff.
Total Air Content (%) 6.0 50.0 4.0 5.0 25.0
Slump (mm) 150 -6.3 160 150 -6.3
Unit Weight (kg/m”®) 2374 -2.2 2427 2413 -0.6
Initial Set (Min.) 318 33.1 239 229 -4.2
Final Set (Min.) 405 39.7 290 291 0.3
Compressive Strength (MPa)
1 day 20.8 -19.7 25.9 22.3 -13.9
3 days 31.9 -11.6 36.1 33.1 -8.3
7 days 37.7 -5.7 40.0 38.0 -5.0
28 days 44.3 -10.9 49.7 51.0 2.6
91 days 51.5 -12.9 59 CIP NA
Splitting Tensile Strength (MPa)
1 day 2.5 -16.7 3.0 2.7 -10.0
3 days 3.3 -10.8 3.7 3.4 -8.1
7 days 3.7 -5.1 3.9 3.5 -10.3
28 days 4.1 -4.7 4.3 4.0 -7.0
91 days 4.3 -12.2 4.9 CIP NA
Permeability @ 91 days (Coulombs)| 2650 3.9 2550 CIP NA

Notes:
CIP - Collection in Process
NA - Not Applicable
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The compressive strengths for different batches of Mix B, as reported by Auburn
University, are shown in Figure 4.18. Based on the acceptable range of results presented
in ASTM C 39, the concrete made from Burn One was significantly weaker than the
concrete made from Burns Two and Three at all ages except for seven days. Based on
this result, it is fairly conclusive that Burn One produced concrete with significantly
lower compressive strengths. This is mostly in agreement with the compressive strength
results from Mix A, which showed a decrease in compressive strength at most ages.

A graphical presentation of the splitting tensile strength of Mix B, conducted by
Auburn University, can be seen in Figure 4.18. Just as with the splitting tensile strength
results presented in Mix A, Burn One produced lower strengths than Burn Two, but at no
ages did this difference surpass the acceptable range of results provided by ASTM C 496.
Based on these results, there is no significant change in splitting tensile strength for Mix

B.
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The results of the drying shrinkage development test conducted at Auburn
University on Mix B concrete can be seen in Table 4.36. Just as with the Mix A results,
shrinkage values are reported as a positive percentage length change. Due to the timing

of the burn phases, many of the long term results are yet to be collected.

Table 4.36: AUR - Drying Shrinkage Development of Mix B Concrete

Drying Age Burn One Burn Two Burn Three
(days) |Length Chage (%)| % Diff |Length Chage (%)|Length Chage (%)| % Diff
4 0.013 18.2 0.011 0.016 45.5
7 0.019 -5.0 0.020 0.018 -10.0
14 0.032 28.0 0.025 0.023 -8.0
28 0.037 23.3 0.030 0.036 NA
56 0.043 10.3 0.039 CIP NA
112 0.051 NA CIP CIP NA
224 CIP NA CIP CIP NA
448 CIP NA CIP CIP NA
Notes:

CIP - Collection in Process
NA - Not Applicable

Based on the criteria given in ASTM C 157, none of the drying shrinkage results
showed significant changes. This result was also found for Mix A. Therefore, it appears
as though the drying shrinkage properties of the concrete were not significantly altered.

Figure 4.20 shows the results of the degree of hydration development measured
under semi-adiabatic conditions test for concrete Mix B. It is evident from the plot that
the degree of hydration development for Burns Two and Three are basically the same.
Burn One, however, experienced lower hydration between equivalent ages of 10 and
1,000 hours. This result could explain the slightly lower compressive strengths for Burn

One at one and three days.
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4.3.9 Emissions

The emissions from the process are one of the primary outputs with which the
cement plant is concerned. Due to the fact that the emissions are pollutants, they must be
closely monitored, and maintained within certain limits. The emissions are collected on a
real-time basis by an instrument called the “Continuous Emissions Monitoring System”
(CEMS). The CEMS is a certified device that measures various pollutants in accordance
with Environmental Protection Agency (EPA) requirements. The results were reported
by the cement plant as five-minute averages. Table 4.37 shows the summary statistics for
these data. The emissions were reported in terms of tons per hour released. In order to
account for variations in production rates between the burns, Auburn University
researchers normalized these results so that they are now presented in terms of tons per
ton of clinker produced. Figure 4.21 through Figure 4.24 show the time-history plot of
each of the emissions relative to time. In addition, the average for each emission is given

in the key.
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Table 4.37: CPR - Summary Statistics for Emissions

Burn One|{Burn Two| Burn Three

< |Average (109 0.82 1.21 1.05
c

o' © [Coefficient of

Z § Variation (%) 8.3 6.0 9.4
8 1 2 2 2
g P-Value 0.064 0.015 0.035
2 |Average (10 0.40 11.24 0.41
C

o) © |Coefficient of

3 § Variation (%) 218.9 145.6 163.7
8 1 2 2 2
\% P-Value <0.005 <0.005 <0.005
S |Average (10°) 2.31 3.42 2.61
[

O S [coefficient of

@] . ) .

> § Variation (%o) 64.5 358 224
8 1 2 2 2
g P-Value <0.005 0.008 0.023
S |Average (10™) 7.68 5.41 5.67
c

O © |[Coefficient of

O § Variation (%) 99 10.8 220
(2]
S |P-value 0.060% | 0214 0.375

Notes

! Based on Anderson-Darling Statistics
% Not Normally Distributed
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Table 4.38 shows the percent differences between Burns One and Three relative
to Burn Two. It also shows whether these results were statistically different, along with
the corresponding P-values. Figure 4.25 shows these results graphically. The most
striking difference is the one that applies to the SO, data. This SO, emissions data
showed almost a 100 percent decrease for both Burns One and Three. After discussion
with personnel at the cement plant, the consensus was that there was some type of
anomaly with this emission during Burn Two. Although differences did occur in most of
the other emissions, the cement plant personnel could offer no plausible explanation for
these high SO, readings for Burn Two. The results shown in Figure 4.25 indicate that the
NOy and VOC were reduced in Burns One and Three relative to Burn Two, whereas the
CO emissions were increased. It is important to notice that the average CO levels were

the lowest when alternative fuels were used.

Table 4.38: CPR - Percent Difference and Significance of Emissions

Burn One|Burn Three
. |Percent Difference -32.4 -13.1
O |statistically Different Yes Yes
P-Value 0.000 0.000
Percent Difference -96.4 -96.4
9:‘ Statistically Different Yes Yes
P-Value 0.000 0.000
O Percent Difference -32.5 -23.8
(>3 Statistically Different Yes Yes
P-Value 0.000 0.000
Percent Difference 41.8 4.8
8 Statistically Different Yes No
P-Value 0.000 0.115
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4.4 Conclusion

The production of portland cement utilizes many complex materials, facilities,
and processes. The nature of the production process results in countless variables that
have an effect on both the chemical and physical properties of the cement that is
manufactured. Therefore, it is very difficult to conclusively attribute any changes in
these properties directly to the utilization of alternative fuels. Regardless, this study has
provided many conclusions regarding the implementation of alternative fuels in the
portland cement production process.

One aspect of the utilization of alternative fuels that the cement plant was acutely
concerned with was the ability of the facilities to maintain production while consuming
these fuels. In this regard, it was found that the maximum allowable rate that tires could
be utilized was controlled by build-ups inside the system. These build-ups were
primarily composed of sulfur-derived compounds, and were directly responsible for
limiting the air flow through the kiln, which reduced oxygen levels necessary for good
combustion in the kiln. The feed rate of the plastics was also limited by the equipment
used. In this case, the injection system was limited in the quantity of the low-density
plastic fuels that were being used. In spite of the limitations associated with these fuels,
the results shown in Section 4.3.3 showed some positive results as well. The most
prominent of these was the energy content of the alternative fuels. The heat value of each
of the fuels was determined to be as follows:

1. Coal: 11,157 to 12,476 BTU/Ib,

2. Tires: 14,467 to 14,687 BTU/Ib, and

218



3. Plastics: 11,327 to 14,446 BTU/Ib.
These results indicate that the tires and plastics have good combustion properties as they
produce more heat per pound than the coal. These combustion properties, along with the
costs associated with acquisition, mean that the cement plant will continue to use these
fuels for the foreseeable future.

The second goal of this study was to determine if the utilization of alternative
fuels has a direct impact on the chemical composition of the product. Based on the
results presented in Sections 4.3.5 and 4.3.6, statistically significant changes in the
chemical composition of the clinker and the cement did occur between burn periods.
However, based on the results shown in Sections 4.3.1 and 4.3.2, there were also
significant changes in the chemical composition of the raw materials and the kiln feed.
These results, along with an understanding of the inherent variability of the portland
cement production process itself, make it impossible to conclude that the changes in
chemical composition of the final product were directly related to the type of fuel that
was used.

Additionally, the primary compounds in the clinker and cement; Al,O3, CaO,
Fe,03, and SiO, showed no practically significant changes. These results suggest that
the cement plant is able maintain consistent concentrations in these parameters by
burning each of the fuels used in this study. These are significant results, because these
parameters are those that have the greatest effect on the properties of the cement and
concrete.

The third and fourth goals of this study were to determine if the utilization of
alternative fuels directly impact the physical properties of the cement, and concrete
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produced from that cement. Again, based on the chemical composition results, it was not
possible to conclude that the alternative fuels directly impacted the composition of the
cement. Therefore, it was not possible to conclude that use of the alternative fuels
directly impacted any of the physical properties of the cement or concrete. Additionally,
many of these physical properties showed no significant change between burn periods.

Air content in mortar, Blaine specific surface area, mortar cube flow, and the
normal consistency were all minor physical properties of cement that showed no
practically significant change between burns. For the concrete, the air content, slump,
and unit weight were all properties that were not significantly affected by the cement
from which it was made.

Another property of concrete, permeability, showed no significant change
between burns. This is a significant result. Because there was no significant change, it
can be concluded that the same degree of permeability can be obtained using the cement
from each of these burns.

Another property that is important to cement and concrete is how susceptible it is
to length change when it dries. Drying shrinkage tests were conducted on mortar, as well
as on two different water-to-cement ratio concrete mixtures. In each case, no significant
change was seen between each of the burns. This shows conclusively that each of the
cements used in this study were significantly similar in their drying shrinkage properties.

The splitting tensile strength of concrete also showed no significant difference
between burns. Some of the results did show minor differences, but none of these

exceeded the acceptable range of results inherent to the test.
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Although the fuels used cannot be conclusively attributed with affecting the
properties of cement or concrete, there were a number properties that did show significant
changes between burns. First, the autoclave expansion of paste prisms showed an
increase relative to Burn Two in all cases but one. However, because of the one
inconsistent result, no definitive conclusion could be drawn. The setting times for
cement and concrete showed some significant changes. In the Gillmore and Vicat setting
tests of cement pastes, the cement of Burn Three showed significant acceleration relative
to that of Burns One and Two. The concrete made from Burn Three did not show a
similar acceleration for either Mix A or Mix B. The setting time of Mix B concrete
showed significant retardation for cement from Burn One. Again, however, this result
was not corroborated by either the cement paste results or the Mix A results.

Perhaps the most prominent result was the compressive strength of Burn One. In
the mortar cube test, as well as both concrete mixtures, Burn One showed a trend in that
it consistently produced the lowest compressive strengths. At various ages, Burn One
was, at best, significantly similar to the other results, but in many cases, it was
significantly weaker.

The final goal of this study was to determine whether the utilization of alternative
fuels directly impacts the emissions released by the cement plant. Just as with the
chemical composition of the cement, it is difficult to say that the fuels used were directly
responsible for any changes that may been seen in emission characteristics. Many
variables within the production process have an effect on the emissions. However, each
of the emissions monitored showed changes between burn periods. The following list
summarizes the emissions collected for each burn based on the averages:
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1. NOy (Burn Two) > NOy (Burn Three) > NOy (Burn One),

2. SO, (Burn Two) > SO, (Burn Three) > SO, (Burn One),

3. VOC (Burn Two) > VOC (Burn Three) > VOC (Burn One), and

4. CO (Burn One) > CO (Burn Three) > CO (Burn Two).
Based on these results, Burn Two showed the highest emissions for NOy, SO,, and VOC.
This could possibly be attributed to the higher rate of tire use during Burn Two relative to
Burn Three, and the lack of tire use in Burn One. However, CO, the primary greenhouse
gas emitted by the cement plant, was the highest when only coal was used.

Unfortunately, the variable nature of the cement production process makes it very
difficult to conclusively say that the use of alternative fuels has a significant effect on
cement and concrete properties, or on emissions characteristics. Although there were
changes in some of these properties between burn periods, further research is necessary to

determine whether these changes are a direct result of the use of alternative fuels.
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Chapter 5

Summary, Conclusions, and Recommendations

5.1 Summary

In the production of portland cement, avariety of raw materials are chemically
fused in the presence of temperatures on the order of 1500 °C to produce a product
known as clinker. Clinker is ground down, with sulfates, to produce portland cement.
Large quantities of fuels are required to maintain the high temperatures involved in the
process. Historically, the fuel sources used have been nonrenewable fossil fuels such as
coal and oil. Theidea of supplementing some of these traditional fuels with alternative
fuelsis both profitable for the portland cement industry, and beneficia to the
environment.

Many of the aternative fuels that can be used in the portland cement industry are
waste products from some other industry. In this study, whole tires, recycled industrial
plastics, and broiler litter were examined as viable alternatives to traditional fuels. Tires
have been used in the cement industry for many years, particularly in European cement
plants. Recycled industrial plastics are waste products from many different industries.
Typically, they would be either disposed of in alandfill, or incinerated. Their

consumption by a cement plant both decreases the amount of landfill space occupied, and
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makes use of the heat generated through the incineration process. Typical incineration
does not use the heat generated, and is therefore not as efficient.

Broiler litter is abyproduct of the broiler farming industry. Traditionally, broiler
litter is applied to land as afertilizer. However, due to the over application of broiler
litter in regions where broiler production is high, the land and groundwater are suffering
from over saturation of phosphorus and nitrogen. The use of broiler litter asfuel ina
cement plant rel eases some of the pressure that the environment may feel from land
application.

In this study, afull-scale, operational cement plant was used as the test venue.
During normal production, the aforementioned alternative fuels were burned in four
different test periods. Each of these test periods was called a burn period, and each
utilized different combinations of these fuels. Thefirst burn period that was conducted
used only coal. The second burn period utilized coal and wholetires. Based on previous
research conducted by the cement plant, standard operation at this specific facility uses
this combination of fuels. For thisreason, the coal plus tires burn was considered the
baseline in this study. The third burn period utilized coal, tires, and plastics. The fina
burn period implemented coal, tires, and broiler litter. Dueto the timing of the last burn
period, the results had not been collected and are not reported in this document. These
results will be presented in future work.

Within each burn period, samples of each materia involved in the production
process were collected, including the traditional and alternative fuels. The chemical
composition of each of these materials was determined by two testing agencies. The
composition of the clinker and cement were then compared between burn periods. Due
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to the fact that most of the incombustible material isincorporated into the clinker, an
attempt was made to determine if the chemical composition of the fuels had a direct
effect on the composition of the clinker and cement. The cement was then tested for
various physical properties. Concrete was then made out of the cement from each burn,
and various concrete properties were tested. These physical properties of cement and
concrete were then compared between burn periods in order to determine if the fuels had
any impact. Finally, the emissions released by the cement plant were monitored during
each burn period. These emissions were then compared between burn periods in order to
determine if any correlations could be made between the adternative fuels and the

emissions profiles.

5.2 Conclusions

The first objective of this study was to determine if the utilization of alternative
fuels had an impact on the ability of the cement plant to maintain productive operation.
Some problems did occur when the fuels other than coal were used. The quantity of tires
that could be burned was limited by the development of sulfur-based build-ups within the
system. These build-ups limited the amount of airflow, and effectively choked the
system. The quantity of plastics that could be burned was limited by the ability of the
equipment to move the low-density material into the kiln. Despite these limiting factors,
both of these fuels showed potential, in that they both had higher energy content than the
coa. The average energy content for the coal was approximately 11,700 BTU/Ib. The
average energy content of the tires was approximately 14,500 BTU/Ib. The average

energy content of the plastics was approximately 12,800 BTU/Ib. Based on the energy
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content, as well asthe cost of acquisition relative to the coal, the cement plant will
continue to burn these fuels in the foreseeabl e future.

The second objective of this study was to determine if the utilization of aternative
fuels had an impact on the chemical composition of the clinker and/or cement. Based on
the results presented in Chapter Four, the chemical composition of both of these materials
showed a significant difference between each of the burn periods in many of the
parameters that were measured. However, the kiln feed and raw materials also showed
significant changes in chemical composition. Additionally, the process of producing
portland cement isinherently variable. Therefore, it isnot possible to conclude that the
changes in chemical composition of the clinker and cement were directly affected by the
fuels that were used.

The most significant results concerning chemical composition of clinker and
cement were that the concentrations of Al>,Oz, CaO, Fe,O3, and SIO, showed no
practically significant changes. Thisisimportant because these compounds are the
primary components of the clinker and cement, and they have the greatest effect on the
properties of cement and concrete. These results suggest that the cement plant is capable
of maintaining consistent concentrations of these compounds while burning any of the
fuels used in this study.

Thethird goal of this study was to determine if the utilization of alternative fuels
directly impacted the physical properties of the cement it is used to produce. Many of the
physical properties of cement that were tested did not show a significant difference
between burn periods. Autoclave expansion and drying shrinkage of paste prisms were
the most prominent results that showed no practically significant change. From these
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results, it appeared as though the susceptibility to length change under various conditions
was not altered between the burn periods.

One property that did show a significant change in the cement was the setting
time. The cement produced using coal, tires, and plastics showed acceleration in setting
times of as much as 27 percent relative to the cement produced using coal plustires. The
majority of the results did not show a significant difference in setting times between the
cement produced during the other burn periods. The final result that showed a significant
change was the mortar cube compressive strength. The cement produced using coa plus
tires showed atrend of higher strengths than the other two burns, at all ages. This result
was most significant at mortar ages of three and seven days, and was as much as 26
percent. The difference in compressive strength of mortar from the coal only burn and
the codl, tires, and plastics burn was not significant. Although differences were found in
the physical properties of cement between the burn periods, it was not possible to
conclude that they were adirect result of the fuels that were used.

The fourth objective of this study was to determine if the utilization of alternative
fuels directly impacted the properties of concrete made from this portland cement. Two
different concrete mixtures were made from the cement produced during each burn
period. Just as with the physical properties of the cement, there were some properties
that showed significant changes, and some that did not. One notable property that did not
show any significant changes between burns was the permeability. The results from both
concrete mixtures showed no significant change in permeability between any of the burn
periods. Additionally, the drying shrinkage development of both concrete mixtures did
not show any significant changes between each burn period. This result agreed with that
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for the drying shrinkage development of paste prisms. The splitting tensile strength of
both concrete mixtures also showed no significant change between burn periods. A few
results showed significant changes at certain ages, but no significant trends were shown.

Some concrete properties did show significant trends, one of which was the
setting time. In one of the concrete mixtures produced from the cement using coal only, a
significant retardation in setting time occurred. This retardation was as much as 40
percent relative to the Coal plus Tires burn period, and the Coal, Tires, and Plastics burn
period. However, thisresult was not corroborated in the other concrete mix. Besidesthis
result, there were no significant changes in concrete setting time. The compressive
strength of concrete cylindersisthe primary property used to indicate the performance of
concrete. This property did show a significant trend for the concrete made using the Coal
Only cement. The concrete produced from this cement was significantly weaker, at most
ages, than the concrete made from the cement produced during the Coal plus Tires burn.
The difference in compressive strength between these two burns was as much as 20
percent. The concrete made from this cement was also significantly weaker, at many
ages, than the concrete made from the cement produced by using Coal, Tires, and
Plastics. The difference in these concretes was as much as 14 percent. Based on these
results, the concrete made from the cement that was produced using Coal Only was
significantly weaker than concrete made from either of the other burn periods.

The final objective of this study was to determine if the utilization of alternative
fuels directly impacted the emissions released by the cement plant. The results of this
study did show conclusively that the emissions were significantly different between each
of the burn phases. The relative changes in the means of each emission were as follows:
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1. NO (Coal plus Tires) > NOy (Coadl, Tires, and Plastics) > NOy (Coal),

2. SO, (Codl plusTires) > SO, (Codl, Tires, and Plastics) > SO, (Coal),

3. VOC (Coa plusTires) > VOC (Codl, Tires, and Plastics) > VOC (Coal),

4. CO (Codl) > CO (Coal, Tires, and Plastics) > CO (Coal plus Tires).
However, the variable nature of the production process once again minimized the ability
of the researcher to say conclusively that the fuels used were directly responsible for any

changes that were seen in the emissions.

5.3 Recommendations

Although the sampling and testing plan used in this project was thorough, it was
very difficult to make conclusions concerning some of the objectives that were originally
developed. The use of afull-scale portland cement production facility presented a
number of problems in satisfying those objectives. One major hurdle was the logistics of
outfitting the cement plant with the facilities necessary to handle the alternative fuels that
were to be studied. These obstacles resulted in a number of delaysin the timing of the
burn periods. Now that the facilities are in place to handle these alternative fuels, it
would be beneficial to conduct a number of burn periods using similar fuels within close
proximity (time wise) to one another. Due to the delays experienced in this study, the
burn periods were too far apart. These extended breaks between burn periods required
the cement plant to make adjustments in the production process, in an attempt to optimize
production. These changes removed much of the consistency in production conditions

between burn periods.
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In order to satisfy some of the objectives of this project, it would be necessary to
maintain consistent inputs to the process. This study found that the kiln feed differed in
chemical composition from one burn period to another. Furthermore, the fuels
themselves were not consistent in their chemical composition, and in fact, the source of
the coa was completely changed between burn periods. Other parameters of the
production process, which were not monitored by this project, were also likely atered
between burn periods. Once again, these changes that were made rendered it impossible
to determine if the chemical composition of the fuels had any effect on the chemical
composition of the clinker and/or cement.

Another aspect of this project that one would ideally alter is ssimply the number of
tests conducted. Every facet, be it chemical compositions or physical properties, would
benefit from increased repetitions. Thiswas limited, however, by finances, personnel,
and time.

The emphasis of this project was the effect that alternative fuels had on
everything from the production process to the physical properties of concrete made from
that cement. With that in mind, it would be beneficial to continue with this study by
utilizing many other materials that potentially could be used as an alternative fuel. The

options are numerous, and this study would benefit from the use of additional fuels.
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Table A.1: Analyzing the Chemical Composition of the Raw Materials

Appendix A: Test Procedure

Item . Sampling Specimen . . o
4 Material Analyzed Test Frequency | Preparation Method Sampling Period Tested by Routine®
1 Raw Material One
2 Raw Material Two Standard Cement| .

; 3 , During Each Burn
3 Raw Material Three Plant Parameters| 1 /burn Discrete iod Cement Plant Yes
: Table A.10)! Perio
4 Raw Material Four ( :
5 Raw Material Five
6 Raw Material One
7 Raw Material Two | Standard External Buring Each Burn
8 Raw Material Three?® Lab Parameters 1/burn Discrete gerio d External Lab No
9 Raw Material Four (Table A.12)
10 Raw Material Five
Kiln Eeed Standard Cement Standard
11 (Raw Material Seven) Plant Parameters| 2 /day Discrete Sampling Period| Cement Plant Yes
(Table A.10) (Figure A.1)
Kiln Eeed Standard External Standard
12 (Raw Material Seven) Lab Parameters 2 [ day 3-Day Composites| Sampling Period External Lab No
(Table A.12) (Figure A.1)
Standard Cement During Each
13 Raw Material Six Plant Parameters| 1 /burn Discrete Grinding Period Cement Plant Yes
(Table A.10) g
Standard External .
. . During Each
14 Raw Material Six Lab Parameters 1/burn 3-Day Composites L : External Lab No
Grinding Period
(Table A.12)
Notes
L NaOgis not collected
2 Moisture is not collected
3

Moisture and LOI is not collected
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Table A.2a: Analyzing the Chemical Composition of Fuels

Item Material Sampling Specimen : . Lo
# Analyzed Test Frequency Preparation Method Sampling Period Tested by Routine”
. Proximate
1 CP:L(;L;IIGI’IZGCI Analysis Cement Plant Yes
(Table A.11)
Pulverized Ultimate Analysis
2 . Cement Plant Yes
Coal (Table A.11) Standard Sampling
Pulverized Standard Cement 2 [ day 3-Day Composites (F_Perréoz N
3 Coal Plant Parameters 'gu ) Cement Plant Yes
(Table A.10)!
. Combustion
4 CP:L(;L;IIGI’IZGCI Analysis Cement Plant Yes
(Table A.11)
. Proximate
5 CP:L(;L;IIGI’IZGCI Analysis External Lab No
(Table A.11)
Pulverized Ultimate Analysis
6 ) External Lab No
Coal (Table A.11) Standard Sampling
Pulverized Standard Externa 2 [ day 3-Day Composites I:_Peno'(: .
7 Coal Lab Parameters (Figure A.1) External Lab No
(Table A.12)
. Combustion
8 CP:L;IE\I/Ienzed Analysis External Lab No
(Table A.11)
Notes:
Y Moisture, LOI, and NgDeqis not collected
2

Moisture is not collected
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Table A.2b: Analyzing the Chemical Composition of Fuels

Item Material Sampling Specimen : . Lo
# Analyzed Test Frequency Preparation Method Sampling Period Tested by Routiner
Proximate
1 Tires Analysis External Lab No
(Table A.11)
; ; One Composite
) Ultimate Analysis
2 Tires (Table A.11) Sample P_repared . External Lab No
1/burn from 8 Discrete During Each Burn
Standard External Radial Section Period?
3 | Tires Lab Parameters Samples Removed External Lab No
(Table A.12)! from Random Tires
Combustion
4 Tires Analysis External Lab No
(Table A.11)
5 Proximate
Plastics Analysis. External Lab No
(Table A.11)
. Ultimate Analysis Discrete
6 Plastics (Table A.11) buring Plastics Burn External Lab No
Standard External 8/ day S (Evler%\Folurth di Period
7 Plastics Lab Parameters amBe I_natyze n External Lab No
(Table A.12)" uplicate)
Combustion
8 Plastics Analysis External Lab No
(Table A.11)
Notes:
" To be determined for both the fuel and the fuedls after combustion
2

Tires are not collected during the coal only bueniqud
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Table A.2c. Analyzing the Chemical Composition of Fuels

Item | Material Sampling Specimen . . Lo
# Analyzed Test Frequency Preparation Method Sampling Period Tested by Routine
Broiler Proximate
9 Litter Analysis External Lab No
(Table A.11)
Broiler Ultimate Analysis Discrete
10 Litter (Table A.11) . - - External Lab No
8/ day (Every Fourth During Broiler Litter
Broiler Standard Externa S le Analvzed | Burn Period
11 Litter Lab Parameters amBe I_natyze n External Lab No
(Table A.12)! uplicate)
Broiler Combustion
12 Litter Analysis External Lab No
(Table A.11)
Notes

T .

To be determined for both the fuel and the fuetls after combustion
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Table A.3: Analyzing the Chemical Composition of Cement Kiln Dust (CKD)

[tem Sampling Specimen . .
# Test Frequency Preparation Method Sample Period Tested by Routine”
Standard Cement Standard Sampling
1 Plant Parameters 2 / day Discrete Period Cement Plant Yes
(Table A.10* (Figure A.1)
Standard External Standard Sampling
2 Lab Parameters 2 / day Discrete Period External Lab No
(Table A.12) (Figure A.1)
Notes:

1

N&,O.q Moisture, and LOI are not collected
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Table A.4: Analyzing the Chemical Composition of Clinker

Item

Sampling

Specimen

Sampling

e Lo
# Test Specification Frequency | Preparation Method Period Tested by Routine”
Chemical Composition:
Standard Cement Plant .
1 Parameters XRF 12 / day Discrete Standard Cement Plant Yes
(Table A.10)! Sampling
Period
Additional Chemical (Figure A.1)
2 Composition: ASTM C 114 12 / day Discrete Cement Plant Yes
Free CaO
Clinker Phase
3 Composition: ASTM C 150 N/A N/A N/A Cement Plant Yes
C381 CZS7 QAa C4AF
Clinker Phase Rietveld Cement Plant
4 Composition: Analysis Specialty Lab No
C:S, GS, GA, CAF d Standard | SpEEEY
i . ampling
5 | Trace Element Content of 12/ day 1-Day Composites | “p g
Clinker: (Figure A.1)
Standard External Lab XRF External Lab No
Parameters (Table A.12
Notes:

1

Moisture and LOI are not collected
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Table A.5: Analyzing the Chemical Composition of Cement

Specimen

Item P Sampling ; Sampling o
# Test Specification Frequency Preparation Period Tested by | Routine?
M ethod
Chemical Composition: Cement
1 Standard Cement Plant XRF 8 / day Discrete St Yes
Parametersl{able A.10*
Additional Chemical
Composition: . Cement
2 | Free CaO ASTM C 114 8/day Discrete Plant ves
Blaine Specific Surface Area ASTM C 204
Clinker Phase Composition: Cement
3 CsS. GS, GA. C,AF ASTM C 150 N/A N/A Plant Yes
Cement
Clinker Phase Composition: Rietveld : Plant
4 C:S. GS. GA, CAF Analysis 8 / day 1-Day Composites Standard Specialty No
Sampling
) Lab
5 Period
Chemical Composition: (Figure A.1) Cement
Standard Cement Plant XRF 8/ day 1-Day Composites p|antn Yes
Parametersl{able A.10?
Trace Element Content of
Cement: . External
6 Standard External Lab XRF 8 / day 1-Day Composites Lab No
Parameters (Table A.12)
Additional Chemical External
7 Analysis. 8/ day 1-Day Composites No
Total organic carbon (TOC) TOC Analyzer Lab
Notes
! Moisture is not collected.
2

Moisture is not collected. FCaO is collected
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Table A.6: Analyzing the Physical Properties of Cement

Sampling Specimen :
Item Test Specification Frequenc Preparation Samplmg Tested by Routine?
# Period
y M ethod
Standard Physical Properties: SS;?:SI?JS
Air content of mortar (%) ASTM C 185 . )
L Bla;ine specific surface area| ASTM C 204 8 day 1-Day Composites (T:?grfri Cement Plant ves
(m/kg) A1)
2 Standard Physical Properties:
Normal Consistency (%) ASTM C 187
Autoclave expansion (%) ASTM C 151
Compressive strength (MPa): ASTM C 109 Standard
1, 3,7,28days .1 Sampling
Cube Flow (%) ASTMC 230 | 8/day | "D Composites “poing Aceé“e”tup'f"‘”t' "?‘t”d Yes
Gillmore Test: Initial and ASTM C 266 (Figure uburn University
Final A.l)
Set Times
Vicat Test: Initial and Final ASTM C 191
Set Times
Additional Physical Standard
Properties: Sampling Cement Plant
Particle Size Distribution Laser Diffraction 8 / day 1-Day Composites Period Specialty Lab No
4 Heat of hydration (kJ/kg): ASTM C 186 (Figure
7 and 28 days A.l)
Additional Physical Standard
Properties: Sampling
5 Drying Shrinkage of Mortar ASTM C 596 8 / day 3-Day Composites Period Auburn University No
Prisms (%): (Figure
4,11, 18, and 25 days A.l)
Notes

T .

Auburn University will conduct these tests on omeé-day composite sample during each burn period
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Table A.7: Analyzingthe Properties of Concrete to be Conducted by Auburn University and the Cement Plant

" Material Concrete Age Sampling Sample
Item # Test Specification Type (days) Frequency Method
Fresh Properties:
Total Air Content ASTM C 231 Concrete Fresh State
1 Slump ASTM C 143 Concrete Fresh State
Setting Time ASTM C 403 Mortar Early-age
Unit Weight ASTM C 138 Concrete Fresh State
Physical Properties: CoSrIT?ggzite
Compressive strength Concrete 1,3,7,28,91 8 / day .
. ; ASTM C 39 Over Entire
Splitting Tensile Strength Concrete 1,3,7,28,91
2 . : ASTM C 496 Burn Phase
Drying Shrinkage Development Concrete 4 to 448
. ) ASTM C 157
Heat of Hydration Under Semi- RILEM 119-TCE Concrete 01to7
Adiabatic Conditions
3 Durability:
Permeability (RCPT) ASTM C 1202 Concrete 91 and 365
Notes:

! Test will not be conducted by the cement plant

Two standard concrete mixtures will be develojgeelvaluate the response of the cement:
(A) Cement only, w/c = 0.44 (For AEA)
(B) Cement only, w/c = 0.37 (For AEA and TypAdmmixtures)
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Table A.8: Analyzing Emissions

Material Sampling Specimen Data Collection -
Item # Analyzed Test Spec. Frequency Preparation Method Period Tested by Routiner
Main Stack ,\?g Standard Emissions
1 o X CEMS | Continuous Real - Time Sampling Frequency Cement Plant Yes
Emissions SO, ;
VOC (Figure A.1)
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Table A.9: ASTM Methods

M ethod Number

Method Title

C39

Standard Test Method for Compressive Strenfgllylindrical Concrete Specimens

C109 Standard Test Method for Compressive Streofgttydraulic Cement Mortars (Using 2-in. or [50-m@{ibe Specimens
C151 Standard Test Method for Autoclave Expansidiyaraulic Cement

C157 Standard Test Method for Length Change of éfsed Hydraulic-Cement, Mortar, and Concrete
C185 Standard Test Method for Air Content of HyditaGement Mortar

C186 Standard Test Method for Heat of Hydratioklpdiraulic Cement

Cl191 Standard Test Method for Time of Setting ofitdylic Cement by Vicat Needle

C204 Standard Test Method for Fineness of Hydraldiment by Air Permeability Apparatus

C230 Standard Specification for Flow Table for rs&ests of Hydraulic Cement

Cc231 Standard Test Method for Air Content of Fredhixed Concrete by the Pressure Method

C266 Standard Test Method for Time of Setting oflidylic-Cement Paste by Gillmore Needles

C403 Standard Test Method for Time of Setting of Coredixtures by Penetration Resistance

C496 Standard Test Method for Splitting Tensileggth of Cylindrical Concrete Specimens

C596 Standard Test Method for Drying Shrinkage oftslr Containing Hydraulic Cement

C1202 Standard Test Method for Electrical Indiaatdd Concrete's Ability to Resist Chloride lon Peagon
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Table A.10: Standard Cement Plant Parameters

Table A.12; Standard External Lab Parameters

Parameter

Analysis Technique

AlL,O5

CaO

Fe0s

K0

MgO

Na,O

P,Os

SiG,

SG;s

TiO,

As

Ba

Cd

Cl

Co

Cr

Cu

Hg

Mn

Mo

Ni

Pb

Sb

Se

Parameter Analysis Technique
Al,O3
CaO
Fe0;
K,O
MgO ASTM C 114 and XRF
Na,O
NaQOeq
Sio,
SO
Los_s On Ignition ASTM C 114
Moisture
Table A.11: Fuel Test Parameters
Test Parameter
Proximate Volatile Matter, Fixed Carbon, Percent
Analysis Ash, Percent Moisture
Ultimate Carbon, Hydrogen, Oxygen, Sulfur,
Analysis Nitrogen
Combustion
Analysis Energy Content

Sr

\Y

Zn

ASTM C 114 and XRF

Loss On Ignition

Moisture

ASTM C 114




TG¢

Table A.13: Abbreviations

Abbreviation | Definition

% NC % Normal Consistency

AEA Air entraining agent

ASTM American Society for Testing and Materials
C,S Dicalcium silicate

CA Tricalcium aluminate

CsS Tricalcium silicate

C.AF Tetracalcium aluminoferrite

CEMS Continuous emissions monitoring system
CKD Cement kiln dust

LOI Loss on ignition

RCPT Rapid chloride permeability test

T Alkalis Total alkalis

TOC Total organic carbon

VOC Volatile organic compounds

XRF X-ray fluorescence




[ASTA

Pre-Burn Period

Burn Period Post-Burn Period

Fuel Type(s) (Days) (Days) (Days)
1 2 3 4 1 2
1. Coal Only
SampleDays 7777777 ] |=> >< | ><
2. Coal + Tires
sampleDays 7777777~ |

3. Coal + Tires+ Plastics
Sample Days

4. Coal + Tires+ Broiler Litter
Sample Days

Legend:

- - Coal only as fuel
|:| - Coal and tires as fuel

|:| - Coal, tires, andiler litter as fuel

|X| - Collect material sixsp

- Coal, tires, and plasticsasfu¢f/ /] - Colemissions samples

Figure A.1: Standard Sampling Period Timeline



Appendix B.1

Raw Data for Coal Only Burn Period
B.1.1. GENERAL COMMENTS
* The raw data from the Coal Only Burn Period ares@néed in this appendix.
* The burn period lasted from 7 AM on April 17, 20067 AM on April 21, 2006.
B.1.2. NOTATION

CPR — Cement Plant Results
ELR — External Lab Results
AUR — Auburn University Results

C. V. — Coefficient of Variation
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B.1.3. CHEMICAL COMPOSITION OF RAW MATERIALS

TableB.1.1: CPR - Chemical Composition of Raw Materials

Property (wt. %)| Raw Material One| Raw Material Two | Raw Material Three | Raw Material Four | Raw Material Five | Raw Material Six
Al,O3 25.80 0.33 2.68 422 1.79 0.87
CaO 3.95 54.00 41.54 28.90 0.87 36.80
Fe,0; 10.20 0.14 NR 34.70 1.72 0.45
K,0 2.57 0.07 0.18 0.19 0.32 0.11
MgO 1.21 1.15 3.50 8.80 0.08 1.05
Na,O 0.38 0.00 0.01 0.00 0.03 0.00
SO, 43.70 0.96 14.00 15.40 93.70 3.98
SO, 0.66 0.18 0.12 1.27 0.38 44.40

8 Moisture 9.07 5.80 NC 8.00 7.70 12.30

& |LOI 9.07 43.18 NC 2.99 0.48 12.24

Notes:

NC - Not Collected
NR - Not Reported
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TableB.1.2: ELR - Chemical Composition of Raw Materials

Property Raw Material One | Raw Material Two | Raw Material Three [ Raw Material Four | Raw Material Five | Raw Material Six
Al,O3 (wt. %) 24.76 0.19 3.23 3.64 1.47 1.22
CaO (wt. %) 2.95 50.49 43.00 5.57 0.19 33.31
Fe,O5 (wt. %) 9.96 0.13 1.89 52.83 0.91 0.74
K,0 (wt. %) 2.25 0.06 0.34 0.79 0.43 0.13
MgO (wt. %) 1.26 0.77 1.17 1.66 0.30 1.50
Na,O (wt. %) 0.53 0.00 0.00 0.20 0.00 0.03
P,05 (wt. %) 0.63 0.01 0.03 0.56 0.01 0.03
SiO, (Wt. %) 43.44 0.51 15.92 13.51 95.59 5.93
SO; (wt. %) 0.30 0.12 0.29 0.69 0.25 38.60
TiO, (wt. %) 1.15 0.01 0.23 0.16 0.43 0.05
Moisture (wt. %) 17.71 2.54 4.53 12.49 4.31 2.09
LOI (wt. %) 12.77 47.72 33.93 20.39 0.45 18.44
As (ppm) 173 ND 7 6 ND ND
Ba (ppm) 1867 68 316 308 131 73
Cd (ppm) ND ND ND 6 ND ND
Cl (ppm) 23 24 42 114 43 7
Co (ppm) 43 ND 26 38 ND ND
Cr (ppm) 139 ND 62 285 ND ND
Cu (ppm) 269 ND 21 545 23 36
Hg (ppm) 0.07 0.01 0.04 0.01 0.01 0.09
Mn (ppm) 280 24 801 7919 153 340
Mo (ppm) ND ND ND 18 ND ND
Ni (ppm) 112 ND ND 192 ND ND
Pb (ppm) 63 12 17 450 40 8
Sb (ppm) 20 32 82 ND ND ND
Se (ppm) 3 1 1 2 ND 1
Sr (ppm) 1432 172 240 127 50 573
V (ppm) 303 ND 49 97 ND ND
Zn (ppm) 84 ND 27 6464 80 ND
Notes:

ND - Not Detected




B.1.4. CHEMICAL COMPOSITION OF KILN FEED

TableB.1.3: CPR - Chemical Composition of Kiln Feed

Property (wt. %) 4/18/2006 4/19/2006 4/20/2006 4/21/2006 Average C.V. Normalitly
8:21AM| 2:30PM |1L:49AM |8:41AM [2:22PM | 8:27 PM | 2223 AM | 8:08 AM | 3:32 PM | 2:17 AM (%) | P-Value

Al,O; 3.1t 3.0C 3.1C 3.1C 3.1 3.28 3.1¢ 3.11 3.0C 3.0¢ 3.11 2.4 0.561
CaOo 43.90 43.70 43.63 44.25 43.9 44.10 44.90 4411 43|77 441113.954] 05 0.642
Fe,0; 2.02 2.0C 2.21 1.9¢ 1.9¢ 1.9¢ 2.0¢€ 2.0¢ 2.0¢ 2.08 2.04 3.€ 0.52¢
K,0 0.35 0.33 0.35 0.33 0.33 0.34 0.33 0.33 0.3p 0.33 0.832.9° 0.005
MgO 1.98 2.00 1.95 1.90 1.94 1.89 1.9] 1.92 1.88 1.8 1.p2 .4 40.9
Na,O 0.06 0.05 0.05 0.05 0.04 0.05 0.04 0.0% 0.0¢ 0.04 0.p34.4* | 0.008
Na,O, 0.29 0.27 0.28 0.27 0.26 0.27| 0.26 0.27 0.2 0.26 0.p7 .2 10.9
SO, 13.77 13.80 13.93 13.44 13.7 13.58 13.13 13.p2 1366 131523.671f 1.1 0.960
SO, 0.26 0.22 0.29 0.32 0.31 0.35 0.3 0.31 0.29 0.2[7 0.P9 12.4  020.1
LOI 36.61 36.47 36.37 36.80 36.60 36.67 36.42 36.71 3641 36164 6.593| 0.4 0.430

E Notes:

(o))

NC - Not Collected

! Based on Anderson-Darling Normality Test
NA - Not Applicable % Data not normally distributed



TableB.1.4: ELR - Chemical Composition of Kiln Feed

Property 3-Day Composite
Al,O5 (wt. %) 3.05
CaO (wt. %) 44.18
Fe,0O5 (wt. %) 2.15
K,0 (wt. %) 0.33
MgO (wt. %) 1.90
Na,O (wt. %) 0.01
P,O5 (wt. %) 0.05
SO, (wt. %) 13.38
SO, (wt. %) 0.35
TiO, (wt. %) 0.17
Moisture (wt. %) 0.06
LOI (wt. %) 34.44
As (ppm) 3
Ba (ppm) 192
Cd (ppm) ND
Cl (ppm) 111
Co (ppm) ND
Cr (ppm) 51
Cu (ppm) 43
Hg (ppm) 0.02
Mn (ppm) 664
Mo (ppm) ND
Ni (ppm) ND
Pb (ppm) 24
Sb (ppm) 33
Se (ppm) 1
S (ppm) 261
V (ppm) 39
Zn (ppm) 113

Notes:

ND - Not Detected
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B.1.5. CHEMICAL COMPOSITION OF FUELS

TableB.1.5: CPR - Chemical Composition of Coal

Test Parameter Value (wt. %)
g9 |Ash 18.9
% 5 |Fixed Carbon 50.17
& < |VolatileMatter 30.93
Carbon 69.06
% B Hydrogen 4.25
g ? Nitrogen 1.51
o< Oxygen 5.22
Sulfur 1.06
" AlLO, 24.67
g CaO 13.32
% Fe,0O; 5.83
ks K,O 1.97
- MgO 1.18
3 Na,O 0.39
& S0, 42.89
@ SO, 8.36
Heat Value® 12102
Notes.

'Value is Reported as BTU/Ib
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TableB.1.6: ELR - Proximate, Ultimate, and Combustion Analysis of Coal

Test Parameter | Value (wt. %)
g2 |Ash 22.45
% 5 |Fixed Carbon 49.58
g < Volatile M atter 27.97
Carbon 67.61
% B Hydrogen 3.61
£ ? Nitr ogen 1.1
o< Oxygen 3.95
Sulfur 1.28
Heat Value® 11698
Notes:

Value is Reported as BTU/Ib
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TableB.1.7: ELR - Standard Parameters of Coal

3-Day
Property Composite

Al,O5 (wt. %) 25.08
CaO (wt. %) 7.53
Fe,05 (wt. %) 7.61
K50 (wt. %) 2.58
MgO (wt. %) 1.35
Na,O (wt. %) 0.22
P,Os5 (wt. %) 0.18
SO, (wt. %) 47.39
SO, (wt. %) 6.95
TiO, (wt. %) 1.12
As (ppm) 325
Ba (ppm) 1274
Cd (ppm) ND
Cl (ppm) -
Co (ppm) ND
Cr (ppm) 109
Cu (ppm) 150
Hg (ppm) -
Mn (ppm) 221
Mo (ppm) ND
Ni (ppm) 81
Pb (ppm) 42
Sb (ppm) ND
Se (ppm) ND
Sr (ppm) 487
V (ppm) 226
Zn (ppm) 68
Notes:

ND - Not Detected
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B.1.6. CHEMICAL COMPOSITION OF CEMENT KILN DUST (CKD)

T9¢

TableB.1.8: CPR - Chemical Composition of CKD

Property (wt. %) 4/18/2006 4/19/2006 4/20/2006 Average
8:00AM [ 7:00PM [ 7:00AM [ 7:00PM [ 7:00 AM [ 7:00 PM
Al,O, 3.64 3.42 4.04 3.08 3.61 4.37 3.6¢
Ca0 49.46 47.2 44.87 52.22 46.85 4463  47.1
Fe,0; 1.73 1.81 1.92 1.48 1.89 2.08 1.8
K,O 0.71 0.45 0.46 0.39 0.39 0.49 0.4¢
MgO 2.29 1.59 1.22 1.85 1.47 153 1.66
Na,O 0.08 0.07 0.07 0.06 0.06 0.08 0.07
S0, 10.06 11 12.42 9.58 12.83 142] 116
SO, 2.74 1.21 0.42 1.48 0.34 0.59 1.13




TableB.1.9: ELR - Chemical Composition of CKD

4/18/2006 4/19/2006 4/20/2006
Property Average
8:00AM | 7:00PM | 7:00AM | 7:00PM | 7:00 AM | 7:00 PM

Al,O5 (wt. %) 3.64 3.83 4.02 4.11 3.44 3.56 3.71
CaO (wt. %) 52.71 58.08 47.08 51.87 54.74 73.46 56.33
Fe,0O5 (wt. %) 1.97 2.03 1.96 2.27 1.93 1.88 2.0]
K,0 (wt. %) 0.43 0.45 0.44 0.39 0.40 0.46 0.47
MgO (wt. %) 1.77 2.34 1.28 1.67 1.73 2.58 1.9¢
Na,O (wt. %) 0.00 0.02 0.02 0.02 0.00 0.00 0.0]
P,O5 (wt. %) 0.05 0.06 0.08 0.07 0.05 0.05 0.0¢
SO, (wt. %) 10.64 10.02 11.87 13.94 11.37 10.10 11.32
SO, (wt. %) 1.54 2.59 0.53 0.77 0.85 2.32 1.47
TiO, (wt. %) 0.21 0.23 0.22 0.25 0.19 0.21 0.24
Moisture (wt. %) 0.06 0.03 0.15 0.09 0.02 0.05 0.07
LOI (wt. %) 27.04 20.36 32.48 24.64 25.29 5.45 22.%4
As (ppm) 4 2 6 ND 3 ND 3.70
Ba (ppm) 279 345 257 239 236 314 278.39
Cd (ppm) ND ND ND ND ND ND NA
Cl (ppm) 286 863 124 1067 233 324 482.43
Co (ppm) 14 12 ND 15 12 22 15.00
Cr (ppm) 45 33 31 38 25 27 32.95
Cu (ppm) 38 66 53 45 49 46 49.35
Hg (ppm) 0.02 ND 0.02 0.01 ND 0.01 0.02
Mn (ppm) 290 243 300 421 365 272 315.47
Mo (ppm) ND ND ND ND ND ND NA
Ni (ppm) ND 11 ND ND ND ND 11.00
Pb (ppm) 7 27 10 36 14 28 20.41
Sb (ppm) 57 52 58 47 44 72 55.10
Se (ppm) 2 2 1 ND 1 2 1.31
Sr (ppm) 300 336 301 295 298 394 320.46
V (ppm) 48 59 55 62 48 57 54.85
Zn (ppm) 104 76 74 122 95 78 91.471
Notes:

NA - Not Applicable
ND - Not Detected
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B.1.7. CHEMICAL COMPOSITION OF CLINKER

€9¢

TableB.1.10: CPR - Chemical Composition of Clinker for 4/18/06

Property (wt. %) 4/18/2006
8:25AM | 10:18 AM | 12:02PM | 2:33PM | 421 PM | 5:52PM | 7.51PM | 10:12 PM

AlLO, 5.36 5.17 5.27 5.23 5.34 5.23 5.39 5.39
Ca0 64.83 64.76 64.83 64.86 64.64 64.7 64.6p 64.4
Fe,0s 3.53 3.42 3.53 3.42 3.61 3.74 3.75 3.8
K,0 0.59 0.62 0.55 0.57 0.57 0.58 0.56 0.55
MgO 2.98 3.00 2.94 3.03 3.04 2.99 3.04 3.03
Na,O 0.08 0.07 0.08 0.07 0.08 0.08 0.07 0.07
Na,O 0.47 0.48 0.44 0.45 0.46 0.46 0.44 0.43
S0, 21.47 21.60 21.70 21.60 21.53 21.53 21.6p 21.4
S0, 0.92 0.82 0.59 0.65 0.88 0.78 0.73 0.69
F CaO 0.64 0.54 0.29 0.59 0.78 1.22 0.64 0.59
CA 8.20 7.90 8.00 8.10 8.00 7.50 7.90 7.8
C.,AF 10.70 10.40 10.70 10.40 11.00 11.4( 11.4p 11.6
C.S 59.70 59.90 58.60 59.90 58.50 59.4( 57.3p 57.4
C,S 16.50 16.80 18.00 16.80 17.60 16.9( 18.7p 19.(
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TableB.1.11: CPR - Chemical Composition of Clinker for 4/19/06

Property (wt. %) 4/19/2006
12:03 AM | 49 AM [ 3:42 AM | 5:44 AM | 8:40 AM | 10:24 AM | 11:41 AM | 12:31 PM | 2:22 PM | 4:11 PM | 5:39 PM | 8:27 PM | 10:04 PM | 11:49 PM
AlL,O, 5.37 5.29 5.28 5.28 5.50 5.32 5.47 5.38 5.41 5.47 5.18 5B8 05p 546
Ca0 64.49 | 64.61| 64.66] 6481 64.8( 65.2] 65.01 6514  64/95 64.865.116] 65.18| 65.00 64.98
Fe,0; 3.87 3.01 3.75 3.66 3.62 3.19 3.20 3.19 3.28 3.15 3.14 32 03p 327
K,0 0.57 0.55 0.57 0.56 0.54 0.55 0.56 0.55 0.56 0.0 0.54 050 30p 055
MgO 2.99 3.00 2.93 2.94 2.94 2.91 2.94 2.97 2.95 2.94 2.06 2184 7 2B 288
Na,O 0.08 0.07 0.08 0.08 0.07 0.07 0.07 0.08 0.0 0.47 0.p7 o7 7 o0p o008
Na,O, 0.46 0.43 0.46 0.45 0.43 0.43 0.44 0.44 0.4 0.46 0.h3 oo 2o0p 044
S0, 2162 | 2167 2153] 2143 2124 21.04 21.2p 2131 2127 21201372 2141 2137 21.31
SO, 0.71 0.73 0.78 0.80 0.81 0.86 1.02 0.85 0.95 0.47 0.B8 o2 5 0p 088
F CaO 0.83 0.73 0.78 0.73 0.93 1.91 1.81 2.06 1.2p 147 1.p3 ojss 8 1p 113
CA 7.70 7.40 7.60 7.80 8.40 8.70 9.10 9.00 8.90 9.40 9.bo obo o09p 890
C./AF 11.80 | 11.90| 1140 1110 11.00 9.70 9.7 9.50 9.80 9.p0 olo 50 4 9.70 10.00
C.S 56.60 | 57.20| 58.80| 60.30] 59.9( 65.4( 62.2p 6340 61js0  61.001.306] 62.00| 60.70 61.20
C,S 19.30 | 19.00| 17.40| 16.00] 15.9( 11.0( 13.9p 13.00  14fa0  14.005.001] 14.60| 1550 14.90
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TableB.1.12: CPR - Chemical Composition of Clinker for 4/20/06 and 4/21/06

4/20/2006 4/21/2006 Normality
Property (wt. %) Average|C. V. (%) 1
2:21 AM | 3:53AM | 5:49 AM | 8:07 AM [ 10:11 AM | 11:50 AM | 2:25PM | 4:00 PM | 5:40 PM [ 7:54 PM [ 9:53 PM | 11:47 PM | 2:16 AM [ 3:59 AM | 5:40 AM P-Value
Al,O4 5.61 5.35 5.35 5.40 5.30 5.45 5.47 5.2p 5.1p 4.98 4.94 490 5 5|0 511 5.06 5.30 3.22 0.033
CaO 64.83 64.99 64.90 64.89 64.96] 65.19 65.27 65.p4 65|25 64.235.396| 65.29 65.23 65.21] 65.1§ 64.97 0.4 0.116
Fe,03 3.41 3.28 3.47 3.45 3.48 3.38 3.4] 3.32 3.2 3.33 3.25 3.22 0 3(3 3.30 3.22 3.41 6.6° 0.012
K,0 0.57 0.56 0.57 0.57 0.55 0.58 0.57 0.54 0.54 0.36 0.51 0.%6 6 0[5 0.57 0.60 0.56 41° 0.022
MgO 2.87 2.84 2.88 2.93 3.04 2.93 2.96 2.92 2.88 2.48 2.y7 2.88 0 2|8 2.87 2.89 2.93 2.3 0.453
Na,0O 0.07 0.08 0.08 0.08 0.08 0.07 0.09 0.07 0.08 0.8 0.7 0.7 7 0|0 0.07 0.07 0.07 6.82 <0.005
Na;Ogq 0.45 0.45 0.46 0.46 0.44 0.45 0.44 0.4 0.44 0.45 0.41 0.44 4 0[4 0.45 0.46 0.44 3.7? 0.022
SO, 21.31 21.47 21.31 21.26| 21.32] 21.01 21.05 21.p1 2102 21.291.502| 21.47 21.47 21.34 21.24 21.38 0.9 0.391
SO, 0.89 0.93 0.95 0.95 0.83 0.95 0.84 0.92 0.96 0.95 0.85 093 507 0.74 1.02 0.85 12.1 0.323
F CaO 1.27 0.64 1.32 1.13 1.22 1.47 0.94 1.32 1.5 1.52 1.47 142 8 1|0 1.08 1.42 1.10 37.1 0.605
CA 9.10 8.60 8.30 8.50 8.20 8.70 8.6( 8.2 8.10 7.70 7.60 750 0 7(8 8.00 8.00 8.28 6.82 0.043
C,AF 10.40 10.00 10.60 10.50 10.60f 10.3(¢ 10.40 10.10 9.p0 980 0 99 9.80 10.00 10.00 9.80| 10.38 6.7° 0.009
CsS 59.40 60.80 61.30 61.40| 61.80] 63.8 64.40 64.60 66|80 64.705.006| 65.10 63.70 64.20] 65.20 61.49 4.4 0.362
C,S 16.30 15.70 14.80 14.60] 14.50 12.3 11.70 12,10 9.p0 1150 .601 12.40 13.50 12.70 11.8q 14.91 16.6 0.742
Notes:

'Based on Anderson-Darling Normality Test

2Data not normally distributed




Table13: ELR - Chemical Composition of Clinker

Property 4/18/2006 4/19/2006 4/20/2006 Average
Comp. 1| Comp. 2| Comp. 1| Comp. 2| Comp. 1| Comp. 2

Al,O3 (wt. %) 5.52 5.37 5.27 5.18 5.29 4.98 5.2]
CaO (wt. %) 64.01 64.57 65.68 65.62 65.08 65.9¢ 65.15
Fe,0O3 (wt. %) 3.55 3.51 3.27 3.16 3.26 3.29 3.34
K,0 (wt. %) 0.64 0.60 0.58 0.59 0.58 0.61 0.6(
MgO (wt. %) 2.87 2.89 2.89 2.89 2.85 2.89 2.84
Na,O (wt. %) 0.05 0.02 0.00 0.01 0.00 0.01 0.01
P,Os (wt. %) 0.09 0.09 0.08 0.08 0.08 0.08 0.0¢
SO, (wt. %) 21.95 21.64 20.84 20.68 21.53 20.7|7 21.24
SO (wt. %) 0.89 0.85 1.01 1.19 0.91 0.95 0.91
TiO, (wt. %) 0.32 0.31 0.29 0.33 0.28 0.29 0.3(
Moisture (wt. %) 0.00 0.00 0.02 0.04 0.01 0.00 0.01
LOI (wt. %) 0.09 0.14 0.09 0.27 0.14 0.19 0.15
As (ppm) 10 8 9 9 7 9 8.65
Ba (ppm) 382 397 365 403 335 313 365.15
Cd (ppm) ND ND ND ND ND ND NA
Cl (ppm) 265 182 158 315 238 274 238.497
Co (ppm) 15 ND 12 24 12 13 15.19
Cr (ppm) 78 69 63 73 66 84 72.34
Cu (ppm) 50 75 68 69 51 77 65.00
Hg (ppm) 0.03 ND 0.02 ND 0.01 0.01 0.02
Mn (ppm) 985 976 916 924 965 985 958.50
Mo (ppm) 11 ND ND 16 9 ND 12.00
Ni (ppm) 137 13 14 ND 10 ND 43.36
Pb (ppm) 46 34 70 30 11 26 36.15
Sb (ppm) 47 49 34 57 79 78 57.16
Se (ppm) 1 1 1 1 1 1 1.00
St (ppm) 429 401 397 390 394 403 402.41
V (ppm) 68 68 56 70 56 67 64.03
Zn (ppm) 163 146 109 113 147 130 134.49
Notes:

NA - Not Applicable
ND - Not Detected
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B.1.8. CHEMICAL COMPOSITION OF CEMENT
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TableB.1.14: CPR - Chemical Composition of Cement for 4/18/06 and 4/19/06

Property (wt. %) 4/18/2006 4/19/2006
7.12AM [ 1025 AM | 1:17PM | 3:11PM | 421PM [11:31AM ]| 1:24PM | 4:18PM | 7:02PM [ 10:00 PM

AlLO, 4.64 4.68 4.92 4.93 4.96 5.17 5.16 5.16 5.08 4.98
Cao 64.03 63.81 63.11 63.13 63.15 62.93 62.9 63.2 63.h7 63|52
Fe,0, 2.88 2.97 3.17 3.2 3.24 3.26 3.25 3.3 3.09 3.0
K,O 0.52 0.52 0.51 0.51 0.51 0.52 0.51 0.51 0.52 0.5B
MgO 3.16 3.01 2.89 2.88 2.92 2.9 2.91 2.87 2.84 2.98
Na,O 0.11 0.1 0.09 0.09 0.1 0.09 0.09 0.09 0.1 0.1
Na,Ogq 0.45 0.44 0.43 0.43 0.44 0.43 0.43 0.43 0.44 0.4b
S0, 20.64 20.72 20.66 20.65 20.75 20.54 20.6 20.6 20.h7 20|68
SO, 2.55 2.72 3.06 2.71 2.65 2.62 2.76 2.57 2.41 2.5
F CaO 0.98 0.98 0.59 NC 0.54 0.69 0.98 1.17 1.09 0.9§
LOI 0.99 1.03 1.03 NC 0.79 0.94 1.23 0.97 0.63 0.89
C.A 7.4 7.4 7.7 7.7 7.7 8.2 8.2 8.1 8.2 7.9
C.,AF 8.8 9 9.6 9.7 9.9 9.9 9.9 10 9.4 9.3
C.S 61.2 58.8 53.6 54.6 53.9 52.9 52.3 53.6 57.2 56.8
C,S 13 15 18.8 18 18.9 19.1 19.7 18.9 15.5 16.9
Blaine SSA (m?/kg) 387 387 400 402 372 391 379 370 366 368

Notes:

NC - Not Collected



TableB.1.15. CPR - Chemical Composition of Cement for 4/20/06 and 4/21/06

Normalit
Property WL.%) 5 AM [ 352AM | 527 AM | 704 AM 11(/):2%2206 1250PM | 400PM | 6:57PM | 9:53 PM 1:28AZ:\/A2]]2?1?SOAM Average | C.V. (%) P—Valuely
AlLO, 4.93 5 5.08 5.02 5.02 5.1 5.06 5.03 4.93 4.8 4.93 408 287 0.065
Ca0 63.65 63.55 63.6 63.29 63.4 63.31 63.46 63.48 64.03 63[76  9763] 63.49 05 | 0843
Fe,0, 3.09 3.05 3.16 3.06 3.11 3.07 3.04 3.07 3.0 3.0 3.09 31h 3.2 0.056
K,0 0.52 053 0.52 0.52 0.52 0.51 055 0.53 0.5 0.58 05 052 1.9° | <0.005
MgO 2.87 2.86 2.88 2.81 2.8 2.82 2.79 2.85 2.8] 2.4 2.8 288 292 | <0.005
Na,0 0.09 0.09 0.09 0.1 0.1 0.09 0.08 0.09 0.08 0.1 0.0 oop 7.8% | <0.005
Na,0, 043 0.44 0.43 0.44 0.44 0.43 0.44 0.44 0.43 0.4k 0.44 0ds 162 | <0005
SO, 206 205 20.58 20.41 20.49 20.54 20.54 20.53 20} 20B9 4200 2057 05 0.646
SO, 2.45 2.42 2.41 271 275 273 272 2.4 2.6 271 2.44 26p 6.27 0.075
F CaO 113 0.98 NC 0.98 0.59 0.64 113 1.03 1.08 1.08 1.27 ool 2332 | <0.005
Lol 1.05 112 NC 0.96 0.9 102 11 116 1.39 13 1.05 104 1714 0859
CA 78 8.1 8.1 8.1 8 83 83 8.1 7.9 78 78 7.94 34 0118
C.AF 9.4 9.3 9.6 9.3 95 9.3 9.3 9.3 93 9.3 9.4 9.45 3.27 0.016
C.S 58 58 57 56.7 56.4 54.9 56.1 59 60.5 591 60.6 56.75 47 0.738
C,S 153 15 16 157 162 176 165 144 124 134 124 16.15 135 0.380
g Blaine SSA (m?/kg) 368 370 NC 373 366 368 372 379 372 370 381 377.05 2.9° <0.005
00 Notes:

'Based on Anderson-Darling Normality Test

’Data not normally distributed
NC - Not Collected




TableB.1.16:

ELR - Chemical Composition of Cement

Property 4/18/2006 | 4/19/2006 | 4/20/2006| Aver age
Al,O4 (Wt. %) 5.12 5.04 4.99 5.05
CaO (wt. %) 63.64 64.02 64.34 64.00
Fe,03 (wt. %) 3.26 3.21 3.13 3.20
K,O (wt. %) 0.45 0.53 0.49 0.49
MgO (wt. %) 2.92 2.88 2.87 2.89
Na,O (wt. %) 0.05 0.00 0.00 0.02
P,Os (Wt. %) 0.08 0.08 0.08 0.08
SiO, (wt. %) 20.56 20.62 20.42 20.53
SO; (wt. %) 2.96 2.65 2.73 2.78
TiO, (wt. %) 0.27 0.27 0.26 0.27
Moisture (wt. %) 0.23 0.28 0.35 0.29
LOI (wt. %) 0.68 0.71 0.69 0.69
C3S (wt. %) - - - 58.07
C,S (wt. %) -- -- -- 15.06
C-A (wt. %) -- -- - 7.96
C,AF (wt. %) -- -- -- 9.74
TOC (wt. %) <0.1 <0.1 <0.1 NA
As (ppm) 9 6 9 8.00
Ba (ppm) 324 316 323 321.10
Cd (ppm) ND ND ND NA
Cl (ppm) 59 76 105 80.00
Co (ppm) ND 13 16 14.50
Cr (ppm) 85 81 81 82.36
Cu (ppm) 56 75 61 64.02
Hg (ppm) 0.01 0.01 0.02 0.01
Mn (ppm) 982 955 938 958.30
Mo (ppm) ND 9 ND 9.00
Ni (ppm) ND ND ND NA
Pb (ppm) 28 29 43 33.34
Sb (ppm) 35 59 59 51.01
Se (ppm) 1 2 1 1.33
Sr (ppm) 418 401 410 409.79
V (ppm) 73 61 52 62.02
Zn (ppm) 131 125 122 126.04
Notes:

NA - Not Applicable
ND - Not Detected
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B.1.9. PHYSICAL PROPERTIESOF CEMENT
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TableB.1.17: CPR - Physical Properties of Cement

Property 4/18/2006 | 4/19/2006 | 4/20/2006 | Average
Air in Mortar (%) 6.5 6.4 7.3 6.73
Blaine Specific Surface Area (m?/kg) 368.0 361.0 368.0 365.67
Autoclave Expansion (% Exp.) 0.1 0.1 0.1 0.06
CubeFlow (%) 124.0 127.0 126.0 125.61
Comp Str 1day (MPa) 13.5 15.6 16.9 15.33
Comp Str 3day (MPa) 22.3 24.3 26.2 24.27
Comp Str 7day (M Pa) 31.7 30.7 33.4 31.93
Comp Str 28day (M Pa) 45.8 41.6 40.7 42.70
Normal Consistency (%) 25.7 25.8 25.2 25.57
Gillmore Initial Set (Min) 120.0 105.0 90.0 105.0(
Gillmore Final Set (Min) 270.0 315.0 240.0 275.0(
Vicat Initial Set (Min) 95.0 79.0 65.0 79.67
Vicat Final Set (Min) 198.0 179.0 163.0 180.0¢

Notes:
% Exp. - % Expansion



TableB.1.18: AUR - Physical Properties of Cement

Property Composite
Autoclave Expansion (% Exp.) 0.05
Cube Flow (%) 91.4
Comp Str 1day (M Pa) 9.3
Comp Str 3day (M Pa) 17.2
Comp Str 7day (M Pa) 25.8
Comp Str 28day (M Pa) 35.1
Normal Consistency (%) 25.4
Gillmore Initial Set (Min) 150
Gillmore Final Set (Min) 238
Vicat Initial Set (Min) 106
Vicat Final Set (Min) 236
Drying Shrinkage @ 7 days (% LC) -0.042
Drying Shrinkage @ 14 days (% LC) -0.068
Drying Shrinkage @ 21 days (% LC) -0.079
Drying Shrinkage @ 28 days (% LC) -0.087

Notes:
% LC - Percent Length Change
% Exp. - Percent Expansion
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B.1.10. PROPERTIESOF CONCRETE

TableB.1.19: Concrete Properties

Property - AUR - - CPR
Mix w/c=0.44 Mix w/c=0.37 Mix w/c=0.44
Total Air Content (%) 4.0 6 3.6
Slump (mm) 100 150 30
Unit Weight (kg/m®) 2393.7 2373.9 2449.8
Setting Time (Min.)
Initial Set 211 318 218
Final Set 298 405 322
Compressive Strength (MPa)
1 day 12.3 20.8 15.8
3 days 22.7 31.9 23.3
7 days 25.2 37.7 33.3
28 days 35.0 44.3 43.3
91 days 41.6 51.5 48.2
Splitting Tensile Strength (MPa)
1 day 1.7 25 NC
3 days 2.4 3.3 NC
7 days 2.6 3.7 NC
28 days 3.2 4.1 NC
91 days 3.7 4.3 NC
Drying Shrinkage Development
(% Length Change)
7 days -0.018 -0.019 NC
28 days -0.029 -0.037 NC
448 days CIP CIP NC
Rapid Chloride lon Penetration Test
Electrical Conductance (Coulombs)
91 days 2651 2650 2528
365 days CIP CIP CIP

Notes:
CIP - Collection in Progress
NC - Not Collected
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B.1.11. EMISSIONS

TableB.1.20: CPR - Emissions

Time NO, SO, VOC CO
(tons/ton clinker) | (tons/ton clinker) | (tons/ton clinker) | (tons/ton clinker)
4/18/2006 7:00 9.45E-04 4.38E-06 4.47E-05 9.28E-04
4/18/2006 8:00 8.07E-04 5.05E-06 5.50E-05 1.10E-03
4/18/2006 9:00 7.84E-04 8.88E-07 4.50E-05 9.76E-04
4/18/2006 10:00 8.16E-04 1.88E-07 5.09E-05 8.54E-04
4/18/2006 11:00 7.97E-04 1.31E-07 5.03E-05 8.59E-04
4/18/2006 12:00 8.04E-04 7.85E-08 4.21E-05 8.35E-04
4/18/2006 13:00 8.25E-04 1.36E-07 3.96E-05 8.17E-04
4/18/2006 14:00 8.43E-04 9.76E-08 3.65E-05 7.85E-04
4/18/2006 15:00 8.74E-04 2.57E-08 3.37E-05 8.45E-04
4/18/2006 16:00 8.26E-04 2.05E-08 3.07E-05 8.09E-04
4/18/2006 17:00 9.19E-04 1.08E-07 2.75E-05 7.84E-04
4/18/2006 18:00 9.27E-04 1.18E-07 2.51E-05 8.22E-04
4/18/2006 19:00 8.49E-04 4.63E-08 2.10E-05 8.54E-04
4/18/2006 20:00 8.45E-04 2.58E-08 2.04E-05 8.05E-04
4/18/2006 21:00 8.90E-04 1.64E-07 2.74E-05 7.66E-04
4/18/2006 22:00 8.61E-04 1.08E-07 3.46E-05 8.10E-04
4/18/2006 23:00 8.30E-04 6.69E-08 2.18E-05 7.21E-04
4/19/2006 0:00 8.09E-04 1.79E-07 1.15E-05 7.14E-04
4/19/2006 1:00 8.27E-04 1.80E-07 1.11E-05 7.51E-04
4/19/2006 2:00 8.17E-04 1.23E-07 9.59E-06 7.60E-04
4/19/2006 3:00 8.15E-04 9.82E-08 9.42E-06 7.49E-04
4/19/2006 4:00 7.71E-04 9.74E-08 1.03E-05 7.82E-04
4/19/2006 5:00 8.04E-04 1.70E-07 1.56E-05 8.29E-04
4/19/2006 6:00 8.52E-04 2.11E-07 9.91E-06 7.53E-04
4/19/2006 7:00 7.93E-04 2.21E-07 6.12E-06 7.17E-04
4/19/2006 8:00 7.48E-04 8.24E-08 3.09E-06 7.08E-04
4/19/2006 9:00 7.75E-04 5.65E-08 5.01E-06 7.07E-04
4/19/2006 10:00 8.37E-04 2.82E-06 2.24E-05 6.94E-04
4/19/2006 11:00 7.87E-04 1.30E-07 2.85E-05 7.11E-04
4/19/2006 12:00 7.97E-04 1.23E-07 3.96E-05 7.60E-04
4/19/2006 13:00 8.42E-04 1.42E-07 3.85E-05 7.87E-04
4/19/2006 14:00 8.08E-04 3.53E-08 3.61E-05 7.94E-04
4/19/2006 15:00 7.64E-04 1.16E-08 3.60E-05 7.43E-04
4/19/2006 16:00 7.83E-04 1.34E-07 3.53E-05 7.27E-04
4/19/2006 17:00 7.93E-04 1.18E-07 3.22E-05 7.42E-04
4/19/2006 18:00 8.23E-04 1.24E-07 3.46E-05 7.52E-04
4/19/2006 19:00 7.41E-04 8.24E-08 2.47E-05 7.69E-04
4/19/2006 20:00 7.40E-04 1.34E-07 1.52E-05 8.08E-04
4/19/2006 21:00 8.85E-04 2.18E-06 1.37E-05 7.32E-04
4/19/2006 22:00 8.17E-04 3.63E-07 1.36E-05 7.23E-04
4/19/2006 23:00 7.93E-04 5.41E-07 1.04E-05 7.84E-04
4/20/2006 0:00 7.64E-04 1.09E-06 9.02E-06 7.18E-04
4/20/2006 1:00 9.12E-04 2.28E-07 1.57E-05 7.06E-04
4/20/2006 2:00 9.54E-04 3.74E-07 1.44E-05 7.38E-04
4/20/2006 3:00 8.92E-04 2.35E-07 1.26E-05 6.80E-04
4/20/2006 4:00 9.21E-04 3.86E-07 1.43E-05 6.89E-04
4/20/2006 5:00 7.90E-04 1.83E-07 1.07E-05 7.27E-04
4/20/2006 6:00 8.04E-04 9.03E-08 1.74E-05 7.20E-04
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TableB.1.21: CPR - Emission (Continued)

Time NO, S0, VOC co
(tons/ton clinker) | (tons/ton clinker) | (tons/ton clinker) | (tons/ton clinker)
4/20/2006 7:00 9.55E-04 2.34E-07 2.40E-05 6.88E-04
4/20/2006 8:00 NC NC 3.48E-05 7.60E-04
4/20/2006 9:00 NC NC 3.93E-05 7.58E-04
4/20/2006 10:00 NC NC 3.87E-05 7.11E-04
4/20/2006 11:00 8.10E-04 NC 4.84E-05 9.65E-04
4/20/2006 12:00 8.40E-04 1.14E-08 2.99E-05 9.15E-04
4/20/2006 13:00 8.44E-04 2.10E-07 4.37E-05 8.30E-04
4/20/2006 14:00 8.81E-04 1.66E-07 4.07E-05 8.42E-04
4/20/2006 15:00 8.85E-04 1.48E-07 1.69E-05 8.40E-04
4/20/2006 16:00 7.68E-04 6.14E-08 1.39E-06 8.86E-04
4/20/2006 17:00 7.64E-04 4.29E-08 NC 8.80E-04
4/20/2006 18:00 8.35E-04 1.84E-07 2.66E-06 8.86E-04
4/20/2006 19:00 8.42E-04 1.96E-07 3.57E-06 7.99E-04
4/20/2006 20:00 7.86E-04 3.59E-07 3.46E-06 7.34E-04
4/20/2006 21:00 6.23E-04 4.59E-07 NC 6.75E-04
4/20/2006 22:00 6.54E-04 2.10E-07 NC 5.96E-04
4/20/2006 23:00 8.01E-04 1.99E-07 2.82E-06 6.28E-04
4/21/2006 0:00 6.70E-04 7.38E-08 NC 6.62E-04
4/21/2006 1:00 7.76E-04 2.28E-07 5.32E-06 6.91E-04
4/21/2006 2:00 6.70E-04 9.68E-08 NC 6.87E-04
4/21/2006 3:00 6.85E-04 3.80E-07 NC 6.78E-04
4/21/2006 4:00 8.83E-04 4.79E-07 5.78E-06 6.95E-04
4/21/2006 5:00 9.00E-04 3.57E-07 5.57E-06 7.05E-04
4/21/2006 6:00 8.69E-04 5.20E-07 5.32E-06 7.53E-04
Average 8.18E-04 4.00E-07 2.31E-05 7.72E-04
C. V. (%) 8.3 218.9 64.5 11.0
Normality P-Value* 0.064 <0.006 <0.005 0.007

Notes:

* Based on Anderson Darling Normality Test

NC - Not Collected
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Appendix B.2

Raw Data for Coal Plus Tires Burn Period

B.2.1. GENERAL COMMENTS

e The raw data from the Coal plus Tires Burn Period are presented in this appendix.

e The burn period lasted from 7 AM on July 11, 2006 to 7 AM on July 14, 2006.
B.2.2. NOTATION

CPR - Cement Plant Results
ELR — External Lab Results
AUR - Auburn University Results

C. V. — Coefficient of Variation
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B.2.3. CHEMICAL COMPOSITION OF RAW MATERIALS

Table B.2.1: CPR - Chemical Composition of Raw Materials

Property (wt. %)| Raw Material One | Raw Material Two | Raw Material Three | Raw Material Four | Raw Material Five | Raw Material Six
Al, O, 22.80 0.30 3.16 6.28 0.76 1.87
CaO 4.38 54.10 40.94 35.10 2.16 29.10
Fe,O4 9.27 0.17 1.43 25.00 1.45 0.00
K,O 2.08 0.01 0.17 0.00 0.16 0.19
MgO 1.09 0.95 3.48 10.40 0.19 1.40
Na,O 0.40 NR 0.07 NR NR 0.00
SiO, 44.90 0.85 14.35 16.50 92.20 8.14
SO, 1.21 1.05 0.14 0.60 1.12 41.67

N Moisture 19.81 1.80 NC 4.46 4.30 8.70

o |LOI 11.63 42.47 NC 1.84 1.56 17.63

Notes:

NC - Not Collected
NR - Not Reported




L1C

Table B.2.2: ELR - Chemical Composition of Raw Materials

Property Raw Material One [ Raw Material Two | Raw Material Three | Raw Material Four | Raw Material Five [ Raw Material Six
Al,O5 (wt. %) 24.07 0.07 5.32 3.90 1.92 0.76
CaO (wt. %) 2.74 54.92 36.02 31.68 0.37 30.90
Fe,0; (wt. %) 10.97 0.15 2.75 40.25 1.17 0.25
K,O (wt. %) 2.25 0.06 0.40 0.03 0.25 0.16
MgO (wt. %) 1.07 0.82 1.18 11.95 0.19 0.62
Na,O (wt. %) 0.55 0.03 0.08 0.03 0.07 0.06
P,Os (wt. %) 0.56 0.00 0.06 0.61 0.03 0.01
SiO, (wt. %) 43.09 0.49 22.11 12.37 94.77 4.58
SO; (wt. %) 0.15 0.15 0.25 0.20 0.01 41.90
TiO, (wt. %) 1.10 0.00 1.04 0.26 0.28 0.02
Moisture (wt. %) 23.67 0.02 0.34 0.31 4.20 0.80
LOI (wt. %) 13.44 43.32 30.78 ND 0.93 20.74
As (ppm) 137 ND 18 ND 7 ND
Ba (ppm) 1510 88 293 ND ND ND
Cd (ppm) ND ND ND 3 ND ND
Cl (ppm) 125 265 158 238 59 105
Co (ppm) 45 ND ND ND ND ND
Cr (ppm) 135 ND 40 2672 ND ND
Cu (ppm) 200 ND ND 22 30 ND
Hg (ppm) 0.01 0.03 0.03 0.05 0.01 0.09
Mn (ppm) 302 18 96 19571 78 82
Mo (ppm) ND ND ND 72 ND ND
Ni (ppm) 114 ND 21 11 22 9
Pb (ppm) 67 12 47 13 8 21
Sb (ppm) ND 80 30 36 ND ND
Se (ppm) 3 ND ND 2 1 ND
Sr (ppm) 1373 225 259 169 122 566
V (ppm) 271 ND 103 687 ND ND
Zn (ppm) 150 24 90 134 13 ND
Notes:

ND - Not Detected




B.2.4. CHEMICAL COMPOSITION OF KILN FEED

Table B.2.3: CPR - Chemical Composition of Kiln Feed

Property (wt. %) 7/11/2006 7/12/2006 7/13/2006 711412006 5 erace [ v, (%) Normalitly
8:30 AM| 2:11PM | 8:36 PM | 2:31 AM[8:27 AM[2:38 PM| 8:31 PM | 2:34 AM[8:09 AM] 2:52 PM | 8:09 PM| 2:13 AM P-Value
AlLO, 3.29 3.17 3.09 3.29 3.18 3.27 3.27 3.2 3.27 33 3.34 3.09 3.23 26° 0.092
Ca0 432 43.34 4281 | 4333 | 4243 | 427 | 43.44 | 4342 | 4294 | 4334 | 42.74 42.9 43.05 0.8 0.166
Fe,O5 1.9 1.94 1.98 1.99 2.04 2.07 1.97 2 2.06 2.03 2.11 2.1 2.02 3.2 0.965
K,O 0.28 0.27 0.28 0.28 0.28 0.31 0.31 03 0.31 0.31 0.31 0.3 0.30 532 <0.005
MgO 2.77 2.77 2.54 2.71 2.61 2.31 2.34 2.4 2.43 2.43 2.4 2.42 2.51 6.6 0.064
Na,O 0.11 0.1 0.13 0.1 0.14 0.12 0.09 0.1 0.1 0.09 0.09 0.07 0.10 18.6 0.238
Na,O,, 0.29 0.28 0.31 0.28 0.32 0.32 0.29 03 03 0.29 0.29 0.27 0.30 5.3 0.336
Sio, 14.47 14.24 1378 | 1437 | 1435 | 1418 | 1445 | 1439 | 1454 | 1452 | 1473 | 1457 14.38 17 0.181
SO, 0.28 0.29 0.23 0.35 0.29 0.31 03 0.24 0.27 0.31 0.31 0.34 0.29 12.1 0.611
LOI 34.71 35.26 3588 | 3422 | 3522 | 3481 | 353 | 3522 | 34.78 | 3541 | 3507 | 3507 35.05 12 0.249

Notes:
NC - Not Collected ! Based on Anderson-Darling Normality Test

N
o\ol NA - Not Applicable 2 Data not normally distributed



Table 4: ELR - Chemical Composition of Kiln Feed

Property 3-Day Composite
Al,O5 (wt. %0) 2.75
CaO (wt. %) 40.23
Fe,O; (Wt. %) 1.92
K,0 (wt. %) 0.29
MgO (wt. %) 2.08
Na,O (wt. %) 0.03
P,Os5 (wt. %0) 0.04
SiO, (wt. %0) 17.00
SO; (wt. %0) 0.24
TiO, (wt. %) 0.21
Moisture (wt. %) 0.19
LOI (wt. %) 35.19
As (ppm) 13
Ba (ppm) 257
Cd (ppm) ND
Cl (ppm) 76
Co (ppm) 21
Cr (ppm) 60
Cu (ppm) ND
Hg (ppm) 0.10
Mn (ppm) 317
Mo (ppm) ND
Ni (ppm) 15
Pb (ppm) 9
Sb (ppm) 88
Se (ppm) ND
Sr (ppm) 229
V (ppm) 48
Zn (ppm) 106
Notes:

ND - Not Detected
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B.2.5. CHEMICAL COMPOSITION OF FUELS

Table B.2.5: CPR - Chemical Composition of Coal

Test Parameter | Value (wt. %0)
% @ Ash 17.82
§ ? Fixed Carbon 52.05
g < Volatile Matter 30.13
Carbon 71.17
% 2 Hydrogen 4.34
£ 2 [Nitrogen 1.45
=) é Oxygen 3.69
Sulfur 1.53
Al,O, 23.45
5 CaO 12.74
% Fe,0, 6.24
E K,0 2.16
'c-% MgO 1.49
'c% N_aZO 0.31
b SiO, 46.21
SO, 7.41
Heat Value * 12506

Notes:

! Value is Reported as BTU/Ib
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Table B.2.6: ELR - Proximate, Ultimate, and Combustion Analysis of Coal

Test Parameter | Value (wt. %0)
£ @ Ash 16.74
'§ ? Fixed Carbon 54.81
c < |volatile Matter | 28.45
Carbon 73.09
% ﬁ Hydrogen 4.66
g T Nitrogen 1.22
=) é Oxygen 3.14
Sulfur 1.15
Heat Value * 12624

Notes:
' Value is Reported as BTU/Ib
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Table B.2.7: ELR - Standard Parameters of Coal

Property 3-Day Composite
Al,O5 (wt. %) 25.54
CaO (wt. %) 7.97
Fe,O5 (wt. %) 7.35
K,0 (wt. %) 2.67
MgO (wt. %) 1.34
Na,O (wt. %) 0.43
P,Os5 (wt. %0) 0.20
SiO, (wt. %) 46.01
SO, (wt. %0) 7.33
TiO, (wt. %) 1.15
As (ppm) 80
Ba (ppm) 1083
Cd (ppm) ND
Cl (ppm) 182
Co (ppm) 30
Cr (ppm) 127
Cu (ppm) 116
Hg (ppm) ND
Mn (ppm) 355
Mo (ppm) 9
Ni (ppm) 100
Pb (ppm) 48
Sb (ppm) ND
Se (ppm) 8
Sr (ppm) 591
V (ppm) 225
Zn (ppm) 133
Notes:

ND - Not Detected
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Table B.2.8: ELR - Proximate, Ultimate, and Combustion Analysis of Tires

Test Parameter | Value (wt. %)
L, Ash 13.72
£ 2 [Fixed Carbon 24.6
S ;:cd Moisture * 0.14
o Volatile Matter 61.68
Carbon 72.34
2 é Hydrogen 7.05
E § Nitrogen 0.36
D<K Oxygen 4.98
Sulfur 1.54
Heat Value ? 14467

Notes:
! As Received
2 Value is Reported as BTU/Ib
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Table B.2.9: ELR - Standard Parameters for Tires

Property 3-Day Composite
Al,O5 (wt. %) 1.18
CaO (wt. %) 2.36
Fe,O; (wWt. %) 68.64
K70 (wt. %) 0.33
MgO (wt. %) 0.35
Na,O (wt. %) 0.31
P,O5 (wt. %0) 0.21
SiO, (wt. %0) 16.87
SO; (wt. %0) 2.64
TiO, (wt. %) 0.20
As (ppm) NR
Ba (ppm) 300
Cd (ppm) 6
Cl (ppm) 405
Co (ppm) 616
Cr (ppm) 118
Cu (ppm) 1398
Hg (ppm) 0.4
Mn (ppm) 4100
Mo (ppm) 28
Ni (ppm) 367
Pb (ppm) 11
Sb (ppm) NR
Se (ppm) <1
Sr (ppm) 200
V (ppm) 37
Zn (ppm) 54000
Notes:

ND - Not Detected
NR - Not Reported
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B.2.6. CHEMICAL COMPOSITION OF CEMENT KILN DUST (CKD)

G8¢

Table 10: CPR - Chemical Composition of Cement Kiln Dust (CKD)

Property (wt. %) 7/11/2006 7/12/2006 7/13/2006 7/14/2006 Average
7:15 AM 5:26 AM 8:28 AM 1:28 AM | 2:53 PM | 11:04 PM| 6:51 AM
Al,O, 4.05 4.03 3.83 3.93 4.18 3.99 3.97 4.00
CaO 43.92 45.13 47.91 44.65 43.33 43.86 44.03 44.69
Fe,O, 2.04 1.99 1.81 2.02 2.12 2.07 2.05 2.01
K,0O 0.38 0.45 0.5 0.4 0.42 0.4 0.39 0.42
MgO 1.66 1.97 2.18 1.36 1.51 1.4 1.5 1.65
Na,O 0.08 0.1 0.1 0.07 0.08 0.09 0.08 0.09
SiO, 12.54 12.23 10.37 11.96 12.55 12.32 12.35 12.05
SO, 0.45 1.57 3.14 0.3 0.64 0.24 0.31 0.95




Table 11: ELR - Chemical Composition of Cement Kiln Dust

Property 7/11/2006 7/12/2006 7/13/2006 Average
7:15 AM | 5:26 AM | 8:28 AM | 1:28 AM | 2:53 PM | 11:04 PM

Al,O5 (wt. %) 4.08 3.63 3.65 3.53 3.79 3.62 3.72
CaO (wt. %) 43.41 45.38 57.84 44.60 45.03 44.41 46.78
Fe,O; (wt. %0) 2.04 2.09 211 2.03 2.21 211 2.10
K,0 (wt. %) 0.38 1.21 0.60 0.39 0.43 0.40 0.57
MgO (wt. %) 1.61 1.47 2.27 1.26 1.35 1.23 1.53
Na,O (wt. %) 0.06 0.00 0.00 0.06 0.00 0.00 0.02
P,Os5 (wt. %) 0.06 0.04 0.03 0.05 0.06 0.05 0.05
SiO, (wt. %) 12.13 10.85 9.16 11.21 11.61 11.52 11.08
SO; (wt. %0) 0.28 1.55 443 0.29 0.72 0.28 1.26
TiO, (wt. %) 0.24 0.21 0.17 0.24 0.22 0.22 0.22
Moisture (wt. %) 0.23 0.23 0.04 0.28 0.25 0.29 0.22
LOI (wt. %) 35.71 32.90 19.70 36.34 34.53 36.10 32.55
As (ppm) 7 18 25 16 22 20 18
Ba (ppm) 443 294 246 295 278 298 309
Cd (ppm) ND ND ND ND ND ND NA
Cl (ppm) 23 24 42 114 43 111 60
Co (ppm) 18 13 ND 20 13 19 17
Cr (ppm) 44 36 63 42 43 42 45
Cu (ppm) 14 ND 18 14 13 ND 15
Hg (ppm) <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01
Mn (ppm) 222 188 125 153 160 162 168
Mo (ppm) ND ND ND ND ND ND NA
Ni (ppm) 15 17 17 14 15 11 15
Pb (ppm) 19 22 ND 25 15 11 18
Sb (ppm) 30 73 76 45 74 50 58
Se (ppm) ND 2 4 ND 2 2 2
Sr (ppm) 310 281 341 276 283 270 293
V (ppm) 58 48 43 52 44 54 50
Zn (ppm) 110 93 61 108 120 114 101
Notes:

NA - Not Applicable
ND - Not Detected
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B.2.7. CHEMICAL COMPOSITION OF CLINKER

18¢

Table B.2.12: CPR - Chemical Composition of Clinker for 7/11/06 and 7/12/06

Property (wt. %) 771172006 771212006

8:30 AM]9:51 AM] 11:50 AM [ 2:11 PM| 4:00 PM] 5:56 PM [ 8:25 PM] 10:26 PM | 12:09 AM | 2:30 AM ] 4:32 AM] 6:05 AM| 8:27 AM] 10:27 AM | L1:41 AM] 2:12 PM | 3:48 PM| 6:00 PM | 8:31 PM
ALO, 522 | 512 5.14 491 | 497 | 506 | 506 | 500 5.20 506 | 495 | 495 | 506 4.88 4.98 508 | 528 | 528 | 513
Ca0 6443 | 6444 | 6429 | 6453 | 6453 | 64.35 | 6433 | 6455 | 6451 | 6456 | 6438 | 6453 | 6439 | 6426 | 6439 | 6463 | 6457 | 6458 | 6471
Fe,0, 315 | 3.8 3.08 316 | 300 | 311 | 319 | 323 3.20 327 | 328 | 337 | 338 3.45 353 337 | 343 | 33L | 316
K,0 048 | 046 | 050 047 | 047 | 047 | 045 | 046 0.52 048 | 050 | 046 | 047 051 0.48 047 | 050 | 051 | 049
MgO 350 | 366 3.75 383 | 362 | 370 | 35 | 369 361 375 | 377 | 373 | 360 371 3.75 345 | 327 | 322 | 322
Na,0 011 | ol1 0.10 010 | 010 | 012 | 012 | o010 0.11 011 | o1l | o010 | o1o 0.11 0.10 010 | 009 | 010 | o010
Na,0, 043 | 041 0.43 041 | 041 | 043 | 042 | o040 0.45 043 | 044 | 040 | o041 0.45 0.42 041 | 042 | 044 | o042
Sio, 2098 | 2108 | 2107 | 2103 | 2094 | 2092 | 20.74 | 2113 | 2106 | 2110 | 2105 | 2124 | 2114 | 2115 | 2128 | 2118 | 21.20 | 2115 | 2137
SO, 069 | 065 | 070 080 | 065 | 067 | 066 | 062 0.78 071 | 086 | 063 | 0.70 0.79 0.73 068 | 064 | 089 | 071
F CaO 109 | 076 1.04 093 | 093 | 142 | 174 | 174 1.74 164 | 180 | 065 | 060 1.04 0.87 147 | 104 | 114 | o082
CA 850 | 820 8.40 770 | 790 | 810 | 800 | 7.80 8.40 790 | 760 | 740 | 7.70 7.10 7.20 780 | 820 | 840 | 820
C.AF 960 | 9.70 9.40 960 | 940 | 950 | 970 | 980 9.70 | 1000 | 1000 | 1030 | 1030 | 1050 | 1070 | 1030 | 1040 | 1010 | 9.60
CS 63.27 | 6356 | 6266 | 6537 | 6575 | 6454 | 6571 | 6399 | 6305 | 6379 | 6417 | 6320 | 6264 | 6315 | 6190 | 6319 | 6137 | 6196 | 6204
CS 1242 | 1234 | 1314 | 1098 | 1043 | 1129 | 989 | 1231 | 1281 | 1237 | 11.94 | 1321 | 1335 | 1300 | 1431 | 1305 | 1448 | 1389 | 14.46

Table B.2.13: CPR - Chemical Composition of Clinker for 7/13/06 and 7/14/06
771312006 771412006 Normality

Property (Wt 90) (=50 T 2:34 AM | 4:08 AM | 5:44 AM | 5:00 AM | 10:18 AM ] 12:04 PM] 2:52 PM ] 4:06 PM | 554 PM | 8:00 PM | 10:08 PM | 12:21 AM[ 2:12 AM[ 400 AM]5:44 Am| ~Verade [ V- CO)) b \/pet
Al,0, 49 | 500 5.12 503 5.07 516 517 | 500 | 507 | 514 5.17 510 520 | 504 | 507 | 499 | 508 2.0 0.840
Ca0 6465 | 64.68 | 6450 | 6448 | 6451 | 6456 | 6458 | 6449 | 6454 | 6445 | 6447 | 6441 | 6435 | 6445 | 6436 | 6448 | 6448 | 02 0.908
Fe,0, 326 | 3.29 334 339 339 344 343 | 346 | 364 | 355 359 356 349 | 354 | 357 | 355 | 836 4.7 0.289
K,0 050 | 049 051 045 0.48 050 050 | 048 | 048 | 045 046 0.49 050 | 047 | 049 | 049 | 048 38 0.118
MgO 335 | 322 332 3.45 335 332 333 | 339 | 333 | 337 336 338 331 | 342 | 336 | 344 | 349 | 542 | <0005
Na,O 011 | 009 0.10 0.12 0.10 0.10 010 | 009 | 008 | 009 0.10 0.10 010 | 008 | 0il | 009 | o010 | 962 | <0005
Na,Oqg 044 | 04l 0.44 0.42 0.42 0.43 043 | 041 | 040 | 039 0.40 0.42 043 | 039 | 043 | 041 | o042 | 372 | 0069
Si0, 2127 | 2122 | 2132 | 2135 | 2130 | 2129 | 2132 | 2041 | 2131 | 2130 | 2151 | 2154 | 2140 | 2157 | 2146 | 2150 | 2122 | 09 0.869
SO, 060 | 061 0.64 0.54 0.66 0.72 067 | 06L | 065 | 057 0.58 0.73 055 | 059 | 064 | 061 | 067 | 121 | 0117
F Ca0 213 | os7 114 071 114 0.87 071 | 109 | 136 | o7l 0.93 0.60 055 | 060 | 071 | 060 | 106 | 3887 | <0005
CA 760 | 790 7.90 7,60 7.70 7.90 790 | 760 | 730 | 7.60 7.60 7,50 790 | 740 | 740 | 720 | 7.9 4.9 0416
C.AF 990 | 1000 | 1020 | 1030 | 1030 | 1050 | 1040 | 1050 | 1110 | 1080 | 1090 | 1080 | 1060 | 1080 | 1090 | 1080 | 1021 | 47 0.206
Cs 6356 | 6314 | 6138 | 6160 | 6183 | 6144 | 6l24 | 6068 | 6152 | 6089 | 5002 | 5916 | 5940 | 5952 | 50.75 | 6050 | 6220 | 28 0.544
C.S 1304 | 1320 | 1482 | 1474 | 1442 | 1460 | 1493 | 1561 | 1468 | 1513 | 1707 | 1713 | 1654 | 1694 | 1645 | 1600 | 1386 | 132 | 0602
Notes:

! Based on Anderson-Darling Normality Test
2 Data not normally distributed




Table B.2.14: ELR - Chemical Composition of Clinker

Property 4/18/2006| 4/19/2006| 4/20/2006|Average
Al,O5 (wt. %) 491 5.27 4.93 5.04
CaO (wt. %) 64.72 63.53 64.57 64.27
Fe,O; (wt. %) 3.15 3.35 3.29 3.26
K,0 (wt. %) 0.48 0.57 0.49 0.51
MgO (wt. %) 3.85 3.47 3.28 3.53
Na,O (wt. %) 0.00 0.09 0.06 0.05
P,O5 (wt. %) 0.06 0.07 0.08 0.07
SiO, (wt. %0) 21.36 22.20 22.07 21.88
SO, (wt. %) 0.67 0.82 0.62 0.71
TiO, (wt. %) 0.25 0.27 0.28 0.27
Moisture (wt. %) 0.04 0.01 0.04 0.03
LOI (wt. %) 0.47 0.36 0.33 0.39
As (ppm) 19 23 22 21
Ba (ppm) 186 200 224 203
Cd (ppm) ND ND 3 3
Cl (ppm) 286 863 124 424
Co (ppm) ND ND ND NA
Cr (ppm) 75 81 78 78
Cu (ppm) 19 29 29 26
Hg (ppm) 0.03 0.04 0.02 0.03
Mn (ppm) 619 513 450 527
Mo (ppm) ND ND ND NA
Ni (ppm) 15 23 16 18
Pb (ppm) 30 ND 38 34
Sb (ppm) 60 53 35 49
Se (ppm) ND ND 2 2
Sr (ppm) 389 403 398 397
V (ppm) 60 66 69 65
Zn (ppm) 168 190 204 187
Notes:

NA - Not Applicable
ND - Not Detected
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B.2.8. CHEMICAL COMPOSITION OF CEMENT

Table B.2.15: CPR - Chemical Composition of Cement for 7/11/06 and 7/12/06

Property (wt. %) 7/11/2006 7/12/2006
7:15AM [ 9:551 AM [ 1:17PM | 4:01PM [ 6:54 PM | 9:58 PM | 1:13AM [ 2:45 AM [ 4:25 AM [ 7:19 AM [ 10:27 AM [ 11:25 AM[ 1:11PM 3:47 PM 7:40 PM [ 10:15 PM
ALLO, 4.4 461 4.66 455 46 4.56 4.67 471 4.67 461 4.48 4.67 4.77 478 4.67 4.66
Cca0 62.86 62.81 61.92 62.56 61.72 62.62 62.77 62.91 63.16 62.48 63.01 62.53 62.46 62.64 62.43 62.99
Fe,0, 3 3 2.89 2.86 2.88 2.91 2.93 2.96 2.97 2.98 3.04 3.1 3.11 3.07 2.95 2.93
K,O 0.44 0.45 0.42 0.43 0.42 0.43 0.44 0.42 0.42 0.46 0.44 0.45 0.44 0.46 0.44 0.46
MgO 3.12 3.32 3.54 3.49 3.52 3.49 3.56 3.55 3.47 3.24 3.35 3.55 3.49 3.17 3.12 3.05
Na,0 0.11 0.1 0.17 0.13 0.14 0.12 0.13 0.12 0.11 0.11 0.11 0.13 0.12 0.12 0.13 0.11
N2,0¢q 0.4 0.4 0.45 0.41 0.42 0.4 0.42 0.4 0.39 0.41 0.4 0.43 0.41 0.42 0.42 0.41
SiO, 19.95 20.36 19.74 19.59 19.47 19.58 19.89 19.94 19.84 19.97 19.46 20.07 20.16 19.85 19.66 19.91
SO, 2.74 2.44 2.37 2.32 2.78 2.95 2.87 2.26 2.55 2.69 2.23 2.55 2.53 2.63 2.76 2.8
F CaO 1.14 1.2 1.04 0.93 0.93 1.31 1.36 NR 1.09 1.2 0.87 NR 0.93 1.2 1.25 1.04
LOI 1.41 1.48 1.1 1.2 0.92 1.09 1.12 NR 0.97 1.4 0.92 NR 1.4 0.98 1.14 1.31
C,A 6.6 7.1 75 7.2 7.3 7.2 74 75 7.4 7.2 6.7 7.1 74 75 7.4 7.4
C,AF 9.1 9.1 8.8 8.7 8.8 8.9 8.9 9 9 9.1 93 9.4 9.5 93 9 8.9
C,S 62.6 58.7 59.8 64.5 60.3 62.9 60.6 62.2 63.4 59.7 67.8 58.9 57.3 60.1 61.3 61.6
N [cs 10 14.1 11.4 7.5 103 8.7 113 10.2 9 12.2 4.6 13.1 145 115 10.1 10.6
% Blaine SSA (m’/kg) 379 391 391 389 402 398 389 NR 389 402 389 NR 377 381 381 388

Notes:
NR - Not Reported



06¢

Table B.2.16: CPR - Chemical Composition of Cement for 7/13/06 and 7/14/06

Property (wt. %) 7/13/2006 7/14/2006 Average C.V. | Normality
1:33 AM | 4:01 AM | 7:02 AM | 10:15 AM | 3:18 PM | 4:01 PM | 6:56 PM | 9:52 PM | 12:58 AM | 3:35 AM | 6:50 AM | 9:47 AM (%) | P-value!
Al,O, 47 461 4.65 4,62 473 4.64 4.87 4.83 4,74 4.69 471 4.62 4.66 2.1 0.331
Ca0 63.03 62.96 62.87 62.56 62.47 62.59 62.87 62.45 61.74 61.47 62.57 62.29 | 6256 | 072 0.008
Fe,O, 3 3 3.04 3.04 3.08 3.1 3.14 3.14 3.13 3.13 3.17 3.14 3.02 3.0 0.297
K,0 0.45 0.45 0.44 0.46 0.45 0.46 0.46 0.46 0.47 0.45 0.47 0.45 0.45 34° 0.023
MgO 3.1 3.08 3.12 3.08 3.16 3.09 3.24 3.22 3.18 3.17 3.17 3.13 3.28 55° <0.005
Na,O 0.12 0.12 0.11 0.12 0.12 0.1 0.11 0.12 0.1 0.11 0.11 0.11 012 | 120% | <0.005
N 0.42 0.42 0.4 0.42 0.42 0.4 0.41 0.42 0.41 0.41 0.42 0.41 0.41 29° <0.005
SiO, 20.06 19.93 20.06 19.76 20.19 19.95 20.44 20.4 20.17 20.22 20.43 20.08 | 19.97 1.4 0.810
SO, 2.5 2.53 2.7 2.84 2.62 2.81 2.49 2.64 2.72 2.72 2.71 3 2.63 7.5 0.751
F CaO 0.71 1.04 0.98 1.14 0.76 1.09 0.82 0.6 0.71 0.55 0.87 1.04 0.99 215 0.751
LOI 1.3 1.28 1.14 1.21 1.35 1.17 1.29 1.26 1.38 1.4 1.26 1.34 1.22 13.1 0.270
C,A 7.4 7.1 7.2 7.1 7.3 7.1 7.6 75 7.3 7.1 7.1 6.9 7.24 33° 0.030
C,AF 9.1 9.1 9.3 9.3 9.4 9.4 9.6 9.6 9.5 9.5 9.6 9.6 9.21 3.0 0.109
C,S 61.1 62.4 60.2 61 57.2 59.6 56.3 54.7 54 52.8 55.5 56.9 59.76 5.6 0.623
C,S 11.4 10.1 12.1 10.6 14.7 12.3 16.1 17.2 17.1 18.1 16.7 14.7 1215 | 262 0.281
Blaine SSA (m’/kg) 377 377 364 366 363 372 379 368 370 365 379 374 381 3.0 0.376
Notes:

! Based on Anderson-Darling Normality Test

2 Data not normally distributed




Table B.2.17: ELR - Chemical Composition of Cement

Property 7/11/2006 | 7/12/2006 | 7/13/2006 | Average
Al,O5 (wt. %) 4.85 4.76 4.85 4.82
CaO (wt. %) 62.88 63.34 62.95 63.06
Fe,O; (wt. %) 2.96 3.07 3.18 3.07
K,0 (wt. %) 0.47 0.47 0.49 0.48
MgO (wt. %) 3.61 3.32 3.22 3.39
Na,O (wt. %) 0.09 0.08 0.06 0.08
P,O5 (wt. %) 0.05 0.07 0.06 0.06
SiO, (wt. %0) 20.99 20.89 21.29 21.06
SO; (wt. %0) 2.96 2.82 2.94 2.91
TiO, (wt. %) 0.25 0.24 0.25 0.25
Moisture (wt. %) 0.39 0.47 0.58 0.48
LOI (wt. %) 0.89 0.94 0.71 0.85
C,S (wt. %) 51.21 54.70 48.97 51.63
C,S (wt. %) 21.55 18.63 24.10 21.42
C5A (wt. %0) 7.85 7.42 7.46 7.58
C,AF (wt. %) 8.99 9.34 9.68 9.34
TOC (wt. %) <0.1 <0.1 <0.1 <0.1
As (ppm) 19 17 19 18
Ba (ppm) 71 171 171 138
Cd (ppm) 3 ND ND 3
Cl (ppm) 1067 233 324 541
Co (ppm) ND ND ND NA
Cr (ppm) 82 80 76 80
Cu (ppm) 22 43 29 31
Hg (ppm) 0.02 0.02 0.02 0.02
Mn (ppm) 596 467 441 502
Mo (ppm) ND ND ND NA
Ni (ppm) 22 20 16 19
Pb (ppm) 7 44 61 37
Sb (ppm) 72 64 53 63
Se (ppm) 1 ND 2 2
Sr (ppm) 404 403 399 402
V (ppm) 39 57 62 53
Zn (ppm) 152 193 203 183
Notes:

NA - Not Applicable
ND - Not Detected
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B.2.9. PHYSICAL PROPERTIES OF CEMENT

Table B.2.18: CPR - Physical Properties of Cement

Property 7/11/2006 | 7/12/2006 | 7/13/2006 | Average
Air in Mortar (%) 5.1 5.8 6.5 5.8
Blaine Specific Surface Area (m°/kg) 385 391 368 381
Autoclave Expansion (% Exp.) 0.10 0.12 0.08 0.10
Cube Flow (%) 119.0 123.0 128.0 123.3
Comp Str 1day (MPa) 16.7 14.9 14.5 154
Comp Str 3day (MPa) 26.5 24.6 24.0 25.0
Comp Str 7day (MPa) 33.5 32.6 31.6 32.6
Comp Str 28day (MPa) 45.9 43.7 42.4 44.0
Normal Consistency (%) 25.7 25.8 25.7 25.7
Gillmore Initial Set (Min) 120 105 120 115
Gillmore Final Set (Min) 225 255 320 267
Vicat Initial Set (Min) 80 61 78 73
Vicat Final Set (Min) 210 240 255 235

Notes:
% EXp. - % Expansion

Table B.2.19: AUR - Physical Properties of Cement

Property Composite

Autoclave Expansion (% Exp.) 0.03
Cube Flow (%0) 98
Comp Str 1day (MPa) 11
Comp Str 3day (MPa) 23.1
Comp Str 7day (MPa) 29.8
Comp Str 28day (MPa) 39.5
Normal Consistency (%) 26.2
Gillmore Initial Set (Min) 72
Gillmore Final Set (Min) 145
Vicat Initial Set (Min) 69
Vicat Final Set (Min) 137
Drying Shrinkage @ 7 days (% LC) -0.051
Drying Shrinkage @ 14 days (% LC) -0.072
Drying Shrinkage @ 21 days (% LC) -0.083
Drying Shrinkage @ 28 days (% LC) -0.094

Notes:
% LC - Percent Length Change
% Exp. - Percent Expansion
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B.2.10. PROPERTIES OF CONCRETE

Table B.2.20: Concrete Properties

Property - AUR. - CPR
Mix w/c=0.44 | Mix w/c=0.37 | Mix w/c=0.44
Total Air Content (%) 4.25 4.00 3.20
Slump (mm) 90.0 160 30
Unit Weight (kg/m®) 2439 2427 2448.0
Setting Time (Min)
Initial Set 218 239 247
Final Set 273 290 NC
Compressive Strength (MPa)

1 day 13.9 25.9 15.1

3 days 20.7 36.1 21.9

7 days 284 40.0 32.9

28 days 37.1 49.7 42.3

91 days 41.4 59.1 49,6

Splitting Tensile Strength (MPa)

1 day 2.0 3.0 NC

3 days 2.3 3.7 NC

7 days 2.8 3.9 NC

28 days 3.3 4.3 NC

91 days 4.0 4.9 NC

Drying Shrinkage Development
(% Length Change)

7 days -0.028 -0.021 NC

28 days -0.035 -0.031 NC

448 days CIP CIP NC

Rapid Chloride lon Penetration Test
Electrical Conductance (Coulombs)

91 days 2930 2550 2660

365 days CIP CIP CIP

Notes:
CIP - Collection in Progress
NC - Not Collected

AUR - Auburn University Resul

CPR - Cement Plant Result
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B.2.11. EMISSIONS

Table B.2.21: CPR - Emissions

Time NO, SO, VOC (6{0)
(tons/ton clinker) (tons/ton clinker) (tons/ton clinker) (tons/ton clinker)
7/11/2006 7:00 1.45E-03 1.03E-05 2.35E-05 6.20E-04
7/11/2006 8:00 1.36E-03 8.88E-06 2.82E-05 5.83E-04
7/11/2006 9:00 1.32E-03 9.61E-06 3.72E-05 5.93E-04
7/11/2006 10:00 9.53E-04 8.59E-06 2.18E-05 3.67E-04
7/11/2006 11:00 8.24E-04 1.30E-05 1.21E-05 3.39E-04
7/11/2006 12:00 1.07E-03 8.63E-06 3.14E-05 4.71E-04
7/11/2006 13:00 1.22E-03 7.61E-06 3.31E-05 4.48E-04
7/11/2006 14:00 1.22E-03 9.65E-06 3.86E-05 4.71E-04
7/11/2006 15:00 1.29E-03 8.22E-06 3.93E-05 4.99E-04
7/11/2006 16:00 1.27E-03 9.87E-06 4.12E-05 4.99E-04
7/11/2006 17:00 1.33E-03 1.14E-05 4.12E-05 5.54E-04
7/11/2006 18:00 1.37E-03 1.02E-05 4.50E-05 5.62E-04
7/11/2006 19:00 1.42E-03 1.16E-05 4.43E-05 5.82E-04
7/11/2006 20:00 1.40E-03 9.13E-06 4.89E-05 5.46E-04
7/11/2006 21:00 1.27E-03 4.88E-06 5.86E-05 5.63E-04
7/11/2006 22:00 1.31E-03 7.59E-06 7.40E-05 5.44E-04
7/11/2006 23:00 1.37E-03 1.01E-05 7.55E-05 5.18E-04
7/12/2006 0:00 1.46E-03 1.27E-05 4.23E-05 5.29E-04
7/12/2006 1:00 1.30E-03 8.17E-06 3.49E-05 5.86E-04
7/12/2006 2:00 1.27E-03 1.37E-05 3.30E-05 6.33E-04
7/12/2006 3:00 1.23E-03 1.19E-05 3.00E-05 5.93E-04
7/12/2006 4:00 1.34E-03 1.39E-05 3.10E-05 6.00E-04
7/12/2006 5:00 1.33E-03 2.03E-05 2.22E-05 6.83E-04
7/12/2006 6:00 1.25E-03 1.26E-05 2.93E-05 6.98E-04
7/12/2006 7:00 1.33E-03 1.59E-05 2.05E-05 6.47E-04
7/12/2006 8:00 1.19E-03 1.75E-05 1.53E-05 5.99E-04
7/12/2006 9:00 1.19E-03 1.68E-05 1.64E-05 5.55E-04
7/12/2006 10:00 1.15E-03 1.90E-05 1.96E-05 5.11E-04
7/12/2006 11:00 1.19E-03 2.02E-05 2.34E-05 5.59E-04
7/12/2006 12:00 1.24E-03 1.07E-05 2.55E-05 5.71E-04
7/12/2006 13:00 1.10E-03 8.74E-06 3.22E-05 5.84E-04
7/12/2006 14:00 1.09E-03 5.53E-06 4.72E-05 5.97E-04
7/12/2006 15:00 1.12E-03 5.55E-06 4.32E-05 5.90E-04
7/12/2006 16:00 1.21E-03 4.89E-06 4.27E-05 5.69E-04
7/12/2006 17:00 1.17E-03 5.52E-06 4.15E-05 5.42E-04
7/12/2006 18:00 1.14E-03 5.73E-06 4.10E-05 5.53E-04
7/12/2006 19:00 1.13E-03 5.61E-06 3.90E-05 5.91E-04
7/12/2006 20:00 1.18E-03 5.22E-06 3.67E-05 5.73E-04
7/12/2006 21:00 1.18E-03 5.05E-06 3.57E-05 5.44E-04
7/12/2006 22:00 1.15E-03 6.43E-06 2.88E-05 4.73E-04
7/12/2006 23:00 1.15E-03 6.90E-06 2.83E-05 4.95E-04
7/13/2006 0:00 1.17E-03 7.77E-06 2.76E-05 5.78E-04
7/13/2006 1:00 1.20E-03 6.61E-06 2.65E-05 5.39E-04
7/13/2006 2:00 1.21E-03 6.57E-06 2.63E-05 5.47E-04
7/13/2006 3:00 1.20E-03 5.74E-06 2.62E-05 5.43E-04
7/13/2006 4:00 1.14E-03 6.52E-06 2.57E-05 5.74E-04
7/13/2006 5:00 1.22E-03 5.75E-06 2.43E-05 5.14E-04
7/13/2006 6:00 1.25E-03 1.00E-05 2.10E-05 4.75E-04
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Table B.2.22: CPR - Emissions

Time NO, SO, voc co
(tons/ton clinker) (tons/ton clinker) (tons/ton clinker) (tons/ton clinker)
7/13/2006 7:00 1.23E-03 5.89E-05 1.15E-05 5.63E-04
7/13/2006 8:00 1.08E-03 3.68E-06 2.67E-05 5.87E-04
7/13/2006 9:00 1.10E-03 3.40E-06 3.20E-05 5.18E-04
7/13/2006 10:00 1.19E-03 2.13E-05 3.35E-05 6.10E-04
7/13/2006 11:00 1.23E-03 1.14E-04 2.62E-05 6.37E-04
7/13/2006 12:00 1.15E-03 7.42E-05 3.57E-05 5.66E-04
7/13/2006 13:00 1.15E-03 3.13E-06 4.87E-05 5.60E-04
7/13/2006 14:00 1.20E-03 3.24E-06 4.91E-05 5.02E-04
7/13/2006 15:00 1.20E-03 3.59E-06 4.50E-05 5.09E-04
7/13/2006 16:00 1.12E-03 3.17E-06 4.64E-05 5.13E-04
7/13/2006 17:00 1.10E-03 2.75E-06 4.61E-05 5.12E-04
7/13/2006 18:00 1.10E-03 3.66E-06 4.52E-05 5.02E-04
7/13/2006 19:00 1.14E-03 3.61E-06 4.47E-05 4.81E-04
7/13/2006 20:00 1.13E-03 2.68E-06 4.69E-05 4.84E-04
7/13/2006 21:00 1.11E-03 3.34E-06 5.42E-05 4.66E-04
7/13/2006 22:00 1.12E-03 3.65E-06 3.08E-05 4.64E-04
7/13/2006 23:00 1.12E-03 3.82E-06 2.77E-05 4.91E-04
7/14/2006 0:00 1.15E-03 3.62E-06 2.98E-05 5.30E-04
7/14/2006 1:00 1.12E-03 3.86E-06 2.73E-05 4.83E-04
7/14/2006 2:00 1.21E-03 4.57E-06 2.64E-05 5.07E-04
7/14/2006 3:00 1.20E-03 4.90E-06 2.62E-05 4.79E-04
7/14/2006 4:00 1.21E-03 4.51E-06 2.47E-05 4.74E-04
7/14/2006 5:00 1.22E-03 4.58E-06 2.47E-05 4.61E-04
7/14/2006 6:00 1.21E-03 3.95E-06 2.51E-05 4.69E-04
Average 1.20E-03 1.12E-05 3.42E-05 5.39E-04
C. V. (%) 8.8 145.6 35.8 11.7
Normality P-Value* 0.017 <0.005 0.008 0.22

Notes:

! Based on Anderson Darling Normality Test
NC - Not Collected
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Appendix B.3

Raw Data for Coal, Tires, and Plastics Burn Period

B.3.1. GENERAL COMMENTS

* The raw data from the Coal, Tires, and Plastics\Brariod are presented in this

appendix.

* The burn period lasted from 7 AM on April 3, 20@7% AM April 6, 2007.
B.3.2. NOTATION

CPR — Cement Plant Results
ELR — External Lab Results
AUR — Auburn University Results

C. V. — Coefficient of Variation
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B.3.3. CHEMICAL COMPOSITION OF RAW MATERIALS

TableB.3.1: CPR - Chemical Composition of Raw Materials

NC - Not Collected
NR - Not Reported

Property (wt. %)| Raw Material One| Raw Material Two | Raw Material Three| Raw Material Four | Raw Material Five | Raw Material Six
Al,O4 23.22 0.39 2.98 7.60 1.14 2.62
CaO 4.27 52.85 41.59 38.10 1.66 32.57
Fe,0O,4 14.41 0.00 1.30 14.50 1.63 0.25
K,0O 2.15 0.07 0.26 0.05 0.28 0.25
MgO 2.21 0.97 3.29 12.90 0.19 3.15
Na,O 0.42 0.03 0.10 NR NR 0.20
SO, 43.03 2.04 13.77 24.60 95.90 13.56
SO, 0.13 0.10 0.15 0.41 0.21 34.95
Moisture 34.60 3.00 NR 6.50 3.40 10.40
B LOI 7.10 43.20 NR 0.10 0.40 11.40
~' Notes:




862

TableB.3.2: ELR - Chemical Composition of Raw Materials

Property Raw Material One | Raw Material Two | Raw Material Three| Raw Material Four | Raw Material Five| Raw Material Six
Al,O3 (wWt. %) 26.87 0.87 8.09 4.27 1.00 2.71
CaO (wt. %) 3.20 91.85 43.79 29.01 0.41 38.80
Fe,0; (wt. %) 12.35 0.47 3.56 34.03 0.59 0.50
K,0 (wt. %) 2.69 0.14 0.69 0.20 0.17 0.26
MgO (wt. %) 1.52 3.04 1.86 12.16 0.18 2.78
Na,O (wt. %) 0.60 0.47 0.11 0.13 0.04 0.16
P,05 (wt. %) 0.63 0.01 0.04 0.47 0.00 0.03
SiO, (wt. %) 50.21 2.86 41.12 15.27 97.37 13.21
SO; (wt. %) 0.09 0.20 0.12 0.30 0.00 41.23
TiO, (wt. %) 1.37 0.00 0.43 0.25 0.20 0.10
Moisture (wt. %) 22.26 2.93 6.51 6.01 2.29 4.06
LOI (wt. %) 11.99 42.91 27.56 ND 0.35 18.06
As (ppm) 299 6 23 4 4 <2
Ba (ppm) 2000 2000 3000 2000 2000 3000
Cd (ppm) ND ND ND ND ND ND
Cl (ppm) 25 29 34 100 13 30
Co (ppm) 64 12 15 4 5 7
Cr (ppm) 203 16 54 3249 9 32
Cu (ppm) 219 18 46 61 33 <10
Hg (ppm) ND ND ND ND ND ND
Mn (ppm) 1000 3000 12000 38700 2000 12000
Mo (ppm) 40 12 13 90 23 23
Ni (ppm) 122 14 16 75 <5 5
Pb (ppm) 195 4 27 21 9 23
Sb (ppm) ND ND ND ND ND ND
Se (ppm) ND ND ND ND ND ND
Sr (ppm) 1800 400 400 200 100 800
V (ppm) 325 17 74 604 20 18
Zn (ppm) 363 26 52 198 2 8
Notes:

ND - Not Detected




B.3.4. CHEMICAL COMPOSITION OF KILN FEED

TableB.3.3: CPR - Chemical Composition of Kiln Feed

Normalit

Property (Wt. %) 7= Afﬂmﬂl PM | 1.32 :{\;1/22?4710 PM | 1.40 AM if:/iészg(;; TazAM| Average |C. V. (%) P—Value1y
AlLO, 2.97 2.05 303 | 313| 304 296  3.04 3.07 2.1 0.3d6
Ca0 43.53 43.48 4352 436| 4383 441l 441 4344 0.6 0.078
Fe,0, 1.96 1.84 1.77 198| 196| 101 1.9 1.90 44 0.356
K,O 0.29 0.28 029 | o029| o029 o028 02 02d 177 | <0.005
MgO 2.06 211 201 | 218 21 203 203 2.07 2.9 0.44p
Na,0 0.05 0.04 005 | o005| o003] 005 004 00d 1787 | o021
Na,04, 0.24 0.22 024 | o024| o022 o023 o023 024 39° 0.091

N [sio, 13.83 13.88 1383 1374 1341 138p 1341 1347 1h 0.166

© [0, 0.11 0.11 008 | o011| o014 o014 013 0.17 185 0.243
Lol 34.9 34.9 35 344 | 344| 348 347 3473 0.7 0.188
Notes.

NC - Not Collected
NA - Not Applicable ? Data not normally distributed

! Based on Anderson-Darling Normality Test



TableB.3.4: ELR - Chemical Composition of Kiln Feed

Property 3-Day Composite
Al,O5 (wt. %) 4.91
CaO (wt. %) 65.27
Fe,O5 (wt. %) 3.01
K,0 (wt. %) 0.50
MgO (wt. %) 3.35
Na,O (wt. %) 0.02
P,O5 (Wt. %) 0.07
SO, (wt. %) 21.87
SO5 (wt. %) 0.34
TiO, (wt. %) 0.24
Moisture (wt. %) 0.10
LOI (wt. %) 34.67
As (ppm) 18
Ba (ppm) 400
Cd (ppm) NR
Cl (ppm) 63
Co (ppm) 14
Cr (ppm) 86
Cu (ppm) 41
Hg (ppm) NR
Mn (ppm) 1700
Mo (ppm) 16
Ni (ppm) 12
Pb (ppm) <4
Sb (ppm) NR
Se (ppm) NR
Sr (ppm) 500
V (ppm) 73
Zn (ppm) 37
Notes:

NR - Not Reported
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B.3.5. CHEMICAL COMPOSITION OF FUELS

TableB.3.5: CPR - Chemical Composition of Coal

Test Parameter | Value(wt. %)
o |Ash 23.43
e 2
-g c—cu Fixed Carbon 48.43
£ < |volatileMatter 28.14
Carbon 64.41
% & Hydrogen 4.01
£ T |Nitrogen 1.31
o< Oxygen 3.05
Sulfur 3.79
Al,Os 15.43
£ Ca0 3.23
g Fe,O4 36.24
@ K,0 1.94
o
= MgO 1.04
s
'% Na,O 0.36
B SO, 36.17
SO, 4.40
Heat Value® 11255
Notes:

“Value is Reported as BTU/Ib
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TableB.3.6: ELR - Proximate, Ultimate, and Combustion of Coal

Test Par ameter Value (wt. %)
g9 |Ash 24.54
% 5 |Fixed Carbon 47.68
& < |voatileMatter 27.78
Carbon 64.68
% o Hydrogen 3.93
E3  [Nitrogen 1.08
5 é Oxygen 411
Sulfur 1.66
Heat Value® 11369

Notes:
value is Reported as BTU/Ib
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TableB.3.7: ELR - Standard Parameters of Coal

Property 3-Day Composite
Al,O5 (wt. %) 21.04
CaO (wt. %) 8.25
Fe,O5 (wt. %) 15.16
K50 (wt. %) 2.49
MgO (wt. %) 1.25
Na,O (wt. %) 0.36
P,Os (Wt. %) 0.23
SO, (wt. %) 43.44
SO5 (wt. %) 6.50
TiO, (wt. %) 0.96
As (ppm) 316
Ba (ppm) 1300
Cd (ppm) 5
Cl (ppm) 134
Co (ppm) 44
Cr (ppm) 117
Cu (ppm) 103
Hg (ppm) 0.022
Mn (ppm) 1500
Mo (ppm) 39
Ni (ppm) 92
Pb (ppm) 45
Sb (ppm) NR
Se (ppm) 1
Sr (ppm) 500
V (ppm) 214
Zn (ppm) 197
Notes:

ND - Not Detected
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TableB.3.8: ELR - Proximate, Ultimate, and Combustion Analysisof Tires

Test Parameter | Value (wt. %)
© ., |Ash 14.56
£ 2 [Fixed Carbon 26.38
'§ g |Moisture® 0.07
& < Volatile M atter 59.06
Carbon 75.94
g9 Hydrogen 6.52
E 2 [Nitrogen 0.52
% é Oxygen 0.46
Sulfur 2.00
Heat Value? 14687

Notes:

! As Received
% Value is Reported as BTU/Ib
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TableB.3.9: ELR - Standard Parametersof Tires

Property 3-Day Composite
AlL,O5 (Wt. %) 1.15
CaO (wt. %) 1.68
Fe,O5 (wt. %) 84.72
K20 (wt. %) 0.17
MgO (wt. %) 0.33
Na,O (wt. %) 0.19
P,O5 (Wt. %) 0.12
SiO, (wt. %) 491
SO; (wt. %) 0.51
TiO, (wt. %) 0.56
As (ppm) 5
Ba (ppm) 300
Cd (ppm) 3
Cl (ppm) NR
Co (ppm) 536
Cr (ppm) 178
Cu (ppm) 900
Hg (ppm) <0.001
Mn (ppm) 5200
Mo (ppm) 23
Ni (ppm) 239
Pb (ppm) 13
Sb (ppm) NR
Se (ppm) <1
Sr (ppm) 100
V (ppm) 50
Zn (ppm) 48400
Notes:

NR - Not Reported
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TableB.3.10: ELR - Proximate, Ultimate, and Combustion Analysis of Plastics

Test Parameter | Value (wt. %)
@, |Ash 8.75
€2 [Fixed Carbon 2.95
.5 g Moisture® 0.32
< |VolatileMatter 88.30
Carbon 65.25
2 B Hydrogen 8.21
E 2  [Nitrogen 1.27
% 5: Oxygen 17.46
Sulfur 0.22
Heat Value? 12754

Notes:
! As Received
% Value is Reported as BTU/Ib
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TableB.3.11: ELR - Standard Parameters of Plastics

Property 3-Day Composite
Al,O5 (wt. %) 0.48
CaO (wt. %) 92.00
Fe,O5 (wt. %) 0.54
K,0 (wt. %) 0.13
MgO (wt. %) 1.75
Na,O (wt. %) 0.17
P,Os (wWt. %) 0.14
SO, (wt. %) 2.12
SO; (wt. %) 0.41
TiO, (wt. %) 1.77
As (ppm) 62
Ba (ppm) 4093
Cd (ppm) 7
Cl (ppm) 54
Co (ppm) 142
Cr (ppm) 356
Cu (ppm) 369
Hg (ppm) <0.001
Mn (ppm) 283
Mo (ppm) 6
Ni (ppm) 50
Pb (ppm) 628
Sb (ppm) NR
Se (ppm) NR
Sr (ppm) 593
V (ppm) 66
Zn (ppm) 283
Notes:

ND - Not Detected
NR - Not Reported

307




TableB.3.12: AUR - Density of Plastics

Sample #| Density (kg/m?®)
1 95.1
2 101.3
3 112.7
4 94.5
5 91.1
6 87.7
7 81.1
8 96.0
9 87.2
10 68.3
11 69.1
12 94.4
13 94.7
14 91.7
15 74.0
16 79.7
17 77.6
18 71.2
19 83.1
20 72.6
21 74.5
22 80.3
23 73.4
24 72.5

Average 84.3
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B.3.6. CHEMICAL COMPOSITION OF CEMENT KILN DUST (CKD)

60€

TableB.3.13: CPR - Chemical Composition of Cement Kiln Dust

Property (wt. %) 4/3/2007 4/4/2007 4/5/2007 4/6/2007 Average
8:24 AM 7:38 PM 7:56 AM 7:39PM | 9:32AM [ 1:47AM | 6:15AM

Al,O; 4.03 4.21 4.08 3.04 3.11 3.49 3.62 3.64
CaO 43.36 45.18 47.41 51 51.41 48.59 46.4 47.4
Fe,0, 1.93 1.93 1.76 1.55 1.56 1.68 1.75 1.74
K,O 0.4 0.4 0.37 0.34 0.42 0.39 0.37 0.38
MgO 1.19 1.96 2.25 1.8 2.48 1.67 1.31 1.8]
Na,O 0.03 0.07 0.07 0.05 0.06 0.05 0.03 0.04
SO, 12.4 13.43 14.15 9.67 9.34 10.61 11.3 11.5
SO, 0.36 0.57 0.64 0.8 2.43 0.88 0.24 0.85




TableB.3.14: ELR - Chemical Composition of Cement Kiln Dust

Property 4/3/2007 4/4/2007 4/5/2007 Average
8:24AM | 7:38PM | 7256 AM | 7:39 PM | 9:32 AM | 1:47 AM

Al,O5 (wt. %) 6.33 5.82 4.86 3.96 4.63 5.09 5.17
CaO (wt. %) 67.34 68.92 72.99 76.21 74.04 72.5¢ 72.01
Fe,O5 (wt. %) 2.88 2.95 2.47 2.23 241 2.51 2.54
K,0 (wt. %) 0.42 0.57 0.49 0.41 0.45 0.46 0.47
MgO (wt. %) 1.99 2.42 2.73 3.16 2.66 2.30 2.54
Na,O (wt. %) 0.11 0.08 0.08 0.06 0.06 0.09 0.04
P,O5 (wt. %) 0.11 0.08 0.06 0.04 0.04 0.06 0.0
SiO, (wt. %) 19.66 17.53 14.52 12.34 14.27 15.92 15.11
SO4 (wt. %) 0.62 1.10 1.43 1.26 1.05 0.61 1.01
TiO, (wt. %) 0.36 0.30 0.22 0.18 0.22 0.23 0.25
Moisture (wt. %) 0.11 0.14 0.13 0.12 0.16 0.16 0.14
LOI (wt. %) 35.44 34.49 32.21 29.67 32.64 35.09¢ 33.25
As (ppm) 32 31 23 33 27 30 29
Ba (ppm) 400 500 300 300 300 200 333
Cd (ppm) NR NR NR NR NR NR NA
Cl (ppm) 80 124 213 137 115 115 131
Co (ppm) 13 14 18 8 13 12 13
Cr (ppm) 62 77 44 37 50 54 54
Cu (ppm) 85 38 54 43 21 41 47
Hg (ppm) NR NR NR NR NR NR NA
Mn (ppm) 900 1200 800 700 800 900 883
Mo (ppm) 13 27 15 12 21 9 16
Ni (ppm) 15 25 10 10 16 10 14
Pb (ppm) 29 25 33 15 <4 6 22
Sb (ppm) NR NR NR NR NR NR NA
Se (ppm) NR NR NR NR NR NR NA
Sr (ppm) 600 600 500 500 500 500 533
V (ppm) 82 75 61 44 57 67 64
Zn (ppm) 54 a7 31 28 32 37 38
Notes:

NA - Not Applicable
ND - Not Detected
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B.3.7. CHEMICAL COMPOSITION OF CLINKER

TTE

TableB.3.15: CPR - Chemical Composition of Clinker for 4/3/07 and 4/4/07

Property (wt. %) 4/3/2007 41412007

7.50 AM | 9:30 AM | 11:50 AM | 151 PM | 4:47 PM | 5:30 PM [ 7:37 PM] 9:35 PM | 11:35 PM | 1:34 AM | 3:35 AM | 6.00 AM | 7:56 AM | 10:03 AM | LL4L AM | 1:40 PM | 3:56 PM | 5:57 PM | 7:39 PM [ 9:57 PM | 1137 PM
ALO, 508 | 524 | 515 | 522] 532] 51d 54 5.01 514 516 551  5H6 851 521 | 519 | 522 | b524] 514 513 47 5,34
Ca0 6439 | 6422 | 6444 644] 6420 6480 6448 6407 644 64284.086] 6421 6407] 6436 644l 6450 6481  6ab7 6470 6326 4064
Fe,0s 350 | 353 | 338 | 40| 42| 324 32| 331 32 340 348 3pa s 33 s34 | 848 | 355 | 367 373 36 324 39
K,0 043 | 045 | 048 | 045] 047] 04§ 05 0.44 04 044 047 of7 504 047 | 043 | 044 | 051] o047 044 04 0.41
MgO 3.27 3.24 3.24 325 323] 324 31 3.14 3.2 349 348 319 132 330 3.34 3.38 346] 343 344 29 3.44
Na,O 0.07 0.07 0.08 0.07 0.07 0.07] 0.0 0.07 0.04 0.q7 0.07 0.p7 7 0j0 0.07 0.06 0.07 0.07 0.07 0.07 0.01 0.07
Na,Ow 035 | 037 | 039 | o0a7] o038 03] 04 0.37 0.3 046 048 0p8 603 038 | 035 | 036 | o041] o038 03] o031 03
SO, 21.57 21.43 21.48 21.57 21.4 21.51 21.47 21.30 21.42 21.391.372| 21.27 21.32 21.41 21.48 21.5 21.31 21.p2 2151 20.22 .3721
SO0, 0.93 0.86 0.98 079] 092 o058  1.04 1.66 0.4 040 047 ops 308 088 0.69 0.70 102] o094 o084 o8l 1.0
F CaO 0.33 0.58 1.05 0.75 2.24 1.74) 1.6 1.57 0.91 1.10 1.52 1.p2 6 0|8 1.10 0.88 0.58 0.72 0.55 1.10 1.44 0.9
CA 750 | 7.90 | 7.90 | 810| 830 800 81 7.84 8.0 8d0 840 8po 0 8L 820 | 700 | 780 | 7.70] 730 74d 7.0 77
C,AF 10.70 10.70 10.30 10.4q 10.4 9.9 9.9D 10.90 10.00 10,00 001¢. 9.90 10.10 10.10 10.60 10.8(q 11.20 11.40 11p0 9.p0 11
CS 55.10 | 5840 | 50.70| 5860 5770 6100 5940 6040 6040 59.708.705] 6040 59.20] 59.50]  59.20] _ 5860 _ 58.40 500 60[30 _ 64.70 .905]
C,S 17.30 17.40 16.60 17.7Q 18.01 15.70 16.50 15.70 15.p0 164.307.001 15.40 16.40 16.50 16.90 17.6 17.40 16.B0 16|20 6/90 5017

TableB.3.16: CPR - Chemical Composition of Clinker for 4/5/07 and 4/6/07
4/5/2007 2/6/2007 Normality

Property WL 90) =AM | 5.41AM | 7:26 AM | 5.03AM | S:51 AM | 11:52 AM | 1:46 PM | 3:46 PM | 5:55 M | 7.37 PM | 10:32 PM | 1147 PM | T42 AM [ 219 AM] 5.37 AM | AV&398 [C-V-C0)) oy gyt
ALLO, 510 5.14 517 5.10 519 508 514 51 51 512 543 5]3 551 522 516 | 515 20 | <0.005
Ca0 6479 | 6480 | 6477 | 64.78] 6489 648 6449 64.88 6498 64.915.056| 6407 | 64.89] 64.05  64.88 6456 | 06 | 0039
Fe,0, 3.67 3.70 3.90 3.80 3.76 3.81 364 37 37k 344 340 351 3 3|7 380 383 | 357 61 | <0005
K,0 0.47 0.50 0.45 0.47 0.49 045 044 04 047 047 0ds 045 9 0/4 049 047 | 047 26 | 0077
MgO 3.36 3.36 3.38 3.32 3.32 3.08 321 32 320 340 349 346 2 31 3.2 309 | 3.5 33 | 0589
Na,0 0.07 0.08 0.07 0.08 0.07 0.07 004 00 oo od7 0.d7 0d7 7 0o 0.07 007 | 007 58 | <0.005
Na,Oeg 0.39 0.40 0.36 0.38 0.39 0.37 034 03) 038 ods 0de 057 9 0[3 040 037 | 038 24 | 0053
Sio, 2135 | 2119 | 2138| 20141 2114 213 2144 21p2 2106 2022 1.222| 2121 | 21.07| 2098  21.02 2131 12 | <0.005
SO, 101 1.07 0.75 0.95 0.98 0.90 093 10 ook 0ds  od7 0b7 4 1o 111 106 | 092 | 211 | <0005
F Ca0 182 1.96 0.97 0.97 1.88 0.64 184 14 22k 1ds 147 045 8 1l6 152 110 | 124 | 410 | 0374
CA 7.30 7.40 7.10 7.10 7.40 7.00 75 75 720 740 740 750 0 7|3 7.40 720 | 762 54 | 0021
C.AF 1120 | 1130 | 11.90] 1160| 114q 116 1140 110 11j30  11401.301| 1160 | 11.40] 11.60]  11.60] 10.86 62 | <0.005
C.S 6200 | 6290 | 6090| 6130] 6310 622 6340 620 6480 63.204506| 63.40 | 6410] 6450  64.20 6L15 39 | 0033
C.S 1450 | 1330 | 1540| 1510] 1290 143 1340 13h0 1150 13102201| 1300 | 12.10| 1150] 1180 1497 | 164 | 0007
Notes:

! Based on Anderson-Darling Normality Test
2 Data not normally distributed
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TableB.3.17: ELR - Chemical Composition of Clinker

Property 4/3/2007 4/4/2007 4/5/2007 Average
Comp.1| Comp.2| Comp.1 | Comp. 2| Comp. 1| Comp. 2

Al,O5 (wt. %) 4.87 5.01 5.13 5.03 4.84 4.90 4.9¢
CaO (wt. %) 64.78 64.73 64.16 64.63 65.08 64.93 64.71
Fe,05 (wt. %) 3.21 3.23 3.26 3.24 3.51 3.51 3.31
K50 (wt. %) 0.43 0.39 0.45 0.38 0.43 0.45 0.4%
MgO (wt. %) 3.37 3.40 3.46 3.44 3.37 3.38 3.4(
Na,O (wt. %) 0.19 0.10 0.09 0.07 0.09 0.07 0.1¢
P,Og (Wt. %) 0.08 0.07 0.07 0.07 0.07 0.08 0.07
SiO, (wt. %) 21.46 21.71 21.90 21.76 21.08 21.14 21.51
SO; (wt. %) 1.11 0.87 0.97 0.87 1.05 1.02 0.9%
TiO, (wt. %) 0.27 0.27 0.27 0.27 0.24 0.24 0.24
Moisture (wt. %) 0.00 0.00 0.00 0.00 0.00 0.00 0.0
LOI (wt. %) 0.12 0.12 0.16 0.16 0.10 0.12 0.13
As (ppm) 34 40 39 36 30 34 36
Ba (ppm) 400 300 400 400 400 300 367
Cd (ppm) NR NR NR NR NR NR NA
Cl (ppm) 129 140 273 177 188 154 177
Co (ppm) 14 13 10 11 12 13 12
Cr (ppm) 79 71 90 103 96 100 90
Cu (ppm) 22 34 27 32 28 21 28
Hg (ppm) NR NR NR NR NR NR NA
Mn (ppm) 1500 1500 1600 1600 1900 200( 1683
Mo (ppm) 23 6 27 14 28 16 19
Ni (ppm) 18 10 21 8 26 9 15
Pb (ppm) 4 6 19 <4 14 19 12
Sb (ppm) NR NR NR NR NR NR NA
Se (ppm) NR NR NR NR NR NR NA
Sr (ppm) 500 500 500 500 500 500 500
V (ppm) 63 63 62 67 74 67 66
Zn (ppm) 64 6C 7C 75 6€ 72 68
Notes:

NA - Not Applicable
ND - Not Detected
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B.3.8. CHEMICAL COMPOSITION OF CEMENT

€Te

TableB.3.18: CPR - Chemical Composition of Cement

Property (wt. %) 4/9/2007 4/10/2007 Average C.V. | Normality
7:07AM [10:12AM[11:34 AM | 1:00PM | 2:39PM | 4:01PM | 6:43PM | 9:54PM | 1:13AM | 412AM [ 11:53 AM (%) | P-value'
Al,O, 4.7 4.68 4.99 4.92 4.87 4.88 4.88 4.93 4.99 4.7p 4.8 4185 1.2 0.164
CaO 63.26 63.21 62.8 62.85 62.96) 63.11 63.1 62.6 62.59 6138 8362 62.79 0.8 0.009
Fe,0, 3.28 3.29 3.21 3.29 3.29 3.28 3.28 3.14 3.04 2.9p 3.38 32 3.8 <0.005
K,0 0.44 0.45 0.43 0.44 0.43 0.45 0.42 0.43 0.44 0.4p 0.45 olaa 1.5 0.021
MgO 3.2 3.19 3.26 3.23 3.2 3.24 3.24 3.28 3.2 3.0Y 3.1p 3p2 1.8 0.095
Na,O 0.08 0.08 0.09 0.09 0.09 0.08 0.09 0.09 0.04 0.0p 0.0 0lo9 .0<0.005
Na,Ogq 0.37 0.38 0.37 0.38 0.37 0.38 0.37 0.37 0.34 0.3p 0.37 of3s 2.1 <0.005
S0, 20.54 20.55 20.82 20.66 20.57] 20.5] 20.5 20.65 20.p4 20/06 0.8 2| 20.60 1.0 0.049
SO, 2.7 2.75 2.6 2.6 2.46 2.84 2.46 2.44 2.58 3.2( 2.9 2.p8 48 0.126
F CaO 1.44 1.44 NR 0.86 NR 1.38 1.46 1.1 1.41 1.79 1.63 1.39 19.6 0.183
LOl 1.27 1.29 0.97 1.26 NR 1.18 0.81 1.57 1.47 1.4 1.2 1.p5 18.0 0.347
CA 6.9 6.9 7.8 75 7.4 7.4 7.4 7.8 8 7.5 7.2 7.44 47 0413
C.,AF 10 10 9.8 10 10 10 10 9.6 9.2 9 10.1 9.79 3.8 <0.005
C.S 57.5 57.1 51.9 53.7 55.5 55.5 56.2 53.3 51.4 52.p 526 5426 0 4. 0.330
C,S 15.5 15.8 20.5 18.7 17.1 17 16.5 19 20.9 18.] 20 18|11 10.4 0.732
Blaine SSA (m°/kg) 366 357 332 408 345 395 357 365 379 379 372 349 59 0.927

Notes:
! Based on Anderson-Darling Normality Test

2 Data not nori
NC - Not Collected




TableB.3.19: ELR - Chemical Composition of Cement

Property 4/9/2007 | 4/9/2007 | 4/10/2007 | Average
Al,O5 (wt. %) 4.86 4.86 5.07 4.93
CaO (wt. %) 63.24 63.54 62.76 63.18
Fe,O5 (wt. %) 2.94 3.24 3.15 3.11
K,0 (wt. %) 0.43 0.40 0.39 0.41
MgO (wt. %) 3.40 3.46 3.56 3.47
Na,O (wt. %) 0.11 0.07 0.20 0.13
P,Os (Wt. %) 0.07 0.06 0.06 0.06
SO, (wt. %) 21.60 21.17 21.77 21.51
SO; (wt. %) 2.88 2.71 2.55 2.71
TiO, (wt. %) 0.26 0.26 0.26 0.26
Moisture (wt. %) 0.22 0.68 0.26 0.39
LOI (wt. %) 1.02 0.80 0.92 0.91
C3S (wt. %) -- -- - 48.40
C,S (wt. %) -- -- -- 25.17
C5A (wt. %) -- -- - 7.80
C,AF (wt. %) - -- - 9.46
TOC (wt. %) 0.08 0.03 0.04 0.05
As (ppm) 25 29 27 27
Ba (ppm) 300 300 300 300
Cd (ppm) NR NR NR NA
Cl (ppm) 53 54 63 57
Co (ppm) 13 15 11 13
Cr (ppm) 78 104 95 92
Cu (ppm) 14 17 12 14
Hg (ppm) NR NR NR NA
Mn (ppm) 1400 1800 1600 1600
Mo (ppm) <1 1 3 2
Ni (ppm) 10 14 12 12
Pb (ppm) 8 42 30 27
Sb (ppm) NR NR NR NA
Se (ppm) NR NR NR NA
Sr (ppm) 500 500 500 500
V (ppm) 64 69 74 69
Zn (ppm) 65 67 55 62
Notes:

NA - Not Applicable
NR - Not Reported
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B.3.9. PHYSICAL PROPERTIESOF CEMENT

TableB.3.20: CPR - Physical Properties of Cement

Property 4/9/2007 | 4/10/2007 | Average
Air in Mortar (%) 6.4 6.8 6.6
Blaine Specific Surface Area (m“/kg) 375 372 374
Autoclave Expansion (% Exp.) 0.18 0.19 0.18
CubeFlow (%) 119.0 126.0 122.5
Comp Str 1day (M Pa) 13.1 14.0 13.6
Comp Str 3day (M Pa) 21.5 22.8 22.2
Comp Str 7day (M Pa) 30.7 30.6 30.7
Comp Str 28day (M Pa) 42.6 42.9 42.8
Normal Consistency (%) 26.0 25.8 25.9
Gillmore Initial Set (Min) 105 90 98
Gillmore Final Set (Min) 255 270 263
Vicat Initial Set (Min) 65 58 62
Vicat Final Set (Min) 240 210 225

Notes:
% EXxp. - % Expansion

TableB.3.21: AUR - Physical Properties of Cement

Property Composite

Autoclave Expansion (% Exp.) 0.04
CubeFlow (%) 111
Comp Str 1day (M Pa) 11.5
Comp Str 3day (M Pa) 17.1
Comp Str 7day (M Pa) 24.8
Comp Str 28day (M Pa) 38.8
Normal Consistency (%) 26.2
Gillmorelnitial Set (Min) 72
GillmoreFinal Set (Min) 105
Vicat Initial Set (Min) 66
Vicat Final Set (Min) 115
Drying Shrinkage @ 7 days (% LC) -0.045
Drying Shrinkage @ 14 days (% LC) -0.069
Drying Shrinkage @ 21 days (% LC) -0.081
Drying Shrinkage @ 28 days (% LC) -0.089

Notes:
% LC - Percent Length Change
% Exp. - Percent Expansion
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B.3.10. PROPERTIESOF CONCRETE

Table B.3.22: Concrete Properties

Property - AUR - - CPR
Mix w/c=0.44 | Mixw/c=0.37 | Mix w/c=0.44
Total Air Content (%) 4.0 5.0 CIP
Slump (mm) 90.0 150 CIP
Unit Weight (kg/m°) 2464 2413 CIP
Setting Time (Min)
Initial Set 216 239 CIP
Final Set 266 290 CIP
Compressive Strength (M Pa)
1 day 14.0 22.3 CIP
3 days 23.1 33.1 CIP
7 days 28.5 38.0 CIP
28 days 39.0 51.0 CIP
91 days CIP CIP CIP
Splitting Tensile Strength (M Pa)
1 day 1.7 2.7 NC
3 days 2.3 3.4 NC
7 days 2.8 3.5 NC
28 days 35 4.0 NC
91 days CIp CIP NC
Drying Shrinkage Development
(% Length Change)
7 days -0.011 -0.018 NC
28 days -0.029 -0.036 NC
448 days CIP CIP NC
Rapid Chloride lon Penetration Test
Electrical Conductance (Coulombs)
91 days CIP CIP CIP
365 days CIP CIP CIP

Notes:
CIP - Collection in Progress
NC - Not Collected

AUR - Auburn University Result

CPR - Cement Plant Result
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B.3.11. EMISSIONS

Table B.3.23: CPR - Emissions

Time NO, SO, VOC Cco
(tons/ton clinker) (tons/ton clinker) (tons/ton clinker) (tons/ton clinker)
4/3/2007 7:0 6.67E-0- 4.81E-0¢ 2.10E-0! 3.69E-0-
4/3/2007 8:00 7.83E-04 1.82E-06 2.11E-05 4.77E-04
4/3/2007 9:00 9.95E-04 5.92E-08 3.36E-05 6.71E-04
4/3/2007 10:00 1.06E-03 1.12E-07 3.80E-05 7.22E-04
4/3/2007 11:00 NC NC NC 5.71E-04
4/3/2007 12:00 NC NC NC 7.71E-04
4/3/2007 13:00 9.31E-04 NC 3.64E-05 7.09E-04
4/3/2007 14:00 1.10E-03 6.02E-08 4.43E-05 7.55E-04
4/3/2007 15:00 8.74E-04 4.60E-08 3.62E-05 6.31E-04
4/3/2007 16:00 1.11E-03 7.33E-08 4.73E-05 7.37E-04
4/3/2007 17:00 9.45E-04 5.31E-08 3.36E-05 5.75E-04
4/3/2007 18:00 9.60E-04 6.79E-08 3.09E-05 5.79E-04
4/3/2007 19:00 9.85E-04 NC 3.48E-05 6.75E-04
4/3/2007 20:00 1.16E-03 2.12E-08 3.62E-05 8.22E-04
4/3/2007 21:00 1.14E-03 NC 3.29E-05 7.44E-04
4/3/2007 22:00 9.86E-04 3.22E-07 2.57E-05 6.56E-04
4/3/2007 23:00 1.06E-03 2.37E-07 2.61E-05 7.54E-04
4/4/2007 0:00 9.55E-04 2.70E-07 2.35E-05 6.86E-04
4/4/2007 1:00 9.85E-04 3.15E-07 2.81E-05 7.92E-04
4/4/2007 2:00 1.21E-03 3.74E-07 2.79E-05 7.00E-04
4/4/2007 3:00 9.93E-04 3.11E-07 2.16E-05 6.69E-04
4/4/2007 4:00 1.00E-03 2.95E-07 2.42E-05 6.87E-04
4/4/2007 5:00 1.10E-03 4.36E-07 2.60E-05 6.54E-04
4/4/2007 6:00 6.20E-04 4.43E-07 1.26E-05 3.12E-04
4/4/2007 7:00 1.12E-03 9.63E-09 2.40E-05 7.65E-04
4/4/2007 8:00 1.02E-03 2.82E-08 2.67E-05 8.14E-04
4/4/2007 9:00 1.00E-03 1.58E-07 2.71E-05 6.37E-04
4/4/2007 10:00 1.00E-03 1.57E-07 2.70E-05 6.43E-04
4/4/2007 11:00 1.00E-03 1.14E-07 2.80E-05 5.58E-04
4/4/2007 12:00 1.04E-03 1.15E-07 2.78E-05 5.47E-04
4/4/2007 13:00 9.97E-04 8.75E-08 2.83E-05 5.45E-04
4/4/2007 14:00 9.78E-04 1.01E-07 3.05E-05 5.74E-04
4/4/2007 15:00 9.61E-04 1.08E-07 3.08E-05 5.88E-04
4/4/2007 16:00 1.10E-03 9.19E-08 3.31E-05 5.96E-04
4/4/2007 17:00 9.93E-04 1.07E-07 2.76E-05 5.42E-04
4/4/2007 18:00 9.82E-04 1.56E-07 2.45E-05 5.39E-04
4/4/2007 19:00 1.01E-03 1.28E-07 2.66E-05 6.14E-04
4/4/2007 20:00 9.22E-04 1.30E-07 2.33E-05 5.82E-04
4/4/2007 21:00 1.10E-03 1.43E-07 2.43E-05 6.17E-04
4/4/2007 22:00 9.83E-04 2.97E-07 2.10E-05 5.58E-04
4/4/2007 23:00 1.09E-03 2.44E-07 2.29E-05 5.48E-04
4/5/2007 0:00 9.28E-04 9.20E-08 1.99E-05 3.83E-04
4/5/2007 1:00 9.39E-04 1.20E-07 1.92E-05 4.90E-04
4/5/2007 2:00 1.09E-03 6.11E-07 2.10E-05 6.14E-04
4/5/2007 3:00 1.00E-03 3.10E-07 1.84E-05 5.36E-04
4/5/2007 4:00 1.23E-03 5.41E-07 2.24E-05 5.40E-04
4/5/2007 5:00 1.17E-03 3.85E-07 1.93E-05 5.65E-04
4/5/2007 6:00 1.11E-03 1.11E-07 1.64E-05 4.45E-04
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TableB.3.24: CPR - Emissions

Time NO, SO, voc co
(tong/ton clinker) (tong/ton clinker) (tons/ton clinker) (tons/ton clinker)
4/5/2007 7:00 1.06E-03 1.16E-07 1.55E-05 4.21E-04
4/5/2007 8:00 9.97E-04 1.07E-07 1.97E-05 4.04E-04
4/5/2007 9:00 9.59E-04 1.30E-07 1.94E-05 3.93E-04
4/5/2007 10:00 1.04E-03 9.41E-08 2.14E-05 4.14E-04
4/5/2007 11:00 1.01E-03 2.02E-07 2.23E-05 4.48E-04
4/5/2007 12:00 1.09E-03 1.80E-07 2.30E-05 4.47E-04
4/5/2007 13:00 1.04E-03 1.23E-07 2.29E-05 3.64E-04
4/5/2007 14:00 1.03E-03 2.64E-07 2.39E-05 3.92E-04
4/5/2007 15:00 1.15E-03 1.83E-07 2.66E-05 4.26E-04
4/5/2007 16:00 1.15E-03 3.77E-07 2.77E-05 4.23E-04
4/5/2007 17:00 1.36E-03 1.51E-06 2.80E-05 5.86E-04
4/5/2007 18:00 1.09E-03 3.24E-07 2.38E-05 3.88E-04
4/5/2007 19:00 9.63E-04 NC 4.04E-05 6.48E-04
4/5/2007 20:00 1.12E-03 1.34E-06 2.55E-05 4.98E-04
4/5/2007 21:00 1.02E-03 5.49E-07 2.33E-05 4.11E-04
4/5/2007 22:00 1.04E-03 5.29E-07 2.27E-05 3.98E-04
4/5/2007 23:00 1.08E-03 5.36E-07 2.49E-05 4.39E-04
4/6/2007 0:00 1.11E-03 1.02E-06 2.67E-05 4.98E-04
4/6/2007 1:00 1.26E-03 1.59E-06 3.08E-05 6.39E-04
4/6/2007 2:0 1.15E-0! 6.08E-0° 2.56E-0! 5.89E-0:
4/6/2007 3:0 1.22E-0¢ 6.04E-0° 2.61E-0! 5.51E-0:
4/6/2007 4:0 1.26E-0: 9.08E-0° 2.86E-0! 5.65E-0:
4/6/2007 5:0 1.11E-0¢ 6.93E-0° 2.44E-0! 4.85E-0¢
4/6/2007 6:0 1.07E-0: 5.09E-0° 2.35E-0! 4.57E-0¢
Average 1.04E-03 4.08E-07 2.64E-05 5.67E-04
C.V. (%) 11.4 163.7 24.0 22.0
Normality P-Value* 0.035 <0.005 0.023 0.375
Notes:

! Based on Anderson Darling Normality Test
NC - Not Collected

318



	Abstract & Prelims - Final
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	4.1 Introduction
	4.2 Research Conditions
	4.3 Data Presentation and Analysis
	4.3.1 Chemical Composition of Raw Materials
	4.3.2 Chemical Composition of Kiln Feed
	4.3.3 Chemical Composition of Fuel Sources
	4.3.4 Chemical Composition of Cement Kiln Dust
	4.3.5 Chemical Composition of Clinker
	4.3.6 Chemical Composition of Cement
	4.3.7 Physical Properties of Cement
	4.3.8 Properties of Concrete
	4.3.9 Emissions

	4.4 Conclusion

	Chapter 5
	Bibliography
	Appendix A
	Appendix B.1
	Appendix B.2
	B.2.1. GENERAL COMMENTS
	B.2.2. NOTATION
	B.2.3. CHEMICAL COMPOSITION OF RAW MATERIALS
	B.2.4. CHEMICAL COMPOSITION OF KILN FEED
	B.2.5. CHEMICAL COMPOSITION OF FUELS
	B.2.6. CHEMICAL COMPOSITION OF CEMENT KILN DUST (CKD)
	B.2.7. CHEMICAL COMPOSITION OF CLINKER
	B.2.8. CHEMICAL COMPOSITION OF CEMENT
	B.2.9. PHYSICAL PROPERTIES OF CEMENT
	B.2.10. PROPERTIES OF CONCRETE
	B.2.11. EMISSIONS

	Appendix B.3

