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ABSTRACT

Cement production is an energy-intensive process, which traditionally has been dependent on
fossil fuels. However, the use of alternative fuels, i.e., selected waste, biomass and by-products
with recoverable calorific value, is constantly increasing. Combustion of these fuels is more
challenging compared to fossil fuels, due to lack of experience and different chemical and
physical properties. When complete oxidation of fuels in the calciner and main burner is not
achieved, they burn in direct contact with the bed material of the rotary kiln, causing local
reducing conditions and increasing the internal circulation of S, Cl, Na, and K. Compounds
containing these elements, such as alkali salts, evaporate when exposed to high temperatures and
subsequently condense in colder parts of the plant. The transformation of the volatile inorganic
species at different locations in the cement plant is important, because a high internal circulation
affects the process stability and operation through formation of build-ups and blockages, ring
formation, and shell corrosion, resulting in reduced clinker production, higher heat consumption,
and kiln or plant stops. The present review describes the internal cycles of inorganic elements
that are established within the cement plant and their dependence on process parameters. Special
focus is given to the sulfur cycle. This cycle is intensified by CaSO4 decomposition, making it

sensitive to local reducing conditions.



Nomenclature /Abreviations

LSF Lime saturation factor [%] T Temperature [°C]

M; Molar mass [g/mol] VLS Vapor-liquid-solid [-]
MBM Meat and Bone meal VM Volatile Matter [wt.%]
MSW Municipal solid waste Wi Concentration [wt.%]
FC Fixed Carbon [wt.-%] A Empirical fraction [-]
P; Partial pressure [atm] E Evaporation factor [-]
PE Polyethylene Subscripts

PVC Poly-Vinyl-Chloride LOI free  Loss of ignition free
RDF Refused derived fuel equiv Equivalent

TDF Tired derived fuel B Bed

1. Introduction

Cement has been known as a binder material since ancient times, and it is a key material in the
building and construction industry. The annual global cement production has been growing
steadily, from 100 million tons in 1950 to 2600 million tons in 2006°. After the global economic
down of 2007-2009, the cement production has recovered, and in 2013 a total of four billion tons
cement was estimated to be manufactured worldwide’.

Cement production is an energy-intensive process, which requires approximate 3 MJ per kg
cement clinker produced, equivalent to 60-130 kg coal/ton of cement clinker*. The energy
consumed by the cement industry is estimated to constitute about 2% of the global primary
energy consumption’. The fuel consumption accounts for 30-40 % of the total cement production

costs. The cement industry has mainly been dependent on the usage of fossil fuels, such coal,



petcoke, oil, and natural gas. During the last decades, an interest in replacing fossil fuels with
selected waste, biomass and by-products with recoverable calorific value, defined as alternative
fuels, has arisen, in order to minimize production cost, reduce environmental impact, and reduce
fuel costs®”’.

The utilization of alternative fuels imposes challenges on the calciner and kiln operation
because these fuels have different combustion characteristics compared to fossil fuels. A
particular concern is incomplete combustion of the fuels, since this may alter the behavior of
minor elements such as S, Cl, Na and K. These elements are known to be circulating or volatile
elements in the kiln system. Compounds containing these elements evaporate when exposed to
high temperatures, and may subsequently condense in cooler parts of the plant. They often cause
difficulties in kiln operation due to material build-up, ring formation, and, on a longer time-scale,
shell corrosion. These phenomena reduce the kiln performance and cause higher heat
consumption, and frequently kiln or plant operational stops. The energy penalty caused by the
circulation phenomenon is believed to be significant but presently no reliable estimates are
available. Incomplete combustion of fuels in the calciner and/or kiln burner may lead to an
increase in the Cl- and especially S-circulation in cement plants. This unwanted phenomenon is
more pronounced for alternative fuels than for fossil fuels. While solid fossil fuels are typically
pulverized before use, alternative fuels are often introduced to the kiln system in the form of
large millimeter or centimeter sized particles that are more difficult to combust.

In this review, the circulation of S, Cl, Na, and K , and the transformation of different species
of these elements at different locations in the cement plant, as well as the dependence on fuel and
process parameters, is discussed, since a high internal circulation seriously affect the process

stability and operation.



1.1 Overview of the pyro process in cement plants

Portland cement is manufactured from Portland cement clinker, and its production accounts for
around 80% of the energy used in cement manufacturing'®. The main constituents of the raw
materials required for cement production are CaO, SiO,, Al,O3; and Fe,Os, which are provided
typically by a mixture of ground limestone, clay, sand, shale, marl, bauxite, and iron ore'"'?,

Portland clinker consists mainly of belite, alite, ferrite, and aluminate, comprising more than 90

wt. % of the product. The clinker phase formation and reactions have been summarized in
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several books ', and review papers

The cement production process can be divided into three consecutive parts: " Preparation of
the raw materials, 2 pyro-processing, and > clinker processing. The pyro-processing step is the
heart of cement production and covers the thermal treatment of the raw material, necessary to
obtain the cement clinker. It involves the preheating of raw materials, calcination, clinker
reactions, and cooling of the clinker. These steps take place in the kiln system, which consists of
a preheater tower, a calciner, a rotary kiln, and a clinker cooler. A typical modern kiln system is
schematically illustrated in Figure 1.

The raw materials, referred to as raw meal in the kiln system, are introduced to the preheater
tower. This tower consists of a series of 4-6 vertical cyclones, arranged in a 50-120 m high tower
structure. The raw meal is heated by direct contact with hot exhaust gases from the kiln, flowing

counter-currently. Thus, a part of the thermal energy is recovered in the system. The most

common preheater tower is the five staged, which involves five cyclones.



The preheated raw meal is admitted to the calciner, where the majority of CaCO; will
decompose thermally into CaO and CO,. Hot air from the clinker cooler, so-called tertiary air, is
utilized as combustion air in the calciner. The consumption of fuel for calcination can account
for up to 60% of the fuel heat input needed for cement production'®. The calciner can be
integrated into the kiln system as In-Line Calciner (ILC), where the flue gas from the rotary kiln
passes through the calciner, or as Separate-Line Calciner (SLC), where the flue gas from the
rotary kiln bypasses the calciner, and enters the preheater. The ILC-system is preferred because it
minimizes the amount of gas flowing through the rotary kiln, allowing for a rotary kiln size
reduction. In addition, good conditions for reduction of NOy produced in the rotary kiln are
achieved'’. On the other hand, in a SLC-configuration, fuel combustion takes place more rapidly,
due to a higher O, concentration, and a smaller calciner volume is needed compared to the ILC-
system for a fixed residence time, since the amount of gas through the calciner is smaller'.
However, the solids residence time is lower in a SLC system and the mass and the particle
behaviours reduce the heat transfer from gas to fuel particle®. This article will refer only to the
ILC-configuration because it is the preferred and most common design nowadays.

The hot meal, i.e. calcined raw meal after the 5™ stage cyclone, enters the rotary kiln and flows
counter-currently to the hot flue gases that are produced by the kiln burner flame. The rotary kiln
can be divided into three different zones, as specified in

Figure 1. The material cold end is the inlet of hot meal into the rotary kiln. In the transition
zone, the materials start to melt and form the clinker nodules. The clinker reactions take place in
the burning zone, or the hot end of the rotary kiln, where the clinker achieves a temperature of up

to 1450°C!-1319,



The clinker is cooled by atmospheric air in the clinker cooler, which is typically a grate

11,21
cooler

. In this manner, preheated combustion air is produced and returned to the process
through the rotary kiln (for combustion of the main burner fuel as secondary air) and the calciner
(for combustion of the calciner fuel, as tertiary air). Grate coolers provide the most efficient and
most flexible heat recovery system for modern cement plants®’. Experience has shown that a
rapid cooling from 1450 to 1200°C is advantageous in order to minimize the formation of
secondary belite and free lime'""”.

In modern cement plants, a bypass system for the process gases can be installed in order to
reduce the chloride concentration the kiln. The bypass system involves extracting a portion of
kiln exhaust gases, cooling the extracted exhaust gases, and separating the dust. The bypass starts
at the gas extraction point, which is located at the kiln side of the riser duct. At this position, the
kiln gases have a low dust concentration and high gaseous concentration of Cl *. The extracted
kiln gases containing Cl and kiln dust are quenched by air, in order to initiate condensation of the
chlorides and facilitate the subsequent separation of chlorides from the gas. This separation takes
place in an electrostatic precipitator or a baghouse filter”. Typical bypass rates are of up to 15%
for chlorine®®. The installation of the bypass requires additional capital investment and increases
heat and material losses. The removal of hot gas by the bypass leads to higher specific heat
consumption of about 612 MJ/ton clinker per percent of removed kiln inlet gas®*.

An overview of the temperature and residence times for both the gas and solids, and the O,

concentration in the gas phase, for a modern calciner kiln with an ILC-system is summarized in

Table 1.



1.2 Combustion of fuels in cement plants

During the last 20-30 years, an increasing amount share of alternative fuels has been used in
the cement industry, motivated by low fuel cost, reduced waste disposal problems, and increased
environmental concern; alternative fuels may be partly or fully CO,-neutral”*>°. The European
cement industry recovers a substantial amount of waste-derived fuels, which replace fossil fuels
up to a level of more than 80% in some individual plants®*. In Germany, an average of 61% of
the thermal energy for cement production came from alternative fuel sources in 2011°°. The
change in energy sources is illustrated by Figure 2 and Figure 3, which show the type of the fuels

used in average by the cement industry in Europe, in 1990 and 2011, respectively.

1.2.1 Usage of fossil fuels

Coal, petroleum coke (petcoke), oil, and natural gas, which are the major fossil fuels, have
been used as stand-alone fuels or in various combinations since the industrial revolution in the
cement industry’>>*. Fossil fuels are non-renewable sources, and their usage has a significant
environmental impact. Burning fossil fuels generates NOy that leads to acid rain and to air
contamination, and CO; that contributes to intensify the greenhouse effect.

Coal and petcoke, the most carbon-intensive fossil fuels, are the most widely-used fuels in the
cement industry>*****. Table 2 shows typical proximate analyses and heating values of different
fossil fuels. The composition of different coals used to fire cement kilns can vary considerable,
as illustrated by the data in Table 2. The ash composition needs to be taken into account for in
the contribution of the overall chemistry of the cement feed®** ’46, since the fuel content of SiO,
and Al,Os; will be incorporated into the clinker. The volatile content is important for the

combustion characteristics and the fuel reactivity. Solid fuels are normally pulverized before use,



and a required fuel fineness is needed according to the volatile content of the fuel in order to
enable good combustion in the kiln and calciner’>*>*®. Fossil fuels are typically introduced with
a particle sieve residue of 2-20% on a 90 pum sieve®’. There exists an empirical rule, which
relates the required coal fineness to the proximate of volatile matter content to obtain a definite
content of unburned carbon in ash*®. The coal ash needs to be sufficiently fine not to be a barrier
to reactivity in the clinkering process®. Fossil fuels, especially petcoke (see section 2.1), are

characterized by a high content of sulfur***2.

1.2.2 Usage of alternative fuels
Alternative fuels cover a wide range of fuels, ranging from fossil fuel-based (e.g. waste oil,
natural gas) to biomass based (e.g. all non-fossil fuels and waste from other industries). The

47,54
734 and wood

utilization of alternative fuels such as car tires™, plastic waste, sewage sludge
waste™, is continuously increasing. Some of the most common alternative fuels are industrial
and municipal waste, refuse-derived fuel (RDF), tire-derived fuels (TDF), meat and bone meal
(MBM), and wood waste. Table 3 shows typical proximate analyses, and heating values of
different alternative fuels used in the cement industry.

The most important characteristics to consider for alternative fuels are the heating value, the
ash composition and content, the particle size, and, the moisture content’. The fuel properties
affect the thermal energy input as well as the process stability such as possible fuel spillage and
modification of minor elements inputs. Fuel spillage can happen in the kiln flame and in the
calciner and is considered when unburned fuel drops into the material bed. Alternative fuels may

be introduced to the kiln system in the form of large particles in the range of millimetres and

centimetres, which may prolong the time of conversion. The fuel ash, which is incorporated into



the clinker chemistry, may modify the minor elements input and the composition balance of the

raw materials.

Benefits of the substitution of fossil fuels by alternative fuels include reduction of fuel and
production costs, partial or full CO,-neutrality, efficient use of waste as energy, and
incorporation of the ash residue into the cement clinker. However, use of alternative fuels has
some general requirements such as availability in large amounts, legislation and permissions
before a specific alternative fuel can be used, and logistics for transport and handling of the
specific fuel. The usage of alternative fuels varies widely across regions and countries and
depends on local conditions. Cement plants located in the European Union, which use alternative
fuels are subject to Directive 2010/75/EU about industrial emissions®. The increasing use of
alternative fuel concerns the hazard gaseous emissions, such as HCI, HF, NOy and heavy metals.
Emissions of HCI and HF from cement kilns are typically negligible compared to municipal solid
waste incinerators because cement kilns operate under alkaline conditions. This ensures that
chlorine and fluorine are bound as salts rather than HCI and HF in cement kilns®. Several
investigations have been made to address the effect of co-firing alternative fuels (MBM™*"',
tyres’>”?, RDF’" and plastics’*) on NOy emissions. It was observed that NOy emissions generally
decreases when alternative fuels were used, because NOx formed from the kiln or from fuel N-
release during pyrolysis is reduced to N,.The NOy reduction is attributed to the higher volatile
content and hence higher reduction potential”>. Amongst the heavy metals, emissions of Hg and
Tl are the most relevant to consider due to their high volatility. These elements are involved in

recirculation cycles between the raw mill/particle filter and the upper preheater stages, as

10



explained in the introduction of section 2. Care should be exerted with fuels containing relatively
high amounts of Hg, e.g. municipal solid waste (MSW), RDF and sewage sludge’°.

The calciner and the main burner have been subject to modifications to optimize the
combustion of alternative fuels. Despite these modifications, the usage of relatively small
particles in the calciner and in the kiln burner is required to ensure a sufficient fuel burnout and
the desired flame profile. A consequence of firing large alternative fuels particles is that the
partially or unburned solid fuels may drop into the material charge. Moreover, coarse alternative
fuels are sometimes fired directly into the material inlet end of the rotary kiln, because this
solution requires minimal shredding. The solid fuels can end up in the material charge in the
rotary kiln in four different ways *', which are illustrated in Figure 4, and outlined briefly below;

1. Large solid fuel particles fired in the calciner may be too heavy to be carried upwards with

the gas flow and drop through the riser duct into the rotary kiln.

2. Large solid fuels particles fired through the kiln burners may not be completely combusted

in the flame of the main burner and fall into the material charge.

3. Small and unconverted solid fuel particles, which are light enough to be carried upwards

with the gas flow through the calciner and transported into the cyclones, can fall into the
kiln inlet with calcined raw meal.

4. Coarse solid fuels may be fired directly into the rotary kiln material inlet end.

The consequences of the combustion of alternative fuels in these conditions and locations are:
- Direct physical contact between the fuels and the cement raw materials
- Local reducing conditions in the material bed of the rotary kilns

- Potential increase of internal circulation of S, Cl and alkali metal species

11



These consequences lead to modification of the process conditions and may affect the clinker
quality and the process operation causing build-ups, blockages and/or corrosion.

New types of combustion equipment have been developed to optimize the combustion,
minimize the harmful emissions, and avoid operational challenges when alternative fuels are
used in the traditional firing points of cement plants. The technologies for alternative fuel
combustion can be divided into:

- External reactors, which are typically placed next to the calciner, operating in excess
oxygen’ " or under low-oxygen conditions (gasifiers)*'**. The common concept is to
use the high heating value gas in the calciner and incorporate ash residues into the
cement chemistry.

- New kiln burners, especially designed to combust alternative fuels, which may involve
a compromise between high substitution rates of alternative fuels and low NOy
emissions®. A detailed review of rotary kiln burner design configurations for
alternative fuels co-firing may be found elsewhere®.

- Oxygen enrichment in the rotary kiln (oxy-fuel combustion) has been demonstrated on
a commercial scale to increase the alternative fuel utilization, decrease emissions, and
improve the kiln performance and productivity**®’. This technology offers opportunity
to optimize the combustion process with respect to temperature and composition of the
oxidizer. However, the major drawback is the high cost, which must be balanced with

. . 4
possible fuel cost and process savings**™®

, and for that reason this technology is not
commonly used in the cement industry®’.
- New kiln designs as emerging technologies have also been patented but are not

currently been installed in any cement plant™-*,
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2. Circulation of Inorganic Volatiles Elements

Sulfur, Cl, Na, K, Pb, Tl, Hg, Zn, and Cd are inorganic elements entering the kiln with the raw
materials and fuel. They evaporate partly in the burning zone of the kiln and condense on the
incoming raw meal or on plant surfaces in the cooler parts of the kiln system. By repetitive
evaporation and condensation, these elements circulate in the cement plant at different
temperatures and locations of a cement plant.

Tl, Pb, Zn and Cd are considered low or semi-volatile metals and may be introduced when
burning contaminated waste. Sprung et al.”'** studied the behaviour of Pb and Zn in the kiln
through full-scale tests. From material balances it appeared that, on average, around 86 % of the
Zn was incorporated in the clinker, while the rest was taken up in the dust. The results indicated
that about half of Pb was captured in the clinker and the other half was taken up in the dust’>. Pb
and Zn may react with Cl above 600°C, according to equilibrium calculations”, and these
chlorides may condense on the dust of the preheater tower and be carried out of the system with
the gas stream. Thallium circulation occurs in the upper stage of the preheater, exiting the system
and condensing on the dust in the main baghouse filter. Less than 15 % of Tl entering the kiln
will exit with the clinker’®. Mercury is highly volatile heavy metal and more than 90% of the Hg
escapes through the stack, while other heavy metals such As, Cd, Cu, Cr, and V are primarily
incorporated into the clinker''. Mercury may form sulfates and chlorides with boiling and
melting points in the temperature range 270-600°C**. Mercury evaporates in the upper preheater
stages. If the temperature in the raw mill and particle filter of the flue gas cleaning system is
sufficiently low, Hg may re-condense on the solid particles and be transferred back to the

preheater and re-evaporate in the upper preheater stages’ . Therefore, mercury is only removed
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with the preheater dust. This results in an external recirculation between the raw mill/particle
filter and the upper preheater stages. Mercury has its own circulation mechanism and and has
only a negligible impact on the recirculation of S, Cl, K and Na. The work of Paone” and Zheng
et al.”>*® explain in further details the mechanism of mercury release and capture.

None of these aforementioned elements causes any operational problems and will not be
addressed further in the present work. This article will focus on S, Cl, Na and K, which are the
volatile elements that influence the process stability and kiln operation through deposit build-ups

and corrosion.

2.1 Volatile elements in raw materials and in fuels

Sulfur, Cl, K, and Na are introduced in the kiln system through the raw meal and the fuels.
Table 4 lists the range of the concentrations of Na and K expressed as oxides (due to the
elements analysis method), S expressed as SOs, and CI found in different raw materials.

The concentrations of these elements in fossil and alternative fuels are presented in Table 5.
Chlorine is mainly introduced to the kiln system through the fuels, rather than by raw materials,
while alkali metals are mostly provided by the raw materials. Biomass fuels, such as wood waste
and straw, contain 5-10 times less S compared to fossil fuels. Sulfur can also be found in waste

derived fuels, e.g. in car tires as a vulcanizer.

2.1.1 Reaction Affinity between Volatile Elements
The circulating elements have a strong affinity for other elements and form chemical species

like chlorides and sulfates. The following order of affinity has been observed''=*!%%:
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1. The chlorine reacts primarily with alkali metals, forming KCl and/or NaCl, typically in
gas phase. The residual chlorine combines with calcium, forming CaCl, (s/1). However,
the input of chlorine is seldom higher than the input of alkali.

2. The excess alkali reacts with sulfur, forming K,SO4 and/or Na,SO,. The residual alkali
combines with CO,, forming K,CO; and Na,COs3 103 or with moisture, forming NaOH
and KOH. The alkali can also be embedded in clinker minerals.

3. The excess S, present as SO, and/or SOs in the gas, will react with CaO (s), forming
CaSOx4 (s).

The extent of circulation is determined by the volatility of the compounds, i.e., the portion that
is volatilized at high temperature in the kiln system and therefore not leaves the kiln with the
clinker. The volatility is described using an evaporation factor, €, for each compound varying
from 1 to 0, where 1 means that all volatile compounds evaporate at high temperature (but not
necessarily escapes to the atmosphere), and 0 that none is evaporated in the kiln system; all of it
leaves with the clinker. An intermediate value of € indicates the fraction of the element that will
be evaporated at high temperature (and subsequently condense at cooler parts), while the fraction

leaving with the clinker is indicated by 1- €.

2.1.2 Circulation of Sulfur

The S-circulation is the most complex. An illustration of the S-containing species and their
transformation at different locations in a cement plant is shown in Figure 5. Sulfur can be
introduced to cement rotary kilns through the raw meal and through the fuels. In the preheater
system, the organic sulfur and the pyrite from the raw meal are oxidized, thereby releasing SO,

upon heating in an oxidizing environment. The oxidation of sulfur species (pyrite and organic
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sulfur impurities) occurs between 300 and 600°C, corresponding to the temperature in the first or
second cyclone in a preheater tower'®*. The decomposition of pyrite has been reviewed by Hu et
al. ', who found that in an atmosphere containing oxygen, pyrite can decompose by direct
oxidation, eqn. (1), or by thermal decomposition of pyrite to pyrrhotite and sulfur, followed by
subsequent oxidation to SO,, eqn. (2). Iron sulfates may also be formed as minor products during

the oxidation of pyrite in a gas rich in SO, at temperatures lower than 600-650°C '*°.

2FeS,(s)+5.50, — Fe,0,(s) +4S0, (9) (1)

2FeS, (s) - 2FeS, (s)+2(1-0,5%)S,(9) —22— Fe,0,(s) +4S0, (9) (2)

The gases leaving the preheater tower are used for drying the raw materials in the raw meal
mill and a portion of the SO, will be captured, and thereby the SO, emissions will be lowered. Of
the sulfur entering with the raw meal in the form of pyrites, it is often assumed that 30-50% will

106-108

leave the preheater tower as SO, . However, the amount SO; leaving the preheater tower can

range from 10 to 65 % ',

The SO, coming from the rotary kiln is led to the calciner where the good gas-solid mixing and
the temperature favor capture of the S'%'° . The sulfation of CaO with SO, has been recognized
as a complex, high-temperature, fast heterogeneous process, limited by gas-phase and solid-
phase diffusion, with simultaneous physical transformation of the solid'''. The sulfation process
can follow a number of routes, and in the literature, there is a lack of agreement on the
mechanism. Two possible routes of sulfation have been discussed by Moss''?, who examined the

sulfation mechanisms. It may proceed either via formation of CaSO; or via conversion of SO, to

SO;, followed by reaction of SO3 with CaO to form CaSOs:

Ca0(s)+ S0, (g)=—=CaS0O,(s) 3)

16



CaSO;,(s) +%o2 (g)—=CaSo,(s) 4)

or
50,(9)+0, (9)&=50,(9) 5)
CaO(s)+ SO, (g)—=CaSO,(s) (6)

Moss suggested that the reaction proceeds via the formation of CaSO; (i.e. reaction (3) and
(4)) at temperatures lower than 850°C, where CaSOj is thermally stable, while reactions (5) and

112

(6) dominate at temperatures above 850°C"~. The gas phase equilibrium favors formation of SOs

below 1000°C, and the equilibrium level of SOj; increases with decreasing temperature. The

3117 although Lin''"* suggested that both

second route has been supported by many authors
mechanisms might take place. Hu et al. ''” discussed the influence of the reaction conditions,
such as SO,, O,, CO,, and H,O gas concentrations, limestone properties, reaction mechanism
and modeling of the direct sulfation reaction via the second route. Kinetic studies have shown
that the rate of reaction of CaO with SO,/O, mixture is similar to that of the direct reaction with
SO, M8 No accurate SO; concentration measurements have been reported. Possibly both
routes are active, but this is out of the scope of this review.

Calcium sulfate, CaSQy, is incorporated in the hot meal entering the rotary kiln where it is
gradually heated, and a sulfate melt is formed at around 1200°C'*. In the transient zone of the
kiln, two immiscible liquids may occur at equilibrium: an oxide melt containing Al,O3, Fe;O;
and Si0O,, and a sulfate melt, in which Al,O3, Fe,O3; and SiO; are nearly insoluble®*. In a purely

0C121,122

homogenous mixture, no liquid phases are formed below 1338 , where an eutectic in

Ca0-Al,03-Fe;03-S10, system exists. Nevertheless, local inhomogeneities in the raw meal
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mixture cause a shift of the eutectic toward lower temperatures'*. For further explanation on the
liquid phases, we refer to the review by Telschow et al.'*.

In the burning zone, where the bed material reaches its maximum temperature of around
1450°C, evaporation of S takes place forming SO,, K,SO4 and Na;SOy in the gas phasem. The
alkali sulfates in the gas phase are transported with the hot gases and the dust along the rotary
kiln. As the gas cools down, alkali sulfates condense on dust particles, suspended in the kiln
gases. The condensation product obtained between 700 and 800°C is a melt, but at lower
temperatures, condensation may result in a solid. Dust particles are incorporated in the solid
stream in the calciner, and alkali sulfates re-enter then with the hot meal into the rotary kiln.
Here, they are partly incorporated in the sulfate melt, thereby improving the chemical reactivity
of the material in the kiln and lowering the viscosity of the melt, which can facilitate some of the
clinker reactions' .

Thus, an internal S-cycle is established in the rotary kiln and the calciner, as illustrated in
Figure 6; a Sankey diagram, in which the width of the lines, are proportional to mass flow. This

is a schematic representation made by Nielsen and Jepsen'®

, using data from 12 preheater kiln
systems in the US. The SO, coming from the kiln is absorbed by the raw meal in the calciner,
and introduced in the kiln. This results in a significant circulation between the inlet of the rotary
kiln and the calciner, involving both the incoming material and the outgoing kiln gases. The
mass flow of sulfates in the kiln inlet is approximately three times the mass flow in the outlet.
The fraction of S released as SO, depends on the sulfur to alkali ratio in the rotary kiln '»,

which is defined in equation (7), and expresses the proportion of sulfur that can be bound with

alkali.
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WS:O3 ,LOI free

803 M SO,

AI k WK2 0O,LOl free . WNaZO, LOI free

M K,0 M Na,0

(7

where M; is the molar mass of the component i, a is the fraction of Na,O that reacts with SO;,
and Wi Lol free 1S the total input concentrations of species i, being SOs3;, K,O and Na,O
(representing S, K, and Na, respectively) in wt. % loss on ignition free base. The loss on ignition
(LOIJ) is equivalent to the loss in mass that it will undergo in a kiln (free of H,O and CO, from
carbonates) and indicates how complete the calcination processing is. From practical experience,
o has the value of 0.5 because there is substantial excess of K,O over Na,O'** and analyses of
different clinker compositions have revealed that nearly the entire amount of K and half the
amount of Na form sulfate””'*.

The optimum SOs/Alk ratio is close to 1, for a low evaporation of sulfur '**'*’ because in this
case there will be sufficient alkali for formation of alkali sulfates, rather than formation of SO,
123 If the SO5/Alk ratio is lower than 1, the S is bound but there is an excess of alkali, which lead
to alkali circulation forming KOH and NaOH in gas phase®*'*’. Alkali carbonates can also be
formed when the SOs/Alk ratio is lower than 1. If the ratio is higher than 1, there will be an
amount of sulfur in the kiln material which cannot be captured by alkali. The behavior of the
SOs/Alk has been confirmed by thermodynamic calculations™.

The excess of S in the raw materials to form CaSOy is termed excess SO3, usually expressed as

109

g excess SO3/100 kg clinker, and may be calculated by the equation (8) .

M so,

Mso3 W

Excess SO; = Wso, Lot free M K,O,LOl free
K,0

a- ' WNa2 0,LOl free (8)

Na,0
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The limit on excess-S is given to be in the range of 250-600 g/100 kg clinker *"'*2. The lower
limit is for low reactivity raw meal, and the upper limit is for high reactivity raw meal. The
reactivity of the raw meal is determined by the burnability, which is a measurement of how
easy/difficult the clinker phases are formed. The excess S will form CaSO,, which is the least

thermally stable sulfate'?>'*?

and will be contributing to a higher evaporation factor.
The S-volatility depends on the SO3/Alk ratio and on the operating conditions of the kiln, i.e.:

- The oxygen content of the kiln atmosphere. Deficiency of oxygen or a local reducing

kiln atmosphere increases the volatility of S, because low oxygen level shifts eqn. (9) to

the right’*'**.

CaS0,(5)e=2Ca0(5) + SO,(2) 0, (9) ©9)

Figure 7 shows the SO,-bypass emissions as function of O,-concentration in the kiln
inlet. At higher O,-concentrations, the SO, evaporation is suppressed, and there will be
little SO, in the material inlet of the rotary kiln. However, when the oxygen level in the
kiln material inlet gets below around 2 vol. %, the S evaporation increases steeply, and
the bypass emissions can increase significantly *>. At lower oxygen concentrations,
reduced S-species such as H,S, COS in presence of carbon, and SOCI, in presence of ClI
may also be formed; however, these species are not measured in cement plants.

- Temperature in the burning zone. The volatility of the S-species is increasing as a

function of temperature. Thermal decomposition is avoided by lowering the burning zone
temperature. This may be achieved by making the raw meal more chemically reactive,
which means finer grinding of the raw meal or modifying the chemical composition. If

the raw meal has a low reactivity, it needs higher temperatures in order to get a low free
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lime in the clinker. Therefore, low reactivity raw mixtures or overheating of the clinker

have a high impact on S-volatility>*.

The sulfur volatility can also be modified by fuels in the bed material, which will be further
explained in section 4. Under stable operational conditions, and if there is sufficient alkali
available to capture the input S, the volatility of S may range between 0.35 and 0.6 '**.

During nodulization, the sulfate melt can be trapped in the inner core of the clinker nodules '*°.
The sulfate melt reaching the clinker cooler will subsequently crystalize in the clinker. The
composition of the sulfate melt at the end of the burning zone will determine the mixture of
compounds that will solidify according to the tertiary diagram of CaSO4-K;S04-Na,SOs,
illustrated in Figure 8. There are three primary precipitation areas, corresponding to CaSOs,
K»S04-2CaS0y4 (calcium langbeinite) and (K,Na,Ca)SO4 (aphthitalite). If the composition of the
melt is located in one of precipitation areas, the species of that area will precipitate first.

Sulfur in the Portland cement clinker is mainly found as Na;SOs, K2SO4, CaSOy, (Ky,Nay)SO4
(aphthitalite), K;SO42CaSO,4 (calcium langbeinite), and as substituents in the major clinker
phases, mainly alite and belite with little in the ferrite **'*. For most common Portland cement,
the upper acceptable limit of S expressed as SO; in clinker, in order to assure good quality, is 1.6
wt. % %1% More than half of the S originating from raw materials and fuel appears in the
clinker; the rest is lost in the flue gas and in the kiln dust *’.

Amounts of S larger than 2.6 wt. % SO; in clinker '** have an adverse impact on the clinker
mineral formation, inhibiting alite formation and promoting stabilization of belite and free lime,
which needs to be lower than 1.5 wt.% CaO in clinker. One measure to prevent this phenomenon
is to add calcium fluoride (CaF;) to the raw meal, as a mineralizer. This allows lowering the

burning temperature, and consequently the formation of alite is accelerated and the burnability
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(the reactivity of the solid material) is improved. However, concentrations higher than 0.25 wt.
% CaF, in clinker are negatively affecting the cement properties, resulting in retarded setting,

reduced early strength, and increased late strength >*'>*!41142,

2.1.3 Circulation of Chlorine

The Cl-circulation and the locations of the formation of different Cl-species in a cement plant
are illustrated in Figure 9. The chlorine, as chlorides, is frequently found in limestone and clays,
predominantly as NaCl. The raw meal contains relatively small amounts of Cl, typically in the
range 0-0.03 wt. % and mostly less than 0.01 wt. % LOI. For ILC-kiln systems without a bypass,
the maximum Cl-concentration allowed in the raw meal is 0.029 wt. % on clinker basis; higher
concentrations will cause heavy build-up problems in the kiln '**.

Chlorine can be released during the combustion of fuels, and the Cl-input from fuels can vary
significantly, depending on the type of fuel. The Cl-content in fossil fuels, such as coal and
petcoke, is rather low, but it can be significant for alternative fuels, such as RDF, as presented in
Table 5. The possible paths and release mechanisms of Cl during pyrolysis and combustion of

. . 144
biomass can be found in

. HCl is formed when fuels containing organically bound chlorine or
inorganic chloride salts are burned '**. Organically associated Cl can also be released in the gas
phase as CH3Cl '*. In the calciner, and along lower preheater stages, the HCI will be absorbed
by free lime according to reaction (10) **'*’; however the absorption of HCI by limestone is
strongly dependent on the humidity of the flue gas'*®. The absorption of HCI by limestone has

been extensively studied by Partanen'*>' %1,

CaO(s)+2HCI (g)==H,0(g)+CaCl,(s/1) (10)
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In the burning zone, there is no reactive free CaO suspended in the flame, and HCI from the
kiln fuel will therefore be transported to the preheater and be converted to CaCl, there. In the
calciner and the lower cyclone stages, at temperatures of 800-850°C, the Cl-species from the raw
materials can melt, and condensation of Cl-species from the kiln gases also occurs. Therefore,
the Cl-species are present in liquid phase. The inverse reaction of equation 10 can also occur in
presence of moisture.

In the burning zone, only the chlorine salts KCI and NaCl evaporate from the sulfate melt. The
Cl has an evaporation factor range of 0.900 to 0.996, and will evaporate nearly 100 % #4151,
The boiling temperatures of KCl and NaCl are approximately 1400°C. The circulation is
determined by the phase equilibrium between liquid and gaseous KCI.

Figure 10 shows a Sankey diagram for Cl-circulation, showing how the gaseous, liquid and
solid Cl flows. The Sankey diagram was made based on data from a Finnish cement plant, and
the diagram is only valid for low Cl circulation '*’. The CI has a considerable circulation around
the calciner, leading to high Cl-concentration. As an approximation, the Cl mass flow in the kiln
inlet is 200 times greater than the accumulated mass flow in the outlet.

High values of the SOs/Alk ratio are critical for the circulation of chlorides, because sulfation
of alkali chlorides can take place at temperature higher than 900°C, according to the general
reaction (11), where M can be Na or K. Alkali sulfates can be either solid or gaseous depending
on the temperature, and whether or not aerosol formation occurs, i.e., dependent on the local
concentration and cooling rate. Reaction (12) shows a pathway for sulfation of CaCl,, involving
SO,. The combination of HCl and SO,, in the presence of moisture, makes the kiln gas very
corrosive, causing corrosion on the steel walls of the rotary kiln. Sulfation is enhanced by the

151

presence of chlorides in the middle zone of the kiln ~". The chlorine and sulfur species are also
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responsible for deposit build-ups on the non-moving parts coatings caused by formation of

chloroellestadite®*, see section 3.

2MCI (g)+%02(g)+ SO,(9)+H,0(g) > M,SO,(g/1)+2HCI(g) (11)

CaCl, (g)+%02(g)+ SO,(9)+H,0(g) —> CaSO,(g/1)+2HCI(g) (12)

Hydrolysis of alkali chlorides in the gas phase contributes to the formation of HCl according to
reaction (13), especially at the temperatures of the burning zone. However, the formation of HCI1
through reaction (13) at temperatures below 1000-1150°C 1is limited, because it is

thermodynamically restricted "*'.

KCl(g)+H,0(g) ==KOH(g) +2HCI (g) (13)

The chlorine can be found in the clinker as CaCl,, and sometimes as KCl, if it is trapped in the
inner core of the clinker nodules. Most of the standards for Portland cement restrict the content
of chloride to 0.1 wt. %, in order to avoid problems of reinforcement corrosion in

11,148,152
concrete .

2.1.4 Circulation of Alkali

Circulation of alkali metals, which are mainly introduced by the raw materials, is represented
in Figure 11. It is well known, that K-species are usually more volatile than Na-species'*, see
Figure 12. The intensity of the alkali cycle depends upon the nature of the alkali metals in the
raw material, on operating practices, and on the actual type of kiln applied '>*. The limiting

content of Na,O and K,O is generally expressed as Na,O equivalent, defined as;

Na,O
4+ —2

K,0

W,

Na,O. equiv — Wna,0, L0 free “Wso, Lo free (14)
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The source of alkali is most commonly clay or shale, but alkali can also be present in some
limestones, sands and frequently in various types of alternative raw materials such as fly ashes.
The average alkali concentrations are 0.17 wt. % Na,O and 0.57 wt. % K,O for the raw materials
2% In most cases the alkali input by fossil fuels and/or by alternative fuels is rather small or
negligible, except for cases with high alkali content in the ash, i.e. bituminous coal '**.

In the preheater tower, alkali may be bound as sulfates, chlorides or carbonates. In the calciner,
alkali sulfates are incorporated in the raw meal. If the alkali is not balanced by sulfates, they will
remain very volatile and accumulate in the circulation between the kiln and the preheater. Jawed

7155 and Skalny and Klemm'® have reviewed in detail the effects of alkalis in

and Skalny
cement manufacture and use. They found that the mineralogical composition of raw materials
producing volatiles is a major determinant of the alkali volatility. About 50 wt. % of the alkali
present in the raw feed is volatilized in the kiln between 800 and 1000°C *”.

The acceptable range of Na,O and K,O concentration in the kiln riser varies from 3 to 5 wt. %
LOI free **. Excess alkali has a potential to form alkali carbonates in the cyclones. Furthermore,
too high alkali content without S-coverage may cause build-ups in the kiln riser or deposit build-
ups in the tertiary air pipe.

The alkali sulfates form part of the sulfate melt and remain trapped in the nodules as a liquid
through the burning process. Porous clinker nodules tend to contain higher levels of alkali

sulfates'’

. Na and K act as fluxes (increasing the amount of melt formed at a given temperature)
and mineralisers (accelerating the reaction rate and promotes the formation of alite within the
liquid phase) for clinker formation, thereby improving the burnability of the clinker. For the

cement properties, Na and K increase the early strength and lower the late strength'**. Studies on

the distribution of alkali in the clinker have confirmed that finer nodules contain lower alkali
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levels than courser nodules due to the higher surface available for alkali volatilization*”"*’. In

the burning zone, alkali can evaporate as NaOH, KOH, K;SO,, and Na;SOy, as shown in Figure
11. Presence of H,O (g) in the kiln atmosphere promotes formation of alkali hydroxides, which
are more volatile than the corresponding sulfates according to reaction (15). A similar reaction

also takes place for Na **.

H,0(g) +2K,S0,(g9) — 4KOH(g) +230,(9) +0,(9) (15)

The rest of the alkali, not being in the gas phase, recombines directly in the charge material
with Cl or S or are integrated into the lattice of the clinker minerals, such as belite and aluminate.

Alkali sulfates condense on dust particles at the exit gas temperature of the preheater tower.
Furthermore, raw meal is added in the riser duct to favor the alkali sulfate condensation;
otherwise the alkali sulfates would condensate on the walls of the riser duct, creating deposits. In
this way, alkali sulfates in gas phase from the kiln are incorporated in the raw meal after the
calciner.

The composition of the condensate will not be pure alkali sulfate but will include carbonates
formed from CO, from the gas stream and the clinker meal. Thus, the chemistry of the melt is an
alkali sulfate and alkali carbonate melt, containing small amounts of alkali hydroxide. The
presence of carbonate dissolved in the molten sulfate phase explains the presence of CO; in the
clinker analyses **.

In the presence of chlorides and sulfates, the volatilization behavior of both Na and K is
modified greatly (depending on how Na and K are combined) as shown by the vapor pressure-
kiln temperature relationship in Figure 12. In the presence of S, alkali preferentially forms

sulfates, if S is present in amounts higher than the required stoichiometric balance™.
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Some of the Na,O and K,O are incorporated into aluminate, ferrite and belite. The residual
alkalis will remain water soluble. Introduction of alkali into clinker minerals modifies their
crystal structure, which may decrease the hydraulic reactivity of the cement °. Alkali

D alkali sulfates, 2 alkali

compounds in the clinker can be divided into three main groups:
aluminates and alumino ferrites, and 3 alkali silicates °7. In some cases, alkali may also occur in
the form of carbonates *’.

High levels of alkali in the final cement often lead to higher pH, and early strength
development, but lower later strengths. Soluble alkalis, which are not bound with S, may cause
flash set (rapid and early loss of cement workability during water addition), due to activation of
the calcium aluminates, and will also cause a significant loss of 28 days strength '>’. The
maximum permissible content of alkali in the clinker is 0.6 wt. % Na,O equivalent'**'>. Alkali
potentially can give rise to cracking and expansion in concrete, due to the alkali-silica reaction
with reactive aggregates. In this situation, the alkali reacts with moisture and produces a gel,
which expands **'®. Furthermore, a high concentration of alkalis in concrete has harmful effects
on most mechanical properties of concrete, such as compressive, splitting, direct-tensile, and

flexure strengths '®'.

3. Consequences of High Inorganic Volatile Circulation

3.1 Deposit Build-up Formation

The consequences of high internal circulation of inorganic elements are formation of build-ups
and deposits. The gaseous species condense in the colder zones, and the condensation products
are often chemically aggressive and with low melting temperatures. Therefore, the liquid present

on the raw meal particles reduces the flowability of raw meal and causes the particles to stick to
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the walls. This may subsequently cause build-up on cyclone walls and riser ducts. Table 6 lists
the common intermediate compounds found in build-ups and kiln rings and their typical location.
Formation of build-ups may reduce the kiln production, and cause higher heat consumption, and
kiln or plant stops, which are expensive.

Chemical analysis of the build-up samples from different cement kiln preheaters have shown
that the main constituents are SO,, K,O, CaO and CIl, and that their proportions may vary
significantly, depending on their location '**. The dominant phases in most of the samples were
CaSOQy, or a mixture of CaSO,4 and CaCOs. Smaller amounts of other phases, such as ellestadite
solid solution (Cajo(SiO4)3(SO3)Z; where Z can be OH, F, or Cl), more frequently
chlorellestadite, Ca;o(SiO4)3(SO4)3;Cl,, and spurrite have also been reported. Microstructural
examination showed that the growth of the rings was due to successive deposition of particles
and condensation of gases. The main cause of the deposit formation appears to be the presence of
a glassy phase, K;.«Na,C1'®, even in small quantities of CI". The system KCI-NaCl, illustrated in
Figure 13, shows that KCI and NaCl melt from 660 to 800°C'®, depending on the chlorides
composition. In the presence of CaSQy, the liquid phase appears at lower temperatures, as shown
in the corresponding tertiary diagram of reference'®*.

It has been stated that the presence of spurrite and KCIl was found to be the reason for the
build-up stability in the lower part of the preheater'®. The investigation suggested a KCl-
crystallization model, based on a vapor-liquid-solid (VLS) mechanism, which is illustrated in
Figure 14. The first step is the condensation of volatile elements on the grains of raw meal; then

agglomerates are formed in the presence of a liquid phase and stick to the walls of the gas ducts,

causing an increase in thickness of the solid material layer. Then, in the accretion formed,
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favorable conditions are created for KCI crystallization according to the VLS mechanism; i.e.
KCl vapor pressure of and a temperature close to the melting point'®.

The composition of the build-ups has been further investigated by Saint-Jane et al.'®*, using X-
ray fluorescence (XRF), scanning electron microscopy (SEM), and chloride potentiometric
titration. Based on the analyses, it was found that the corrosion scale contained water-insoluble
as well as water-soluble Cl. Build-ups on the walls of cyclones, and the riser duct, contained
substantial amounts of Cl in water-insoluble form, identified as chlorellestadite
(Cajo(Si104)3(S04)3Cl,), instead of the more common water-soluble KCl and NaCl. The
chlorellestadite formation might lead to the clogging of pipes, which results in a decreased
clinker output, and necessitate cleaning. Based on thermodynamic calculations'®?, it was
proposed that the chlorellestadite was formed due to the presence of gaseous HCI, and reaction
(8) which becomes more favored, as the temperature decreases. Consequently, the presence of
chlorellestadite indicates formation of HCI in the hot atmosphere'®.

The influence of HCI formation has been explained by the degree of contact between the gas

12 Saint-Jane et al.'*® proposed two reactions, (16) and (17), which can

and lime-containing dust
take place in the cooler parts of the kiln depending on the extent of contact of the gases with

. .. 16
lime-containing dust'®’.

Insufficient dust contact;

(16)
soz<g>+2KCI(g>+H20<g>+%oz<g>ﬁ K,50,(1)+2HCI (g)

Sufficient dust contact;

(17)
SO, (9)+2KCI(g)+CaO (s)+%02(g)<:>CaSO4(s)+2KCI (9)
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Poor contact between the hot kiln gases and the lime-containing dust in the kiln may cause
formation of HCI from reaction of KCI with SO,. Subsequently, HCI in contact with the hot meal
in the preheater unit can form chlorellestadite'®’. Figure 15 and Figure 16 illustrate the global
equilibrium analyses simulating the reactions with sufficient and insufficient contact with lime-
containing dust, respectively. The system was modeled as an enclosed box of variable volume
with a fixed pressure of 1 atm, considering two phases: a pure solid (chlorides and sulfates) and
an ideal gas (N,, CO,, O, and H,0). A third phase, which consisted on CaO (s) representing the
dust, was only included for the case of the sufficient contact with lime containing dust (Figure
15).

The results show the effect of decreasing temperature (from 1400 to 1000°C, corresponding to
the kiln gas from the transition zone to the inlet of the rotary kiln). At high temperature, SO, is
favored due to the thermal decomposition in the burning zone for both cases. For the case of
sufficient contact with dust, the SO, concentration decreases to zero below 1200°C because it is
captured by the lime-containing dust. In addition, no HCI in the gas phase is observed. On the
contrary, for the case of insufficient contact with dust, not all the SO, in gas phase is absorbed by
CaO as the temperature decreases, and below 1200°C, formation of alkali sulfates and HCI
occurs. Figure 16 (insufficient contact with dust) indicates that SO, and HCl in the gas phase will
be observed in the kiln inlet. Saint-Jean et al.'®® concluded that the HCI concentration can be
reduced by means of better gas-solid contact in the kiln.

Sulfur- and Cl-concentrations in the hot meal can be used to evaluate the risk of build-up
formation in the calciner, according to Figure 17'°®. The diagram is based on industrial
experience, and is divided in 3 zones: low, medium and strong build-up tendency. The build-up

tendency is linked to the required cleaning or removal of the build-ups. Therefore, it is

30



recommended to operate a cement plant in the low and medium build-up tendency zones.
According to Figure 17, the hot meal content of SO; should be maintained below 6 wt. %, and
the Cl-content below 3.5 wt. %, in order to avoid strong build-up tendency.

It is generally accepted, and in agreement with

Table 6, that the formation of build-ups in the lower cyclones may be associated with an
increase in chlorine evaporation, and the build-ups in the riser duct with an increase in S-

evaporation.

3.2 Coating and Ring Formation in Rotary Kilns
Blockages in the rotary kiln are normally referred to, as either coating or ring formation,
consisting of a mass of clinker or dust that adheres to the wall of the kiln and solidifies. They are
easily formed, when an excess of S over alkalis exists in the kiln atmosphere. The kiln rings
differ based on their composition and location in the kiln ''”. Figure 18 illustrates a rotary kiln
with five typical complications, which are:
1. Nose rings or ash rings.
2. Clinker coating.
3. Trumpet coating or sinter ring.
4. Clinker rings or middle rings.

5. Transition zone rings

The nose ring, which is marked by point 1 in Figure 18, is formed in the hot burning zone,
where the clinker leaves. It can be formed very rapidly, and sometimes needs daily removal.

These formations are caused by crystallization of clinker liquid, or free alkali-sulfates in the
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clinker. The liquid present at the kiln nose permits adherence of the dust particles, and therefore
the building of the nose ring continues. Microscopic analyses of clinker produced during the
presence of a nose ring indicate the occurrence of slow cooling. Slowly cooled clinker causes the
alite to revert back to belite and free lime'”’.

The build-up in the clinker cooler back wall, referred as snowman build-up, is illustrated in
Figure 19. It is caused by the same problem that promotes the nose ring, i.e., a slow cooling of
the clinker. The influence of granulometric characteristics of the raw materials to the formation
of this coating has been investigated in an industrial cement plant by using quantitative analytical
techniques and some measures to counteract this problem were suggested by Katsioti'’'.

Point 2 in Figure 18 shows the clinker coating, which normally has the same chemistry and
mineralogy as the clinker charge, since it is made up of the clinker. It is desired to operate the
kiln with coating formation to protect the lining from thermal shocks, abrasion by the kiln bed,
and chemical infiltration by the gases, and to prolong the lifetime of the kiln'’?. The thickness of
the coating is under normal conditions determined by the heat transfer through the lining which
means that when the surface temperature of the lining reaches the melting point of the clinker
liquid, it stops growing in thickness. Thus, an equilibrium exists at these conditions. Figure 20
shows the influence of the temperature on the coating in the rotary kiln. In scenario A, the rotary
kiln has a thick coating layer that may continue to grow in thickness until the equilibrium
temperature is reached. Scenario C shows a kiln with a hot flame. Here, the coating layer is seen
to become liquefied and drop off of the refractory lining. If the thickness of the coating layer
becomes too low, it will decrease the refractory lifetime. The surface temperature is the most
important factor in the formation of a coating. Since the flame shape governs the surface

temperature at all points in the burning zone, the flame has a considerable effect on the coating
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formation'®. The amount and the properties of the liquid phase will also affect the ability to
form the coating'’*.

Point 3 of Figure 18, marks the position in the rotary kiln, where the burning zone starts. The
coating composition is similar to the clinker, because this coating is established where the liquid
phase begins to form, but the melt comes into contact with a cooler surface and solidifies,
thereby binding clinker particles together’*. Changes in operational temperature can lead to
coating formation at one location, which will later come off, when the temperature is changed.
Repetitive shedding of coatings and formation of too much coating may lead to ring
formation'®.

Point 4 of Figure 18 shows the clinker rings that form inside the kiln. Clinker rings are
characterized by their relatively high content of alite and aluminate. They are typically caused by
recirculation of clinker dust in the combustion product gases from the main burner. These rings
can be avoided by eliminating the dust recirculation from the cooler or by adjustment of the main
burner to produce a short and dense flame'”*.

The rings in the kiln inlet zone, called transition zone rings, are showed by Point 5 of Figure
18. These rings do not contain aluminate, and only very little alite'”. The composition of
transition zone rings is often quite complex, and it is associated with operating conditions, such
as high concentrations of alkali chlorides in the kiln gas, or reducing condition in the bed
material.

Reducing conditions, raw meal with low reactivity, flame shape, and burner position are
known to increase the amount of S in the kiln atmosphere, thereby favoring ring formation '®.
Sulfospurrite, (2Ca0-Si10,),-CaSO,, appears to be the mineral phase responsible for ring

163

formation in the cement preheater kilns °. Sulfospurrite crystals have been found on the surface
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of the refractory lining, and subsequent rapid growth of the ring, in a SOs rich kiln atmosphere, is
probably enhanced by the liquid double sulfate 2CaSO4K,SO4 (Ca-langbeinite), which can be
formed in a wide range of K,SO4 and CaSO4 compositions and temperatures, as shown in the
corresponding phase diagram in Figure 21. The analyzed samples showed an internal variability,
which reflected the variations in composition and temperature of the kiln gases'®. The same
study tested different refractory materials against ring formation, and concluded that SiO*
impregnated alumina bricks impeded sulfospurrite crystallization by stabilizing belite very

efficiently.

Kiln rings in a preheater kiln system are not as frequent as in previous kiln systems due to the
improvements in manufacturing technology, operation control, and raw materials and clinker
homogeneity'””. These improvements have also resulted in significantly enhanced product
performance. The operation process parameters experience nowadays less variation. This is
illustrated in Figure 22, showing the variation of lime saturation factor (LSF) for three different
rotary kilns. LSF is the ratio of CaO to the other three main oxides, and it controls the ratio of
alite to belite in the clinker. The clinker produced in batches in bottle kilns in the nineteenth
century was very heterogeneous as the raw materials. The oldest kiln from 1890, presents a big
variation of the LSF percentage in short periods of time, and this large variability was causing
operational problems, because the clinker was produced in batches in bottle kilns were very
heterogeneous as well as the raw materials. The introduction of rotary kilns facilitated the
blending and uniformity of the raw materials. In the long kiln, where calcination was taking
place inside the rotary kiln, the process parameters showed still significant variation, but the

variability has been significantly reduced for the actual preheater kilns, which show the
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improvement on operational control. For that reason, kiln rings are rarely formed in the actual

preheater kiln systems.

3.3 Shell Corrosion and Refractory Deterioration

The combined presence of SO, and HCI makes the kiln gas very corrosive . Consequently,
the presence of a local reducing atmosphere coupled with a high S-level in the kiln system may
lead to refractory deterioration and corrosion of rotary kiln shells and calciner shells, which
subsequently result in high maintenance costs.

Kiln shell corrosion in 12 suspension calciner kilns was studied by Jons and Ostergaard "'
They found that the corrosion was restricted to a short zone, located from the start of the kiln
coating to 10-20 m in the direction of the kiln inlet. Severe corrosion occurred when the kiln gas
contained high levels of both S and Cl. The corrosion products were found to be brittle and
porous, with chlorides and alkali metals present in different amounts and homogenously
distributed. Table 7 lists the chemical composition of the corrosion sample at distances of 48.5 m
and 53 m from the kiln inlet. However, it was not possible to link the composition of the
corrosion product to the position where the sample was taken. The corrosion reactions on the kiln
shell are proposed to be chain reactions'”"'’®. First, the release of HCI to the gas phase takes
place by reactions (13) and (18) at temperatures higher than 900°C in the kiln, where thermally
unstable alkali chlorides are transformed to more stable alkali sulfates. Hydrochloric acid can
penetrate through the refractory, and due to the decrease in temperature, chlorine formation

1 According to Jens and

proceeds via reaction (19) at temperatures lower than 400°C
Ostergard"™', a temperature gradient, which is established by the lining and the porous deposit,

will be formed between the kiln atmosphere and the kiln shell. The elemental chlorine can

chemically interact with the metal shell by chlorination of iron, reaction (20). Subsequently, the
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oxidation of FeCl,, the hydrolysis of FeCls, and sulfidation of iron continue by reactions (21),

(22), and (23), respectively.

2KCI(g)+S0,(g)+*0,(g)+H,0(9) — K,SO,(g)+2HCI(g) (18)
2HCI(9)+'20,(9) »Cl,(9)+ H,0 (g/1) (19)
Cl, (g)+ Fe(s) = FeCl,(s) (20)
12FeCl, (s)+ O, (g) —>8FeS,(g/ 1) + 2Fe,0, (s) 1)
FeCl, (s) +3H,0 (/1) = 3HCI (g) + Fe(OH), (s/1) (22)
4Fe(s)+ S0, (g) — FeS, (s) + Fe,0, (s) (23)

The gaseous chlorine is believed to be the main promoter of corrosion since it increases the
porosity of the corrosion layer, thus decreasing the diffusion resistance, and thereby making the

kiln more vulnerable to further attacks''

. A schematic representation of the shell corrosion is
presented in Figure 23. It shows the different compounds that may be formed in the shell plate
causing corrosion. Two types of corrosion are observed: " corrosion during kiln operation
resulting in scaling of the kiln shell; this is the oxidation of the metallic iron by dry gases
(containing S and/or Cl) at elevated temperatures, also known as high temperature corrosion; and
? rusting during kiln shut-downs caused by condensation or absorption of moisture.

Experiences from different plants have revealed that in the absence of chlorides, the corrosion
rate stays at an acceptable level, i.e., 1/3 mm per year'*. The corrosion rate has been calculated
for the thinnest part of the kiln shell, which limits the lifetime of the kiln shell. Assuming a
thickness of 25 mm for the thin part, this kiln shell can be worn down by corrosion to 12 mm
before the stresses become too high, and the thinning takes between 30 to 40 years'”.

The calciner corrosion is believed to be caused by an increased S-circulation, which penetrates

into the refractory material. Sulfur compounds may react with moisture and form H,SO4 which
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condenses on the inner steel shell'®. Figure 24 illustrates schematically the mechanism of
corrosion due to the infiltration of corrosive gases, such as SO, and HCI, through the pore

structure of the refractory lining or through joints penetrating the outside steel shell '**.

4. Circulation of Volatile Elements due to Combustion of Alternative Fuels

Alternative fuels have different characteristics compared to fossil fuels. Their utilization in the
cement manufacturing may therefore have several effects on the process stability, such as local
reducing conditions, poor heat distribution, unstable pre-calciner operation, blockages in the
preheater cyclones, build-ups in the kiln riser ducts, higher SO,, NOx and CO emissions, and
dusty kilns*'. Furthermore, the type of fuel used may introduce specific material components or
increase the concentration of specific elements, which can interfere with the chemistry/quality of
the cement, refractory life, gas and material flow or potential emissions to the atmosphere, and

thereby affect the operation of the system.

4.1 Introduction or Increase of Inorganic Elements in the Cement Chemistry

The main elements introduced with alternative fuels are: Na, K, S, Cl, Zn, P, Fe, Si found as
Si0,, and carbon in cases of incomplete combustion. Furthermore, heavy metals such as As, Cd,
Cr, Pb, Hg, Cu, Ni, and Sn may be incorporated as traces. The presence of heavy metals in the
clinker does not affect the quality when the amount is below a threshold limit. Trace elements
exceeding the threshold limit may affect the clinker, e.g. Cu affects the alite formation, while Zn

181

will affect aluminate ™ . However, presence of heavy metals is one of the major hazards in the

flue gas from alternative fuels due to the environmental implications. Mercury and Cd are

examples of heavy metals, which tend to be highly volatile'*.
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Alternative fuels that contain Fe (e.g. TDF, up to 25 wt. % for truck tires®') or silica (e.g. ash
from rice husks, which contain 70-90 % silica'®®) contribute to the main oxides of the clinker,
and their required content in the raw materials should therefore be reduced.

The clinker quality may also be negatively affected, if the clinker is exposed to reducing
conditions induced by the alternative fuel when combusted in direct contact with the material bed
in the rotary kiln. The main problem is the reduction of Fe,Os; to FeO, which takes place at
temperatures higher than 450°C, or to elemental Fe, which occurs under strongly reducing
conditions '®. FeO, which has Fe in the oxidation state +1I, catalyzes the decomposition of alite
and reduces the ferrite content. This leads to modifications of the Portland cement properties, and
potentially a color change, a phenomenon known as brown clinker'®. The clinker quality may
also be negatively affected by the addition of metal oxide residues'™ and waste material

29,53,185,186

ashes to the clinker during the clinkering process through combustion of alternative

fuels if the raw meal composition is not adjusted accordingly.

4.2 Local Reducing Conditions

The kiln atmosphere is oxidizing in order to produce a good quality cement clinker and ensure
a proper burn-out of the fuel''. However, when there is fuel spillage from the calciner and/or
main burner, and/or fuel are fired into the rotary kiln material inlet, it can deplete oxygen locally
and thereby cause local reducing conditions that may have a negative effect on the clinker
quality and the process stability. Local reducing conditions in the kiln bed affect the melt phase
composition and viscosity and thereby the nodulation process. More information can be found

elsewhere'®'®. Only the effects on the process stability are considered here. It should be
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emphasized that reducing conditions in the kiln bed material do not necessarily mean reducing
conditions in the gas phase and vice versa.

The process stability is mainly affected by the increase in S-release from the raw meal to the
gas phase. The decomposition of CaSOj is promoted by reducing agents released as volatiles by
the fuels, i.e., CO, CH4 and H,, released by the fuels, so-called reductive decomposition of
CaSO0Oy. The fundamentals of the reductive decomposition of CaSO4 of mainly CO have been
studied over a wide range of conditions in relation to chemical-looping combustion'®"'®”.
However, it is difficult to link these studies with the conditions of the rotary kiln, because the
reducing gases will be in contact with the bed material, creating locally reducing conditions,
while the flue gas will not experience the reducing conditions, since it is rich in oxygen.

The reductive decomposition of CaSO4 by CO is described as follows, where depending on the

reducing potential (Pco/Pcoz) and the temperature one or the other reaction is favored.

CaSO,(s)+CO(g) »CaO(s)+SO,(9)+CO,(9) (24)

CaSO,(s)+4C0O(g) > CaS(s)+4CO,(9) (25)

The favored reactions over 900°C involving H, and CHy are reactions (26) and (27). However,
competing reactions exist, promoting formation of CaO and release of SO, or H;S, see further

. . 196 . 198,199
details for H, in references ~ and CH4 in references .

CaSO,(s)+4H,(g) > CaS (s)+4H,0(9) (26)

CaSO,(s)+CH,(g9) »CaS(s)+CO, (g)+2H,0(9) 27)

Since the overall gas atmosphere is oxidizing, reaction (28) can occur, releasing SO,. Thereby,
reducing conditions promote SO, release and tend to alter considerably and increase the intensity

of the S-cycle in the kiln system causing operational problems.
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CaS (s)+%02(g) — Ca0(s)+S0,(9) (28)

Alkali sulfate is not expected to decompose by reducing agents when CaSO, is present,

because these compounds are thermally more stable than CaS0,2"

. However, no investigations
have been conducted using alkali sulfates or the combination of three sulfates under reducing

conditions.

4.3 Increase of Circulation Phenomena in the Kiln System

As described, S and Cl circulation may be enhanced due to the utilization of alternative fuels.
High concentrations of these compounds often cause difficulties in kiln operation with build-ups,
mainly in the preheater and the kiln inlet section. The intensity of the cycles varies between
different systems, and there are also considerable variations within one single kiln system,

depending on the operating conditions.

4.3.1 Sulfur Circulation

Incomplete combustion of fuels, when they are burned in direct contact with the bed material,
can cause an increase of S-circulation because fuel volatiles, acting as reducing agents to
promote the reductive decomposition of CaSOs, are present in higher concentrations during the
combustion in an oxygen-lean environment. Normally, the increase of S-circulation is associated
to use of alternative fuels due to their different physical and chemical properties compared to
fossil fuels, which are finely grinded and combusted fully in the calciner or in the main burner.
However, an increase of S-circulation has been reported when unburned petcoke was admitted to

the kiln inlet'®.
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In a laboratory scale horizontal tube reactor the release of SO, from a synthetic cement
calcined raw material containing CaSO, as sulfur source was quantified as a function of gas
atmosphere, alternating oxidizing and reducing conditions with CO, H, and CHj in the
temperature range from 900 to 1100°C'*’. This temperature range corresponds to the bed
temperature interval in the material inlet of an industrial rotary kiln. The alternating oxidizing
and reducing conditions were applied in intervals of 2 minutes and were repeated over 20
minutes. Figure 25 shows the results of sulfur release under the alternating oxidizing and
reducing conditions using different reducing agents.

The results with CO showed an increase in sulfur release as function of temperature. The sulfur
release due to reaction with H, or CHy increased from 900 to 1000 °C but decreased at 1100 °C.
However, the experiments suffered from mass transfer limitations between the solid material and
gas, and the gas analysis system failed to detect H,S, which most probably was formed under the
reducing conditions with H, and CHy4. Sulfur mass balances for the experiments were not
checked and therefore the effect of the reducing agent on sulfur release was not quantified. This
results were compared the results with Hansen’s findings where no reductive decomposition was
obtained with CH, ''®. However, the reaction conditions were quite different in two experimental
investigations, so no direct parallels could be drawn.

Sulfur release from the cement raw materials during combustion of solid fuels has been
scarcely studied. Experiments in pilot-scale simulating the kiln inlet conditions were performed
by Nielsen et al.**' They studied the effect of energy input, fuel type, temperature, and bulk
oxygen concentration on sulfur release in combustion of alternative fuels (sewage sludge,
petcoke, saw dust, tire granulate, polypropylene flakes, tire rubber cylinders, and pine wood

cubes; listed in increasing order of particle size). Figure 26 shows the total sulfur release as a
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function of energy input from different fuels at 900°C. Increasing energy input leads to larger
volatile release and thereby more strongly reducing conditions near the raw materials, resulting
in higher sulfur release from the raw meal.

Figure 27 shows that the S-release from raw materials is insignificant at 700 and 800°C, while
at 900 and 1000°C it increases strongly for all fuels. Comparing the tire rubber and wood
particles, granulate tire and saw dust give rise to higher S-release while the S-release is much
smaller for the tire and wood particle, but it is not clear whether this is due to fuel composition,

the conversion pathway, or the number of particles. Cortada Mut et al. %

studied experimentally
the SO, release from simulated cement raw materials at 900°C during combustion of pine wood
and tire rubber, focusing on the influence of volatile content and fuel particle size. They used
three different particle sizes ranging from 19 to 2 mm at identical energy inputs. It was found
that the SO, release rate, as well as the total SO, release, from the cement raw materials
increased with decreasing fuel particle size’”>. This was ascribed to the increased heating rate,
hence increased devolatilisation rate, of the smaller fuel particles, resulting in a higher volatile
gas concentration for a shorter time interval than observed for larger fuel particles. Cortada Mut
et al. find that the SO, release from the cement raw materials mainly takes place during fuel
devolatilization rather than during char oxidation®*.

The effect of O,-concentration on S-release is shown in Figure 28. As expected, the S-release
decreases with increasing O,-concentration, since oxygen reacts with the fuel volatiles and act to
lower the concentration of the reducing agents.

The effect on the sulfur release of introducing the main reducing gases (CO, H, and CHy) in

controlled concentrations into the rolling bed in the high temperature rotary drum was

investigated by Cortada Mut et al.”** at different temperatures, oxygen contents, and times of
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exposure. The experiments indicated that a threshold concentration for the reducing agents
exists, below which SO, release does not occur. Short pulses with high concentrations of
reducing gas yielded higher SO, release compared to long pulses with low concentrations of
reducing gas®”. Experiments with mixtures of reducing agents indicated interactions between the
reducing gases, and the SO, release could not be predicted by addition of the single contributions
from the individual reducing gases™".

In an industrial cement plant burning pellets of dried sewage sludge through the main burner,
the S-evaporation has a decreasing linear tendency with the O,-concentration at the kiln material
inlet, see Figure 29. This is in line with the results shown in Figure 28. Increasing the O,-content
at the kiln material inlet minimizes the S-evaporation because the oxygen in the freeboard
atmosphere may oxidize the reducing agents. Thereby, the increase of oxygen concentration is
believed to reduce the occurrence of local reducing condition in the clinker be where unburned
sewage sludge were dropped from the flame™’,

In the calciner, the fuel and the raw meal is in direct contact, but the SO, release is not taking
place there. It has been suggested that partly calcined hot meal is less problematic than
completely calcined hot meal with regards to S-release, since the endothermic calcination
reactions absorb the heat from fuel oxidation and thereby prevent the temperature increment that
leads to S-release. In the calciner, sulfur release from fuel-S is possibly minimized, because the
sulfur oxides react preferentially with CaCO;3; forming CaSO4 2% However, there is a lack of
research in this area.

It is currently unknown how oxy-fuel combustion in the kiln system, used to optimize the
alternative fuel combustion, influences the sulfur chemistry and hereby the sulfur circulation.

This technology has been scarcely studied in relation to the cement industry and it is not
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commonly used in the cement industry due to its high cost®’. Studies of oxy-fuel combustion
using alternative fuels have only focused on the substitution rate in the kiln, the increase of
productivity and the stack emissions®**'* but any influence on the volatile recirculation has not
been evaluated. The changes in sulfur chemistry using pulverized S-containing coal under oxy-

d204'206, showing enhanced SO, and

fuel conditions in the power plant industry have been reporte
SO; concentrations due to recycling of S with the flue gas. However, in cement plants, oxy-fuel
combustion may not involve recirculation of flue gas. Tests on a cement plant using alternative
fuels and oxy-fuel combustion have shown that oxygen injection can enhance the combustion
and reduce the emissions of SO, and CO*”’. The localized higher oxygen concentrations favors
the retention of sulfur in the clinker, which may indicate a reduction of sulfur recirculation, and
oxygen injection into the kiln has not shown any increase in stack emissions®’. More

investigations are needed to understand how the volatile elements may be affected when using

the oxy-fuel combustion technology.

4.3.2 Chlorine Circulation

Alternative fuels, RDF in particular, may contain Cl in levels up to 4 wt. %, as listed in
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Table 5. Waste plastics such as PVC, sewage sludge, meat and bone meal, and chlorinated
hydrocarbons, may increase the amount of Cl introduced into the kiln system significantly**®.
The circulation of Cl is determined by the phase equilibrium between liquid and gaseous KCI.
The evaporation generally occurs in the burning zone of the kiln and the re-condensation in the
riser pipes and lower cyclones, where Cl can combine with alkali and sulfate species and form
mixtures with a low melting point. The degree of volatile recycling within the system will
increase with increasing amounts of alkali chlorides. High CI levels may influence the economy
of clinker production by causing kiln stoppages, corrosion, and inhomogeneous uneven clinker
quality.

Under unfavorable circumstances, some of the CI, which is normally present in the kiln
atmosphere in the form of NaCl and KCI, can be converted to HCIL. The HCI can cause corrosion

of the steel walls of the rotary kiln'®

. A bypass can be a very effective way of removing
chlorides from the kiln system. Approximately 90% of the chlorine can be removed by extracting
5% of kiln exhaust gas, but no more than 15% of the alkali or sulfur can be removed”.

The effects of Cl are strongly influenced by the S-load in the kiln. A model of the CI-
circulation in the kiln and how this is influenced by the sulfur load based on simple

thermodynamic considerations was developed by Jens et al. '*’. The findings were supported by

statistical treatment of data collected from more than 50 modern kiln systems. It was concluded
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that a higher sulfate content in clinker resulted in a lower chlorine evaporation factor, even

though it was not a strong correlation.

5. Conclusions

Cement production is an energy intensive industry. There is interest in replacing fossil fuels by
alternative fuels, which may account for up to 80% of the energy input today. The use of
alternative fuels may lead to incomplete combustion, however, and can alter the input and the
behavior of the inorganic volatile elements such as S, Cl, K, and Na in the kiln system.

Sulfur, CI, K, and Na are introduced in the kiln system by the raw meal and the fuels. The
chlorine is mainly introduced by fuels, while alkali is provided by the raw materials. The
compounds containing S, Cl, K and Na partly evaporate in the burning zone of the kiln and
condense on the incoming raw meal in the cooler parts. By repetitive evaporation and
condensation, these elements circulate in the cement plant at different temperatures and locations
of a cement plant.

The S-circulation is the most complex. In the preheater, the organic sulfur is oxidized, which is
followed by the sulfation of CaO with SO,/SOj; in the calciner where alkali sulfates can also be
present. In the rotary kiln, a sulfate melt is formed and the evaporation of S takes place forming
SO,, K,SO4 and Na,SO,4 in the gas phase in the burning zone. The volatilization of sulfur
depends on the Alk/SO; ratio, and on the operating conditions such as O,-concentration and
temperature.

The main compounds of the Cl-circulation are KCI and NaCl, which can be in solid, liquid or

gas state depending on the temperature. The volatilization of Cl depends only on the burning

46



zone temperature and the Cl evaporation factor is typically around 0.99 for the temperature
found in a cement kiln.

Potassium and Na can be bound as sulfates, chlorides or carbonates, depending on the balance
of sulfur and alkali. The volatility of K and Na depends greatly on how they are bound.

Special focus has been given to the circulation of sulfur because this cycle can be modified
and/or increased by fuel spillage from the calciner and/or main burner, where the fuel
combustion proceeds in contact with the bed material of the rotary kiln and causes local reducing
conditions. Consequently this may have a negative effect on the clinker quality, and the process
stability in term of build-ups formation and shell corrosion.

Build-ups in the lower cyclones and the riser pipe from different cement plants have been
characterized analytically. Spurrite and KCI1 have been found to be responsible for the tendency
of build-ups and the crystallization of KCI has been postulated to take place by a vapor-liquid-
solid mechanism. The risk of formation of build-ups can be evaluated by the sulfur and chlorine
content in the hot meal.

Insufficient contact between the hot kiln gases and lime-containing dust promotes the
formation of gaseous HCI. High concentrations of SO, and HCI in presence of moisture makes
the kiln gas very corrosive and can lead to corrosion of rotary kiln shells and calciner shells.

Local reducing conditions promote S-release in the kiln inlet due to decomposition of CaSO4
by reducing agents, such as CO, CHy and H; released during devolatilization of the fuel.
Experimental investigations on sulfur release during fuel combustion have shown that sulfur
release increase with increasing temperature and energy input, and decreasing O,-concentration

and particle size. However, there is a lack of understanding in this area.
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Figure 22. Variability in the lime saturation factor of hourly spot clinker samples of different

cement rotary kilns, adapted from Herfort et al. ',
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Figure 23. Schematic mechanism of shell corrosion, adapted from Kotter and Bartha'”’
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Figure 24. Scheme of the mechanism of corrosion, modified from Lechtenberg and Diller'*’.
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Figure 25. Effect of reducing agents on sulfur release from calcined raw material under

133
1

alternating oxidizing and reducing conditions, adapted from Nielsen et al *°. The sulfur release

was quantified after 20 minutes of reaction time.
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NL/min, 6 rpm. Energy input in each
experiment: 30 kJ. Note: Sulfur release form tire
granulate and saw dust at 1000 °C has been

estimated. Adapted from Nielsen et al.*’,
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degree, 5 wt. % CaSO4, 900°C, 100 NL/min, 6 rpm. Energy input in each experiment: 30 kJ,

adapted from Nilsen et al. *°".
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Figure 29. Sulfur evaporation factor as function of O, exhaust gas concentration measured at the
kiln material inlet during firing 0.5-2 tons per hour of dried sewage sludge in the kiln burner,

adapted from Nerskov*'.
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Table 1. Typical temperature, residence times, and oxygen concentration range in a modern

. o 1141
calciner kiln''%3,

Preheater Calciner Rotary kiln Cooler

Gas temperature [°C] 350-880 880-1100 1100-2000  1100-25
Gas residence time [s] ~5-10 ~3-4 ~5-10 ~1
Material temperature [°C] 100-780 780-900  900-1450 1400-100
Material residence time [s] ~50 ~5 15-30 min ~ 30 min
Gas O, concentration [vol.%] ~3-12 11-12 2-7 ~21

Table 2. Typical proximate analysis and heating values of different fossil fuels used in the

cement production.

Proximate analysis [wt.% | Lower
dry] heating
value

VM'  FC?  Ash [MJ/kg]

Fuels Reference

Anthracite coal 1.7-11 67-98 3.8-20 30.2-34.9
Bituminous coal  14-40 33-86  3.7-12 19.7-34.9 35-38

Lignite coal 26-47 29-40 4.2-18 9.3-19.3

Petcoke 9-13 7195 0.2-3.0  29.5-34 37,3941
Crude oil n.a n.a ~0 39-42.7 39.42
Natural gas 100 0 0 46.8-53.8 %%

Notes: ' Volatile matter, * fixed carbon.
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Table 3. Typical proximate analysis and heating values of different alternative fuels used in the

cement production.

Proximate analysis [wt.% dry] Lower heating
Reference
Fuels vM! FC2 Ash value [MJ/kg]
Pine wood 79-83 15-17  0.3-0.5  19.7-19.8 * 207
Straw 643-80.5 13 47-20.1  18.1%* 58,59
19.5
Rice Husks 61-69 16-17  15-20 15.4% 3357
Refuse derived fuel 60.61
(RDF) 60-84 2-16  8-32 14
Tire Derived fuel (TDF)  54-66 2330  7-23 31-32.8 20,62
Meat and Bone Meal 63-65
(MBM) 65-72 7.2-9.7 18-28 16.2-19.9
Polyethylene (PE) 100 ~0 ~0 40.2-44.2* 66,67
Poly-Vinyl-Chloride 66,67
(PVO) 91 9 1 19.2
Sewage sludge 48-64 0-6 17-50 14.0-19.1 47,57

Notes: ' Volatile matter, ~ fixed carbon, * lower heating value calculated from the higher
heating value.
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Table 4. Concentrations of Na,O, K,0, Cl, and SOj in the different raw materials.

Raw materials

Concentration [wt. %] ;. fone, lime Clay, Reference
marl, chalk Sand shale

NaO 0-0-1.5 00-10 01-15 24.34,07,08

K,O 0.0-3.5 02-30 04-50 24349798

cl 0.0-0.6 Traces  0.0-1.0 2%

SO;3 0.0-0.7 0.0-0.5 0.21 497
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Table 5. Concentrations of S, Cl, Na and K from the ultimate analysis of different fossil and

alternative fuels.

Ultimate analysis [wt.% dry]
Fuels Reference
S Cl Na K
Anthracite 0.7-22  300-380*
Coal
. . # 4 3537,38,59
CB;Z.;.H]IHOHS 03-43  100-340% 0.09-2.9" 0.29-4.15

Lignite coal 0.5-6.7 100-140*

Petcoke 4-7.4 ~0 40-70%* 20-50* 37,40,41
Crude oil 0-57 ~0 n.a. n.a. 42
38,100
Natural gas 0-034 ~0 n.a. n.a.
Pine wood ~0 <0.1 n.a. ~1000* 363657
Straw 0.2 0.6 0.16-3.5" 12.6-38.5" 7
Rice Husks 0.1-02 na. 0.1 2.2 35,57
RDF 0.1-0.6 0.1-3.9 0.1-0.2  0-0.1 o0l
TDF 14-1.6 0.2-2 ~0 -0 101,102
MBM 04-1.0 0.4-0.6 0.31 0.1 63-65
PE ~0 ~0 ~0 -0 66,67
PVC ~0 57 ~0 ~0 66,67
Sewage sludge ~1 0.1-0.8 0.24 0.3-0.63 215457

Note: *Concentration in ppm weight dry basis, "Chemical ash composition as wt. % Na,O and
K0, n.a.: not available
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Table 6. Common intermediate compounds found in build-ups and kiln rings

162,163

Name Formula Location typically found
Spurrite (2Ca0 -S10,),CaCOs Lower cyclones
Calo(SiO4)3(SO4)322
Ellestadite Riser pipes
Z=0H, F, CI
Sulfospurrite (2Ca0 -Si0,),CaSO4 Kiln rings

Anhydrite CaSOq4

Cyclone and riser pipe

Table 7. Chemical composition of the corrosion sample at a distance of 48.5 m and 53 from the

kiln inlet "',

Distance from Kiln inlet [m]

Chemical composition

[Wt.%] 48.5 53

Fe,0; 92 70

K20 0.9 3.9

S 2.1 16.8

Cl 1.7 6.6
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