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ABSTRACT:During combustion of solid fuels in the material inlet end of cement rotary kilns, local reducing conditions can occur
and cause decomposition of sulfates from cement raw materials. Decomposition of sulfates is problematic because it increases the
gas-phase SO2 concentration, which may cause deposit formation in the kiln system. SO2 release from cement raw materials during
combustion of solid fuels has been studied experimentally in a high temperature rotary drum. The fuels were tire rubber, pine wood,
petcoke, sewage sludge, and polypropylene. The SO2 release from the raw materials was observed to increase when (a) the inlet
oxygen concentration decreased, (b) the temperature increased, and (c) when the total surface area of the fuel particles increased.
The type of fuel also had a significant effect on the SO2 release. The sequence of SO2 release for fuel particles in the size interval 1�2
mmwas found to be tire rubber granulate > sewage sludge > pine wood sawdust > petcoke > polypropylene flakes. The SO2 release
was generally observed to increase when formation of local reducing conditions near the raw material bed increased, as indicated by
elevated levels of CO during the fuel devolatilization.

’ INTRODUCTION

Fuel consumption accounts for a significant fraction of the
total cement clinker production costs.1 Traditionally, cement
production has mainly depended on the fossil fuels coal, oil, and
natural gas. Due to competition in the cement market, rising
fossil fuel prices, and environmental concerns, cement producers
have increased the utilization of alternative fuels as a substitute
for fossil fuels in order to achieve the most economic fuel mix. In
this context, “alternative fuels” cover all nonfossil fuels and waste
from other industries. Popular alternative fuels in the cement
industry are tire-derived fuels, biomass residues, and different
commercial and industrial wastes.

It is attractive to utilize coarse, solid alternative fuel particles in
the material inlet end of cement rotary kilns in order to save the
expense of shredding of the fuels to smaller particles and to
increase fuel flexibility of the system. High temperatures in the
rotary kiln and material retention times of several minutes
provide good conditions for fuel burnout. Figure 1 show how
coarse, solid alternative fuels can be introduced into the material
inlet end of a cement rotary kiln.

Sulfur is introduced to cement rotary kilns as inorganic bound
sulfur in the preheated and calcined cement rawmaterials or with
the fuels (see Figure 1). A detailed description of sulfur species
and the main sulfur reactions in rotary kilns and calciners is
described elsewhere.2,3

Sulfur present in the calcined raw material is mainly bound as
CaSO4 or as alkali sulfates. The calcined raw material is trans-
ported by the rotational movement and slight inclination of the
rotary kiln toward the hot burning zone, where flame tempera-
tures are in the range of 2000 �C and material temperatures are
around 1450 �C. The clinker reactions take place during the
gradual heating of the calcined raw material as it is transported
through the rotary kiln. During the gradual heating of the calcined

raw material, a sulfate melt is formed that facilitates formation of
alkali sulfates, Na2SO4 and K2SO4, which are more thermody-
namically stable than CaSO4.

3 CaSO4 will decompose at the high
temperatures present in the burning zone and form SO2 or alkali
sulfates.

The main challenge with respect to alternative fuel utilization
in the material inlet end of rotary kilns is that solid fuel particles
will be in physical contact with the calcined raw material: During
the fuel devolatilization, reducing agents such as CO, H2, and/or
hydrocarbons are formed. These reducing species may react with
elements in the calcined raw material before they are oxidized to
their ultimate combustion products, H2O and CO2. In addition,
if the fuel particles are fully or partly covered by calcined raw
material, mass transfer of oxygen to the fuel char will be hindered.
Substoichiometric amounts of oxygen will lead to incomplete
oxidation of the fuel char, forming reducing agents in the form of
CO, H2, and/or hydrocarbons. The process stability of the kiln
system may be affected by increased release of sulfur from the
calcined raw material, mainly by reductive decomposition of
CaSO4:

CaSO4ðsÞ þ COðgÞ T CaOðsÞ þ CO2ðgÞ þ SO2ðgÞ
ð1Þ

Increasing amounts of SO2 in the cement kiln system is
problematic because SO2 promotes formation of sulfo-
spurrite (2(2CaO 3 SiO2) 3 CaSO4) and calcium sulfoalumi-
nate (3CaO 3 3Al2O3 3CaSO4), some of the principal constituents
of deposit buildups found in rotary kilns and kiln riser ducts.4
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These sulfur-containing deposits can lead to blockages that need
to be removed, sometimes by a temporary plant shutdown.

Relatively little information is available in the literature about
SO2 release from cement raw materials during utilization of solid
fuels. However, adsorption and release of SO2 for the SO2�
CaO�CaSO4�CaS�CO�CO2 system under fluidized bed con-
ditions has been studied extensively during the last decades.5�11

Even though these investigations are not directly applicable to
describe the conditions in the material inlet end of cement rotary
kilns, they do include relevant descriptions of mechanisms for
SO2 release and capture by limestone at temperatures up to
1200 �C and under oxidizing as well as reducing atmospheres.

Hansen et al.9,10 studied phase equilibria for the SO2�CaO�
CaSO4�CaS�CO�CO2 system. They performed experiments
in an electrically heated laboratory scale fixed bed reactor
developed to simulate the changing oxidizing and reducing
conditions similar to the conditions particles will experience in
a fluidized bed reactor. They found that any transformation
between CaSO4 and CaS takes place via CaO. This competition

between sulfur capture and sulfur release depends on parameters
such as partial pressures of SO2, CO, andCO2 (see the equilibrium

Figure 1. Illustration of alternative fuel utilization in thematerial inlet endof a cement rotary kiln. The calciner and two lowest preheater cyclones are also shown.

Figure 2. Phase diagram for the SO2�CaO�CaSO4�CaS�CO�CO2

system (based on thermochemical data from Barin).12

http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-000.jpg&w=450&h=427
http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-001.jpg&w=240&h=143
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phase diagram in Figure 2). Temperature is a very important
parameter: An increase in temperature in the interval 800�
1200 �C will shift the equilibrium toward CaO and release more
SO2.

9

The aim of this work is to obtain quantitative data on the
release of SO2 from calcined cement raw materials under
conditions that resemble those in the material inlet end of rotary
kilns. The purpose is to document the impact on SO2 release
during utilization of solid alternative fuels, in the material inlet
end of cement rotary kilns.

’EXPERIMENTAL SECTION

The purpose of the experiments is to clarify how the sulfur release in
the form of SO2 is affected by different solid fuels and reaction con-
ditions. The release of sulfur from cement raw materials as a function of
fuel type and fuel characteristics was quantified in the temperature
interval from 700 to 1000 �C and at oxygen concentrations from 5 to
21 vol %. The temperature interval and oxygen concentrations up to
10 vol % resemble realistic material temperatures and atmospheres in the
material inlet end of cement rotary kilns. The used cement raw materials
were based on a synthetic mixture of quartz sand and 5 wt % calcium
sulfate, CaSO4. This represents a simplified batch of cement rawmaterial
entering the rotary kiln, with a high, but realistic, sulfur content.
Experimental Setup. The experiments were made in a high-

temperature rotary drum in a commercially available chamber furnace
(see Figure 3). The setup can reach an operating temperature of
1000 �C. It is electrically heated by heating elements embedded in
two side walls and the floor. The steel drum is supported by a steel tube
on rollers that passes through the rear wall. This steel tube is connected
to a motor by means of a roller chain, in order to rotate the drum. The
part of the steel tube that is outside the chamber furnace is water cooled
in order to protect the rollers, roller chain, and gas seals against the high
temperatures.

Gas can be transported to the chamber furnace through a hole in the
roof. The furnace has been designed to achieve sufficient heating of the
reactant gas before it enters the rotary drum; this was verified by
temperature measurements. The gas is transported into the rotating
steel drum due to an externally placed gas pump that pumps the gas
through the rotating drum and steel tube, after which the gas exits the
reactor for subsequent cooling and analysis.

The chamber furnace door is equipped with a window for visual
inspection, two holes for thermocouples, and a centrally placed water-
cooled tube for solid fuel addition. The solid fuels are placed in a sample
container that can be pushed into the hot rotary drum or pulled out to
the water-cooled tube.

The experimental setup is shown in Figure 4. The gas supply can be
up to 500 NL/min of air and nitrogen. The gas is transported to the
rotary drum reactor during the experiments, but may also be bypassed
during calibration of flow controllers, leakage tests, etc.

The temperature is measured in three different positions in the rotary
drum reactor: at the rear wall in the chamber furnace (T1), in the center
of the rotary drum (T2), and at the door just in front of the rotary drum
(T3). A pump transports the flue gas out of the rotary drum reactor.
Before passing the pump, the flue gas is cooled in a heat exchanger, and
soot particles are captured in a filter. After having passed the pump, the
flue gas is sent directly either to the stack or to the gas analyzers for
measurement of O2, CO, CO2, SO2, andNO. The fraction of the flue gas
that is transported to the analyzers will pass another two filters, a gas
cooler for condensation of water, and a sample gas pump before reaching
the gas analyzers.
Materials and Methods. A 2.5 kg portion of raw material in the

form of quartz sand with 5 wt %CaSO4 is placed in the rotary drum. This
corresponds to a volumetric fill degree of 5%. The drum is rotated at
6 rpm in order to keep the raw material in a continuous rolling motion.
The raw materials are then preheated to the desired temperature, in the
interval from 700 to 1000 �C. A constant flow of 100NL/min of gas with
the desired oxygen concentration is transported through the rotary drum
and will pass over the raw materials in the lower part of the rotary drum.
The gas is preheated to the same temperature as the raw materials in
order to obtain a uniform temperature at all positions. The temperature
and oxygen concentration are monitored continuously, and when these
have stabilized, a batch of solid fuel is rapidly added into the raw
materials in the rotary drum. SO2, NO,O2, CO, and CO2 concentrations
are measured during the devolatilization and char combustion. The gas
composition is logged for subsequent evaluation of the sulfur release. In
all experiments, the sulfur release was measured by integrating the SO2

signal over time:

msulfur ¼
Z
0

t

ySO2 dt � 10�6 �MWsulfur � PV
RT

ð2Þ

where ySO2
is the mole fraction in ppmV, MWsulfur is the molar weight of

sulfur in g/mol, and V is the gas flow in L/s.
Since many of the fuels contain sulfur that will also be released during

the experiments, baseline experiments have been made, where the fuels
are combusted in 2.5 kg of pure quartz sand, without CaSO4. The
measured SO2 from the baseline experiments can only arise from
the fuels and not from the raw material. The amount of sulfur
released during the baseline experiments is subtracted from the sulfur
released during the actual experiment in order to get the corrected
accumulated amount of sulfur that arises from the raw material.

Figure 3. High-temperature rotary drum: (left) side view and (right) top view.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-002.jpg&w=445&h=157
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All experiments were repeated at least two times to ensure the
repeatability. The sulfur release values reported in the figures are the
average values from the experiments, corrected for the sulfur contribu-
tion from the fuels.

Five different solid fuels have been tested: tire rubber, pine wood,
polypropylene, petcoke, and sewage sludge. In order to compare the
sulfur release between fuels, the amount of fuel is chosen to obtain the
same energy input. Fuel proximate and ultimate analyses as well as lower
heating values are shown in Table 1. The lower heating values for the
fuels are quite different. Thus, quite different fuel sample amounts have
been used in order to have the same energy input in each experiment,
regardless of the fuel. The energy input during the experiments was
chosen to be in the interval 15�50 kJ per batch, corresponding to fuel
sample sizes from 0.3 to 4.2 g. These energy inputs were chosen to

obtain a suitable level of sulfur release, thereby avoiding SO2 peaks
exceeding the analyzer range.

Several different fuel particle sizes and shapes have been used in the
experiments, and these are presented in Table 2.
Assumptions, Limitations, and Uncertainties. This section

discusses important assumptions, limitations, and uncertainties that may
influence the obtained results.

(1) The temperature at which the experiment is conducted is
determined as the measured temperature in the center of the
rotary drum, above the rawmaterial charge. It is assumed that the
gas temperature and raw material temperature is the same at all
positions in the rotary drum. Temperature profiles have been
measured at various positions in the rotary drum, and the
temperature was found to deviate no more than (15 �C.

(2) The experiments are conducted in the temperature interval from
700 to 1000 �C, whereas the raw material and gas temperatures
in the material inlet end of modern industrial cement rotary kilns
are typically 900 �C and 1000�1200 �C, respectively. The
temperature interval is thus only partly representative for the
industrial conditions. However, it is not possible to conduct
experiments above 1000 �C in the present experimental setup.

(3) The gas passing through the rotary drum is pure mixtures of N2

and O2. During the devolatilization and char combustion, a frac-
tion of the O2 will be consumed, and the combustion products
H2O, NO, SO2, CO, and CO2 will be formed. In addition, some
intermediate products such as CH4 or higher hydrocarbons,
alkali species, etc. may be formed. Under industrial conditions,
the gas will also contain the combustion products from the main
kiln burner andmay have overall gas compositions different from
the one used in these experiments. This difference in gas
composition is likely to affect the sulfur release to some extent.

(4) The uncertainty on the O2, CO, and CO2 analyzers are (2% of
span range for each species, while it is(5% on the SO2 measure-
ment. These uncertainties should be kept in mind when the
results are evaluated.

(5) It is assumed that all sulfur released from the sample will be
oxidized to SO2 before leaving the reactor. This assumption is
supported by equilibrium calculations with the thermodynamics
software FactSage, which predicts that nearly all sulfur is present
as SO2 under the studied conditions.2

(6) The physical shape of the rotary drum reactor may cause a diffu-
sion limitation of oxygen to the fuel particles, since oxygen must
be transported from the drum center line to the fully or partly

Figure 4. Sketch of the high-temperature rotary drum experimental setup.

Table 1. Fuel Analyses and Lower Heating Values (LHV) for
Solid Fuels Used in the Experiments

proximate analysisa ultimate analysisa

VM FC ash C H N S LHV (MJ/kg)

tire rubber 64.6 32.6 2.8 87.4 7.1 0.3 1.2 36.9

pine wood 75.3 24.5 0.2 38.9 5.2 0.1 � 16.2

polypropylene 97.5 0.0 2.5 83.0 14.0 0.0 � 44.5

petcoke 13.4 85.1 1.5 87.3 3.7 1.5 4.7 34.0

sewage sludge 49.3 0.5 50.2 29.0 3.8 3.8 1.0 12.5
aUnits are weight percent as received.

Table 2. Approximate Shapes and Dimensions of the Fuels
Used in the Experiments

fuel shape dimensions

tire rubber granulate irregular Dp ≈ 2 mm

tire rubber cylinders cylindrical L = 12 mm, Dp = 9 mm

pine wood cubes rectangular thickness ≈ 10 mm

pine wood sawdust needles thickness ≈ 1 mm

polypropylene flakes rectangular thickness ≈ 1 mm

petcoke spherical Dp ≈ 1 mm

sewage sludge spherical Dp ≈ 0.5 mm

http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-003.jpg&w=455&h=184
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buried fuel particles in the raw material bed. However, since all
experiments aremade under similar conditions, it is assumed that
results will be comparable.

(7) The flue gas composition will not change significantly in the
distance between the reactor and the analyzers. To minimize this
uncertainty and prevent, for example, SO2 absorption in filters
and condensers, these parts were regularly cleaned or replaced to
minimize the presence of compounds able to absorb SO2. A gas with
known content of SO2 was also regularly sent through the system to
test if any SO2 was absorbed before reaching the analyzers.

’RESULTS AND DISCUSSION

General Observations. Figure 5 shows an example of the flue
gas composition during combustion of tire rubber granulate at an
initial oxygen concentration of 10 vol %. When the devolatiliza-
tion starts, the O2 concentration drops to approximately 7 vol %
and the CO2 concentration increases to nearly 4 vol %. The CO
concentration also increases shortly to around 600 ppm. The
change in flue gas composition is followed by a rapid increase in
the SO2 concentration from 0 ppm to around 2500 ppm. The
SO2 concentration then gradually decreases toward 0 ppm again,
as the CO/CO2 concentrations gradually decrease.
The sulfur release from the tire rubber and raw material is

observed to begin almost immediately during the fuel heat up and
devolatilization. Baseline experiments with fuel combustion in
pure quartz sand withoutCaSO4 shows that only a minor fraction
of the sulfur release arises from fuel-bound sulfur; most of the
sulfur is released from the raw materials, which is also shown in
Figure 5. The sulfur release is presumably facilitated by the
formation of local reducing conditions near the raw material
charge during the fuel devolatilization, leading to reductive
decomposition of CaSO4. The tendency for a rapid sulfur release
during the fuel devolatilization was observed for all experiments
regardless of the fuel.
Effect of Energy Input and Fuel Type. The sulfur release

from the raw material as a function of the energy input has been
studied for five different fuels at 900 �C and 10 vol % oxygen. The
fuels were polypropylene flakes, petcoke, pine wood sawdust, tire
rubber granulate, and sewage sludge (see Tables 1 and 2 for
details). These fuels all have relatively similar average particle

thicknesses in the interval 0.5�2.0 mm. The results are shown in
Figure 6. For all tested fuels it is observed that the sulfur release
from the raw materials increases as the energy input increases. It
is also observed that the sulfur release is quite different depend-
ing on the specific fuel: tire rubber granulate and sewage sludge
leads to the highest sulfur release, while pine wood, petcoke, and
polypropylene all leads to a lower sulfur release.
The reason why the sulfur release increases with increasing

energy input becomes clear when the flue gas compositions at
each individual experiment are compared with each other: The
larger the energy input, the more the oxygen concentration will
decrease during the fuel devolatilization, while both CO and CO2

concentrations increase, thereby forming a higher degree of
reducing conditions near the raw material charge.
The large differences in sulfur release for identical energy

inputs but by different fuels are interesting. A detailed study of
the flue gas composition for each fuel type has not revealed any
clear trends about the degree of reducing conditions and sulfur
release. The reason is probably that the exact particle sizes,
shapes, densities, fuel combustion pathways, and kinetics of the
studied fuels are quite different and that this also has an effect on
sulfur release. The approximately spherical tire rubber granulate
and sewage sludge particles may for example lead to a high sulfur
release because of a relatively fast devolatilization combined with
a high degree of mixing with the rawmaterial. The needle-shaped
sawdust particles yield a lower sulfur release than tire rubber
granulate and sewage sludge, even though the sawdust also has a
fast devolatilization. An explanation could be that the sawdust
particles are less dense than the tire rubber and sewage sludge
and that the density difference leads to a low degree of mixing of
sawdust into the raw material. The polypropylene flakes have the
lowest sulfur release, which may be explained by a very fast
devolatilization, so fast that the polypropylene devolatilization
ends before it has been well mixed into the raw material. Finally,
the small petcoke particles are a slow burning fuel with a volatile
content of only 13%. This leads to a relatively small decrease in
oxygen concentration during the fuel conversion compared to

Figure 5. Concentrations of O2, CO2, CO, and SO2 during an experi-
ment with 0.81 g of tire rubber granulate corresponding to an energy
input of 30 kJ. Conditions: 900 �C, 5% fill, 6 rpm, 100 NL/min, 10%O2. Figure 6. Corrected accumulated sulfur release as a function of energy

input from different fuels. Conditions: 900 �C, 10 vol % O2, 5% fill, 100
NL/min, 6 rpm.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-004.jpg&w=210&h=178
http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-005.png&w=210&h=200
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the other fuels and thereby a low degree of local reducing
conditions near the raw material bed.
Effect of Temperature and Fuel Particle Size. The sulfur

release is studied as a function of the temperature and fuel
particle size, which are both important for the devolatilization
and char combustion times. Tire rubber and pine wood are used
in the investigations about particle size while the investigations
about temperature also include petcoke and polypropylene. The
tire rubber is fed as cylinders or tire rubber granulates, while the
pine wood is in the form of one pine wood particle or as sawdust.
The overall energy input is the same in each experiment. Details
about the fuels can be found in Tables 1 and 2. The results are
shown in Figure 7 with sulfur release inmilligrams versus temper-
ature for the different fuel particle sizes. It is observed that the
fuel particle size is insignificant for the sulfur release at 700 and
800 �C, while the influence becomes more evident at 900 �C and,
in particular, at 1000 �C: At 900 and 1000 �C the sawdust and tire
granulate lead to a higher sulfur release than for the wood particle
and tire particle.
The significant effect of temperature on the sulfur release was

also to be expected due to the lower thermal stability of CaSO4 at
higher temperatures (see the phase diagram in Figure 2). In
addition, comparison of the flue gas compositions during the
combustion at different temperatures shows that the CO con-
centration during the fuel devolatilization reaches higher values
at higher temperatures than at lower temperatures. This can be
attributed to be a faster release of volatiles from the fuel particles
at elevated temperatures, thereby increasing the tendency for
local reducing conditions in the area around the fuel particles.
Local reducing conditions will augment the sulfur release during
the fuel devolatilization.
The reason for the difference in sulfur release for different fuel

particle sizes becomes clear when the flue gas composition is
studied for the individual experiments: The larger total surface
areas of the smaller fuel particles leads to a fast devolatilization
and thus a fast release of volatiles. This leads to significantly

higher CO concentrations and thus a higher reductive decomposi-
tion of CaSO4 during the devolatilization. An example is illustrated
in Figure 8, which showsflue gas compositions duringwood particle
and sawdust combustion, respectively, at 1000 �C. During wood
particle combustion, the CO peak during devolatilization reaches
180 ppm and the SO2 peak reaches 1350 ppm. During sawdust
combustion, the CO peak is significantly larger and reaches 27 000
ppm (2.7 vol %) which leads to a SO2 peak well above the analyzer
detection range of 3500 ppm. The changes in O2 concentration are
from the initial 10 to 5 vol % for the sawdust and to 7 vol % for the
pine wood particle. Similar trends were observed for the experi-
ments with one tire particle versus tire granulate.
Since the experiments with sawdust and tire granulate at

1000 �C led to SO2 peaks well above the SO2 analyzer range,
it has been necessary to estimate the total sulfur release from
these two experiments. This induces some uncertainty on the
exact amount of released sulfur in these two cases at 1000 �C.

Figure 7. Corrected accumulated sulfur release from raw materials as a
function of temperature and fuel particle size. Conditions: 5% fill degree,
10 vol % O2, 100 NL/min, 6 rpm. Energy input in each experiment:
30 kJ. Sulfur release for tire granulate and sawdust at 1000 �C has been
estimated because the SO2 concentration exceeded the analyzer range
for these two specific experiments.

Figure 8. Flue gas composition during combustion of a pine wood particle
with dimensions 30� 15� 10mm and pine wood sawdust with particle size
<1mm.Conditions: 10vol%O2, 5%fill degree, 1000 �C,100NL/min, 6 rpm.

Figure 9. Corrected accumulated sulfur release versus the total surface
area of pine wood and tire rubber fuel particles. Conditions: 900 �C,
10 vol % O2, 5% fill degree, 6 rpm, 100 NL/min.

http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-006.png&w=210&h=196
http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-007.png&w=210&h=173
http://pubs.acs.org/action/showImage?doi=10.1021/ef200963v&iName=master.img-008.png&w=210&h=197
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Figure 9 shows the sulfur release versus the total surface area of
the tire rubber and pine wood fuel particles at 900 �C. The sulfur
release is observed to increase approximately linearly as a
function of surface area for tire rubber. It should be noted that
the fuel mass, and thus energy input, also increases when the
surface area increases. This increase in sample mass will also lead
tomore sulfur release, as shown in Figure 6. The sulfur release for
pine wood is less significant than for tire rubber but also may also
be characterized as linear as a function of surface area.
Effect of Bulk Oxygen Concentration. The sulfur release has

been studied as a function of the inlet oxygen concentration in the
freeboard gas above the rawmaterial bed. The investigation has been
conducted with polypropylene, petcoke, pine wood cubes, and tire
rubber granulate (see Table 1 for details). The results are shown in
Figure 10 with the sulfur release expressed in milligrams of pure
sulfur versus the oxygen concentration expressed in volume percent.
It is observed that the sulfur release increases for all tested fuels when

the oxygen concentration decreases. Particularly, the tire rubber
granulate leads to an increase in sulfur release of nearly a factor 8
when the oxygen concentration changes from 21 to 5 vol % O2.
The reason for the high dependency of the oxygen concentra-

tion on the sulfur release becomes clear when the changes in flue
gas composition are considered. Figure 11 shows the combustion
of tire rubber granulate at 21 and 5 vol %, respectively. It is
observed that the CO and SO2 concentrations reaches appro-
ximately 500 and 350 ppm, respectively, at 21 vol % O2, while
the CO and SO2concentrations reach approximately 5700 and
2900 ppm, respectively, at 5 vol % O2. Thus, the formation of the
reducing agent CO is accompanied by a reductive decomposition
of CaSO4 to SO2, and the degree of this reductive decomposition
is directly related to the CO concentration. The same trend was
observed for the other tested fuels.

’CONCLUSIONS

Sulfur release from cement raw materials during combustion
of solid fuels has been studied experimentally in a high-tempera-
ture rotary drum experimental setup. The fuels were tire rubber,
pine wood, petcoke, sewage sludge, and polypropylene. The
sulfur release from the raw materials was observed to increase
when (a) the inlet oxygen concentration decreased, (b) the tem-
perature increased, and/or (c) the total surface area of the fuel
particles increased. These three parameters all had the potential
of augmenting local reducing conditions in the raw material bed,
as indicated by elevated levels of CO during the fuel devolatiliza-
tion. The sulfur release increased as a consequence of the re-
ducing conditions, due to the lower stability of CaSO4.

The type of fuel also had a significant effect on the sulfur release.
The sequence was found to be tire rubber granulate > sewage sludge
> pine wood sawdust > petcoke > polypropylene flakes. However,
the sulfur release was significantly lower when the fuel was one tire
rubber particle or one wood particle, indicating that fuel particle size
has a great effect on the sulfur release from the raw materials.

In order to minimize sulfur release from cement raw materials
during solid fuel combustion in the material inlet end of the
rotary kiln, it is recommended to have as high a bulk oxygen
concentration as possible. This could for example be achieved by
a high excess air ratio in the rotary kiln main burner. The temper-
ature of the cement raw materials should be kept as low as
possible during the fuel devolatilization. This can be achieved by
introducing partially calcined raw materials from the calciner
rather than completely calcined raw materials: The very endo-
thermic calcination process can absorp heat from the fuels,
thereby helping to maintain a relatively low bed temperature
during fuel devolatilization in the rotary kiln material inlet.
Finally, use of coarse fuel particles can slow the fuel devolatiliza-
tion rate and thereby the rapid formation of reducing agents.
Thus, use of coarse fuel particles in the material inlet end of cement
rotary kilns is likely to reduce the tendency for local reducing
conditions relative to the situation with fine fuel particles.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: arn@kt.dtu.dk. Telephone: +45 45252831.

’ACKNOWLEDGMENT

The work described in this paper is part of a research platform
on future cement technology financed by The Danish National

Figure 10. Corrected accumulated sulfur release as a function of inlet
oxygen concentration for four different fuels. Conditions: 5% fill degree,
900 �C, 100 NL/min, 6 rpm. Energy input in each experiment was 30 kJ.

Figure 11. Flue gas composition during combustion of 0.81 g (30 kJ) of
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