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Abstract

This work aimed at simulating two processes for capturing sulfur dioxide
from exhaust gases of wet clinker processes. The goal is to present a guide
to cement manufacturers when selecting the most appropriate technology
for wet processes in order to comply with environmental regulations. The
available commercial technologies chosen for desulfurization process were:
wet limestone and wet Cement Kiln Dust (CKD) removal processes. A
commercial simulator (Aspen Plus v.2006.5) was used. The absorption tower
—considered the core of the process— was simulated with an Aspen RadFrac
model combined with Aspen RateSep calculations to provide better and more
accurate simulation results than a simulation with the traditional equilibrium
approach. This combination also allows better estimates for equipment sizing.
The convergence issues, both for the absorption of sulfur dioxide and the
overall process, were solved using Aspen Plus tools.

----- Keywords: Aspen plus, CKD, limestone, radfrac, ratesep, SO,
removal process, simulation, sulfur dioxide

Resumen

El objetivo de este trabajo fue simular dos procesos para capturar el didoxido
de azufre liberado en los gases de escape de una cementera que opera con el
proceso de clinker himedo. De esta manera se pretende apoyar a las empresas
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cementeras en la seleccion de la tecnologia mas adecuada para cumplir las
regulaciones ambientales. Se seleccionaron dos tecnologias comerciales para
la remocion de SO,: wet limestone, y wet Cement Kiln Dust (CKD), que se
simularon usando un software comercial (Aspen Plus v.2006,5). La torre de
absorcion, que es considerada el punto critico del proceso, se simuld usando
el modelo Aspen RadFrac combinado con los calculos de Aspen RateSep,
de modo que se obtuvieran resultados mas exactos que los alcanzados con
la alternativa tradicional del disefio basado en el equilibrio. Ademas, los
resultados obtenidos con esta combinacion dan mejores estimaciones para
el disefo de los equipos. Los aspectos relacionados con la convergencia de
la simulacion, tanto para la torre de absorcion como para el proceso global,
fueron resueltos usando las herramientas del software.

----- Palabras clave: Aspen plus, CKD, limestone, radfrac, ratesep,

procesos de remocion de SO, simulacion, didxido de azufre

Introduction

Sulfur dioxide (SO,) is an important atmospheric
pollutant and acid rain precursor. Several
technologies for sulfur dioxide removal have been
developed and nowadays it is possible to achieve
99% removal of SO, [1]. The best alternative for
SO, removal depends on: feedstock availability,
final waste handling, and —of course— capital
investment. In the case of cement plants both the
first and second issues play an important role for
reducing operating costs.

Cement production by wet methods include
mining to obtain the main feedstock —limestone
(CaCO,). After reducing particle size and
mixing with water (30-40%) the raw material
is introduced in a large rotary kiln. In this kiln
water is evaporated and feedstock calcined
(1700 K), becoming a black rock called clinker,
formed primarily by calcium oxides and calcium
silicates and aluminates, as well as minor
amounts of magnesium, potassium and sodium
oxides. Finally, the clinker is milled with gypsum
(CaSO,.2H,0) and other additives to obtain
different cement types. The particulate material
present in the gaseous effluent of the kiln is
removed in an electrostatic precipitator, resulting
in the so-called Cement Kiln Dust (CKD).

A large variety of fuel sources have been used in
cement clinker kilns. Since high fuel consumption
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is required, coal has become one of the most
common fuels [2]. When medium- or high-sulfur
coal is used as fuel, the SO, content of the flue
gas may exceed air-quality-emission limits. The
SO, concentration of the flue gas depends on the
fuel sulfur content and also on the mineral raw
materials, as well as, the design and operating
conditions of the cement kiln.

Recently, Colombian government issued stricter
environmental regulations for cement industries,
including SO, emissions [3]. Consequently,
Colombian cement manufacturers need to take
measures to achieve the required limits. Several
Colombian facilities rely on the wet clinker
process, which —compared to the dry clinker
process— requires a larger amount of coal leading
to larger SO, emissions. Only few sulfur dioxide
emission removal technologies are adequate
for the wet clinker process (e.g. wet limestone,
sodium bicarbonate, wet CKD, dry lime or
oxidation). Thus, modeling and simulation are
valuable tools for selecting the most appropriate
option.

Among the available commercial SO, removal
technologies, the wet limestone (calcium
carbonate, CaCO,) process has received much
attention. Several mathematical models have
been proposed and verified experimentally [4].
However, these models are developed for specific
operating conditions and require programming of



complex algorithms. On the other hand, several
reports suggest that wet Cement Kiln Dust (CKD)
process is also a viable gas desulfurization option
for wet clinker production [5, 6]. However,
published papers on the modeling of this process
are scarce.

In contrast with the specific mathematical models
discussed above, simulation with commercial
software provides a user-friendly, yet rigorous,
approach for designing and optimizing process
units for different process conditions. This work
aims at simulating two processes —wet limestone
and wet CKD- for capturing sulfur dioxide in
wet cement kilns based on available commercial
technologies. Aspen Plus software package [7]
was used for the simulation and preliminary sizing
of process units. The process simulation model is
expected to provide the following information:
product stream concentrations, required liquid
feed, and a first estimate of equipment size. This
information is important when selecting the best
alternative for the SO, removal process.

Detailed process model

Alternatives for desulfurization process

As we mentioned above, an alternative for
the desulfurization process should be selected
based on different criteria: process efficiency,
feedstock availability, final waste handling,
and capital investment, among others. Several
reasons make the wet limestone removal process
an interesting choice: high removal efficiency;
required feedstock can be obtained directly from
the plant (i.e., limestone is a raw material for
clinker production); gypsum (dihydrate calcium
sulfate, CaSO,.2H,0) generated as byproduct
might be used as a cement additive, thus reducing
production costs and avoiding final solid disposal.
Figure 1 shows a scheme of the wet limestone
process. Flue gas desulfurization occurs in the
absorption tower, where a calcium carbonate
mixture removes SO, by chemical absorption.
The precipitated gypsum contained in the liquid
outlet stream is removed by filtration. Only one
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filter is needed for solid separation since gypsum
is not required to be completely dry for its further
use in cement manufacture. Finally, the liquid
(without gypsum) is recycled to the absorber.
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Figure 1 Calcium carbonate (CaCO,) SO, removal
process

Although limestone appears to be a good
alternative for flue gas desulfurization, several
reports suggest that wet CKD process is also a
viable gas desulfurization option during clinker
production [5, 6]. There are several reasons for
using CKD: it is a byproduct from clinker process
with no commercial value; potassium sulfate
(K,SO,) —one of the byproducts of the removal
process— has applications as a fertilizer and could
be sold. Besides, a solid compound —primarily
composed of calcium carbonate, and free of
alkaline ions— is also obtained in the process; this
“recovered CKD” has similar characteristics to
the feedstock of the clinker process (e.g., high
CaCO, content) and, therefore, could be reused
as raw material. The flowsheet of the wet CKD
process is shown in figure 2. The need to recover
potassium sulfate by evaporation makes the wet
CKD process more complex than the calcium
carbonate process. The main difference with the
limestone process is that part of the recycling
liquid is sent to an evaporator for K,SO, recovery
(see figure 2).

In order to get an objective criterion for comparing
and selecting the most appropriate technology,
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both processes, limestone and CKD, were
simulated under the same removal efficiency and
inlet conditions, namely, sulfur content, flowrate,
temperature and pressure. Aspen Plus version
2006.5 [7] was used as the commercial process
simulator due to its wide modeling capability.
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Figure 2 Cement Kiln Dust (CKD) process for SO,
removal

Simulation

A detailed understanding of the underlying
phase, chemical, and combined phase and
chemical equilibria, accounting for the presence
of electrolytes and solids —which is required
for an accurate simulation of the process— is a
challenging task. The framework used in Aspen
Plus for modeling a three phase system is based
on liquid-solid and vapor-liquid equilibria. The
reactions considered in this study occur in the
liquid phase, involving electrolytes in solution
and precipitation of solids. Consequently, the
Electrolyte-NRTL model [8] for the liquid and
solid phases, and the Redlich-Kwong equation
for the gas phase [9, 10] were used. The ENRTL
system is capable of modeling solid precipitation
from aqueous mixtures. Moreover, ENRTL
implicitly includes calculation models of heat
and mass transfer parameters and properties [10].

The absorption tower, which can be regarded as
the core of the process, was simulated with the
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RadFrac module; RadFrac is a rigorous model
for simulating all types of multistage vapor-
liquid fractioning operations [11]. Furthermore,
in addition to the default equilibrium stage mode
(hereinafter referred as RF-equil), RadFrac was
combined with RateSep calculation (hereinafter
referred as RF-RS) for a better estimation based
on mass and heat transfer parameters; RateSep is
a us rate-based approach which considers mass
and heat transfer limitations, liquid and vapor
film diffusion, equipment hydrodynamics and
chemical reaction mechanisms [12]. RateSep
is, therefore, a great complement to RadFrac
due to its realistic —although more complex—
calculations. Moreover, RF-RS calculations
for the reactive absorption considered in this
study use the electrolyte system and equilibrium
reactions to determine the number of stages based
on transport phenomena. This approach provides
better estimates of the number of stages without
the need of an initial guess of plate efficiencies.
Thence, as it will be illustrated below, RF-RS
calculations provide better and more accurate
simulation results, allowing better estimates for
equipment sizing.

Reaction sets

The simulation of the absorption tower is complex
because of the multiple reaction equilibria
present. However, it is possible to simultaneously
simulate all the involved reactions in the system
using the RadFrac tower. The set of equations
shown in table 1 was used for the limestone
process [13].

Table 1 Reaction set for calcium carbonate process

2H,0 < H,0"+OH™ (1)
CO, + 2H,0 = H,0* + HCO; 2)
HCO; + H,0 = H,0* + CO (3)
SO, +2H,0 = H.0* + HSO] (4)
HSO; + H,0 = H,0" + SO¢ (5)
2HSO; +0,+2H,0 = 2H,0"+2 SO: (6)
CaCo, = Ca* + CO: (7)
CaS0, 2H,0 = Ca™ +S0: +2H,0 (8)




The same reaction set, plus the alkali reactions
[6], were used in the simulation of the wet CKD
process (see table 2); it is necessary to consider
the alkaline reactions due to the significant
amount of alkaline oxides present, which might
prevent the recirculation of CKD.

Table 2 Reaction set for CKD process

2H,0 < HO" +OH" 9)
CO, +2H,0 = H,0* +HCO] (10)
HCO; + H,0 < H,0* + CO: (11)
SO, +2H,0 = H.0* + HSO; (12)
HSO; + H,0 = H.0" + SO¢- (13)
2HSO; +0,+2H,0 = 2H,0"+2 S0+ (14)
Na,0 +H,0 = 2 Na* +2 OH~ (15)
K,O+H,0 < 2K +20H" (16)
Ca0O+H,0=Ca"+20H (7)
CaCo, = Ca™* + CO* (18)
CaS0, 2H0 < 2H0 = Ca" +S0: +2HO0  (19)
K,SO, = 2K + SO (20)
Na,SO, = 2 Na* + SO: (21)

Although there are other minor reactive species
present in the CKD feedstock, they were neglected
in the calculations. In a similar manner, calcium
carbonate feedstock is approximately 75% pure.

Equilibrium constants for each reaction are either
included in the Aspen database or have been
calculated by Gibbs free energy minimization [7].
Some of the equilibrium constants were compared
to values reported by Kohl [13] obtaining similar
results; therefore, it was not necessary to introduce
corrections in the Aspen database.

Results

Process model and convergence

As all reactions occur in the absorption tower,
the overall convergence of the simulation for
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both SO, removal processes strongly depends on
the convergence of this unit. Several options for
process convergence, including those suggested
in the help files, were tried for the RadFrac tower
with the default equilibrium stage mode, RF-equil
[7]. It was observed that in addition to the standard
convergence (Inside-Out algorithm), the use of
temperature estimates and activation of the option
for calculating solids by stages was required.
Initial equilibrium convergence is needed because
RF-RS mode uses the results of the equilibrium
stage mode as input for solving its algorithms.

The results for RF-equil model showed that the
removal could be achieved in just two stages —the
minimum number allowed by the model—. This
is a consequence of the reaction products being
favored by the equilibrium constant regardless of
equipment dimensions; therefore, the RF-equil
does not provide the necessary information for
equipment sizing. One option to circumvent this
problem would be to use corrections for plate
efficiency. This option was not used in this work
because calculations were conducted with RF-
RS, which correlates geometry and residence
time of either phase to the conversion of the
electrolyte reaction in either stage, i.e. RF-RS is
a more accurate approach and provides a better
estimation of the number of stages than RF-equil.
As a consequence, the simulation and comparison
of removal alternatives was conducted with the
Rate-Based approach (i.e. RF-RS).

However, the option of calculating precipitation
of solids is not included in the RateSep model.
Nevertheless, according to our results, the model
does handle the precipitation of solids indirectly.
Indeed, when the simulation converges the Aspen
control panel displays a warning indicating
that the system saturation point is greater than
1 and, therefore, precipitation might exist on
some stages (the electrolyte model “forces” all
ions to be in solution by somewhat inhibiting
the precipitation reactions: this may result in
saturation point greater than 1). Moreover, the
calculations are not affected, as can be inferred by
noting that the liquid outlet stream properties are
similar to those obtained with RF-equil —which
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does explicitly include precipitation—. Then, it
is possible to conclude that the RF-RS results in
the tower are correct, despite its apparent lack
of solid precipitation in the simulation tower.
Subsequently, the RF-RS module was combined
with an additional unit (e.g., a heat exchanger) to
ensure the formation of the solid precipitate.

Processes were simulated as a closed flowsheet
with ions diluted in the water recycle stream
from the filter. This recycle makes the simulation
convergence more challenging, because the system
required two convergences: RadFrac convergence
per iteration and process convergence. For process
convergence, adjustment of the feedstock (makeup
water stream and solid stream) in either iteration
is needed. The makeup water stream depends
on water lost by evaporation in the outlet stream
gas, and water consumed in the reaction; solid
stream amount depends on the quantity of ions
present on recycle water. Then, implementation
of a calculator block was necessary to correct
the values of makeup water and solid stream per
iteration. Other important factors for the process
convergence were the choice and the initial
estimation of the tear streams (selected in order
to help reaching process convergence with recycle
streams) and the calculation sequence for the
blocks. Finally, as the Rate-Based approach (RF-
RS) depends on the tower geometry for mass and
heat transfer calculations, the equipment design
is also an iterative process. Therefore, it was
necessary to guess design values, such as plate
height and diameter, and correct them with the
results. In addition, it was required to make an
initial guess of the number of stages for obtaining
the required SO, removal.

Simulation results

Stream Inlets

The amount of solid calcium carbonate in the
liquid stream entering the absorption tower was
fixed as the stoichiometric amount necessary
to achieve 99% removal of sulfur dioxide. The
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amount of water in the inlet stream was fixed
according to the flow parameter factor [14]: there
exists a rule-of-thumb applicability range of flow
parameter —the ratio of liquid to vapor Kkinetic
energy— in equipment design. The specific value
within the range was selected considering that
due to the low solubility of calcium carbonate,
a larger amount of water (i.e., a dilute solution)
favors the presence of ions in solution speeding
up the reaction. The inlet stream for the process
using CKD was also fixed using that rule of
thumb. Considering that the goal is to recycle all
the CKD as feedstock for clinker production, it is
required to remove all alkaline ions present. As a
result of the low concentration of K,O in the CKD,
and despite its high solubility, a larger amount of
water was required. Notwithstanding, the higher
concentration facilitates recovery of solids. CKD
is expressed in terms of potassium oxide (K,0) in
table 3 because this is the primary component for
SO, removal reaction, and its concentration varies
from plant to plant. However, it is important to
note that as the actual K,O(CKD)/SO, ratio (kg/
kg) in the Plant was lower than the value required
to react all SO, to K,SO,, formation of other
sulfur-containing compounds was predicted.

Table 3 shows the amount of CaCO,, K,O
(CKD), and water necessary for sulfur dioxide
removal using both alternatives; the presence of
other species in CKD that may react with sulfur
dioxide (e.g., MgO, Na,O), can be neglected
since they are normally in lower proportions than
K,O. The stream conditions of exhaust gas to be
treated are listed in table 4.

Table 3 Results of inlet liquid mixtures

Limestone process
CaC0,/S0, (kg/kg) 2.05
CaCO,H,0 (%.wiw) 2
CKD process
K,O(CKD)/SO, (kg/kg) 1.47
CKD/H,0 (%.wiw) 5




Table 4 Exhaust gas flow rate

Parameter Value
Mass flow (kg/s) 47.24
Pressure (kPa) 92.62
Temperature (K) 413.15

The CKD/water ratio depends on several factors,
equipment size (which in turn depends on the
flow parameter), and energy consumption (a
function of the flowrate) being the more important
ones. All these parameters affect investment and
process costs.

Absorber

The main characteristics of the absorber, once the
convergence was reached, are shown in tables 5
and 6 for limestone and CKD, respectively. The
diameter depends primarily on the gas flowrate
because this is the determining factor in the
flow parameter, i.e. the liquid flow rate does
not notably affect the diameter. Therefore, the
diameter in both processes is quite similar.

Table 5 Overall results for CaCO, removal process

Absorber type Tray / Sieve
Stages of Number 6
Diameter 4.7
Tray spacing 0.9

Table 6 Overall results of CKD removal process

Absorber type Tray / Sieve
Stages Number 6
Diameter 4.5
Tray spacing 0.9

The number of stages in both processes is the
same which may be an indication that the process
is controlled by gas-liquid mass transfer. In fact,
Aspen Plus does not account for solid-liquid mass
transfer limitations. On the other hand, in actual
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operation, particle size distribution may play a
significant role in the solid-liquid diffusion rate;
however, this kind of calculation would make the
model much more complex that it currently is.
The above results show that the specifications of
the absorption tower are not a determinant factor
in selecting the best alternative.

Purified gas

Tables 7 and 8 show the conditions of the purified
gas for each removal process. Due to different
treatment of the inlet gas streams, outlet streams
differ in temperature and, consequently, water
concentration. Both processes almost completely
removed sulfur dioxide.

Table 7 CaCO, purified gas stream

Mass Flow (kg/s) 48.32
Pressure (kPa) 93.10

Temperature (K) 343.55

SO, in purified gas (vol.%) 0.00027
Water in purified gas (vol.%) 22.95

Table 8 CKD purified gas stream

Mass Flow (kg/s) 40.29
Pressure (kPa) 93.10

Temperature (K) 323.15

SO, in purified gas (vol.%) 0.00013
Water in purified gas (vol.%) 7.98

Selected alternative

The CKD process has been successfully used in
other cement plants [6], nevertheless, the results
suggest that it is not applicable at the conditions
considered in this study. The most important
reason is that sulfur dioxide emissions were too
high, so there was not enough K O available in
the CKD to remove all sulfur dioxide without
producing gypsum (with the amount of CKD
available is possible to remove only 50% of

35



Rev. Fac. Ing. Univ. Antioquia N.° 56. Diciembre 2010

SO,). However, the CKD alternative was still
considered because the solid product could be
used in other part of the cement process. As
we mentioned above the clinker is mixed with
gypsum and other process additives. One of these
additives would be the solid CKD.

The inversion costs for CKD process would be
higher due to the evaporation step needed for
potassium sulfate recovery. Furthermore, the
flowrate of lean CKD solution is higher than
in the limestone process, resulting in larger
equipment and higher operating costs (pumping).
Moreover, the marketing of the potassium sulfate
would pose new problems of packing, storage
and transport, among others. Also, as a result
of the variable composition of CKD byproduct
the purity of the potassium sulfate would vary.
However, if the potassium sulfate could be sold
and the CKD could be recoverable, the incomes
and cost savings can make the process profitable.
Therefore, though the limestone process would
be less profitable than the CKD —under the
optimum conditions of the latter-, it is simpler,
widely known and produces gypsum which also
can be used directly in cement manufacture.

Conclusions

SO, removal by limestone and CKD in a cement
plant was satisfactorily simulated under the same
inlet conditions of the sulfur-laden exhaust gas.
A preliminary equipment sizing was carried out
based on the gas and liquid flowrate to achieve
a 99% removal of sulfur dioxide. The necessary
amount of inlet liquid mixture for both processes
was established.

The convergence issues, both for the
desulfurization process in the absorption tower
and the overall process, were solved using Aspen
Plus tools. The system was simulated including all
the possible reactions involved and the presence
of the solid phase as well. It was found that the
combination of the absorption module (RadFrac
module) with a model accounting for mass and/
or heat transfer limitations (Aspen RateSep)
proved to be an excellent option for the reactive
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absorption process. In fact, the conventional
stage equilibrium approach led to a significant
underestimation of the absorber.

CKD process advantages have been claimed
[6] —e.g., CKD recovery and potassium sulfate
production—, but under the conditions of this
study, the wet limestone is considered to be the
best option because there are technical hurdles
to implement CKD recovery, which would
diminish its cost/benefit ratio. However, CKD
process is still an interesting option that should
be considered for other cement plants.
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