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Abstract

The purpose of this article is to study the impact of oxyfuel combustion applied

to a rotary kiln producing lime. Aspects of interest are product quality, energy

efficiency, stack gas composition, carbon dioxide emissions, and possible bene-

fits related to carbon dioxide capture. The method used is based on multicom-

ponent chemical equilibrium calculations to predict process conditions. A

generic model of a rotary kiln for lime production was validated against opera-

tional data and literature. This predicting simulation tool is used to calculate

chemical compositions for different recirculation cases. The results show that

an oxyfuel process could produce a high-quality lime product. The new process

would operate at a lower specific energy consumption thus having also a

reduced specific carbon dioxide emission per ton of product ratio. Through

some processing, the stack gas from the new process could be suitable for car-

bon dioxide transport and storage or utilization. The main conclusion of this

paper is that lime production with an oxyfuel process is feasible but still needs

further study.

Introduction

It is the purpose of this article to study the impact of

oxyfuel combustion applied to a rotary kiln- producing

lime. Aspects of interest are product quality, energy effi-

ciency, stack gas composition, carbon dioxide emissions,

and possible benefits related to carbon dioxide capture.

Oxyfuel combustion is combustion of a fuel with pure

oxygen or a mixture of oxygen, water, and carbon dioxide

[1] in contrast to conventional combustion which is done

with air. This oxyfuel technology study involves combus-

tion with pure oxygen and flue gas recirculation.

Lime (calcium oxide, CaO) is produced by calcination

of limestone, containing a high concentration of calcium

carbonate (CaCO3). Limestone is an abundant natural

raw material. Lime is used for environmental purposes,

e.g., waste neutralization or flue gas desulphurization, and

in industrial processes, e.g., for formation of metallurgical

slags or for production of paper pigments.

The method used is based on multicomponent chemi-

cal equilibrium calculations to predict process conditions.

A predicting simulation tool is used to model processes

and calculate chemical compositions for different cases. A

generic model of a rotary kiln for lime production was
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validated against operational data and literature and used

to examine different oxyfuel recirculation cases.

Oxyfuel technology applied to lime production would

cause several major changes to the lime plant. The

implications of all these changes, e.g., air separation unit,

new piping, and fans for gas recirculation, are not dis-

cussed in this work.

Conventional lime production in rotary kilns

Lime is produced by calcination of calcium carbonates

in industrial kilns. The mineral calcite containing the

calcium carbonates is the main component in naturally

abundant limestone. The limestone is quarried or

mined, mechanically pretreated and delivered to the

lime plant. One of the most common kiln types is the

rotary kiln.

Calcination is an endothermic reaction requiring heat

to evolve gaseous carbon dioxide from the calcite to form

lime [2].

CaCO3ðsÞ
ð1:00 gÞ

þ heat
ð1:783 kJÞ

$ CaO(s)
ð0:56 gÞ

þCO2ðgÞ
ð0:44 gÞ

The calcination starts between 800°C and 900°C and

the operational solid temperature usually reaches 1000–
1200°C. The calcination temperature is dependent on

the partial pressure of carbon dioxide in the kiln. A

simplified illustration of a rotary kiln for lime produc-

tion is presented in Figure 1. The upper setup shows the

conventional air-fired process used as a reference case in

this work. The lower setup shows the oxyfuel process

with added air separation unit and flue gas recirculation

are used for simulation cases in this work.

The limestone is fed in the upper end. The feed is usu-

ally a 10–40 mm fraction of the limestone produced in the

quarry. A small inclination of the kiln enables the material

to move downward during rotation. The rotation is slow

and the residence time is usually in the range of 5–10 h.

It is a countercurrent process. When the limestone

enters the kiln, it is dried and heated by the flue gases

flowing in the opposite direction. At the lower end, the

fuel is fed into the kiln through a burner. When exiting

the kiln through the lower end, the limestone has

released its content of carbon dioxide and the majority

of the material is calcined into calcium oxide. Residual

content of carbon dioxide in the product is usually in

the range of 0.1–2.0 mass percent, depending on cus-

tomer application. The mass balance shows that at full

calcination, up to 44% of the feed is released as carbon

dioxide gas during the process. After the kiln the lime

product enters a cooler. The cooling is done with air to

suitable product temperature. The cooling procedure is

fast so that the product remains as lime and carbon-

ation, which is uptake of carbon dioxide from the atmo-

sphere, is minimal.

Oxyfuel combustion in rotary kiln lime
production

Oxyfuel combustion aims to concentrate carbon dioxide

in the flue gases enough for utilization or storage. Replac-

ing air (79% nitrogen and 21% oxygen) with pure oxygen

can decrease the volume of flue gases from the process.

This also increases the carbon dioxide concentration since

no nitrogen is added to the system. Combustion in ele-

vated oxygen concentrations increases the flame tempera-

ture. This increase in flame temperature changes the heat

load of the kiln combustion area. Thus, flame tempera-

ture needs to be controlled. This is achieved by recirculat-

ing the flue gas back to the lower end of the kiln. This

work studies the effect of recirculation levels 50%, 60%,

70%, and 80%. The recirculated flue gas has a high car-

bon dioxide concentration. The increased carbon dioxide

concentration increases the calcination temperature of the

raw material. This will change the heat balances of the

Lime cooler Flame

Oxygen
Fuel
Recirculated gas

Product

Flue gas

Limestone feed

Rotary kiln

Lime cooler Flame

Air
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Product
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Limestone feed

Rotary kiln

Figure 1. Simplified illustration of conventional and oxyfuel rotary kiln technology for lime production.
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kiln. The basic recirculation scenario applied to a lime

kiln is illustrated in Figure 1.

Carbon dioxide emissions from lime
production

Within the European Union Emission Trade Schemes

(EU ETS) 2008–2012 and 2013–2020, the lime process

has two types of carbon dioxide emissions. Combustion

emissions relate to combustion of carbon-based fuels. The

carbon dioxide released from the raw material during

production is referred to as process emissions. The process

emissions are the main source of carbon dioxide emis-

sions. They constitute 60–75% of the total emissions.

Their portion varies with kiln type and quality require-

ments of fuels, raw materials, and products. The combus-

tion emissions are defined as fossil and nonfossil. The

process emissions are defined as fossil. All fossil carbon

dioxide emissions are monitored and reported and the

corresponding amount of emission allowances are surren-

dered annually. The nonfossil carbon dioxide emissions

are monitored and reported but no emission allowances

need to be surrendered. The product benchmark in the

EU ETS 2013–2020 is 0.954 ton carbon dioxide per ton

product. EU operational data show that lime plants with

low specific carbon dioxide emissions usually are low-car-

bon fuel firing shaft kilns, around 1.0 ton carbon dioxide

per ton product. At around 1.4 ton carbon dioxide per

ton of product, the rotary kiln technology is not as emis-

sion efficient as the shaft kiln technology. The advantage

of the shaft kiln lies in the high-energy efficiency of the

technology.

The energy consumption of the kiln as fuel for calcina-

tion, studied in this work, varies mainly with kiln tech-

nology, process setup, raw material properties, and

product properties. The variations are large. Shaft kiln

operations are reported at 3.2–4.9 GJ per ton product

and rotary kilns at 5.1–9.2 GJ per ton product [3].

The benefits of the rotary kiln are, e.g., higher utiliza-

tion of quarried raw material, different product quality,

and higher fuel flexibility.

The combustion emissions from lime production can

be reduced by [1, 4]:

• Increased energy efficiency

• Fuel switch to low-carbon fuels

• Fuel switch to nonfossil fuels

• Precombustion capture of carbon dioxide with storage

or utilization

• Postcombustion capture of carbon dioxide with storage

or utilization

• Capture of carbon dioxide through oxyfuel combustion

with storage or utilization

The process emissions from lime production can be

reduced by:

• Postcombustion capture of carbon dioxide with storage

or utilization

• Capture of carbon dioxide through oxyfuel combustion

with storage or utilization

The only two technologies that can allow a near-zero

carbon dioxide emission lime plant are postcombustion

capture and capture through oxyfuel combustion. Both

technologies require storage or utilization of carbon diox-

ide to achieve the emissions’ reduction potential. Post-

combustion capture of carbon dioxide with application

on lime production was reviewed by Eriksson and Back-

man in 2009 [4] and this paper studies oxyfuel combus-

tion in lime production.

Literature review

There are no known lime kilns operating in an oxyfuel

mode. No publications on oxyfuel lime kilns have been

found.

There are publications on oxygen enrichment in lime

production [5, 6]. Oxygen enrichment usually aim at e.g.,

higher production capacity, increased fuel efficiency, or

increased fuel flexibility, but as such the technology still

operates with high nitrogen levels in the process and has

no relevance as carbon dioxide capture. Further work is

needed to optimize the oxygen feed to the lime kiln in an

oxyfuel process but this is outside the scope of this study.

The pulp lime recovery kiln operates at similar though

different conditions. Some oxygen enrichment publica-

tions on lime recovery kilns in the pulp industry are

available [7, 8].

There are publications on oxyfuel in other industrial

processes, e.g., cement production [9–12], iron and steel

production [13, 14], and power production [15, 16]. The

technology has been demonstrated, e.g., for power pro-

duction, but there are no full-scale plants in operation.

Of these three processes, cement production is the closest

to lime production but still significantly different. The

results published on oxyfuel in cement production cannot

be transferred as such to lime production.

Method

Through chemical thermodynamic modeling utilizing

Gibbs free energy minimization, one can predict the

chemical composition of a mixture of species at a given

temperature and pressure. A predictive simulation tool

has been developed by the Energy Technology and Ther-

mal Process Chemistry Research Group at Ume�a Univer-

sity in cooperation with Nordkalk Oy and Cementa AB.
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Predictive simulation tool

The predictive simulation tool utilized in this paper is a

combination of commercially available software: Aspen-

PlusTM V7.1 [17] and ChemAppTM [18]. In this work, Aspen

PlusTM is used for drawing the process scheme and iteratively

solving the mass and energy balances. ChemAppTM is used to

calculate the equilibrium chemistry. In addition, FactSage

V6.1 [19, 20] is used as a source of thermochemical data for

the system. The reasons for choosing ChemAppTM over the

Aspen PlusTM are several. ChemAppTM makes it possible to

utilize user-defined component data and the thermody-

namic data from FACT. ChemAppTM also makes it possible

to calculate solution phases not available in AspenPlusTM.

The predictive simulation tool has been validated for an

operational lime plant and an operational cement plant [21–
24]. The system components are aluminum, carbon, cal-

cium, chloride, iron, hydrogen, potassium, magnesium,

nitrogen, sodium, oxygen, phosphorus, sulfur, silica, tita-

nium, and zinc. There is one gas phase and two pure liquids,

173 pure solid phases, seven solid solution phases, and two

liquid solution phases. The system is further described by

H€okfors et al. [22].

The model produces a vast amount of data. Not all com-

ponents are critical when interpreting the results. Therefore,

only data for selected compounds are included in the discus-

sion. The selection criterion varies and is stated in the dis-

cussion. Some presented data are statistically normalized so

that the selected data comprise 100 percentages.

This selection method is used to support the purpose

of this article. A more comprehensive study on each

specific retrofit or green field project is of course needed.

Generic lime kiln model

The generic lime kiln model is simplified from a more

extensive model of an operational lime plant of Nord-

kalk Oy. The full plant model has been validated

against the operational data. The validated full plant

model was reduced to a more generic rotary kiln lime

process setup and equipped with a flue gas circulation

option. The generic model reference case was validated

against operational data. This generic model is designed

to be easier and faster to operate than the full plant

model. The result should also be easier to export and

apply to other lime plants. The generic model utilizes

the same compounds present in the database as the full

model. The full model is further described by Hökfors

et al. [22].

In this work, eight different recirculation cases are

compared with the validated reference case.

All of the chemical equilibria are calculated by defin-

ing the pressures and the enthalpy changes in the sys-

tems. The model allows for setting either the

equilibrium temperatures or the enthalpy changes. When

setting enthalpy changes, one can observe changes in

temperature related to different fuels or process setups.

This means that the model is controlled by energy

losses. The simulated temperatures are calculated at a

constant energy-loss profile. The energy-loss profile is

calculated from kiln surface temperature measurements

as part of the model validation. The total energy loss is

set at 5.5 MJ/s. In the model the rotary kiln is described

by three ChemAppTM equilibrium blocks. The Aspen

PlusTM schematic of the generic model with recirculation

can be seen in Figure 2. The main streams are indicated

as streams 1–4 in Figure 2. Stream 1 is the input data

of fuel and stream 2 is the input data for limestone.

The chemical composition of the input streams is pre-

sented in Table 1. The simulation results, the output

data, are streams 3 and 4. Stream 3 is the condensed

phase, the lime product, and stream 4 the noncon-

densed phase, the stack gas. The recirculation gas has

the identical equilibrium composition and properties as

the stack gas. The composition of the model output

streams, the simulation results, are presented and dis-

cussed below.

Results and Discussion

To study the impact of process changes nine cases were

simulated. The simulations are referred to as cases A–I.
Reference case A is the conventional lime process. The

cases B–I are oxyfuel processes varied by energy input

and flue gas circulation. The simulation matrix is seen

in Table 2. The results show that we have achieved to

simulate oxyfuel combustion. In Figure 3, cases B to I

show that composition of the gas recirculated for com-

bustion with pure oxygen is mainly oxygen, carbon

dioxide, and water, which is the expected stack gas

composition from oxyfuel combustion. The recirculation

gas is identical to stream 4 in Figure 2, the stack gas.

Case A is the conventional air combustion process with

high nitrogen.

The reference case modeled in this study has an energy

consumption of ~7 GJ/t lime produced. The energy con-

sumption for oxygen production is reported at 400 kJ/

mole of oxygen, as O2 [9]. This corresponds to <0.5% of

the energy as fuel consumed for calcination. The energy

consumption of oxygen production is not significant and

is, therefore, excluded from this study. It can be noted

that oxygen production consumes energy as electricity

which is more expensive than the low-grade fuels used

for calcination, so of course, a more detailed study will be

required to establish impact of oxyfuel on the cost of pro-

duction.

ª 2014 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 207

M. Eriksson et al. Oxyfuel Combustion in Rotary Kiln Lime Production



Influence on product quality, energy
efficiency, and implications to the
production process

The main component of the product is calcium oxide.

The main quality value is the amount calcium oxide

readily available for reaction in industrial processes. This

is here described as free calcium oxide. In the product

calcium oxide is also found as e.g., carbonates, oxide

melts, and salts. Stream 3 in Figure 2 is the output data

for the condensed phase, the lime product. The selected

product compositions with mole fractions equal to or

>0.01 can be seen in Figure 4.

The calculated free lime is here used as product quality

indicator. The results show that the amount of free cal-

cium oxide in the product ranges from 0.894 to 0.952

mole fraction, meaning that there is a loss in product

quality in some of the cases. This is a wide range taking

into consideration the identical raw material and fuel.

Being the single most important compound in the

product, calcium was investigated in more detail. The dis-

tribution of calcium species in Figure 5 shows why several

cases suffer high quality losses. The data are selected at

equal to or >0.01 mole fraction. In cases B and C, high

temperatures increase the oxide melt phase increasing the

amount of calcium oxide dissolved. Calcium also forms

solid solutions with e.g., silica as di-calcium silicates and

tri-calcium silicates. These types of solutions lower the

amount of free calcium oxide reducing product quality.

In cases H and I, changes in the gas phase, presented later

in Figure 9, and the low temperature results in high

amounts of calcium as carbonate.

None of the cases increased product quality. The cases

D, E, F, and G show equal free calcium oxide levels as in

the reference case A. These are high-quality products.

Energy efficiency is an important operational result. To

investigate whether any significant energy efficiency

improvements can be achieved, cases F–I were run with

only 90% energy input.

Of the five high-quality products two; F and G, used

10% less energy. Although requiring further study this is

a significant result. A 10% reduction in energy consump-

tion while maintaining product quality reduces carbon

dioxide emissions and production costs.

The results show that the heat balances of the kiln have

moved in a beneficial direction. Recirculating hot flue

gases (from preheating zone to burn zone) will conserve

energy compared to the air-fired conventional reference

case A. In case F, the temperatures rise over the length of

Table 1. Chemical composition of model input streams.

Fuel Ash Limestone

C 75.84 CaO 6.90 CaCO3 97.41

H 5.00 SiO2 39.00 SiO2 1.25

O 8.80 Al2O3 43.90 Al2O3 0.58

N 1.20 Fe2O3 7.90 Fe2O3 0.14

S 0.76 K2O 2.30 FeSO4 0.33

Cl 0.00 K2O 0.24

Ash 8.40 CaCl2 0.05

100.00 100.00 100.00

GASKI

BZIN

BZOUT

S4

Q

CZOUT

Q

KIIN

KIOUT

Q

GASBZ

SLBZ
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Figure 2. ASPEN schematic of generic lime model.

208 ª 2014 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

Oxyfuel Combustion in Rotary Kiln Lime Production M. Eriksson et al.



the kiln although energy input is lowered by 10%. The

temperature profiles can be seen in Table 3.

The high temperature of the process causes melting of

the product. The total weight percent melt is seen in

Figure 6. The conventional lime kiln is not equipped to

handle such high temperatures and large amount of melt.

Case B and C do not achieve full product quality because

of the high amount of calcium oxide in the melt.

Influence on stack gas composition and
implications to the production process

The results show significant changes in stack gas composi-

tion. Stream 4 in Figure 2 is the output data for the non-

condensed phase. Figure 7 show selected concentrations

equal to or higher than 0.00001 mole fractions of all com-

pounds in the stack gas. The selection criterion is set so

that hydrochloride is present in the gas. The hydrochlo-

ride concentration in the flue gases is environmentally

and technically nonbeneficial. Some components are pres-

ent at concentrations below the selection criteria and are,

therefore, excluded from this study. The results show

28.6% carbon dioxide in the reference case. With circula-

tion the carbon dioxide concentration increases to a max-

imum of 75.7% at full fuel load and 73.0% at reduced

fuel load. Nitrogen levels decrease from 62.3% to 0.2%.

The water content of the stack gas is increased from 7.5%

to 19.9% when the circulation is introduced. The changes

Table 2. Simulation matrix for cases A–I.

Case

Fuel in Oxygen in

Recirculation %Energy % Coal kg/h Ash kg/h Tot fuel in kg/h % of ref kg/h O2/coal

A 100% 2167 199 2366 100% 5610 2.59 0%

B 100% 2167 199 2366 100% 5610 2.59 50%

C 100% 2167 199 2366 100% 5610 2.59 60%

D 100% 2167 199 2366 100% 5610 2.59 70%

E 100% 2167 199 2366 100% 5610 2.59 80%

F 90% 1951 179 2129 90% 5049 2.59 50%

G 90% 1951 179 2129 90% 5049 2.59 60%

H 90% 1951 179 2129 90% 5049 2.59 70%

I 90% 1951 179 2129 90% 5049 2.59 80%

A B C D E F G H I
N2 0.623 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
O2 0.016 0.042 0.042 0.044 0.044 0.082 0.082 0.083 0.086
H2O 0.075 0.199 0.199 0.198 0.199 0.191 0.186 0.187 0.193
CO2 0.286 0.757 0.757 0.755 0.756 0.722 0.730 0.729 0.719

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Figure 3. Gas compositions in mole fraction for the recirculation gases in cases B–I and case A kiln exit gas.
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in level of circulation and fuel load show only small vari-

ations on the water content of the stack gas. The oxygen

levels increase with recirculation.

Chloride enters the system with the limestone raw

material feed. As seen in Figure 8, the circulation levels

and fuel loads influence the levels and compounds of

chloride present in the kiln exit gas. All in all the chloride

levels remain low, peaking at 0.054% for circulation case

E. In the full fuel recycle scenarios, B–F, the chloride con-

taining compounds increase with the recirculation level.

Even if the overall chloride levels are very low the results

show a distinct accumulation of chlorides that might be

significant for operations. Increasing chloride concentra-

tions with increasing recirculation rates can be described

as an accumulative phenomenon. The accumulative effect

of chloride is not as significant at reduced fuel level. The

chloride is present as hydrochloride and potassium chlo-

ride. The distribution is seen in Figure 9. Hydrogen and

potassium varies widely between the cases. This might

also be significant for operations. The variations in chlo-

ride component distribution can be described as a func-

tion of temperature. At high temperatures, potassium

evaporates increasing potassium concentration in the gas

phase.

Influence on carbon dioxide emissions and
implications on Carbon Capture and Storage

The use of oxyfuel combustion enables high carbon diox-

ide concentrations in the lime kiln flue gas. Very high

carbon dioxide content opens up opportunities for car-

bon utilization and storage processes. Recirculation of hot

flue gases offers a potential to reduce the operational fuel

energy per ton of product ratio. If an oxyfuel lime

plant is operated with carbon neutral fuels, e.g., biofuels,

and equipped with carbon dioxide storage or utilization

facilities, it also allows for “below zero emission” opera-

tions storing separated biogenic carbon away from the

atmosphere. With sustainable nonfossil fuel production,

this could enable a reduction of carbon dioxide in the

atmosphere.

Even though carbon dioxide capture and storage are not

employed in this model, the results show decreased carbon

dioxide emissions in the oxyfuel cases in comparison to the

reference case. The ton carbon dioxide per ton product

ratio for the cases is shown in Figure 10. The reference case

A has a ratio of 1.34 ton carbon dioxide per ton product.

The lowest emitting case with acceptable product quality is

F at 1.23 ton carbon dioxide per ton product. Cases H and

SiO2 (l) CaO (l) Al2O3 (s) (CaO)2SiO2 (s) (CaO)3Al2O3 (s) (CaO)2SiO2 (s) (CaO)3SiO2 (s) CaCO3 (s) CaO (s)
A 0.0 0.0 0.0 0.03 0.01 0.0 0.0 0.0 0.96
B 0.03 0.09 0.01 0.0 0.0 0.0 0.0 0.0 0.87
C 0.01 0.06 0.01 0.0 0.0 0.0 0.01 0.0 0.90
D 0.0 0.0 0.0 0.0 0.01 0.0 0.03 0.0 0.96
E 0.0 0.0 0.0 0.03 0.01 0.0 0.0 0.0 0.96
F 0.0 0.0 0.0 0.03 0.01 0.0 0.0 0.0 0.96
G 0.0 0.0 0.0 0.03 0.01 0.0 0.0 0.0 0.96
H 0.0 0.0 0.0 0.0 0.01 0.03 0.0 0.04 0.92
I 0.0 0.0 0.0 0.0 0.01 0.03 0.0 0.11 0.85

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Figure 4. Mole fractions for all components in product.
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I have low-quality products containing high amounts of

calcium carbonate. The product benchmark for free alloca-

tion of emission allowances within the European Union

Emissions trade scheme, ETS PMB, as decided by the Euro-

pean Commission [25] is seen in the last column. The

benchmark is set at 0.954 on carbon dioxide per ton lime

product. The Commission has reserved the right to cut free

allocation to comprise only a certain, yet undefined, quota

of the benchmark. It is clearly shown that the free alloca-

tion is not sufficient to cover rotary kiln lime production

completely at the given fuel mixtures.

From a carbon capture view, the dry stack gas compo-

sition is of interest. Drying of the gas can be easily

achieved. The result in Figure 11 shows high carbon diox-

ide concentrations in the dry gas. Reference case A has a

carbon dioxide concentration of 31.0%. Introducing oxy-

fuel combustion increases the concentration to the range

between 89.1% and 94.5% the rest being mainly oxygen.

These levels seem attractive for compression and trans-

portation. The feasibility of reducing the oxygen concen-

tration, e.g., by injection of carbon carrying fuels,

resulting in even higher carbon dioxide purity in the pro-

cessed gas, should be further assessed.

Conclusions

Oxyfuel combustion in rotary kiln lime production was

studied. A validated predictive simulation tool has been

applied to lime production.

The results show that an oxyfuel process could produce

a high-quality lime product at reduced specific energy

consumption. The new process would have a lower car-

CaO (l) (CaO)2SiO2 (s) (CaO)3Al2O3 (s) (CaO)2SiO2 (s) (CaO)3SiO2 (s) CaCO3 (s) CaO (s)
A: 940 C 0.0 0.03 0.01 0.0 0.0 0.0 0.96
B: 1774 C 0.09 0.0 0.0 0.0 0.0 0.0 0.87
C: 1559 C 0.06 0.0 0.0 0.0 0.01 0.0 0.90
D: 1363 C 0.0 0.0 0.01 0.0 0.03 0.0 0.96
E: 1229 C 0.0 0.03 0.01 0.0 0.0 0.0 0.96
F:1085 C 0.0 0.03 0.01 0.0 0.0 0.0 0.96
G: 860 C 0.0 0.03 0.01 0.0 0.0 0.0 0.96
H: 842 C 0.0 0.0 0.01 0.03 0.0 0.04 0.92
I: 839 C 0.0 0.0 0.01 0.03 0.0 0.11 0.85

0.00

0.02

0.04

0.06

0.08

0.10

0.12

Figure 5. Distribution of calcium species in the product in mole fraction and maximum equilibrium temperature in °C.

Table 3. Temperature profile of kiln for different cases.

Case

Energy

input Recirculation

Burnzone

[C]

Calcination

zone [C]

Preheating

zone [C]

A 100% 0% 940 784 532

B 100% 50% 1774 979 660

C 100% 60% 1559 987 709

D 100% 70% 1363 967 742

E 100% 80% 1229 936 783

F 90% 50% 1085 842 556

G 90% 60% 860 753 538

H 90% 70% 842 760 572

I 90% 80% 839 796 647
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Figure 6. Weight percent melt in product and equilibrium temperature.

CO2 N2 H2O O2 HCl+KCl
A 0.28637 0.62272 0.07513 0.01578 0.00000
B 0.75720 0.00232 0.19873 0.04173 0.00003
C 0.75718 0.00232 0.19869 0.04164 0.00017
D 0.75523 0.00231 0.19821 0.04396 0.00029
E 0.75646 0.00232 0.19903 0.04165 0.00054
F 0.72195 0.00217 0.19131 0.08457 0.00000
G 0.73015 0.00211 0.18562 0.08213 0.00000
H 0.72876 0.00212 0.18657 0.08255 0.00000
I 0.71930 0.00219 0.19299 0.08551 0.00002

0.00000

0.10000

0.20000

0.30000

0.40000

0.50000

0.60000
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Figure 7. Stack gas compositions in mole fraction.
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A B C D E F G H I
HCl 3.7E-07 4.2E-06 5.4E-05 2.1E-05 7.6E-06 1.7E-06 1.3E-06 2.0E-06 2.4E-06
KCl 2.8E-07 2.9E-05 1.2E-04 2.7E-04 5.3E-04 8.1E-07 3.5E-07 1.4E-06 1.7E-05

0.0E+00

1.0E-04

2.0E-04
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Figure 8. Total chlorides and distribution in mole fraction of total stack gas.
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Figure 9. Distribution of chloride compounds in stack gas.
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bon dioxide emission per ton of product. The results

show that to avoid a low-quality product, the process

energy balances the need to be optimized. If the kiln runs

too warm we will experience melting of oxide and salt

phases in the product, and if the kiln runs too cold there

is not enough energy to complete the calcination.

If dried the flue gas from the new process could be

suitable for carbon dioxide transport and storage or utili-

zation. The new process would have different energy and

material balances compared to a conventional process. To

exemplify the method the chloride balances were studied.

The results show accumulation of chloride and variation

in chloride species in the oxyfuel process.

In this work recirculation cases F and G, at 50% and

60% recirculation, show full product quality with reduced

fuel consumption. Both cases show low chloride accumu-

lation and high carbon dioxide content in the flue gas.

Having lower specific carbon dioxide emissions than G, F

at 1.227 ton carbon dioxide per ton product is considered

the best case simulated in this work.

It is the conclusion that lime production with an oxy-

fuel process seems feasible but still requires further studies

in order to reach a technical application level. A more

comprehensive study on each specific retrofit or green

field project is of course needed.
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