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A B S T R A C T   

The use of sinter influences hot metal production substantially and significantly affects an integrated steel mill’s total emissions. Sintering of iron ores is an enormous 
energy-intensive and resources consuming process. Introducing a selective waste gas recirculation (SWGR) to the sintering process reduces the energy consumption, 
stack gas volume flow, and sulfur dioxide emissions of an iron sinter production. Simulating this complex process in flowsheet simulations of integrated iron and 
steelworks is a fast and cost-effective opportunity to validate new operation settings. The implementation of a sinter plant in gPROMS ModelBuilder®characterizes 
the sintering processes by three main sub-models. A burner model describes the gas combustion, a black-box model consider the main sintering processes, and a wind 
box model divides the total off-gas into a recycle gas and a stack gas. A specific temperature polynomial represents the temperature distribution across the wind boxes 
to allow detailed investigations on SWGR in complex flowsheet simulations. Implementing SWGR to the sintering process, the model shows a reduction of coke 
consumption, stack gas flow rate, and sulfur dioxide emissions by 11%, 27%, and 27%, respectively. In the SWGR scenario, the utilization rate of carbon monoxide 
increases and less coke is consumed. The chlorine emissions of the sintering process differ with and without SWGR insignificantly.   

1. Introduction 

Using sinter as feedstock for the burden has many positive effects on 
the blast furnace process. The advantages of an iron ore sinter are its 
high porosity, adjustable chemical composition, constant melting 
behavior, and stable mechanical properties. Therefore, the use of sinter 
increases the efficiency of hot metal production. Fines cannot be used 
directly for the burden due to their lightweights and negative influence 
on the blast furnace process. (e.g., increasing pressure drop). With iron 
ore sintering, iron fines are utilizable for pig iron production. The sin
tering process is influenced extensively by the properties of the input 
material and process conditions. The operating setting essentially in
fluences the properties of the sintered product [1]. 

1.1. Sinter Plant Process 

Solid input for the sintering process comprises iron carrier (e.g., iron 
ores), additives (e.g., limestone, dolomite, burned lime), and fuels (e.g., 
coke breeze, coal). The gaseous input includes air, and gaseous fuels (e. 
g., natural gas, blast furnace gas) [1]. 

Fig. 1 illustrates the general sinter process scheme. In the first step of 
the sintering process, raw materials are mixed in a rotary drum. Water is 
added to achieve a homogeneous particle size through agglomeration in 
the granulator. In the next step, the raw mixture is placed on moving 
pallet cars. Under the ignition hood, the sintering reaction is started on 
the top of the sinter bed. Blowers, which are located under the sinter 

strand, suck gas through the sinter bed. The sintering reaction is moving 
to the bottom of the sinter bed. At the end of the sinter strand, the 
produced sinter is crushed, cooled, and sieved into three fractions. The 
sinter fines, which are the first fraction, are recirculated to the propor
tioning bins, the second fraction is used as the heart layer on the pallet 
cars, and the third fraction is the sintered product to be used in the blast 
furnace [2]. 

Wind boxes collect the entire off-gas stream underneath the sinter 
strand, which varies over the total sinter plant length on its volume flow, 
composition, and temperature. Selective waste gas recirculation (SWGR) 
of single wind box flowings to the sinter conveyor hood reduces fuel 
consumption, emissions, and the volume of stack gas [3]. 

1.2. Sintering Reactions 

The sintering process can be described by four zones: 1) A sintered 
zone (top) for describing the heat exchange between gas phase and solid 
phase of the sintered material, 2) a reaction zone involving chemical 
reactions, solidification, and porosity changes, 3) a decomposition zone 
including thermal decomposition of carbonates, and 4) a raw mix zone 
(bottom) considering the heat exchange of the solid material and 
condensation of water. 

Once the sintering process has started under the ignition hood, the 
zones move from top to bottom along the sinter strand’s length, as 
shown in Fig. 2 a. As the sintering proceeds along the sinter strand, the 
sintered zone is on top of the sinter bed. In this zone, entering process 

* Corresponding author. 

Contents lists available at ScienceDirect 

Carbon Resources Conversion 

journal homepage: www.keaipublishing.com/en/journals/carbon-resources-conversion 

https://doi.org/10.1016/j.crcon.2022.01.001 
Received 2 June 2021; Received in revised form 9 January 2022; Accepted 14 January 2022   

www.sciencedirect.com/science/journal/25889133
http://www.keaipublishing.com/en/journals/carbon-resources-conversion
https://doi.org/10.1016/j.crcon.2022.01.001
https://doi.org/10.1016/j.crcon.2022.01.001
https://doi.org/10.1016/j.crcon.2022.01.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crcon.2022.01.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Carbon Resources Conversion 5 (2022) 71–83

72

gas comes into contact with the sintered product. Process gas consists of 
fresh air, and, in the case of introduced SWGR, a recycled off-gas stream. 
Because of the heat exchange between the solid and gas phases, the 
process gas is preheated and the solid material is continuously cooled. At 
the border to the combustion zone, the sinter solidifies [1,5]. 

In the combustion zone, the preheated gas stream reacts with carbon 
by combustion. It is the most exothermic reaction of the sintering pro
cess. Due to temperatures above 1100◦C, solids are melting without 
reaching the point of liquefaction. Iron ores are reacting with oxygen. 
With the chemical conversion of carbon to carbon monoxide and carbon 
dioxide, the gas volume extends. The porosity of the sinter bed changes 
significantly [6,5]. 

The hot gas from the carbon combustion preheats the sinter bed 
continuously. In the decomposition zone, within the temperature range 
of 350◦C and 1100◦C, carbonates (e.g., CaCO3,MgCO3,MnCO3, FeCO3) 
thermally decompose and released carbon dioxide increases the gas 
flow. Due to the endothermic decomposition process, the gas flow cools 
down [2,7–11]. 

Underneath the decomposition zone, the raw mixture zone is 
appended. With increasing distance to the combustion zone, tempera
tures of solids and gases decline. At the point where water is left in the 
raw mixture, an interaction between the evaporation of water and the 
partial condensation of the water vapour is formed. During this inter
action, the gas temperature remains almost constant and is ranging 
between 50◦C and 70◦C. Further cooling occurs along the saturation line 
depending on the pressure [1,6,12–14]. 

Due to the above-described drying process of the raw sinter mix in 
the first half of the sinter strand, off-gas temperatures at first wind boxes 
range between 50◦C to 70◦C. Later, when the combustion zone moves to 
the bottom of the sinter strand, the off-gas temperature increases. When 
the burning-through-point is reached on the sinter bed bottom, the 

combustion zone is completed; only the sintered zone is present on the 
strand. The off-gas temperature declines. The changing conditions on 
the sinter bed bottom over the sinter length influence the temperature 
and create changing compositions in the off-gas stream. Fig. 3 shows a 
typically measured temperature profile over the sinter strand length 
[1,6,12,13]. 

Several authors summarized the reaction zone and the decomposi
tion zone to a combustion zone (Fig. 2 b). All considered chemical re
actions of the sintering process are occurring in this zone [6,13,15,16]. 

1.3. Sinter Models 

Depending on the sintering process inside the sinter bed, gas flow, 
composition, and temperature change. Unsteady 1D sinter models are 
commonly used to describe the sintering process. Muchi and Higuchi 
developed one of the first computed sinter models. The focus was mainly 
on the coke combustion but they also considered the water load, the 
sintering speed, diffusion of oxygen, and carbon dioxide in the gas 
phase, and the particle diameter [17]. 

Another one-dimensional sinter model was developed by Mitterleh
ner et al. They mainly focused on describing the propagation velocity of 
the heat front inside the sinter bed. The model considers a description of 
the gas flow in the sinter bed, a heterogeneous catalyzed oxidation of 
carbon monoxide, thermal decomposition of carbonates, and the partial 
melting and solidifying processes of the solids [7]. 

Yang et al. developed a one-dimensional model which considers 
multiple solid phases, heat transfer between the solid phases, radiative 
heat transfer, changes of the bed structure based on particle size 
changes, and the main sintering reactions (vaporization/condensation 
of water, coke combustion, and limestone decomposition) [16]. 

Nath et al. developed a two-dimensional model, considering heat 

Fig. 1. Schematic overview of the sintering process [4].  
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propagation and sinter productivity [13]. De Castro developed a three- 
dimensional sinter model and investigated influences of different gas 
compositions and their effects on off-gas emissions [18,19]. Ramos et al. 
tried to predict melting and molten zone more precisely in the sinter bed 
via DEM simulation [20]. 

Zhang et al. worked on a 1D model that considers a selective waste 
gas recirculation (SWGR). They investigated the influence of SWGR on 
the sinter productivity and sinter quality and defined essential param
eters of the recycle gas. The most crucial factor is the oxygen content in 
the process gas, which should be between 19–20 percent. Other essential 
parameters are the amount and temperature of the recycled gas [21]. 
Over the last ten years, investigations on gaseous fuel injections have 
been done. Such an injection creates a secondary combustion zone 
above the solid fuels combustion zone, enabling an increased sinter 
strength with lower solid fuel consumption and influences the vapor 
content in the off gas [22–25]. With growing interest in this topic, sinter 
models considering gaseous fuel injection are developed. Ni et al. 
investigated the influence of coke oven gas injection on specific posi
tions of the sinter strand and validated the simulation results with sinter 
pot tests [26]. Tsioutsios et al. developed a non-stationary 1D model for 
parameter studies for supporting sinter pot experiments. This model 
demonstrates that coke can be moderately reduced with pulsed gaseous 
fuel injection without reducing the sinter strength [27]. 

These detailed sintering models give detailed insight in the sintering 
process, enabling investigations of effects difficult to measure. Due to 
the time consuming calculations, detailed simulation models are hardly 
applicable to flowsheeting simulations of complete iron and steel pro
duction plants. For this purpose Rentz et al. developed a sinter plant 
model in Aspen Plus®, based on a 3x3 reactor matrix describing the 

sinter bed. In the matrix-diagonal, chemical equilibrium reactors 
(RGIBBS) are positioned to specify the combustion zone. The reactors 
which are located above the matrix-diagonal, characterize the progress 
of the sintered zone, reactors under the matrix-diagonal describe the 
progress of the raw mix zone [15]. Ahn et al. developed a sinter strand 
model in Aspen Plus ®, which is similar to the Rentz et al. model. The 
difference is that Ahn discretized the sinter bed by a 14x14 reactor- 
matrix, and only in the matrix-diagonal RGIBBS reactors are used. The 
other reactors are yield or flash reactors. Both models require predefined 
reactor temperatures. Based on the chemical reactor design, the tem
perature profile of the off-gas stream over the total sinter strand length is 
assigned at the beginning of the simulation [6]. 

1.4. Motivation 

The challenge of describing the general sintering process is its 
complexity since different process steps are linked. Carbon combustion, 
thermal decomposition, water vaporization, and condensation influence 
the sinter bed’s temperature, melting and solidification behavior, pres
sure drop due to porosity and temperature changes, gas and solid 
compositions, and the sinter quality, and productivity. Most of the 
caused process and material alterations significantly affect the chemical 
reaction in the sinter bed. Detailed sinter models consider these effects 
in time-consuming calculations. 

The prerequisites for a useful application of a process simulation 
model are that it should be time-saving and comprise only a small 
number of fitting parameters. 

Due to the time-saving focus, models from Rentz et al. and Ahn et al. 
are an attractive option. Nevertheless, a significant drawback of these 

Fig. 2. Scheme of sintering zones inside the sintering bed.  
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models is the necessary assignment of the reactor temperature or a to 
each RGIBBS Model. Nevertheless, a significant drawback of these 
models is the calibration of the reactor temperatures and the consider
ation of deviations from chemical equilibrium with empirical parame
ters.Therefore, the each reactor temperatures must be carefully 
calibrated for each new simulation scenario. 

A model that combines physical relations and empirical approaches 
to temperature behavior and material flows enables short-time simula
tions and reduces the number of calibration parameters. This model- 
design is applicable for foreward and backward calculations and 

enables advanced flowsheet simulations of highly integrated steelworks. 
Simplifications do not allow a detailed description of the sintering 
process or sinter properties, but allow - with valid boundaries - a global 
investigation on the influences of the sintering progress on iron and steel 
production by focusing on material consumption, environmental im
pacts, cost efficiencies, operating conditions, and plant geometries are 
possible. 

Fig. 3. Typical temperature distribution of a sinter strand [1].  

Fig. 4. Schematic of sinter plant model structure.  
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2. Sinter Model 

The sinter plant model developed in gPROMS ModelBuilder® (6.0.4, 
Process Systems Enterprise limited, December 2019) characterizes main 
process effects based on three sub-models combining physio-chemical 
correlations with empirical correlations to minimize parametization of 
the model for calculation of mass and energy balances of the sintering 
process. A burner model calculates the combustion gas’s composition 
and the amount of combustion air under adiabatic conditions. A black- 
box model describes the general sintering process, including main 
chemical reactions, gas–solid separation, mass and energy balances. A 
wind-box model calculates each wind box’s gas flow and gas tempera
ture based on empirical distribution functions and splits the off-gas flow 
from the wind boxes into a stack-gas stream, and a recycle stream. Fig. 4 
shows a schematic illustration of the sinter plant model. 

2.1. Burner Model 

The fundamentals of the burner model are based on the assumptions 
of Beahr and Kabelac [28]. The air to fuel equivalence ratio λ defines the 
amount of combustion air (Eq. 1). ṁair is the mass flow of total air, 
ṁair,stoich is the mass flow of air under stoichiometric conditions, and 
xO2 ,air and xO2 ,stoich are the content of oxygen under real and stoichio
metric conditions, respectively. 

λ =
ṁair⋅xO2 ,air

ṁair,stoich⋅xO2 ,stoich
(1)  

∑

in
(ṁin⋅

xin,k

MWk
⋅RD) =

∑

out
(ṁout⋅

xout,k

MWk
) (2)  

∑

in
(ṁin⋅xin,k⋅hk(T)) =

∑

out
(ṁout⋅xout,k⋅hk(T))+ Ḣlosses (3) 

Eq. 2 describes the chemical conversions of each gaseous fuel (CO, 
CxHy,(g))) with the reaction degree RD. The reaction degree describes the 
stoichiometric conversion of each chemical reaction. ṁ is the mass flow, 
x is the mass-based composition, and MW is the molecular weight. The 
index k stands for the chemical component k, in for all input streams, and 
out for the output stream. Based on the enthalpy balance Eq. 3, the 
adiabatic flame temperature is calculated. Non-adiabatic conditions are 
considered by the enthalpy losses Hlosses. h(T) is the specific enthalpy at 
temperature T. 

2.2. Black-Box Model 

In the black-box model, mass balance and enthalpy balance (Eq. 2–3) 
are applied along with the stoichiometry of the sinter reactions [4]. 
Table 1 shows the considered chemical reactions of the black-box model 
including thermal decomposition of carbonates, carbon combustion, 

water vaporization, and reactions with alkali and sulfur. The high 
number of iron reactions during the sintering process causes different 
handling with iron components. The black-box model includes compo
sition assignments of iron for the sintered material and considers com
ponents Fe, FeO, Fe2O3, and Fe3O4. The oxygen demand for iron 
oxidation is also considered with an included element balance. The 
oxygen demand for iron oxidation is also considered with an included 
element balance. Besides sulfur oxidation, increased sulfur binding in 
the sinter is observed in scenarios with SWGR (following Schmid et al. 
[29]). The model considers this behaviour with the back reaction of 
sulfur dioxide to sulfur, including an empirical conversion factor. 

2.3. Wind Box Model 

The wind box model splits the off-gas stream into an SWGR stream 
and a stack gas flow. A wind box flow selector defines both streams by 
selecting each wind box stream to the stack-gas or SWGR stream. The 
properties of each wind box flow are defined by component and tem
perature distributions, thereby reducing the required input parameters 
while ensuring mass and enthalpy balances. In the following sub
sections, the methods for calculating mass flow in the wind boxes, and 
wind box temperatures are described. 

2.3.1. Component Distribution 
Based on the published concentration of chlorine and sulfur dioxide 

in wind boxes, polynomials describe the component distributions in the 
wind box model [30]. Each distribution is regressed based on dimen
sionless length (Eq. 4). For each simulation scenario, the number of wind 
boxes can be assigned individually. Therefore the discretization of the 
distribution function will change. 

ṁj(li)

ṁj,total
=

aj⋅l4
i + bj⋅l3

i + cj⋅l2
i + dj⋅li + ej

∑n

i=1
aj⋅l4

i + bj⋅l3
i + cj⋅l2

i + dj⋅li + ej

(4)  

In Eq. 4, j is the index for components and i for the wind box number, a, 
b, c, d, and e are the regression coefficients, li denotes the dimensionless 
position of wind box i, and mj,total is the total amount of component j in 
the off-gas stream. This equation design enables simulations for different 
plant geometries. Component and mass distribution can be used for a 
feed-forward and feed-backward oriented calculation. Fig. 5 shows the 
implemented distribution functions of sulfur and chlorine as an 
example. 

2.3.2. Temperature Distribution 
Following Eq. 5, the temperature calculation of each wind box T(i) 

considers the off-gas temperature Toff− gas,BB from the black-box model 
(Toff− gas,BB= Tinlet,WB). Tinlet,WB is multiplied with an explicit weighting 
term. This term includes the regressed function Tpoly(i), which takes into 
account the characteristic shape of the temperature distribution over the 
length of a sintering plant based on observed sensor data, and Tleveling, a 
fitting parameter, to ensure a closed enthalpy balance. 

T(i) = Tinlet,WB⋅
Tpoly(i)
Tleveling

(5) 

Fig. 6 shows the calculation of the wind box temperature schemati
cally based on the publication of Cappel and Wendedorn [1]. In this case 
Tinlet,WB equals 150◦C and on the secondary axis the deviation of each 
wind box temperature to Tinlet is shown. The deviation is described by the 
term Tpoly(xi)/Tleveling. 

3. Results and Discussion 

To demonstrate that the model can describe effects connected with 
introducing a SWGR and estimating the reduction in coke demand and 
emissions, the sinter plant model was applied to two different scenarios: 

Table 1 
Chemical reactions  

carbon gasification water vaporisation 

C +
1
2
O2→CO2  

H2O(l)→H2O(g)

C + O2→CO2  Fe2O3⋅H2O→Fe2O3 + H2O(g)

CO combustion chlorine binding 

CO +
1
2
O2→CO2  

1
2
H2 +

1
2
Cl2→HCl  

CO2 release  alkaline metal oxidation 
MgCO3→MgO + CO2  2K +

1
2
O2→K2O  

CaCO3→CaO + CO2  2Na +
1
2
O2→Na2O  

FeCO3→FeO + CO2   

sulfur reaction 
S(s) + O2→SO2  SO2→S(s) + O2   
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operation of the plant without SWGR and operation of the plant with 
SWGR. Both simulation scenarios had a mainly feed-forward oriented 
calculation structure. The number of wind boxes, and the wind boxes 

used for waste gas recirculation, were based on the publication by 
Schmid et al. [29]. The gas flows of wind boxes 11 to 16 were recircu
lated at the SWGR scenario. Both scenarios had the same sinter strand 

Fig. 5. Implemented distribution functions.  

Fig. 6. Schematic of the wind box temperature calculation with a Toff − gas of 160◦C.  
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length, sinter production, total off-gas volume to produced sinter ratio, 
and conversion rates. Furthermore, the carbon monoxide and sulfur 
dioxide concentration of the stack gas flow and the temperature ratio of 
the last wind box to the sinter outlet were considered equal in both 
scenarios. The wind box temperatures’ distribution functions were 
based on plant data with SWGR and without SWGR. All input streams 
were kept constant. Only one single coke stream was adjusted in the 
scenario without SWGR for ensuring comparable process temperatures 
in both scenarios. 

3.1. Validation of Simulation Results 

To show the validity of the selected operational settings, the SWGR 
was introduced in an iron ore sinter plant. The simulated stack gas 
characteristics are compared with stack gas measurements of a sinter 
plant before and after its SWGR introduction. The measured data show a 
significant variation of the stack gas flow compared to its average value. 
The calculated volumetric flow of the SWGR scenario is in the range of 
plant data. The temperature measurements of the stack gas show that 
the average stack gas temperature at a sinter strand with SWGR is 21◦C 
higher than a sinter strand without SWGR. The difference can be 
explained by the different inlet temperatures of the process gas in both 
scenarios. Fig. 7 shows that the simulation results are in the range of 
measured plant data. 

3.2. Main Solid and Gas Streams 

Fig. 8 shows all solid and liquid input and output streams of the sinter 
plant model.The sinter production remains constant, corresponding to 
the scenario settings. This leads to the same input streams of iron carrier 
and additives in both scenarios. However, the resulting solid fuel and 
water streams are noticeably different. In the SWGR scenario, the coke 
consumption is reduced by 11% compared to the scenario without 
SWGR. These results are within the observed plant data range (8–13%) 
[29,31]. There are two reasons for this effect: (1) By recycling carbon 
monoxide and its partly exothermic oxidization to carbon dioxide, more 

heat is generated during the sintering process. (2) By mixing fresh air 
with the recycle stream in the SWGR scenario, the process gas stream 
attained a higher temperature than the scenario without SWGR, which 
uses only fresh air. Therefore, less energy is necessary to enable the 
required process temperatures and, consequently, the coke amount de
clines. An unexpected side effect is that more water needs to be added to 
the granulator to enable the same water ratio in the raw mixture in both 
scenarios due to coke’s natural water content. Caused by the reduced 
coke input, the required water increases by 3.2% in the SWGR scenario 
compared to the scenario without SWGR. 

Fig. 9 compares gaseous input and output streams based on the 
assumption of a constant ratio of total off-gas to produced sinter for the 
scenario with SWGR and without SWGR. Process air is the summation of 
fresh air, recycled gas, and combustion gases from the ignition hood. In 
the scenario without SWGR, the amount of fresh air and process air are 
identical because no gas stream is recirculated from the wind boxes. In 
the scenario with SWGR, the fresh air consumption is decreased because 
process air contains the recirculated gas stream and fresh air. 

The total process air consumption is similar in both scenarios based 
on the defined constant mole-based ratio of total off-gas to produced 
sinter. The slight mass flow difference is based on changing process air 
composition. 

Combining recycle gas with fresh air results in a oxygen and water 
vapour content of 19.5 % and 1.3 %. Oxygen content is in a reasonable 
range of 19–20 % as given by literature [21,32,33]. Due to the same 
sinter production rate and similar amounts of process gas in both cases, 
the off-gas is similar as well. However, splitting the off-gas stream in 
case of introduced SWGR into recycle flow and stack flow reduces the 
stack gas flow compared to the scenario without SWGR. 

Fig. 10 shows the change of total component flows of the SWGR 
scenario based on the scenario without SWGR in the stack gas. The 
introduction of SWGR affects each component flow in the off-gas stream 
differently. The flow change of nitrogen correlates to the amounts of 
fresh air in both scenarios and decreases in the same ratio. In the SWGR 
case, the much lower oxygen flow can be explained by reducing fresh air 
and using recycled oxygen for carbon and carbon monoxide oxidation. 

Fig. 7. Comparision stack gas measurements with simulation results.  
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Surprisingly, in the stack-gas, the flow rate of CO2 is slightly higher, 
although the coke demand is reduced at the SWGR scenario. Both sce
narios have similar production rates and produce the same amount of 
carbon dioxide during carbonate decomposition. However, in the SWGR 
scenario, the entering carbon monoxide of the recycling is oxidized 
mainly to carbon dioxide, which explains the higher CO2 flow in the 
SWGR scenario than in the scenario without SWGR. In sub-chapter 3.4 
the carbon dioxide flow is described in more detail. The carbon mon
oxide and sulfur flows decrease at the same ratio as the stack gas since 
constant carbon monoxide and sulfur dioxide concentrations of the stack 

gas are assumed for the calculation based on observations from a sinter 
plant. In the SWGR scenario, the lower coke input stream has a minor 
influence on the sulfur dioxide reduction because the sulfur input mainly 
originates from iron and additive sources. The reduced sulfur content in 
the stack gas at unchanged sulfur inputs in the SWGR scenario is 
explained by higher sulfur binding in the sinter, considered by an 
empirical factor implemented in the simulation model. This behavior is 
shown in more detail in Fig. 14. The nearly similar water vapor flows in 
the stack gas are based on similar water inputs in the raw mixtures. The 
lower coke consumption in the SWGR scenario lowers the water content, 

Fig. 8. Comparison of solid input (plain) and output (hatched) streams.  

Fig. 9. Comparison of gaseous input (plain) and output (hatched) streams.  
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but the granulator compensates this effect. During the granulation, 
water is added to achieve the same water ratio in the raw mixture as in 
the scenario without SWGR. 

3.3. Oxygen Conversion 

Fig. 11 shows the oxygen balance of the black-box model. Comparing 
the results from Fig. 11 and Fig. 9, the oxygen flow and the airflow are 
reduced at the same ratio in the SWGR scenario. About 75 % of the total 

Fig. 10. Comparison of main component flows in stack-gas.  

Fig. 11. Oxygen balance of black-box.  
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oxygen flow are not reacting with other components. Conversions with 
carbon are the most oxygen-consuming reactions. Most carbon is 
directly oxidized to carbon dioxide, followed by the conversion to car
bon monoxide. In the SWGR scenario, the oxidation of the recycled 
carbon monoxide is noticeable. Iron oxidations are the second most 
oxygen-consuming reactions. In our scenarios, most iron ores are 
oxidized to Fe2O3 and secondly to FeO. The sulfur reaction of oxygen- 
consuming and oxygen-releasing reactions are summarized in Fig. 11 
with the label sulfur dioxide. For the scope of produced emissions and 
for environmental impacts, the sulfur conversion is a crucial issue, but it 
hardly affects the oxygen balance. In the scenario without SWGR, no 
part of the off-gas is recycled. Based on the model design, the recycled 
carbon monoxide oxidation and the sulfur binding are not occurring in 
this case. These effects are discussed in more detail in the sub-chapters 
3.5 and 3.6. 

3.4. Carbon Dioxide Conversion 

Fig. 12 compares the CO2 origin of both scenarios. In both cases, 
additives are the main carbon dioxide source. They account for around 
two-thirds of the total carbon dioxide flow. The second-largest CO2 
source originates from coke combustion. The third and smallest CO2 
source arises from recycled CO oxidation. In contrast to the oxidation of 
recycled CO, the declining coke consumption has a minor influence on 
the CO2 stream in the SWGR scenario. Consequently, the mass flow of 
carbon dioxide is slightly higher in scenario with SWGR compared to the 
scenario without SWGR. 

3.5. Carbon Monoxide Conversion 

Fig. 13 shows the origin of the carbon monoxide flow in the off-gas 
stream. In the scenario without SWGR, no carbon monoxide is recircu
lated to the sinter strand. Therefore, carbon monoxide originates only 
from coke sources. In the scenario with SWGR, carbon monoxide results 
from solid fuels and the remaining carbon monoxide of the recycle 

stream, which is not oxidized to carbon dioxide, shown in red scattered 
style on the top of the SWGR bar (Fig. 13). 

3.6. Sulfur Conversion 

About three-fourths of the sulfur input originates from iron carrier 
input streams. These material flows contain iron ores and byproducts 
from several processing operations of integrated steelworks (e.g.casting, 
rolling mill). Solid fuels are the second important source of sulfur by 
about 24% (scenario without SWGR). Only 2% of the total sulfur feed
stock originates from additive sources. 

As shown in Fig. 14, in the SWGR scenario, sulfur dioxide emissions 
are reduced by 27%. In contrast, the sulfur content of the sinter is 
doubled due to sulfur dioxide binding by the sinter considered in the 
model with an empiric factor. Reduction of coke demand only contrib
utes to minor part to the reduction of sinter emissions since the sulfur 
input is reduced only by 2.5%. 

3.7. Chlorine Balance 

As shown in Fig. 15, most of the chlorine originates from iron carrier 
input streams by 90%. The amount of chlorine from coke and additive 
lies only at 4% and 6%, respectively. The changing coke consumption 
declines the total chlorine input amount only by 1%. It has a minor in
fluence on the chlorine balance. About 15% of total chlorine feedstock is 
leaving the sinter plant via the solid sinter. The other 85% of the chlo
rine input leaves the sinter plant by stack-gas. 

4. Conclusion 

The scenarios calculated with SWGR and without SWGR shows that 
the sinter model provides reliable results compared to observed plant 
data and known effects. The simulated stack temperatures are within a 
realistic temperature range. Under SWGR conditions, the model shows 
an credible reduction of coke consumption, stack gas, and sulfur dioxide 

Fig. 12. Origin of CO2 in off-gas.  
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emissions by 11%, 27%, and 27%. In contrast, in the SWGR scenario, the 
total stack gas flow of carbon dioxide is higher than in the scenario 
without SWGR. This effect correlates with the oxidation of the recycled 
carbon monoxide. Two-thirds of the produced carbon dioxide originates 
from thermal carbonate decomposition processes. Most of the converted 
oxygen is used for carbon oxidation and iron oxidation. 

For the SWGR scenario, the model correctly considers the effect of 
reduced sulfur dioxide emissions with the stack due to the sulfur bind
ing. The coal reduction has just a minor effect. Under SWGR conditions, 
the sinter model shows only a low reduction potential of chlorine 
emissions. 

In the future a correlation between temperature distribution and 

Fig. 13. Origin of carbon monoxide in off-gas.  

Fig. 14. Sulfur balance of solid input and output streams.  
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mass distribution will be implemented to the sinter plant model. A 
changing temperature function will adjust the influence the mass dis
tribution function. Additional studies on trace element sources and re
actions are recommended for improving the sinter model’s prediction 
capabilities. 
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