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1.	 Introduction
The ironmaking industry is among the most energy- and 

carbon-intensive industries in the world, producing more 
than 1 800 Mt of crude steel every year.1) It is the second 
largest consumer of industrial energy (7 200 TWh/y),2) and 
responsible of 9% of the total CO2 emissions worldwide (3.7 
GtCO2/y).1,3) The main manufacturing process for the produc-
tion of iron is based on blast furnace technology.4,5) In blast 
furnaces, iron ore and coke are introduced at the top. The 
iron oxide is reduced while descending, thanks to a reduc-
ing gas that ascends in counter-current. The reducing agents 
are CO (Eqs. (1) to (3)) and H2 (Eqs. (4) to (6)).6) This gas 
is produced at the lower part of the furnace by burning 
the coke with O2-enriched air that is injected through the 
tuyeres. Auxiliary fuels, such as pulverized coal or natural 
gas can be also injected through the tuyeres to decrease the 
coke input (Fig. 1).7)

	 3 22 3 3 4 2Fe O CO Fe O CO+ → + ................. (1)

	 Fe O CO FeO CO3 4 23+ → + .................... (2)

	 FeO CO Fe CO+ → + 2 ........................ (3)
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	 3 22 3 2 3 4 2Fe O H Fe O H O+ → + .................. (4)

	 Fe O H FeO H O3 4 2 23+ → + .................... (5)

	 FeO H Fe H O+ → +2 2 ........................ (6)
Because of requiring high-temperature heat (above 

800–1 200°C) and the nature of the process itself (CO2 
release during reduction), the blast furnace ironmaking 
process cannot be decarbonized with direct electrification.8) 

Fig. 1.  Conceptual diagram of a blast furnace.
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For this reason, different decarbonization alternatives are 
proposed and studied in literature, such as the utilization 
of renewable fuels (CO2 emissions cuts by 8%–19% can 
be achieved by using electrolysis power capacities of about 
400–900 MW9–12)), and the injection of reducing gases in the 
shaft (mid zone)13–15) and preparation zone (upper zone)16,17) 
of the blast furnace (what allows increasing the amount of 
synthetic fuels that can be inject, since the flame tempera-
ture is not affected).

One of the preferred methodologies to evaluate this type 
of new operating configurations is the Rist diagram (also 
known as operating diagram, or operating line). The oper-
ating line of a blast furnace is the graphical representation 
of the mass and energy balances concerning the formation 
of the reducing gas (range 0<X <1 in a Cartesian plot) and 
its utilization to reduce the iron ore (range 1<X <2 of the 
plot). This methodology was firstly proposed by Rist et 
al.,18) and recently revisited by Bailera et al.19) to account 
for multiple injections in the tuyeres. However, two restric-
tive conditions must be assumed: (i) a constant ratio along 
the blast furnace between the moles of reducing gas and the 
moles of Fe produced, and (ii) the absence of oxidized gases 
at the beginning of the indirect reduction process. The first 
condition is not met when injecting gases in the shaft or 
preheating zone, while the second is not fulfilled when the 
synthetic gases have CO2 or H2O contents. For this reason, 
the conventional operating diagram is not valid when aiming 
for evaluating new blast furnace decarbonization concepts.

In this study, we extend the operating line methodol-
ogy by proposing a novel generalized model that is able 
to deal with gas injections at any part of the blast furnace, 
including oxidized compounds. This is of special interest 
when studying new decarbonization concepts. Moreover, to 
validate the methodology, this is implemented in a detailed 
Aspen Plus simulation that includes individual models of 
the preparation zone, the thermal reserve zone, the lower 
part and the raceways. Other Aspen Plus models found in 
literature neither were explained with the sufficient level of 
detailed to be reproducible by other authors, nor present a 
satisfactory level of detail and separation of the different 
zones mentioned.20–23)

The paper is divided in the following sections: first, the 
extended operating line methodology is introduced (Section 
2); then, the calculation method of the extended operating 
line is explained (Section 3); third, a novel Aspen Plus simu-
lation that implements the proposed extended methodology 
is presented (Section 4); finally, the model is validated using 
data from three different types of blast furnaces, including 
tuyere, shaft and preheating injections (Section 5).

2.	 Definition of the Extended Operating Line
In this study, we extend the operating line methodology to 

consider gas injections at any part of the blast furnace (i.e., 
no constant mole flow along the BF), and the possibility 
of injecting gas that already contains oxidized components 
(i.e., a non-continuous oxidation profile during the gas 
ascent). To include these features while keeping the same 
methodology basis, the definition of the diagram is modi-
fied. In the region 0<X <1 it must be considered the mole 
flow of the final blast furnace gas, instead of only the mole 
flow of CO and H2 after the raceways, while the region 
1<X <2 must reflect the transfer of O from the iron ore to 
the gas, rather than the oxidation state of the gas. This way, 
we use the ratio between the mole flow of the final blast 
furnace gas and the moles of Fe produced to combine the 
two regions in a single Cartesian diagram, since this ratio 
will remain constant independently of the place, type and 
number of gas injections.

2.1.	 Extended Operating Line in the Range 0<X<1: 
Formation of the Gas

The region 0<X <1 of the operating diagram is the sum 

of the number of moles that each injection or reaction 
provides to the total blast furnace gas, in a unitary basis. 
Therefore, the units of each addend in the abscissa axis 
will be those of Eq. (7), where ni,j is the number of moles 
of component i produced by the reaction or injection j (we 
exclude the N2 for simplicity, since this is considered an 
inert inside the furnace).

	 X = ∑
∑

n

n

i ji

i ji j

,

,,

................................ (7)

The total sum will be equal to 1, and it is given by Eq. 
(8), where xv denotes the CO produced when the O2 of the 
hot blast react with C. The term 2xe accounts for the H2 and 
CO produced by the moisture of the hot blast when dissoci-
ated through C. The terms xup and xmid are the mole flows 
of injections in the upper and mid part of the blast furnace. 
The term xmb is for the moisture entering with the burden at 
the top. The term ajxj denotes the H2 from the incomplete 
combustion of an auxiliary injection j at the tuyeres, while 
2bjxj is the CO produced when the oxygen of that auxiliary 
injection reacts with C. The terms xSi, xMn and xP stand for 
the CO produced when reducing the impurities SiO2, MnO 
and P2O5. The addend xS represents the CO released when 
transferring the dissolved Sulphur in the iron to the slag. The 
term xk is the H2 directly coming from the hydrogen content 
of the coke. Lastly, xd denotes the moles of gas that were 
produced during the direct reduction of wüstite. A more 
detailed description of all these reactions can be found in 
conventional operating diagram methodologies.19)
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The similar mole balance can be performed per unit of 
mole of Fe produced in the blast furnace, where the units of 
each addend in the ordinate axis are given by Eq. (9). The 
sum of all the addends is denoted by μ (Eq. (10)), which 
corresponds to the slope of the operating line by construc-
tion. In other words, μ is the number of moles contained 
in the outlet blast furnace gas per mole of Fe produced 
(excluding the N2), Eq. (11).

	
Y
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i ji , ................................. (9)
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µ =

∑ n

n

i ji j ,,

Fe

.............................. (11)

When representing this two proportional sums (i.e., Eqs. 
(8) and (10)) in a Cartesian plot (Fig. 2), the intercept is 
arbitrary. For convenience, it is chosen so that the moles 
that have reduced or will reduce one mole of oxygen atom 
from the iron ore by direct reduction appear in the positive 
side of the ordinate axis (i.e., yd in the positive side). Thus, 
the intercept YE is given by Eq. (12).

	 YE = − + − + + + + +( )(
− − + +

∑y y y y y y a b y

y y y

v e e up mid mb j j j

CO j H O j Si

2 2

2 2, , yy y y yMn P S k+ + + )
 

	
......................................... (12)

It must be noted that the CO2 and H2O entering at the 
tuyeres will be reduced by C producing two moles of reduc-
ing gas (Eq. (13) or Eq. (14)), later followed by the indirect 
reduction process (Eq. (3) or Eq. (6)). The overall reaction is 
actually the direct reduction process (Eq. (15) or Eq. (16)), 
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where one of the two generated moles of gas has gained 
one mole of oxygen atom transferred from the iron oxides.
	 CO C CO2 2+ → ........................... (13)

	 H O C H CO2 2+ → + ........................ (14)

	 CO C FeO Fe CO CO2 2+ + → + + ............. (15)

	 H O C FeO Fe H O H2 2 2+ + → + + .............. (16)
Therefore, to properly quantify the direct reduction in the 

operating line, half of the moles produced because of the 
injection of CO2 and H2O at the tuyeres must be accounted 
in the addend yd. For this reason, the terms xe, xCO2,j and xH2O,j 
are subtracted in Eq. (8). Otherwise, the percentage of direct 
reduction would be underestimated, as occurs in conven-
tional operating diagrams, which wrongly predicts decreases 
in the direct reduction when injecting CO2 and H2O.

2.2.	 Extended Operating Line in the Range 1<X<2: 
Oxygen Transferred to the Gas

The region 1<X <2 of the operating diagram quantifies 
the atoms of O transferred from the iron oxides to the blast 
furnace gas by indirect reduction. In order to plot this value 
in the same Cartesian diagram, we need to use the same 
proportionality than in the range 0<X <1. Therefore, the 
abscissas will use the units of Eq. (17), and the ordinates 
the units of Eq. (18).

	 X
nO=

∑ ni ji j ,,

.............................. (17)

	
Y

nO

Fe

=
n

.................................. (18)

Contrarily to the conventional methodology, the range 
1<X <2 in the newly proposed diagram does not reflect the 
oxidation state of the gas. In this case, it represents the num-
ber of O atoms transferred to the gas, per total number of 

moles in the final blast furnace gas (abscissas) or per moles 
of Fe produced in the blast furnace (ordinates).

It should be noted that the whole range 0<X <2, in the 
positive side of the ordinates, quantifies the total O reduced 
from the iron oxides (by both, direct and indirect reduc-
tion), thanks to our proper definition of the term yd and the 
convenient intercept of the operating line. Thus, the point 
YA in the operating line is still the initial oxidation state of 
the burden, as in conventional methodologies.

3.	 Calculation of the Extended Operating Line and 
Information Resulting Therefrom

As in conventional methodologies, the extended operat-
ing line is obtained by the calculation of two characteristic 
points (P and R) to compute the slope (Eq. (19)) and the 
intercept (Eq. (20)).
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The point P is related to the energy balance of the blast 
furnace, and the point R to the approach to chemical equi-
librium that exists in the thermal reserve zone. The former 
can be easily extended to the scenario of injections in the 
middle and upper part just by adding additional terms in the 
energy balance, while the latter requires changing the frame 
of reference of the Chaudron diagrams.

3.1.	 Point P: Energy Balance
The energy balance in the elaboration zone, Eq. (21), 

makes the operating line to pass through a point of coordi-
nates XP and YP (Eqs. (22) and (23)), where A, B, C and 
YE

∗ are given by Eqs. (24) to (27).
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The mathematical derivation of these coordinates, as well 
as the calculation of the individual terms of the energy bal-
ance, follows the same procedure as for the conventional 
operating diagram (see the work of Bailera et al.19,24) for 
more details). The only new terms in the energy balance 

Fig. 2.  Extended operating line.
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are those related to the injection of CO2 and H2O through 
the tuyeres, and to the sensible heat of the gas injected in 
the middle zone. The former diminishes the heat consumed 
by the tuyere injections by qg(yCO2,j +  yH2O,j) because this 
amount will be already taken into account in the term qgyd. 
The latter adds a heat consumption equal to qmidymid, which 
is used to heat the shaft injection up to the reference tem-
perature (thermal reserve zone temperature). The injection 
of gas in the upper zone and the presence of moisture in the 
burden do not affect the energy balance because the control 
volume is restricted to the mid and lower zone.

3.2.	 Point R: Thermal Reserve Zone
The point R is calculated as a function of the approach 

to the equilibrium of the Fe–O–H–C system in the thermal 
reserve zone. This approach is quantified by the chemical 
efficiency, which is the ratio between the O atoms actually 
exchanged and the O atoms that would be exchanged at 
equilibrium. Since the initial oxidation state of the burden is 
YA, and the oxidation at chemical equilibrium in the thermal 
reserve zone corresponds to pure wüstite (i.e., YW =  1.05), 
the ordinates of the point R are given by Eq. (28).
	 Y Y Y YR A A W= − −( )r ...................... (28)

The abscissas of the point R are calculated from the 
oxidation state of the gas that is in equilibrium with pure 
wüstite, ωOHC (Eq. (29)). This value combines the individual 
Chaudron diagrams of the Fe–O–C and Fe–O–H systems 
(Eqs. (30) and (31))19) by using the ratio of H2 moles in the 
gas, xh (Eq. (32)). The latter must be calculated at the ther-
mal reserve zone (i.e., without accounting for the injections 
in the upper zone or the moisture of the burden).
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In order to plot this oxidation state of the gas in the 
extended diagram, the value must be converted taking into 
account the chemical efficiency, the total mole flow of the 
BFG, and the chemical species that were already oxidized 
before the indirect reduction stage. In other words, we calcu-
late the moles of O atoms that were transferred to this gas by 
indirect reduction, per mole of blast furnace gas (Eq. (33)).

	XR

OHC CO H O CO H O

=

+
− −( )− + + + +( )

1
2 2 2 2r y y y y y y yup mb mid mid j j eω µ , , , ,

µµ

 
	

......................................... (33)
The factor (μ−yup−ymb)/μ changes the frame of reference 

to consider the whole gas, instead of only the gas in the 
chemical reserve zone, while the factor (yCO2,mid +  yH2O,mid + 
yCO2,j +  yH2O,j +  ye)/μ substracts the chemical species that 
were already oxidized before the transfer of O by indirect 
reduction. By substituting Eq. (19) in Eq. (33), we find Eq. 
(34), where D, E, F are given by Eqs. (35) to (37).
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	 E OHC= +( )r y yup mbω ....................... (36)

	 F CO H O CO H O= + + + +( )y y y y ymid mid j j e2 2 2 2, , , , ..... (37)
It can be seen that, if there are no injections in the mid 

and upper zone, and there are neither injection of CO2 and 
H2O in the tuyeres, the value of XR in Eq. (34) is the same 
as for the conventional operating line methodology.

3.3.	 Additional Results Derived from the Operating 
Line

Characterizing the extended operating line allows deriv-
ing the coke consumption (Eq. (38)), the air flow rate (Eq. 
(39)), the oxidation state of the blast furnace gas (i.e., the 
gas utilization, Eq. (40)), and the percentage of direct reduc-
tion (Eq. (41)).
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The derivation of these equations is similar to the conven-
tional methodology,19) but adapted to the frame of reference 
of the extended operating line. The meaning and units of the 
different variables is specified in the nomenclature section.

4.	 Simulation in Aspen Plus
The extended operating line was implemented in Aspen 

Plus to validate the novel proposed methodology. The 
modelled blast furnace was divided in upper, mid and lower 
zone, with the latter including the raceways (Fig. 3). Con-
sidering the whole blast furnace as the boundary, there are 
10 inlet mass streams, three outlet mass streams and one 
outlet heat stream. The model calculates the mass flow of 
coke, air, hot metal, slag and BFG, and the composition of 
the two latter, as a function of the temperature of the thermal 
reserve zone, the chemical efficiency, the heat removed by 
the staves in the preparation and in the elaboration zone, and 
the data specified as Input in Table 1. All blocks shown in 
Fig. 3 are summarized in Table 2, and the complete list of 
manipulators is presented in Table 3.

The upper zone consists of a stoichiometric reactor where 
the hematite is reduced to magnetite and wüstite. The inlets 
are the iron ore, the coke, the gas ascending from the 
thermal reserve zone, and (if present) a gas injection for 
preheating. The outlets are the blast furnace gas, and the 
solids descending to the mid zone. The extent of the iron 
ore reduction depends on the chemical efficiency, which sets 
the oxidation state of the burden descending to the mid zone 
(i.e., to the thermal reserve zone). Moreover, the fraction 
of this reduction that takes place via H2 is set according to 
the energy balance in the preparation zone. Two modelling 
options are considered for the energy balance: i) fixing the 
outlet temperature of the BFG, letting free the H2 utilization 
(UPA design spec), or ii) fixing the H2 utilization, letting 
free the outlet temperature of the BFG (UPB design spec). 
It should be noted that the reduction by H2 is considered 
as the combination of the reduction by CO plus the reverse 
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water-gas shift reaction.
The mid zone uses a stoichiometric reaction to consider 

the indirect reduction of magnetite to wüstite, and of the 
wüstite to iron. The inlets are the solids descending from 
the upper part, the gas ascending from the lower part, and 
(if exists) a reducing gas injection (shaft injection). The out-
lets are the gas ascending to the upper zone, and the solids 
descending to the lower zone. The extent of the reduction 
is set according to the percentage of indirect reduction cal-

culated by the extended operating line methodology. The 
fraction of this reduction taking place via H2 is set accord-
ing to the chemical efficiency and the Chaudron diagram 
of the Fe–O–H system at the temperature of the thermal 
reserve zone. It should be noted that, since the H2 participa-
tion is not set according to the energy balance, the net heat 
removed by the staves in the elaboration zone will be an 
output of the simulation. Nevertheless, since it is used as 
an input in the calculation of the extended operating line, 
both values must be the same (discrepancy is below 0.5%).

The lower zone gathers five processes: the complete 
transfer of sulphur to the slag, the direct reduction of the 
remaining wüstite, the reduction of the accompanying ele-
ments (whose extent is given as a function of the desired hot 
metal composition), the carburization process (set according 
to the C content in hot metal), and the melting of slag and 
hot metal. The heats of carburization and melting are calcu-
lated separately, since Aspen Plus cannot deal with this type 
of thermodynamic processes. The inlets to these processes 
are the solids descending from the mid zone, and the ashes 
and sulfur from the combustion of coal in the raceways. The 
outlets are the CO produced in these processes (which will 
be mixed with the raceways gas and sent to the mid zone), 
the remaining carbon after carburization (which is sent to 
the raceways at 1 200°C for combustion), and the final hot 
metal and slag.

The raceways consist of the decomposition of the coal 
through a Yield reactor (considered as a non-conventional 
solid in Aspen Plus), and the calculation of the chemical 
equilibrium of the combustion by a Gibbs reactor. The inlets 
are the injections of the auxiliary reducing agents, the air, 
and the coke carbon not consumed in other processes. The 
outlet is the raceway gas (whose temperature corresponds to 
the adiabatic flame temperature), and the sulphur and ashes 
(diverted to the processes of the lower zone). The raceway 
gas is mixed with the CO produced in the lower zone, and 
then sent to the mid zone.

The model was developed in Aspen Plus v11, using the 
PENG-ROB property method25) for the gas streams. In the 
case of non-conventional solids (i.e., coal), it was used the 
HCOALGEN and DCOALIGT property models with the 
following correlations:26) (i) Revised IGT correlation for the 

Fig. 3.  Process flow diagram of a blast furnace in Aspen Plus. (Online version in color.)

Table 1.	 Summary of model input/output data regarding the 
streams crossing the boundary of the blast furnace.

Stream Description Flow Composition Temperature

IR-OR-01 Iron ore Input Input Input

COKE-01 Coke Output Input Input

HB-01 Air +  moisture Output Input Input

COAL-01 Pulverized coal 
injection at tuyeres Input Input Input

J-O2-01 O2 injection for 
enrichment at tuyeres Input Input Input

J-H2-01 H2 injection at 
tuyeres Input Input Input

J-RG-01 Gas injection at 
tuyeres Input Input Input

TGR-01 Top gas recirculation 
injected at tuyeres Input Input Input

M-INJ-01 Gas injection at mid 
shaft Input Input Input

U-INJ-01 Gas injection at 
upper part Input Input Input

HM-01 Hot metal Output Input Input

SLAG-01 Slag Output Output Input

BFG-01 Blast furnace gas Output Output Input/ 
Output

HL-01 Heat removed by the 
staves

Input/ 
Output – –
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Table 2.  Main blocks of the Aspen Plus simulation.

Block Type Process and reactions Manipulator

UPZONE Stoichiometric 
reactor

3Fe2O3 +  CO → 2Fe3O4 +  CO2 CHEM-EFF
Fe3O4 +  CO → 3FeO +  CO2 UPA
CO2 +  H2 → CO +  H2O

EX-BFG Heater It sets the outlet temperature of the blast furnace gas, and returns the excess heat to the upper zone. UPB

STAVE1 Heater It sets the temperature at TRZ for the solids descending to the mid zone, and provides the excess heat to 
the staves. –

MIZONE Stoichiometric 
reactor

Fe3O4 +  CO → 3FeO +  CO2 YDR
FeO +  CO → Fe +  CO2 XR
CO2 +  H2 → CO +  H2O

STAVE2 Q-Mixer It gathers all the heat streams of the mid and lower zone and provides the net value to the staves. –

STAVES Q-Mixer It gathers the net heat streams of the upper, mid and lower zone. The output is the total heat removed by 
the staves. –

SULF-SEP Separator It diverts the Sulphur to the block STOSLAG. –

SEPARATE Splitter It gathers all the gases produced in the lower part and the ashes from coal combustion. It separates the 
gases (sent upwards to the mid zone) and the solids (sent downwards). –

BURN Gibbs reactor It calculates the chemical equilibrium for combustion and the flame temperature. –

DECOMP Yield reactor It decomposes the coal (non-conventional solid) into C, H2, O2, N2, S, SiO2, Al2O3 and CaO to perform 
calculations. COMBUST

STOSLAG Stoichiometric 
reactor

Fe +  S → FeS
–

FeS +  CaO +  C → Fe +  CaS +  CO

RED-DIR Stoichiometric 
reactor FeO +  C → Fe +  CO –

RED-SIMN Stoichiometric 
reactor

SiO2 +  2C +  3Fe → Fe3Si +  2CO HM-SI
MnO +  C → Mn +  CO HM-MN

CARBURIZ Separator It separates solids into slag (SiO2, Al2O3, CaO, MgO, MnO, CaS) and hot metal (Fe, C, Fe3Si, Mn). The 
remaining C is sent to the burner. HM-C

EX-SLAG Heater It sets the outlet temperature of the slag. –
EX-HM Heater It sets the outlet temperature of the hot metal. –

Table 3.  Manipulators of the Aspen Plus simulation.

Manipulator Type Description Modifies

CHEM-EFF Design spec It modifies the extent of Fe3O4 reduction according to the chemical efficiency, in order to set the oxi-
dation state of the burden descending to the mid zone equal to YR (extended operating diagram). UPZONE

UPA Design spec
It modifies the extent of reverse water-gas shift reaction according to the heat removed by the staves 
in the upper zone. The temperature of the BFG is assumed to be known (when UPA is used, UPB is 
deactivated).

UPZONE

UPB Design spec It modifies the outlet temperature of the BFG according to the heat removed by the staves in the upper 
zone. The H2 utilization is assumed to be known (when UPB is used, UPA is deactivated). EX-BFG

YDR Design spec It modifies the extent of FeO reduction in the mid zone according to the percentage of indirect reduc-
tion calculated by the RIST block. MIZONE

XR Design spec It modifies the extent of reverse water-gas shift reaction in the mid zone according to the chemical 
efficiency and the equilibrium of the Fe–O–H system at TR. MIZONE

COMBUST Calculator It calculates the mass flow of C, H2, O2, N2, S, SiO2, Al2O3 and CaO obtained after the decomposition 
of the coal, as a function of the ultimate analysis, the moisture and the ash composition. DECOMP

HM-SI Design spec It modifies the extent of SiO2 reduction according to the composition of the hot metal. RED-SIMN
HM-MN Design spec It modifies the extent of MnO reduction according to the composition of the hot metal. RED-SIMN
HM-C Design spec It modifies the C diverted to HM-01 stream according to the composition of the hot metal. CARBURIZ

QMELT Design spec It sets the heat used for melting the hot metal and slag according to their mass flow and composition. Q-MELT
QCARB Design spec It sets the heat used for carburization according to the C content in the hot metal. Q-CARB

QCTOCOKE Design spec It sets the heat required to consider C as coke instead as graphite in the energy balances, as a function 
of the mass flow of coke entering the blast furnace. Aspen provides C as graphite by default. CTOCOKE

RIST Calculator It calculates the mass flow of coke and hot blast (air +  moisture) according to the extended operating 
line methodology. COKE-01, HB-01

heat of combustion,27) (ii) Direct correlation for the heat of 
formation, (iii) Kirov correlation for the heat capacity, and 
(iv) IGT correlations for density on a dry basis. In addition, 
user-defined heat capacities from NIST data base were 

used for different chemical components (instead of the data 
provided by the Aspen Plus data base) to increase the valid 
range of application up to 2 700 K. The error of the results 
of the extended operating line methodology (calculated in 
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a Fortran subroutine in the RIST block) with respect to 
the results finally obtained in the simulation (adjusted by 
the different manipulators of Table 3) is <0.1% for the 
percentage of direct reduction, <0.01% for the percentage 
of gas utilization, <0.001% for mass balances, and <0.5% 
for energy balances. The computer used for the simulation 
runs on 64-bit Windows 10 under a 11th Gen Intel® Core™ 
i7-1185G7 processor at 3.00 GHz, and 16 GB RAM.

5.	 Results and Discussion
5.1.	 Model Validation

The developed simulation has been used to reproduce 

the results from three different authors, covering tuyere 
injections (at the lower zone),28) shaft injections (at the mid 
zone)14) and preheating injections (at the upper zone).16) The 
conceptual schemes of these three blast furnaces are shown 
in Fig. 4, together with a summary of most relevant results. 
The full streams’ composition and BF’s operating condi-
tions are gathered in Table 4. Typical mass fractions for 
the coke, iron oxides and hot metal are assumed according 
to literature,21,29) since the original references do not provide 
this information.

The first validation is made for an air-blown blast furnace 
with pulverized coal injection and O2 enrichment. The refer-
ence data was elaborated by Babich et al.28) (typical values 

Fig. 4.	 Conceptual schemes for an air-blown BF with PC injection,28) an oxyfuel BF with shaft injection,14) and an oxy-
fuel BF with preheat injection,16) summarizing the mass flows, gas compositions, and relative error obtained 
during the validation of the extended operating line methodology.

Table 4.  Validation of the extended operating diagram implemented in Aspen Plus.

BF with PC injection OBF with Shaft injection OBF with Preheat injection
Babich28) Model Δ (%) Jin14) Model Δ (%) Sato16) Model Δ (%)

Inlet (kg/tHM)
Iron ore 1 558.0 1 558.0 – 1 450.0 1 450.0 – 1 573.0 1 573 –

# Fe2O3 – 1 146.9 – – 820.9 – – 1 135.0 –
# FeO – 187.3 – – 478.8 – – 196.1 –
# SiO2 – 69.9 – – 36.1 – – 99.5 –
# Al2O3 – 107.2 – – 70.8 – – 95.2 –
# CaO – 26.9 – – 25.0 – – 27.1 –
# MgO – 16.2 – – 15.0 – – 16.3 –
# MnO – 3.6 – – 3.4 – – 3.7 –
T (°C) 25 25 – 25 25 – 25 25 –

Coke 283.0 288.3 1.9 183.0 176.7 −3.4 232.0 242.4 4.5
# C – 256.1 – – 160.5 – – 226.3 –
# Fe2O3 – 1.7 – – 1.1 – – 1.5 –
# SiO2 – 20.0 – – 8.7 – – 8.3 –
# Al2O3 – 9.3 – – 5.7 – – 5.4 –
# CaO – 0.8 – – 0.5 – – 0.7 –
# MgO – 0.3 – – 0.2 – – 0.3 –
T (°C) 25 25 – 25 25 – 25 25 –

Coal 200.0 200.0 – 170.0 170.0 – 150.0 150.0 –
# C 153.6 153.6 – – 139.1 – – 115.2 –
# H 8.3 8.3 – – 6.2 – – 6.2 –
# O 10.2 10.2 – – 3.6 – – 7.6 –
# N 3.1 3.1 – – 1.0 – – 2.4 –
# S 0.9 0.9 – – 0.7 – – 0.6 –
# H2O 2.4 2.4 – – 1.7 – – 1.8 –
# SiO2 12.3 12.3 – – 10.1 – – 9.2 –
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for r and TR were assumed9,19)). The simulation results 
show an error below 3.5% in most cases, what proves that 
the extended operating line methodology is also valid in 
the case that no shaft and preheating injections are pres-
ent. The difference observed in the flame temperature is 
justified on the control volume of the energy balance of the 

raceways. Babich probably included the gas coming from 
the sub-processes of the lower zone when computing the 
flame temperature (i.e., the CO coming from the blocks 
STOSLAG, RED-DIR and RED-SIMN). In our simulation, 
the temperature of the total ascending gas after mixing is 
2 145°C, what gives only a 1.3% error with respect to the 

# Al2O3 8.9 8.9 – – 7.3 – – 6.7 –
# CaO 0.3 0.3 – – 0.2 – – 0.2 –
T (°C) 25 25 – 25 25 – 25 25 –

Hot blast 1 172.1 1 148.6 −2.0 312.1 313.9 0.6 420.6 427.0 1.5
# N2 826.7 810.1 −2.0 5.5 5.5 0.6 – – –
# O2 345.4 338.5 −2.0 306.6 308.4 0.6 420.0 426.4 1.5
# H2O – – – – – – 0.6 0.6 0.0
T (°C) 1 200 1 200 – 25 25 – 25 25 –

Tuyere injection – – – 343.7 343.7 – 100.0 100.0 –
# N2 – – – 31.1 31.1 – – – –
# CO2 – – – 28.3 28.3 – – – –
# CO – – – 281.1 281.1 – – – –
# H2 – – – 3.2 3.2 – – – –
# CH4 – – – – – – 100.0 100.0 –
T (°C) – – – 900 900 – 25 25 –

Shaft injection – – – 687.5 687.5 – – – –
# N2 – – – 62.3 62.3 – – – –
# CO2 – – – 56.6 56.6 – – – –
# CO – – – 562.2 562.2 – – – –
# H2 – – – 6.4 6.4 – – – –
T (°C) – – – 900 900 – – – –

Preheat injection – – – – – – 314.2 314.2 –
# N2 – – – – – – 1.5 1.5 –
# CO2 – – – – – – 258.9 258.9 –
# H2O – – – – – – 53.8 53.8 –
T (°C) – – – – – – 1 000 1 000 –

Outlet (kg/tHM)
Hot metal 1 000.0 1 001.9 0.2 1 000.0 999.9 0.0 1 000.0 1 000.2 0.0

# Fe – 949.0 – – 947.4 – – 947.4 –
# C – 45.1 – – 45.0 – – 45.0 –
# Si – 5.3 – – 5.3 – – 5.3 –
# Mn – 2.5 – – 2.5 – – 2.5 –
T (°C) – 1 500 – – 1 500 – – 1 500 –

Slag 260.0 261.6 0.6 172.3 168.9 −2.0 264.0 258.4 −2.1
# SiO2 – 90.8 – – 43.5 – – 105.7 –
# Al2O3 – 125.4 – – 83.8 – – 107.3 –
# CaO – 26.5 – – 24.5 – – 26.9 –
# MgO – 16.5 – – 15.2 – – 16.6 –
# MnO – 0.4 – – 0.2 – – 0.5 –
# CaS – 1.9 – – 1.6 – – 1.4 –
T (°C) 1 550 1 550 – – 1 550 – – 1 550 –

BFG 1 953.2 1 931.4 −1.1 1 974.0 1 973.4 −0.0 1 525.8 1 548.3 1.5
# N2 830.0 813.2 −2.0 100.9 100.1 −0.8 – 4.1 –
# CO2 678.8 655.3 −3.5 909.2 886.4 −2.5 – 958.7 –
# CO 414.7 433.3 4.5 904.9 926.9 2.4 – 420.5 –
# H2O 23.9 23.7 −0.8 48.7 49.4 1.4 – 143.3 –
# H2 5.9 5.9 0.0 10.3 10.5 1.9 21.2 21.6 1.9
T (°C) 150 154 2.7 – 280 – 196 196 –

Parameters
Chemical efficiency (–) – 0.92 – – 1.00 – 0.98 0.98 –
TRZ temperature (°C) – 850 – 950 950 – 950 950 –
Heat loss (MJ/tHM) 701.1 703.7 0.4 – 1 000 – 250.0 250.6 0.2
Flame temperature (°C) 2 117 2 405 13.6 2 227 2 326 4.4 2 267 2 197 −3.1
Gas utilization (%) 48.6 46.8 −3.7 38.4 37.4 −2.6 – 53.6 –



ISIJ International, Vol. 62 (2022), No. 12

©  2022  ISIJ 2462

temperature provided by Babich.
The second validation is made for an oxyfuel blast fur-

nace with shaft injection. The reference data of this BF was 
elaborated by Jin et al.14) The shaft injection is actually blast 
furnace gas that has been recirculated after condensing the 
water and capturing the 90% of the CO2. Some of this gas 
is also injected through the tuyeres as a fuel. The simulation 
results show a discrepancy below 2.5% in most cases, what 
validates the extended operating line methodology for blast 
furnaces with shaft injections.

The third validation is made for an oxyfuel blast furnace 
with preheating injection (introduced above the thermal 
reserve zone). The reference data of this blast furnace was 
elaborated by Sato et al.16) The preheat injection is actually 
blast furnace gas that has been burnt with pure O2. In this 
case, no operating parameters had to be assumed, as they 
were provided by Sato et al. The simulation results show a 
discrepancy below the 3.1% in most cases, so the extended 
methodology is considered validated also for preheating 
injections.

The extended operating lines for the three blast furnaces 
are plotted in Fig. 5. The extended methodology maintains 
the simplicity of the conventional methodology (e.g. in iden-
tifying the percentage of direct reduction), while allowing 
to work with variable molar flows and non-continuous oxi-
dation profiles along the blast furnace. This is particularly 
noticed when including the phase diagrams in the plot of the 
operating line. The oxidation state of the gas not necessarily 
coincides with the range 1<X <2 of the extended operating 
diagram, which now stands for the oxygen transferred to the 

gas. Thus, for example in the data set of Jin (shaft injection), 
the gas is already oxidized by 2.1% at the beginning of the 
mid zone since the gas injected contains CO2. Moreover, in 
the data set of Sato (preheat injection), the oxidation state of 
the gas changes at the end of the mid zone from 31.8% to 
42.7%, because high contents of CO2 and H2O are injected 
at the upper zone. Therefore, the conditions of the phase 
diagram also change (in this particular case, the value of xh 
remains the same because the injected gas is actually BFG 
after its combustion). This axis transformation shows the 
versatility of the new extended operating diagram, which 
properly accounts for oxidized gases and injections at the 
mid and upper zone. Trying to construct the operating line 
under these conditions by using the original Rist diagram 
would lead to incorrect results.

5.2.	 Comparing the Results of the Original Rist Model 
and the New Extended Operating Diagram

In order to proof that the conventional operating 
diagram is not valid when evaluating OBF with mid and 
upper injections, we compare the results obtained by both 
methodologies. In the case of the original Rist diagram,19) all 
injections must be considered within the term ( )a b xj j j+∑ 2  
of Eq. (8), regardless of their oxidation state and the loca-
tion of the injection. The results directly computed from the 
operating lines are shown in Table 5.

In the first case (air-blown BF with pulverized coal injec-
tion), both models provide the same results. This is because 
(i) the ratio along the blast furnace between the moles of 
reducing gas and the moles of Fe produced is constant (i.e., 

Fig. 5.	 Extended operating lines obtained for an air-blown BF with PC injection,28) an oxyfuel BF with shaft injection,14) 
and an oxyfuel BF with preheat injection.16) (Online version in color.)

Table 5.	 Comparison of the data derived from the operating line for the original Rist diagram and for the new extended 
operating diagram.

BF with PC injection OBF with Shaft injection OBF with Preheat injection

Babich28) Rist  
diagram

Extended  
diagram Jin14) Rist  

diagram
Extended  
diagram Sato16) Rist  

diagram
Extended  
diagram

Coke (kg/thm) 283.0 288.3 288.3 183.0 219.1 176.7 232.0 275.2 242.4

Hot blast (kg/thm) 1 172.1 1 148.6 1 148.6 312.1 350.4 313.9 420.6 363.1 427.0

Direct reduction (%) – 33.0 33.0 – 0.8 5.2 – 3.6 13.5

Gas utilization (%) 48.6 46.8 46.8 38.4 34.0 37.4 – 40.0 53.6
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no mid or upper injections), and because (ii) there are no 
oxidized gases at the beginning of the indirect reduction 
process (i.e., no CO2 or H2O right after the raceways). These 
two conditions are the hypothesis assumed during the con-
struction of the original Rist diagram, therefore it provides 
good results in this case. Indeed, this data set was selected 
to show that the extended model correctly reproduces the 
particular case described by the hypotheses of the original 
Rist model.

In the second data set (OBF with shaft injection), the error 
obtained by the original Rist model is between 10% and 
20%, while the extended model gives an error below 3.4%. 
The original Rist model assumes that all the CO2 and H2O 
injected will be dissociated to CO and H2 by consuming C. 
However, it is actually not the case for the injection taking 
place in the shaft zone. Moreover, since the dissociation is 
endothermic, the original Rist model additionally increases 
the coke consumption to keep the energy balance. For these 
reasons, the necessary coke predicted by the original Rist 
diagram is overestimated, as well as the required oxygen 
(used to burnt the coke that provides the energy for the 
dissociation).

In the third data set (OBF with preheat injection), the 
error obtained through the original Rist model is between 
14% and 19%, while the extended model gives an error 
below 4.5%. As in the previous case, the presence of CO2 
and H2O in the injection is the reason of overestimating the 
necessary coke. In practice, this CO2 is not present in the 
raceways (i.e., will not ascend in the form of CO acting as 
a reducing gas), so we still need to burn coke with oxygen 
to produce the necessary CO. Thus, the O2 flow is greater 
in the actual data (and in the extended model) than in the 
original Rist diagram, since the latter assumes that part of 
the O2 comes from the CO2 (Eq. (13)) when in practice is 
actually not.

In both OBF data sets, the percentage of direct reduction 
predicted by the original Rist diagram is underestimated, as 
it was explained at the end of section 2.1. Similarly, the gas 
utilization obtained by the original Rist diagram is lower 
than the actual value because the operating line in the range 
1<X <2 only takes into account the CO2 and H2O coming 
from the reduction of iron ore, and not from the injections. 
Thus, the higher the amount of CO2 and H2O in the injec-
tions, the higher these two errors.

5.3.	 Influence of the Input Data Uncertainty on the 
Results of the Extended Operating Diagram

The discrepancy between the reference data and the 
results of the extended operating diagram might be reduced 
with more detailed data sets (composition of inlet streams, 
chemical efficiency, temperature of the thermal reserve 
zone, and heat loss profile). The assumed data may play an 
important role when decreasing the error between the real 
data and the model results. The Fig. 6 shows the influence 

of different parameters on the calculated values of coke and 
hot blast consumption.

Regarding the calculation of coke consumption, the most 
significant parameters are the chemical efficiency and the 
composition of the coke (C wt% content). Uncertainty of 
1% in these inputs may vary the final error by 1.1–2.6 
percentage points. The temperature of the thermal reserve 
zone has also a remarkable influence (especially in the case 
of shaft injections), since 1% uncertainty may increase 
the error in the coke consumption by up to 1.7 percentage 
points.

Regarding the calculation of the hot blast consumption, 
the influence of the input parameters is much lower. In this 
case, only the uncertainty of the chemical efficiency and the 
TRZ temperature are relevant when aiming for reducing the 
final error of the model. An uncertainty of 1% in the chemi-
cal efficiency lead to changes of 0.7–1.2 percentage points 
in the error of the hot blast consumption. If the uncertainty 
is in the TRZ temperature, the error of the calculated value 
may vary by 0.2–1.0 percentage points, per 1% of uncer-
tainty in the input data.

6.	 Conclusions
In this article we proposed a generalization of the operat-

ing line methodology to extend its applicability to scenarios 
of variable molar flows along the blast furnace (i.e., shaft 
and preheating injections) and non-continuous oxidation 
profiles (presence of CO2 and H2O in the injected gases). 
To do so, we redefined the operating diagram by consider-
ing the mole flow of the final blast furnace gas in the region 
0<X <1 (instead of only the mole flow of CO and H2 after 
the raceways), and the transfer of O atoms from the iron ore 
to the gas in the region 1<X <2 (rather than the oxidation 
state of the gas). This way, we combined the two regions 
of the Cartesian diagram by using the quotient between the 
mole flow of the final blast furnace gas and the moles of Fe 
produced in the blast furnace, which remains constant inde-
pendently of the place, type and number of gas injections.

The extended operating line methodology was imple-
mented in an Aspen Plus simulation, which provides a 
detailed modelling of the preparation zone, the thermal 
reserve zone, the lower zone and the raceways. The simula-
tion was used to validate the generalized diagram through 
three different data sets: (i) an air-blown blast furnace with 
pulverized coal injection and O2 enrichment, (ii) an oxyfuel 
blast furnace with gas injection in the thermal reserve zone, 
and (iii) an oxyfuel blast furnace with gas injection in the 
preparation zone. The former was included to show that the 
generalized methodology can also replicates the results of 
the conventional operating diagram.

In general, the error between the reference data and the 
simulation results is well below 3.5%, so the extended 
operating line methodology has been validated. In addi-

Fig. 6.	 Error in the calculated values of coke and hot blast consumptions, as a function of percentage variations on dif-
ferent parameters, for an air-blown BF with PC injection,28) an oxyfuel BF with shaft injection,14) and an oxyfuel 
BF with preheat injection.16)
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tion, the proposed Aspen plus model has proven to be a 
valid approach for the simulation of blast furnaces, since 
it correctly quantifies the inlet and outlet streams of the 
preparation zone, the thermal reserve zone, the lower zone 
and the raceways. As a recommendation, the uncertainty 
in the input data of the model should be kept as low as 
possible (chemical efficiency, TRZ temperature, and coke 
composition), since variations of 1% in these values may 
lead to increments of 0.2–2.6 percentage points in the final 
error of the model.
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Nomenclature
In this paper we used calorie as unit of energy for cal-

culations related to operating diagram in order to facilitate 
comparing results with the original work of Rist. Elsewhere, 
SI units are used.

Acronyms
	 BF:	 blast furnace (air-blown, unless otherwise speci-

fied)
	 BFG:	 blast furnace gas
	 HB:	 hot blast
	 HM:	 hot metal
	 NIST:	 National Institute of Standards and Technology
	 OBF:	 oxyfuel blast furnace
	 PC:	 pulverized coal
	 THM:	 ton of hot metal
	 TRZ:	 thermal reserve zone
Symbols
	 A:	 calculation parameter, kcal/mol
	 aj:	 number of moles of H2 in injectant j per number 

of moles of injectant j, molH2/molj
	 B:	 calculation parameter, kcal/mol
	 bj:	 number of moles of O2 in injectant j per number 

of moles of injectant j, molO2/molj
	 C:	 calculation parameter, kcal/mol
	 C TR∆ :	 sensible heat of the burden between TR −  ΔTR 

and TR (lack of thermal ideality), kcal/molFe
	 D:	 calculation parameter, –
	 e:	 number of moles of H2O per number of atoms 

of O in the air (i.e., e =  ye/yv), molH2O/molO
	 E:	 calculation parameter, –
	 f:	 sensible heat of the hot metal between TR and Tf 

(outlet temperature), kcal/molFe
	 F:	 calculation parameter, –
	 l:	 sensible heat of the slag between TR and Tl (out-

let temperature), kcal/molFe
	 m:	 mass flow, kg/tHM
	 M:	 molar weight, kg/kmol
	 nFe:	 number of moles of Fe produced in the blast 

furnace per ton of hot metal, molFe/tHM
	 ni,j:	 number of moles of component i produced by 

the reaction or injection j per ton of hot metal, 
mol/tHM

	 nO:	 number of atoms of O transferred from the bur-
den to the gas per ton of hot metal, molO/tHM

	 p:	 heat removed by the staves in the elaboration 
zone, kcal/molFe

	 qc:	 heat released at TR by the reaction C (coke) + 
0.5 O2 → CO, kcal/molO

	 qe:	 heat required by the H2O in hot blast due to dis-
sociation, reverse water-gas shift and sensible 
heat, kcal/molH2O

	 qg:	 heat absorbed at TR by the reaction C +  CO2 → 
2CO, kcal/molC

	 qiw:	 heat released at TR by the reaction Fe0.95O + 
CO → 0.95 Fe +  CO2, kcal/molO

	 qj:	 thermal demand by injectant j, CH2aO2bN2cS2dZz 

(or H2aO2bN2c or O2bN2c) due to dissociation, 
sensible heat, reverse water-gas shift of the H2, 
incomplete combustion with the O2, and transfer 
of S to the slag, kcal/molj

	 qk:	 heat absorbed at TR by the total H2 in the furnace 
when considering that it is completely converted 
to H2O through the reverse water-gas shift reac-
tion, kcal/molH2

	 qmid:	 energy consumption to heat the shaft injection to 
TR, kcal/molmid

	 qMn:	 heat absorbed at TR by the reaction C +  MnO → 
CO +  Mn, kcal/molO

	 qP:	 heat absorbed at TR by the reaction 
1/5P2O5·3CaO +  C +  6/5Fe → 2/5Fe3P + 
3/5CaO +  CO, kcal/molO

	 qSi:	 heat absorbed at TR by the reaction C + 
1/2SiO2 +  3/2Fe → CO +  1/2Fe3Si, kcal/molO

	 qv:	 energy available from the sensible heat of the air 
between Tv and TR, kcal/molO

	 qγ:	 heat absorbed at TR by the carburization of the 
iron, kcal/molC

	 r:	 chemical efficiency of the blast furnace, –
	 TR:	 temperature of the thermal reserve zone, °C
	 ΔTR:	 difference of temperature between the gas and 

the solid at the beginning of the middle zone, °C
	 Tv:	 temperature of the hot blast, °C
	 X:	 abscissa in the extended operating diagram, –
	 xCO2,j:	 number of moles of CO2 entering with injectant 

j, per mole of BFG (excl. N2), molCO2/molBFG
	 xd:	 number of moles of CO produced via direct 

reduction, per mole of BFG (excl. N2), molCO/
molBFG

	 xe:	 number of moles of H2O in hot blast, per mole 
of BFG (excl. N2), molH2O/molBFG

	 xh:	 molar fraction of hydrogen and water in gas 
mixture at the thermal reserve zone, –

	 xH2O,j:	 number of moles of H2O entering with injectant 
j, per mole of BFG (excl. N2), molH2O/molBFG

	 xi:	 number of moles of O atoms removed from 
burden by indirect reduction, per mole of BFG 
(excl. N2), molO/molBFG

	 xj:	 number of moles of injectant j, per mole of BFG 
(excl. N2), molj/molBFG

	 xk:	 number of moles of H2 in the coke, per mole of 
BFG (excl. N2), molH2/molBFG

	 xmb:	 number of moles of moisture in the burden, per 
mole of BFG (excl. N2), molH2O/molBFG

	 xmid:	 number of moles of injection in the mid zone, 
per mole of BFG (excl. N2), molMID/molBFG

	 xMn:	 number of moles of CO produced via the direct 
reduction of MnO, per mole of BFG (excl. N2), 
molCO/molBFG

	 xP:	 number of moles of CO produced via the direct 
reduction of P2O5, per mole of BFG (excl. N2), 
molCO/molBFG

	 xS:	 number of moles of CO produced via the transfer 
of S to the slag, per mole of BFG (excl. N2), 
molCO/molBFG

	 xSi:	 number of moles of CO produced via the direct 
reduction of SiO2, per mole of BFG (excl. N2), 
molCO/molBFG

	 xup:	 number of moles of injection in the preparation 
zone, per mole of BFG (excl. N2), molUP/molBFG

	 xv:	 number of moles of CO produced by the O2 of 
the hot blast via the combustion of C, per mole 
of BFG (excl. N2), molCO/molBFG

	 Y:	 ordinate in the extended operating diagram, –
	 YA:	 initial oxidation state of the burden, molO/molFe
	 yCO2,j:	 number of moles of CO2 entering with injectant 

j, per mole of Fe produced, molCO2/molFe
	yCO2,mid:	 number of moles of CO2 entering with gas 

injected at mid zone, per mole of Fe produced, 
molCO2/molFe
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	yCO2,up:	 number of moles of CO2 entering with gas 
injected at upper zone, per mole of Fe produced, 
molCO2/molFe

	 yd:	 number of moles of CO produced via direct 
reduction, per mole of Fe produced, molCO/molFe

	 yd,%:	 percentage of O atoms removed from iron oxides 
by direct reduction, %

	 ye:	 number of moles of H2O in hot blast, per mole 
of Fe produced, molH2O/molFe

	 YE:	 intercept of the extended operating line, –
	 YE

∗:	 terms of YE that are independent of yv, –
	 yH2O,j:	 number of moles of H2O entering with injectant 

j, per mole of Fe produced, molH2O/molFe
	yH2O,mid:	 number of moles of H2O entering with gas 

injected at mid zone, per mole of Fe produced, 
molH2O/molFe

	yH2O,up:	 number of moles of H2O entering with gas 
injected at upper zone, per mole of Fe produced, 
molH2O/molFe

	 yi:	 number of moles of O atoms removed from 
burden by indirect reduction, per mole of Fe 
produced, molO/molFe

	 yj:	 number of moles of injectant j, per mole of Fe 
produced, molj/molFe

	 yk:	 number of moles of H2 in the coke, per mole of 
Fe produced, molH2/molFe

	 ymb:	 number of moles of moisture in the burden, per 
mole of Fe produced, molH2O/molFe

	 ymid:	 number of moles of injection in the mid zone, 
per mole of Fe produced, molMID/molFe

	 yMn:	 number of moles of CO produced via the direct 
reduction of MnO, per mole of Fe produced, 
molCO/molFe

	 yP:	 number of moles of CO produced via the direct 
reduction of P2O5, per mole of Fe produced, 
molCO/molFe

	 yS:	 number of moles of CO produced via the transfer 
of S to the slag, per mole of Fe produced, molCO/
molFe

	 ySi:	 number of moles of CO produced via the direct 
reduction of SiO2, per mole of Fe produced, 
molCO/molFe

	 yup:	 number of moles of injection in the preparation 
zone, per mole of Fe produced, molUP/molFe

	 yv:	 number of moles of CO produced by the O2 of 
the hot blast via the combustion of C, per mole 
of Fe produced, molCO/molFe

Greek symbols
	 γ :	 number of moles of C dissolved in the hot metal, 

molC/molFe
	 δ:	 decrease in the available heat due to the presence 

of magnetite in the elaboration zone, kcal/molFe
	 δ ′:	 decrease in the heat absorbed by the reverse 

water-gas shift reaction because of the lack of 
chemical ideality, kcal/molFe

	 μ:	 slope of the extended operating diagram (moles 
of BFG, excl. N2, pero mol of Fe produced), 
molBFG/molFe

	 ηCO H, 2:	 gas utilization factor, –
	 τj:	 calculation parameter that is 1 when the auxil-

iary injection j contains carbon and 0 when not, 
–

	 ω:	 molar fraction or oxidation state, –
	 Ωj,i:	 mass fraction of compound i in stream j, –
Subscripts and superscripts
	 K:	 coke
	 OC:	 related to the equilibrium of CO and CO2 with 

pure wüstite
	 OH:	 related to the equilibrium of H2 and H2O with 

pure wüstite

	 OHC:	 related to the equilibrium of CO, CO2, H2 and 
H2O with pure wüstite

	 P:	 characteristic point of the extended operating 
line related to the energy balance of the elabora-
tion zone

	 R:	 characteristic point of the extended operating 
line related to the thermal reserve zone

	 W:	 referring to the chemical reserve zone (pure 
wüstite is in equilibrium with the gas)
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