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1. Introduction

The direct reduction (DR) of iron ore by either natural gas or
hydrogen is receiving increasing attention as a reliable and fea-
sible alternative to the reduction process performed by blast

furnace through the exploitation of coke
and coal. The DR route implies a signifi-
cant decrease of greenhouse gas emission
(i.e., CO2) and even the achievement of a
zero-emission scenario when biomethane
or hydrogen are used as a reducing
agent.[1–6]

Simulation models that can provide fast
computation of the reduction process and
of the change of atmosphere in reducing
reactors are needed for implementing a
reliable automation of process that can
ensure the desired process efficiency.
Alamsari et al. proposed a complex model
based on the precise solution of differential
equations involving heat and mass
exchange and they compared their results
to industrial data provided by a Midrex
plant.[7] On the other hand, in such a
model, several concerns affect the compu-
tation of heat exchange and so the reliability
of obtained results. On the contrary, de

Castro et al. designed and performed a model based on multi-
phase theory that describes the thermal state and diffusion
phenomena of the whole DR reactor.[8] However, the simulation
focused mainly on gas flow characteristic and temperature
distribution, without a direct comparison with actual plant data
nor expected metallization. Although these models point out
interesting results, the long computational times required hinder
their use for the in-line control of the process. Indeed, a simula-
tion model for in-line control of the process must combine
reliability and a computational process that is quick enough to
allow feedback in order to change process parameters in time.

A simulation approach based on cellular automata accom-
plishes reliability and a computational time consistent with an
in-line control. Cellular automata can simulate the behavior of
complex systems through the interaction of the nodes where
each node is cellular automaton. Cellular automata compose
of a system of objects that vary their states over time on the basis
of the initial conditions and of the rules that impose the inter-
actions among the nodes, because the state (value) of each cellu-
lar automaton is determined by the state of its neighborhood.

A set of simple rules can produce a pattern assigning a specific
value to each node of the grid. The cellular automata is a powerful
tool for simulating the transport of matter.[9] Cellular automata
allow incorporating naturally the algorithms that compute
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A quick computation approach based on cellular automata is developed and
implemented to describe the reduction of iron ore pellets by a mixture of reducing
agents featured by different H2/CO ratios. The evolution of oxygen concentration
inside the pellet is followed from the beginning to the end of contact between
reducing agent and pellet. The variation of thermal state of pellets and gas
mixture is computed based on their initial temperature, considering the heat
involved and the convective heat exchange between pellet and gas mixture. The
use of cellular automata and finite-difference method to solve the diffusion
equation point out the absence of any diffusion coefficient value, allowing to
make the model fit the experimental trial, because the problem is that it is not
ruled just by diffusion but also by the concentration variation of reducing agent
inside the pellet due to porosity increasing during reduction. The updating of the
reducing agents concentration implies a sharp decrease of oxygen concentration
that the cellular automata model considers. The developed model is able to
provide the in-line control of reduction process and could be used to adjust the
chemical concentration and temperature of injected reducing agents.

RESEARCH ARTICLE
l

www.steel-research.de

steel research int. 2024, 95, 2300411 2300411 (1 of 8) © 2023 The Authors. Steel Research International published by Wiley-VCH GmbH

mailto:carlo.mapelli@polimi.it
https://doi.org/10.1002/srin.202300411
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.steel-research.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsrin.202300411&domain=pdf&date_stamp=2023-12-13


solutions of different problems. In the case of the reduction of
iron ores, the solutions of matter and thermal diffusion have
been implemented, because the synchronized cellular automata
are more suitable in terms of calculating the speed if compared
with other computational techniques.[10] A significant advantage
of models built by cellular automata is their modularity, where
each module is focused on the solution of specific issues (e.g.,
diffusion, stirring, swelling of a solid structure) and the capability
of the modules to exchange their results.[11] This makes the
computational system simpler than the solution of the overall
differential equation-based models since it decreases the effort
of model design and coding.[12,13] Moreover, the models based
on cellular automata are intrinsically coarse grained and so inter-
nal degrees of freedom and complex chemical–physical interac-
tions are left out. Thanks to these features, cellular automata
models are also robust for formulations based on large spatial
and timescales ranging from nanometers to millimeters and
nanoseconds to seconds and have been successfully applied to
mass transfer problems, diffusion problems, chemical etching
corrosion, and simulation of gas–solid reactions in complex
porous media.[14–24]

Most of the models based on cellular automata run in the
asynchronous modality, which means that the computation of
variables is applied one after another to each cell composing
the grid.

The applications of this approach in the steel- and iron-related
fields have focused almost exclusively on modeling the solidifi-
cation structure in continuous casting or cooling,[25-29] the recrys-
tallization structure after heat treatment or hot working,[30-36] and
corrosion.[37,38] To date and to the authors’ knowledge, only two
studies, both conducted by He et al.,[39,40] have focused on the
reduction of iron oxides by hydrogen alone. On the contrary,
cellular automata models describing direct reduced iron (DRI)
production in shaft reactors are still lacking. Although, it is well
established that the reduction of iron ore pellets is positively
affected by an increase of H2 share in the reduction gas mixture
as well as an increase in temperature and partial pressure, the
impossibility of in situ monitoring of the actual level of metalli-
zation and porosity, and the need for costly and time-consuming
campaigns to optimize process parameters in the event of their
modification; the use of an accurate, low-computational-load
model would provide DRI producers with an essential tool for
improving plant productivity and quality.[41]

Consequently, the simulation model that has been built and
presented in this work describes the reduction of a spherical
pellet of iron oxide from the charging section of the reactor down
to its bottom (end of reduction zone of shaft furnace), and it is
based on the computation of removal of oxygen contained in iron
ore as a function of: 1) diffusion of hydrogen (H2) and carbon
monoxide (CO) in the iron ore pellet and 2) thermal variation
of pellet and of injected reducing gas mixtures.

The results have been compared to data made available by
Midrex and to that of several experimental trials reported in
literature.[2,42–44] The comparison has pointed out good agree-
ment between the results from the proposed cellular automata
model and the experimental value even when the reducing
mixture has been changed through a variation of H2 and CO
ratio.

2. Model

The kinetic model describing the DR of iron ores has been devel-
oped on the basis of a cellular automata approach describing the
removal of oxygen through a formalism based on the diffusion of
oxygen that is ruled by diffusivity and reaction rate of H2 and CO.

The relation has been solved in the spherical coordinate,
because the pellets resemble such a shape. The removal of oxy-
gen can be described by Equation (1).[45]

∂XO

∂t
¼ D

1
r2

d
dr

r2
dXO

dr

� �
(1)

where XO is the concentration of oxygen, t is time, D is the effec-
tive diffusivity and reaction rate coefficient, and r is the radius of
sphere. Specifically, D is the most common macroscopic charac-
teristic of a diffusion transfer equation and it is defined as a fac-
tor of proportionality in the Fick’s law by which the mass of a
chemical species. dX is diffusing in time dt through the surface
normal to the diffusion direction and it is proportional to the con-
centration gradient of this chemical species. In this model, D is
an explicit parameter and is determined on the basis of diffusivity
coefficients associated with CO and H2 and takes into account
also the reaction rate for each reducing reaction that imposes
the removal of oxygen. The diffusivity for the two reducing chem-
ical species is reported in Equation (2) and (3), respectively. The
binary diffusion coefficient (D) was calculated by applying
Darken’s relation (Equation (4)).[46]

DCO ¼ 9�10 exp � 216
8.31� T

� �
(2)

DH2
¼ 4� 10�9 exp � 216

8.31� T

� �
(3)

D ¼ XH2
ðtÞ �DH2

þ XCOðtÞ �DCO (4)

where XH2
ðtÞ is the concentration of H2 in the atmosphere at

time t, XCOðtÞ is the concentration of CO in the atmosphere
at time t, and T is the temperature expressed in degree Kelvin.

In this study, the cellular automata technique has been applied
to the study of iron oxide reduction by hydrogen and carbon
monoxide to simulate the reduction kinetics inside the shaft fur-
nace. The reducing reaction and the associated enthalpy variation
has been considered and reported in Table 1.[47]

The supply of reducing agents rules the removal of the oxygen
that reacts with them. Based on the removed oxygen atoms, the

Table 1. Considered reducing reactions and associated enthalpies.

Reducing reactions Enthalpies [kJ]

3Fe2O3 þ CO ! 2Fe3O4 þ CO2 �0.0381 * Tþ 19.467

Fe3O4 þ CO ! 3FeOþ CO2 0.0024 * Tþ 0.2493

FeOþ CO ! Feþ CO2 0.2325 * T� 195.43

3Fe2O3 þH2 ! 2Fe3O4 þH2O �0.0284 * T� 22.305

Fe3O4 þH2 ! 3FeOþH2O �0.0073 * Tþ 42.022

FeOþH2 ! FeþH2O 0.2228 * T� 153.66
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concentrations of CO and H2O are computed and rearranged
according to the water shift gas reaction (Equation (5)).

COþH2O ! CO2 þH2 (5)

The development of the right side of Equation (1) implies

∂XO

∂t
¼ D

1
r2

r2
d2XO

dr2
þ 2r

dXO

dr

� �
(6)

The solution of Equation (6) by finite-different method according
to the grid in Figure 1 implies that at current time t1, the oxygen
concentration inside the pellet at coordinate r can be determined
by Equation (7).

XOðr, t1Þ ¼ XOðr, t0Þ

þ D
1
r2

0
@r2

XOðr2, t0Þ�XOðr, t0Þ
r2�r � XOðr, t0Þ�XOðr1, t0Þ

r�r1
r2�r
2 þ r�r1

2

� 2r
XOðr2, t0Þ � XOðr1, t0Þ

r2 � r1

1
Aðt1 � t0Þ

(7)

The initial condition for XO is 0.606, that is, the theoretical oxy-
gen concentration of hematite (Fe2O3), but it may be changed as
a function of another oxygen concentration of raw materials.

In order to determine the chemical compositions of the atmo-
sphere surrounding the pellets for each generic time step, the
removal of oxygen mass has been computed and then the chem-
ical composition of the pellet and of the surrounding atmosphere
have been updated.

The formalism based just on a diffusion process cannot find a
solution-fitting experimental data. The reduction process imposing
the removal of oxygen makes the reduced volumemore permeable
to the transport of the reducing gas and so XOðr2, t0Þ is updated as
a function of oxygen that has been already removed. Actually, the
channel formation inside pellet increases as the removal of oxygen
goes on. This statement points out the importance of the behavior
process of pellets during reduction, because low concentrations of
SiO2, Al2O3, and CaO avoid formation of nonpermeable phases
that can slower the diffusion of reducing phases.[48]

In contrast, channel formation positively affects the transport
of reducing gases within the pellets, in agreement with the design
of this cellular automata model that depicts an inverse relation-
ship between porosity and oxygen concentration (Figure 2).[41]

Figure 1. Grid for the solution of finite different approach.

Figure 2. Examples of porosities opened on a DRI particle observed in a pellet 16mm diameter reduced at 950 °C in an atmosphere composed 33.5% CO
and 66.5% H2 in 20min at a) surface, b) centerline, and c) core.
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A relation for this forced decrease of oxygen concentration
in each cell on the basis of oxygen removal (caused by fast
transport of reducing agents) has been tuned on the basis of
experimental analysis available in literature. Specifically,
Equation (2), (3), and (8) have been tuned by the application
of the model to data of reaction kinetics performed by
Li et al.[13] and Zuo et al.[49]

XOðr2, t0Þ ¼
XOðr2, tð0�1ÞÞ

0:606

� �
(8)

Thus, a dynamic adjustment of the concentration of reducing
elements and of the corresponding oxygen removal has been
applied to take into account the pores opening in the pellet dur-
ing the reduction and their effects on improving the transport of
reducing agents.

The model handles also the coexistence of different oxidized
phases inside the same layer as a function of oxygen concentra-
tion inside the pellets (Table 2).

Such an approach fits better reality than the so-called onion
model where each layer is composed by just one phase as
assumed by Alamsari et al.[7] This is because the volume inside
the direct reduced iron (obtained from pellets) points out the
coexistence of different phases as a function of oxygen concen-
tration (Figure 3 and Table 3).

The removed mass of oxygen (ΔmO) is computed step by step
by Equation (9) with symbols that refer to the grid in Figure 1.

ΔmO ¼ 4
3
π

r2 þ r
2

� �3 � r þ r1
2

� �3h i ½XOðr, t0Þ � XOðr, t1Þ�
0.6

� ρpellet
1

ðν0 � 16þ νFe � 55Þ νO
(9)

where ρpellet is the density of the oxidized pellet (3200 kgm�3). ν0
and νFe are the stoichiometric coefficients featuring the layers
as a function of their composition in order to compute the
correct mole fraction of oxidized species in each layer
(Equation (10) and (11)).

νFe ¼ 2� XFe2O3
þ 3� XFe3O4

þ 1� XFeO (10)

νO ¼ 3� XFe2O3
þ 4� XFe3O4

þ 1� XFeO (11)

Finally, based on this, the chemical variation of the atmosphere is
computed. The partition of ΔmO between H2O and CO2 is
defined as a function of H2 and CO diffusion (Equation (12)
and (13)).

xH2O ¼ DH2

DH2
þ DCO

(12)

xCO2
¼ DCO

DH2
þDCO

(13)

The partition coefficients are multiplied by the removed mass of
oxygen divided by the atomic mass and multiplied for the molar
mass of H2O and CO2 (Equation (14) and (15)).

ΔmH2O ¼ xH2OΔmO
2þ 16
16

(14)

ΔmCO2
¼ xCO2

ΔmO
12þ 32

16
(15)

On the basis of this computation, the variations of the concen-
tration of H2, CO, H2O, and CO2 are computed step by step and
the trends featuring the atmosphere in shaft furnace evaluated.

The computation of thermal variation of pellets and of the
reducing atmosphere needs an iterative procedure because, in
case of counterflow between pellets and injected reducing gas,
the pellet temperature is known just at the top of furnace,
whereas the temperature of atmosphere is known just at the

Table 2. Phases present in the pellet as a function of oxygen
concentration.

Oxygen concentration (XO) Xi molar fraction of i-sm chemical species

XO ≥ 0.6 XFe2O3
¼ 1

0.57 ≤ XO < 0.6 XFe2O3
¼ XO�0.57

0.6�0.57
XFe3O4

¼ 1� XFe2O3

0.5 ≤ XO < 0.57 XFe3O4
¼ XO�0.5

0.57�0.5
XFeO ¼ 1� XFe3O4

0 < XO < 0.5 XFeO ¼ XO�0
0.5�0

XFe ¼ 1� XFeO

XO ¼ 0 XFe ¼ 1

Figure 3. Scanning electron microscope-backscattered electron (SEM–BSE) micrograph at the core of a pellet (16mm diameter) after reduction at 950 °C
for 15min, featured by coexistence of reduced iron (Fe) and residual wustite (FeOx) at increasing magnification: a) 2000�, b) 5000�, and c)10 000�.

Table 3. SEM–energy dispersive spectroscopy (EDS) spectra of
micrograph in Figure 3 (wt%).

Spectra Fe O

A 77 23

B 100 –
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bottom and their evolution modifies the diffusivity of reducing
gas inside the pellet. The thermal variations of gas and pellets for
each position and time are described by Equation (16) and (17).

Tatm
t0 ¼ Tatm

t1 þ ΔHt1

matmcp;atm
� hðTatm

t1 � Tpel
t1 Þ4πR2ðt1 � t0Þ (16)

Tpel
t1 ¼ Tpel

t0 þ ΔHt0

mpelcp;pel
þ hðTatm

t0 � Tpel
t0 Þ4πR2ðt1 � t0Þ (17)

where Tatm
t0 is the temperature of reducing atmosphere at time t0,

Tatm
t1 is the temperature of reducing atmosphere at time t1, T

pel
t0 is

the temperature of pellet at time t0, T
pel
t1 is the temperature of

pellet at time t1, ΔHt1 is the enthalpy involved (developed or
absorbed) in the reduction reactions at time t1, ΔHt0 is the
enthalpy involved (developed or absorbed) in the reduction reac-
tions at time t0, h is the convective coefficient of heat exchange
(12Wm�2K�1), R is the radius of pellets, matm is the mass of
atmosphere interacting with each pellet, mpel is the mass of each
pellet, t1 is the time corresponding to the lower cell in the solu-
tion grid, and t0 is the time corresponding to the upper cell in the
solution grid. Finally, index t1 and t0 for the two expressions are
inverted because the gas of reducing atmosphere arises from the

bottom and the pellets go down from the top of the furnace to the
bottom.

In each iteration, the reducing process is computed as a first
step and the thermal process as a second step; then the new tem-
perature field is applied to determine the diffusion ruling the
reducing process and after that a new thermal field is computed
again and so on. After just seven iterations, the system is stable
from a computational point of view, because the percentage
difference between the parent step and the new one is lower
than 0.05%.

3. Validation and Comparison with Experimental
Data

The model based on cellular automata points out a transforma-
tion kinetics typical of nucleation and growth of a metallic phase
(Figure 4). The trends are similar to the pattern pointed out by a
Johnson–Mehl–Avrami–Kohnogorov (JMAK) model especially
on the surface layers of pellets.[50]

Although molar oxygen concentration could seem high, the
computed overall oxygen amount decreases significantly because
the volume at the core of pellet is much lesser than on the surface
layer. Thus, a comparison between measured metallization in

Figure 4. Oxygen variation obtained at different depths from the pellet surface (1 mm, 4 mm, and core (8 mm)) reduced at a) 850 °C in 100 vol% H2

atmosphere, b) 850 °C in 33/66 vol% CO/H2 atmosphere, c) 950 °C in 100 vol% H2 atmosphere, and d) 950 °C in 33/66 vol% CO/H2 atmosphere.
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controlled condition and the results of the model based on
cellular automata has been performed.

The computed trends fit the trends obtained experimentally by
Bonalde et al.[42] for metallization as a function of time in three
different reducing atmospheres (Figure 5). In order to appreciate
the compliance between the experimental values and the com-
puted ones, they have been also compared directly (Figure 6).

The validation of the model for a shaft furnace condition has
been performed also through a comparison with data provided by
Midrex, and literature data regarding the temperature of pellets,
gas, and chemical composition of atmosphere point out good
matching (Table 4 and 5).[7,51]

The model computes the evolution of reduction, evolution of
temperatures, and chemical concentration of atmosphere in
0.05 s by a 2.9 GHz Intel Core i7 quad core that makes the model

reliable and suitable for online applications. The mean squared
error (MSE) and root mean square error (RMSE) for the chemical
composition computed in Table 4 and 5 are 3.87 (vol%)2 and
1.96 vol%, respectively.

Figure 5. Trend of metallization as a function of time for a pellet featured by a diameter of 16mm reduced in an atmosphere at 850 °C in three cases:
100 vol% H2, 100 vol% CO, and 80/20 vol% H2/CO.

Figure 6. Comparison between the results obtained by Bonalde et al. and
the reduction kinetics forecast by the model.[42]

Table 4. Comparison between data provided by Midrex and estimated by
the model based on cellular automata.

T [K] CH4 H2 CO H2O CO2

Initial condition provided
by Midrex (vol%)[7]

1203 2.9 71.86 16.5 2.34 2.26

Top gas provided by Midrex (vol%)[7] 657.5 4.4 49.70 12.1 23.4 9.0

Estimated Values of Top gas from the
model based on cellular automata (vol%)

687 2.0 50.90 12.7 22.3 10.6

Table 5. Comparison between data provided by Midrex at Siderca and
Gilmore plants and estimated by the model based on cellular automata.

Siderca Plant CH4 H2 CO H2O CO2 %Metallization

Initial condition (vol%)[51] 4.65 52.9 34.7 5.17 2.47 Not given

Top gas (vol%)[51] 6.1 49 23.6 – (21.3) 93.8

Estimated Values of Top gas
from the model based on
cellular automata (vol%)

3.74 44.5 31.4 14.12 6.29 92.8

Gilmore Plant CH4 H2 CO H2O CO2

Initial condition (vol%)[51] 8.1 52.58 29.97 4.65 4.8 Not given

Top gas (vol%)[51] 8.6 37 18.9 21.2 14.3 92.8

Estimated Values of Top
gas from the model based
on cellular automata (vol%)

7.03 39.27 25.76 17.35 12.23 91.6
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4. Conclusion

1) The developed kinetics model based on cellular automata is
reliable to describe the reduction process of pellets made by iron
ores and reduced through a gas atmosphere featured by different
concentrations of H2 and CO; 2) The kinetics of reduction has
been estimated correctly in the condition of static atmosphere
as well as in the case of shaft furnace featured by counterflow
between descending pellets and arising reducing gas; 3) A key
point for the achievement of reliable estimation is the application
of an update of concentration of reducing agent as a function of
metallization, because the removal of oxygen improves the trans-
port of reducing agent inside the pellets to be reduced; and 4) The
computation time of the tested approach is compatible with in-
line control of the system.
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