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1. Introduction

Ironmaking and steelmaking are facing significant evolutions in
the recent past. The traditional integrated route is characterized
by considerable environmental impacts due to materials han-
dling, energy issues, and direct emissions. In 2020, the global
steel production accounts for 1869 million tons (Mt) where
the traditional blast furnace–basic oxygen furnace covers the
70% of the overall crude steel. The world situation by the main
producer countries is shown in Figure 1.

Obviously, the process produces 1.8 tons
of carbon dioxide per ton of crude steel with
a total emissions level of 3.46Gt contribut-
ing to the 6.7% of the total anthropogenic
emissions. The production levels are des-
tined to increase over and over in the next
future and so, the continuous optimization
of the traditional routes is not sufficient. As
a matter of fact, the reduction of global
warming needs fundamental technological
reconversions in order to meet strong
emissions limitations in the next future.[1]

In the last decades, direct reduction (DR)
represented an affordable innovative
process in the ironmaking processing.
The most widespread technologies are
the Midrex and HYL shaft furnaces
accounting for almost 80% of the globally
produced direct reduced iron.[2]

Here, basically, syngas is employed as
the main reducing agent with remarkable
differences in the plants configuration.[3]

This is due to the fundamental aspect that
various problems can be encountered about the reduction kinet-
ics of iron oxides in the CO–H2–CO2–H2O atmosphere of the
shaft furnace.[4,5] The unwanted kinetics modifications
provide higher energy consumptions of the overall ironmaking
processing.[6,7] A comprehensive understanding of the role of the
reducing gas composition and temperature on the process is of
significance to achieve an appropriate reduction efficiency and
product quality.[8] Depending on the reducing atmosphere and
temperature, the performance of the technology, such as the
reduction rate, metallization degree, and behavior of the iron
ore, varies significantly.[9]

From a scientific point of view, this leads to several complica-
tions in the development of a robust model capable of providing
affordable results in the prevision of the reduction behavior of
direct reduced pellets.[10]

For these reasons, the most available models in the literature
take into consideration the reduction through a gas mixture of
hydrogen and carbon monoxide in order to simplify the thermo-
chemical and thermophysical phenomena involved in the pro-
cess development.[11,12]

In the direct reduction process, the reducing agent converts
the iron ore to elemental iron directly. The final product is
directly reduced iron (DRI) including matrix elements from
the ore. Typical feed gases for direct reduction are either hydro-
gen or natural gas with methane (CH4) as the main constituent.
The generation of this gas occurs through methane reforming,
which can be done in a reformer or inside the reduction shaft
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The present study deals with the analyses of the direct reduction kinetics during
the hydrogen reduction of industrial iron oxide pellets. Various types of pellets
with different percentage of total iron content and metal oxides are examined.
They are reduced at different temperatures and pressure (700–1100 °C and
1–6 bar) in hydrogen atmosphere. The reduction behavior is described in terms of
time to reduction, rate of reduction, and kinetics constant. All the obtained results
are analyzed through the employment of a commercial multiobjective optimi-
zation tool to precisely define the weight that each single parameter has on the
reduction behavior. It is shown that from the point of view of the processing
conditions, temperature is the main factor influencing the time to total reduction.
From the point of view of the pellets properties, it is mainly influenced by the total
iron percentage and then by porosity and basicity index. Also, the kinetics
behavior is largely influenced by the reduction temperature even if it is mainly
governed by the porosity and pores size from the point of view of the reduced
pellets. The reduction rate is also mainly influenced by temperature and then by
iron percentage, gas pressure, basicity index, and porosity.
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with the sponge iron as a catalyst.[13] The utilization of hydrogen
as the reducing agent has the great advantage that gaseous water
is the sole by-product.[14] In this view it is easy to establish the real
effect of hydrogen as substitute of carbon monoxide in the direct
reduction relating its usage to the carbon consumption and
carbon dioxide emissions reduction during ironmaking.[15]

The hydrogen-based direct reduction process includes multiple
types of chemical reactions, solid-state and defect-mediated diffu-
sion (of oxygen and hydrogen species), several phase transforma-
tions, as well as massive volume shrinkage and mechanical stress
buildup.[16] The volume expansion of the pellets is inevitable
during the reduction, and the abnormal swelling would cause seri-
ous accidents, such as poor permeability, even collapse of the
burden.[17]

The hydrogen-based process is characterized by a complex
chemomechanical interplay of the different mechanisms
involved, specifically the underlying reactions, mass transport,
and volume changes.[18] Among the reaction steps, wüstite reduc-
tion to iron is the slowest one by nearly an order of magnitude
lower reaction kinetics compared with the other two steps; there-
fore, it plays an important role in determining the overall rate of
the reactions.[19]

Now, many analytical models can be found in the literature in
order to predict the kinetics behavior of direct reduction as a
function of the many factors influencing the overall process.[20]

These factors are mainly the gas mixing, the reactor temperature
and pressure, and the pellet solid properties (dimensions, poros-
ity, pores size, tortuosity, and mineralogy).[9] Given this large
quantity of very different factors, the uncertainty results some-
times very high.

For this reason, the main approach is based on a balancing
between the model simplicity and its accuracy that is related
to the agreement with the experimental data.[21]

Anyway, the scientific interest about the reduction process
through hydrogen has rapidly grown in the very recent past.
This is also driven by industry where the continuously increasing
cost of the reformed natural gas becomes crucial for the produc-
tion of sponge iron.

This has become fundamental because the kinetics of direct
reduction is directly related to the production rate of the massive
process.[22,23] As a matter of fact, the relationships among the
pellet conditions, the gaseous environment, and the final product
properties are fat to be firmly established. From a scientific point
of view, the results are absolutely not conclusive.

As a general way, the reduction rates are greater in the case of
hydrogen employment and remarkably lower in the case of
carbonmonoxide environment with intermediate results (not lin-
early defined) in the case of intermediate percentages of the two
gases.[24] This is directly correlated with the fact that the small
molecular diameter of hydrogen allows for the acceleration of
the reduction reactions. Another simple aspect is that as the tem-
perature of the atmosphere increases the kinetics of the process
is accelerated.[25] In the case of employment of gas mixtures, the
kinetics increases as the temperature and the hydrogen content
in the gas mixture increase.[24]

So, the use of hydrogen as reducing agent is fundamental for
the process speed. Anyway, many issues are related to the costs of
hydrogen production as well as to the reaction thermodynamic
because the hydrogen in the gas mixture allows for endothermic
reactions and so larger gas volumes are needed to balance the
heat losses.[26] The reduction of iron oxides with molecular
hydrogen is endothermic, whereas carbon monoxide reduction
is exothermic. Above 800 °C, however, thermodynamics are
more favorable with hydrogen than with carbon monoxide,
where the reduction rate with H2 is much higher than the case
with CO at 850 °C.

Figure 1. Global ten main steel producers (the picture is provided by considering the data reported in ref. [40]).
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Now, even if many articles are published on the direct reduc-
tion of iron ore fines, no general consensus is reached on the
direct reduction kinetics in the case of industrial pellets.
Here, the starting composition is very complex because of the
raw material origin and many different issues are related to
the pelletizing process. So, a deep comprehensive agreement
on the weighted contribution of all the factors influencing the
reaction kinetics (pellet type, processing condition, and so on)
has not been achieved yet. In addition, many discrepancies
are noted in the case of employment of different gas mixtures.
Another limit of the available information is that many experi-
mental evidences are proposed with experiences performed on
just on type of very similar types of industrial pellets.

Another important industrial aspect is that sponge iron gen-
erally requires a carbon content in the range 1.5–4.5% that is fun-
damental for the further melting operations. Now, the pellets
reduced via pure hydrogen are carbon free, leading to an increase
in the melting temperature of the sponge iron (1538 °C).
As a consequence, carburization is needed.[27] DR under CO
atmosphere is often accompanied by carbon deposition due to
an inverse Boudouard reaction at temperatures <1000 °C.

From a chemical point of view, direct reduction is one of the
best examples of noncatalytic solid–gas reactions. In these kinds
of reactions, continuous transient structural changes occur at the
solid state as the chemical reactions take place. These structural
changes alter the physical behavior of the gas–solid system. All
these effects as well as other specific aspects lead to additional
complications in the precise analytical description of the reduc-
tion process. In this view, the investigation of the main variables
affecting the overall reduction process is fundamental for the
deep understanding of the involved phenomena.

For the industrial pellets direct reduction, the complexity
increases as a consequence of continuous consecutive reduction
reactions accompanied with continuous structural transforma-
tion of the solid phase as the reduction proceeds.

Now, the rate-controlling step (that can be of chemical, diffu-
sive, or intermediate nature) of the reduction process is not
unique. It depends on processing conditions such as tempera-
ture, pressure, flow rate, and gas composition as well as on
the pellet properties such as size, morphology, porosity, pore
size, tortuosity, and chemical composition.[28] Given all these
involved factors, the available experiments are commonly per-
formed by varying just one parameter by taking the other ones
constant. In this way, the interaction among all the factors influ-
encing the process is neglected. In addition, many experimental
evidences are restricted to limited sets of conditions.

Basically, the reduction of hematite through hydrogen is
based on three different reactions involving Fe2O3, Fe3O4, FeO,
and Fe. Here, the rate-controlling step is not only due to chemical
reactions presenting different steps with various diffusive limita-
tions for the gas. For this reason, the kinetics analyses based on the
fitting of the Arrhenius equation lead to the presentation in the
literature of large variability. This limits the general employment
of many parameters in the industrial design and applications.

Now, during the reduction of porous iron oxides pellets the
following steps can be underlined: 1) mass transfer of the gases
(hydrogen, carbon monoxide, or their mixing) from the stream to
the pellet surface; 2) initial diffusion of the gas through the film
surrounding the pellet; 3) diffusion through the pores of the

reduced layer to the reduction front-oxide layer; 4) adsorption
at the oxide interphase; 5) oxygen removal via phase boundary
reactions; 6) formation of water vapor and carbon dioxide, iron
oxides, and ferrous iron; 7) desorption of gases belonging to the
reactions; 8) solid-state diffusion of the reacted products; 9) dif-
fusion of gaseous products back toward the pellet surface; and
10) mass transfer of the gaseous product toward the stream.

Given this, it is intuitive how the pellets porosity largely influ-
ences the reduction rate. This is due to the fact that porosity
directly influences the gases diffusion.

Obviously, in the case of pellets with low porosity, the reduc-
ing gases have difficulties to penetrate inside the pellets bulk. In
such a case, different mechanisms such as solid-state diffusion
start to be important even if they are several orders of magnitude
lower than gas diffusion. So, chemical transformations take place
once the gas is adsorbed at the pellet surface.

Obviously, the kinetics of the chemical reactions is a strong
function of the temperature. In the case of low- temperature
reduction, the chemical reaction becomes the rate-limiting step.
At high temperatures, the temperature increase is exponentially
related to the reduction rate; this is described by the Arrhenius
equation (Equation (1))

k ¼ Ae�
Ea
RT (1)

where k is the kinetic constant, A is the Arrhenius constant, Ea is
the activation energy, R is the universal gas constant, and T is the
absolute temperature.

If the temperature is increased, the mass transfer starts to
become the rate-limiting step. This is due to the fact that the
transport of reactants and reactions by-products is slower with
respect to the chemical reactions.[29,30]

Here, the effective diffusion coefficient is influenced by the gas
physical properties and by the temperature. As both temperature
and hydrogen content are increased, the diffusion coefficient
increases. The difference in the diffusivity of hydrogen and carbon
monoxide id due to the difference in the molecules dimensions.

Pressure and its effect on the reduction rate are fundamental.
First of all, it should be stated that as the hydrogen content in the
gas increases, pressure should be increased because of the
higher volatility of hydrogen with respect to the carbon monox-
ide. If the pressure is increased with the maintaining of the par-
tial pressure of hydrogen, a remarkable effect on the kinetics
increase is not recorded especially in the first stages of reduction.
On the contrary, the increase in the partial pressure of hydrogen
leads to significant high rates of reduction.

Another fundamental aspect is that the pellets do not consist
only of iron oxides but also of other oxides, gangue, and impuri-
ties. Obviously, the reduction rate is largely influenced on the
oxides percentage and on their type. The oxides are typically
CaO, TiO2, SiO2, Al2O3, MnO, and MgO. The reduction rate
is increased if the alumina content is less than 3%. These oxides
give the so-called basicity index normally evaluated as the rate
CaO/SiO2.

[31]

Another important aspect is that porosity tends to increase as
the reduction processes proceed. This phenomenon tends to lead
to an acceleration of the reaction kinetics as the reduction process
advances.
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Given that the diffusion can be the rate-limiting step, porosity
and pores dimensions have a remarkable influence on the reduc-
tion process. This is due to the fact that both porosity and pores
size influence the specific area of the pellets and then define the
available surface for the reactions development. This aspect is
crucial and must be precisely defined in a model that would
soundly describe the evolution of these systems.

Porosity and tortuosity factor are fundamental properties of
the pellets. They influence the diffusion of gases; as a matter
of fact, as the pore diameter increases (at fixed level of total poros-
ity), molecular diffusion is predominant. Porosity and tortuosity
depend on the pelletizing procedure. Pelletizing influences the
reduction rates; as a matter of fact, tortuosity influences the gas
diffusion. Its values can vary in the range 1–10 even if the main
pelletizing procedures allow to obtain tortuosity in the range 1–4.

When the pores tortuosity increases, the gas diffusion becomes
more turbulent. In this way, the reduction rate decreases as the
tortuosity factor increases.[32]

The aim of the present article is the description of the kinetics
behavior during the hydrogen-based direct reduction of
industrial pellets by precisely defining the weight that each single
processing, physical, and chemical parameter has on the overall
process development.

2. Experimental Procedure

The data employed for the databse were obtained from the
literature and from our in lab experiments.

The temperature of the furnace was in the range 700–1100 °C.
The gas composition was 100% H2. The gas pressure was varied
in the range 1–6 bar. The pellet diameter was in the range
1–20mm. The total iron in the pellet was in the range 57–70%.
The basicity index of the pellets varied from 0 to 2.15. The porosity
of the pellets was in the range 15–54%. The pore size varied from
6 to 20 μm and the tortuosity factor from 1 to 10.

The corresponding output was obviously the reduction curves.
For the database construction, they were recorded the final car-
bon percentage in the pellet (obviously in those materials
reduced in the presence of carbon monoxide), the kinetic con-
stant, and the rate of reduction.

The kinetic constant was calculated through the 3D diffusion
model (Equation (2))

k ¼ ½1� ð1� αÞ13�2
t

(2)

and through the 3D phase boundary controlled reaction
(Equation (3))

k ¼ 1� ð1� αÞ13
t

(3)

where α is the fraction reacted (0–1) and t is the time at which a
given fraction of the material reacts.[33]

The rate of reduction was evaluated through Equation (4)
and (5)

dR
dt 40

¼ 33.6
t60 � t30

(4)

dR
dt 90

¼ 13.9
t95 � t80

(5)

where t95, t80, t60, and t30 is the time required to reduce the pellets
by 95, 80, 60% and 30%, respectively, as schematically shown in
Figure 2.

The employed databases are attached as supplementary
material.

2.1. Modeling Procedure

The employed multidisciplinary and multiobjective software is
written to allow easy coupling to any computer-aided engineering
(CAE) tool. It enables the pursuit of the so-called “Pareto
Frontier”: it is the best trade-off between all the objective func-
tions. The advanced algorithms within can spot the optimal
results, even conflicting each other or belonging to different
fields. The more accurate the analysis is, the more the complexity
of the design process increases. modeFRONTIER platform
allows themanaging of a wide range of software and an easy over-
view of the entire product development process. modeFRONTIER’s
optimization algorithms identify the solutions which lie on the
trade-off Pareto Frontier: none of them can be improved without
prejudicing another. In other words, the best possible solutions
are the optimal solutions. An attempt to optimize a design or sys-
tem where there is only one objective usually entails the use of
gradient methods where the algorithms search for either the mini-
mum or the maximum of an objective function, depending on the
goal. One way of handling multiobjective optimization is to incor-
porate all the objectives (suitably weighted) in a single function,
thereby reducing the problem to one of single objective optimiza-
tion again. This technique has the disadvantage, however, that these
weights must be provided a priori, which can influence the solution
to a large degree. Moreover, if the goals are very different in sub-
stance (e.g., cost and efficiency), it can be difficult, or even mean-
ingless, to try to produce a single all-inclusive objective function.

True multiobjective optimization techniques overcome these
problems by keeping the objectives separate during the

Figure 2. Schematic procedure for the calculation of the rates of reduction.
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optimization process. It should be kept in mind that in cases with
opposing objectives there will frequently be no single optimum
because any solution will be a compromise. The role of the opti-
mization algorithm is then to identify the solutions which lie on
the trade-off Pareto Frontier. These solutions all have the char-
acteristic that none of the objectives can be improved without
prejudicing another.

The progresses of high-performance computing offer the
availability of accurate and reliable virtual environments to
explore several possible configurations. In real-case applications,
it is not always possible to reduce the complexity of the problem
and obtain a model that can be solved quickly. Usually, every sin-
gle simulation can take hours or even days. In these cases, the
time to run a single analysis makes running more than a few
simulations prohibitive and some other smart approaches are
needed. These factors lead to a Design of Experiment (DoE) tech-
nique to perform a reduced number of calculations. After that,
these well-distributed results can be used to create an interpolat-
ing surface. This surface represents a meta-model of the original
problem and can be used to perform the optimization without
computing any further analyses.

Once data have been obtained, whether from an optimization
or DoE, or from data importation, the user can turn to the exten-
sive postprocessing features in modeFRONTIER to analyze the
results.[34,35] The software offers wide-ranging toolbox, allowing
the user to perform sophisticated statistical analysis and data
visualization. It provides a strong tool to design and to analyze
experiments; it eliminates redundant observations and reduces
the time and the resources to make experiments. DoE is a meth-
odology that maximizes the knowledge gained from an experi-
mental campaign. DoE is generally used in two ways. First of
all, the use of DoE is extremely important in experimental set-
tings to identify which input variables most affect the experiment

being run. As it is frequently not feasible in a multivariable prob-
lem to test all combinations of input parameters, DoE techniques
allow the user to extract as much information as possible from a
limited number of test runs. However, if the engineer’s aim is to
optimize his design, he will need to provide the optimization
algorithm with an initial population of designs from which
the algorithm can “learn.” In this setting, the DoE is used to pro-
vide the initial data points.

Exploration DoEs are useful for getting information about the
problem and about the design space. They can serve as the start-
ing point for a subsequent optimization process, or as a database
for response surface (RS) training, or for checking the response
sensitivity of a candidate solution. The system has been success-
fully applied to many processes during ironmaking and
steelmaking.[36–38]

Starting from a database built with experimental results,
computational models were developed (virtual n-dimensional
surfaces) able to reproduce at best the actual process. The
method used for the creation of meta-models to simulate the
actual process through the use of physical laws with appropriate
coefficients to be calibrated was that of the RS. This method con-
sists of creating n-dimensional surfaces that are “trained” on the
basis of actual input and output. These surfaces trained on a large
experimental data can give the output numbers that reflect the
real process. The experimental design consists of almost 1500
inputs and outputs obtained from experimental data. To train
the virtual surface in the training phase, they included 1540
experimental design inputs and outputs. We used the remaining
in the design validation phase.

The reduction process through the analysis performed by
modeFRONTIER is summarized in the workflow of Figure 3.

The workflow is divided into data flow (solid lines) and logic
flow (dashed lines) that have the computer node as their common

Figure 3. Workflow of analysis describing the input–output correlation.
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node. Here, physical and mathematical functions representing
the reduction process are introduced. In the data flow, all input
parameters optimized in the numerical simulations are included
as follows: 1) reduction temperature, 2) reduction pressure,
3) total iron percentage in the pellet (TFe), 4) basicity index, 5) pel-
let diameter, 6) pellets porosity, 7) pores size, 8) tortuosity factor,
and those outputs: 1) kinetic constant (k), 2) reduction rates
(from Equation (4) and (5)), 3) time to 100% reduction.

The output variables define a multigoal analysis and have been
minimized taking into account some constraints or limitations
typical of the actual process. At this stage, the nodes that
make up the logic flow of numerical analysis are defined.

The first node is the DoE, which is the set of different designs
reproducing different possible working conditions. It means
creating a set number of designs that will be used by the
scheduler (the node where the best algorithm is introduced)
for the optimization. Depending on how this space is filled,
the designs, defined by the scheduler, are more or less truthful.
Therefore, the choice of the DoE is to be assessed correctly. In
this phase, the software allows to evaluate the weight that each
single input parameter has on the behavior of a given analyzed
output. This can be visualized through the so-called scatter
matrix where if the weight is zero it means that there is no cor-
relation between a single input and the analyzed output. On the
contrary, if the weight is one, there is a total direct correlation
between the input and the analyzed output; while if the weight
is minus one, this means that there is a total inverse correlation
between the input and the analyzed output. Obviously, the
intermediate values indicate the relative weight of each single
input with direct or inverse correlation if the factor is positive
or negative respectively.

Generally, in this kind of analysis, the heart of the optimiza-
tion is represented by a series of equations of chemical and phys-
ical nature of a given resolution to get the desired output. In the
present case, all this information is not clear, due to the complex-
ity of the process and so it was chosen to employ themethodology
of RS. Optimization software allows the following of different
kinds of RS. For each output variable to be minimized, it is nec-
essary to create a response surface. The analysis starts from a
database built with data of operating conditions of the reduction
plants obtained from experimental measurements. The database
is built by introducing the input parameters, the corresponding
output for each working condition, and the physical correlations
between the different conditions.

Figure 4. Equilibrium curves for the iron evolution in different CO and H2

atmospheres.

Figure 5. Scatter matrix for the calculation of time to reduction in hydrogen.
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3. Results and Discussion

By employing hydrogen in the reduction, diffusivity and chemi-
cal reactions rate increase as the temperature increases. The
increase in the reduction rate constant as the temperature
increases is amplified as the hydrogen content in the mixing
increases. As a matter of fact, while the reduction of iron oxide
with H2 and CO has been extensively studied, the kinetics of
reduction with H2–CO mixtures has not been adequately inves-
tigated for a large range of H2 content. The theoretical behavior
of the different iron oxides in the different reducing atmospheres
is shown in Figure 4.

The change in the ratio of reducing gases has a little impact on
the rate of thermal entropy generation. On the other hand, as
increasing the ratio of hydrogen to carbon monoxide, the entropy

generation rate decreases as a consequence of the complex inter-
action between the chemical potential, temperature, and mole
fraction. In the case of entropy generation by mass transfer,
the entropy generation rate shows small increases as the hydrogen
percentage increases. Also, in the case of the coupling of heat
and mass transfer, the effect of hydrogen addition is low. As a
summary, by increasing the amount of hydrogen in the gas
mixture, entropy generation is first decreased and then experien-
ces a peak and finally approaches a constant value with a moderate
slope.

As a matter of fact, let’s see the scatter matrix relative to the
reduction performed through 100% of hydrogen (Figure 5).

Here, the time to reduction is mainly influenced by the gas
temperature and total iron content in the pellet (with inverse pro-
portionality), as shown in Figure 6.

Figure 6. Time to reduction as a function of iron percentage in the pellet
and gas temperature in hydrogen atmosphere.

Figure 7. Reduction versus time for different pellets at 900 and 1000 °C of
the gas temperature.

Figure 9. Time to 100% reduction as a function of porosity for different
pores tortuosity at the temperature of 1000 °C.

Figure 8. Time to 100% reduction as a function of porosity and tortuosity
in hydrogen atmosphere.
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To show the reduction behavior as a function of temperature
and iron content in the pellets, Figure 7 illustrates the reduction
behavior versus time of reduction for different reducing temper-
atures and iron contents.

This is a common aspect for the industrial pellet for direct
reduction. In fact, high-quality pellets are generally required
for two main reasons. The first one is the final properties of
the reduced material that improves the further processing oper-
ations as the total iron content increases. This leads to more steel
produced with the same tons of treated raw materials. The sec-
ond is that the time to reduction of high-quality pellets tends to
be reduced, so leading to an increase in the shaft furnaces pro-
ductivity and to the reduction of energy consumption.

In the case of reduction with 100% of hydrogen, the time to
complete reduction is directly proportional to the pore tortuosity
and inversely proportional to the porosity level and to the pores
size (Figure 8).

The time to 100% reduction as a function of different porosity
levels is shown in Figure 9.

As expected, time to reduction decreases as porosity increases
and increases at the same level of porosity as the pores tortuosity
increases.

Porosity favors the diffusion of gases inside the pellet by accel-
erating the reduction reactions and leading to reduced times of
the process. In general, in the case of high porosity pellets, the
gas easily penetrates the particle and reduces all the surfaces at
the same time. In the case of high porosity, the pellets dimension
has low impact on the overall reduction process. On the contrary,
if the pellets have low porosity, the reactions evolve stepwise and
they are better described by a shrinking core model. In this case,
the reduction results longer as the pellets dimensions increase.
This aspect is well described by Figure 10.

That clearly indicates how is the pellets diameter increases the
porosity effect is different. If porosity is lower, the effect of pellet
diameter is decreased. The contrary happens in the case of larger
particles where porosity starts to be more important in the pellets
reduction.

Obviously, this is not a constant condition; in fact, if very hard
dense iron layers develop during reduction, this strongly lowers

the reduction rate. This is due to the fact that particles cannot be
properly penetrated by the reducing gases. In this case, the reduc-
tion evolves through solid-state diffusion through the hard layers
to continue the iron oxides transformations. This solid-state dif-
fusion is slower and slower with respect to the gaseous diffusion.
The penetration through the hard iron layers can be improved
through the temperature increase. Anyway, this is a costly pro-
cedure and it can lead to large softening of the pellets with a
deformation producing porosity decrease and consequently
reduction rates lowering.

By considering the tortuosity inside the pellets, in general, the
reduction rate increases as the porosity increases and the tortu-
osity decreases. From an energy point of view, porosity, pores size,
and tortuosity represent a large influence on the entropy variations
during all the reduction steps. The entropy generation starts in the
first minutes of the reduction process and it is mainly due to
the heat transfer between the hot gas and the pellets. In general,
the rate of entropy generation increases as the porosity and gas
ratio decrease. On the contrary, as the tortuosity increases, the
entropy generation rate increases. In fact, the tortuosity factor rep-
resents an obstacle to the gas flow. So, as the tortuosity increases,
the resistance of the pellets against the diffusion of the gas
increases. As a consequence, the rate of entropy generation
increases and the reduction effect is decreased.

Entropy is generated by heat and mass transfer and chemical
reaction. By considering all the different contributions, the
entropy generation by heat transfer increases as the porosity
decreases. In the first stages of reduction, entropy shows a net
increase due to the high-temperature gradient between the hot
gas and the pellet. Then, the entropy generation decreases up
to a constant value because of decrease of the thermal gradient.

As the porosity increases, the reducing gases find lower resis-
tance for the penetration. In this way, the entropy generation
decreases. By considering the entropy generation by chemical
reactions, it increases again in the first stages of reduction
and then it decreases by reaching a zero value. This entropy gen-
eration again increases as the porosity decreases.

By considering the entropy generation by mass transfer, it
increases very quickly in the first stages of reduction and then

Figure 10. Pellets size effect at different levels of porosity.
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it decreases up to a constant value. Here, entropy generation
approaches zero faster with increased porosity due to reduced
resistance against gas permeation. Even if the iron is totally
reduced, the entropy is not null because of an existing mass
gradient between the center and the surface of the pellet.
Here, again it becomes to be crucial the coupled effect between
porosity and pellet diameter influencing the entropy generation
and then the reduction behavior. As a matter of fact, the highest
contribution to entropy generation is due to the heat transfer,
then to the chemical reactions, to the mass transfer, and finally
to the coupling between heat and mass transfer.

Another fundamental aspect influencing the reduction behav-
ior is the composition of the pellets in terms of presence of dif-
ferent metal oxides. Here, the basicity index is fundamental in
monitoring the effect of these oxides on the reduction of indus-
trial pellets.

A parabolic behavior is underlined in the case of hydrogen
reduction for the time to reduction as a function of the basicity
index (Figure 11).

So again, the reduction behavior of the industrial pellets is
related to the quality of the raw material influencing the process
and obviously the quality of the final product to be employed for
further operations. So, the basicity index should be retained at an
appropriate level in order to optimize the reduction process of the
pellets. In general, this is more pronounced in the case of further
increase of the presence of CaO in the pellets composition. This,
in addition, can lead to excessive brittleness of the produced
pellets leading to difficult handling in the further processing
operations.[39]

Going toward the effect of the processing parameters on the
kinetics constant behavior, the hydrogen-based direct reduction
process is characterized by a hierarchy of phenomena that can
influence the reaction at different length and time scales.
They range from transport and reaction kinetics in a shaft reactor
at macroscopic scale down to chemical reactions at interfaces at
atomic scale and catalysis, dissociation, and charge transfer at
electronic scale. Reaction kinetics is also affected by micro-to-
atomic-scale features of the different oxides and the adjacent iron
layers, including crystal defects, porosity, mechanics, and local
composition. It should be underlined that by adding also small
amounts of CO to the hydrogen reducing gas, the diffusion coef-
ficient drastically decreases. However, the kinetic rate constant
does not decrease the same amount. The explanation for this

Figure 11. Time to reduction as a function of the basicity index in hydro-
gen atmosphere.

Figure 12. Scatter matrix relative to the kinetics constants in hydrogen.
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could be that it only takes a small amount of CO molecules to
lower the fluidity of the gas and block the diffusion path, due
to the higher viscosity and molecular size of CO and, thus, hold-
ing back H2 from reducing the iron oxides, while the reaction
rate constant is largely unaffected.

So, as a matter of fact, the carbon addition leads to a decrease
in the kinetic constant for many processing conditions (selected
from the whole database).

The scatter matrix relative to the reduction with 100% hydro-
gen is shown in Figure 12.

They obviously increase with increasing temperature. Then,
the k values are largely influenced by porosity and iron percent-
age with a direct proportionality (Figure 13).

The data for selected pellets are shown in Figure 14.
Here, the basicity index is less influential. Tortuosity is

inversely proportional to the kinetic constant while pore size
is directly proportional (Figure 15).

Tortuosity is a key factor for the kinetics behavior; in fact, in
the same conditions of mass transfer, temperature, and pressure,
the pellet has less specific atoms of hydrogen to react with the
surface as the tortuosity increases. This leads to a remarkable
reduction of the kinetics of the process as the tortuosity increases
(Figure 16).

By analyzing the effect of tortuosity, here the entropy genera-
tion by heat transfer is not influenced by this pellet property. The
entropy generation by chemical reaction increases as the tortu-
osity factor increases. The maximum and ultimate rates of
entropy generation are increased with increasing tortuosity.
Also, in the case of entropy generation by mass transfer, the rate
increases as the tortuosity increase. Here, it should be under-
lined how this contribution largely increases from a tortuosity
factor of 3 to a tortuosity factor of 4. By considering all the con-
tributions, the net entropy generation increases with the increase
of the tortuosity factor.

Finally, the hydrogen addition leads to a remarkable increase
in the kinetics constants behavior, as shown in Figure 17, for all
the investigated pellets.

Figure 13. Kinetics constant as a function of iron percentage in the pellet
and porosity in hydrogen reducing gas.

Figure 14. Kinetics constant as a function of porosity for selected percen-
tages of total iron in the pellet.

Figure 15. Kinetics constant as a function of tortuosity and pore size.

Figure 16. Kinetics constant as a function of tortuosity at 1000 °C reduc-
tion in hydrogen.
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By analyzing the reduction rates as a function of the pellets
properties and the processing parameters, here, the two indexes
are differently influenced by the processing conditions because
they refer to different zones of the reduction curves where differ-
ent transformations of the materials under reduction take place.
So, the two employed indexes are indicative of the different oxides
forms that are reduced during the process. The different stages of
reduction indicate the behavior of different reactions taking place
in the pellet, so the absolute values and the influence of the input
parameters vary. For example, temperature influences the dR/dt90
index by 50% more with respect to the influence on dR/dt40. In
this way, the temperature of the reducing gas is much more

important for the final stages of the reduction in order to reach
a complete metallization. This is due to the fact that being the tem-
perature the driving force for the diffusion inside the pellets it
leads the reducing gas to overcome the already reduced layers
in order to reach the bulk of the pellet. Initial pore diameter is
more influencing for the first stages of reduction with respect
to the final ones. This is mainly due to the fact that pores modify
as the reduction proceeds. So, by advancing the reduction the
gas further going inside the pellet finds different pores to enter
inside the material. The same explanations can be done for the
absolute value of the starting pellets’ porosity and for the poros-
ity. So, pores geometry and dimensions vary during the reduc-
tion and their values are more important for the variation of the
dR/dt40 index with respect to the dR/dt90 one. Here, by cou-
pling the effect of heat and mass transfer, there is an entropy
peak of generation and then a decrease in an inverse propor-
tionality with porosity. By considering all the contributions,
there is a peak of entropy generation in the first stage of
reduction, then a decrease followed by another smaller peak
generation, and finally a decrease up to a steady state. This the-
oretical behavior is very consistent with the experimental data
observations.

So, by observing what happens in the case of hydrogen reduc-
tion (Figure 18).

dR/dt40 is largely influenced by temperature (as expected).
Then, it is largely influenced by pore size (with a direct propor-
tionality) and pellet diameter (with inverse proportionality), as
shown in Figure 19.

Other influencing inputs are the total iron percentage in the
pellet as well as porosity with direct proportionality (Figure 20).

By observing the dR/dt90 behavior, it is interesting to imme-
diately underline how it is largely influenced by the dR/dt40

Figure 17. Kinetics constant behavior as a function of the hydrogen
percentage.

Figure 18. Scatter matrix for the reduction rates in hydrogen.
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behavior; this is very consistent with the present analyses. Then,
temperature has a larger influence on this parameter with
respect to the rate indicated by the index dR/dt40. On the other
hand, the initial porosity seems to be uninfluential and this is
due to the fact that pores largely modify during the first stages of
reduction. As expected, both basicity index and gas pressure
start to be more influential as the reduction continues
(Figure 21).

Given all these results, it appears very clear how both the proc-
essing conditions and the pellets properties have different and
large influences on the reduction process. It was largely known
that temperature is, in almost all the cases, the main driver for
the reduction kinetics. Obviously, the reduction time and the
reduction kinetics for the reduction of the different iron oxides
forms are largely accelerated in the case of gas employment in
the reducing atmosphere by reaching the maximum efficiency
for 100% of hydrogen. What results from the present results
is that the pellets properties such as composition, porosity,
and pores geometry have a very important influence on the
kinetics behavior even if the weight of each single property is
much or more influential as the processing conditions vary.
In addition, this aspect is much more pronounced in the case
of reduction performed by mixing carbon monoxide and hydro-
gen in the reducing gas. This happens because the physical
parameters are largely related to both the atmosphere properties
and the gas diffusion behavior at given levels of temperature and
pressure.

4. Conclusions

The aim of the present article was to present the evolution of the
direct reduction of iron oxide industrial pellets with different
physical and chemical properties. The reduction behavior evolu-
tion was analyzed as a function of the processing parameters set-
tled during the process. The main calculated results were the
time to reduction of the pellets, the kinetic constants, and the
rates of reduction. All the obtained data were analyzed by employ-
ing a multiobjective optimization tool capable of providing the
weight that each single parameter has on the resulting output.
The employed system allowed also to correlate the most influenc-
ing parameter to a given output. A general conclusion that can be
underlined is that, by varying the composition of the reducing

Figure 19. dR/dt40 as a function of pore size and pellet diameter.

Figure 20. dR/dt40 as a function of iron percentage in the pellet and
porosity.

Figure 21. dR/dt90 as a function of pressure and basicity index.
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gas, the influence of the different input parameters largely
changes from the point of view of both processing parameters
and chemical–physical properties of the reduced pellets. The
reduction through total hydrogen shows the fastest reduction
behavior with total time to reduction mainly influenced by the
temperature and by the chemical properties of the employed
industrial pellets. In the case of hydrogen reduction, the kinetic
constants are mainly influenced by the pellets porosity, pore size,
and tortuosity. In terms of reduction rates, during hydrogen proc-
essing, the calculated indexes show a very complex behavior related
to the pellets properties and porosity because of the material evo-
lution underlined during the different stages of reduction. The rate
of reduction is largely influenced by the chemical–physical proper-
ties of the pellets as well as by the porosity conditions.
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