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ARTICLE INFO ABSTRACT

Handling Editor: Giovanni Baiocchi The objective of the paper is to simulate the whole steelmaking process cycle based on Direct Reduced Iron and

Electric Arc Furnace technologies, by modeling for the first time the reduction furnace based on kinetic approach,

Keywords: to be used as a basis for the environmental and techno-economic plant analysis by adopting different reducing
Decarbonization gases. In addition, the impact of carbon capture section is discussed. A complete profitability analysis has been
Hydrogen, conducted for the first time, adopting a Monte Carlo simulation approach.

Electrolysis

In detail, the use of syngas from methane reforming, syngas and hydrogen from gasification of municipal solid
waste, and green hydrogen from water electrolysis are analyzed. The results show that the Direct Reduced Iron
process with methane can reduce CO; emissions by more than half compared to the blast furnace based-cycle,
and with the adoption of carbon capture, greenhouse gas emissions can be reduced by an additional 40%. The
use of carbon capture by amine scrubbing has a limited economic disadvantage compared to the scenario without
it, becoming profitable once carbon tax is included in the analysis. However, it is with the use of green hydrogen
from electrolyzer that greenhouse gas emissions can be cut down almost completely. To have an environmental
benefit compared with the methane-based Direct Reduced Iron process, the green hydrogen plant must operate
for at least 5136 h per year (64.2% of the plant’s annual operating hours) on renewable energy.

In addition, the use of syngas and separated hydrogen from municipal solid waste gasification is evaluated,
demonstrating its possible use with no negative effects on the quality of produced steel. The results show that
hydrogen use from waste gasification is more economic with respect to green hydrogen from electrolysis, but
from the environmental viewpoint the latter results the best alternative. Comparing the use of hydrogen and
syngas from waste gasification, it can be stated that the use of the former reducing gas results preferable, from
both the economic and environmental viewpoint.

MSW gasification
Process simulation
Carbon capture

1. Introduction

Steel is a critical material in the modern world and its industry is a
fundamental sector in terms of both commercial and emissions per-
spectives. In 2020, global crude steel production reached 1.88 billion
tons (Gt) and was responsible for emitting 2.21 Gt of CO», according to
the World Steel Association (Basson Edwin), (Energy Agency, 2021).
Steel production predominantly relies on two methods: blast
furnace-basic oxygen furnace (BF-BOF) (73.2% share in EU) and electric
arc furnace (EAF) (26.3% share in EU), which account for 99.5% of the
total production. The remaining 0.5% of steel is produced from open
hearth and other technologies (Suer et al., 2022). BF-BOF technology
uses coke as a reducing agent and to produce heat (C and CO), essential
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in turning iron ore into steel (Deng and Adams, 2020). Iron and steel-
making are among the most energy-intensive processes globally and
contribute to 7-9% of global CO2 emissions, while accounting for 8% of
the global energy demand (Impact of Hydrogen DRI on EAF Steelmaking
- Midrex )- (Ernst et al., 2023). The conventional BF-BOF manufacturing
process traditionally requires 500 kg of coal/t steel, emitting approxi-
mately 1.9 t of COy per ton of liquid steel (Mandova et al., 2018),
(Cavaliere, 2019). Compared to the integrated BF-BOF route, EAF pro-
duction is inherently low-carbon. Research indicates that the carbon
footprint per ton of EAF steel can vary from 0.23 to 0.46 tCOg,
depending on the iron source (pig iron or scrap), electricity sources, and
efficiencies. This would be only 10-20% of conventional BF-BOF oper-
ations (Kirschen et al., 2011a).
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EAF’s ability to play a more significant role in decarbonizing the
steelmaking industry is hindered by several limitations. Firstly, since
EAF relies on recycled steel scraps as feedstocks, it is susceptible to
supply limitations. Furthermore, to effectively have a carbon footprint
reduction, the electrical power supply should be from renewable energy
sources.

A good solution to increase the output of the EAF and make up for the
scrap shortage is Direct Reduced Iron (DRI) technology (Nduagu et al.,
2022). At present, the DRI-EAF process covers about 5% of world steel
production (Gielen et al.). Direct Reduced Iron production is a
solid-state process that operates at temperatures lower than the melting
point of iron requiring reduced temperatures for its direct reduction
reaction. Reducing gas, which is commonly a mixture of hydrogen and
carbon monoxide CO, is usually produced from natural gas or coal. The
reduction by CO, remains the main source of CO, emissions. Currently,
the DRI-EAF route that utilizes natural gas (NG) has a carbon footprint
that is only 62% of the traditional integrated BF-BOF route (Longbottom
et al.,, 2008). MIDREX direct reduction technology and Hojalata y
Lamina (HYL) Energiron are the leading direct reduction processes
because of their high-performance parameters, both in terms of effi-
ciency and productivity (Jiang et al., 2013). They are the most
competitive methods for obtaining high-quality DRI for steel produc-
tion. In detail, MIDREX route contributes 65% of global DRI production
(Ranzani Da Costa et al., 2013).

Several studies have attempted to model the DRI-EAF production
route with methane.

Parisi and Laborde (2004) simulated the shaft furnace reactor of the
MIDREX process. The iron ore reduction kinetics was modeled with the
unreacted shrinking core model. The model was able to satisfactorily
reproduce the data of two MIDREX plants: Siderca (Argentina) and
Gilmore Steel Corporation (U.S.A.). Always based on Gilmore plant data,
Shams and Moazeni (2015) simulated and modeled the Midrex shaft
furnace, using the model to study the effect of reactor length and cooling
gas flow on the metallization and the effect of cooling gas flow on the
outlet temperature of the solid phase. Sarkar et al. developed a ther-
modynamic Model for MIDREX Reduction Shaft. The model was
extended to hydrogen rich alternative fuels namely Coke Oven Gas
(COG) and Syngas from coal gasification to predict emissions and energy
for producing crude steel.

Additionally, DRI production has the potential for deeper decar-
bonization since the reduction gas can be readily substituted with higher
Hy mixtures or even pure hydrogen (Neuwirth et al., 2021), (Dhawan
et al., 2022). In contrast, BF-BOF encounters greater challenges with
increased H, utilization due to retrofitting barriers (Longbottom et al.,
2008), (Yilmaz et al., 2017).

Ranzani Da Costa et al. (2013) developed after experimental and
modeling studies, a 2D, axisymmetrical steady-state model called
REDUCTOR to simulate a counter-current moving bed reactor in which
hematite pellets are reduced by pure hydrogen. Hoxha et al. (2020)
detailed a DRI process adapted to use a feed of pure Hy produced by
electrolysis with renewable energy.

However, according to the authors, there is a lack of a validated
model in the literature that is able to describe the entire DRI process,
including eventual CO, capture units, and that can serve as a basis for
evaluating alternatives to natural gas for reducing greenhouse gas
(GHG) emissions. Modeling of the plant scale has been rarely conducted
in comparison to the shaft furnace; just two authors investigated the
relationship between the reformer and the shaft furnace, employing
mathematical models for each individual unit with kinetic approach
(Bechara et al., 2018), (Alhumaizi et al., 2012). This study aims to model
the entire process, and not just the individual reduction furnace, by
implementing reduction kinetics. The developed model is validated on
the basis of data from the Gilmore plant. After validation, the inclusion
of a carbon capture and storage (CCS) unit is evaluated. CCS is a viable
solution for reducing emissions while waiting for green technologies to
become technically and economically applicable on an industrial scale
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(Lee et al., 2022). Next, the coupling of the production process with an
electrolysis unit for using pure hydrogen and a municipal solid waste
(MSW) gasification process is proposed. Hydrogen is considered a
pivotal solution in the efforts to reduce carbon emissions in steel pro-
duction. It is seen as a key element in transitioning the industry towards
more sustainable and environmentally friendly practices. The findings
suggest that the global steel industry will experience a substantial in-
crease in demand for green hydrogen, projected to range from 2809 to
4371 TWhyy by 2050 (Lopez et al., 2022). However, considering the
high energy cost of producing green hydrogen, it is also useful to
consider other green sources of reducing gas. Waste-source syngas is
seen as a hopeful substitute for fossil energy and reductants presently
utilized in ironmaking. This is owing to its renewable nature, advanced
technological development, and suitability for integration into existing
furnaces (Nurdiawati et al., 2023). The current study evaluates the ef-
fects of utilizing syngas and hydrogen derived from MSW gasification in
the production of direct reduced iron.

The five plant schemes, i.e. natural gas (DRI-NG) and natural gas
with carbon capture and storage (DRI-NG-CCS) cases, hydrogen case
from electrolyzer (DRI-H,), syngas case from MSW gasification (DRI-
Syngas MSW), and hydrogen case from MSW gasification (DRI-Hy MSW)
are also analyzed from an economic and environmental point of view.

The developed model is intended to be a valuable contribution to
research on the decarbonization of the steel industry. Specifically, it has
been validated using plant data and possesses the versatility to accom-
modate various reducing gases from diverse sources. This enables a
comprehensive comparison of different production methods, allowing
for a thorough evaluation of the economic, energy, and environmental
aspects across the entire production cycle.

2. Process layout
2.1. Reaction kinetics

Reduction reactions from hematite to iron take place inside the
reduction furnace at temperature above 570 °C.

Reduction by hydrogen is globally endothermic while by CO is
globally exothermic (Patisson et al., 2021).

The presence of a certain amount of carbon in DRI is recommended,
as it offers several advantages in EAF steel production; these advantages
include lowering the melting point of metallic iron, foaming of slag,
avoidance of sticking and reoxidation, reduction of electricity demand
and thus improvement of the life of EAF refractories and electrodes
(Sandeep Kumar et al.). Carburization occurs by means of methane and
CO and allows the formation of cementite, with the benefits already
listed, according to the following reactions (Table 1). In addition, the
presence of methane, CO and water in the furnace at high temperatures
leads to the steam methane reforming (SMR) and water gas shift re-
actions (WGS) occurring.

Table 1 reports kinetic for all the reaction that occur in the shaft
furnace with their reference.

2.2. Data validation

The literature data to be used as a comparison for model validation of
a DRI plant are very few. The most comprehensive data are those re-
ported for the Gilmore Steel Corporation Plant (Midrex technology) in
Portland, Oregon, U.S.A. Several studies report Gilmore data (Table 2)
(Parisi and Laborde, 2004), (Shams and Moazeni, 2015), (Hosseinzadeh
et al., 2022).

Fig. 1 shows the size of the shaft furnace at the Gilmore plant. The
shaft is 9.75 m high and has a diameter of 4.26 m.

The unit is designed to produce 26.4 t of DRI. Other plant data will be
discussed in the results chapter, where they will be compared with the
results of the DRI-NG model for the validation of the simulation.
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Table 1

Reactions and relatively kinetics. Sy, is the specific surface areas per mol for hematite (239 m2/mol).

concentration, respectively.
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Ch, Cm, Cw are the hematite, magnetite and wustite molar

Reaction Rate (kmol/(m®as)) K E, (kJ/mol) Keq
H, 3Fe;03 + Hy <> 2Fe304 + H2O 7@ 4.6 x 10* (m/s) 105.37 -
Reduction (Hou et al., 2012) kCpSpe RT
Fe304 + Hy <> 3FeO + Hy0 7@ C 1.3 x 10° (m/s) 131.46 103
KCnShe RT (Cy, %) 76.22x 10% RT
m
FeO + Hy < Fe+ H,O 7@ ¢ 9.5 (m/s) 75.95 751144
kCuShe RT (Cp, — ;—2") 201xe RT
w
Cco Fe;03 + 2CO < 2FeO + 2CO, c 0.08 s 1) 9.97 475.22
Reduction (Mondal et al., 2004) ke RT (Cco coz> 1,231.96 x e RT
FeO + CO < Fe+ COy C 0.124 (sfl) 14.13 516.15
ke RT(CCO COZ) 103xe RT
co 3Fe + 2C0 < FesC+ CO, c 1073 (™ 14.65 29726
Carburization (Mondal et al., 2004) ke RT(CCO ;Oz> 104 x ¢ RT
eq
CH,4 Carburization (Nasiri et al., 2016) 3Fe+ CH4 < Fe3C+ 2H, c 0.77 s 0.64 75447450
ke RT(CCH4 - Hz) 10 xe RT
Keq
SMR (Smith Lewin et al., 2020) CHy + Hy0 < CO + 3H, 3 7.3x1072 (s 36.15 log. K — 1837 0o
ke RT (PCH4PH20 _ Peo 4;12) 810 7Tg
Ky
WGS (Smith Lewin et al., 2020) CO+ H;0< COy + Hy c 2.78 (s 1) 12.6 32970
ke RT(CCOCH20 Coor m) 0.03x 10% RT

eq

Table 2

Operating conditions of Gilmore Midrex Plant (Parisi and Laborde, 2004),
(Shams and Moazeni, 2015), (Hosseinzadeh et al., 2022).

Feed Gas

Flow rate (Nm®/h) 53,863
Temperature (°C) 930
Pressure (barg) 1.4
Feed Gas Composition (%)
H, 52.58
(¢0) 29.97
H,0 4.65
CO, 4.80
CH4 + N, 8.1
Solid
Production (t/h) 26.4
Inlet Temperature (°C) 35
Feed Solid Composition (%)
Fe,03 95
Gangue 5
Table 3

Syngas from MSW gasification composition (Salman and Omer, 2020).

Syngas Composition (%)

CH,
Hy
Cco
CO,

negligible

49.7
41.4
8.9

2.3. Modeling tool

The simulations are conducted utilizing version V12.1 of the Aspen
Plus software. Aspen Plus, software developed by the company Aspen-
Tech, is the market-leading chemical process simulator (or at least in the
world of chemical engineering). The software allows the user to build a
process model and then simulate it using complex calculations (models,
equations, mathematical calculations, regressions, etc.). It enables the

rigorous calculation of material and energy flows within a process,

ensuring mass and energy conservation throughout the system.
The tear flow convergence parameters and the default convergence
method were implemented in the Aspen environment, according to the

following criteria.

m
o (@) @

@
~—© o @

=
~

Fig. 1. Gilmore shaft furnace.

o Tolerance: 10~*
o Tears:Wegstein
Single Design Spec:Secant
Multiple Design Spec: Broyden
Tears and Design Spec:Broyden
Optimization:SQP

4.26 m

9GNS

~
e

The reactions are implemented using the Langmuir-Hinshelwood-
Hougen-Watson (LHHW) model so that the reaction is forward and
backward. The LHHW kinetics offer a highly effective and rational
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methodology for representing reaction data by considering the
involvement of surface concentrations of reactant species in the reaction
process (Aslam et al., 2016).

The results of Aspen simulations are collected and reprocessed using
excel sheets for energy and environmental analysis. Economic analyses
are conducted on excel and using the latest version of Capcost (Cap-
cost_2017. xlsm). Capcost is a Microsoft Excel macro-enabled file that
allows the calculation of Equipment Costs, Total Plant Cost, Cost of
Manufacturing (COMd), cash flow analysis, and Monte Carlo simula-
tions of cash flows. The program was developed for use with the text-
book Analysis, Synthesis and Design of Chemical Processes, fifth edition,
by Turton, Shaeiwitz, Bhattacharyya, and Whiting and available from
Prentice Hall Publishing.

2.4. DRI-NG model

The published data of the Gilmore plant concerns the furnace di-
mensions and the flow rates and temperatures of the solid and gaseous
input to the furnace. No data is reported for the rest of the plant. The
plant diagram is therefore developed based on Midrex’s specifications.
Choices are also made to minimize the consumption of methane and
energy.

Fig. 2 shows the flowsheet developed on Aspen Plus to model the
plant (see Fig. 3).

In a typical Midrex plant, the reducing gas used for iron ore reduction
is syngas from methane reforming. The calculation is initialized using
the flow rate and compositions reported for the Gilmore plant, published
in the literature.

The reactor is sized to produce 26.4 t/h.

The shaft furnace is surrounded by several main units including the
reformer, scrubber, and heat exchangers. Starting from the gas outlet of
the well furnace, the scrubber is the first step, in which part of the water
vapor is separated from the rest of the stream. The Aspen unit adopted is
a separator, in which the fraction of HyO separated is defined, in order to
optimize the amount of water to be sent to the reforming step. After the
top gas is scrubbed downstream from the furnace, it is split into two
streams. The first stream is mixed with natural gas and directed towards
the reformer’s catalytic tubes to produce the reducing gas. The second
stream, along with some additional natural gas, is combusted with air to

1CCS Case
co

N
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generate heat for the reformer. The Midrex reformer is a “dry” reformer
in which the primary reactions are:

CH, +CO, < 2CO + 2H,

CH, + H,0 < CO + 3H,

For a better understanding of how the Midrex process works, the
authors recommend reading the following source (Cavaliere, 2019).

In the corresponding Aspen Plus model, after exiting the shaft
furnace top gas, the first step is the scrubber, which separates a small
portion of the water vapor from the stream. The remaining off-gas is
then divided into two streams: one goes to the reformer, and the other
goes to the burner. The division at the splitter is done in such a way as to
have a flow rate at the shaft inlet equal to that of the Gilmore plant. The
stream going to the reformer is mixed with fresh methane, which is
controlled to achieve the desired metallization of the DRI. The input
current to the reformer has a temperature of 580 °C, consistent with
Midrex’s proposals for optimization (Midrexa). The built-in Aspen Plus
“Gibbs reactor” is used to model the reformer, which does not consider
kinetics but calculates the product composition by minimizing its Gibbs
energy at equilibrium. This simplification is commonly used in the
modeling process (Ye et al., 2009), (Jensen and Duyar, 2021). The
reactor works at 900 °C and 2.7 bars (Midrexb), (Sloop). Before being
sent back to the shaft furnace, the gas stream exiting the reformer is
combined with combustion gas from a burner (Gibbs reactor, adiabatic
mode), which involves injecting oxygen and fresh methane, and per-
forming combustion. Oxygen is provided by an air separation unit
(ASU), not simulated here. This solution is adopted for additional energy
input and temperature control at the furnace inlet (Bechara et al., 2018),
(Atsushi et al.). The reducing gas comes in the shaft at 1.4 bar g, ac-
cording to plant data.

The remaining off-gas from the shaft, methane, and combustion air
are the input streams of the combustion system. These streams are pre-
heated and burned, generating hot flue gases that are cooled before
being discharged. The burner is modeled as a Gibbs reactor operating at
1 bar and in adiabatic mode. The burner’s purpose is to supply energy to
the reforming system. This process is then followed by cooling the flue
gas to recover energy, which can be used for pre-heating purposes.

The shaft furnace is the core of the process. It is modeled using two

Splitter

——

Reformer
GIBBS reactor
—w
CH4 > 3
FLUEGAS :

Fig. 2. DRI-NG and DRI-NG-CCS scheme.
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Fig. 3. DRI-H; Model Aspen scheme.

adiabatic PFR reactors. In the first PFR, all reduction reactions take place
simultaneously with SMR and WGS. The second PFR models the last part
of the reactor where iron carburization takes place. The PFRs are set in
adiabatic mode. Reducing gas and iron ore are introduced in the PFR
series. No data is available on the composition and characteristics of the
solid feed in the plant, so a typical composition for the feed of a Midrex
process is assumed (Midrexb), where 95% of the ore is hematite and the
rest are impurities (SiO2 + AlyO3).

There are also three compressors in the diagram (C1, C2, C3). The
compressors, for this scheme and for all other compressors in the
following cases, are modeled with a polyprotic efficiency of 0.75 and a
mechanical efficiency of 0.96.

Finally, the solid furnace product, i.e. DRI, is sent to the EAF furnace
section for conversion to steel. Hot charging of DRI (HDRI) is a proven
method to effectively reduce the cost per ton of liquid steel. The product
is then transported hot and fed directly to the EAF oven at a temperature
of 600 °C. The main advantages of hot charging DRI in an EAF are
twofold (Getting the Most From Direct Reduced Iron - Operational Re-
sults of MIDREX ).

e Increased furnace productivity and reduced melting energy costs.
Entering the solid at 600° compared to 25 results in energy savings,
for the entire EAF furnace operation, of 25%. This translates into
lower economic costs for energy purchase and lower CO, equivalent
emissions (see Ch. 3.2.) (Duarte et al.).

e Reduction in the amount of pollutants.

2.4.1. DRI-NG-CCS

In achieving decarbonization goals (see Ch. 1), Carbon Capture is a
solution worth considering. CCS solutions cannot be a final solution, but
bridging solutions to reduce emissions in the meantime that green
steelmaking technologies can make the progress to become technically
and economically competitive.

CO. absorption is not an integral part of the steelmaking process.
Carbon dioxide removal is not necessary in a MIDREX plant because the
CO is recycled back into the reformer and converted into carbon
monoxide (Carbon Capture, ). However, a CO, removal system can be
included in these facilities if it is economically feasible (e.g., through
carbon tax credits) and if there is a means of storing (CCS) or using the

CO, (CCUL).

An extensive study done in the literature by the authors, leads to the
conclusion that very few production plants adopt CCS. Instead, there are
several projects launched in recent years that include the startup of CCS
pilot plants (Santos, 2014). CCS in the steel industry is a competition
between Chemical Absorption (i.e., MDEA) vs Physical Adsorption
(VPSA/PSA). Compared with other processes, amine absorption is
currently regarded as the most economical technology for CO, capture
(Dutcher et al., 2015). Methyl diethanolamine (MDEA) absorption is
already one of the most widely used CO» capture solutions in industry,
for capturing CO2 from gaseous streams at high purity (CO, purity
~99.4%) (Santos, 2014), (Antonini et al., 2021) reaching removal effi-
ciency up to 95% for carbon dioxide (MOFs amine scrubbing ).

MIDREX company suggest including the CO, removal from the top
gas fuel, which is used in the reformer for heating (see DRI-NG-CCS case
in Fig. 2).

CO, removal is simulated with a separation unit to simplify the
scheme. However, the energy consumption and the economic implica-
tions of the MDEA absorption process are discussed in detail in the
following process analysis.

2.5. DRI-syngas model

Again, the reducing furnace and solid feed are the same as in the
previous cases. What changes is the source and nature of the reducing
gas. Gasification plant is the same as the previous case, but from which
the produced syngas is taken instead of hydrogen. Syngas is cheaper
than hydrogen, which must be separated from syngas by a pressure
swing adsorption (PSA) unit to be obtained (Rispoli et al., 2021). At the
same time, however, hydrogen has a higher energy content and, i.e. a
better reducing agent than the syngas being considered. It is important,
therefore, to examine the two schemes to see which solution is best
suited for steel production.

The gas leaving the shaft is cooled and then sent to a flash where the
water content is reduced. The gas stream is then split. One part is
recirculated, and before being introduced into the furnace, Carbon di-
oxide is separated through an Acid Gas Removal unit (AGR) based on
MDEA absorption (see Ch. 2.3.1). Also in this case, CO; removal is
simulated with a separation unit to simplify the scheme. However, the
energy consumption and the economic implications of the MDEA
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absorption process are discussed in detail in the following process
analysis.

The stream is then compressed and mixed with fresh syngas, heated
and fed into the reduction furnace. The other part of the gas leaving the
reduction furnace is sent along with air to a burner (Gibbs reactor,
adiabatic mode, 1 bar) to provide heat to the reducing gas entering the
furnace.

There are three compressors (C1, C2, C3) in the diagram.

2.6. DRI-H,; model

The use of hydrogen as a reducing gas aims to reduce CO2 emissions,
decoupling production from the consumption of fossil resources. A DRI
plant based entirely on hydrogen is slightly different from one based on
natural gas, as it works with carbon-free compounds.

The reduction furnace and the solid feed are the same as the DRI-NG
plant. Gases leaving the furnace, containing mainly water and unreacted
hydrogen, are cooled, and then sent to a flash unit where the condensed
water is purged. The stream from the flash is recirculated to the furnace
together with a current of fresh hydrogen and methane. Before recir-
culation, the current from the flash must be split. Part of it is sent to a
burner (Gibbs reactor, adiabatic mode, 1 bar) together with oxygen to
generate the heat necessary to bring the reducing gas to the required
temperature. Fresh hydrogen is manipulated to achieve the desired de-
gree of metallization while methane is injected to allow carburization to
take place. Even with the transition to fossil-fuel-free iron production
technology, in which iron ore pellets are reduced exclusively by
hydrogen, the incorporation of carbon (in the form of cementite) re-
mains crucial or necessary in directly reduced iron. This is because it is
crucial for the efficient and uninterrupted smelting of DRI during
steelmaking processes (Sandeep Kumar et al).

Based on the mode of hydrogen production, two scenarios are
presented.

e The hydrogen and oxygen that the system requires are supplied by an
electrolyzer, not simulated in the flowsheet. The production of
hydrogen by Alkaline Electrolyzer (AEL) is now an established
technology and electrolysis plants with electrical power up to
megawatts are commercially available (Grigoriev et al., 2020).

Splitter

: S

%

CO2 Removal Section
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e The plant is coupled to a hydrogen production process from gasifi-
cation of MSW (Municipal solid Waste), consisting of a certain
aliquot of Refuse Derived Fuel (RDF) and a remaining part of Plasmix
(non-Recyclable plastic) (Salman and Omer, 2020). The gasification
process (as in the latter DRI-Syngas case) is not simulated, but the
purchase price of the reducing gas is evaluated. The required oxygen
is provided by an ASU (Air Separation Unit), not simulated in the
flowsheet.

There are also two compressors (C1, C2) in the diagram.

2.7. EAF section model

HDRI from the reduction furnace, is then sent to the steel conversion
section at 600 °C (see Fig. 4). The EAF operates with 100% HDRI. Fig. 5
shows the Aspen Plus scheme. The energy sources utilized in EAF
include electricity and energy produced from oxidation reactions that
occur during the refining process. Electrical energy is supplied via
graphite electrodes and is usually the largest contributor in melting
operations. To prevent cold spots in the eccentric furnace designs and
enhance productivity when the transformer power is restricted, natural
gas burners and carbon-oxygen injectors are employed to intensify the
energy in the EAF. Lime is added to combine with the impurities and
form slag. The EAF units produce liquid steel which can be treated in
continuous casting and hot rolling mills units for the production of hot
rolled coils. A stoichiometric reactor (RSTOIC) simulates the reactions
occurring in the EAF at 1635 °C and 1 bar (Kirschen et al., 2021).

Table 4 reports the input flow rates to the EAF per ton of steel (see
Table 5).

Limestone is used as a fluxing agent or a refining agent during the
EAF steelmaking process. Calcium carbonate undergoes thermal
decomposition into calcium oxide and carbon dioxide. All calcium car-
bonate is assumed to decompose, as in the following reaction:

CaCO;3 - CaO + CO,
In addition to the use of energy as a substitute for electricity, carbon
sources are particularly used as foaming agents for slag (Echterhof,

2021). It is therefore assumed that all the carbon fed into the furnace
that does not enter the steel is completely oxidized by oxygen.

ORE

H20

FLUEGAS

YNGA

Fig. 4. DRI-Syngas Model Aspen scheme.
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Fig. 5. EAF section scheme.

Table 4
Typical production parameters of EAF charges.

Methane 2 m3/t Kirschen et al. (2021)
Oxygen 35 m3/t Kirschen et al. (2021)
Coal and carbon fines 17 kg/t Kirschen et al. (2021)
Infiltrated Air 150 kg/t Kirschen et al. (2001)
Lime 50 kg/t Manocha and Ponchon (2018)
Temperature 1635 °C Kirschen et al. (2021)
Table 5
Specific power energy consumption.
Power Energy Unit Reference
Consumption
ASU 222 kWh/tO, Khallaghi et al. (2020)
EAF 450 kWh/ts (Duarte et al.)
CO,, absorber 200 kWh/ Nayional Petroleum

tCO, Council (2019)

AEL 5 kWh/Nm®  Grigoriev et al. (2020)
Electrolyzer Ha
Casting 10.9 kWh/tg Stanley (2013)

In the EAF graphite electrodes are consumed at a rate of 2 kg/t of
liquid steel (resulting in further CO5 emissions) (Remus et al., 2013) and
costs of 4.32 $/kg are assumed for the electrodes (Vogl et al., 2018). The
liquid steel casting is then processed in subsequent casting step. This
step is not present in the simulation sheet, but operating and investment
costs, energy consumption, and related CO3 emissions are considered in
subsequent analyses.

3. Process analysis
3.1. Energy analysis

The analysis target is to evaluate the global energy efficiency of the
plant, considering all scenarios. Efficiency is calculated as reported in
the following equation (Islam, 2018):

ot
_ “prod
’1671 - Emf
‘feed

Where Ej7; and E}ng [MW] are the total energy produced from the
system and fed to the system, respectively. Efficiency can therefore be
calculated as:

-~ Fteer X LHV
~ Net Power + > F;, x LHV

N

Where F [kg/s] represents the mass flowrate, LHV [MJ/kg] the Lower
Heating Value and Net Power [MW] is the power energy required.
The following table shows the specific energy consumption of the

units not simulated on Aspen Plus, but which are considered for process
analysis.

3.2. Environmental analysis

Environmental analyses are aimed at highlighting the specific CO,
emissions per ton of steel produced.

The emission calculations also encompass the corresponding CO»
emissions linked to electricity generation, stemming from the utilization
of externally sourced electricity.

For the calculation of the equivalent CO», the following emissions are
considered.

e Power energy from the thermoelectrical production, only from fossil
source, available on Italian territory, with an equivalent emission of
445.3 gCO»/kWh (ISPRA).

e Renewable power energy, with zero equivalent CO, emissions.

CO, emissions for casting are 0.84 kg/t of liquid steel (Stanley,
2013).

3.3. Economic analysis

As a final analysis, the economic profitability of the scheme is eval-
uated for the different scenarios. It should also be underlined that the
profitability analysis is performed without taking into account ore
preparation and management of liquid steel casting from EAF section.
The various required equipment specifications are considered in order to
obtain the bare module cost (Cpy) also depending on the material
chosen and the operating pressure (Turton et al.). Known Cgy, Total
Module Cost (Cry) is determined by the following relation:

Cr=1.18 x Z Cau

Equipment

in which honorary and unforeseen fees are included (15% and 3% of
total cost, respectively) (Turton et al.). Similarly, the Grass Roots Cost
(Cgr), in which the costs of the auxiliary structures are also considered,
increasing the Cpy only with the Bare Module Costs of the auxiliary
equipment at the reference conditions (carbon steel material and at-
mospheric pressure), as these do not depend on operating pressure and
material, through the relationship according to (Turton et al.):

Con=Cru+05x Y Cpyy

Equipment

In this analysis, it is considered as an approximation that the Fixed
Capital Investment (FCI) coincides with the calculated Grass Roots cost,
then considering the land cost for the physical construction of the plant
to be $3 M, for all scenarios analyzed. For the determination of Cop (cost
of manufacturing), the costs of raw materials, labour, utilities (in
particular power energy cost) and waste management have been
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considered. Bare Module Cost of furnaces, compressors/funs are esti-
mated based on reports given by Turton et al. For other equipment, more
complex, such as shaft and EAF furnaces, Turton reports cannot be used.
Therefore, specific investment costs, based on their cost attribute, found
in the literature for individual units are used. Similarly, a casting plant
that processes 4.3 million tons of steel has an investment cost of 195 M$
(Stanley, 2013). This cost is scaled by tons of steel by a factor of 0.6. In
calculating the investment cost of the ASU unit, it is necessary to take the
cost of the same unit in the literature as a reference and scale it ac-
cording to size using a cost scaling factor (f) equal to 0.5 (Trinca et al.,
2023) and actualize it according to the correct Chemical Engineering Plant
Cost Index (CEPCI).

Returns from oxygen, in the case of electrolyzer use, are included in
revenues. The assumptions by Pardo et al. (2012) that 60% of oxygen
can be sold at a price of 65.7 $/t are adopted (Pardo and Moya, 2013).

Table 6 reports investment costs, purchase and sale price of materials
and utilities.

A CEPCI of 750 (September 2021) is used. Commodity and energy
prices are as up-to-date as possible and refer to the European market.
From the study in the literature, it is evident that the gap between the
cost of energy from fossil sources and renewable energy has narrowed
substantially. But this is more due to the price increase for fossil re-
sources rather than that of renewable energy. The general price increase
has also affected steel, whose value has increased, favorably impacting
the construction of CFD (Cash Flow Diagram).

In the case of EAF, Shaft Furnace and CO; Absorber equipment, a
specific cost is provided, which depends on the quantity of tons pro-
cessed in a single year (plant size).

Finally, the labour cost is assessed, considered among the variable
costs of the plant, using the relationship reported extensively in the
literature (Turton et al.):

Nop= (629 +31.7 x P* +0.23 x N,,,)**

where P represents the phases that require solids handling, in the pro-
cess, Ny, are the number of employees for each equipment excluding
pumps and tanks, while Ny, represents the number of operators per

Table 6
Equipment investment cost and material price.

Equipment Investment Cost

Unit Cam Reference
AEL $/kW 972 Trinca et al. (2023)
EAF $/(tsteEL/ 160 Vogl et al. (2018)
year)

Shaft Furnace $/(tpri/year) 250 Krii et al. (2020)

CO, Absorber $/(tcoo/year) 22 Rochelle (2014)
ASU
F Base Cost (M$) Year Reference
0.5 40 2021 Trinca et al. (2023)
Materials Price

Unit Cost Reference
Iron Ore Pellet $/t 45 (Iron Ore )
Methane $/kg 0.64 (EU Natural Gas )
Demineralized Water $/t 14.5 (Turton et al.)
Coal $/t 135 (Coal PRICE )
Limestone $/t 325 (Limestone Cost )
Syngas $/kg 0.81 Rispoli et al. (2021)
H, MSW $/kg 6.10 Rispoli et al. (2021)
Steel $/t 844 (Steel Cost )
Oxygen $/t 65.7 Pardo and Moya (2013)
Operative Cost
Casting $/turc 16.25  Stanley (2013)
EAF graphite $/turc 8.64 Vogl et al. (2018)

electrodes

Power Energy Price

Unit Cost Reference
Fossil Energy $/MWh 146 (Electricity prices in Europe )
Renewable Energy $/MWh 220 (Renewable-ilSole240ORE)
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shift; considering 1095 shifts in a year (4.5 operator per shift). Labor
costs are estimated by considering a gross salary for a steel worker in
Italy of 50,000 $/y (Average Salary ).

Cash Flow Diagram (CFD) is built on the base of: raw materials, la-
bour, waste treatment cost and revenues of sales; 45% taxation, 10%
interest rate and a plant construction time of 2 years. In all cases, MACRS
(Modified Acceleration Cost Recovery System) amortization is consid-
ered, i.e. at a double decreasing rate over a period of 5 years with an
interest rate of 10%; whereas the cost of the land is not included in
depreciation for regulatory reasons. CFD is determined in the case of
discounted analysis at 20 years of service life (Vogl et al., 2018) to
evaluate the Payback Time Period (PBT), the Net Present Value (NPV)
for the discounted analysis and finally the Return on Investment (ROI).

3.3.1. Monte Carlo simulation

The analysis described in the previous paragraph is done on the basis
of raw material costs and utilities that are as up-to-date as possible to
return a snapshot analysis. The results are useful for comparing different
schemes, but it should be kept in mind that the costs of raw materials
and electricity, however, are highly variable, particularly in recent
months. To deepen the analysis and return more complete results a
Monte Carlo analysis is conducted. Monte Carlo analysis is a computa-
tional technique that uses random sampling and statistical methods to
model and analyze complex systems. Monte Carlo analysis helps in
evaluating and managing risks. By modeling the system with random
inputs, it is possible to identify the potential risks and their likelihoods.
The purchase costs of methane, electricity, and the cost of selling steel
are varied. In this way, it is possible to assess the probability of obtaining
positive NPV, ROI, and PBT indices.

Costs are varied from the base value (Table 6) as follows.

Methane: —50%; +460% (EU Natural Gas ).

Fossil power energy: —80%j; +280% (Italy Electricity Price ).
Renewable power energy: —15% (Xiao et al., 2021).

Steel: —59%; +84% (Steel Cost ).

Ranges are established based on price histories found in the litera-
ture. As for renewable energy, it is acclaimed that between now and the
next few decades its price will decrease (Xiao et al., 2021). Therefore,
only values below the base value are considered in the Monte Carlo
analysis.

4. Results and discussions
4.1. DRI-NG results and validation

The following Table 7 compares the model results with the experi-
mental values reported in the literature.

Metallization is defined according to the following equation (Hos-
seinzadeh et al., 2022):

_ Fe + Fe;C
" Total Fe(Fe + FeO + Fe;C)

MD(%)

As already mentioned, the model is initialized by entering the same
reducing gas current as in the literature.

A flow of 3110.4 kg/h of pure water vapor is separated at the
scrubber (separation unit). The following splitter is manipulated to
maintain a constant reducing gas flowrate at the furnace inlet equal to
that reported in literature. The results show that 65% of the stream from
the scrubber is recirculated to the reformer while the remainder is sent
to the burner. This value reflects the ranges common to Midrex plants
(Bechara et al., 2018), (Olayebi, 2014). The calorific value of the split
stream is sufficient to provide the necessary heat for the reforming
process. Therefore, there was no further addition of fresh methane to the
reforming furnace burner. Thus, the total methane flow rate is 4340.58
kg/h, divided as follows.
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Table 7
Comparison of the Gilmore data (Parisi and Laborde, 2004), (Shams and Moa-
zeni, 2015), (Hosseinzadeh et al., 2022) with model prediction.

Unit Model Gilmore Data Difference (%)
Inlet reducing gas
Flow rate Nm’/h  53,862.31 53,863 0
Temperature °C 930 930 0
Pressure bar 2.4 2.4 0
Composition
Hy % 51.93 52.58 1.24
co % 30.57 29.97 2.00
H,0 % 4.81 4.65 3.44
CO, % 4.71 4.8 1.88
N (+CHy) % 7.98 8.1 1.48
Outlet gas
Flowrate Nm®/h 53,799.74 - -
Temperature °C 660 - -
Composition
H, % 36.98 37.00 0.05
Cco % 18.58 18.9 1.69
CO, % 15.51 16.10 3.66
H,0 % 20.48 21.20 3.40
N, (+CHy) % 8.45 8.60 1.74
Solid
Required Solid feed t/h 37.30 - -
DRI Production t/h 27.16 26.40 2.97
Steel Production t/h 25.29 - -
DRI Composition
Fe % 84.23 - -
FeO % 7.06 - -
Carbon % 1.98 2 0.99
Gangue % 6.46 6.3 2.54
Metallization % 92.42 93 0.63

¢ 4014.86 kg/h to the reformer

e 288.77 kg/h to the combustion step with oxygen before the reduc-
tion furnace

e 36.18 kg/h to the EAF furnace

The composition at the shaft inlet therefore depends on the compo-
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conversion section, from which 25.29 t/h of steel are produced.

The total methane and oxygen demand of the plant DRI-EAF is
171.57 and 72.38 kg/t of steel, respectively (Table 8).

As already mentioned, the DRI production plant requires three
compressors for operation (Table 9). A fan can be used for unit C1 and
C2.

To see the properties of all the flow rates of the various schemes,
integrate the information in the Supplementary Material.

4.1.1. DRI-NG-CCS

The inclusion of the CO, removal unit allows 95% of the CO5 to be
recovered from the stream to be sent to the reformer furnace. Thus, 8.19
t/h of CO4 are removed. This will be discussed in depth in the following
analyses.

As a result, the results for C1 and C2 fans also change slightly
(Table 10).

4.2. DRI-H, results

The shaft and solid feed retain the same properties as in the DRI-NG
case. Even using pure hydrogen as a reducing agent, with the addition of
a smaller proportion of methane for carburization, the DRI product re-
tains the desired qualities (Table 11).

The total demand for hydrogen is 1.46 t/h, while that for oxygen is
2.65 t/h. Therefore, 57.62 kg of hydrogen are required for every ton of
steel produced (Table 12). This value agrees with the work of Bhaskar
et al., which estimates the hydrogen required at the electrolyzer as 59
kg/tstepL. Vogl et al. (2018) study, on the other hand, reported 51
kg/tsTEEL-

Compared with the DRI-NG process, a flash needs to be added to
separate the water from the stream exiting the reduction furnace. The
unit operates at 45 °C and a pressure of 1.4 bar and separates a stream of

Table 8
Specific Consumption DRI and EAF section.

sition at the shaft outlet. This has led to an almost negligible difference Specific Consumption Unit
in composition, at both the inlet and outlet of the reactor. However, DRI Plant
simulation results are in excellent agreement with literature data. Ic‘;[eﬂ"a"‘e ;(5)88~‘7‘6 llzg/ torr
The solid species composition profiles (Fig. 6) show that the first step Ezigse:ction 8/tort
of reduction from hematite to magnetite is extremely fast compared to Methane 1.43 o —
the subsequent steps. Carburization, on the other hand, occurs mainly in Oxygen 49.97 Kkg/tsTEEL
the final part of the furnace as the iron concentration increases. C?rbﬂn 17 kg/tsTreL
The 27.16 t/h of HDRI are then converted into steel in the EAF Limestone 50 kg/tsteeL
1
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Fig. 6. Solid species mass fraction profiles along shaft furnace reduction section length (L = 9.75 m).
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Table 9
Compressors results.
Unit Cl C2 C3
Discharge Pressure bar 1.1 1.1 2.7
Pressure Ratio - 1.1 1.1 1.93
Net Power Required kw 146.61 1288.50 2870.96
Table 10
Compressors results.
Unit C1 c2 C3
Discharge Pressure bar 1.1 1.1 2.7
Pressure Ratio - 1.1 1.1 1.93
Net Power Required kw 132.11 936.24 2870.96

11503.15 kg/h, containing 99.9% water.

To maintain the desired thermal profile within the reactor for the
required degree of metallization to be achieved, it is necessary for the
reducing gas stream to enter the reactor at a temperature of 1615 °C.
This temperature is obviously higher than in the DRI-NG case, given the
high endothermicity of the reduction by hydrogen. The heat required to
reach this temperature is provided by the oxy-combustion of hydrogen.
The high inlet temperature is difficult to sustain from a technical point of
view (construction limits, materials, etc.). Methods to flatten the ther-
mal jump within the reduction furnace should be investigated, such as
increasing the number of injections and also evaluating oxygen

Table 11
DRI-H; results.

Inlet Reducing Gas

Flow rate Nm®/h 25,501.40
Temperature °C 1615
Pressure bar 2.4
Composition
H, % 98.2
CH4 % 0.34
H,0 % 1.46
CO, % 1073
Outlet Gas
Flowrate Nm®/h 25,564.18
Temperature °C 660
Composition
H, % 42.15
CH,4 % 0.10
H,0 % 57.75
CO, % 1073
Required Solid feed t/h 37.30
DRI Production t/h 27.16
Steel Production t/h 25.30
DRI Composition
Fe % 84.55
FeO % 6.74
Carbon % 1.99
Gangue % 6.47
Metallization % 92.77
Table 12
Specific Consumption DRI and EAF section.

Specific Consumption Unit
DRI Plant
Hydrogen 53.67 kg/tpri
Oxygen 50.97 kg/tpri
Methane 1.77 kg/tpri
EAF Section
Methane 1.43 kg/tsTEEL
Oxygen 49.97 kg/tstEEL
Carbon 17 kg/tsTEEL
Limestone 50 kg/tsTEEL
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injections.

The splitter must be set so that 82% of the stream is recirculated to
the shaft, while the remaining is burnt.

Table 13 shows the results of the compressors. The results of the C2
unit recommend using a fan.

4.3. DRI-syngas results

Again, the nature of the reducing gas does not affect the quality of the
product (Table 14).

The total demand for Syngas is 13.38 t/h, 529.79 kg for every ton of
steel produced (Table 15).

The splitter must be set so that 80% of the stream is recirculated to
the shaft, while the remainder is burnt to give the necessary heat to the
incoming reducing gas.

Table 16 shows the results of the compressors. Given the low heads
and flow rates required, it is sufficient to use two fans, for C1 and C2
units.

Also in this case, the flash unit operates at 45 °C and a pressure of 1.4
bar and separates a stream of 6434.14 kg/h, containing 99.6% water.
The AGR unit processes a gas flow rate of 56548.18 Nm®, separating
7514.37 Nm?® of pure CO,.

4.4. Energy analysis

Table 17 shows the electricity consumption of each individual unit
for all analysed schemes. For a better understanding of energy con-
sumption, specific energy consumption is estimated (Table 18). The
disadvantage, in terms of consumption, due to the adoption of the ab-
sorption unit is really small: indeed, it saves power absorbed at fans C1
and C2. In DRI-Hy case, thermal energy consumption is given by
methane and carbon flows. The heat flow due to fresh hydrogen entering
the cycle is already included in the electrical energy consumption, since
the electricity expenditure to produce it is calculated. The results show
that the plant with hydrogen from electrolyzer system has higher energy
consumption than the other cases. In particular, the high electricity
demand of the hydrogen plant stands out. This is due to the high con-
sumption of electrolyzer. The case with syngas shows similar con-
sumption to the one with methane.

The calculation of efficiencies (Table 19) is useful for evaluating the
energy performance of different plants.

The energy efficiencies show that the hydrogen from electrolyzer
plant has a lower energy performance than the other two schemes. This
is due to the high energy consumption of the electrolyzer affecting the
overall performance. The DRI-NG and DRI-Syngas/DRI-Hy MSW
schemes have similar efficiency. In the DRI-NG case, the efficiency
evaluation is also affected by the methane reforming step for conversion
to syngas, requiring energy by increasing thermal energy consumption.
In the DRI-Syngas and DRI-H; MSW cases, however, the MSW gasifica-
tion step for producing the reducing gas is not included in the plant
scheme. From this it can be seen that even though the three schemes
have similar overall efficiencies, the DRI-NG scheme is more efficient,
due to the use of methane, which results in a better-quality reducing gas,
and the many optimizations made, including based on solutions pro-
vided by the manufacturers. Of course, it should be considered that the
simulations work in ideal situations. In the complexity of reality, the
efficiencies are lower. Be that as it may, the results of the analysis are a
good method for a comparison between different schemes.

Table 13
Compressors results.
Unit Cl Cc2
Discharge Pressure bar 2.4 1.1
Pressure Ratio - 1.8 1.1
Net Power Required kW 2940.98 165.67
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Table 14
DRI-syngas results.

Inlet Reducing Gas

Flow rate Nm®/h 62,590.3
Temperature °C 918.45
Pressure bar 2.4
Composition
H, % 42.12
H,0 % 3.33
co % 42.55
CO; % 3.01
No+ CHy4 % 8.9
Outlet Gas
Flowrate Nm®/h 62,676.86
Temperature °C 660
Composition
H, % 29.51
H,0 % 16.12
co % 32.42
CO, % 13.09
Ny+CHy % 8.6
Required Solid feed t/h 37.30
DRI Production t/h 27.13
Steel Production t/h 25.27
DRI Composition
Fe % 84.87
FeO % 6.34
Carbon % 2.00
Gangue % 6.49
Metallization % 93.19
Table 15
Specific Consumption DRI and EAF section.
Specific Consumption Unit
DRI Plant
Syngas 493.09 kg/tpri
EAF Section
Methane 1.43 kg/tsTEEL
Oxygen 49.97 kg/tsTEEL
Carbon 17 kg/tsTEEL
Limestone 50 kg/tsTEEL
Table 16
Compressors results.
Unit Cl c2 Cc3
Discharge Pressure bar 1.1 1.1 2.5
Pressure Ratio - 1.1 1.1 2.27
Net Power Required kW 9.24 164.93 2257.52
Table 17
Power energy consumption.
Unit DRI-NG DRI- DRI- DRI-Hy
No ccs H, Syngas MSW
CCSs
Compressors MW 4.31 3.94 3.11 2.43 3.11
EAF MW 11.32 11.32 11.38 11.37 11.38
ASU MW  0.36 0.36 - - 0.61
AEL MW - - 81.04 - -
Casting MW  0.27 0.27 0.27 0.27 0.27
COy Absorber MW - 1.64 - 2.93 -
Total MW  16.26 17.53  95.8 17 15.37

11
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4.5. Environmental analysis

Based on the results of the simulations and energy analyses, CO»
emissions can be determined (Table 20). Total emissions are given by
those from the process, i.e., the reduction and combustion step, and the
equivalent emissions from electricity consumption.

The configuration that adopts pure hydrogen from fossil sources
returned the largest carbon dioxide emission flowrate, mainly due to the
equivalent fraction (131% more than DRI-NG case). Whereas the
adoption of MSW syngas returned the largest process-CO, emission
flowrate, with a total value that is 42% higher than in the DRI-NG case.
This is mainly due to the composition in the reducing gas, resulting
unbalanced toward CO compared to hydrogen (see Table 3 of MSW
syngas composition). This leads to a higher CO, production in the
reduction and combustion step. Better results may be obtained by
including a pre-treatment of the MSW syngas before sending it to the DRI
unit: this of course will lead to an increase of both CapEx and OpEx.
However, the CO, stream that is separated in the absorption section,
having a purity of more than 99%, would already be ready for storage. In
the case where CO; is stored, it is possible to reduce emissions by 54%,
obtaining a total emission of 12.65 t/h and a specific emission of 500.72
kgCOo/tstreL. The use of hydrogen from gasification, instead of syngas,
as is easy to predict, allows for a further reduction in CO5 emitted.

For better understanding, the total specific kgCO>/t of DRI and steel
produced are shown in Table 21.

The specific CO2 emissions of a DRI/EAF plant fall within the range
630-1150 kgCO2/tsrrrL (Kirschen et al., 2011b). Millner et al. reported
a value of 777 kgCOy/tsTEEL, While Strezov et al. (2013) reported 400
kgCOy/tpg; for the DRI process alone.

The calculated DRI-H; plant emissions are also found to be in good
agreement with the data reported in the literature. References (Cav-
aliere, 2019), (Carpenter, 2012) report an emission of 71 kgCOo/tsTEEL.

As mentioned above, CO3 emissions are reduced through appropriate
optimizations and energy recoveries that minimized methane con-
sumption. The adoption of CCS leads to a substantial reduction in CO5
emission for the DRI-NG scenario (direct emissions, i.e. of Scope 1, de-
creases of about 40%). Obviously, on the other hand, the indirect
emissions (equivalent, or of Scope 2) undergo a slight increase, because
of the energy consumption in the reboiler of the stripper of the CCS
system. Depending on the final use of the captured CO,, additional costs
of compression, storage and/or transport will have to be considered.

A separate discussion deserves the case with hydrogen. The use of
hydrogen allows to cut down the CO, emissions associated with the
process. In the case of full fossil energy use (worst case), the DRI-H,
plant emits, due to high CO, equivalent emissions, 131% more than DRI-
NG, making the plant environmentally unfavorable. Renewable energy
also cuts down equivalent emissions, reducing them to zero. With full
use of renewable energy (best case), emissions are reduced by up to
87%. Unfortunately, as is well known, at present it is not conceivable to
be able to work all hours of the day and year with renewable energy. It
will therefore be necessary to supplement energy from the grid. A
common Midrex plant can work until 8000 h per year (MIDREX® Direct
Reduction Plants ). Considering 8 h per day of renewable energy, about
31% (2500 h) of the 8000 h can be covered. In this case, there is a
specific CO3 emission of 1255.77 kgCO4y/tsreEL, about 63% more than in
the DRI-NG case. To have an environmental benefit, and thus have an
emission of less than 700 kgCO2/tsTEEL, it is necessary for the plant to
work at least 5136 h per year with renewable energy (see Fig. 7).

4.6. Economic analysis

With the results of the simulations, it is possible to determine the
total investment for the purchase of the main equipment (Table 22). The
DRI-Hj plant has the highest investment cost, as is easy to expect given
the high costs involved in purchasing the electrolyzer. The syngas and
hydrogen plants from gasification are expected to have a lower
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Table 18
Specific energy demand.
Unit DRI-NG DRI-H, DRI- DRI-H,
No CCS CCS Reference (Vogl et al., 2018), (Chiappinelli et al., Model Syngas MswW
Reference (Chiappinelli et al., Model 2020)
2020)
Electric GJ/ 2.5 2.33 2.51 >10.6 13.71 2.43 2.20
tSTEEL
Thermal GJ/ 10.5 9.87 9.87 <1.9 1.39 10.8 8.30
tSTEEL
Total GJ/ 13 1220 12.38 125 1510  13.23 10.20
tSTEEL
Table 19 similar. This is explained in the fact that presiding over the labor cost
Energetic efficiency. calculation is all equipment where solids handling takes place, and the
Unit DRING DRI- DRI- DRI-H, number of the latter does not vary for the plants.
No ocs H, Syngas MSW Based on the calculation of the investment cost of the main equip-
ccs ment, it is possible to define discounted CFD (Fig. 8). Only the CFD of the
DRI-NG and DRI-NG-CCS are shown. As shown in Tables 22 and 23, even
InlEe;;I;;rmal MW 547.18 - 54718 - 536.64  554.39 >36.64 when the investment cost is lower (DRI-Syngas) than other schemes, the
Product MW 33006 330.06 331.76 331.57 331.76 high cost of electricity and the purchase cost of raw materials lead to a
Thermal negative NPV index. Because of this, hydrogen and syngas plants have
» Ener&éy W 1696 rss oss . 1537 all negative economic indices, thus making the plants economically
'OWer Lner; . o o . . o . .
'1,,. 4 % 5858 845 oo.46 58.03 60.10 unviable. Hydrogen from gasification has a higher cost than syngas, but

investment cost. Once again, however, it must be considered that ready-
to-use reducing agent is fed directly into the plant, while for the other
processes it is also necessary to purchase the units (reformer, electro-
lyzer) for converting the raw material (methane, water) into reducing
gas.

The investment cost of the DRI-NG plant is higher than what the
reference (IEA G20 Hydrogen Report: Assumptions ) reports, which es-
timates a cost of 119 M$, while it is less than 218 M$, as reported by the
reference (Global Hydrogen Review). The increase in the investment
cost of adopting CCS, is extremely small. This is in line with what is
reported in the literature where a maximum increase of 8% is estimated
(IEA G20 Hydrogen Report: Assumptions).

According to the reference (IEA G20 Hydrogen Report: Assumptions
), a DRI-H, plant of equal capacity to the one modeled has an investment
cost of 191 M$ (casting investment costs are not included). For the same
plant, Gielen et al. estimates an investment cost of 285 M$, while Rosner
et al., 2023 245 M$.

To construct the cash flow diagrams, annual costs and revenues are
defined for the four plants (Table 23). For all cases, the labor cost is very

due to the fact that hydrogen has a higher reducing potential the
required mass flow rate is largely lower, leading to a lower annual cost
to purchase hydrogen than syngas. Be that as it may, the low ROI, does
not allow for a positive NPV at the end of the plant life.

The analyses developed show not high profits (even in cases of
positive NPVs) against the necessary investments. It should be consid-
ered that these analyses are affected by the high variability in com-
modity, energy and money costs that has marked the economy since the
COVID 19 pandemic. In addition, the European market has been
strongly affected by higher prices and inflation due to the war in
Ukraine. In contrast, the U.S. market, which is not dependent on imports
from Russia, has not been affected by the Ukraine war crisis as Europe
has been. Therefore, it is useful to see what the economic results would
be using the cost of methane and electricity from the U.S. market
(Table 24).

The cost of natural gas is about 0.5 fold than European one while
electricity is just over half. Table 25 summarizes the economic indices of
the same scenarios already examined but using U.S. methane and power
energy costs. The results make it clear that steel production by DRI
technology is highly dependent on the cost of energy (methane + elec-
tricity). Seeing how the rising price of them makes it economically

Table 20
CO, emissions.
Unit DRI-NG DRI-Hy DRI-Syngas DRI-H, MSW
No CCS CCS Fossil Renewable
Equivalent CO» DRI tCO2/h 2.08 2.64 37.47 - 2.26 1.65
EAF + Casting tCOy/h 5.16 5.16 5.19 - 5.19 5.19
TOTAL tCO2/h 7.24 7.8 42.66 - 7.45 6.84
Process CO, DRI tCO2/h 9.81 1.61 0.01 0.01 17.69 0.01
EAF + Casting tCOy/h 2.44 2.44 2.43 2.43 2.44 2.44
TOTAL tCO2/h 12.25 4.05 2.44 2.44 20.13 2.45
Total CO, tCO2/h 19.49 11.85 45.1 2.44 27.58 9.29
Table 21
Carbon footprint factors.
Unit DRI-NG DRI-H, DRI-Syngas DRI-H, MSW
No CCS CCS Fossil Renewable No CCS CCS
Specific CO, kgCO2/tpri 437.73 156.47 1379.81 0.37 735.32 191.71 61.11
kgCOy/tsTrEL 770.43 468.42 1782.74 96.45 1091.59 500.72 367.22
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Fig. 7. CO, emissions in function of the working hours of renewable energy.

Table 22
Investment costs results.

Investment Costs (M$)

DRI-NG DRI- DRI-Syngas DRI-Hy
- H, MSW
No CCs
CCS
Shaft Furnace 54.36 54.36 54.32 54.16 54.32
EAF Furnace 32.20 32.20 32.26 32.26 32.26
Cl 0.11 0.11 9.72 0.01 9.72
Cc2 0.76 0.63 0.12 0.12 0.12
Cc3 9.57 9.57 - 8.27 -
Reformer 4.62 4.62 - - -
Reformer 25.80 25.80 - - -
Furnace
Furnace - - 9.91 7.59 9.91
Electrolyzer - - 78.78 - -
CO, Absorber - 1.45 - 2.58 -
ASU 13.06 13.06 - 10.84 15.98
Casting 32.44 32.44 32.47 32.44 32.47
Total (FCI) 172.92 174.24  217.58 148.27 154.78
Table 23
Annual costs (Base value).
Cost (M$/y)
DRI-NG DRI- DRI- DRI-Hy
H, Syngas MSW
Raw Materials
Iron Ore Pellet 13.43 13.43 13.43 13.43
Limestone 0.33 0.33 0.33 0.33
Methane 23.53 0.46 0.20 0.46
Carbon 0.46 0.46 0.46 0.46
Demineralized Water - 1.56 - -
Syngas - - 86.18 -
Hy-MSW - - - 71.13
Product Materials
Steel 170.15 170.15  170.15 170.15
Oxygen - 2.88 - -
Power Energy
Fossil No CCs 111.89  19.86 17.95
CCS
18.99 20.48
Renewable - 168.61 - -
Casting 3.24 3.24 3.24 3.24
EAF graphite 1.82 1.82 1.82 1.82
electrodes
Labour
No CCs 4.19 4.19 4.19
CCSs
4.19 4.20
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difficult to produce steel, should make governments and companies
think about how necessary it is also economically, and not only envi-
ronmentally, to free themselves from the use of fossil. Particularly
where, as in Europe, the cost of fossil is high.

The analyses also do not take into account, eventual carbon tax. The
introduction of new carbon tax at the European level, would make less
unfavorable production technologies with less environmental impact
(DRI-H,) and technologies where waste reuse takes place (DRI-MSW),
whose emissions are exempt from taxation. To this end, a sensitivity
analysis is conducted to see how a possible carbon tax impacts the
economic performance of the DRI-NG plant (the only one that would be
subjected to a carbon tax) (Fig. 9). The carbon tax applies to the direct
emissions of the plant, not to the equivalent emissions.

The DRI-NG plant is more susceptible to the introduction of carbon
tax, being more emissive. The inclusion of carbon tax makes the appli-
cation of absorption more competitive than its non-use. In addition, as
the cost of carbon tax increases, the disadvantage of using green tech-
nologies such as the DRI-H; plant is reduced.

4.6.1. Monte Carlo simulation

The results of Monte Carlo simulations help to get a more complete
overview of the risks-benefits of investing in the technologies studied.

From the cumulative curves it is possible to infer the probability of
having a positive NPV. For the DRI-NG and DRI-NG-CCS case, there is a
positive NPV in around 45% of the cases (Fig. 10b). This shows that the
investment has a high risk, which depends more on the cost of methane
and energy. On the other hand, when energy costs remain low, they
allow for a decent margin of return. In contrast, the production of steel
using hydrogen from electrolysis has no economic advantage when
using only green energy (Fig. 10d and e). CFD analysis clarifies the
economic weight that renewable energy use, in DRI-Hy plant, has on
economic indices. As the use of renewables increases, the NPV de-
creases. It is interesting to note that directly using hydrogen from MSW
gasification pays off compared to using syngas. Hydrogen costs more
than syngas (because of the additional purification step) but being a
better reducing agent the required flow rate is lower leading to better
economic results.

5. Conclusions

The steel sector is facing the grade challenge of cutting its CO,
emissions. The model of the entire DRI-EAF plant, based on kinetic
considerations, validated on data from the Midrex GILMORE plant, al-
lows the environmental impact of different kinds of reducing gases to be
assessed, remaining unchanged in the quality of the product.

The plant adopting syngas from methane reforming is confirmed to
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Fig. 8. Discounted CFD: DRI-NG and DRI-NG-CCS cases.

Unit Cost  Reference

Methane $/kg 0.32 (United States Natural Gas Industrial Price )
Fossil Energy ~ $/MWh  81.5  (U.S. Energy Information Administration (EIA))

Table 25
CFD Results (DRI-NG and DRI-NG-CCS cases).
Unit EU Market U.S. Market
No CCS CCs No CCS CCS
NPV M$ 91.8 82.7 192.75 190.29
ROI % 0.17 0.17 0.24 0.24
PBT y 5.8 6.1 3.84 3.89
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be the best performing, given the greater maturity of it compared to the
other schemes. Although it has made significant reductions in CO5
emissions compared with BF-BOF technology, it is with the use of
renewable energy and green hydrogen from electrolyzer that green-
house gas emissions can be cut down almost completely. In this direc-
tion, it is important to improve the efficiency of the plant, especially the
electrolyzer.

The use of syngas and hydrogen from gasification of MSW allows the
coupling of the steelmaking plant with a waste material upgrading plant.
The environmental analysis reveals how the syngas scenario is highly
emissive in terms of CO,. This is due to the lower quality of the reducing
gas, and its higher carbon monoxide content generating more CO3 in the
reduction and combustion steps and affecting the energetic efficiency.
More than 60% of the CO2 produced comes from the separation step and
is already ready for eventual storage (additional energy and economic
costs of power compression and its storage should be considered). Car-
bon capture and storage can lead the syngas plant to reduce emissions by
up to 35% compared to the case with methane. Improving the product of

95 100 105 110 115 120

Carbon Allowances ($/tCO,)

Fig. 9. NPV in function of Carbon Allowances price (EU Market).
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Fig. 10. Monte Carlo simulation results: a), b), ¢) DRI-NG and DRI-NG-CCS plants; d), e) DRI-H,, DRI-H,-MSW and DRI-Syngas plants.

MSW gasification by separating hydrogen from the gasification product
leads to better environmental performance, with 27% lower emissions
than the DRI-Syngas case with storage. In addition, the CO3 emissions
due to the reduction step come from the reuse of a waste anyway, and
thus are to be considered neutral in the overall GHG balance and exempt
from any carbon tax impositions. The real obstacle of using syngas from
gasification is economic. Analysis show that the plant, due to the cost of
syngas production, has low profitability. This is due to the cost of pro-
ducing such syngas and the high demand for the plant, since it does not
possess excellent quality as a reducing agent. Therefore, the use of
syngas remains an economically risky option unless the cost of gasifi-
cation of municipal solid waste is reduced and the efficiency of its use in

the plant is increased. The use of hydrogen from gasification, on the
other hand, provides a significant reduction in CO; emissions and in
annual costs leading to a positive NPV at the end of the plant’s life in
40% of the cases examined in the Monte Carlo analysis.

The work done, however, shows that the use of green hydrogen for
steel production is still too dependent on the cost of renewable energy
and on the efficiency of the electrolyzer, which causes high power
consumption. Certainly, any economic incentives from government in-
stitutions will play a key role.

Analyses show the potential of alternative technologies to fossil fuel.
In addition to the environmental aspect, the introduction of carbon tax,
and rising prices of fossil resources is making it even more necessary to
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Fig. 10. (continued).

use green technologies. While waiting for these technologies to be
deployed on a large scale, CCS is a viable solution to reduce emissions
and reduce the economic impact of carbon tax.

The developed study aims to provide a validated model of the entire
steelmaking process by direct reduction that can allow comparison of
reducing gases of different nature, from energy, environmental and
economic points of view. In future work, the model may be used for new
additional green reducing gases, such as ammonia.

Future work should optimize the distribution of hydrogen injection
points in the DRI-Hy furnaces, evaluating any oxygen injections, to
improve the thermal profile inside the furnace and provide a sensitivity
analysis on increasing electrolysis load factor by analyzing hydrogen
storage scenario, to allow a higher use of renewable energy.
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