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RÉSUMÉ

L'industrie sidérurgique est responsable d'une part importante des émissions mondiales de

CO2. Dans ce contexte, les entreprises productrices d'acier doivent prendre des mesures pour

limiter leur empreinte carbone d'ici 2050 a�n de respecter les accords de Paris (Conference

of Parties, COP21). Ce projet propose une nouvelle approche a�n de simuler la réduction

directe de l'oxyde de fer (DRI) par le procédé MIDREX en utilisant des bilans massiques et

énergétiques globaux obtenus à partir de calculs de thermochimie numérique. Le diagramme

d'écoulement du procédé est construit en utilisant la librairie dynamique ChemAppPy couplée

aux bases de données FactSage qui fournissent la description énergétique de chaque phase

présente dans le système. Cette simulation évalue la faisabilité de substituer partiellement

le gaz naturel par de l'hydrogène et estime l'empreinte carbone associée. Les conditions de

fonctionnement optimales sont analysées pour maximiser à la fois la qualité du produit et

la réduction des émissions de CO2. Plusieurs paramètres sont analysés tels que : l'impact

de l'injection d'hydrogène sur la métallisation des boulettes de DRI, la teneur en carbone

ainsi que le bilan énergétique du four. D'autres con�gurations de conception impliquant des

stratégies d'e�cacité énergétique et de récupération des ressources sont conceptualisées en

n'utilisant que l'hydrogène comme agent réducteur. Une analyse du cycle de vie (ACV) est

réalisée avec le logiciel OpenLCA, la base de données Ecoinvent ainsi que par couplage avec

ce modèle prédictif. L'intégration avec la méthodologie d'analyse du cycle de vie fournit un

cadre précis pour évaluer les émissions de l'ensemble du cycle de vie de l'acier.
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ABSTRACT

The steel industry is responsible for a signi�cant proportion of the worldwide CO2 emissions.

The Paris agreements, signed during the Conference of the Parties (COP21), required steel

companies to take actions before 2050 to reduce their greenhouse gas emissions. This thesis

proposes a new approach strategy where H2 is injected during the MIDREX process instead

of conventional natural gas to reduce CO2 emissions. To support this claim, the Direct

Reduction of Iron (DRI) MIDREX process was simulated using the overall mass and en-

ergy balances based on computational thermochemistry calculations. The process simulation

�owsheet was constructed using the dynamic link library ChemAppPy coupled with special-

ized FactSage databases for the energetic description of each phase present in the process.

This simulation assesses the feasibility of partial methane substitution with hydrogen and

estimates the associated carbon footprint. The operating conditions were iterated in the sim-

ulation to maximize the product quality while minimizing the CO2 emissions. Moreover, the

impact of the hydrogen injection on the pellet metallization, carbon content and the energy

balance of the DRI furnace are analyzed and presented. Finally, other design con�guration

involving energy e�ciency and resource recovery strategies are conceptualized using hydrogen

as the only reducing agent. In the end, a Life Cycle Analysis (LCA) was conducted using a

combination of the OpenLCA software, the Ecoinvent database and the simulation results.

This analysis, coupled with LCA, provides an accurate framework assessing the emissions of

the complete steel life cycle.
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CHAPTER 1 INTRODUCTION

1.1 CO 2 emissions and greenhouse gas e�ect

Canada along with 120 countries including all G7 members have committed to net-zero

emissions by 2050 [29]. In 2021, the Canadian Net-Zero Emissions Accountability Act was

voted to ensure the government and the Canadian industry will work towards these goals

with transparency [29]. The pie charts presented in Figure 1.1 show the gaseous species (a)

and industrial sectors (b) that contribute the most to greenhouse gas e�ects (GHG).

(a) (b)

Figure 1.1 Proportion of the main sources of GHG for industrial sectors and gas species [8].
(a) GHG contributions per gas species. (b) Sources of GHG emissions by industrial sectors.

From Figure 1.1a, it can be seen that carbon dioxide (CO2) emerges as the main gaseous

species contributing to GHG e�ect. CO2 emissions stem from the utilization of fossil fuels in

transportation, electricity production and various industrial processes. Additionally, forestry

practices and agricultural activities constitute another signi�cant source of GHG. Methane

(CH4) emissions through agriculture and F-gases from refrigerating system leaks contribute

up to 18 % of the GHG e�ect. Even though they are emitted in smaller quantities, CH4 and

�uorine-base gases signi�cantly contribute to the global GHG e�ect as a result of their great

global warming potential which is 30 and 12 000 times the one of CO2 respectively [30]. One

of the reasons why these two gaseous species have a higher GHG e�ect is because they have

a longer atmospheric residence lifetime.
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Industrial CO2 emissions account for 21% of the total GHG emissions across all sectors. The

industrial sector is predominantly characterized by on-site fossil fuel consumption for energy

generation within facilities, along with activities in three key industrial sectors: mineral pro-

cessing, metal production, and chemical manufacturing. Primary iron production stands as

the predominant contributor to the global metal production sub-category. Consequently, the

imperative to decarbonize iron production has become a pressing priority for both govern-

ments and industries striving to achieve Net-Zero emissions by 2050.This thesis will focus

into accessible pathways for decarbonizing the steel industry, thereby addressing

a critical aspect of this challenge.

1.2 Iron and Steel industry decarbonization

1.2.1 Mining : production of ore

The primary production of iron and steel represents one of the largest sources of CO2 emis-

sions worldwide [31]. According to Bond et al. [5], steel production accounts for 7-9 % of

worldwide anthropogenic CO2 emissions. The main reason for the large CO2 emissions of

the iron industry is the use of carbon-based materials (such as coke and methane) as

reducing agents to convert oxides minerals into metals. Consumable graphite electrodes

used in electric arc furnaces are also contributing to these emissions. Such reducing agents

are still required as about half of the worldwide production of iron/steel relies on the primary

route (the other half being produced using secondary routes which consume much less carbon

materials).

In their natural states, iron ores contain various Fe-bearing minerals such as Fe2O3 (hematite)

and Fe3O4 (magnetite) in which iron is in various oxidation states (i.e Fe2+ and Fe3+ ). Several

iron minerals with their respective chemical formula and iron theoretical content are presented

in the Table 1.1.

Table 1.1 Most common iron oxide minerals found in iron ore and their associated iron (Fe)
content.

Name Formula Fe [weight %]
Hematite Fe2O3 70 %
Magnetite Fe3O4 72 %
Illemnite (FeTi) 2O3 37 %
Goethite FeO(OH) 63 %
Siderite FeCO3 49 %
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Table 1.1 shows that magnetite is the most attractive mineral as it contains the highest iron

content (Fe weight %). Magnetite iron ore reserves are available in great extent in Australia

which gives their metallurgical industry a competitive advantage. It also partially reduces

the amount of energy required for the comminution step to remove gangue material.

All major steps involved in the iron ore extraction up to the crude steel production are

presented in Figure 1.2. Primary production of iron starts with the ore extraction followed

by the ore concentration operations also known as bene�ciation. During bene�ciation the

Fe content increases from 40% to around 60% by removing mostly gangue minerals such as

silicates. This step allows reaching nearly pure iron oxide concentrate.

Bene�ciation operations are usually performed near the ore extraction site to avoid the

transportation of gangue material. These operations include comminution (performed using

crushers and ball mills) as well as physical, magnetic and gravitational separation. Finally,

the iron concentrate (�ne ore in Figure 1.2) is pelletized or sintered. Sintered iron or Lump

ore are mainly feeding the traditional BF route while pelletized iron concentrate is also used

in DRI furnaces. The Dwight-Lloyd sintering process which uses coke breeze and �uxes will

convert, at high temperature iron-rich minerals (such as magnetite and goethite) into porous

sinter of hematite (Fe2O3). Additionally, it facilitates the removal of volatile components and

moisture from the raw materials, enhancing the overall e�ciency of the ironmaking process.

Pelletizing is achieved via pelletizing drums or disks in the presence of inorganic binder

(bentonite). These green pellets which have an average size of 13 mm, are then roasted in a

grate-kiln in a process called induration.

1.2.2 Production of steel from ore

The next steps after the mineral processing involve the reduction (ironmaking) and the

adjustment of the chemistry of the alloy (steelmaking). Figure 1.2 shows two routes leading

to Crude Steel (CS) from the use of concentrate. It also shows the secondary route used to

recycle scrap via electric arc furnaces.

As mentioned previously, iron ores contain various impurities in the form of silicates which

have to be removed in most parts before producing various types of steel. The iron reduction

step of the steel manufacturing process traditionally involve high-temperature reduction of

iron oxide phases using carbon materials (such as metallurgical coke) to remove oxygen in

order to obtain metallic iron.
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Figure 1.2 Routes to produce steel, reproduced from Oliveira et al.'s article [9].

Originally performed in blast furnaces BF, the reduction process is the highest CO2 emitting

step in ironmaking. DR furnaces are also used nowadays to produce iron from iron oxide

concentrates using natural gas as the source of reducing gases (via thein situ synthesis of CO

and H2). This type of reactor operates in the solid state and requires less energy compared

to blast furnaces. The DRI pellets are then melted in an Electrical Arc Furnace (EAF).

BF technology is the highest emitting routes in terms of amount of CO2 per ton of steel due

to the use of coke as the reducing agent and because of the high temperature which is required

to produce the liquid pig iron. The iron source to produce steel can come from either iron

ores (primary iron production) or from iron-rich scrap (such as compacted body of end-of-life

cars). It is to be noted that scrap materials cannot be added to all unit operations. EAF and

the Basic Oxygen Furnaces (BOF) are the only reactors that will accept scrap materials.

For primary production of steel, the main reduction and converting operations are currently

achieved via the Blast Furnace - Basic Oxygen Furnace (BF-BOF) route or through the DR-

EAF route. The reduction step of both the BF-BOF route and the DR is the most polluting

operation in the primary production of iron. The main routes for steel production with their

related CO2 emissions are summarized in the following Table.

It is to be noted that the secondary production of iron does not involve the reduction of iron
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Table 1.2 The 3 main routes for steel production with their associated emissions and world
production.

Routes CO2 emissions Energy required World production Proportion References
[tons CO2/tons CS] [MJeq/tons CS] [106 tons] %

DR-EAF 0.6 -23 113.9 5.6 [32]
Scrap-EAF 0.4 -4 562.7 27.9 [32,33]

BF-BOF (for HRC) 1.9 0.7 1341 66.5 [32,34]

oxide and is producing signi�cantly less CO2 per ton crude steel (CS).

Figure 1.3 shows a comparison between the primary production of iron from the BF route

compared to the DR route [10].

Figure 1.3 Production of pig iron from the BF route compared to DRI production from
DR [10].

According to Figure 1.3, the iron production has noticeably increased from 1990 to 2018. To

reduce the carbon footprint of the steel industry, changes in technology must be operated

according to Table 1.2. To lower CO2 emissions, the DR-EAF route should be prioritized

compared to the BF route. According to the International Energy Association (IEA), the

proportion of each route will evolve in the next 25 years. In their prospective analysis, DR-

EAF will represent a signi�cantly larger proportion of the primary iron production. The

BF-BOF is no longer the preferred route due to its high CO2 emission and governmental

carbon tax initiative. Also, by 2050, the ever-increasing production of steel from ores will
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have accumulated large quantities of scrap. As a result, steel produced from scrap will occupy

a larger market share [35].

1.3 ArcelorMittal's Contrec÷ur (AMPLC) decarbonization e�orts

In an e�ort to decarbonize the production of this commodity metal, companies are actually

investigating the use of greener reducing agents such as hydrogen. As highlighted by the 2030

Green Economy Plan of Quebec ministry, green hydrogen in steel production is identi�ed as

a promising solution to decarbonize steel, oil and ammonia production [36]. Simulation

and economic prediction, presented in the 2023-2028 Implementation Plan, are based on the

two software SEQUENCE and the MEGFQ-E (Modèle d'Équilibre Général du ministère des

Finance du Québec) [37]. MEGFQ-E is a software designed to elaborate pricing of goods

based on inter-provincial import and export data. This predictive software is also used

to evaluate actions against climate change. SEQUENCE presents various energy pathways

to reduce industrial GHG emissions.Neither of these software incorporates robust

process modeling, therefore they are unable of accurately predicting the exact

CO 2 emissions of a designated industry.

Following those decarbonization guidelines, AMPLC contacted Polytechnique Montreal in

order to develop a predictive tool based on computational thermochemistry. The necessity for

modeling software arises from the challenging conditions of high temperature and production

rate, which make it impractical/impossible to install physical sensors inside the furnace.

The main objective of this model is to determine/predict the optimal operation conditions

of the MIDREX plant in Contrec÷ur when hydrogen is injected to partially substitute for

natural gas. Secondary objectives associated with the implementation of this numerical tool

are to evaluate the direct CO2 emissions and the resulting product quality when varying the

amount of hydrogen injected to substitute natural gas.

A �rst industrial-scale injection of hydrogen in the MIDREX achieved by ArcelorMittal

team in Contrec÷ur was performed. About 6.8 % (vol) of hydrogen, compared to the actual

natural gas �ow, was injected and signi�cant changes in the process were observed such as

an increased e�ciency in the burner as well as a modi�cation in the H2/CO ratio. AMPLC

reduction unit produces over 2 millions tons of DRI per year, which represents a potential

of 1.2 MT of CO2 reduction per year. This plant alone represents 4.6% the CO2 emissions

produced by the Montreal community in 2017 [38]. A reduction of its CO2 footprint would

therefore be signi�cant for our province of Quebec.
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1.4 Objectives of this research

The injection of hydrogen in the MIDREX process can reduce the use of methane which

is required for the reduction inside the furnace and for maintaining the required operating

temperature for the reduction to occur. As it will be presented in this work, the injection of

hydrogen as a reducing agent in a DR furnace will modify the energy balance in the reduction

furnace, which may a�ect the temperature pro�le in the reactor as well as the e�ciency of the

entire process. Consequently, achieving the same iron production necessitates a higher energy

input as well as an excess of hydrogen (compared to the stoichiometric amount required for

the reduction) [39].

Through a comprehensive process modeling approach, industrial iron and steel producers

could maximize the production while minimizing greenhouse gas emissions. This could be

achieved, for example, by using computational thermochemistry software such as FactSage.

Specialized thermodynamic databases describing pyrometallurgical operations (from energy

and mass balance perspectives) allow the construction of process simulation tools with un-

paralleled precision.

As the investigation of Hydrogen Direct Reduction (H-DR) with the MIDREX process is of

prime importance to reduce the CO2 emissions of the conventional methane-based process,

many thermodynamic simulations and Finite Element Method (FEM) simulations of the fur-

nace are already available in the literature. However, FEM simulations require an extensive

amount of experimental data and tuned parameters. As a result, it does not really pre-

dict CO2 emissions reduction at the process level when hydrogen substitution is performed.

Moreover, implementing kinetic models for H-DR simulations requires validation through

experiments which is time consuming and expensive. Finally, a comprehensive Life Cycle

Assessment must be conducted to e�ectively model and account for all CO2 emissions.

Another numerical strategy to model the MIDREX process is to use computational thermo-

chemistry to solve mass and energy balances while being able to account for all equilibrium

chemical reactions which may occur in the various unit operations (i.e. the reformer unit, the

burners and the reduction furnace). Using this approach, an entire process �owsheet could

ultimately be built to identify optimal operating parameters that minimize the CO2 emis-

sions while maintaining the quality of the �nal product (such as the metallization of the DRI

pellets). Limitations regarding the hydrogen injection in the current MIDREX process fully

justify the implementation of such a computational thermochemistry-based process model.
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To achieve this simulation strategy, the following requirements must be satis�ed:

ˆ An extensive thermodynamic database to describe all the iron oxide, impurity-containing

and metallic phases in the furnace.

ˆ A Gibbs minimization algorithm to perform equilibrium state calculations.

ˆ A converging numerical model of the process which assembles and computes all the

di�erent unit operations of the MIDREX process, including the presence of recycling

loops.

This project aims to build a digital twin of the MIDREX process which can account

for the H 2 injection and which includes the coupling with Life Cycle Assessment

database. Through the use of a thermochemistry dynamic link library calledChemApp

and of variousFactSage databases, each operating unit involved in the MIDREX process

is modeled accounting for all possible chemical reactions. This allows to assess the changes

in operating conditions while increasing the hydrogen injection in the process. This thesis

incorporates a thermodynamic model of a H-DR process operated in Quebec, Canada. The

Life Cycle Assessment (LCA) was completed using theEcoinvent LCA database.
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CHAPTER 2 LITERATURE REVIEW

2.1 Traditional routes for steel's primary production

In this section, a more detailed presentation of the iron ore reduction steps outlined in

the introduction will be provided. Reviewing the most common routes for steel production

ensures that all solutions for steel production decarbonization are covered in this study.

2.1.1 The Blast Furnace route

The Blast Furnace (BF) is the oldest method to produce steel, it was broadly used in Europe

and was developed in the 1500s [40]. As presented in Figure 2.1, CS production with the

BF-BOF route involves two main pyrometallurgical unit operations, i.e. the BF and the

Basic Oxygen Furnace (BOF).

Figure 2.1 Flow diagram of the BF process, reproduced from the article [11].

As shown in Figure 2.1, this primary method of iron reduction also requires two other sep-

arated plants, i.e. the sintering plant and the coking plant, which are usually located in

the same area to avoid cost of transportation. The BOF is equipped with an oxygen lance.

The impurities in the molten pig iron are oxidized in this reactor by blowing pure oxygen at

high velocity. As a result, impurities are transferred from the liquid metal to the slag or are

exhausted from the process through the gas phase.

The typical performance and fuel consumption of a BF were reported using as an example

the 1Mt/py Brazilian Monlevade ArcelorMittal plant [41]. The operation of this BF plant
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was started in 1937. It was originally designed to process 60% sinter, 20% ore, and 20%

pellets. This BF predominantly operates with 80% agglomerates owing to their superior

quality. The process optimization of this reactor, which occurred until 2007, resulted in an

overall decrease of its fuel consumption from 525 kg of coke per ton of CS to 340 kg per

ton of CS. As mentioned, this drastic decrease in coke consumption signi�cantly lowered the

GHG emissions per ton of pig iron.

Figure 2.2 Scheme of the BF cross-section, reproduced from the article [12].

The cross-section of a typical BF is presented in Figure 2.2. The main reaction zone of this

reactor consists of a vertical furnace of around 60 meters tall in which a blast of oxygen-

enriched air is injected at the bottom of the reactor via tuyeres. The �ux of iron concentrate

and coke is fed in alternatives layer by the top of the furnace through two chambers system

that avoid the feed material to start burning.

The overall reaction mechanism starts at the bottom of the furnace. The O2 injected by

the tuyere produces CO2 by reacting with the excess coke. The released heat associated to

this reaction contributes to raising the burden's temperature up to around 1600� C via the

following reaction:

O2(g) + C(s) �! CO2(g) � H1600� C;1atm = � 309:3 kJ (2.1)
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The Boudouard reaction then proceeds: the excess of carbon, in the form of coke, converts

the CO2 into CO(g) which will act as a counter-�ow reducing agent.

C(s) + CO2(g)+ �! 2 CO(g) � H1600� C;1atm = +277 :2 kJ (2.2)

This CO(g) ultimately contributes to the reduction of hematite to produce the carbon-

saturated molten iron via the following overall reaction:

Fe2O3(s) + 3 CO(g) �! 2 Fe(l) + 3 CO2(g) � H1600� C;1atm = +128 :2 kJ (2.3)

The dense molten iron �ows through the burden of the BF and accumulates at the bottom

of the furnace while the slag that contains most of the impurities �oat above the liquid iron

because of its lower density [12]. The BF route continues to serve as the primary method for

steel production today as presented in the previous section (see Figure 1.3). Consequently,

one avenue currently being explored by the iron and steel industry to decarbonize this process

is injecting hydrogen through the tuyeres, as proposed by both Tata Steel and Nippon Steel

[42,43].

2.1.2 The direct reduction: MIDREX process

The other major primary route used to produce iron from oxide concentrateswhich will be

the main topic of this thesis is the Direct Reduction (DR) process. This process uses

syngas (i.e. a mixture of H2 and CO coming from natural gas reforming) which is injected

in a shaft furnace. The overall reduction is described according to the following reactions:

Fe2O3(s) + 3 CO(g) �! 2 Fe(s) + 3 CO2(g) � H900� C;1:5atm = � 36:8 kJ (2.4)

Fe2O3(s) + 3 H2(g) �! 2 Fe(s) + 3 H2O(g) � H900� C;1:5atm = +62 :4 kJ (2.5)

The top gas coming out of the furnace contains a signi�cant amount of reducing gaseous

species (i.e. H2 and CO) as well as water which needs to be removed prior to its recycling.

The water content is lowered by cooling the gas in scrubbers. After scrubbing and before

entering the reformer the feed gas (process gas with its natural gas addition) is preheated.

This operation is accomplished through a heat exchanger, which transfers the heat from the

gas combustion to the feed gas [5].

As mentioned previously, the top gas coming out of the furnace is recycled but must be mixed

with fresh methane beforehand after being reformed. Also, part of this top gas is directed
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to the burners in the reformer to provide heat to the process (in this case both H2 and CO

from the top gas are used as a fuel). Air is injected into the burner in excess compared to

its required stochiometry de�ned by the following reaction:

2 CO(g) + O 2(g) �! 2 CO2(g) � H1100� C;1atm = � 562:1 kJ (2.6)

2 H2(g) + O 2(g) �! 2 H2O(g) � H1100� C;1atm = � 499:5 kJ (2.7)

Natural gas is also injected in the burners if the top gas combustion does not provide enough

energy to the reforming tubes. The stoichiometric combustion of methane is described as

follows:

CH4(g) + 2 O 2(g) �! CO2 + 2 H 2O(g) � H1100� C;1atm = � 802:7 kJ (2.8)

After the injection of natural gas, the process gas is directed to the reformer unit. The

reformers are composed of superalloy tubes �lled with catalysts. The following reactions

occur in the reforming tubes:

CH4(g) + CO2(g) �! 2 CO(g) + 2 H2(g) � H950� C;1:5atm = +259 :92kJ (2.9)

CH4(g) + H2O(g) �! CO(g) + 3 H2(g) � H950� C;1:5atm = +227 :32kJ (2.10)

The temperature of the reformed gas is increased to optimize the reduction kinetics inside

the shaft furnace. Anin-situ combustion inside the pipes at the Duct Burner (enrichment)

is performed by injecting oxygen and natural gas. After this operation, the gas stream is

called the bustle gas [5].

The entire �owsheet of this MIDREX process which has been simulated in this work is

presented in Figure 2.3. The simulated process �owsheet starts with the injection of natural

gas (G8) which is mixed with the recycled top gas (operation E1). The resulting feed gas

(G9) is preheated before entering the reformer (G16). The hot feed gas (G16) is rich in CO2,

H2O and CH4. In the reformer (operation E3), most of the CH4 reacts with CO2 and H2O

to produce the syngas which is mostly composed of H2 and CO (reaction 2.9).
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Figure 2.3 MIDREX process simulation �owsheet of the Voestalpine plant in Corpus Christi,
Texas, USA, used in this work which is inspired from the work of Bond et al. [5].

The reformed gas (G18) undergoes an enrichment process (operation E4) prior its injection

into the shaft furnace. The O2 stream (G25) reacts with the reformed gas (G18) in enrichment

zone (operation E4) and is mixed with natural gas (G26) to obtain the bustle gas composition.

The hydrogen injection we imagined is made in this zone (G37), is preheated (operation E11)

and then mixed (operation E5) with the bustle gas (G29) to become the H2-enriched bustle

gas (G39).

The direct reduction of iron is modeled in the furnace through a series of equilibrium reac-

tors (operation E6). This counter-�ow reactors strategy used to model the furnace will be

described in detail in the methodology section. The top gas (G1) is scrubbed and divided

into 2 streams : the top gas fuel (G2) and the process gas (G3). The proportion of each

stream depends on the operating conditions. The top gas fuel (G2) combustion (reaction

2.6, 2.8) with air (G10) and natural gas (G19) is calculated under the assumption that the

equilibrium state is reached. Some of the heat of combustion is utilized to heat the reformer

tubes, while the remaining heat is vented (DH vent) for converging purposes. This vent could

be compared to heat losses and should be minimized during the simulations.

It is to be noted that the simulation results presented in this master's thesis are based

on the data provided by Bond et al. for con�dentiality reasons (i.e. propriety data and

customized operations of ArcelorMittal are not considered in the reported results). The

simulations performed under these conditions served as a reference for our baseline scenario.
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The limitations of the Bond et al. MIDREX �owsheet representation are listed below:

ˆ No additional natural gas is injected in the furnace (i.e. no cooling loop is accounted

in the lower part of the furnace). This will result in a low carbon content of the DRI

pellets at the end of the process.

ˆ An arti�cial heat venting in the reformer (G42) is added to the simulation �owsheet to

help the numerical simulation converging to a steady state.

ˆ A gas vent (G42) is added to �t with Bond et al. simulation even if this is not existing

in the real process. It is therefore not part of any real-life process.

ˆ No natural gas is injected/required to the main burner (G19) because the top gas Flow

(G2) is too rich in combustible species (i.e. H2 and CO). This does not re�ect the real

operating conditions.

2.1.3 The direct reduction: HYL process (Energiron)

The HYL process developed for the direct reduction of iron ore emerged from the research

initiated by Hojalata y Lamina, S.A. (later known as Hylsa). The schematic representation

of this process which was reviewed later by the Tenova and Danieli companies is presented

in Figure 2.4.

Figure 2.4 Flow diagram of the HYL process, reproduced from the article [13].
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This process was created around 1957 [44], during the same time period as the MIDREX

process. The HYL process is also a DR process utilizing a counter-current �ow type reactor.

Although it shares similar fundamental principles with the MIDREX process, there are major

di�erences:

ˆ The absence of natural gas reformer. The HYL process only relies on thein-situ

reforming of the natural gas with CO2 and H2O produced inside the furnace. Hematite

particles act as catalysts for this reaction.

ˆ The pressure is much higher in the HYL furnace (i.e. 6-8 bar) when compared to the

MIDREX furnace (i.e. 1-1.5 bar).

ˆ The HYL uses a much slower gas �ow when compared to the MIDREX process. This

leads to the generation of less �nes according to the Energiron brochure.

ˆ The Energiron HYL process currently operates with a substantially higher H2/CO ratio

of around 4-6 when compared to the MIDREX process where the H2/CO ratio is around

1-2. The hydrogen-rich Bustle Gas (BG) is more thermodynamically stable due to the

fact that the in-situ reforming also leads to the preheating of the gas [13].

Another notable advantage of the HYL process is its ability to achieve a high metallization

rate (96%) while still incorporating an adequate proportion of carbon (4%) into the �nal prod-

uct, meeting the required carbon percentage threshold (2%). In contrast, in the MIDREX

process, insu�cient carbon content necessitates extending the residence time, allowing the

pellets to spend more time in the furnace. However, simply prolonging the residence time

does not guarantee an increase in carbon content to the desired level (2%). Therefore, ensur-

ing the appropriate carbon content at the furnace's end is a challenge and reduces the need

to adjust the carbon composition in the Electric Arc Furnace (EAF).

2.1.4 Fluidized bed reduction

The FINMET process �owsheet is presented in Figure 2.5. In the FINMET process, reduction

takes place within a loop of four �uidized bed dryers, with the �nal one operating at 800� C

and 14 bars. The oxidized particles undergo gravimetric separation using a cyclone. These

�uidized beds are fueled with syngas derived from natural gas reforming.
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Figure 2.5 Flow diagram of the FINMET process, reproduced from the article [14].

Three other technologies involving �uidized beds are well known in the industry: the Circored

process, the FINEX process, and the HIsmelt process which highlights are detailed below:

ˆ The Circored process was developed by Metso. Hydrogen is used as gaseous reductant

for the Circored process. The reduction happens in two step - a preheating in bed at

�rst and then the reduction reactor [14].

ˆ The FINEX process uses bubbling �uidized beds and a melter-gasi�er. The iron ore,

as a powder is reduced in a �uidized bed and then melted in the melter-gasi�er. The

end product is very similar to the one obtained by the BF route [14].

ˆ The HIsmelt process is based on coal gasi�cation with enriched air. The preheating

system designed by Outotec uses the smelter to preheat the �uidized bed reactor. The

pre-reduce magnetite and wustite are then fed to the EAF [14].

2.2 Green steel and the use of hydrogen

2.2.1 Recent industrial green steel initiatives

More recently, several industrial initiatives have been launched to reduce CO2 emissions

associated with the primary production of iron, with many of them utilizing green H2. A

non-exhaustive list of these industrial-scale initiatives is presented in Table 2.1.
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Table 2.1 Hydrogen Direct Reduction (H-DR) industrial projects and their characteristics.

Project
Name

Highlights Production
[tons/year]

Owners/Leads Reference

H-DR
MIDREX
process

H2 is incorporated with the reducing gas be-
fore furnace injection. A heat source will be
needed to perform the reaction and balance
the endothermic nature of the hydrogen re-
action with hematite.

100 000 MIDREX
and Arcelor-
Mittal
partnership
in Hamburg,
Germany

100% of Hy-
drogen

H-DR in
HYL process

Reuse the o�-gas with H 2 as a reductant.
Higher ratio H 2 /CO than classic MIDREX
process. The HYL process has been em-
ployed for a longer period than the H-DR
MIDREX process.

12960 Energiron,
Hylsa Mon-
terrey, N.L.,
Mexico

[13,44]

HYBRIT
(H-DR
MIDREX)

All process, Renewable energy for pellet
transformation, H 2 production and EAF
smelting. Requires 15 TW of fossil-free elec-
tricity per year

1300000 Cooperation
of LKAB,
SSAB, Vat-
tenfall

[45]

SALCOS
(Electroly-
sis)

Replacement of 8 millions tons of CO 2 from
2 BF-BOF to 2 H-DR route A

3M Salzgitter
AG,
Fraunhofer-
Gesellschaft,
and Tenova

[26]

ULCOS
(UL-
CORED)

Modi�cation of a blast furnace to reduce 50%
of the CO 2 emission per ton of steel. Carbon
Sequestration and top gas recycling.

17M ArcelorMittal,
Florange

[46]

HIsarna Smelting technology: Cyclone furnace in the
Isarna process and the smelter vessel of HIs-
melt. Using pulverised coal and ore instead
of coke is an e�cient technological method
for reducing GHG emissions.

TATA Iron
and Steel
Group of
European
Companies
in Holland
IJmuiden in
September
2010

[47]

COURSE50 CO2 emission reduction by 30%. CO 2 re-
covery and Hydrogen injection in the BF for
reduction. 55-65% (vol) H 2 substitution

35 tons/day Nippon
Steel, Japan
innovation

[48]

H2FUTURE A 6 MW PEM is installed with BF-BOF in
Linz, Austria. The goal is to see if it is eco-
nomically viable

6M Voestalpine,
Siemens,
Verbund
and EU
fundings

[49]

As shown in Table 2.1, most companies and projects are converging towards H-DR technolo-

gies to lower CO2 emissions for steel production. Direct reduction furnace fueled with green

hydrogen as a reactant will be deployed in SALCOS, HYBRIT and ULCOS projects. In the

SALCOS project, two BF furnaces are replaced by two DR furnaces for an announced 95 %

CO2 emissions decrease.

Regarding other initiatives, Primetal and Voestalpine have constructed the HYFOR pilot

plant for reducing power consumption using �uidized bed technology. In the HYFOR process,

the reduction of iron oxide powder (0.15 mm) occurs at 900� C [50]. To maximize the decrease

of CO2 emissions, a very innovative idea, pioneered by Boston Metals, is under development.

Boston Metal plans to reduce iron oxide powder using Molten Oxide Electrolysis (MOE)
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process [51]. Instead of conventional reducing agent such as CO and H2, MOE uses electrons

as follow:

Fe2O3(s) + 3 e� �! 2 Fe(s) +
3
2

O2 (2.11)

MOE for steelmaking maximizes the energy e�ciency of the process compared to the H-DR

route, as no energy is lost during the production of hydrogen with the electrolyzer. However,

this technology is still under research and development to be deployed at a large scale.

Nevertheless, H2 Green Steel factory in Boden (Sweden) [52] which is based on the traditional

MIDREX technology is supposed to reduce up to 95% of its CO2 emissions. This adapted

H-DR technology will use H2 exclusively. This 2.1 Mt/yr plant will be developed in collab-

oration with the SMS Group and Paul Wurth [52]. In the following section, a preliminary

analysis regarding the H2 consumption and the impact of using hydrogen as a reactant is

performed.

In Table 2.2, process characteristics and CO2 emissions reduction potential are presented

from the literature for the 100 % H2 DRI.

Table 2.2 Comparison between literature values and stochiometric requirements for the DRI
production with 100 % of hydrogen and electrical consumption for hydrogen.

Literature [53] Stochiometry Unit Reference
CO2 emissions 43 0 kg CO2/tDRI [53]
H2 consumption 61.06 50.49 kg H2/tDRI [53]

683.2 566.0 Nm3 H2/tDRI [53,54]
H2 production
(PEM electrolyzer*) 55.0 39.5 kWh/kg H 2 [28]
CO2 emissions reduction 121 153.3 g CO2/kWh

*The PEM electrolyzer is consider having an e�ciency of 71%. The CO2 emissions reduction

potential using an PEM electrolyzer having the e�ciency of 71%, is 153 g CO2/kWh in the

case of a carbon-free process. As presented by Rechberger et al. [53], if some CO2 emissions

remain from hydrogen preheating with natural gas, the CO2 emissions reduction potential

drops to 121 g CO2/kWh.

2.2.2 Challenges associated with the use of hydrogen as a reducing agent

Both conventional HYL and MIDREX processes produce DRI pellets as the �nal products.

This section discussed di�erent e�ects arising from the use of hydrogen to reduce hematite

pellets: i.e. the H2 embrittlement and the cluster formation.
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2.2.2.1 H 2 embrittlement

As previously mentioned, hydrogen reduction could be a potential alternative to coke and

methane to reduce CO2 emissions during the primary production of iron. One limitation of

the H2 reduction is linked to the hydrogen embrittlement of the DRI pellets and equipment.

H2 embrittlement (HE) is a fragility that occurs as a result of an accumulation of hydrogen

in the metal/alloy. The presence of hydrogen in metals can originate from various sources:

1. Physical adsorption

2. Chemical absorption

3. Bulk dissolution (solubility in defect free materials)

4. Defect-based dissolution (solubility induced by defects)

Physical adsorption arises from Van der Waals interactions between the hydrogen gas and

the metal surface. Due to the low absorption energy of hydrogen (3�5 kJ/mol), physical

absorption is a reversible process [55].

Chemical absorption occurs in H2 saturated environment. Due to short-range chemical in-

teractions, single-atom layer absorption takes place. This process is slow and irreversible due

to a high dissociation energy of4:47eV for hydrogen gas molecules and an absorption energy

range of40-160kJ/mol.

Hydrogen dissolution arises as a result of the hydrogen di�usion inside the materials. It

is driven by a hydrogen concentration gradient [55]. The dissolved hydrogen concentration

(CH ) in a metal increase according to the Sieverts'law: CH =
p

PH2 .

Alloys or metals as well as DRI pellets exposed to hydrogen-rich environments may experi-

ence a blistering phenomenon which can cause severe damages in service. Hydrogen �rstly

penetrates the materials via defects such as grain boundaries, pores or other defects. Hydro-

gen atoms accumulate at the material inclusion of matrix interface. Once hydrogen atoms

accumulate, they start forming H2 molecules again. H2, being a larger molecule, exerts an

increasing pressure to the solid lattice which ultimately lead to a plastic deformation at the

material surface. These induced blisters are often visible to the naked eye [56]. Also, the pre-

mature cracking of the pellets as a result of the use of hydrogen induces �ne particles which

are causing problems during the operation of the MIDREX process [57]. The DRI pellets are

often converted into Hot Briquette of Iron (HBI) via a pressurized and vacuumed process [45].

According to some experts, all dissolved hydrogen is removed during this process.
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Finally, it should be noted that H2 embrittlement commonly poses a challenge during the

transportation of H2 rather than during steel production. Pipe manufacturers are now coating

the interior of their pipes with a non metallic membrane such as reinforced thermoplastic

pipes [58].

2.2.2.2 Cluster formation

Clustering is a current problem occurring in the standard MIDREX process when using Dry

Methane Reforming. This is also one of the di�cult challenges to handle for all DR routes

(HYL and MIDREX process). Clustering occurs at high temperature as a result of iron

pellets sintering starting at their surface [59]. Once a cluster starts to form, it reduces the

bed porosity and induces a heat gradient due to a gas �ow perturbation in the furnace.

Eventually, this hot spot leads to more sintering of the adjacent pellets. These clusters need

to be broken up or eliminated; otherwise they will grow and become critical for the furnace's

integrity and safety.

The pellet size distribution has a great impact on the cluster formation. The smaller the

pellets are, the less heat di�usion occurs in the pellet. As a result, their surface will overheat

which will eventually lead to sintering [59]. The bustle gas temperature can also have a

great impact on the cluster formation. If the entrance temperature is too high, the pellets

will start melting around the tap hole. De Alencar et al. [59] simulation of a solid cluster

growing inside the furnace demonstrates that an operating temperature above 1000� C can be

problematic. To mitigate cluster formation, various techniques such as addition of binders

and mechanical agitation have been used. Some coating using as CaO has been used [60].

From this perspective, the use of hydrogen to reduce CO2 emissions of the MIDREX process

might be a solution to clustering. The furnace should be less susceptible to hot spots when

using hydrogen due to the endothermic nature of the reduction of hematite via this reducing

agent.

2.3 Numerical simulation strategies of the Direct Reduction MIDREX Process

The main work of this master's thesis is devoted to the simulation of the MIDREX process

using computational thermochemistry. In order to ensure the implementation of the most

state-of-the-art model, a thorough literature review on this topic has been conducted and is

presented in this section.
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2.3.1 Criteria for Direct Reduction simulation and LCA

Table 2.3 compiles all the relevant simulation works found in the literature which focused

on the decarbonization or the optimization of DRI processes (also including LCA). In this

table, articles are evaluated based on their scienti�c content. There are four criteria which

are listed in this table:

1. Furnace model : This criterion is validated (X ) if the article presents a robust model

of the MIDREX DRI furnace. This implies that the model accounts for the presence

of all the adequate phases (oxides, metals and gaseous species) in this reactor. These

simulations are also benchmarked using industrial data.

2. MIDREX model : This criterion is validated (X ) if the article presents a simulation

of the entire MIDREX process. In order to model the MIDREX process each unit

operation has to be modeled. The gas composition at each point of the process should

be compared with real industrial data.

3. LCA : This criterion is validated (X ) if the article uses a known database to perform

Life Cycle Assessment such as Gabi [61] or Ecoinvent [4]. In addition to the direct

CO2 emissions coming from the process, indirect CO2 emissions related to the use of

various reactants and energy sources should be accounted for. As a result, the total

CO2 emissions are presented using the CO2eq unit.

4. H 2 Usage: This criterion is validated (X ) if the article explores the injection of H2 in

the process or if changes in the H2/CO ratio of the furnace are explored.
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Table 2.3 Simulation and LCA on steel in the literature.

Main author Furnace MIDREX LCA H2 Reference
model model usage

Ghadi A. Z. X [62]
Zhaoyang L. X [63]
Shams A. X [64]
Ranzani da Costa A. X X * [65]
Hamadeh H. X [66]
Parisis D. R. X [67]
Rahimi A. X [68]
Palacios P. X [69]
Alamsari B. X [70]
Valipour M. S. X [71]
Yang F. X X [72]
Béchara R. X X [15]
Nouri S.M.M X X [73]
Bond, N. X X [5]
Sarkar S. X X [74]
Alhumaizi K. X X [75]
Nurdiawati A. X X X [7]
Trinca A. X X X * X [76]
Yadav A. X X [16]
Yang F. X [76]
Suer J. X X [77] [1]
Pimm A. J. X X [78]
Vogl V. X X * X [54]
Bhaskar A. X * X [54]

(X *): The LCA norm ISO14040 steps are not performed as required. Notably, Bechara et

al. [15] listed important simulation details to account for in order to build a precise model of

the DRI process. Such criteria includes:

ˆ Reduction sequence : This is the number of iron oxide phases which are considered

in the reduction process of hematite Fe2O3 to produce metallic Fe. A complete ther-

modynamic modeling of the reduction process should include hematite, magnetite and

wustite. Many models (such as the one of Palacios et al. [69]) only consider a single-

step reduction process involving hematite and metallic iron. Such strategies induce

inaccuracies in the prediction of the top gas composition and in the evaluation of the

associated CO2 emissions.

ˆ Gas mixture composition : The reducing gas chemistry should account for the pres-
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ence of several species that may either directly react with the pellets or between them-

selves. The potentialin-situ methane reforming to generate H2(g) and CO(g) should

also be considered. As an example, some models only use pure syngas as a reactant (H2

and CO) and do not account for the residual CH4 and CO2 in the gas phase [68,69].

ˆ Dimensions : The temperature pro�le inside the furnace is not homogeneous and

varies as a function of the height and of the radial position. In order to have more

representative overall production rate and product quality, it is important to account

for the lower temperature distribution of the pellets at the center of the reactor. These

pellets will not have the same reduction conversion when compared to the ones close

to the furnace wall. This radial temperature pro�le will lead to signi�cant di�erences

when comparing 1D-type [70,73] with 2D-type simulations [6,62,65].

ˆ Presence of Transition and Cooling zones : Simulations of the DRI furnace should

incorporate a "cooling zone" as well as a "transition zone" in the furnace. Modeling these

zones is very important in order to accurately predict the DRI pellet chemistry/met-

allization. In the cooling and at the end of the transition zone, the DRI pellets may

form cementite (Fe3C) as a result of its carburization (this can be modeled if graphite

is considered as dormant when performing the equilibrium calculations).

ˆ Model validation using industrial data : The veri�cation of the model predictive

abilities using data which have not been used to parameterize the model is an important

step if one wants to explore new operating conditions for which data are not available.

ˆ Kinetic considerations : The numerical model should also take into account the

kinetics related to the various gas/solid reactions which lead to the pellet reduction

inside the furnace.

A last criterion is how the reduction of the oxide phases occurs inside the pellet. A fun-

damental comprehension of the kinetics related to the reduction of iron oxide pellets via

solid/gas reactions is essential if one wants to represent the time dependency of this process.

Most elements presented in the following paragraphs are taken from the work of Hamadeh [6]

which description was originally presented in the work of Costa et al. [65].

The shrinking core model and the grain model are two distinct approaches used to de�ne the

reduction kinetics factors. High-performance simulations should incorporate both methods

to reproduce more accurately experimental results [72]. The grain model re�ects the varying

structural grains (or crystallites) which are present inside the solid particles which are being

reduced by the gas. The shrinking core model accurately represents how the external region
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of the pellet is converted �rst into metallic iron. This metallic layer prevents the further

di�usion of both reactant and product gaseous species, limiting the reduction of the pellet

core as depicted in Figure 2.6.

Figure 2.6 Grain vs unreacted shrinking core model, reproduced from Bechara et al. [15]. (a)
Unreacted Shrinking Core Model with the metallic layer. (b) Grain Model.

Heat transfer phenomena also in�uence the reaction rates inside the furnace. Most of the

reduction reactions require energy to proceed as they are endothermic. According to Yang et

al. [72], the incoming gas temperature is the primary factor to consider to quantify the amount

of heat transferred to the iron oxide pellets. Heat interactions can arise from convection and

di�usion while heat may be generated or absorbed from chemical reactions [15].

Simulation strategies can be divided into two categories, i.e. 1) FEM-based models which

solve sets of di�erential equations and 2) overall mass-and energy-based models exclusively

built on steady state assumptions.

2.3.2 FEM models of the DRI shaft furnace

Various FEM models were built through the years to represent the behavior of the DRI shaft

furnace. Parisis et al. [67] presented one of the �rst models of the MIDREX shaft furnace.

This model was used to describe the gas composition, temperature and metallization degree

as a function of the position inside the reactor. This so-called Parisis model is based on the

Siderca and Gilmore MIDREX plant. It correlates the production rate with the metallization

degree. At constant gas �ow rate, the increase of the amount of iron oxide lowers the reduction

e�ciency of the plant, which is validated by the diminution of the metallization of the DRI

pellets [67]. The inherent restriction of the Parisis model resides in the exclusive consideration
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of CO and H2 in the reducing gas composition.

The granularity of the pellet porous bed was accounted for by Rahimi et al. [68] as well as

by Palacios et al. [69] in their FEM models using a counter-current �owing gas grain model

using experimental kinetic reaction factors. Alamsari et al. [70] modeled the furnace as a

three-zone reactor which resulted in great accuracy. Carbon deposition (in the form of Fe3C)

resulted from the methane cracking, (CH4(g) ! C(s) + 2 H2(g)) in the lower part of the

reactor. Ranzani da Costa et al. [65] and Shams et al. [64] developed a 2D model for a DR

shaft furnace with the full gas composition called REDUCTOR. The model calculates each

iron oxide reduction by incorporating transport phenomena factors such as di�usion of the

gas in the pellets with kinetics reaction rates. Hamadeh's thesis [6] developed an accurate

2D model of the MIDREX and HYL shaft furnace based on the REDUCTOR model with a

validation step using industrial data. Hamadeh presented a 2D model of the furnace which

accounts for all the iron oxide phases and a gas phase which contains many gaseous species.

When implementing a FEM model, key kinetics parameters need to be integrated in the

simulation. Hamadeh's thesis [6] presents empirically de�ned kinetic parameters such as

reaction rates and di�usion coe�cients. Firstly, the gas di�usion in the pores of the pellet

plays a signi�cant role. The di�usivity of a gaseous speciesi, Dkn;i is given by the following

Knudsen equation:

Dkn;i =
dpores

3

s
8 � R � T

� � M � MA
(2.12)

Dkn;i is the di�usion coe�cient in m 2/s. The parameters are the following: R is the gas con-

stant (8.3144 [J/(mol· K)] in SI units), M A the molar mass [kg/mol] and T the temperature

[K]. The di�usivity can then be integrated in the Fick's �rst law of di�usion in 1D:

J = � D r ' (2.13)

J is in mol/(m 2*s). r ' is the concentration gradient. The resolution of this di�erential

equation requires intensive calculations to obtain the time dependency of the concentration

gradient inside the pellet. In most study the di�usion coe�cient is experimentally determined

[65].

The evaluation of the reaction rates is another challenging element when building a FEM

model. For each of the three iron oxides (Fe2O3, Fe3O4, FeO) the reduction kinetics with

both H2 and CO is required. This gives a total of six gas/solid reaction rates which need to

be evaluated. The reaction rate of a speci�c chemical reaction is calculated according to the
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Arrhenius law:

ki = K 0i exp
�

�
Eai

RT

�

(2.14)

The semi-empirical parametersEai and K 0i are typically obtained by �tting experimental

data. The last step is the calculation of transport kinetic factor.

One of the goals of this master's project is to avoid the calculation of these kinetic factors

by empirically describing the kinetics via a thermodynamic bypass strategy. In this novel

approach, there is only a fraction of the reducing gas which equilibrates with the iron oxide

pellets. The non-reactive fraction of the gas is mixed upstream at the top of the shaft furnace.

Yadav et al. [16] used the FactSage software along with its macroprocessing capabilities to

evaluate kinetic parameters which operate similarly to the one in this project. In their

approach, the di�usion coe�cient which limit the reaction kinetics is evaluated as an overall

electric resistance (see Figure 2.7).

Figure 2.7 Kinetics parameters used for Yadav's paper [16].

2.3.3 Entire MIDREX process simulations

The strategy to achieve the decarbonization of a given process and to reduce its energy

consumption should account for all its unit operations. As a result, a plant-wide analysis

should always be favored as proposed by Larsson et al. [79,80]. This section reports critical

studies which used such an overall approach.

Béchara et al. [15] used the Aspen Plus software to model the complete MIDREX process

of the Gilmore and ArcelorMittal Contrecoeur's plant. Béchara et al. didn't implement the

REDUCTOR model due to the complexity of incorporating the 2D FEM model in the Aspen

software. The shaft furnace is modeled via Aspen Plus by connecting three reaction zones

coupled with external calls to the REDUCTOR model. The authors used the Aspen Plus

built-in `Gibbs reactor' to calculate the equilibrium state occurring in the reformer and the
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enrichment zone. The optimal CO2 emissions for the Gilmore MIDREX plant was found

to be obtained for a H2:CO ratio of 1.23 in the bustle gas. It is to be mentioned that this

optimization was performed for a rather limited H2:CO ratio range, i.e. between 1.75 and

1.05. The exploration of a larger range of H2:CO ratios should allow reducing even more the

CO2 emissions of this plant.

It is crucial to utilize the FactSage databases for accurately simulating the MIDREX process,

particularly when describing the reduction steps of the iron oxide pellets. Bond et al. [5] and

Sarkar et al. [74] modeled the MIDREX process plant using the Aspen HYSIS software as well

but coupled with FactSage database. The use of FactSage databases enables these models to

predict the formation of all the iron oxide phases occurring in the furnace as a result of the

reduction. It also provides the equilibrated gas composition at each zone of the process.

Trinca et al. [76] investigated with the Aspen HYSIS software green steel alternative pro-

cesses. They modeled the complete MIDREX plant baseline as well as the full Hydrogen

reduction process. The strategy of these authors to maintain the desired temperature pro�le

in the reactor as well as the metallization degree of the DRI pellets is to inject the H2 gas

in the furnace at a temperature of1614� C. However, such a high temperature will induce

a partial melting of the iron oxide pellet surfaces. This will result in the sticking of the

pellets leading to their agglomeration. Under standard operating conditions, a bustle gas

temperature of 950� C seems like an operational limit to avoid clustering.

In the MIDREX process, the �nal DRI quality and the total CO 2 emissions also depend on the

e�ciency of the whole process which includes the reformer unit. As previously mentioned, a

part of the furnace's top gas is sent to the reformer's burner. The exhaust gas of the burners

is then sent to the atmosphere. Part of this top gas is often substituted by a mixture of

natural gas and hot air to reach the required �ame temperature of the burner. Alhumaizi

et al. [75] proposed an analysis of the MIDREX process operating conditions including the

reformer. Depending on the recycling gas ratio, the amount of process gas redirected to

the reformer's burner may in�uence its performance and the resulting heat �ux transferred

to the reforming tubes. The recycling gas ratio impact the reformed gas temperature and

composition. A reformed gas (which after CH4 enrichment is called the bustle gas) entering

the furnace which does not have a su�cient reducing power leads to a low metallization of

the DRI pellets. The optimal recycling ratio for higher metallization stands at around 70%.

Finally, no hydrogen substitution scenarios are performed in their study.
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2.3.4 The E�ective Equilibrium Reaction Zone (EERZ) methodology

The E�ective Equilibrium Reaction Zone (EERZ) approach, as outlined by Van Ende [81],

o�ers a systematic methodology for modeling complex metallurgical processes. It involves

partitioning the process into a �nite number of reaction zones, each assumed to be in equi-

librium. The size of each reaction zone is adjusted accordingly to the process conditions and

kinetics.

This approach allows mimicking kinetic parameters while using equilibrium simulations per-

formed with computational thermodynamic packages such as FactSage. This facilitates the

numerical modeling of real-life industrial processes. Furthermore, the EERZ concept enables

the precise calculation of heat generation or absorption at the reaction interfaces using Fact-

Sage. The EERZ simulation approach is validated by its successful application to various

processes, including the Ruhrstahl Heraeus (RH), the Degassing Process [82], the furnace

ladle [20,83,84], the continuous casting [85], the inclusion analysis [86], the arc welding [87]

and the steel re�ning with the EAF process [81,88].

The EERZ was also used to model complex furnaces and processes such as the HIsarna

process [89]. In order to model the HIsarna process, many sub-simulations of various unit

operations are modeled by Yan et al. [89] including the pyrolysis, the gasi�cation and the

slag/metal reactions. In their paper the EERZ was implemented using the FactSage Macro-

processing. The most frequent approach to introduce thermodynamic calculations into the

EERZ is the use of the Chemapp library combined with FactSage database [81,86]. Chemapp

is a dynamic link library which contains sets of functions to perform equilibrium calculations.

It is developed by GTT Technologies (Herzogenrath, Germany). In this project, the EERZ

method is utilized for simulating the furnace and the reformer, as presented in Figure 3.1.

2.4 Life Cycle Assessment for Green steel production

2.4.1 Introduction to LCA

LCA is a systematic method used to assess the environmental impacts associated with the

entire life cycle of a product, process, or service. Such assessment seeks to quantify and an-

alyze the environmental implications of each step involved in a given process, encompassing

the extraction of raw materials, production, utilization, and end-of-life disposal or recycling.

LCA is a standardized methodology derived from the International Organization for Stan-

dardization (ISO) that provides standards for LCA in ISO 14040 and 14044 [90]. These

standards describe the four main steps of an LCA [91] which include the following items:
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ˆ Goal and scope de�nition

ˆ Inventory analysis

ˆ Impact assessment

ˆ Interpretation

The functional unit in LCA described what is delivered by the process. It should contain a

date and location of where the product or service is delivered.

2.4.2 Literature review of LCA for green steel production

Many authors [18, 32, 92] mentioned that the H-DR could be a potential solution for the

decarbonization of the steel industry. The direct CO2 emissions of such a reduction process

would be drastically reduce as water would be the main gaseous species evolved during the

operation. As for the indirect emissions associated to the process, one must agree on the cost

and impact of hydrogen production in order to present the entire H-DR carbon footprint and

process energy intensity. By using the LCA method, Suer et al. [1] were able to quantify

the Global Warming Potential (GWP) associated to di�erent routes of hydrogen production.

The di�erent process data were sourced from theGaBi database 2021.1 [61].

Table 2.4 shows the results of their LCA for three type of hydrogen production, i.e. Steam

Methane Reforming (SMR), AutoThermal Reforming (ATR) and Polymer Electrolyte Mem-

brane (PEM). The latter presents the lowest CO2 emissions among all processes. It is to be

mentioned that for the same PEM process, di�erent absolute GHG emissions can be calcu-

lated due to the choice of electric mix used in a given assessment. As a result, the carbon

footprint of the H-DR de�ned through the Global Warming Potential (GWP) can vary to

such an extend that it can even lies above the conventional BF-BOF route as presented in

Figure 2.8. This situation occurs when considering the energy mix of Germany in 2018 to

produce hydrogen from PEM electrolyzers.

Table 2.4 Carbon footprint in CO2eq/kg H2 of di�erent production H 2 routes using green
electricity summarized from [1].

H2 Technology: Emissions CO2 eq /kg H2

SMR 11-13
ATR 13.3
PEM 2.21
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Figure 2.8 CO2 emissions depending on the carbon footprint of electricity from Suer et al. [1].

The location for which the LCA is constructed is another critical factor impacting the results.

Binet et al. [17] performed a Material Flow Analysis (MFA) of the steel value chain in Quebec,

Canada. The study revealed that only 1.9 million tons, out of the 26.1 million tons of iron

ore extracted in Quebec, is used for production in Quebec, with an additional 1 million tons

recycled. A substantial portion of the production is intended for export.

Figure 2.9 MFA of steel production in Quebec, Canada presented by Binet et al. [17].
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Binet et al. [17] also proposed six di�erent routes in order to decarbonize the steel value

chain in Quebec that must be explored in detailed. The two �rst routes involve the complete

recycling of steel in Quebec as well as the primary production of iron via the H-DR process

(with hydrogen produced from renewable energy sources). These two �rst routes are directly

targeting the way to produce and recycle steel. The other four scenarios can be categorized

as smarter ways to use the available steel. These scenarios include:

ˆ Using 36 % less steel in buildings

ˆ Reducing by 23 % the weight of our vehicles

ˆ Extend the life in service of steel materials in buildings and vehicles

ˆ Increase car sharing.

The technology readiness level and feasibility of these di�erent routes can be discussed.

Achieving 100% steel recycling is not realistic due to the low availability of scrap and eco-

nomic viability. H-DR presents a promising route, and a plant should be implemented near

the pelletizing site in the city of Sept-Iles, QC for example. This will reduce transportation

between the reduction plant and the main iron ore pellet producers of Quebec. The feasi-

bility of the latter four, as per Binet et al., highly depends on political decisions. Reducing

material usage in vehicles and buildings may result in lower prices, thus yielding less pro�t

for manufacturers and gas companies.

Figure 2.10 MFA of the steel industry in North Rhine-Westphalia, Germany, by Radlo� et
al. [18].
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Radlo� et al. [18] investigate the decarbonization of the current steel industry in North Rhine-

Westphalia, Germany. Through a detailed MFA which is presented in Figure 2.10, all the

combinations between the use of reactants at each step of the ironmaking/steelmaking are

considered. This detailed MFA is a �rst step toward process simulations and exploration of

greener iron production alternatives. The work of Radlo� et al. also present a H-DR �owsheet

of a scenario based in North Rhine-Westphalia, Germany. Performing a detailed analysis

with a �owsheet and simulation in complement to the MFA is a way to con�rm that H-DR is

indeed a theoretically feasible solution. From their analysis, there seems to be su�cient local

resources to materialize this decarbonization scenario for the primary production of iron.

In Suer et al.'s [77] second contribution, theGaBi database 2021.1 [61] is used for the quan-

ti�cation of the environmental impacts. A cradle-to-gate approach is applied in this work to

quantify the H-DR total GHG emissions (reported in CO2 eq). As a result, these authors

were able to quantify the overall impacts of each unit operation involved in the steel value

chain (i.e. mining, pelletizing, reduction and re�ning in the EAF). In Suer et al. work, the

H-DR scenario is based on literature data rather than on precise numerical data obtained

from thermodynamic simulations which could have accounted for all the input data and

operating conditions of a real H-DR process.

Mass and energy balance-based process simulations performed by Bhaskar et al. [92] and Otto

et al. [93] are alternative strategies to quantify the direct environmental impacts and energy

requirement of a given process and to avoid the use of aggregated data. Mass and energy

simulations are used to assess the energy requirement as well as the direct CO2 emissions for

di�erent unit operations used to produce steel. The calculations performed by these authors

are based on speci�c stoichiometric reactions which are assumed to take place in the di�erent

unit operations of a given process (such as furnaces, electrolyzers and EAF). Bhaskar et

al. [92] analyzed mass and energy balances related to the use of various H2 injections. This

study provides an estimation of the energy requirement and the CO2 emissions of the H-DR

process. However, equilibrium calculations performed via the minimization of the Gibbs

energy of the system have not be considered in this work which drastically limits the precision

of the calculations.

The carbon footprint analysis becomes even more accurate when the unit operations con-

sidered in a given LCA are modeled using computational thermodynamic simulations (as

opposed to model each unit operation using a limited set of stoichiometric reactions or by

considering aggregated impact inventories such as in theGaBi database). In fact, investiga-

tions related to the quanti�cation of environmental impacts of complex scenarios/processes

could become extremely precise when using thermodynamic simulations integrated in digital
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twins of these processes. This is enlightened in the work of Nurdiawati et al. [7]. The au-

thors used the SIMAPro software sourcing theEcoInvent database. They coupled these LCA

data with the results of the Aspen simulations of the MIDREX process. As a result of this

strategy, Nuardiwati et al. calculated the exact amount of biosyngas and reactants which

are required to operate their process. Moreover, the consumption of reactants in the EAF

and their associated environmental impacts were taken into account by using the EcoInvent

database. The complete steel value chain impact should be converted into midpoint indica-

tors such as the "Climate change short term" (Global Warming Potential) quanti�ed in CO2
eq. Employing CO2 eq as a metric rather than just CO2 enables a comprehensive comparison

between calculation of greenhouse gas e�ects in the literature and in the of two product's

impact, accounting for all greenhouse gas e�ects.

LCA can also provide economic and maturity indicators of technological routes to help our

policy-makers to take more educated decisions. Fischedick et al. [19] presented an economic

study which compared various German decarbonization routes.

Figure 2.11 Energy demand and raw material demand for the 4 technologies presented in
Fischedick et al. [19].

These authors also present an evaluation of the carbon footprint forecast for various tech-

nologies including BF-BOF, BF-CCS (BF with Carbon Capture and Sequestration), H-DR

and Electrowinning (EW). Results of their work is presented in Figure 2.11. This study also

compared the CO2 tax price �uctuations as a function of time in order to determine when

the integration of these new technologies in the German industrial ecosystem will become
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pro�table. According to Fischedick et al. [19] the H-DR route is the more promising option,

especially when the revenue-OPEX di�erence will become positive, i.e. around 2030.

Other authors explored the use H-DR to decarbonize the steel industry. According to Vogl

and Bhaskar [54,92], 51 kg of H2 is required per ton of crude steel when using this process. To

sustain the hydrogen production required for a crude steel production of 1 Mt/yr using PEM

electrolysis, a 600 MW electrolyzer plant would be required [94]. This would represent the

installation of approximately 130 Cummins electrolyzers (which are individually powered with

4.5 MW) [28]. Practically, fewer electrolyzers would be required for substituting natural gas

by hydrogen in the conventional MIDREX plants which are using reformer units to convert

natural gas into a Syngas. An in-depth analysis which would explore the impact of replacing

part of the methane by H2 in the MIDREX process is currently needed.

With such a large number of electrolyzers required to produce all the necessary hydrogen

to decarbonize the steel industry, large quantities of electricity would be required. Pimm et

al. [78] analyzed the energy consumption of the entire steel value chain (including the use of

various scrap amounts in the EAF).

Finally, it is to be mentioned that very few studies explored the use of computational ther-

modynamic simulations to model the MIDREX process [5, 74] Other optimization to �nd

their operating conditions [15,66,75] and should be coupled with LCA.

2.5 Knowledge gaps in the current literature

The literature review presented in this chapter shows thatthere is a need for a thermo-

dynamic model to explore realistic industrial operating condition to decarbonize

the steel industry, especially when using hydrogen in the reduction stage . The

MIDREX furnace is very well simulated with FEM models. However an analysis at the

process level is required to have the full environmental impacts of the changes in operating

conditions. Also, LCA needs to be coupled to these simulations in order to quantify all

the other sources of emissions and impacts, such as the CO2 emissions associated with the

production of a given reactant such as methane or hydrogen.

Finally, there is currently no analysis presenting the optimal conditions for replacing natural

gas with hydrogen in the MIDREX process. Additionally, the associated environmental

impacts of such changes remain unknown.
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CHAPTER 3 PROCESS SIMULATION METHODOLOGY

3.1 Introduction

The reduction of GHG emissions of pyrometallurgical processes used to produce iron requires

the collaboration of engineers and scientists which have various skills in thermodynamics,

transport phenomena, LCA and process modeling. The work of such a multidisciplinary

team would ensure an e�ective problem identi�cation, the elaboration of realistic and feasible

engineering solutions, and the prevention of the emission shifting to other environmental

ecosystems.

This project has the ambition of integrating many of these skills in order to focus on:the

elaboration of a MIDREX process digital twin which will allow, for the explo-

ration of di�erent substitution level of CH 4 by H 2, to develop realistic greener

steel production strategies.

On one side, precise Finite Element Method (FEM) simulations, such as the one presented

by Hamadeh [6], require the implementation of kinetic factors to construct the model, which

requires extensive computational resources. To accurately predict product quality and GHG

emissions, FEM models must be connected to mass and energy balance-based process simu-

lations. Commercial software such as Aspen Hysis, SysCad and MetSim allow process engi-

neers to perform such simulations. These softwares typically lack of robust thermodynamic

databases to model pyrometallurgical processes. Such extensive databases are required to

describe reduction mechanisms involving all the iron oxide phases as demonstrated by Bond

et al. [5].

The digital twin developed in this project is intended to reduce the requirement for highly

specialized expertise in thermodynamics needed to simulate the MIDREX process during

steel production. Also the coupling with LCA will ensure that there is no burden shifting

while reducing the CO2 emissions.

To accurately model the MIDREX process, all unit operations should be simulated using

computational thermochemistry (accounting for all the potentially stable phases modeled in

specialized thermodynamic databases). Van Ende et al. [20] developed the E�ective Equilib-

rium Reaction Zone (EERZ) method to model the Electrical Arc Furnace (EAF). The same

strategy is going to be implemented in this project: i.e., only a fraction of the reactants (solid

phases or the reducing gas) will reach equilibrium as illustrated in Figure 3.1.
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Figure 3.1 Scheme of pellet and gas under partial reaction in the furnace, adapted from Van
Ende et al. [20]. Part of the pellet and the gas, in yellow and orange respectively, react at
equilibrium.

At the process level, the EERZ method implies handling large numbers of streams which are

constituted of several phases. MACRO-processing in FactSage was one of the traditional tools

to manage input/output streams entering/leaving various equilibrium reactors [16, 20, 74].

Sarkar et al. [74] proposed a simulation strategy which uses series of FactSage equilibrium

calculations (via MACRO processing) to model the entire MIDREX process. In this work,

we preferred the use of the ChemApp library to build our process simulation �owsheet. The

use of ChemApp allows for a faster and more e�cient stream and equilibrium calculation

management. At the process level, the use of ChemApp gives the opportunity to instantly

modify the operating conditions and explore di�erent scenarios.

In exploring novel operating conditions for the conventional MIDREX process, various hy-

drogen injection scenarios were examined:

ˆ Scenario 1 (Baseline) : The baseline scenario was inspired by the operating conditions

of the MIDREX process presented by Bond et al. [5]. This scenario involves the use of

standard conditions to operate the MIDREX process. A fresh stream of natural gas is

mixed with the top gas of the shaft furnace to produce a reducing gas via the operation

of reformer units.

ˆ Scenario 2 (Partial substitution of natural gas by hydrogen) : The methane

reforming unit is still in operation but a PEM electrolyzer is integrated to the process.

It injects hydrogen in the reducing gas stream prior to entering the reducing furnace.

In this scenario, natural gas substitution by H2 is explored (up to 75% of its original

amount) which allows the substantial increase of the H2/CO ratio.

ˆ Scenario 3A (100% H 2 injection using the reformer unit for preheating) :

Here, the natural gas is fully replaced by an H2 injection. The gas is preheated by the
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conventional natural gas burner and reforming tubes of the MIDREX process. Natural

gas is injected in the furnace cooling zone to maintain the carbon concentration of the

�nal product.

ˆ Scenario 3B (100% H 2 injection using an electrical heater to preheat the

reducing gas stream) : For this last scenario, 100 % H2 is used in the process (i.e.,

natural gas is totally substituted). Here hydrogen is preheated using an electrical unit.

The DRI pellets obtained from this scenario do not contain carbon. The carbon content

is balanced in the subsequent EAF operation using various carbon additions.

The upcoming section discusses the use of the ChemApp for Python DLL in modeling the

MIDREX process instead of the MACRO processing. Python algorithms and process �ow-

sheets for di�erent scenarios illustrate how kinetics is approximated in each unit. Following

this, an experimental protocol to validate the modeling of the kinetics inside the shaft furnace

is presented. Finally, the LCA inventory and methodology are detailed.

3.2 Simulation strategy of the entire MIDREX process

3.2.1 Simulation thermodynamic system

Prior to designing a numerical strategy to model the MIDREX process, the thermodynamic

system (i.e., the potential set of phases that may form during the process operation) should

be de�ned. Next, adequate thermodynamic databases need to be constructed (or need to

be available) in order to describe their individual energetic behavior. Finally, a constrained

minimization algorithm needs to be used to evaluate locate and global equilibrium states to

simulate various zones of unit operations. In the case of the MIDREX process, this is made

possible by exploiting the specialized FactSage thermodynamic databases (such as FactPS,

FToxid and FSstel) via the use of the Chemapp library.

The Chemapp for Python DLL is used to handle streams, perform equilibrium calculations

and read CST �les generated by FactSage. The CST �le (i.e., an encrypted �le with the

".cst" extension) is generated from the "Equilib" module of FactSage. This �le contains all

the thermodynamic properties for the solutions and pure compounds selected inEquilib to

perform equilibrium calculations.

For the creation of the CST �le, it is su�cient to input elements into the Equilib module

mass balance panel to active the list of available phases. In this work, the thermodynamic

databases which have been considered to model the MIDREX process areFToxid, FSStel
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and FactPS. The di�erent pure compounds and solutions selected in this work are presented

in Appendix K.

After performing a preliminary series of equilibrium reactions and analyzing these results with

specialists from COREM and ArcelorMittal, the initial phase selection was modi�ed to better

re�ect the phase assemblage observed in DRI pellets. In the industrial DR process, the carbon

inside the pellet is not present in the form of graphite but rather in the form of cementite.

To achieve the typical 2% (wt.) of carbon required at the bottom of the MIDREX furnace,

the metallic iron matrix has to contain cementite (Fe3C). In our preliminary simulations

of the MIDREX process, graphite was predicted to form as it is more thermodynamically

stable than cementite. The latter carbide will precipitate only if the graphite phase is put

"DORMANT"(i.e. forcing the graphite not to participate to the phase assemblage).

A special tuning of our approach was necessary when considering one of the intermediary

iron oxide phases: i.e., the magnetite solid solution (Fe3O4). In FactSage, the magnetite

phase is described with the "SPINEL" solid solution model. It includes two oxidation states

of iron, i.e., Fe2+ and Fe3+ . In ChemApp for Python, the presence of this phase often led

with an unbalanced electronic charge that prevented any further equilibrium calculations. To

troubleshoot the issue associate with the presence of this solid solution, series of equilibrium

calculations were performed to identify the solution of the problem presented in detail in

Appendix O. After extensive trial, a solution to this issue was found. The goal is to prevent

an electronic minimization, during the ChemApp Gibbs minimization calculation. This can

be achieved using the function:"chemapp.tqconf (Con�gurationOption.E)"

3.2.2 Computational thermochemistry-based simulation structure using ChemApp

Python

Python is de�ned as an "interpreted, object-oriented, high-level programming language with

dynamic semantics" [95]. Many open-source packages are available in Python and can be

used to perform optimization, matrix manipulation and graph generation. In the context of

this project, graphs are generated with Matplotlib and Plotly [96,97]. Vector generation and

data management are performed with NumPy and Pandas Python packages [98,99].

The "Basic module" of the ChemApp library was originally built for Fortran and C program-

ming. With ChemApp Python, the �Basic module� is still available. In addition, a �Friendly

module� is also available. It is a simpli�ed version of the library with more explicit function

names. There are �ve di�erent groups of functions in the ChemApp �Friendly module� as

presented below:
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ˆ ThermochemicalSystem Group: Reads the CST or DAT �le that contains all the

thermodynamic information.

ˆ EquilibriumCalculation Group: Calculates equilibrium with constrained condi-

tions.

ˆ StreamCalculation Group: Calculates equilibrium and allows the de�nition of re-

trievable streams and stream properties.

ˆ PhaseMapCalculation Group: Generates phase diagram and limits.

ˆ Unit Group: Manages the unit used for calculations.

In this project, functions from all these groups are used with the exception of thePhaseMap-

Calculation Group . This function group is for building phase diagram. Table 3.1 lists all

the functions available in each group that were used for this project.

Overall, the simulation strategy used in this project to model the entire MIDREX process

can be viewed as a series of equilibrium calculations which are performed to model various

unit operations. Overall mass balances are systematically solved (even in the presence of

recycling loops) while energy balances are performed for which unit operation to determine

energy requirements. The utilization of the ChemApp functions to solve our model can be

classi�ed into three distinct groups:

1. De�ne equilibrium conditions and prepare the algorithm for the calculations: All func-

tions starting with "set" are employed to de�ne the equilibrium conditions. As an

example, the mass balance inputs are de�ned using these functions.

2. Perform the equilibrium calculation: All functions starting with "calculate" are used

to launch the equilibrium calculation. In these functions an extra letter, such as P (for

pressure), T (for temperature), V (for volume) and IA (incoming amount), adds an

additional constrain to the equilibrium.

3. Retrieve all information from the equilibrium calculation: all functions starting with

"get" .
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Table 3.1 Chemapp Python main functions for the di�erent function group :"Unit" ,"Ther-
mochemicalSystem", "EquilibriumCalculation", "StreamCalculation".

Unit ThermochemicalSystem EquilibriumCalculation StreamCalculation
get _build_cache, _calculate_eq, _calculate_eq,
get_A_unit _build_object, _end_calc, _end_calc,
get_E_unit _build_object_ph_pcs, _get_result_lAs, _get_result_ph_pcs,
get_P_unit _build_object_phs, _get_result_ph_pcs, _get_result_ph_scs,
get_T_unit _build_object_scs, _get_result_ph_scs, _get_result_phs,
get_V_unit _update, _get_result_phs, _get_result_scs,
get_str current_�le_expiry_date, _get_result_scs, _list_back,
set_A_unit current_�le_md5, _list_back, _list_to_�le,
set_E_unit current_�le_path, _list_to_�le, _set_eq_condition_ph,
set_P_unit get_con�g_pc, _set_eq_condition_pc, _set_eq_condition_sys,
set_T_unit get_con�g_pcs_in_ph, _set_eq_condition_ph, _set_target_ph,
set_V_unit get_con�g_ph, _set_eq_condition_sc, _start_calc,

get_con�g_phs, _set_eq_condition_sys, calculate_eq,
get_con�g_sc, _start_calc, calculate_eq_IA,
get_con�g_scs, calculate_eq, calculate_eq_P,
get_count_pcs, calculate_eq_IA, calculate_eq_T,
get_count_pcs_in_ph, calculate_eq_P, calculate_eq_V,
get_count_phs, calculate_eq_T, create_st,
get_count_scs, calculate_eq_V, dt,
get_cst_info_dict, get_eq_A get_eq_A,
get_cst_info_str, get_eq_AC_pc get_eq_AC,
get_index_pc, get_eq_AC_pcs, get_eq_AC_pcs,
get_index_ph, get_eq_AC_pcs_in_ph, get_eq_AC_pcs_in_ph,
get_index_sc, get_eq_AC_ph get_eq_AC_ph,
get_mm_pc, get_eq_AC_phs, get_eq_AC_phs,
get_mm_pcs, get_eq_AC_sc get_eq_AC_sc,
get_mm_pcs_in_ph, get_eq_AC_scs, get_eq_AC_scs,
get_mm_sc, get_eq_A_pc get_eq_A_pc,
get_mm_scs, get_eq_A_pcs get_eq_A_pcs,
get_model_ph, get_eq_A_pcs_in_ph

Streams are de�ned with the "dataclass" package. The streams, phases and constituents are

embedded in dataclass objects such as the one presented below:

1 Stream (name= 'Start ing_gas ' , temperature =400 , pressure =1 , phases =[ Phase (

name= 'gas_ideal ' , amount =100.0 , index =0 , const i tuants =[ Const i tuant (name

= 'H2 ' , amount =50.0 , index =0 , mm =2.0) , Const i tuant (name= 'CO2 ' , amount

=50.0 , index =1 , mm =44.01) ]) ])

This example showcases a stream with a single phase, "ideal gas," comprising two constituents:

CO2 and H2. The quantities of these constituents are speci�ed in their respective dataclass

objects, along with their index and molar mass (mm). The total amount of each constituent
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in a phase is aggregated in the phase argument "amount," alongside the phase name. Addi-

tionally, the stream contains temperature and pressure information. This stream structure

is also employed in the upcoming software FactFlow, which will soon be integrated into the

FactSage software.

3.2.3 MIDREX process simulation baseline (Scenario 1)

The complete MIDREX process simulation �owsheet is presented in Figure 3.2. It was

inspired by the model proposed by Bond et al. [5] which was constructed to model the

Voestalpine Texas plant (now ArcelorMittal). Various contributions on the topic [15,100] in-

spired the modeling technique developed in this project. The input stream amounts reported

by the same authors as well as the various output amounts obtained from this �owsheet

served as reference data for both the baseline scenario as well for all the hydrogen substitu-

tion scenarios.

Figure 3.2 MIDREX process simulation �owsheet of the Voestalpine plant in Corpus Christi,
Texas, USA, inspired from Bond et al. [5].

Each unit operation of the MIDREX process is modeled using either simple mass and energy

(heat) balances or series of standard equilibrium calculations. As mentioned in the intro-

duction of this work, achieving the equilibrium state may not be possible in many zones

of the MIDREX process (such as in the reformer tubes or in low temperature zones of the

shaft furnace) due to various kinetic limitations. To indirectly account for these kinetic

limitations, strategies like the EERZ (Equilibrium-Enhanced Reforming Zone) must be im-
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plemented. Importantly, such empirical strategies require plant data to be �nely tuned. The

resulting strategies which were used in this work to account for kinetic limitations for each

unit operation are presented in the following section.

3.2.4 Reformer model

The reformer unit presented in Figure 3.3 is a closed-vessel heat exchanger type that contains

superalloy tubes in which a gas-to-be-reformed (containing CH4, CO2 and H2O) is �owing.

These tubes are externally heated with burner hot gases. Each superalloy tube contains

catalyst pellets that are required to activate the reforming reactions (see reaction 2.9 for

example). The burners bring su�cient energy for the reaction to occur. The reaction rate

evolves through time accordingly to the catalyst contamination level and to the amount of

heat transferred to the tubes. Through a reverse Boudouard reaction, carbon can deposit on

the catalyst pellets and reduce its e�ciency in a process called catalyst poisoning.

Figure 3.3 Reformer box and tubes with catalyst pellets inspired from Zhu et al. [21].

The reaction kinetics of the reformer are modeled using the strategy presented in Figure

3.4. The so-called bypass technique which is illustrated on this �gure is applied by tuning

the 
 parameter in order to match the reported typical chemical composition of the syngas

exhausting the reformer. As a result, a fraction of the feed gas (G16) is going to reach
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equilibrium while the remaining fraction bypasses the equilibrium zone and is mixed again

at the exit of the equilibrium reaction zone. This provides an easy-to-implement approach

to �t existing data. The following equations show how the
 parameter is used to de�ne the

fraction of gas reaching equilibrium and bypassing this equilibrium zone:

[Reacted gas] = (1 � 
 ) � [Entry gas] (3.1)

[Unreacted gas] = ( 
 ) � [Entry gas] (3.2)

Figure 3.4 Reformer modeling methodology with bypass coe�cient
 .

An analysis was conducted to determine the optimal bypass coe�cient
 which lead to a good

description of the reformer e�ciency. This analysis is presented in section 4. This optimal

value of the 
 parameter (
 = 0.04) was used for all the simulations presented in this work.

3.2.5 Burner model

The burner receive a part of the top gas and with some natural gas addition will preheat the

reforming tubes. In this project, the burner is modeled with a virtual stream to vent and

heat. This virtual stream is necessary for convergence purposes of the �owsheet (without the

presence of this stream, matter is accumulated in the process at each iteration without the

possibility to converge to a steady state since recycling loops are considered in the process).

Figure 3.5 depicts the algorithm used to solve the burner model. The main objective of this

strategy is to determine how much heat is transferred from the burner (Q burner) to the

reformer. In our simulations the reforming tubes need to reach the standard reformed gas

temperature of 950� C. Any heat excess will be directed to the heat vent (Q vent). This

strategy not only ensures the simulation to converge, it also allows the comparison between

the vented heat and the actual heat loss (to the surroundings) of the burners.
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Figure 3.5 Logical scheme for the interaction between the energy released by the burner and
the energy required for the gas reforming

3.2.6 Enrichment model

The enrichment zone is composed of several pipes holes with two inlet sizes: a smaller one

for O2 and a larger one for CH4 as presented in Figure 3.6. While O2 is injected at high

speed towards the center of the pipe to react with the gas, the CH4 di�uses and is mixed.

(a) (b)

Figure 3.6 Enrichment zone model and a real picture from MIDREX report and Acindar
plant. (a) 3D model of the enrichment zone piping system [22]. (b) Inside view of the
enrichment pipe with the O2 and Natural gas injection holes at Acindar [22].
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The enrichment zone is positioned between the reformer and the entrance of the furnace.

The purpose of this zone is to have a last increase of temperature in the bustle gas before

entering the furnace. In the enrichment zone, the reformed gas stream (G18), the oxygen

stream (G25) and the natural gas stream (G26) will be mixed and react with each other.

The equilibrium reaction is performed by setting the temperature to 957°C, pressure to 1

bar, and the amounts of the reformed gas streams (G18) and oxygen streams (G25). The

natural gas (G26) is simply mixed with the gas �ow afterward. This approach was derived

from the geometry of the natural gas and oxygen injection in the enrichment zone: the holes

for the natural gas are larger, causing the gas to di�use at a lower �ow rate, while the oxygen

injection pipes are smaller, delivering oxygen at a higher �ow rate into the middle of the

pipe. Consequently, oxygen is more likely to react with the reformed gas, and the natural

gas is more likely to di�use inside the bustle gas pipe.

With the new update of the simulation, the enrichment zone is modeled using an adiabatic

(� H = 0) equilibrium reaction. By imposing � H = 0, all the energy released by the com-

bustion is used to preheat the bustle gas entering the shaft furnace. The temperature is

calculated during the equilibrium calculation. This updated simulation, including the new

version of the enrichment zone, is not included in this thesis due to time constraints.

3.2.7 Furnace model

The shaft furnace, which is a counter-�ow reactor in which solid-gas reactions are occurring,

is modeled using a series of six equilibrium zones connected in series. The temperature

gradient inside the furnace is modeled through a series of equilibrium calculations conducted

at imposed temperature and pressure. These temperature and pressure gradients are derived

from Hamadeh's thesis [6]. Basing our calculations on the same production rate as Bond

et al. [5], a speci�ed mass of pellets is injected into the top of the furnace each hour. The

corresponding volume of bustle gas enters the furnace as well from the middle of the reactor.

At each time step, the iron oxide pellets �ow down the necessary distance to reach the

next equilibrium zone to mimic the targeted production rate. The gas will �ow up at every

iteration in the upper equilibrium zone as illustrated in Figure 3.7.
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Figure 3.7 Simpli�ed furnace modeling methodology for the iterative calculation, the detailed
equilibrium zone is presented in Appendix D, each zone represents at least one hour of
residence time.

In addition, fractions of the gas stream and pellet stream are bypassed following the procedure

shown in Figure 3.8 to indirectly account for the kinetic limitations associated with the

reduction of the iron oxide pellets. Figure 3.8 (a) illustrates the modi�cation of the chemical

composition of the gas at the entrance of the bustle gas zone in the furnace (zone 3). A speci�c

amount of methane is converted into a virtual species (or Q-Species) which is non-reactive

but which contribute to the energy balance of the system [86].

As a result, only a fraction of the methane entering the shaft furnace will be allowed to react

with the pellets. The other fraction (now de�ned as virtual species) will be non-reactive

and will enter the zone above. This additional methane bypass is introduced to reproduce

the methane concentration in the top gas industrially measured. In the upper equilibrium

zone, methane is set as "DORMANT" species implying that it is no longer allowed to form

at equilibrium.
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(a) (b)

Figure 3.8 Modeling strategy for the furnace and special modi�cation for methane bypass.
(a) Modeling strategy scheme at the bustle gas equilibrium reactor gas (i.e. zone 3). (b)
Modeling strategy for the other shaft furnace zones.

Finally, the gas and solid bypass strategy for the other zones (i.e. zones 1,2,4) is depicted in

Figure 3.8 (b). Fresh pellets are injected in the top zone (0) and while the seal gas is injected

in lowest zone of the furnace (5). Optimal pellet and gas bypass coe�cients obtained for

each zone are reported in Table 3.2.

Table 3.2 Kinetic bypass along the furnace for gaseous and solid phases (pellets) used in each
zone of the furnace. Kinetic bypass: quantity of the de�ned streams going at equilibrium.

Zones: Pellet (1-
 ): Gas (1-
 ):
0 1.00 0.25
1 0.96 0.39
2 0.92 0.54
3 0.88 0.68
4 0.54 0.84
5 0.20 1.00

These kinetic bypass factors modulate the fraction of each stream that is allowed to reach

equilibrium. Both pellet and gaseous kinetic factors follow a linear variation from the top of

the furnace (zone 0) to the bustle zone (zone 3). Another linear trend is imposed from the

bustle zone (zone 3) to the end of the reactor (zone 5). These two distinct linear gradients

are de�ned based on the following assumptions:
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ˆ The gas bypass decreases from the top of the furnace to the bottom of the furnace

since it is assumed that the increase in temperature inside a zone enhances gas kinetics.

Consequently, more gas reaches equilibrium, leading to a decrease in the kinetic bypass

factor (
 ) and thus an increase for the 1-
 factor as presented in table 3.2.

ˆ A metallic layer forms on the pellet external surface while being reduced. This metallic

layer reduces the gas di�usion within the pellets. This is represented by an increase in

pellets' bypass; lesser amount of the pellet reacts with the gas at equilibrium.

These optimal kinetic bypass factors allow representing the real behavior of the gas and the

pellets throughout the furnace. The validity of these assumptions and coe�cients is veri�ed

in section 3.4.

3.2.8 Assumptions and limitation linked to the proposed model of the MIDREX

process

As discussed in the literature review, various phenomena limit the reaction kinetics in the

DRI furnace (with di�usion inside the pellets being one of them). Yadav et al. [16] described

a simpli�ed approach to describe DRI kinetics in their process model. The reaction rate

varies across the pellet radius and is directly related to the concentration of CO and H2 in

the reducing gas mixture.

The kinetic factors shall not be independent of the reducing gas composition; H2 tends to

di�use more e�ciently into the pellets than CO due to its smaller molecular size. Thus, the

portion of H2 and CO reacting at equilibrium evolves relatively to their concentration in the

gas as presented by Yadav et al. [16]. Currently, this method is not implemented and remains

a limitation of this thesis approach.

Kinetics factors used in this work are adjusted in based on the Bond et al.'s reference

dataset [5]. As a result, the following assumption is made: kinetics factors obtained from

the �tting of the reference dataset remain constant for all scenarios even when hydrogen

concentration changes are made. This section details other limitations of the approach for

each unit operation:

1. Furnace :

ˆ Pellet impurities are not taken into account due to their low concentration (around

2%) and expert advice regarding their non-reactive behavior. As a result, we were

able to solve our complex �owsheet which accounts for the presence of several recy-

cling loops faster. From a thermodynamic perspective, the presence of impurities
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could be easily accounted for using the FToxid FactSage specialized thermody-

namic database.

ˆ The series of equilibrium zones used to model the furnace describe local phase as-

semblage calculated by Gibbs minimization with imposed temperature and pres-

sure. The temperature gradient imposed to our equilibrium zones is derived from

Hamadeh's simulation and is not modi�ed during the exploration of the other

scenarios. However, modifying the reducing gas composition with an increased

hydrogen content may lead to more endothermic reactions, potentially reducing

the reactor temperature and the equilibrium calculation temperature.

ˆ The gas bypass is identical for all gaseous species.

2. Reformer :

ˆ The energy e�ciency of the reformer is 100 %. This means that apart from

the vented heat introduced for numerical convergence purpose, no heat loss is

considered for this unit.

3. Scrubber :

ˆ Fixed water content is assumed for both Process Gas (PG) and Top Gas Fuel

(TGF). Consequently, the water gas scrubbing e�ciency varies with neither the

gas temperature nor the gas composition.

ˆ The scrubber e�ciency should correlate with the energy requirements and its

ability to cool the water where the top gas is bubbled.

4. General MIDREX process :

ˆ The heat exchanger is not interconnected. Speci�cally, the preheating heat re-

quired for the Hot Feed Gas (G16) does not directly come from the cooling of the

burned gas (G24). However, these two heat contributions align perfectly.

3.3 MIDREX process simulations with hydrogen injection (Scenario 2)

Table 3.3 presents the hydrogen injections and methane substitution as well as the resulting

H2/NG ratios that were used in this project. In stream G8, the natural gas injection is

replaced at a ratio of three to one (i.e., for every Nm3 of natural gas removed, three Nm3 of H2

are added). The volumetric substitution of three to one corresponds to a molar substitution

of three to one as well, since the units used are normalized m3. This molar substitution ratio
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re�ects reaction 2.9, wherein one mole of CH4 reacting with H2O yields three moles of H2.

As for natural gas replacement, it accounts for up to 75% of the initial amounts.

Table 3.3 Natural gas (NG) �ow with hydrogen substitution �ow and their comparative
ratios. Results and key process indicators are also presented such as the Metallization degree
(Met) of the DRI, the Bustle Gas (BG) quality and the � H burner vented heat.

Ratio Natural gas Hydrogen Natural Gas Met Bustle � H burner
H2/NG [103 Nm3/hr] [103 Nm3/hr] substitution Gas vented

ratio % quality [GJ/hr]
0.000 39.85 0.000 0.000 94.70 11.88 -29.43
0.529 33.87 17.93 15.00 93.51 10.37 -68.13
1.286 27.90 35.87 30.00 92.34 9.211 -153.7
2.455 21.92 53.80 45.00 91.20 8.285 -239.8
4.500 15.94 71.73 60.00 90.14 7.517 -325.7
9.000 9.963 89.67 75.00 89.04 6.891 -413.6

While increasing the substitution of natural gas by hydrogen, two main issues were identi�ed:

the metallization degree drops if the operating conditions are not modi�ed and the burner

produces too much heat as presented in Table 3.3.

One main reason which explains the decrease in the pellet metallization as a result of the

increase in hydrogen injection is that the water concentration in the bustle gas is increasing

(above industrial standards) which imposes a substantially higher oxygen partial pressure.

In the industry, a parameter called the bustle gas quality is de�ned as follows:

Bustle gas quality=
H2[%]+ CO [%]

H2O[%]+ CO 2[%]
(3.3)

By enhancing the scrubbing capacity, lower concentration of H2O can be reached to maintain

the "bustle gas quality" around a value of 11 which is the targeted value in the industry. This

leads to a �rst operating criterion: water content in the Process Gas (PG) which is de�ned as

PG [wet %] in this work. The PG water content is de�ned by the top gas scrubber e�ciency.

The scrubber reduces the temperature of the gas and its water content by bubbling it in liquid

water. The decrease in the "bustle gas quality" during hydrogen substitution is presented in

Table 3.3.

In Table 3.3, the heat released by the burners as a function of the H2/NG ratio is presented.

As demonstrated in this table, hydrogen injection leads to an increase of energy emitted by

the burners. This is due to the fact that more gas is circulating in the process at a higher

quality index. Excessive energy from the burner can damage the reformer. To prevent this
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issue, the gas ratio sent to the burner (vs the process gas) is adjusted. This leads to the

second optimization criterion related to thePG/TGF ratio . After passing through the

scrubber, the Top Gas (stream G1) is divided into two gases: the Process Gas (PG) and the

Top Gas Fuel (TGF).

After the scrubber process, the Top Gas (G1) is split in two streams: the Process Gas (PG)

stream and the Top Gas Fuel (TGF) stream. The PG stream is directed to the reformer,

while the TGF is burned. By increasing the amount of PG and reducing the amount of TGF

(increasing the PG/TGF ratio), excessive heat produced by the burners can be minimized.

The increase gas �ow of the PG results in a greater amount of bustle gas (reducing gas)

to the shaft furnace, thereby increasing the metallization of the DRI pellets. In summary,

two operating parameters need to be adjusted to achieve the desired product quality while

minimizing the direct CO2 emissions of the process, i.e., the PG [wet %] and the PG/TGF

ratio.

3.4 Experimental validation of the kinetic bypass factors using various hydrogen

injection levels

The goal of this section is to present how the kinetics factors obtained in this work have been

experimentally validated. This project involved a collaboration with Corem located Quebec.

Corem stands as a non-pro�t hub for expertise and innovation, extending tailored research

services to mining corporations. These services play a pivotal role in facilitating the re�ne-

ment and enhancement of critical mineral processing methodologies [101]. Corem provided

experimental validation for the kinetics bypass factors and advised on how to improve the

MIDREX process simulation approach.

3.4.1 Purpose of the DRI experiments at Corem

The goal of these experiments was to validate the kinetics bypass factors presented in Table

3.2 which are used to simulate the MIDREX process operated under various substitution

levels of methane by H2. The strategy used in this project to validate the kinetic factors is

presented in Figure 3.9. The �rst step of this methodology is to calculate the reducing gas

composition (bustle gas) in the MIDREX process simulation for various hydrogen injection

levels. The second step was to implement a numerical simulator of the Corem DRI reduction

equipment. Reduction simulations using this algorithm were conducted to test various bustle

gas compositions, utilizing the kinetics bypass factors obtained for the MIDREX process and

the same pellet quantity as the Corem reduction equipment. The third step was to impose
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these gas compositions in the Corem DRI furnace for experimental validation. If the results

coincide with the predicted data, the kinetics bypass factors are validated. Another goal

of the experiments is to assess the in�uence of hydrogen utilization on the product quality

during the reduction process.

Figure 3.9 General scheme for validation of the kinetic bypass factors and experimental
explanation.

3.4.2 Thermogravimetric Direct Reduction furnace experiments at Corem's fa-

cility

The Corem reduction equipment is a thermogravimetric furnace for direct reduction of iron

oxides. Samples are placed in the furnace at high temperature with reducing gas �owing

through the samples. Figure 3.10 presents a scheme of the experimental setup used in this

project.

The 2-chamber reactor in Figure 3.10 b) is inserted in a furnace with heated elements. As

the reducing gas �ows down, it undergoes preheating. Subsequently, the gas passes through

the reduction chamber containing the pellets. Following this, the gas is collected, and phase

transitions are determined by measuring the mass loss of the entire setup as a function of

time.
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Figure 3.10 Corem reduction equipment (experimental setup) used for this project at Corem
facilities, from Corem's METEC presentation [23], reproduction with authorization of Corem.
(a) Full Corem reduction equipment with gas control and furnace components. (b) Cross
section view of the furnace with pellets and gas �ow.

Table 3.4 Speci�cation of the Corem reduction equipment and comparison of di�erent factors
with the MIDREX process and similar setup found in the literature [2].

Corem setup speci�cations Corem : MIDREX : ASU : [2]
Mass of pellets produce
by the reactor [g/min] : 2.70 (load of 500g) 1.41E+6 7.90 (1 pellet)
Max gas �ow rate [cm3/min] : 41.0E+3 000 2.05E+9 200
Ratio gas encounter
by the pellet [cm3/g] : 12.2E+3 1.45E+3 6.84E+3
Gas species available : All All H2, CO, N2

Table 3.4 presents the key parameters of this furnace compared to other reactors also studying

the DRI process.
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3.4.3 Corem reduction furnace simulator

This section outlines the modeling approach used to describe the Corem reduction equipment.

The general simulation approach is presented in the "Corem reactor simulation" (right panel)

in Figure 3.11.

The Corem reduction furnace was designed to emulate the upper portion of the "Real size

furnace simulation" (left panel). This zone corresponds to a temperature ranging from around

500� C to 800� C as illustrated in Figure 3.11. Within the real size furnace simulation, pellets

undergo four equilibrium reactions as they �ow down before reaching the cooling zone (zone

below the reducing gas injection), ultimately transforming into DRI.

In this simulation approach, gas �ow and pellet quantities are controlled inside the Corem

reduction equipment to replicate the real furnace conditions. Unlike in a real furnace, where

pellets �ow downward, the pellets in the simulation remain static within the reactor. To

simulate the e�ect of pellets moving downwards, the initial quantity of pellets is repeatedly

used in each time step (iteration) of the simulation. Meanwhile, the gas composition is

arti�cially varied over time to represent the changing environment that the pellets would

experience as they descend in a real reactor.

In Figure 3.11 both the MIDREX real size furnace and the Corem reactor simulation �ow-

sheets are presented. The reduction process of the pellets in the real size furnace is simulated

by iteratively passing these pellets through multiple equilibrium zones, each zone leading to

distinct gas compositions. These variations in the reducing gas composition are supposed to

represent the conditions encountered in the industrial furnace.

Unlike the MIDREX process simulation, which divides the shaft furnace into four zones (with

each zone representing an hour of process time), the Corem reactor simulator performs an

equilibrium reaction which occurs every minute. The Corem reactor simulator incorporates

kinetics bypass factors for both the pellets and the gas streams. Consequently, only a portion

of the system (pellets+gas) reaches the equilibrium state. Kinetic bypass factors are taken

from Table 3.2. Here is the algorithm implemented in the simulator:

ˆ A pellet amount is �rstly de�ned in stream (G1)

ˆ The pellet stream is then split into stream (G3) and stream (G4) according to the

de�ned pellet kinetics bypass factors.

ˆ Using a similar approach, the reducing gas stream (G7) is split into stream (G8) and

stream (G9) according to the gas kinetics bypass factors.

ˆ Stream (G3) is then allowed to reach the equilibrium state with the gas stream (G8).
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Figure 3.11 Experiments and validation strategy: the bustle gas composition from the real
size furnace simulation is tested �rst on a lab scale simulator (top right) before entering the
real set up at Corem facilities.

ˆ Stream (G4) is then mixed with the newly equilibrated pellet stream.

ˆ At the next iteration, the same pellet composition is looped in the process with the

stream (G6).

Finally, the temperature pro�le imposed for these equilibrium calculations is presented in

Figure 3.12. This temperature pro�le follows two distinct linear programs from 400� C to

725� C and then from 725� C to 825� C. To validate our simulation approach (i.e. the kinetic

bypass factors), we compared the pellet's metallization predicted from our modeling approach

with the measured ones.
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3.4.4 Original experimental conditions used by Corem for their setup validation

This section presents the results of the original experiments which were performed by Corem

to validate the behavior of their thermogravimetric furnace. Figure 3.12 reports the experi-

mental conditions which were used in their tests. The gas �ow for the reference tests is 33

l/min and the gas composition varies linearly from t= 0 min to t = 180 min. The compo-

sition at t = 0 represents the composition of the top gas that the pellets experience in the

reactor. Then, the gas composition at 180 min is changed to the bustle gas composition.

This bustle gas composition is encountered by the pellets in the transitions zone where the

reducing gas is injected.

Figure 3.12 Experimental reference test conditions for the Corem reduction equipment, from
Corem's METEC presentation [23], reproduction with authorization of Corem.

The Reduction degree R is a great index to quantify the extent of the phase transitions

occurring in the pellets associated to their reduction. It is calculated using the following

equation:

R =
(1:5 � O

Fe)
1:5

� 100 (3.4)

In equation 3.4, "Fe" and "O" are quantities de�ned in moles. As an example, the stoichiomet-

ric composition of hematite (Fe2O3) gives a reduction degree of R = 0. A reduction degree

of zero represents the initial state of the pellets. At the opposite, pure metallic iron (Fe) will

have a reduction degree of one according to this equation. The degree of reductions for the

experimental conditions are used to validate the thermogravimetric furnace setup presented

in Figure 3.13. The reduction degree is presented by the blue curve on this �gure. It is not

a straight line but rather a complex function with plateaus associated with distinct phase
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transitions occurring during the reduction of the oxide pellets. According to this �gure, the

reduction degree stabilizes at approximately 180 minutes, meaning that the full achievable

metallization degree is obtained.

The gas composition varies throughout the test, transitioning from the top gas to the bustle

gas composition. Thus, the pellets are exposed to the same gas composition as they move

from the top to the bottom of the furnace respectively. These gas compositions are taken

from simulations of the MIDREX process with the operating conditions presented in Table

3.6.

Figure 3.13 Experimental reference test results for the Corem reduction equipment, from
Corem's METEC presentation [23], reproduction with authorization of Corem.

The carbon content ("C tot" with the grey curve) is appearing only at the very end of the

experiment. When metallic iron (Fe) is su�ciently formed prior to the end of the reduction,

the metallic iron starts to precipitate into Cementite (Fe3C) by reacting with the gas. This

reinforces the hypothesis that only Cementite is responsible for the carbon content in the

pellet.

3.4.5 New operating conditions for the thermogravimetric furnace to validate

our kinetic approach

Next, we de�ned experimental conditions to be explored with the thermogravimetric fur-

nace using preliminary simulations of the MIDREX process performed using our proposed
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approach.

These experimental conditions to be tested (presented as the chemical gas composition of

the reducing gas to be injected in the furnace) are provided in Table 3.5. As seen from this

table, the gas composition would vary throughout the test, transitioning from the top gas to

the bustle gas composition. Thus, the pellets would experience the same gas composition as

they move from the top to the bottom of the furnace respectively.

The di�erent test compositions are extracted from simulations of the MIDREX process which

were performed using the operating conditions presented in Table 3.6. These compositions

were obtained for speci�c operating conditions (PG [wet%] and PG/TGF ratio) to maintain

the bustle gas quality when natural gas is substituted with hydrogen. We therefore assumed

here that a bustle gas with the same quality should lead to the same metallization degree.

Table 3.5 The gas composition extracted from the MIDREX process simulation and the gas
�ow rate for the experiments are provided. Four tests were conducted to simulate di�erent
substitutions of natural gas by hydrogen and gas �ow.

Test : CO2 % CO % CH4 % H2 % N2 % H2O % C2H6 % H2/CO BG Quality
N� 1 (BG) 2.041 30.75 8.072 53.23 0.744 5.027 0.000 1.731 11.88
N� 1 (TG) 13.74 20.52 2.848 47.51 0.675 14.64 0.000 x 2.400
N� 2 (BG) 2.300 27.10 9.300 55.10 0.700 5.300 0.200 2.033 10.86
N� 2 (TG) 13.80 17.70 3.200 47.30 0.600 17.30 0.000 x 2.090
N� 3 (BG) 1.913 18.86 8.652 63.90 0.549 5.970 0.000 3.388 10.50
N� 3 (TG) 10.37 13.27 3.024 53.30 0.493 19.52 0.000 x 2.230
N� 4 (BG) 1.913 18.86 8.652 63.90 0.549 5.970 0.000 3.388 10.50
N� 4 (TG) 10.37 13.27 3.024 53.30 0.493 19.52 0.000 x 2.230

Table 3.6 Operating conditions and supplementary information regarding the MIDREX re-
ducing gas compositions for the experiment in Corem facilities.

Test: H2/NG Natural gas Operating Operating BG Flow Ratio Gas Flow
Ratio replaced parameter parameter MIDREX Corem

[vol %] PG [wet %] PG/TGF simulation simulation
[103 Nm3/hr] [ccm3/min]

N� 1 0.000 0.000 10.70 0.672 431.1 1.000 31.00
N� 2 2.000 50.00 3.700 0.722 372.6 0.864 26.78
N� 3 9.000 75.00 3.700 0.722 401.4 0.931 28.86
N� 4 9.000 75.00 3.700 0.722 431.1 1.000 31.00
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3.5 MIDREX model exploration: 100 % H 2 injection

Multiple modi�cations of the conventional MIDREX process are required to realistically allow

the injection of hydrogen in the process for its e�cient decarbonization. Due to the endother-

mic nature of the hematite reduction with hydrogen (� H900� C; 1:5 atm = 62.4 kJ with H 2(g)

compared to� H900� C; 1:5 atm = -36.8 kJ with CO(g)), maintaining an adequate heat balance

in the furnace to ensure the feasibility of this decarbonized process is crucial. Preheating the

pellets or the process gas are potential solutions to compensate for the heat requirement of

the reduction reactions involving hydrogen. It is important to mention here that we assumed

that the hydrogen injected in the process is produced using water electrolyzers which are

operated in Quebec, Canada (i.e. powered using hydroelectricity). In order to maximize

the use of all the products obtained from the water electrolysis, pure oxygen is used in the

process to enhance the heat transferred from the combustion reaction in the burners. Oxygen

could also be injected in the enrichment module to generate heat following this combustion

reaction:

2 H2(s) + O2(g) �! 2 H2O(g) � H950� C;1:5atm = � 498:2kJ (3.5)

Also, it was assumed that the electrolyzer is directly connected to the process. In real

industrial conditions, a hydrogen storage tank would be a more realistic solution to constantly

supply the hydrogen required for the reduction process. In countries which do not have access

to hydroelectricity, hydrogen would be produced when meteorologic conditions are optimal

(Green electricity could be generated from solar panels and wind turbines in these regions for

example). This idea is under development with the Hybrit project [45] led by the joint venture

of SSAB, LKAB and VATTENFALL. To safely utilize hydrogen in the furnace, precautions

are essential given its explosive nature. This involves using proper connection to leaks. Also,

for transportation safety pipes coated with thermoplastic material prevent H2 embrittlement

and ensure e�ective control of any potential leakage.

3.5.1 100 % H 2 injection in the MIDREX process while keeping its reformer

units (Scenario 3A)

In this scenario, the reformer unit is used to preheat the process gas. This allows the pos-

sibility to convert the conventional MIDREX process with very little modi�cations. The

modi�ed �owsheet of the conventional MIDREX process is presented in Figure 3.14 and is

called the scenario 3A.
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Figure 3.14 Flowsheet of the MIDREX process (Scenario 3A) with 100% H2 and keeping all
the equipment from the MIDREX classic operation.

The MIDREX process is fueled by the electrolyzer (unit E4) which produces H2 and O2.

This electrolyzer requires an input of electricity (G21) and water (G20). The green hydrogen

is then mixed with the hot feed gas (G7) prior to the reforming tubes. Then, the hydrogen

preheated undergo the enrichment step, where its temperature is increased with the oxygen

combustion using the reaction 3.5. Natural gas is injected at the bottom of the furnace in the

cooling loop to ensure a su�cient level of carbon (cementite precipitation) for the subsequent

manufacturing steelmaking operations (EAF). Preliminary stoichiometric calculations are

presented for the electrolyzer and the reformer in Table 3.7.

According to these simpli�ed calculations, the total amount of hydrogen required to produce

214 tons of DRI (production capacity reported by Bond et al. [5]) is 11490 kg. In this

simpli�ed scenario, the DRI pellets are assumed to be 100 % Fe. We �nally supposed that the

PEM electrolyzer has the e�ciency of 71.8 % as reported in the Cummins PEM electrolyzer

data-sheet [28].
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Table 3.7 Calculation of theoretical inputs in hydrogen and natural gas for the 100% of
hydrogen reduction. Natural gas LHV value from [3].

Calculated values Unit
H2 required 53.72 [kg H2 / tDRI]
H2 required 602.0 [Nm3 / tDRI]
H2 required total 11.49 103 [kg H2 / 214 tDRI]
PEM electrolyzer consumption
70 % e�ciency 55.00 [kWh / kg H 2]
Preheating of H2

(from 400� C to 850� C) 7.682E+04 [MJ / 214 tDRI]
LHV of Natural Gas 36.60 [MJ / Nm 3]
Natural gas required 2098 [Nm3 / 214 tDRI]
CO2 emissions 17.94 [kg CO2 / tDRI]

3.5.2 100 % H 2 injection in the MIDREX process with electrical heaters added

(Scenario 3B)

Figure 3.15 Flowsheet of the MIDREX process (Scenario 3B) with 100% of H2 (Scenario
3B). All modi�cations for the required equipment in the MIDREX classic operation are
performed. The reformer to preheat hydrogen is replaced by a high temperature process gas
electric heater.

Another alternative in scenario 3B to preheat the H2 stream is by using electrical heaters.

In Figure 3.15, the �owsheet of this scenario which results in the lowest amount of CO2

emissions for the modi�ed MIDREX process is presented. Gas preheating is achieved up to
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900� C through SFI heaters instead of reforming tubes heated with natural gas burners. In

this case, the electric heater is manufactured by TUTCO [27] for higher temperature gas

preheating. This technology is presented in Figure 3.16.

Figure 3.16 SFI electric heaters for high temperature process gas.

3.6 Life Cycle Assessment integration to our process simulation �owsheet

Coupling LCA with computational thermochemistry simulations is complementary for both

�elds. LCA inventory data are based on actual industrial plant or activities. When it

comes to assess the environmental impact of a new process, LCA inventories tend to lack

data and accuracy. Thermodynamic simulations can accurately calculate the direct gas

emissions, product quality and input amounts for the exploration of new scenarios where no

industrial plant are available. However, thermodynamic simulation lacks the evaluation of

all the indirect emissions/impacts associated to the reactants used in the process. In the

speci�c case of ironmaking decarbonization via hydrogen, LCA needs to be complemented

by thermodynamic simulations since no plant data is currently available for this new process.

3.6.1 LCA - Purpose of the study

Hydrometallurgical and pyrometallurgical ore processing methods have been industrially op-

erated since the 20th century to extract metals from rocks. They have been used to produce

metals like iron, aluminum, nickel and much more. These metals have been used to produce

alloys which are integrated in a multitude of technologies. Among all the metallic materials

used in the heavy industry, steel is the most important. It accounts for 90% of the global

metal production (Delasalle, 2021). Steel is used in various industrial sectors and applica-

tions such as automotive, electronics, construction, and ships. The steel production industry

is one of the most signi�cant economic sectors worldwide. A total of 1.8 gigatonnes was

produced in 2021 (Delasalle, 2021). Among the largest producers is China, with 832 million
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tonnes annually produced in 2017 which represented 49.2% of the worldwide production.

Canada production is substantially more limited with only 14 million tonnes (0.8%) during

that period (Statistics Canada, 2018). While Chinese production has grown exponentially

since the beginning of the millennium, Canadian steel production remains relatively stable

and represents a crucial economic sector in Canada. These activities are primarily concen-

trated in Ontario and Quebec and are operated by several globally renowned companies such

as ArcelorMittal in Contrec÷ur, Rio Tinto Fer et Titane in Sorel-Tracy, and Algoma Steel

Inc. in Sault Ste. Marie, Ontario (Government of Canada, 2017).

Numerous routes exist to transform iron ore into steel. These routes share similar mineral

processing operations until the reduction step. Iron ores (typically composed of the hematite

mineral) contain a signi�cant weight fraction of oxygen which needs to be removed using

a reducing agent such as coke, methane or hydrogen. The largest environmental impact

is associated to this stage and is called the reduction process. This process is typically

performed in large furnaces. In these counter-�ow reactors, iron oxide concentrates react

with a gas mixture containing carbon monoxide (CO) and/or hydrogen (H2). Two types of

technology exist to perform the reduction: the DR furnace and the BF. The DR furnace

uses methane to reduce the iron concentrate. It is a more environmentally friendly option

when compared toBF. In contrast, BF utilize metallurgical coke which is a derived product

obtained from the pyrolysis of coal. The Canadian industry has largely transitioned from

BF to the DR route. It now looks to further lower its environmental impacts. LCA is thus

required to evaluate the complete carbon footprint (CO2 eq) for the steel production and to

determine the greenest alternatives to produce steel.

3.6.2 LCA - Goal and scope de�nition

In order to decarbonize their steel production, companies are turning into more sustainable

fuels. Green hydrogen is one of promising solution presented in the literature review for iron

producers which are using the DR route. Hydrogen used in the DR process allows for a

signi�cant GHG emissions reduction while reducing fossil fuel consumption. In this context,

it becomes crucial to de�ne the best unit operation sequence to achieve the greenest iron oxide

reduction. Two critical units are used in the MIDREX reduction process which technology is

implemented in Quebec for decades now: the reducing shaft furnace and the reformer. The

reformer is required in order to generate the syngas used for the reduction from methane. It

mostly contains carbon monoxide and hydrogen. An alternative to this reforming unit and

to the use of methane would be the injection of hydrogen produced via a water electrolysis

process.
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3.6.2.1 LCA - Function and functional unit

The LCA performed in this work aims to compare various reduction strategies to reduce iron

concentrates. A special focus is on the modi�cation of the conventional MIDREX process to

directly inject green hydrogen. According to LCA standard procedures, if a process (manu-

facturing step) is identical from one scenario to another, it should not be considered within

the boundaries of the analysis. However, Crude Steel (CS) is used as a reference value in the

literature to compare environmental impact for the steel production of di�erent routes. When

CS is used as a common comparison basis, all process emissions in the steel manufacturing

value chain needs to be considered even "ore extraction" and "pelletizing processes" that are

identical for all scenarios. LCA standards ISO14040 and ISO14044 serve as a foundation for

the methodology in this project.

As a result, the LCA approach for this work is a cradle-to-gate analysis, modeling the steel

production from ore extraction to its shaping into billets after the EAF operations. The

functional unit for this analysis is the "Production in Quebec of one kilogram of

Crude Steel for industrial use in 2024" . The location is associated with the activi-

ties of ArcelorMittal in the province of Quebec. This study focuses on maintaining their

product quality [102] while reducing CO2 emissions through hydrogen substitutions. This

new and original study adds value to the existing analyses by o�ering precise information

related to the direct emissions associated to changes in operating conditions. Key indicators

are presented such as energy consumption and energy e�ciency, calculation of the complete

GHG emissions, and product quality related to steel manufacturing in this geographical area.

Additionally, Google Maps is used to estimate the emissions associated with the material

transportation between production sites.

3.6.2.2 LCA - System boundaries

Figure 3.17, provides an overview of the various unit operations considered in this LCA

study to produce billets from iron ore. These various steps are included in the overall system

boundary represented by the dashed line. A detailed discussion explaining the contributions

which have been excluded for each process is provided in the Appendix H. Finally, two

di�erent transport distances are identi�ed for this study:

ˆ 416 km by train between concentration site and pelletizing site.

ˆ Around 800 km by boat from the pelletizing to the reduction site.
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Figure 3.17 Border of the system for the LCA study with the steps involved in the steel value
chain.

3.6.2.3 LCA - Scenarios of the study

This study involves the exploration of three scenarios, which are represented in Figure 3.18.

There is a functional equivalence between all of the aforementioned scenarios. All simulation

scenarios are equivalent and produce the same DRI pellet quality required by the EAF at

the re�ning stage except for scenario 3. The missing carbon due to 100% hydrogen reduction

is balanced at the EAF. The carbon content is balanced with graphite addition in the EAF.

Thus, the end product is identical in all scenarios, which makes these scenario's emissions

comparable.

Figure 3.18 The 3 di�erent scenarios of the study: Scenario 1: Baseline, Scenario 2: Hydrogen
injection, Scenario 3: Full hydrogen reduction.
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3.6.2.4 LCA - Inventory data: Database and simulations

The aggregated data used for our LCA study come from the Ecoinvent database and from the

work of Nurdiawati et al. [7]. Ecoinvent is the most frequently used database for academic

and industrial LCA. The data extracted from the work of Nurdiawati et al. paper are

the DRI reduction step and for the EAF/re�ning step. These processes are currently not

available in Ecoinvent. These data are reported in Appendix I. In order to account for the

full steel production value chain, aggregated data are used for several processes and are listed

in Table 3.8.

Table 3.8 Processes used for the LCA in this study and their origin. Ecoinvent and custom
processes are detailed in Appendix I.

Process related to iron used
scenario:

Process name: Dataset
source:

Iron ore extraction iron pellet production | iron pellet | Cut-
o�, U

Ecoinvent
3.9.1

Pelletizing iron ore mine operation and bene�ciation
| iron ore concentrate | Cuto�, U

Ecoinvent
3.9.1

Reduction (Scenario 1 and
2)

MIDREX reduction process Equilibrium
model Ap-
pendix I

Reduction (Scenario 3) MIDREX reduction process Equilibrium
model Ap-
pendix J

Re�ning (Scenario 1,2 and
3)

Re�ning process (EAF), except scenario 3
requires the addition of 20 kg of graphite
to balance for the carbon-free pellet

Nurdiawati et
al. [7]

PEM electrolyzer PEM electrolyzer Mass cal-
culations
Appendix I

To perform this LCA, it is required to determine the reactant input and product output

to ensure compatibility with the thermodynamic calculations performed to simulate the re-

duction process. For all scenarios (1 to 3), the �rst two unit operations are identical. The

pelletizing process delivers to the reduction process "1 kg of iron concentrate containing 67%

of Fe" as speci�ed in Ecoinvent [4]. The reduction process produces the DRI pellets with a

quality/metallization presented in Table 3.9. As shown in this table, pellets do not contain

carbon in scenario 3 (100% of hydrogen). This induces a higher melting point of the pellets

in the EAF which could be lowered by adding carbon materials (such as bio-char). However,

no speci�c calculations are performed regarding this topic.
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Table 3.9 Reduction process DRI expected speci�cation.

Scenarios : Metallization [%] Carbon [%]
Scenario 1 and 2: 92.5 2
Scenario 3 : 95.5 0

For each process at the beginning of the steel manufacturing chain (such as pelletizing and

iron mining), gangue removal occurs. Therefore, a mass ratio is presented in Table 3.10 to

evaluate the mass requirements for each step.

Table 3.10 Mass �ow analysis along the di�erent process of the LCA.

Mining Concentration Pelletizing Reduction Re�ning
(DR grade)

Content in end
production [Fe %] : 30.00* 45.00 67.00 92.50 98.00
Product required
per step [kg]: 1.500 1.489 1.381 1.059 1.000
Cumulative product
required [kg]: 3.267 2.178 1.463 1.059 1.000

Regarding data for the production of hydrogen, the electrical consumption for the PEM

electrolyzer needs to be evaluated. According to Kanz et al. [103], 55 kWh are required to

produce 1 kg of H2 with a PEM electrolyzer. Table 3.11 reports the energy consumption

which are added to the LCA via OpenLCA.

Table 3.11 Electrolyzer consumption in MWh relative to the hydrogen demand.

Ratio Natural Gas Hydrogen injected Electrical
H2/NG replaced [103 Nm3/hr ] [103 Nm3/hr] : PEM (electrolyzer)

consumption [MWh]
0.0 39.85 0.000 0.000

0.529 33.87 17.93 29.30
1.286 27.90 35.87 58.70
2.455 21.90 53.80 88.00
4.500 15.94 71.73 117.0
9.000 9.963 89.67 147.0

For scenario 2 of this LCA study, the dataset is evaluated for PG[wet %] = 11 and PG/TGF

= 0.8724. These conditions re�ect minimal alterations from the original operating condi-

tions. The scrubber operation is not modi�ed. Table 3.12 presents the inputs and outputs

modi�cations for the reduction process presented in Appendix I.
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Table 3.12 LCA parameters for reduction step in Scenario 2: hydrogen is replaced in the
MIDREX process. The mass balances are derived from simulations with modi�ed operating
conditions that are necessary to maintain the degree of metallization.

Ratio Natural gas CO2 [kg] N2 [kg] H2O H2O Electrolyzer
H2/NG [103 Nm3/hr] [kg] vapor [kg] liquid consumption [MJ]

0.00 39.85 334.0 1109.5 713.2 83.4 0
0.529 33.87 308.9 1109.2 713.0 113.0 105.48
1.286 27.90 282.6 1108.9 712.8 143.3 211.32
2.455 21.9 256.6 1108.5 712.6 168.2 316.8
4.500 15.94 230.3 1108.2 712.4 196.2 421.2
9.00 9.963 203.8 1107.9 712.2 225.0 529.2

Finally, to explore the impact of the process location, the electrical carbon footprint is ad-

justed according to di�erent locations. The electrical providers which were considered in this

work are presented in Table 3.13. They were speci�cally selected to represent variations in

electricity carbon footprint. These data were extracted from Ecoinvent.

Table 3.13 Electrical providers and their di�erent electrical carbon footprint, reported from
[4].

Process location: Country Carbon footprint
[kg CO2 eq / kWh]

CA-QC Quebec, Canada 0.02534
DE Germany 0.48556

US-TRE USA - Texas 0.47903
CN-CSG China (South) 0.63766

The compilation all the LCA processes was performed using the "IMPACT WORLD +"

method [24] via the OpenLCA. The IMPACT World + method is a "globally regionalized"

approach for Life Cycle Impact Assessment (LCIA).
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CHAPTER 4 RESULTS

4.1 Preliminary simulation results

This section provides di�erent preliminary simulations that were performed to better un-

derstand the MIDREX process. It includes an analysis of the stability of the various iron

oxide phases and unit operation simulations for both the furnace and the reformer. For the

reformer, an analysis to determine the optimal bypass parameter is performed.

4.1.1 Stability of the iron oxide phases in the DRI furnace

Figure 4.1 Fe-O2 predominance diagram (P=1 atm) with variation of the partial pressure of
oxygen on x-axis and temperature on the y-axis. Furnace zones zero to three for the baseline
scenario (scenario 1) where reduction occurs are presented. A visual scheme of the zones is
presented in Appendix D.
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The predominance graph presented in Figure 4.1 provides a phase mapping of the Fe-O2

system as a function of the partial pressure of O2 and the imposed temperature for a total

pressure of 1 atm. With this graph, it is possible to determine if the pellets can be completely

reduced (under equilibrium state) for each zone of the furnace. As it can be concluded

from the analysis of this �gure, the PO2 conditions that prevail inside most of the zones of

the reactor are su�cient to lead to a complete reduction of the pellets. Interestingly, the

operating conditions are really close to the boundary with the FeO (Monoxide) region. The

integration of oxygen partial pressure sensors would greatly help in determining the optimal

operating conditions of the process. However, due to extreme conditions inside the furnace,

the integration of such sensors would be challenging.

Figure 4.2 Evolution of the furnace phases according to the furnace length. Parameters:
mesh = 6, time step = 60 min. The scheme for those zone is presented in the Appendix D.

Figure 4.2 shows the evolution of the reduction state of iron as a function of the furnace

length. The stable iron oxide sequence along the furnace height corresponds to the �nding

of Hamadeh [6]: at the top of the furnace hematite will be quickly converted to magnetite

and wustite. Then wustite conversion to metallic iron takes more time (green line) and is

completed at the bottom of the reactor as presented in this �gure. The use of a smaller mesh

(i.e. more local equilibrium zones to describe the shaft furnace) could lead to a more precise

description of the pellet reduction inside the furnace. In most scienti�c contributions using
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local equilibrium zones, the number of zones is typically less than 10 [16,74]. In our simulation

methodology, we found that six zones are su�cient to describe the product quality and to

reproduce available data on the conventional MIDREX process. The current discretization

of the furnace is optimized to achieve su�cient accuracy while minimizing the computing

time required: this six zones process already requires signi�cant computing power. The full

MIDREX process and furnace converging process require up to 9000 equilibrium calculations.

This is performed on a regular desktop computer in about 20 mins.

4.1.2 Furnace 2D analysis study

We also explored at the beginning of the project the possibility to simulate the furnace in

2 dimensions to account for the radial temperature pro�le established in the furnace which

greatly impacts the reduction degree of the pellets. Figure 4.3 shows the imposed temperature

pro�le (panel a) and the resulting degree of metallization of the pellets (panel b) as a function

of the radial position and height inside the furnace.

(a) (b)

Figure 4.3 2D simulation of the furnace reduction zones (reduction and transition zones); a)
Temperature gradient along the furnace, inspired from [6], b) Metallization gradient along
the furnace.

The temperature pro�le implemented in this series of preliminary simulations was inspired

by the work of Hamadeh et al [6]. The temperature is higher at the entrance zone of the

bustle gas and is kept high in the middle zones of the furnace. As seen in panel b, the
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metallization degree of the pellets is directly correlated to the temperature pro�le. To obtain

a more homogeneous product quality, agitators are positioned inside the furnace to mix the

pellets which also reduces the cluster formation. The metallization pro�le also corroborates

with Hamadeh's results [6] and could be re�ned using a �ner mesh. For computational time

constraints, we decided not to complete the full 2D modeling of the furnace in our �nal series

of simulations.

4.1.3 Adjustment of the reformer bypass factor

In Figure 4.4, the kinetic bypass ratio variation are presented for the reformer. Some of the

gas will undergo reaction at equilibrium (1-
 ), while the remainder will bypass the equilibrium

(
 ).

Figure 4.4 Reformer bypass analysis to �nd the optimal remaining bypass factor (1-
 ).
Graphs extracted from an incoming paper contribution. Simulations with data from Bond
et al. [5].

In Figure 4.4, the most accurate remaining bypass factor for this reformer is1 � 
 = 96:5%,

indicating that 
 = 3:5%, meaning that 3.5% of the gas is not reformed. This percentage

decreases as the carbon deposit on the reformer catalyst increases.
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4.2 Mass and heat balance veri�cation

Before presenting the �nal results of our simulations for the MIDREX process, overall mass

and energy balances were manually performed to con�rm that the model correctly solve them.

We also analyzed in detail the results obtained for the shaft furnace.

4.2.1 Overall MIDREX process mass balance

In Appendix E, all input and output stream data are presented for the MIDREX process

baseline scenario. The de�nition of the respective input and output streams is presented in

Figure 2.3.

Table 4.1 de�nes the input and output stream (panel a) and their associated elemental mass

balances. As shown in this table, the mass balance di�erence between output and input is

3.27E-11 %. This result con�rms that the recycling loops integrated in the �owsheet are

correctly integrated and that no mass is accumulating in the process.

Table 4.1 Mass balance for the overall MIDREX process. a) Inputs and outputs identi�cation
numbers for the furnace in the baseline scenario. b) Molar balance for the inputs and outputs
calculated for the process in the baseline scenario.

Table 4.1 a)

Flux In Flux Out
G8 G12
G10 G42
G19 G44
G25 G31
G26
G30
G40
G42

Table 4.1 b)

Elemental Molar �ow Molar �ow
mass balance In [106 atoms] Out [106 atoms]

Fe 3.83 3.83
O 11.0 11.0
N 17.4 17.4
C 3.41 3.41
H 13.4 13.4

Total 49.0 49.0
Relative

di�erence (%) 3.27E-11

In terms of heat balance, the initial method used to model the enrichment zone resulted in

minor changes in the temperatures of the streams, making it challenging to account for all

heat variations throughout the process. The heat balance will be conducted using the newer

version of the code, which was not available when the results for this thesis were generated.
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4.2.2 Shaft furnace mass balance and heat balance

We also con�rmed that the mass balance performed on the shaft furnace is correctly solved.

Table 4.2 presents the mass balance for the shaft furnace simulation for the baseline scenario.

As con�rmed in this table, 557.9 tons per hour of material is coming out of the reactor in the

form of a top gas and DRI pellets while 556.7 tons of fresh pellet and bustle gas is entered

in the reactor. The relative di�erence between output and input is therefore 0.002 %.

Table 4.2 Mass inputs and outputs calculated for the furnace (Baseline). This table presents
the DRI and the furnace Top Gas. The graphite phase (activity = 1.603) is set as dormant
because only cementite can form in the DRI and it is the only source of carbon.

Ouput species : Mass species in [tons] : Mass species out [tons] :
Fe2O3 hematite 306.0 0.000
Monoxide FeO 0.000 9.941
Monoxide Fe2O3 0.000 2.536
CEMENTITE Fe 3C 0.000 3.653
CEMENTITE Fe 3N 0.000 0.001
BCC Fe 0.000 132.6
BCC FeC3 0.000 0.025
BCC FeN3 0.000 0.001
FCC Fe 0.000 68.48
FCC FeC 0.000 0.990
FCC FeN 0.000 0.008
FCC FeH 0.000 0.010
CO2 17.28 127.9
CO 165.6 121.6
CH4 24.92 9.668
H2 20.68 20.30
N2 4.011 4.000
H2O 17.42 55.79
O2 0.000 0.000
C2H6 0.796 0.374
Mass [tons] 556.7 557.9
Error di�erence (%) 0.002

Table 4.3 shows the heat balance analysis of the furnace. Table 4.3 a) presents the enthalpy

of each input and output. Table 4.3 b) presents the various equilibrium calculation zones

and their cumulative � H values. The di�erence in enthalpy between reactants and products

(Table 4.3 a)) should be similar to the sum of all zone reaction enthalpy di�erences (Table

4.3 b)).
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Table 4.3 Heat balance in the furnace for the base case scenario. a) The di�erent �ux enthalpy.
b) The di�erences of� H for the di�erent zone. Two additional contributions � Hi 1 and � Hi 2

for cooling respectively the gas from 500� C to 285� and the 214 tons of pellet from 600� C to
60� C.

Table 4.3 a)

Flux in : T [ � C] H [GJ/hr]
Pellet fresh in 15.00 -1584
Bustle gas in 957.0 -556.5
Natural gas trans 25.00 -0.008
Seal gas 25.00 -0.012
Flux out :
Pellet DRI 60.00 -2153
Top gas 285.0 -109.1
Out - In : -121.3

Table 4.3 b)

Zone Teq [� C] � H [GJ/hr]
� Hi 1 -156.0

0 500.0 5.829
1 625.0 -9.178
2 750.0 -57.68
3 875.0 204.5
4 762.0 -18.54
5 650.0 -22.76

� Hi 2 -67.47
Total � H : -121.28

It is noted that the sum of � H from all zones is indeed equivalent to the di�erences between

the enthalpy of the products and the reactants. The� H of the furnace can be compared to

the � H required to melt 217 tons of Fe initially at 25� C. As calculated in Appendix N, 218.6

GJ/hr are required. The absolute� H calculated for the furnace represents around 55% of

the energy required to melt the same amount of iron per hour.
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4.3 Simulation interface of the entire MIDREX process

In Figure 4.5, the MIDREX Process Interface implemented in this work is presented. It was

designed using QT Creator and Python. It facilitates exploration of new process conditions

and integration of hydrogen injection.

Figure 4.5 Interface for process simulation of the MIDREX process. It is possible to test
variations of the operating conditions, inspired from Bond et al. [5]

This tool empowers industry professionals to e�ciently test parameters and predict product

quality. In the gas input section, users can manually input the amount of gas injected in the

real process or connect it to the process for real-time adjustments. Key indicators for the

process are then calculated based on the chosen input settings. These include CO2 emissions,

metallization degree, and carbon content, providing valuable insights to enhance e�ciency

and sustainability in DRI production.
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4.4 Main MIDREX process simulation results

Table 4.4, the furnace's results are presented. There are three di�erent datasets presented

in this table: the baseline, the baseline with natural gas injection in the cooling zone in the

furnace and the reference value extracted from Bond et al. [5].

Table 4.4 Furnace results : the top gas and the product quality for the baseline, the baseline
with natural gas (NG) addition for the cooling cool and the reference value.

Furnace characteristic & Calculated Calculated Reference Relative
(Vol %) for Top gas (Baseline) : (Baseline : values [5] di�erence :

NG added) Baseline vs Ref
CO2 13.74 12.74 16.0 25.6
CO 20.52 19.90 19.0 4.50
CH4 2.848 2.651 3.00 13.2
H2 47.50 49.32 40.0 18.9
N2 0.675 0.906 2.00 120
H2O 14.63 14.41 20.0 38.8
O2 0.000 0.000 0.00 0.00
C2H6 0.060 0.070 0.00 N/A
Average di�erence : 31.7
Metalization 94.71 98.19 93.66
Carbon content (%) 0.20 1.66 2.0004

In Table 4.4, it is apparent that in the baseline simulation, the carbon content (0.2) is

signi�cantly lower compared to the reference value. This is due to the lack of natural gas

injection in the cooling zone of the furnace by Bond et al. simulation as presented in the

beginning of this section. However, by adding a supplementary input of natural gas in the

cooling zone, carbon content is increased to acceptable concentration. Also, top gas molar

composition re�ects approximately the reference value, each gas composition is only o� by

around 2-4 %.

Before a speed review and improvement of the code, the analysis, equilibrium, and data

extraction took around 1 hour and 30 minutes for one set of parameters. After optimization,

a set of parameters took between 15-20 minutes. This means that in Figure 4.6, each point

on the graph represents 20 minutes of calculation and over 9,000 equilibrium calculations.

There are three converging loops: one for the furnace, one for the reformer and burner to

reach the appropriate temperature, and one for the full MIDREX process. Computing time

was one of the main challenges to progress e�ciently in this project.
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4.4.1 MIDREX process baseline (Scenario 1)

In this section, we report key results of the simulations of the baseline MIDREX process

(scenario 1) which were performed using the modeling strategy that was presented in the

Methodology section. More speci�cally, kinetics have been indirectly accounted for by tuning

the kinetic bypass factors for the reformer unit and for the DRI shaft furnace.

In Appendix E, all input and output results of the solid and gaseous �ows are provided.

Table 4.5 presents a summary of key process parameters and performance indexes which are

compared with the reference data of Bond et al. [5]. It can be noticed that the fundamental

criteria related to the metallization of the DRI pellets and the CO2 emissions are consistent

for both models. This means that the performance of our simulation approach is comparable

with the one of Bond et al. This is particularly important as other operating conditions are

explored in this work.

Table 4.5 Typical value and criteria for MIDREX process from Bond et al. [5].

MIDREX typical value Baseline Reference Unit
Simulation Bond et al. [5]

Natural gas to process 159.4 159.4 [Nm3/tons of DRI]
Total amount of natural gas 304.0 304.0 [Nm3/tons of DRI]
Scrubbed water 95.45 167.7 [Nm3/tons of DRI]
Ratio H2/CO 1.731 1.593 N/A
Carbon content in DRI 0.002 2.000 [%]
Metallization 94.70 93.65 [%]
CO 2 emissions 420.8 391.0 [kg CO2/tons of DRI]

There are also di�erences between both models when analyzing Table 4.5. Firstly, it is evident

from this table that the simulated gas �ow of the scrubbed water exhibits di�erences when

compared with the data of the simulations conducted by Bond et al. [5]. This noticeable

di�erence is most probably due to the presence of a �ctitious purge in Bond's simulations

coupled to the addition of a heat vent to our simulation �owsheet at the burner.

The resulting carbon content of the DRI pellets simulated by our approach is also signi�cantly

lower compared to Bond's simulation. This is attributable to a lack of control of the furnace

conditions at the bottom of the reactor. Speci�cally, there is no information provided in

the work of Bond et al. regarding natural gas additions at the bottom, a common practice

for increasing carbon content. As presented at the end of this section, the results obtained

from our simulation �owsheet are more precise when compared to the plant data provided

by ArcelorMittal which account for the injection of methane at the bottom of the reactor.
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4.4.2 MIDREX process with various hydrogen injections (Scenario 2)

In this section, the focus is on the replacement of natural gas with hydrogen, analyzing two

primary indicators. The �rst indicator is the metallization degree, which re�ects the quality

of the Direct Reduced Iron (DRI) product and indicates the e�ectiveness of the reduction

process. The second criterion is the associated CO2 emissions, which should be monitored

from a decarbonization perspective.

Figure 4.6 presents the evolution of the DRI metallization degree as a function of the H2/NG

ratio (i.e. the amount of hydrogen per amount of natural gas injected in the process) for

several operating conditions (i.e. various PG wet content and PG/TGF ratios). In this

�gure, natural gas is replaced up to 75% of it's original value. The red dashed line indicates

the acceptable level of metallization in the industry.

According to this �gure, there are many process conditions where substituting H2 for methane

prevent the MIDREX process from achieving su�cient metallization, resulting in values

falling below the red dashed line. These operating conditions are presented as open symbols

on this �gure. For example, with the standard PG/TGF operation ratio of 0.6724, there is

not enough gas �owing through the system to allow su�cient metallization with hydrogen re-

placement for all H2/NG ratios. Raising the PG/TGF ratio guarantees enough metallization

when hydrogen replaces natural gas as seen with the �lled inverted triangles.

Moreover, this �gure clearly shows that a lowering of the wet percentage of the PG increase

the metallization degree of the DRI pellets. This improves the bustle gas quality as explained

in section 3.

As a �nal remark for this �gure, it seems like the higher is the H2/NG ratio, the more

di�cult it will be to maintain the metallization of the DRI pellets based on the dispersion of

the results.
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Figure 4.6 Metallization degree of the DRI product at di�erent levels of natural gas substi-
tution with hydrogen and for di�erent process conditions.

In Figure 4.7, the evolution of the direct CO2 emissions of the process as a function of the

H2/NG ratio is presented for the same operating conditions as before. This �gure clearly

shows that the CO2 emissions can be drastically reduced by replacing methane with hydrogen.

More speci�cally, CO2 emissions can be cut by half with a replacement of 35 % of the natural

gas injected to the process and with the optimal PG/TGF conditions.

Also, it appears that the water content in the process gas (expressed as PG wet %) does not

impact the CO2 emissions for some imposed PG/TGF ratio. Since the same reduction of the

water content is applied to the PG and TGF streams, it implies that a lower water content

will also result in a higher �ame temperature at the burner, resulting in a higher heat transfer

to the reformer tubes. This would result in a decrease of the consumption of the natural gas

to the burner, reducing even more the CO2 emissions. The potential for reducing natural gas

injection at the burner is explored in the subsequent section.
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Figure 4.7 CO2 emissions at di�erent levels of natural gas substitution with hydrogen and
for di�erent process conditions.

In Figure 4.8, the heat balance of the furnace (i.e. Hout - Hin ) as a function of the H2/NG

ratio is reported for the same operating conditions as before. Hout and Hin are the sum of all

outputs and inputs streams enthalpy. For all operating conditions,� H in the furnace becomes

less globally exothermic with hydrogen injection. The more endothermic reducing reactions

with H2 occurring in the furnace lead to provide supplementary heat. If the global enthalpy

balance goes above the dashed red line (which is the case for some operating conditions when

using the highest H2/NG ratio), the heat balance in the furnace needs to be counterbalanced

otherwise the reactions will not occur for thermodynamic reasons. A potential solution for

this extra heat requirement is to increase the bustle gas temperature as suggested by [76].

Higher bustle gas temperatures were not explored in this work.
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Figure 4.8 � H in the furnace at di�erent levels of natural gas substitution with hydrogen
and for di�erent process conditions.

To summarize, maintaining consistent operating conditions while substituting natural gas

with hydrogen presents several challenges:

ˆ CO2 emissions are not systematically signi�cantly reduced by injecting H2. Moreover

the carbon content of the pellet decreases from 1.7 to 0. It is crucial to maintain the

carbon content of the DRI pellets for their melting in the EAF.

ˆ The energy vent (in excess) produced by the burner poses a risk of damaging the

reformer tubes. Saving on the natural gas injection at the burner will decrease the

energy vent and will lower CO2 emissions.

ˆ The decline in bustle gas quality results from higher water content, accentuated by

hydrogen injection during iron oxide reduction, which releases more water and less

CO2. Consequently, the product quality (metallization) fails to meet desired standards

in many cases.
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4.4.3 MIDREX process with 100 % H 2 DRI (Scenarios 3A and 3B)

Ideally, the ironmaking industry would like to fully decarbonize the DRI process by com-

pletely substituting natural gas by hydrogen. This section explores the use of green hydrogen

for the direct reduction of iron oxide pellets. Table 4.6 provides a summary of the product

quality and other key performance indicators for scenarios using 100% of hydrogen (i.e. sce-

nario 3A with the PG heating using the reformer tubes and scenario 3B using an electrical

heater instead of the reformer tubes). The complete list of results for Scenario 3A is available

in Appendix G.

Table 4.6 Product quality of the DRI with 100% scenario 3A with reformer for a production
of 306 tons/hr of DRI

Scenario 3A Scenario 3B Unit
CO2 emissions 70.62 0.0 [kg/tDRI]
Metallization 90.72 90.69 [%]
Hydrogen required 561.5 561.5 [Nm3/tDRI]

50.09 50.09 [kg/tDRI]
Electrical consumption 2755 3024 [kWh/tDRI]
Natural gas consumption 35.98 0.0 [Nm3/tDRI]

As shown in Table 4.6, it is possible to get a pellet metallization above 90 % using natural gas

at the reformer burner for preheating the hydrogen while lowering considerably the emissions

to 70.62 CO2 kg per tons of DRI. These CO2 emissions are similar to the ones reported in

the work of Rechberger et al. [53] where 43 kg per tons of DRI is evaluated for the H2-DR

scenario. An option to lower the CO2 emissions of the Scenario 3A is to burn hydrogen in

the burner. However, this option is not viable because due to the high cost of green hydrogen

compared to methane.

In this scenario we assumed that the energy e�ciency associated with the production of green

hydrogen via electrolysis coupled to the energy e�ciency associated to heat transfer from the

burner to the reforming tubes do not justify the CH4 substitution by green hydrogen. The

use of an electrical heater in scenario 3B leads to a process with zero direct CO2 emissions.

As mentioned previously, the preheating of the H2 gas would be performed in this case

with an SFI electrical heater. As a result, an increase in the electrical consumption is

noticeable when compared to scenario 3A. Scenario 3B requires the same amount of hydrogen

to produce the same DRI quantity. This amount of hydrogen is similar to the one involved

in the stoichiometric reaction presented in the Table M.1. This energy should be given by

preheating the gas more or by installing electric heaters.
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4.5 LCA coupled to the simulation results of the MIDREX process

In addition to the contribution of the CO2 eq from the process. LCA analysis must take into

account the CO2 emissions from:

ˆ Previous process in the steel value chain.

ˆ Emissions to produce the reactant required in the reduction step.

ˆ GHG impact of other source of emissions converted into CO2 eq.

4.5.1 LCA results for the baseline (Scenario 1)

The baseline simulation results for the reduction process are combined with the re�ning pro-

cess from literature [7] and aggregated process from the Ecoinvent database in the OpenLCA

software.

Figure 4.9 Midpoint climate change (short term) in CO2 eq emissions calculated with IM-
PACT WORLD + LCA assessment method [24] for the di�erent process of the steel value
chain. The impact is represented for the required amount of material to produce 1 ton of
crude steel (CS) at the re�ning step.
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As anticipated in section 2, the reduction step emits the highest amount of CO2 eq. Several

alternative could reduce the emissions associated with the reactant (as indicated by the blue

bar in the graph). Introducing bio-methane in the reduction step could potentially reduce

CO2 emissions from the reactant. Similarly, the use of bio-char in the re�ning step may also

decrease emissions from the reactant. However, replacing equivalent reactants with those

from green sources will not reduce CO2 emissions for the overall process. The incorporation of

hydrogen into the MIDREX process, with minimal alterations, has the potential to lower CO2
emissions. This reduction is achieved through the emission of water vapor when hydrogen

reacts with hematite and is presented in the next section (scenario 2).

4.5.2 LCA results for natural gas replacement with Hydrogen (Scenario 2)

The LCA of scenario 2 is performed with the aggregated process from Ecoinvent and from

the reduction process in scenario 1 (Appendix I) adapted with the values from the previous

table 3.12. In Figure 4.10, the di�erent providers were modi�ed and the climate change short

term (GHG emissions) indicator is calculated:

Figure 4.10 CO2 emissions for natural gas substitution with hydrogen for di�erent electrical
carbon footprints of di�erent regions of the world. The region presented are China (CN-
CSG), Texas in US, Germany and Canada.
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In Figure 4.10, the CO2 decrease only for the case where the electrical provider is in Quebec,

Canada otherwise the electrical carbon footprint even exceeds the BF route with emissions

of 1800 kg CO2 / tons.

In Figure 4.11, CO2 emissions reductions by amount of energy injected (kWh) are presented.

This represents the CO2 emissions reduction from the baseline scenario divided by the elec-

trical consumption of the PEM electrolyzer.

Figure 4.11 CO2 emissions reduction vs natural gas replacement by H2.

As depicted in Figure 4.11, two optimal conditions are evident (red vertical dashed lines),

representing the natural gas replacement ratio with hydrogen required to maximize CO2

emissions reduction and electrical consumption. In order to be accurate, this graph will

require a �ner variation of the H2/(NG) ratio.

4.5.3 LCA results for 100 % hydrogen reduction (Scenario 3)

In this section, the results for scenario 3A and 3B are compared with scenario 1. In Figure

4.12, two impact categories are presented for this LCA study with 1 tons of Crude Steel

produced as a reference: "climate change short term" (kg CO2 eq/tCS) and "land occupation,

biodiversity" (PDF.m2.yr/tCS).
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Figure 4.12 LCA results calculated from OpenLCA with IMPACT WORLD + Method. Two
impact categories are presented per tons of Crude Steel (CS) produced in Quebec, Canada,
in 2024: "Climate change short term" (kg CO2 eq/tCS) and "Land occupation, biodiversity"
(PDF.m2.yr/tCS).

In Figure 4.12, the 'climate change short term' category in kg CO2 eq/tCS represents the

total GHG e�ect. The second criterion that stands out in this study is 'land occupation,

biodiversity' (PDF.m 2.yr/tCS), expressing the potentially disappeared fraction of species

(PDF) calculated over a certain time period (hence the addition of years).

The goal of this study was to minimize the GHG e�ect by reducing direct and indirect

CO2 emissions as much as possible. However, burden shifting occurs while lowering CO2

emissions. Due to the high electrical demand and the fact that this study takes place in

Quebec, Canada, where electricity mainly comes from hydroelectric dams, the increased

electrical demand throughout the scenarios necessitates �ooding larger quantities of land.

This is re�ected in the 'land occupation, biodiversity' category, which doubles from 97.92

PDF.m2.yr in scenario 1 to 247.07 PDF.m2.yr. Hydro-power producers in Quebec must

increase their awareness when implementing new power plants to minimize their impact on

biodiversity.
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4.6 Experimental validation of the kinetic factors and hydrogen reduction using

the Corem furnace

4.6.1 Preliminary results of the thermogravimetric furnace simulator compared

with experimental data

Figure 4.13 shows the results of the simulations of the thermogravimetric Corem furnace

calculated at di�erent H2/CO ratios compared with experimental data of the reference test

(blue noisy curve). Each line represents the evolution of the reduction degree of the pellets

as a function of time for di�erent test conditions.

Figure 4.13 Reduction degree over time for the Corem reduction equipment simulation for
di�erent test conditions. The reference for Corem dataset is 1.89 H2/CO ratio.

As presented in this �gure, the simulator we implemented in this work to describe

this equipment nicely reproduces the trends of the experimental curve labeled as

'Reduction(%) Reference Corem' . According to our simulations, the phase transitions

occurring in the iron oxide pellets take place at the same time (which is observed at the

di�erent plateau zones) and is independent of the H2/CO ratio. The hematite-to-magnetite

transition seems to occur after about 25 mins while the magnetite-to-wustite seems to be

obtained after about 50 mins. The wustite is then constantly converted to metallic iron up

to the end of the process gas injection.
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4.6.2 Experimental results for the reduction tests

Table 4.7 shows the results obtained from the Corem reduction equipment for the tests

conducted. These four tests were performed with di�erent levels of hydrogen substitution

and using the proportional gas �ow of the MIDREX process simulation.

Table 4.7 Results of key performance indicators for MIDREX process simulation, Corem
equipment simulation and experimental veri�cation.

Tests: Metallization Reduction Flow
degree [ccm3/min]

Test 1 : Baseline reference 92.00 97.81

Test 1 MIDREX simulation 94.70 N/A 31.00
Test 1 Corem setup simulator 91.56 97.61 31.00
Test 1 Corem experimental results 91.40 94.1 31.00

Test 2 MIDREX simulation 91.62 N/A 26.78
Test 2 Corem setup simulator 79.08 93.54 26.78
Test 2 Corem experimental results 88.50 92.1 26.78

Test 3 MIDREX simulation 92.28 N/A 28.86
Test 3 Corem setup simulator 89.65 97.03 28.86
Test 3 Corem experimental results 89.132 92.4 28.86

Test 4 MIDREX simulation 92.28 N/A 31.00
Test 4 Corem setup simulator 89.65 97.03 31.00
Test 4 Corem experimental results 93.42 95.4 31.00

Regarding the results in Table 4.7, the metallization degree between the Corem setup sim-

ulator and the Corem experimental results appears relatively close, except for the second

and fourth tests (Test n� 1: 91.56 and 91.40; Test n� 3: 89.65 and 89.13). For the fourth

test, Corem noted that the experimental measurement (measured by weight loss) lacked ac-

curacy compared to their chemical analysis performed afterward, though the reason for this

discrepancy was not speci�ed.

Both the MIDREX simulation and the Corem setup simulator lack accuracy in calculating

the reduction degree when hydrogen substitution was performed. The calculation of the re-

duction degree needs to be reviewed with Corem to ensure all terms are considered. The

reduction degree calculation should have a linear proportional relationship with the metal-

lization degree, leading to uncertainty in comparing the reduction degree across all values.

Acknowledging this measurement uncertainty, metallization drops when the gas �ow de-



90

creases, as seen in tests n� 2 and n� 3 compared to test n� 1. To isolate the e�ect of hydrogen

substitution in the gas, test n� 4 represents the same gas �ow as test n� 1 but with the com-

position of test n� 3 (high hydrogen substitution). Between test n� 1 and test n� 4, hydrogen

substitution (increase in H2/CO) seems to lower metallization. This result is logical, as a

heat supplement should be provided to the system to maintain the same metallization due

to the endothermic nature of the hydrogen reaction with hematite compared to the reaction

between carbon monoxide and hematite.

These tests will be very useful in the near future for building the kinetics model for the

furnace and setting the kinetics bypass.
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4.7 Industrial case study: ArcelorMittal Produit Long Contrec÷ur MIDREX

plant.

4.7.1 Context

In order to meet Paris Agreement, ArcelorMittal is looking at new solutions to decarbonize

their steel production. As reported by the LCA presented in section 4, the iron oxide pellet

reduction is one of the highest emitting steps of the primary steel production. Hydrogen

Direct Reduction H-DR seems a feasible route to decarbonize steel production. In the case

of the MIDREX process, partial methane substitution by hydrogen could be considered

in the future to lower the CO2 emissions while maintaining the use of all the existing unit

operations (including the reformer unit). In order to investigate the feasibility of this solution,

ArcelorMittal Produit Long Canada (AMPLC) injected up to 6.8 % (vol.) of hydrogen to

replace the natural gas in the direct reduction process at Contrec÷ur [25].

Polytechnique Montreal was mandated to build a thermodynamic-based model of their pro-

cess to predict the potential reduction of CO2 emissions as well as the resulting product

quality for various methane substitution levels. As shown in Figure 4.14, hydrogen injec-

tion in the conventional MIDREX process requires substantial engineering work to allow the

transfer of hydrogen from the H2 liquid mobile containers to the process lines.

(a) (b)

Figure 4.14 Pictures of the hydrogen test in ArcelorMittal UDR plant in Contrec÷ur [25]. a)
ArcelorMittal plant in Contrec÷ur truck for hydrogen delivery. b) Pipes su�ering freezing
condensation during hydrogen injection in the process.

4.7.2 Simulation results for the reduction unit

The MIDREX simulation �owsheet of AMPLC is not presented in this work to respect and

maintain con�dentiality. The AMPLC model is much more complex when compared with the
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�owsheet presented in Figure 4.5. Solving this �owsheet is also much more time-consuming

due to the number of supplementary streams and equipment.

Table 4.8 Simulation results and reference of AMPLC data for product quality from [6].

Plant data AMPLC from [6] Simulation
Metallization in DRI 93.5 93.0
Carbon content [%] 2.00 2.03
CO2 emissions [kg CO2/ tons DRI] 475 480

In Table 4.8, the results of the simulations are compared to the plant data at AMPLC.

Metallization degree and carbon content predicted by the simulation are in close agreement

with the reference plant data with a relative error of 0.5 % and 1.5 % respectively. Finally,

Figure 4.15 shows the evolution of the CO2 emissions and metallization degree as a function

of the H2/NG ratio.

Figure 4.15 CO2 emissions and metallization degree (met) with natural gas replacement with
hydrogen.

To maintain the product quality, the operating conditions are modi�ed as explained in section

4. As a result, the operating conditions are modi�ed at each H2/NG ratio presented on this

�gure. The PG wet % is reduced by 1.5% starting at 8.5. It is to be noted that the CO2
emissions and metallization both decrease with the increase of the hydrogen injection. This

con�rms that hydrogen injection lower the CO2 emissions at the industrial scale.
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CHAPTER 5 DISCUSSION

The focus of this master's thesis was to explore the impact of hydrogen replacement in the

MIDREX process to produce low-emission steel. As discussed, many industries have opted to

implement the proposed full hydrogen MIDREX process, which necessitates the construction

of new plants. For existing MIDREX plants, replacing natural gas by hydrogen with mini-

mal alteration to the process presents a promising solution to decarbonize steel production.

However, incorporating hydrogen into existing plants presents challenges in both mechanical

and process engineering. Mechanically, hydrogen arrives in cold and pressurized tanks, and

integrating it into a high-temperature process is not straightforward. This poses a risk for

industrial operations and potential revenue loss due to process interruptions. Unlike natu-

ral gas, hydrogen leaks must be strictly controlled due to its explosive nature. Chemically,

hydrogen is a reducing gas having an endothermic reaction with hematite, this will induce

process adjustments.

5.1 Proposition of a new methodology

The novelty of this project lies in its multidisciplinary approach to perform a comprehensive

analysis. Life Cycle Assessment (LCA), �ne thermodynamic simulation (with a digital twin

interface), and experimental validation were conducted to provide accurate and reliable data.

The core work of this project emphasizes on the development of a methodology to accurately

model the MIDREX process while replacing proportions of natural gas with hydrogen during

the reduction step. The impact on process e�ciency was analyzed, including the e�ciency

of each process unit and their interactions. Additionally, one objective is to provide a Digital

Twin to steel manufacturers to forecast their CO2 emissions and product quality in real

time. This MIDREX digital twin accounts for all process e�ciency e�ects. Experimental

tests at Corem were conducted to validate the kinetics approach used for the furnace model.

Furthermore, performing the LCA is crucial to present the real CO2 emissions of a process

in terms of CO2 eq. The LCA considers emissions with GHG potential for all steps involved

in the steel value chain.

5.2 MIDREX process simulation results

Simulations were divided into three scenarios. Scenario 1 represents the baseline "business-

as-usual" scenario for the MIDREX process using only natural gas. Scenario 2 explores the
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variation of natural gas replacement by hydrogen, and Scenario 3 involves 100% hydrogen

replacement.

Scenario 1 (baseline) was compared with the simulation by Bond et al. of the Voestalpine

plant in Texas (now ArcelorMittal). The simulation by Bond et al. does not model the furnace

in detail, some elements such as the cooling loop in the furnace are missing. Modeling the

Bond et al. �owsheet was challenging due to the exhaust of process gas (G42), which does

not occur in the real process and might have been added for simulation convergence. To

accurately model the full MIDREX process, this project added a heat vent in the reformer.

Despite these di�erences, this project's simulation closely approximates key parameters such

as metallization and CO2 emissions. The CO2 emissions of the simulation are 420.8 kg

CO2/tDRI compared to 391.0 kg CO2/tDRI for the Bond et al. reference. The metallization

degree shows a relative di�erence of 1.1% (94.70 for the simulation and 93.65 for Bond et

al.).

In Scenario 2, natural gas substitution was performed up to 75% of the initial value. The

natural gas was replaced with a ratio of 3 volumes of hydrogen added for 1 volume of natural

gas removed, resulting in a H2/NG ratio of up to nine. Di�erent volumetric replacement

could be explored in the future for optimization purposes. During natural gas replacement

with hydrogen, two process parameters were modi�ed to maintain su�cient metallization:

the Process Gas (PG) wet content, depending on the scrubber's water removal capability,

and the PG/TGF ratio, controlled by operators managing pressure distribution with valves

and compressors.

For Scenario 2, at a H2/NG ratio of 9, the metallization degree decreased from 94.7 to 89.04,

which is below the acceptable industry standard of 90%. This decrease is due to the bustle

gas quality dropping from 11.88 to 6.891. To improve bustle gas quality, more water was

removed by the scrubber, lowering the PG wet content. Additionally, the heat generated at

the burner increased with hydrogen replacement, this could be mitigated by adjusting the

PG/TGF ratio. Only a PG/TGF ratio of 0.8724 allowed su�cient metallization at a H 2/NG

ratio of 9. The maximum CO2 emissions for this ratio would not be a�ected by the PG wet

content.

Scenario 3 calculated the amount of hydrogen required to achieve metallization above 90%.

The amount of hydrogen needed is estimated to be 50.5 kg of H2/tDRI, similar to the 51 kg

calculated by Vogl et al. The energy requirement of 2.7 MW/tDRI, or 583.2 MW for 216 tDRI

production (1.8 Mt/y), approximately aligns with the 600 MW estimated by Shahbuddin et

al. [94] for a 1Mt/y of steel. CO2 emissions with natural gas preheating of hydrogen amount

to 70.62 kg CO2/tDRI, corresponding to a volumetric consumption of 35.98 Nm3/tDRI.
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5.3 LCA analysis results

The reduction step is responsible for approximately 70% of the GHG e�ects, with emissions

around 770 kg of CO2 eq/tDRI in Scenario 1. Reducing the carbon footprint of steel by

replacing natural gas with hydrogen is promising, provided the electrical grid has a low

carbon footprint. As shown in Figure 4.10, with a H2/NG ratio of 2, hydrogen replacement

in the MIDREX process is as emissions-intensive as the Blast Furnace technology with the

carbon footprint of China's E-mix.

5.4 Experimental results

The Corem set simulator accurately predicts the metallization degree of the pellet. However,

when the H2/CO ratio increases due to natural gas replacement by hydrogen, metallization

decreases from 91.4 to 88.5 for H2/CO ratios of 1.731 and 2.033, respectively. These results

are di�cult to analyze because the gas �ow was adjusted according to the simulation. This

decrease in metallization may be due to the low gas �ow, varying from 31.00 to 26.78 cc3/min.

Additionally, varying the ratio of hydrogen to carbon monoxide may in�uence kinetics. No

kinetic models were used in this project to account for the better di�usion of H2.

5.5 Study case of ArcelorMittal

A large model for the ArcelorMittal plant was developed but is not included in this thesis

for con�dentiality reasons. The MIDREX AMPLC plant simulation results are closer to real

plant data compared to the Bond et al. simulation. The calculated metallization degree

is 93.0 % compared to 93.5 for the plant data. The calculated CO2 emissions of 475 kg

CO2/tDRI are also relatively close to the actual plant value of 480 kg CO2/tDRI.
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CHAPTER 6 SUPPLEMENTARY CONTRIBUTION

6.1 Conference contribution

In Table 6.1, di�erent aspect of this project is presented at conferences:

Table 6.1 Conferences where coupling FactSage software and Life Cycle Assessment was
presented.

Presentation Title
Conference
Event Name

Location City Presentation
Date

URL

Simulation et in-
terface de con-
trôle du procédé
de production
d'acier écologique
grâce à l'injection
d'hydrogène

ACFAS Polytechnique
Montreal

Montreal,
QC,
Canada

5/12/2023
Acfas

Decarbonizing the re-
duction of iron ore via
hydrogen injection

CIM-Iron Ore
Symposium

Palais des con-
grès

Montreal,
QC,
Canada

5/3/2023
CIM -
sympo-
sium

Equilibrium-based
Modelling of GHG
Reduction Resulting
from Hydrogen Injec-
tion in a MIDREX
DRI Process

ISCRE27 Québec Québec
city,
QC,
Canada

6/14/2023
ISCRE27

Integration of Life
Cycle Inventory data
to process simu-
lations performed
via computational
thermochemistry:
Applications to the
steel industry

EUROMAT23 Goethe Univer-
sity Frankfurt

Franckfurt
am
Main,
Ger-
many

9/4/2023
Euromat
Confer-
ence

Equilibrium-based
simulation coupling
with Life Cycle
Analysis for the de-
carbonization of the
MIDREX process by
hydrogen injection

5th Iron Ore
Pelletizing Sym-
posium

Québec Québec
city,
QC,
Canada

9/26/2023
Corem
Sympo-
sium

/ ASM Evening
poster presenta-
tion

Polytechnique
Montreal

Montreal,
QC,
Canada

3/27/2024
ASM

/ Chemical engi-
neering research
day

Concordia Uni-
versity

Montreal,
QC,
Canada

3/28/2024
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In addition to those conferences, The use of Chemapp was presented at the FactSage Work-

shop with the title: "ChemApp for Python - Application to the MIDREX process" accessible

through the CRCT website.

Implementation of LCA in equilibrium process simulations on the FactFlow software started

for the Euromat conference as presented with the graphs below:

Figure 6.1 Preliminary results presented at Euromat conference. Climate change short term
(CO2 eq emissions) variation when hydrogen is injected in the MIDREX process with LCA.

6.2 Written contribution

A contribution on the hydrogen use was performed for Harvey et al paper [39]. A second

contribution is expected for the paper regarding the development of the FactFlow software.

A contribution was given to the FactFlow software, for stream structures of the phases and

the constituents. A simpli�ed version of the MIDREX process is implemented in FactFlow

as the Figure 6.2 suggest.
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Figure 6.2 FactFlow process modeling of the MIDREX process, highlighting various unit
operations within the system.

Also, an option is added for the whether or not the electronic balance is included while

the minimization is performed to get the equilibrium conditions. This was discovered when

Spinel phase was used in the system as Appendix O presents.
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CHAPTER 7 CONCLUSION

7.1 Project summary

To conclude, this project studies the feasibility of decarbonizing the Direct Reduction (DR)

process using hydrogen injection. The pyrometallurgical process was modeled using the

FactSage database; it contains all the iron oxide phase description required for this simulation.

The use of precise thermodynamic database for phases descriptions enable to model in detail

the process with its with mass and energy balance. The incorporation of kinetics in the

model has been limited to a basic approximation. Solid and gas kinetics was modeled using

a �xed bypass ratio for the gas and pellet derived from the EERZ methodology. Through

this approach, simulations can forecast product quality parameters such as metallization and

carbon content, while also accounting for CO2 emissions.

This project has showcased the feasibility of decarbonizing the Direct Reduction (DR) process

through hydrogen utilization. Operational parameters adjustment has substantial in�uence

to maintain product quality and while reducing CO2 emissions. Full hydrogen scenarios

are simulated. The incorporation of natural gas into the furnace is required to keep an

adequate carbon content in the �nal product. A simulation where natural gas was fully

replaced by hydrogen injection; while feasible, it requires carbon balance adjustment in the

EAF. Moreover, substantial quantities of H2 can be preheated using natural gas reformers or

electrical heaters. Also, by looking at the complete MIDREX process, all CO2 emissions are

taken into account, not only for the reduction.

In the second part of this work, the use of Life Cycle Assessment (LCA) has enabled a precise

quanti�cation of CO2 emissions, particularly when exploring natural gas replacement with

H2 in the MIDREX process. Using LCA to assess CO2 emissions allows to quantify emis-

sions in the other steps than in the steel production. This LCA enables a precise evaluation

of the mass/energy requirements and CO2 emissions reductions for the hydrogen scenar-

ios. Additionally, it raises awareness of a burden shifting concerning the "land occupation,

biodiversity" impact category, attributed to the high energy demand of these scenarios. Ac-

cumulating all emissions up to the manufacturing of Crude Steel (CS) gives a comparable

base in the literature. LCA allows us to change the location of our process by switching the

electricity provider. CO2 emissions variation are not linear thanks to optimization of operat-

ing conditions. Due to the large amount of electricity required by the electrolyzer, changing

the electrical carbon footprint leads to an exponential increased of Crude Steel (CS) CO2

emissions.
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7.2 Limitations and future work

As discussed in the previous section, one of the limitations of this analysis is the simpli�cation

of the MIDREX process based on Bond et al. model. Also, omitting the kinetic inside the

furnace between the pellets and reducing gas will create some inconsistencies when increasing

the ratio of H2/CO in the reducing gas. Di�usion of hydrogen is more important in the pellet

than with carbon monoxide.

A further step will be to remove the purge in the MIDREX process baseline simulation

and incorporate a kinetics model for the furnace. Also, few equipment can be optimized to

ensure a more realistic modeling notably with pressure and water content variation in the

scrubber. These adjustments are pivotal for enhancing the robustness and realism of the

modeling approach. Once implemented, these modi�cations are set to enrich the signi�cance

and reliability of the Life Cycle Assessment (LCA) outcomes.
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APPENDIX A SALCOS PROJECT

Figure A.1 Roadmap for the replacement of Blast Furnace using the Salcos project [26].
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APPENDIX B TECHNICAL DATA-SHEET: ELECTRICAL RESISTIVE

HEATER

In the �gure below, the Data-sheet for the Specialty Flanged Inline Heaters by TUTCO:

Figure B.1 Specialty Flanged Inline Heaters by TUTCO Speci�cation Data-sheet, from
TUTCO [27].

Figure B.2 SFI heat image, from TUTCO [27].
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APPENDIX C TECHNICAL DATASHEET: ELECTROLYZER PEM

In the Figure C.1, the datasheet for the PEM electrolyzer is presented.

Figure C.1 Picture of an PEM electrolyzer equipment, from Cummins [28].



116

Figure C.2 Datasheet (part 1) of the PEM electrolyzer Cummins [28].

Figure C.3 Datasheet (part 2) of the PEM electrolyzer Cummins [28].
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APPENDIX D FURNACE DETAILED SIMULATION SETUP

Figure D.1 Detailed scheme of the furnace, the descent of the pellet each zone every hour.
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APPENDIX E SCENARIO 1: BASELINE - PROCESS GAS FLOW

Table E.1 Gas �ow with composition, temperature, pressure and amount for the baseline scenario (Scenario 1).

Gas Id Gas name CO 2 % CO % CH 4 % H 2 % N 2 % H 2O % O2 % C2H 6 % V[Nm 3] n[mole] Temperature Pressure
[� C] [bar]

G1 Top_gas 13.745 20.524 2.848 47.507 0.675 14.638 0 0.059 4.74E+05 2.12E+07 500.0 1
G2 Top gas fuel 14.379 21.471 2.979 49.699 0.706 10.7 0 0.062 1.48E+05 6.62E+06 27.7 1
G3 Process gas 14.379 21.471 2.979 49.699 0.706 10.7 0 0.062 3.05E+05 1.36E+07 27.7 1
G4 Process gas after purge 14.379 21.471 2.979 49.699 0.706 10.7 0 0.062 2.59E+05 1.16E+07 27.7 1
G6 Process gas compressed 1 14.379 21.471 2.979 49.699 0.706 10.7 0 0.062 2.59E+05 1.16E+07 27.7 1
G7 Process gas compressed 2 14.379 21.471 2.979 49.699 0.706 10.7 0 0.062 2.59E+05 1.16E+07 27.7 1
G8 Process Nat gas 0.66 0 94.79 0 1.75 0 0 2.7 3.99E+04 1.78E+06 20.0 1
G9 Feed gas 12.551 18.611 15.211 43.078 0.845 9.274 0 0.413 2.99E+05 1.33E+07 500.0 1
G10 Main Combustion Air 0 0 0 0 79 0 21 0 2.45E+05 1.09E+07 54.0 1
G12 Flue gas 13.243 3.218 0 2.778 55.416 25.345 0 0 3.51E+05 1.57E+07 1146.0 1
G15 Main Combustion Air hot 0 0 0 0 79 0 21 0 2.45E+05 1.09E+07 750.0 1
G16 Hot feed gas 12.551 18.611 15.211 43.078 0.845 9.274 0 0.413 2.99E+05 1.33E+07 500.0 1
G18 Reformed gas 1.752 33.768 0.771 59.589 0.65 3.469 0 0 3.89E+05 1.74E+07 862.7 1
G19 Main burner nat gas 0.73 0 95.94 0 1.69 0 0 1.64 2.24E+00 1.00E+02 25.0 1
G24 Flue gas hot 13.243 3.218 0 2.778 55.416 25.345 0 0 3.51E+05 1.57E+07 1146.0 1
G25 Oxygen addition 0 0 0 0 1 0 99 0 6.46E+03 2.88E+05 25.0 1
G26 Enrichment Nat Gas 0.73 0 95.94 0 1.69 0 0 1.64 3.62E+04 1.61E+06 25.0 1
G29 Bustle gas 2.041 30.749 8.072 53.228 0.744 5.027 0 0.138 4.31E+05 1.92E+07 957.0 1
G31 pellet 0 0 0 0 0 0 0 0 2.78E+04 1.24E+06 650.0 1
G32 Natural gas to trans zone 0.73 0 95.94 0 1.69 0 0 1.64 2.24E+00 1.00E+02 25.0 1
G34 Top_gas 32.204 57.155 0.053 5.244 3.09 2.252 0 0.001 5.51E+02 2.46E+04 762.0 1
G35 Natural gas to cool zone 0 0 0 0 0 0 0 0 0.00E+00 0.00E+00 25.0 1
G37 H2 injection 0 0 0 0 0 0 0 0 0.00E+00 0.00E+00 50.0 1
G38 H2 injection 0 0 0 0 0 0 0 0 0.00E+00 0.00E+00 957.0 1
G39 Bustle gas with H2 2.041 30.749 8.072 53.228 0.744 5.027 0 0.138 4.31E+05 1.92E+07 957.0 1
G40 Seal gas 15.44 0 0 0 60.52 22.59 1.45 0 2.24E+00 1.00E+02 25.0 1
G42 Purge 14.379 21.471 2.979 49.699 0.706 10.7 0 0.062 4.54E+04 2.03E+06 27.7 1
G44 Scrubbed water 0.02 0 0 0 0 100 0 0 2.09E+04 9.33E+05 51.0 1
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APPENDIX F SCENARIO 1: BASELINE - PROCESS SOLID FLOW

Table F.1 Solid outputs and inputs with composition, for the baseline scenario (Scenario 1).

Phase_Constituent Input [tons] Output [tons]
Fe2O3_hematite(s) 306.00 0.0
FCC_A1#1_Fe 0.0 68.476
FCC_A1#1_O 0.0 0.0000
FCC_A1#1_FeC 0.0 0.9902
FCC_A1#1_OC 0.0 0.0000
FCC_A1#1_FeN 0.0 0.0084
FCC_A1#1_ON 0.0 0.0000
FCC_A1#1_FeH 0.0 0.0104
FCC_A1#1_OH 0.0 0.0000
BCC_A2#1_FeC 3 0.0 0.0250
BCC_A2#1_FeN 3 0.0 0.0013
BCC_A2#1_Fe 0.0 132.62
BCC_A2#1_OC 3 0.0 0.0000
BCC_A2#1_ON 3 0.0 0.0000
BCC_A2#1_O 0.0 0.0000
BCC_A2#1_FeH 3 0.0 0.0013
BCC_A2#1_OH 3 0.0 0.0000
CEMENTITE_Fe 3C 0.0 3.6734
CEMENTITE_Fe 3N 0.0 0.0007
Spinel_Fe3O4 0.0 0.0021
Spinel_Fe3O4[1-] 0.0 0.0172
Spinel_Fe3O4[1+] 0.0 0.0207
Spinel_Fe3O4[2-] 0.0 0.0017
Spinel_Fe1O4[5-] 0.0 0.0000
Spinel_Fe1O4[6-] 0.0 0.0000
Monoxide_FeO 0.0 9.9403
Monoxide_Fe2O3 0.0 2.5362
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APPENDIX G SCENARIO 3A: 100% WITH REFORMER - PROCESS GAS FLOW

Gas Id Gas name CO 2 % CO % CH 4 % H 2 % N 2 % H 2O % O2 % C2H 6 % V[Nm 3] n[mole] Temperature Pressure
[� C] [bar]

G1 Top_gas 0 0 0 56.29 0 43.71 0 0 2.94E+05 1.31E+07 500 1
G2 Scrubbed water 0.003 0 0 0 0 100.0 0 0 1.22E+05 5.46E+06 51 1
G3 Process gas 0 0 0 96.50 0 3.50 0 0 1.71E+05 7.64E+06 27.7 1
G5 Process gas compressed 2 0 0 0 96.50 0 3.50 0 0 1.71E+05 7.64E+06 27.7 1
G6 Main Combustion Air 0 0 0 0 79 0 21 0 7.84E+04 3.50E+06 54 1
G7 Hot feed gas 0 0 0 96.50 0 3.5 0 0 1.71E+05 7.64E+06 500 1
G8 Flue gas 9.079 0 0 0 71.91 17.88 1.114 0 8.64E+04 3.85E+06 25 1
G9 H2 injection 0 0 0 100 0 0 0 0 1.22E+05 5.46E+06 25 1
G10 Hot Feed gas with H2 0 0 0 97.96 0 2.041 0 0 2.94E+05 1.31E+07 500 1
G11 Reformed gas 0 0 0 97.96 0 2.041 0 0 2.94E+05 1.31E+07 924.2 1
G12 Oxygen addition 0 0 0 0 0 0 100 0 6.12E+01 2.73E+03 25 1
G13 Bustle gas 0 0 0 97.92 0 2.083 0 0 2.94E+05 1.31E+07 957 1
G14 Natural gas to cool zone 0.73 0 95.94 0 1.69 0 0 1.64 2.24E-01 1.00E+01 25 1
G15 Flue gas hot 9.079 0 0 0 71.91 17.88 1.114 0 8.64E+04 3.85E+06 1146 1
G17 Main Combustion Air hot 0 0 0 0 79 0 21 0 7.84E+04 3.50E+06 750 1
G19 Main buner nat gas 0.73 0 95.94 0 1.69 0 0 1.64 7.84E+03 3.50E+05 25 1
G20 Water for Electrolyzer 0 0 0 0 0 100 0 0 1.22E+05 5.46E+06 25 1
G16 Furnace gas loop 0.238 0.413 0.027 68.87 0.325 30.13 0 0 7.71E+00 3.44E+02 762 1
G40 Seal gas 9.018 0.883 0 0.825 70.60 18.67 0 0 2.24E-01 1.00E+01 25 1

Table G.1 Gas �ow with composition, temperature, pressure and amount for Scenario 3A.
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APPENDIX H EXCLUDED CONTRIBUTIONS OF THE LCA STUDY

Table H.1 Excluded contributions for this LCA study with explanations.

Processes
Exclusion Explanation

Iron ore ex-
traction

Valorization of mining
residues

No valorization of mining residues as
back�ll or otherwise is taken into ac-
count.

Concentration Crusher liners replacement Replacement of crusher liners is neg-
ligible compared to the production
rate.

Pelletization Lifespan of pelletizing
equipment:

The following equipment mainte-
nance will not be taken into account
because the production rate is much
more important : Rotating discs,
Roasting furnaces and Ball mill.

Reduction
furnace

Replacement of furnace re-
fractory bricks

The lifespan of these refractory bricks
are long compared to production due
to the help of a protective coating
layer.

Reformer Reformer catalysts and cat-
alyst tubes

Replacement of these catalysts has
signi�cant economic and environ-
mental impacts on steel production.
However, very few detailed on their
composition is available due to a
competitive market.

Electric Arc
Furnace
(EAF)

Refractory brick replace-
ment

The use of refractory bricks compos-
ing the electric arc furnace is subject
to high temperatures and corrosive
atmospheres. Their maintenance is
therefore more frequent and its con-
tribution is taken into account in the
EAF process inEcoInvent.

All Plant construction Their contribution is negligible com-
pared to the production rate.

The DRI production plant in Contrec÷ur, which has been operational for 50 years, produces

2 � 106 tonnes of re�ned steel. The steel produced over the lifespan of the plant amounts to

approximately 100� 109 kg. Moreover, the magnitude of emissions for reducing one kilogram

of steel is on the order of5� 102 kg. Therefore, emissions from the construction of the plant

would need to exceed100� 109 �� 102 � 1013 kg in order to be of the same order of magnitude.

The emissions associated with the construction of the plant will be considered negligible.
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APPENDIX I LCA PROCESS FOR SCENARIO 1 AND 2 FROM

SIMULATIONS AND CALCULATIONS

Table I.1 Re�ning EAF process for Scenario 1 from Nurdiawati et al. [7]. The provider
selected in Ecoinvent are presented below.

Materials Value Unit Comment
Input (Nurdiawati, 2023)

DRI 1010 kg
Lime 25 kg
Graphite electrode 4.3 [kg]
Coal 271.00 [MJ]
Refractory lining 7 [kg]
Oxygen 13.5 kg
Natural gas 2.725 [m3]
Electricity 2728.8 [MJ]
Water 1000 kg

Output
CO2 (gas) 60 kg
Crude Steel 1000 kg
EAF slag 150 kg

Table I.2 Reduction process for Scenario 1 from simulation and Nurdiawati et al. [7].

Materials Value Unit Comment
Input

Iron Pellet 1379 [kg] From simulation
Natural gas 165.33 [Nm3] From simulation
Electricity 486 [MJ] [7]
Water 1500 [kg] [7]

Output
DRI 1000 [kg]
CO2 (fossil) 417.55 [kg] From simulation
Nitrogen, total 1106.83 [kg] From simulation
Carbon monoxide 64.27 [kg] From simulation
Water (vapor) 325.43 [Nm3] From simulation
Water (liquid) 76.76 [Nm3] From simulation

The list below will detailed the provider for the di�erent input when they are standard and

from Ecoinvent. When it is possible, in order to �t the LCA study case, providers from

Quebec (Canada) are selected (CA-QC):
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ˆ Electricity: market for natural gas, high pressure | natural gas, high pressure

| Cuto�, U - CA

ˆ Natural gas: electricity voltage transformation from high to medium voltage

| electricity, medium voltage | Cuto�, U - CA-QC

ˆ Tap Water: market for tap water | tap water | Cuto�, U - CA-QC

ˆ Coke : market for coke | coke | Cuto�, U - GLO

ˆ Lime: lime production, milled, loose | lime | Cuto�, U

Table I.3 PEM Electrolyzer process.

Materials Value Unit Comment
Input

Electricity 198 [MJ]
Water 11.25 [kg]

Output
H2-90� C 1 [kg]
Oxygen 8 kg
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APPENDIX J LCA PROCESS FOR SCENARIO 3 FROM SIMULATIONS

AND CALCULATIONS

Table J.1 Reduction process for scenario 3A from simulation and Nurdiawati et al. [7].

Materials Value Unit Comment
Input

Iron Pellet 1379 [kg] From simulation
Natural gas 35 [Nm3] From simulation
Electricity 486 [MJ] [7]
Water 1500 [kg] [7]
Electricity for Electrolyzer 9918 [MJ]

Output
DRI 1000 [kg]
CO2 (fossil) 70.62 [kg] From simulation
Nitrogen, total 305.0 [kg] From simulation
Carbon monoxide 0 [kg] From simulation
Water (vapor) 396.1 [Nm3] From simulation
Water (liquid) 561.0 [Nm3] From simulation

Table J.2 Reduction process for scenario 3B from simulation and Nurdiawati et al. [7].

Materials Value Unit Comment
Input

Iron Pellet 1379 [kg] From simulation
Natural gas 165.33 [Nm3] From simulation
Electricity 486 [MJ] [7]
Water 1500 [kg] [7]
Electricity for Electrolyzer 9918 [MJ]

Output
DRI 1000 [kg]
CO2 (fossil) 0 [kg] From simulation
Nitrogen, total 1106.83 [kg] From simulation
Carbon monoxide 0 [kg] From simulation
Water (vapor) 325.43 [Nm3] From simulation
Water (liquid) 76.76 [Nm3] From simulation

The process for the electrolyzer, pelletizing and re�ning will be the same as in scenario 1 as

presented in the Appendix I. Except for the re�ning process I.1, the amount of graphite is

adjusted to balance the absence of carbon in the pellet. The carbon content of the pellet

is 2%, so for the reference unit here of 1010 kg of DRI pellet injected in the EAF, it is an

addition of 20.2 kg of graphite added.
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APPENDIX K PHASE SELECTION IN FACTSAGE

Here are the tables for the phase selection perform inEquilib module of FactSage.

Table K.1 Selection in FactSage of the gas phases and the associated compounds (Part 1).

Phase INDEX PHASE NAME CONSTITUENT NAME
0 gas ideal 0 H

1 H2
2 C
3 C2
4 C3
5 C4
6 C5
7 CH
8 CH2
9 CH3
10 CH4
11 C2H
12 C2H2
13 C2H3
14 C2H4
15 C2H5
16 C2H6

17 N
18 N2
19 N3
20 NH
21 NH2
22 NH3

23 HNNH
24 N2H4
25 CN
26 C2N

27 CNN(g)
28 CNN(g2)

29 (CN)2
30 C4N2
31 HCN

32 CH3NH2
33 HCCN
34 CH3NC
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Table K.2 Selection in FactSage of the gas phases and the associated compounds (Part 2).

Phase INDEX PHASE NAME CONSTITUENT NAME
0 gas ideal 35 C2H5N

36 (CH3)2NH
37 CH3N2H3

38 O
39 O2
40 O3
41 OH
42 H2O
43 HOO

44 HOOH
45 CO
46 C2O
47 CO2
48 C3O2
49 HCO
50 H2CO

51 CH3O(g)
52 CH3O(g2)
53 CH3OH
54 CH2CO

55 C2H4O(g)
56 C2H4O(g2)

57 CH3CH2OH(g)
58 CH3CH2OH(g2)

59 COOH
60 HCOOH
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Table K.3 Selection in FactSage of pure solid phases

Phase INDEX PHASE NAME CONSTITUENT NAME
9 CNH(NH2)(NHCN)_solid(s)
10 H2O_Ice(s)
11 N2O4_solid(s)
12 NH4OH_solid(s)
13 NH4NO3_solid-N1_(cubi(s))
14 NH4NO3_solid-N2_(tet(s2))
15 NH4NO3_solid-N3_(ort(s3))
16 NH4NO3_solid-N4_(ort(s4))
17 NH4NO3_solid-N5_(tet(s5))
18 CO(NH2)2_solid(s)
19 NH2CH2COOH_solid(s)
20 NH4HCO3_solid(s)
21 Fe(OH)2_solid(s)
22 Fe(OH)3_solid(s)
23 Fe2O3(H2O)_solid(s)
24 FeCO3_Siderite(s)
25 H_fcc_A1(s)
26 C_graphite(s)
27 C_diamond(s2)
28 N_FCC(s)
29 N_BCC(s2)
30 N_hcp_A3(s3)
31 N_gamma_plume(s4)
32 N_CBCC(s5)
33 N_CUB(s6)
34 N_Tetragonal(s7)
35 Fe_BCC_A2(s)
36 Fe_FCC_A1(s2)
37 Fe3C_Cementite_D011_o(s)
38 Fe3C_Ksi_carbide(s2)
39 Fe2O3_hematite(s)
40 Fe2O3_High-Pressure-(s2)
41 Fe2O3_High-Pressure-(s3)
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Table K.4 Selection in FactSage of solutions.

Phase INDEX PHASE NAME CONSTITUENT NAME
1 FCC A1# 1 0 Fe

1 O
2 FeC
3 OC
4 FeN
5 ON
6 FeH
7 OH

2 FCC_A1#2 0 Fe
1 O

2 FeC
3 OC
4 FeN
5 ON
6 FeH
7 OH

3 FCC_A1#3 0 Fe
1 O

2 FeC
3 OC
4 FeN
5 ON
6 FeH
7 OH

4 BCC_A2#1 0 FeC3
1 FeN3

2 Fe
3 OC3
4 ON3

5 O
6 FeH3
7 OH3

5 BCC_A2#2 0 FeC3
1 FeN3

2 Fe
3 OC3
4 ON3

5 O
6 FeH3
7 OH3

6 CEMENTITE 0 Fe3C1
1 Fe3N1

7 Spinel 0 Fe3O4
1 Fe3O4[1-]
2 Fe3O4[1+]
3 Fe3O4[2-]
4 Fe1O4[5-]
5 Fe1O4[6-]

8 Monoxide 0 FeO
1 Fe2O3
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APPENDIX L HEAT BALANCE REFERENCE TO THE

STOCHIOMETRIC REACTION: BASELINE

In order to verify the order of magnitude of the previous heat balance, the following general

equation can be analyzed to represent the MIDREX process with methane and hematite as

reactant:

Fe2O3(s) +
3
4

CH4(g) �! 2 Fe(s) +
3
2

H2O(g) +
3
4

CO2(g) � H900� C;1:5atm = 207:949kJ

(L.1)

If the reaction � H is scaled to the same simulation amount of 306 tons of hematite per hours:

� H = 3.98E+11 J/hr. Also, there is an enthalpic contribution for preheating the reactants

and cooling the product from 900� C to 25� C.

Table L.1 Heat contribution for the gas preheating and cooling.

Fe2O3 CH4 Fe H2O CO2

1 mol of Fe2O3 [mol] : 1 0.75 2 1.5 0.75
306 tons of
Fe2O3 [mol/hr] : 1.92E+06 1.44E+06 3.83E+06 2.87E+06 1.44E+06
Preheating/Cooling
per mol of gas [J/hr] : 5.12E+04 1.26E+05 -3.31E+04 -7.73E+04 -4.30E+04
Preheating/Cooling
for 306 tons [J/hr] : 9.80E+10 1.81E+11 -1.27E+11 -2.22E+04 -6.17E+04
� H Preheating
and cooling [J/hr]: -1.32E+11
� H total (with reaction
� H) [J/hr]: 2.67E+11

The total heat requirement are the heat for heating, cooling and the� H for the reaction:

� H = 3.98E+11 - 1.32E+11 = 2.67E+11 J/hr.

It is observed in Table L.1 that the order of magnitude are the same (E+11). It is possible

to calculate the amount of natural gas required to balance this heat demand. The� H of

combustion is given by the following equation.

CH4(g) + 2 O2(g) �! 2 H2O(g) + CO2(g) � H25� C;1:5atm = � 820:309kJ (L.2)

This means, in order to generate su�cient heat, there is a need to burn 6.78E+11/82.0E+4
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= 3.00E+05 moles of CH4. To calculate the total amount of CH4 required, the CH4 for the

reduction must be taken into account from table. It gives a total of 3.00E+05 + 1.44E+06

= 1.74E+06 moles of CH4. In Bond et al. article, the total CH4 injected in the process is

3.39E+06 moles. This gives an heat e�ciency of 53.92 %.
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APPENDIX M MASS AND HEAT BALANCE REFERENCE TO THE

STOCHIOMETRIC REACTION: 100% H 2 CASE

To explore hydrogen reduction, the same stochiometric analysis is performed.

Fe2O3(s) + 3 H2(g) �! 2 Fe(s) + 3 H2O(g) � H900� C;1:5atm = 62:442kJ (M.1)

In the following Table M.1, the required energy for preheating and cooling the reactant and

product are presented:

Table M.1 Calculation of hydrogen requirement and heat requirement for preheating and
cooling both reactant and product.

Fe2O3 H2 Fe H2O
For 1 mol of Fe2O3 [mol] : 1 3 2 3
For 306 tons of Fe2O3 [mol/hr] : 1.92E+06 5.75E+06 3.83E+06 5.75E+06
Preheating/Cooling
from 900 to 25 for 1 mol [J/hr] : 5.12E+04 2.60E+04 -3.31E+04 -7.73E+04
Preheating/Cooling
from 900 to 25 for 306 tons [J/hr] : 9.80E+10 1.49E+11 -1.27E+11 -4.45E+11
� H total : -3.24E+11

The sum of the heating, cooling contribution and the reaction gives :� H = 1.19651E+11 -

3.24E+11 = -2.04E+11 J/hr.
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APPENDIX N HEAT BALANCE COMPARISON WITH STEEL

MELTING: 100% H 2 CASE

Figure N.1 FactSage screenshot (part 1) for the� H requirement for melting 218 tons of iron,
which the same production rate presented in the baseline simulation.
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APPENDIX O CHEMAPP SPINEL BUG

Two equilibrium reaction must be performed to solve the SPINEL phase unbalanced charge

bug. When the �rst equilibrium was calculated using ChemappPy, the SPINEL phase was

obtained with the composition at Figure O.1 :

Figure O.1 SPINEL issues, �rst reactor, screen shot of the result on the software FactFlow.

In Figure O.1, the SPINEL still has an electronic balance between their constituents, but

it is noted that the Gibbs minimizer calculates a phase composition with many signi�cant

amount of non-neutral constituents. The constituent Fe3O4[-1], [+1] and [2-] represent more

than half of all the moles in the phases.

Figure O.2 SPINEL issues, second reactor, screen shot of the result software FactFlow.

This SPINEL phase is then introduced to a second equilibrium reactor. The SPINEL phase

is not balanced electronically as shown in Figure O.2. The full quantity of moles is under
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the non-neutral constituent (Fe3O4[-6]). With this unbalanced composition, the following

equilibrium calculations are not possible. After extensive trial, a solution to this issue was

identi�ed. While the ChemApp Gibbs minimization is calculated, the goal is to prevent

an electronic minimization. This can be achieved using the function :"chemapp.tqconf

(Con�gurationOption.E)"
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APPENDIX P HYDROGEN IRON OXIDE REDUCTION

The following reaction presents the heat contribution for each iron oxide H2 reduction, the

data is extracted from FactSage Reaction module :

3 Fe2O3(s) + H2(g) �! 2 Fe3O4(s) + H2O(g) � H900� C;1:5atm = � 9:375kJ (P.1)

Fe3O4(s) + H2(g) �! 3 FeO(s) + H2O(g) � H900� C;1:5atm = 49:16kJ (P.2)

FeO(s) + 3 H2(g) �! Fe(s) + 3 H2O(g) � H900� C;1:5atm = 15:876kJ (P.3)
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