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Lay Abstract

Metallurgical coke remains the main fuel and reductant source for ironmaking by blast
furnace operation. Quality metallurgical coal, a fossil fuel, is required to produce coke.
This work continues ongoing steel industry research investigating biomaterial
substitution of coal as a more sustainable option. Coal is considered a new release of
greenhouse gas (GHG) emissions when used in the steelmaking process compared to a
biomaterial which is regarded as a GHG neutral replacement. Three raw biomaterials,
available to industrial users, were evaluated for substitution at low amounts and
compared to an operational coal blend. The substitution could allow for GHG emissions
of the cokemaking processes to be reduced if quality coke can be produced. The
interaction of the biomaterial substitutions with coal during the coking process is
evaluated in this work to better understand the resultant coke textures related to reduction

in coke strength from the substitution.
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Abstract

Carbon is a necessary reductant in steel production to convert iron ore to metallic iron.
The use of coal and coke causes CO2 emissions to be released into the environment.
Using bio-based carbon sources has the potential to offset these emissions and reduce
cokemaking overall carbon footprint. The use of biomaterial in coal blends reduces the
fossil fuel requirements but to what capacity and type of biocarbon can replace coal is
unknown. The full effects of coal and coke characterization from the addition of
biomaterial are unknown. In this work, raw biomaterials available to industrial users were
evaluated for substitution at low amounts in operational coal blends. Physically, the
optical properties of carbon coke forms can provide insight into the strength, reactivity,
and performance in the blast furnace, resulting from coal rank and type. The interaction
of the biomaterial substitutions with coal during the coking process is evaluated to better
understand the reduction in coke strength after reaction (CSR). For this purpose, a series
of the pilot oven and sole heated oven tests were performed. When coal was substituted
with low amounts of raw biomaterials, the most notable changes in coke texture analysis
were to incipient and circular textures. In this work, data from a series of pilot oven and
sole heated oven tests showed that fine coke textures and overall inerts increased. The
changes in coke textures can be linked to decreases in coke strength after reaction (CSR).
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1. Introduction

The modern global steel industry has evolved from the centuries old process of
ironmaking to producing one of the most highly used materials worldwide. The blast
furnace remains the most commonly used process for iron production (Geerdes,
Chaigneau, & Kurunov, 2015). Quality metallurgical coke is essential for the operation of
the blast furnace process. Coke is required chemically for reduction reactions of iron ore
and physically for burden support and permeability for gas movement of the blast furnace

process.

Metallurgical coke production requires the use of metallurgical coal which is a fossil fuel.
A blend of coals is needed to meet the required properties for cokemaking operations and
consumption in the blast furnace. The chemical and physical properties are very
important for operational choices at the coke batteries and blast furnace fuel needs. The
largest challenge cokemaking operations face is the environmental impact and resource
availability of quality coal. The steel industry is a large contributor to greenhouse gas
(GHG) emissions, including carbon dioxide (CO2). The use of coal and coke causes CO-
emissions to be released into the environment. Coal is considered a new release of GHG
emissions when used in the steelmaking process compared to a biomaterial which is
considered GHG neutral. Using bio-based carbon sources has the potential to offset these

new release emissions and reduce cokemaking overall carbon footprint.

Reduction of GHG emissions in cokemaking not only has a positive environmental
impact but there are potential cost reduction and coke consumption for the blast furnace.
As a result, there has been an increase in research for more sustainable options of coal
and coke replacement for the ironmaking process (Ng, MacPhee, & Giroux, 2009).

Injection of coal or natural gas has become standard in North American blast furnace

1
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operations for coke reduction, but a further reduction is desired (Ng, Huang, & Giroux,
2019). Ongoing steel industry research is investigating biomaterial substitution of coal as
a more sustainable option. Substitution could allow for GHG emissions of the
cokemaking process to be reduced if quality coke can be produced.

This study aims to assess biomaterial substitution of coal as a more sustainable option for
blast furnace operations. Three raw biomaterials, available to industrial users were
substituted at low amounts. The test work was divided into two sets of trials. The first set
consisted of four pilot oven trials and the second set eight sole heated oven trials. Data
from both series of trials were collected on the physical, chemical, and texture properties
of the resultant coke using biomaterial substitution and were compared to an operational

coal blend. The specific objectives of this study are as follows:

e Study the interaction of the biomaterial substitutions with coal during the coking
process using pilot oven tests

e Analyze the physical and chemical properties of coal blends using biomaterial
substitution

e Investigate the connection between coke strength after reaction and texture

properties of coke after biomaterial additions to the coal blend

This thesis consists of six chapters. The first chapter introduces the key concepts and
works the thesis will cover. The second chapter is the literature review, where the
fundamentals of the blast furnace operation, metallurgical coke production requirements,
and quality testing of coal and coke are covered. This section also gives details of coke
texture analysis, the environmental considerations of cokemaking in Canada, and the
ongoing industrial research of biomaterial use in iron & steelmaking for coal substitution.
The gap of knowledge is presented in chapter three. The current limited knowledge of the
impact of biomaterial on coke quality from a microscopic level is addressed. The research
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methodology of the thesis is reviewed in chapter four. The procedures, test types, and
standards followed are reviewed. The fifth chapter presents the results and discussions of
the test work conducted. This chapter is broken into two main sections. The first section
presents the outcome of pilot oven trials and the second section includes results of SHO
trials. The final chapter is chapter six, where a summary of the thesis conclusions is listed

as well as the recommendations for further work are presented.
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2. Literature Review

2.1. Blast Furnace Process and Fuels

Ironmaking is a centuries old process that has developed into a global steel industry
producing one of the most highly used materials worldwide. There are two main options
for steel production, specifically, the blast furnace and the electric arc furnace. The blast
furnace remains the primary source for steel production as of 2015 with 70% of the steel
produced globally (Geerdes, Chaigneau, & Kurunov, 2015). In 2019 there was 6.3
million tons of hot metal produced in Canada from five operating blast furnaces
(Technology, 2020).

The blast furnace is a continuous process that relies on coke as its primary fuel source
and reducing agent. Coke for blast furnaces is generated from the transformation of
metallurgical coal to coke in coke ovens. The blast furnace process can be compared to a
packed bed countercurrent reactor with inputs and outputs identified in Figure 2-1.
Alternating layers of metallurgical coke and fluxed iron material are inputs to the top of
the blast furnace, known as the burden layers. Heated wind with controlled oxygen and
moisture levels along with injected fuels (natural gas, coal, or oil) are input through the
tuyere level, travel upward through the burden bed, and blast furnace gas leaves the top
of the furnace. The intended product of reduced liquid iron is output through tapholes
along with the byproduct of liquid slag.
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Figure 2-1- Input and outputs of a blast furnace (Geerdes, Chaigneau, & Kurunov, 2015)

Coke is essential for the operation of the blast furnace process as the thermal fuel source
and reductant. Coke’s chemical role is to participate in reduction reactions of iron ore.
Coke’s physical role is for burden support and permeability for gas movement in the blast
furnace process. Understanding how coke passes through the blast furnace zones and the
role it plays in each zone is important for coke selection. The blast furnace can be broken
into five zones starting from the top moving down as temperatures increases. The top of
the blast furnace is referred to as the Lumpy Zone, where raw materials are charged into
the process, beings to move down the shaft to start the reduction process and are heated.
The second zone is the Cohesive Zone; this zone is critical for the reduction of the iron
ore material, and gas permeability of the coke burden layers must be maintained. The
Raceway Zone is the third zone where tuyere level inputs are injected and react with the
burden coke to combust producing carbon monoxide (CO) and hydrogen (Hz) gases. The

fourth zone is known as the Active Coke Zone, where coke is still permeable to allow for
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gas flow up and liquid iron to pass down. The final zone is the Deadman or Hearth Zone.
This zone is where the coke bed is found and is being pushed down on the liquid iron and

slag is extracted from the blast furnace. (Lu, 2018)

2.2. Coke Requirements

As the primary fuel source for the blast furnace, there are several attributes of coke that
affect the blast furnace operating conditions. The most impactful attributes are strength,
stability, size, moisture content, and chemical composition (Geerdes, Chaigneau, &
Kurunov, 2015). In North America stability is measured by the cold strength index
which measures the degree of breakdown expected when the coke is handled. The size of
coke fed to a blast furnace is impactful to the operation because of the impact on gas
permeability. Smaller coke, typically less than ¥ inch, will increase the pressure drop of
the furnace and reduce the permeability of gases. Coke moisture is continuously
monitored for coke fed to the blast furnace to ensure a consistent dry weight of coke is
charged. If coke with too high of moisture enters the blast furnace, this reduces the
carbon which impacts the thermal balance. The chemical composition of coke is essential
not only to the blast furnace but also to the downstream steelmaking operation because
the goal is to have a high source of carbon with little impurities to fuel the iron reduction
process and ensure a consistent iron chemistry. Supplying consistent coke to the blast
furnace is extremely important. Coke is not only a fuel for the reduction of iron ore in the
blast furnace process, but also the physical strength maintains the permeability for gas
flow and supports of the burden as it descends the shaft. Quality coke that meets the need
of the blast furnace process is determined by the coal quality, coal preparation, and coke
oven operating parameters. (Poveromo, 2019) The applicable standards and their test

methods will be reviewed in the following sections.
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2.3. Metallurgical Coal and Coke

2.4. Coal Sources

Coal is a material found in underground deposits around the world that contains greater
than 50% by weight carbon derived from plant material that is readably combustible.
Coal is formed in underground deposits naturally from peat over time in swampy
environmental conditions. Peat formation is the required start to coal transformation and
is affected by climate, geology, chemistry, type of plants and conditions of the swamp to
form different types of coals. Peat becomes coal once the peat has been buried,
compressed and the moisture content is less than 75%. Peat accumulation and the process
of coalification where the peat matures varies depending on the geographical location,

but all require time, temperature and pressure. (Osborne, 2019)

Determining the maturity and classification of coal has been refined and in North
America is most commonly defined by the American Society for Testing and Materials
(ASTM) standards. As the coal change in the underground conditions, the properties
determine where on the ASTM classification of coals they fall. The classification is based
on rank, type and grade as seen in Figure 2-2 from ASTM Standard D388 — Standard
Classification of Coals by Rank. The coals are broken into class based on the degree of
metamorphism and then broken into group which are subdivisions of the class. The table
displays identifying limits for attributes of Fixed Carbon (FC), Volatile Matter (VM),
Gross Calorific Value (GCV) and the associated agglomerating character. The
agglomerating character is used to describe how the coal will react, and the state of the
resultant material when heated and the cooled per the standard’s definition. These are the
first properties of coal evaluated to determine if and how the coal is to be mined,

processed and the end use.
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Class/Group p— z I z I Agglorneratlng
qual or qual or qual or haracter
Greater Lass Greater Equal or Greater Less Than Greater Less Than
Than Than Less Than
Than Than Than
Anthracitic:
Meta-anthracite 98 S S 2
Anthracite a2 98 2 & non-
agaglomerating
Semianthracite™ 86 92 8 14 o L. o S
Bituminous:
Low volatile bituminous coal 78 86 14 22
Medium volatile bituminous 69 78 22 31
coal
High volatile A bituminous . 89 3 - 14000 . 32.557 commenly
coal agglomerating
High wvolatile B bituminous o S A . 13 000 14000 30.232 32.557
coal
High volatile C bituminous o S A . | 11 500 13000 26.743 30.232
coal
l 10500 11 500 24.418 26.743 agglomerating
Subbituminous:
Subbituminous A coal . - . R 10 500 11 500 24.418 26.743
Subbituminous B coal B - . - 9 500 10500 22,09 24418
Subbituminous C coal o S A . 8 300 9 500 19.30 22.09
non-
agglomerating
Lignitic:
Lignite A 6 300 8 300 14.65 19.30
Lignite B 6300 14.65

Figure 2-2 - ASTM Standard D388 (ASTM, 2020)

Coal classification is broken into three categories of grade, rank, and type. The plant
materials that accumulated in the swamps influence the type of coal that is formed and its
properties. All three classifications of grade, rank and type affect the potential coke
quality of a coal and coal blends.

2.4.1. Coal Gr