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TECHNICAL CHARACTERISTICS OF THE RECYCLING OF IRON-STEEL
PRODUCTS

The iron and steel sector is an indicator of development and sophistication with the usage areas of its products and its
contributions to other sectors. Steel has become an integral part of modern society with its properties such as strength and durability
and its usage areas such as construction, infrastructure, machinery and automotive sectors. In this context, the iron and steel sector
has strategic importance for countries. Sustainability of production in the iron and steel sector is important for the entire manufacturing
industry. The use of scrap metal in production has become an integral part of modern steel production, increasing the economic
vitality of the sector and reducing the environmental impact of production. In this article, a number of methods applied in
contemporary times in the production process of iron-steel products, iron-steel wastes and the re-processing of these wastes have
been reviewed.

Using scientific studlies, articles, statistical indicators on the topic as the theoretical and methodological basis of the study,
a number of methods of iron and steel production and recycling serving the purpose of zero waste were studied.

As a result of the investigations, it was understood that in order to achieve a permanent competitive advantage in the iron
and steel industry, policies that design waste management and every stage of production together should be produced. Establishing
a holistic approach that includes several issues when planning production, such as the efficiency of the raw materials supplied, the
equipment used and the manufacturing process, and the evaluation of the products at the end of their useful life, will provide a
permanent competitive power.

The result of the article is that the recycling of waste will create a competitive advantage with its environmental contributions
such as reducing emissions and saving raw materials, in addition to economic savings. In this context, strategies created for the zero
waste target for the iron and steel industry in the world offer new opportunities to prevent additional burdens and increase
competitiveness thanks to sustainable material management. On the other hand, within the scope of sustainable manufacturing,
attempts to bring waste into the economy should be carried out in accordance with the waste hierarchy. The priority includes
preventing waste, if it cannot be prevented, preparing it for reuse, if these two options cannot prevent waste generation, applying
other alternative solution methods such as recycling practices and recovery, and disposal as a last resort.
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TATTIEBA Caina

T'stHIKMHCBKUE iep)kaBHUE yHIBepeuTeT, ['aHmxka, AzepOaiixan

TEXHIYHI XAPAKTEPUCTHUKU NEPEPOBKH 3AJII3OPYJIHUX IMTPOJAYKTIB

3anizopyAHa T1a CranemBapHa rasnyssb € IHAMKaTOpOM pPO3BUTKY Ta BAOCKOHA/IEHHS 33BASKN CQHEPAM BUKOPUCTAHHS i
npoaykyii 7@ BHECKY B [HLUI rasys3i. CTa/b CTana HEBI EMHOK YaCTUHOK CyYacHOro CyCriibCTBa 3aBASKU TaKUM ii B/IACTUBOCTAM, K
MIYHICTb | [OBroBIYHICTb, @ TAKOX CQEPAM BUKODUCTAHHS], TakuM SK Oy4iBHULTBO, IH@PACTPyKTypa, MalmHoOyAyBaHHS Ta
aBTOMOOI/IbHA TPOMUCIIOBICTL. Y LIbOMY KOHTEKCTI 3a/130pyAHa Ta CTale/mMBapHa rasy3b MAae CTPATErYHE 3HAYEHHS A/1 KpaiH.
CraziicTb BUPOBHUUTBA B 3a/130pyaHIM Ta CTa/emBapHivi rasysi Baxsmsa A/ BCIEI OBPO6HOI POMUC/IOBOCTI, BUKOPUCTaHHS
METa/I0OPYXTY ¥ BUPOOHHULITBI CTA/10 HEBIA EMHOIO YACTHHOIO Cy4acHOro BUPOBHULITBA CTa/l, MIABULLYIOYM EKOHOMIYHY KUTTEIAATHICTL
raznys3i 1a 3MEHLLYIOYN EKOJIONYHMA Br/imB BUPOOHMUTBAE. Y Ui CTarTi 6y/10 pO3I/ISHYTO HU3KY METOAIB, 14O 33CTOCOBYIOTHCS B
CYqacHmyi 4ac 'y BUPOBHUHOMY [IPOLEC 3a/130pyAHNX POAYKTIB, 3a/30pyAHMUX BiAXO4iB Ta IXHbOI r1OBTOPHOI NEPEPOGKL.
BUKOPUCTOBYIOYN HAayKOBI LAOCTAXKEHHS, CTATT, CTATUCTUYHI MOKA3HUKN 3 LJiEi TEMU K TEOPETUYHY Ta METOLO/IONYHY OCHOBY
AOCTKEHHS], OYJI0 BUBYEHO HU3KY METOLIB BUPOOHULTBA Ta IEPEPOOKM 3a/1i3a@ Ta CTasl, L0 C/YryioTb METI Hy/IbOBUX BiAXo4iB. Y
Pe3yIbTaTi AOCTKEHL BY/I0 3P03YMINO, O A/ AOCSIHEHHS CTIVKOI KOHKYDEHTHOI nepeBary B 3a/130DyAHIM Ta CTane/mBapHiv
MIPOMUCIIOBOCTI C/Ti4 PO3PO6AATU 1O/IITUKY, SIKa 6 CITi/IbHO POEKTYBANA YrPaB/iHHS BIAXO4amu Ta KOXEH eTarl BUPOOHWULTBA.
BCTaHOB/IEHHS LIIICHOIO 11iAX04y, KM BKITOYAE KifIbKa ITUTaHb NPy M/IGHYBAHHI BUPOGHULTBA, TaKUX SK €QEKTUBHICTL MOCTaYaHHs
CUPOBUHYM, BUKOPUCTOBYBAHE OBTIaAHAHHS Ta BUPOBHMYMI MPOLEC, a TAKOX OLIHKA NPOAYKLUIT IiC/s 3aKIHYEHHS TEPMIHY ii’ C/Tyx6u,
3a6e311e4nTb MOCTIVIHY KOHKYDEHTHY EpeBary. Pe3y/ibTatoM CTaTTi € T€, 1O NEPEPOBKA BiAXOAIB CTBOPUTL KOHKYPEHTHY EPEBAry
3aBASKN i €KOJSTONTYHUM BHECKaM, TaKUM SIK 3MEHLLIEHHS] BUKUAIB T4 EKOHOMISI CUPOBUHM, HA A0AATOK [O EKOHOMIYHOI EKOHOMIL. Y
LbOMY KOHTEKCTI CTPaTerii, pO3po6/ieHi f/151 AOCIrHEHHS METU HyJIbOBUX BIAXOAIB A/15 3a/130PYAHOI Ta CTa/1e/IMBaPHOI MPOMUC/IOBOCTI
Y CBITi, MPOMOHYIOTb HOBIi MOX/IMBOCTI LIS 3ar00IraHH A04aTKOBUM BUTPATaM Ta IMi4BULLEHHS KOHKYPEHTO34aTHOCTI 3aBASKMU
CcTanoMy yrpassiHHIO Matepianamm. 3 iHIWoro 60Ky, B paMKax CTasioro BUPOOHULTBA CrIpobu 3a/yYeHHS BiAXOAB O E€KOHOMIKMU
10BUHHI 34IMCHIOBATUCS BIAMOBIAHO A0 IEpapxii BiAxo4iB. [IpiopuTeT BKIIOYAE 3a106iraHHs YTBOPEHHIO BIAXOAIB, AKILO 3arobirmv
HEMOXJ/IMBO, AroTOBKY iX A0 MOBTOPHOIO BUKOPUCTAHHS, SKWO U AB3 BapiaHTy HEe MOXYTb 3ariobirtv yTBOPEHHIO BIAXOAIB,
3aCTOCYBaHHS [HLUMX 3/IbTEPHATUBHUX METOLIB BUDILLIEHHS], TAKUX K NPaKTUKA NEPEPOBKM Ta BIHOB/IEHHS, @ yTWI3aLis — SK KPauHiv
3axig.

KIt040Bi C/10Ba: 3a/1i30pyaHI BUpo6bu, CTanesi BUpobu, BITBOPEHHS, METOAMU BUPOOHMLITBAE, TEXHOJION BUPOOHULTBA.
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INTRODUCTION

The iron and steel industry in the world is one of the sectors that has shown great progress in production and
capacity increases. Iron and steel producers in the global market have developed some strategies to cope with these
negativities, such as company mergers, concentration in production and transformation into high value-added
production. Although the strategies followed offer short-term solutions to manufacturers, the contraction in demand,
especially in developing countries, and the increasing global idle capacity have led to low profitability rates in the
sector.

In addition, most of the supply of coke and iron ore, which are important raw material sources of the sector,
is under the control of a few countries. Scrap supply, another important raw material of the sector, is naturally located
in developed countries.

Increasing iron and steel production and capacity due to intense demand in developed countries after the
2000s has led to great increases in raw material need and trade. As a result of the raw material supply not being able
to meet the production amount, there were large increases in raw material prices. This situation has caused the cost
pressure on businesses to increase.

In summary, in addition to the supply and demand-related problems, the competitiveness and profitability of
the iron and steel industry have been negatively affected by pressures such as global economic recession, harsh
environmental standards, idle capacity and high input costs. In addition to these negativities, the disposal or storage
of waste generated in production creates additional costs. Economic developments and the decrease in profitability in
the iron and steel sector attract the attention of investors and make it difficult to make new investments in the sector.

It is thought that waste management in the iron and steel industry will increase competitiveness and
profitability and restructure production profitably within the framework of the concept of sustainability. In this
context, the industrial ecology approach will help businesses pay attention to resource efficiency in a versatile way
and increase their competitiveness levels to the maximum level by encouraging production system thinking with
closed-loop system opportunities and environmental design opportunities that include material balance.

PRODUCTION PROCESS IN THE IRON AND STEEL INDUSTRY

The term steel refers to an iron alloy that can act flexibly in some temperature ranges and contains manganese,
carbon and some other alloying elements. According to Javaid and Essadighi, there are more than 3,500 different
steels with very different physical, chemical and environmental properties, approximately 75% of which have been
discovered in recent years [5].

These alloys, known as steel grades, are developed to produce various combinations of strength, ductility,
hardness, toughness, magnetic permeability and corrosion resistance that modern consumers need. During crude steel
production, these metals are added as elements or ferro alloys. The effects of some important alloying elements on
steel according to their desired properties are listed in Table 1.

Table 1.

Effects of Alloying Elements on Steel Structure
Effects Alloying elements
Al Cr Co Cu Mn | Mo | Ni P Si w Vv S

Deoxidant
Austenite stabilizer
Ferrite stabilizer
Carbide growers
Graphite makers
Hardenability
Resistance
Impact resistance
Wear resistance
Corrosion resistance
Machinability
(0) - Ineffective;
(1) - Positive effect
(-1) - Has a negative effect
Al-Aluminium, Cr - Chromium, Co - Cobalt, Cu - Copper, Mn - Manganese, Mo - Molybdenum, Ni -Nickel,
P - Phosphorus, Si - Silicon, W - Tugsten, V - Vanadium, S — Sulfur
Source: 17, p. 660.
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Steel materials have a profound impact on the development of society. Properties such as strength and
durability make steel the ideal material for the construction and automotive industries. At the same time, it is widely
used in many types of packaging and other areas of use due to its other properties. Modern steel production is carried
out by two dominant processes: Basic Oxygen Furnace and Electric Arc Furnace. Iron ore and scrap are the basic raw
materials of production, and production methods are determined according to the use of raw materials.
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Innovation efforts in the iron and steel industry continue to produce new types of steel, many of which are
thinner but can meet the necessary strength requirements. These new products, called Advanced and Ultra High
Strength Steels, allow their customers, especially automotive manufacturers, to reduce vehicle weight by 17% to 25%
while maintaining safety standards. Vehicles are becoming lighter due to the use of thinner but stronger steel. Today,
more than 50 percent of steel parts in vehicles consist of new high-strength steels. By reducing the need for materials,
emissions that will arise from both steel production and use due to the lightness of the vehicles are reduced [14, p. 1].

Many items made of steel can be easily reused. For example, paperclips are used over and over again in
homes and offices around the world. While the normal lifespan of barrels is six months, this period can be extended
to five years thanks to the use of steel. It is the durability feature of steel that enables these products to be reused, and
in this way, steel offers environmentally friendly solutions by reducing the need for products [14, p. 2].

Based on unprocessed iron ore, steel can be produced by first reducing iron oxide to liquid metal (pig iron)
in the Blast Furnace (BF) and then purifying it in Basic Oxygen Furnaces and converting it into steel. This method is
defined as primary steel production. Extra heat is produced due to the processes taking place during the purification
process, and this extra heat is removed by the addition of steel scrap. According to the data of the World Steel
Association [16], the rate of ore-based production has increased since the 2000s and in 2012, 69 percent of world steel
production was produced on ore-based basis.

Based on preliminary Census Bureau data, the American Iron and Steel Institute (AISI) reported today that
the U.S. imported a total of 2,547,000 net tons (NT) of steel in January 2024, including 1,914,000 net tons (NT) of
finished steel (up 21.7% and 18.0%, respectively, vs. December 2023). Total and finished steel imports are down
2.4% and 4.4%, respectively, vs. January 2023. Over the 12-month period February 2023 to January 2024, total and
finished steel imports are down 7.6% and 13.5%, respectively, vs. the prior 12-month period. Finished steel import
market share was an estimated 22% in January 2024 [10]. Coke combustion is provided by hot gases (carbon monoxide
(CO), hydrogen (H>), carbon dioxide (CO5), water (H-0), nitrogen (N2), oxygen (O2)) and fuels. As these gases move
upward, they pass through the layers and cause the temperature to increase [8, p. 90]. The reactions taking place in
YF are as follows:

F203 + CO — 2 FeO + CO2
FeO + CO — Fe + CO2

Liquid iron drips downward and accumulates at the bottom of the blast furnace. This liquid iron is taken at
regular intervals. Limestone combines with polluting elements such as silica (SO), sulfur (S), alumina (Al,O3) and
forms molten slag on liquid iron.

Pig iron taken from the blast furnace contains more than 4% carbon and additive elements and requires
additional purification for the production of cast iron and steel. In order for the steels to have the desired qualities,
chemical compositions need to be adjusted at much more precise levels. Therefore, polluting elements must be at very
low levels.

The pig iron in the molten state is taken from the blast furnace and loaded into the Basic Oxygen Furnace
along with scrap iron-steel and lime. After loading, pure oxygen (O2) is blown through the pipe at high speed. This
process leads to combustion and heating on the surface of the molten pool. Excess carbon is burned and removed from
liquid steel. Impurities such as silicon (Si), manganese (Mn) and phosphorus (P) are also oxidized and collected in
slag thanks to lime. Reactions that take place at Basic Oxygen Furnaces [8, p. 91]:

2C+02—2CO (some CO2)
Si+ 0 — Si02
2 Mn + 02 — 2 MnO
4P+502—2P205

During the process, the carbon content decreases linearly over time, which allows for better control of the
carbon level in steel. After the purification is completed, alloying elements and some additions are added to the molten
steel according to the product requirements, and finally steel production is completed by taking slag.

Production based on steel scrap obtained by melting the scrap in an Electric Arc Furnace is a secondary steel
production method. High alloy steel varieties such as stainless steel and tool steels are usually produced based on
scrap. The type of scrap used affects the material properties as well as alloying elements such as chromium and nickel.
Scrap-based Electric Arc January production also accounted for 29 percent of the world's steel production in 2012.
Although its share in total steel production has decreased due to Basic Oxygen Furnace investments, which have
increased greatly since the 2000s, the amount of production is increasing.

The January January 2013 American Iron and Steel Institute summarizes steel production by Electric Arc
Furnace as follows; Electric Arc Furnace works as a batch smelting process. Scrap iron-steel loaded into the furnace
is heated by means of an arc created by arc electrodes of alloying elements and limestone, resulting in molten metal.
January January Deceleration Electric Arc Furnace activities are expressed as successive melting or heating cycles
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and consist of charging the furnace, melting the metal, purification, separation of slag, transfer of molten metal and
return to the furnace.

Scraps collected from expired products and other sources are collected by the scrap industry and prepared
for re-melting. Scrapping is needed in both steel production methods. The Electric Arc Furnace is mainly based on
scrap, while Basic Oxygen Furnaces allow the use of scrap in January to remove excess heat in production (scrap up
to 8.5% of its ore can be used) [15].

Although the final products of the two production methods are steel, they differ in terms of material flows
and the qualities and quantities of waste they create. In Basic Oxygen Furnaces, oxygen is blown into the molten iron
to remove impurities such as carbon, phosphorus and so on. At the end of this operation, various waste materials such
as gas, dust and slag are formed. In the Electric Arc Furnace, where secondary production is made based on scrap,
steel undergoes physical and chemical processing to achieve certain properties. The steel can then be cast and rolled.
All processes carried out until the final product create separate waste materials such as mill shavings or oily sludge.
Crude steel production with an Electric Arc Furnace produces certain materials, especially powders and gases, but
also slag [6, p. 179].

For both production methods, studies have been carried out to reduce waste and efficient raw material
management. While these studies reduce the amount of waste, they also provide savings and competitive advantage
as they reduce the amount of raw materials needed in production. While in the 1970s and 1980s, modern steel facilities
had to consume an average of 144 kg of raw materials to produce 100 kg of liquid steel, today, with the investments
in research, technology development and good planning, the iron and steel industry uses only 115 kg of raw materials
to produce 100 kg of liquid steel. This development means a savings of over 20 percent in raw material needs [14, p. 1].

The primary production method is more polluting than secondary production due to environmental impacts
resulting from chemical reactions, mining and combustion that occur during crude steel production. According to the
data of the International Bureau of Recycling [2013], by recycling 1 ton of steel, 1.1 tons of iron ore, 0.6 tons of coal
and 55 kg of limestone are saved. Through the use of scrap, CO; emissions are reduced by 58 percent. Recycling 1
ton of steel saves 642 kWh of electrical energy, 287 liters of oil, 11.5 GJ of coal energy and 2.3 m® of storage space.
Steel recycling creates 74 percent less energy, 90 percent less raw material and 40 percent less water usage, as well as
76 percent less water pollution, 86 percent less air pollution and 97 percent less mineral waste.

Despite all its environmental and economic advantages, it is not possible to meet the steel need with
secondary steel production alone. Separating or removing a particular residual element from scrap becomes more
expensive than primary production. It is not possible to remove some contaminants that damage steel properties and
production, both economically and metallurgically. For this reason, secondary production is insufficient to meet the
demands, especially those requiring high purity. Therefore, as a country, we need to produce policies that take this
situation into consideration.

Yellishetty [17, p. 660] investigated various studies on the effects of special alloying elements and residues
on the recycling process, the mechanisms of separating them from the metal, and the relationships between cost and
competition.

Studies have shown that metal is constantly recyclable, and each time the density of the residue increases
and it becomes more difficult to process it. In these studies, residues that are important for steel recycling were tried
to be identified. Residues are (i) copper, tin, nickel and molybdenum; It is divided into three categories: (ii) chromium,
manganese, zinc and lead and (iii) aluminium, silicon and titanium. According to this category, the first group is very
difficult to separate from scrap and poses a big problem in terms of metallurgical processes.

Their concentrations increase during each subsequent recycling cycle. The second group can be separated by
metallurgical processes, although there may be deficiencies depending on the purification process. The third group
does not cause a problem because it is completely removed during the purification process. As a result, the primary
production method is preferred when there is a need for purer material.

Moreover, according to Birat [2006] ve Matsuno [2007], most of the steel produced remains in use for a very
long time (15-19 years on average), so it cannot be used for recycling immediately. This shows that there is not enough
available recycled steel to meet the increasing demand for steel worldwide and that the demand cannot be met by
secondary steel production alone. Therefore, steel demand is met by the combined use of primary and secondary
production routes [17, p. 656].

WASTES GENERATED iN THE IRON AND STEEL INDUSTRY
In iron and steel production, various basic and by-products are produced at various stages such as mining,
sinter plant, coking, iron reduction, steel production, lime making, washing and rolling. As can be seen in Table 2,
there are main products and other products that are desired to be obtained at each stage of the primary processing
process.
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Table 2.
BY-PRODUCTS FORMED iN IRON AND STEEL PRODUCTION
Production process Main product Other products
Coal Mining Coal Methane
Coal Washing Clean Coal Medium Quality Coal
Coke Oven Coke Oven Gas
BTX
Coke Naphthalene
Tar
Ammonium sulfa
sinter plant Sinter sinter residue
Blast Furnace Slag
Blast furnace Eriyik demir Blast Furnace Gas

Blast Furnace Powder
Dark Mud (Viscous)
Tundish* Skeleton

Slab casting steel plate scraps
Rolling Shavings

rolling mill rolled steel Cut Steel Pieces
Rolling Shavings
Oil

sheet metal mill tin plate Pickling Solution

* - A wide and shallow container used to control the flow when pouring liquid metal into a mold.

Source: 2, p. 1.

Hazardous wastes arising from the sector are examined under three main classes: wastes specific to the
production process, wastes resulting from side processes and non-production process wastes. Apart from iron and
steel production and pyrolytic processing of coal, processes such as painting, physical and chemical surface treatments
can also be applied. Therefore, the wastes that may arise from these side processes should be included under the wastes
from the iron and steel industry.

In the iron and steel industry, solid wastes such as Blast Furnace slag, steel slag, dust and coal ash are
generated during the production process. Disposal of these wastes causes environmental problems such as soil
pollution, surface water pollution and groundwater pollution. How to combat these wastes is defined as one of the
biggest problems of the iron and steel industry. While the recycling of solid waste generated in the iron and steel
industry is considered, scrap generated in other sectors and generated by domestic consumption is not included [3, p.
33-34].

The waste and by-products generated in iron and steel production consist of 90% slag, dust and sludge. In
the production of 1 ton of liquid steel, approximately 180 kg of waste and by-products containing slag, dust, mud and
other materials are generated in the secondary production with the Electric Arc Furnace, and approximately 445 kg in
the primary production with the Blast Furnace and Basic Oxygen Furnace [13, p. 1].

In primary liquid steel production, approximately 275 kg of YF slag, 126 kg of Basic Oxygen Furnace slag,
20 kg of Blast Furnace dust and sludge, and 23 kg of BOF dust and sludge are produced for 1 ton of production. In
secondary liquid steel production, approximately 169 kg of Electric Arc Furnace slag and 12 kg of Electric Arc
Furnace dust and mud are produced for 1 ton of production [9, p. 936].

One of the approaches used to deal with problems arising from solid waste is recycling. Many methods are
applied to recycle this type of solid waste. Despite this, it is still debated whether recycling is the best method and
which of the applied methods is most appropriate. Combating solid waste generated in the manufacturing industry is
defined as a multidimensional problem because it depends on many environmental, economic, technical and social
components.

RESULT

Recycling waste will create a competitive advantage with its environmental contributions such as reducing
emissions and saving raw materials, as well as economic savings. In this context, strategies created for the zero waste
target for the iron and steel industry in the world offer new opportunities to prevent additional burdens and increase
competitiveness thanks to sustainable material management.

On the other hand, within the scope of sustainable manufacturing, attempts to bring waste into the economy
should be carried out in accordance with the waste hierarchy. The priority includes preventing waste, if it cannot be
prevented, preparing it for reuse, if these two options cannot prevent waste generation, applying other alternative
solution methods such as recycling practices and recovery, and disposal as a last resort.

According to the research results, the recycling industry is a sector that can be invested at low costs and
create employment. Recycling is important for sectors whose input and energy needs depend on imports, due to the
potential raw material supply to be provided through waste management. In the iron and steel industry, where
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profitability is low, it is also important to prevent additional costs arising from waste generation and environmental
impacts.
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