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Abstract

:

The steelmaking process is an energy-intensive multi-stage process, and the step involving the conversion of molten iron to steel, commonly performed in a basic oxygen furnace (BOF), makes an important contribution to greenhouse gas generation. The effective utilization of energy is one of the major challenges in the process, as minor variations of operational parameters can have significant negative effects on the converter in terms of CO2 emissions. A recent study published by the same authors analyzed the BOF process by developing a general mass and energy balance model. The present study utilizes these models to quantify the contribution of global warming potential (GWP) from the BOF and analyses its sensitivity with the parameters such as hot metal composition, the temperature of hot metal, tapping temperature, scrap quantity, and levels of post-combustion. The term GWP in this study refers to the quantified CO2 values obtained by summing up the carbon dioxide associated with the production of CaO associated with the mass of flux and carbon dioxide generated from the off-gas (considering C in hot metal is completely oxidized to CO2). The results from the analysis indicates that for a tapping temperature increase from 1650 °C to 1683 °C, the percentage change in the global warming potential (GWP) was found to be approximately 1%. The study identified that increasing the scrap percentage in the feed would be the most effective approach to effectively utilizing chemical energy from the process and reduce CO2 emissions. However, increasing scrap above 30% of the total feed is likely to raise issues around: (a) the presence of residual elements in scrap affecting the quality of liquid steel, (b) the effective utilization of post-combustion heat within the furnace, and (c) the recovery of off-gas heat for scrap preheating (assuming no steam recovery from the off-gas system). If these issues could be addressed at the industrial level, a significant reduction in CO2 emissions from the BOF process could be achieved.
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1. Introduction


The steelmaking industry is under some pressure to lower the environmental impact of production but also meet the expected future steel demand. By 2035, the growth in steel demand is expected to be between 1.4% per annum [1]. Therefore, the industry is focused on formulating strategies to improve the performance of the iron and steelmaking process with respect to environmental aspects. Presently, the steelmaking process is mainly carried out through either an integrated blast furnace-basic oxygen furnace (BF-BOF) or a DRI/scrap EAF route. The significance of BF-BOF over other steelmaking routes in terms of the share of production is shown in Figure 1a. From the environmental perspective, the energy consumption, as well as CO2 emission from the same, are shown in Figure 1b,c. In 2020, around 1.8 billion tonnes of steel were produced, and it was estimated that among all the metallurgical industries the iron and steelmaking industry emits the largest CO2 (~9% of the global greenhouse gas emission in 2019 [2]) and consumes the largest energy (over 25 EJ/year in 2017) [3].



As the integrated BF-BOF route depends on coke and carbon containing reducing agents, the world steel organization estimates that CO2 generation from BF-BOF steelmaking accounts for around 1.77 tCO2/tCS [4], of which 80% to 90% is from the blast furnace. Considering climate change, it is estimated that 14% of global steel companies’ potential value is at risk if the GHG emission levels are not lowered. It widely thought that the current technologies will not serve as a feasible solution to address the GHG challenges faced by the steel industry [3]. The study conducted by the Voestalpine group [5] (focused on reducing the CO2 emission in the EU steel industries) highlights that breakthrough technologies such as carbon capture and usage, carbon direct avoidance, incorporating renewable electrical power in basic steelmaking (hydrogen-based), utilizing CO2 as raw material, and effective chemical conversion of CO2 from the industrial plant are required to be considered for improving the environmental performance of the plant. However, the study also mentions that these technologies will likely only be available after 2035 [3]. The efficient utilization of renewable sources also raises the challenge of technical and economic feasibility. For example, large-scale green hydrogen is still expensive, and the current technology production rates are well below what is required to match ironmaking technology [2]. Therefore, the steel industries are looking for a more comprehensive understanding of their processes to achieve cleaner steel production to reduce energy consumption and emissions by 30% in the next 30 years [3].



Considering the current scenario, it is important to analyze the CO2 emissions contributed by individual processes in the steelmaking route. The BOF is the dominant steelmaking process and the CO2 emissions of oxygen steelmaking is generally incorporated into CO2 assessment of the integrated BF-BOF route. Previous studies conducted have represented the overall environmental performance of the process. Analysing the overall process of steelmaking, the major sources of CO2 emission are coming from the production of coke and hot metal in the blast furnace. Table 1 lists the total and direct CO2 emission contributed from each step in a steelmaking process [6]. The direct CO2 emission refers to only the CO2 emission to air of a specific installation. The total CO2 emission represents the direct CO2 emission to air due to use of a material together with the upstream emissions (emitted by suppliers).



Lin and Polenske illustrated the environmental impact of steelmaking in terms of disposal cost by analyzing the process data through an input/output model [7]. Similarly, Spengler et. al. [8] carried out an environmental performance study of recycling measures in the steelmaking industry. The method devised by Xiu et. al. [9] mainly focused on how to compute the pollution rates from the iron and steelmaking process. By using the fuzzy logic technique, Vahdat et. al. [10] developed a model to understand the emissions from the iron and steelmaking industry in Iran. Furthermore, several studies [11,12,13,14,15] have used the life cycle analysis (LCA) technique to evaluate and develop cleaner production strategies for the steelmaking industry. LCA considers the overall impact of the process or product on the environment during its life cycle (i.e., from cradle to grave). Xu et. al. [12] conducted LCA to determine the greenhouse gas emission from steelmaking. By integrating the physicochemical aspects with LCA, Losif et. al. [13] studied the life cycle inventory (LCI) of the steel industry to optimize the process. An LCA assessment from Li et. al. [15] suggested that every steelmaking industry should consider the environmental parameters while planning the initial process design. This will help in understanding the crucial parameters and provide scope for improving environmental performance. It should be emphasized that in the open literature, the studies conducted based on BOF environmental aspects were focused on (a) reuse and recycle of slag [16,17,18], (b) disposal of dust [19], (c) removal of dust alkalis [20,21], (d) recovery of elements from the dust [22,23], (e) recovery of heat from off-gas and slag [24,25,26], and (f) energy consumption and economical aspects [27,28,29].



The other pollutants contributed by the oxygen steelmaking process are iron dust, slurry, SO2, NOx, fluoride dust, wasted water, and so on. In general, the fume sources from a BOF process are categorized as primary and secondary emissions. Primary emissions are generated during the stage of oxygen blowing into the furnace. The compounds emitted are the dust of iron oxides, heavy metals, and fluorides. Moreover, the charging emission will depend on the quantity and quality of the scrap metal charge and the scrap pouring rate. The secondary emission from the process is contributed during the stages of hot metal transfer, desulfurization, iron-ladle skimming, furnace scrap, and hot metal charging, tapping, and, to a lesser extent, slagging and turndown.



In this paper, the authors analysed and made an assessment of the effect of key operational parameters on the specific CO2 emission from a BOF. It needs to be emphasized that the study considers the CO2 emission caused by BOF as a stand-alone process. Through this study, the contribution of greenhouse gases from BOF and how it is interlinked with the parameters such as hot metal composition, the temperature of hot metal, tapping temperature, scrap quantity, and levels of post-combustion is evaluated. Of particular importance is control of phosphorous because the quality of steel is greatly affected by even small increases in that element. The removal of phosphorous is sensitive to temperature and the addition of fluxes, which all significantly affect the heat balance. In addition to that, the sensitivity of parameters in optimizing the energy consumption of the process is also discussed. The paper can be used by steelmakers to provide some estimate of the degree of carbon footprint reduction through fine tuning their process parameters.




2. Methodology


To estimate the greenhouse gas emission and energy consumption of the BOF process, it is essential to conduct a mass and energy balance. In the current research, recently developed static mass and energy balance models by the same author [30,31] are used for establishing the relationship between different operating parameters that affect the energy consumption and GWP contributed by BOF. The overall balance is conducted by considering the properties and reaction enthalpies of the input and output components from the data available in the literature. The static mass balance is carried out by forming a series of simultaneous elemental balance equations. These elemental balance equations were then coupled by empirical relations represented as distribution equations (Equations (1)–(8)). The distribution equations used for developing the model are of 3 types: empirical relations (Equations (1) and (2)), thermodynamic relations (Equation (4)), and equilibrium phase diagram relation (Equations (6) and (7)). The calculations are carried out until the iteration loop is converged to balance the mass input (hot metal, scrap, flux + coolant, oxygen, refractory) to the mass of the product (liquid steel) and by-products (slag, flue gas, dust + splashes). The details on the selection of distribution equations and algorithm development are discussed in the recent paper [31]. With respect to the global warming potential, the quantification of values was carried out by summing up the carbon dioxide generated from the off-gas (considering C in hot metal is completely oxidized to CO2) and carbon dioxide associated with the production of CaO (i.e., for every 1 ton of CaO produced 785 kg of CO2 is generated) associated with the mass of flux which are considered to be the major contributors of CO2 for the oxygen steelmaking process. In the analysis, the mass of flux is calculated as the sum of lime and dolomite. The flux calculation details are described in the recent paper [31]. However, it needs to be acknowledged that CO2 resulting from other sources (CO2 emissions from imported material, CO2 emissions during the production of oxygen, argon, processing of scrap, and CO2 emissions during the off-gas recovery.) [32] are not considered in the present calculations. Similarly, to generate silicon from silica in the blast furnace requires energy and CO2 associated with it, which is acknowledged in the subsequent section.


(% FeO) √[%C] = 4.2 ± 0.3, for BOF with C < 0.1% at Tap Temp. 1610 ± 20 °C



(1)






     [   % Mn   ]     (   % MnO   )     1     [ C ]      = 0.1   ±   0.02 ,   for   BOF   with   C   <   0.1 %   at   Tap   Temp .   1610   ±   20   ° C  



(2)






  Lp =    (  % P  )     [  % P  ]     



(3)






   logLp  =   22350   T  ( K )    + 2.5 log  (  %   Fe  t   )  + 0.08  (  % CaO  )  − 16 ± 0.4  



(4)






Lpindustrial = 0.09934 Lp + 30 (Top Blown)



(5)
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GWP = CO2 from off-gas + CO2 emissions during CaO production (Kg CO2 produced/tonne of product)



(9)




where:




	
[%C]: Wt % of C in Steel



	
[%P]: Wt % of P in Steel



	
[%Mn]: Wt % of Mn in Steel



	
(% FeO): Wt % of FeO in Slag



	
(% MnO): Wt % of MnO in Slag



	
(% MgO): Wt % of MgO in Slag



	
(% CaO): Wt % of CaO in Slag



	
(% SiO2): Wt % of SiO2 in Slag



	
CO2 from off-gas refers to C in hot metal is completely oxidized to CO2



	
PCR: Post Combustion ratio



	
GWP: Global warming potential



	
B: Basicity



	
Lp: Phosphorus partition



	
T: Tap Temperature








Following the mass balance, the static energy balance computes the heat associated with the different output (heats of steel, slag, flue gases, the heat of scrap melting) and input (sensible heat of liquid hot metal and heat of reaction) components. The overall heat balance is given by Equation (10). It needs to be mentioned that for the present calculation the average post-combustion ratio is considered to be 0.12 [30,31]. Other details pertaining to the formulation and calculation of individual mass and heat components are discussed in more detail in another paper by the author [30,31].



From the perspective of environmental impact assessment, the energy balance quantifies the heat available for scrap melting when the overall heat loss percentage is assumed or computes overall heat loss when scrap fed into the system is known. Therefore, by conducting a sensitivity analysis with these two parameters (heat of scrap melting and overall heat loss), an optimum amount of scrap and minimum range of overall heat loss percentage can be computed. The repercussion of this study provides the possibilities for reducing the global warming potential and improving the effective utilization of energy


Sensible heat of liquid hot metal + Heat of Reactions = Sensible heats of Steel +

Sensible heats of Slag + Sensible heats of Waste Gases + Heat of Scrap melting + Excess

Heat or Overall Heat Loss



(10)






   Scrap   %   =      Mass   of   Scrap     Mass   of   Hot   Metal  +    Mass   of   Scrap    × 100   



(11)







To execute the mass and energy balance model several simplifications and assumptions are considered, namely:




	
silicon in the hot metal is completely oxidized;



	
degree of scrap oxidation and fume/dust losses are not considered;



	
effect of sulfur in the hot metal is neglected;



	
oxygen blown via lance is completely utilized;



	
temperature of slag is assumed to be 100 °C greater than steel temperature;



	
coolant considered for calculation is Fe2O3 alone;



	
turn down heat loss is neglected;



	
heat associated with loss on ignition is neglected;



	
calculation assumes no presence of undissolved fluxes or solid precipitates in slag such as C2S (2CaO·SiO2), C3P(3CaO·P2O5); and



	
effect of residual heat used for heating the scrap is not considered.








Based on the data of hot metal mass and composition, end composition of steel, tapping temperature, and mass of scrap, the static mass balance model [31] computes the amount of flux to be added/slag generated, CO2 generated, and oxygen required for chemical reactions. The results from the static mass balance model were used for the static heat balance model [30] to compute heat input, heat of reaction, heat output, and excess heat or overall heat loss. As the present study is analysing the CO2 emissions of a BOF process, the values of parameters (hot metal composition, the temperature of hot metal, tapping temperature, scrap quantity, and levels of post-combustion) are varied within the range of industrial limit to capture the CO2 emissions and energy consumption or requirement.




3. Results and Discussion


The developed model was validated against 35 heat set data from Tata Steel [30,31]. The Tata Steel BOF shop operates a 330-tonne capacity converter integrated with combined blowing technology. The oxygen is delivered through a 6-hole lance at supersonic speed and bottom stirring is achieved via injecting Ar/N2. Along with the hot metal, fluxes in the form of lime, raw dolomite, burnt dolomite, and coolants, such as recycled slag and iron ore, are also added during the blowing period. The details pertaining to the validation have been described in previous papers [30,31,33].



As carbon present in the hot metal constitutes the highest percentage of impurity and provides essential heat via exothermic reaction, it is essential to analyze the impact of hot metal carbon on global warming potential, heat loss, and heat of flue gases. If the carbon in the hot metal is increased, then more carbon dioxide emissions will be expected to achieve the same end composition in steel as shown in Figure 2. Similarly, when the scrap percentage is not increased with increased C in hot metal, then the excess heat generated from the increased carbon oxidation goes in the form of heat loss given by Figure 2. The temperature of off-gas determines the capacity of heat recovery. The increment of carbon in the hot metal results in a higher amount of CO2 in the off-gas resulting in the increase in heat of flue gas as illustrated in Figure 2.



As the refinement of the steel takes place via oxidation of impurities, it is relevant to understand how the percentage change in the composition of hot metal and steel affects the carbon dioxide emission from the process. The graphs are constructed by changing the parameters Si, P in hot metal (increasing) and final C composition in steel (decreasing) one at a time keeping the other reference values listed in Table 2 to be constant. It needs to be acknowledged that generating silicon from silica in the blast furnace requires the energy and CO2 associated with it. A previous study on “Effect of silicon content in molten iron on carbon emission in blast furnace” [34] quantifies that when the silicon content is increased by 0.1%, the coke rate will increase by 4.54 kg/t. This is equivalent to a carbon emission increase of 7.46 m3/t. In the present study, the CO2 emission from the blast furnace is not considered. Therefore, it needs to be highlighted that for the cases where the Si percentage in the BOF input is varied, the change in CO2 contributed by the blast furnace is not considered (i.e., the effect of Si on global warming potential is only calculated from the BOF process). This is because the intention of the current study is to understand the CO2 emission from one process BOF that contributes to the overall process.



With the increment of Si or P content in the hot metal, the mass of slag required to achieve the desired end composition will also increase. As mentioned previously, the increase in the mass of slag means a greater amount of CO2 is generated for producing the required mass of CaO in the flux added. Figure 3 shows that the consumption of mass of slag is higher for complete oxidation of Si compared to P. Therefore, the Si content in the hot metal is more sensitive to generating greenhouse gases providing the hot metal mass remains constant. However, when more C is retained in the final composition of steel, the net CO2 emission from the process also decreases as shown in Figure 4. It needs to be mentioned that with the increase of C in steel, the mass of slag decreases (due to lower FeO), and it leads to less heat for scrap melting due to reduced C oxidation from hot metal to steel.



Previous studies have shown that tapping temperature is a crucial parameter in the steelmaking process that needs to be controlled based on the required end composition of steel from the BOF process and further processing in downstream operations (secondary metallurgy and casting). Hence, it is quite relevant to understand the sensitivity of tapping temperature on environmental aspects expressed through flux added, global warming potential, and heat loss. The graphs shown in Figure 5 are constructed similarly to Figure 3 and Figure 4 (considering the reference values listed in Table 2). Increasing the limits of tapping temperature favors P reversion, this will result in more flux being added to the system as shown in Figure 5. As global warming potential is calculated based on the CO2 generated from the CaO production in the flux, the global warming potential from the BOF will also increase with more flux added to the system. Figure 5 highlights that for every 1% increase in the tapping temperature, the mass of flux added and GWP was found to increase by ~4% and ~0.6% respectively. However, the increase in the mass of flux results in retaining more heat within the BOF (due to increased heat taken up by the mass of flux). Therefore, the percentage change in heat loss percentage follows a declining trend with the increase in the tapping temperature as illustrated in Figure 5. Practically, the metal could also get hotter (i.e., the heat is not lost) which would affect the P reversion.



From the environmental perspective, it is useful to understand the dependence of scrap addition, mass of slag generated, and CO2 emission (global warming potential) on the Si in hot metal and final P in steel. The ideal way to reduce CO2 emissions is by decreasing the mass of slag, increasing the scrap input, energy recovery from off-gas, and reducing the CO2 emission. The mass of slag and global warming potential is calculated and expressed in terms of kg per tonne of hot metal and kg CO2 produced per tonne of liquid steel, respectively.



As shown in Figure 6a, when the Si in Hot metal is increased considering a fixed P in steel, the mass of slag generated increases (to refine the excess Si). On the other hand, as Si oxidation is exothermic, it provides additional heat for which extra scrap is shown in Figure 6b. However, due to the increased mass of slag, an additional amount of CO2 is also generated from the process as depicted by Figure 6c.



A similar trend of increase in the mass of slag is observed from Figure 6a when Si in hot metal is fixed and P removal in the steel is increased from 0.016% to 0.006% (green to red line). In this case, as the P oxidation reaction is not highly exothermic, the scrap that can be fed to the system decreases due to an increase in slag quantity (Figure 6b) that increases the heat content associated with the slag. Furthermore, the increased slag quantity results in increased global warming potential as shown in Figure 6c due to CO2 generated from the CaO production in the flux. From the environmental perspective, the best combination to optimize the process is listed in Table 3. It needs to be mentioned that from a steel target grade production point of view, low P is also an important requirement. To achieve low P, it costs lot of energy and CO2 emission.



Input to any BOF comprises of hot metal from the blast furnace and scrap quantity based on the heat available in hot metal and aim steel temperature. The temperature of the hot metal depends on the composition of hot metal, the operating condition of the blast furnace, and on-site logistics. The typical range of hot metal temperature in a BOF ranges from 1300 °C to 1350 °C [35]. Figure 7 highlights how hot metal temperature influences the amount of scrap added and global warming potential. For a fixed composition of hot metal, tapping temperature, and assuming a constant heat loss of 3.5%, if the temperature of the hot metal is increased, more heat will be available in the system that can be effectively utilized for melting more amount of scrap as shown in Figure 7. Furthermore, higher scrap in the BOF input conveys reduced CO2 produced per tonne of liquid steel. Therefore, from CO2 emissions perspective, it is favorable to have a higher hot metal temperature that results in reduced GWP and increased productivity.



One of the most effective ways to reduce CO2 emissions from an oxygen steelmaking process is by reducing the hot metal ratio by increasing the use of scrap fed into the converter. Previous studies have shown that a higher scrap percentage serves the purpose of suppressing the excess heat that goes in the form of heat loss [36]. To determine the amount of scrap that needs to be fed into the converter before starting the blow, the available percentage heat for scrap melting as a function of post-combustion ratio and silicon level in hot metal for an assumed heat loss needs to be known. The industrial Si level and post-combustion ratio generally range from 0.3% to 0.8% and 0.08 to 0.22 respectively. The calculation assumes that all the heat generated from post-combustion is utilized inside the furnace. Figure 8a highlights that for a fixed mass of hot metal, by raising the level of silicon in hot metal from 0.3% to 0.7% and post-combustion ratio from 0.07 to 0.2, the predicted percentage heat for scrap melting was found to increase from 15% to 19.5%. The typical value of scrap melting heat observed from the dynamic heat flow study ranges from approximately 1.2 GJ/t scrap to 1.4 GJ/t scrap [37]. Similarly, Figure 8b highlights that if we can cross the present industrial limit of PCR % i.e., beyond 22%, then increased PCR% from 22% to 40% will aid in more increased scrap percentage i.e., around ~31% scrap and decreases the GWP from 148 Kg/t of liquid steel to 130 Kg/t of liquid steel. This will in effect increase BOF productivity through improved energy consumption. It needs to be emphasized that various operations are aiming for a higher post-combustion ratio to utilized heat available for more scrap melting but there are engineering challenges associated with implementing this strategy (which will be discussed below). From the industrial perspective, a higher Si in HM costs a high coke rate in BF; so it is not always a favourable solution for scrap melting. In addition to that, to generate silicon from silica, the blast furnace requires energy and the CO2 associated with it. Therefore, it is feasible to deliberately increase post-combustion in the BOF and make this heat available for scrap melting thereby reducing greenhouse gas emissions.



Possibilities of Improving the Process Performance


The results based on the analysis show that there exist different possibilities to improve the environmental performance of the BOF. According to this analysis, maximizing the scrap in the reactor will be the most feasible solution to effectively utilize the chemical energy from the process and reduce greenhouse emissions. However, there exist practical limitations in having a higher percentage of scrap in the oxygen steelmaking furnace as explained below.



	(a)

	
Currently, there are no practical ways to check (other than visual inspection) the quality of scrap in the industry [38]. Visual inspection does not provide information about the scrap composition or impurities present in the scrap. A low-grade scrap, having some residual elements, fed into the converter can therefore affect the quality of liquid steel produced from the BOF process. The common residual elements found in the steel scrap are copper (Cu), tin (Sn), antimony (Sb), zinc (Zn), tungsten (W), cobalt (Co), nickel (Ni), and molybdenum (Mo). Of these, Cu and Sn are the main residual elements contributed by electrical, mechanical, and municipal solid waste [39]. The residual elements do not undergo oxidization and thus tend to remain in liquid steel. Therefore, in general, the composition of residual elements are detected at the end of the steelmaking process rather than before or during the selection of scrap [38]. A recent study conducted by Miranda et al. [38] has discussed various techniques like optical emission spectrometry (OES), X-ray fluorescence (XRF), laser-induced breakdown spectroscopy (LIBS), and prompt gamma neutron activation analysis (PGNAA) to detect and quantify the residual elements in steel scrap, and commercial development of these techniques would help address this issue. It needs to be mentioned that many plants use random sampling and statistical models for estimating scrap properties based on the evaluation of historical process data. The results highlight that the partial least squares (PLS) model provides estimates of the levels of impurity (Cu, Sn, As) and alloy content (Cr, Ni, Mo) in scrap grades. The PLS model reports an accuracy of 40% to 70% in predicting the level of impurity and 70% to 100% for predicting the alloy contents in scrap [39].




	(b)

	
If the heat from the post-combustion is not utilized effectively then feeding the scrap beyond a limit will increase the blowing time and results in iron yield loss. This will have implications on the economic and productivity aspects of the process. Different studies have previously discussed the limits of scrap percentage that can be fed into the converter based on the levels of post-combustion ratio. According to Holappa et al. [40], when the CO is completely burned to CO2 and if the complete energy is utilized, this will facilitate the scrap level to increase by 55% of the total charge. In another study by Holappa et al. [41] it was reported that by increasing the post-combustion ratio by 10%, the scrap ratio can be increased by 3.4%. Typically, in a BOF technology, the maximum scrap input has been around 25% of the total charge [42]. Reports from Primetals [43] suggest that incorporating a scrap preheating lance and dual flow post-combustion lance can serve the purpose of increasing scrap melting in a BOF. However, in an industrial BOF, the maximum scrap rate was found to be approximately 30% due to inefficient mixing between the hot gases and the feed materials [43]. Moreover, if post-combustion energy is not directed toward the bath, then the high heat released from PC ends up heating the refractories or off-gas. Therefore, it is important to direct the heat of post-combustion to the metal bath for scrap melting, thereby increasing high heat transfer efficiency. To study the heat transfer aspects, Farrand et al. [44] developed a model that predicts that in a KOBM converter (which utilizes bottom blowing of oxygen), if the heat transfer efficiency (from post-combustion to metal bath) is 100%, then liquid steel temperatures increase by 10 °C for every 1% increase in post-combustion. However, in practice for a 1% increase in in-vessel post-combustion, the steel temperature was found to rise by 4.9 °C, which accounts for a heat transfer efficiency of 44% (one would expect different results for heat transfer efficiency in a BOF compared to a KOBM, but this study is at least indicative for a BOF). A mathematical model (theoretical jet model) developed by Kato et.al. [45] analyzed the characteristics of various designs of secondary oxygen lance on post-combustion and heat-transfer efficiency. The results highlight that to maximize the post-combustion, an optimal oxygen flowrate through a secondary lance is required that can be expressed as a function of lance height, nozzle diameter and nozzle angle. A similar investigation was carried out by Takashiba et al. [46,47], and the results indicate that the location of the in-vessel combustion zone determines the heat-transfer efficiency. The study recommends the optimum location of the combustion zone is just above the hot metal bath 1 m from the refractory wall and a short distance from lance tip.







According to Primetals technologies, the jet process technology that uses a bottom blowing technology is a feasible option to melt higher amounts of scrap [40]. With the jet process, the maximum scrap rate limit was noted to be around 50% of the total, and this would bring around a 40% decrease in GWP [43]. It has been tested at POSCO (Korea), and the results indicate significant improvement in the recovery of energy from the post-combustion. However, this technology is not commercially available. From the industrial perspective, the iBOF technology launched by Tenova [48] is designed to enhance “in-BOF” post-combustion to increase the scrap melting capacity. The iBOF technology uses an optimized post-combustion module to control the lance height based on the off-gas analysis and controls the oxygen flow rate independently for decarburization and post-combustion through primary and secondary lances, respectively, as shown in Figure 9. With the implementation of this module, the scrap usage increased by 3 to 5% and reduces the GHG by ~7%. [48]. However, it needs to be highlighted that the quantified values of the maximum post-combustion ratio achieved at the industrial level were not available in the open literature.



	(c)

	
Inefficient utilization of off-gas results to be another factor that limits a higher amount of scrap addition in the converter. Previous studies [49,50,51,52,53,54,55,56,57,58] have suggested that scrap preheating is one of the feasible options to recover the heat from the off-gas. The most common and commercial scrap pre-heating processes in an EAF technology are DANARC [49], Consteel [58] and the Consteel Evolution process [54], the Finger and Double Shaft Furnace system [55], Twin-Shell technologies [56], the EPC system [52] and the Ecoarc furnace [57] process. Summary of these technologies employed in the EAF scrap preheating is given in Table 4. The preheating of scrap in BOF technology has not been developed as much as EAF technology, in part reflecting concerns of costs associated with electricity. Also, EAF technology has very high heat losses compared to BOF technology, and it is estimated that 20 to 30% of all energy in an EAF is lost as heat losses [59,60], compared to less than 10% of energy in a BOF [30]. Thus, providing greater incentive for investment in preheating technology.







The recovered off-gas could be utilized to produce electric energy through a Rankine cycle process. However, these various preheat techniques cannot provide a constant supply of off-gas heat to generate power. This limitation has been addressed in a study by Magro et.al. [51] and a system based on phase change materials (PCM) was incorporated to accumulate and release a large amount of energy that facilitates a smooth supply of off-gas energy for either generating electricity or preheating the scrap [51]. The results indicate that for steel production ~57 kWh/t of energy can be recovered [51]. However, studies have not reported these technologies being employed in an industrial BOF process. This may due to (a) the fact that the EAF can operate semi-continuously whereas BOF is a batch process, and (b) fluctuation in off-gas flow rate.



The present study would suggest the use of a phase change material (that is simple, low cost of operation, and high heat recovery system due to smooth supply of off-gas energy) as one of the feasible options that can be incorporated in BOF for scrap preheating. In addition, EOF (given in Table 4) is another batch oxygen steelmaking process with a combination of a high degree of post-combustion and scrap preheating that allows scrap to be charged up to 100% [50] theoretically. However, in practice the EOF operates with a scrap charge of 40–60% with a blowing period of 30 to 35 min, and steels of different grades can be produced competitively compared to other processes [50]. It has been estimated that for scrap to hot metal ratio of 50/50, the EOF requires 64 m3/t of oxygen with one-third directed toward the bath and two-thirds used for post-combustion that further preheats the scrap to 800–1200 °C [50]. A recent study reports that only 5 EOF plants exist around the world with a total steelmaking capacity of approximately 2.9 million metric tons [61].



	(d)

	
Parameters such as scrap quantity, temperature, size, shape, and scrap feeding time determine the rate of scrap melting [62]. The recent study on dynamic heat flow [37] in the oxygen steelmaking process suggests that during the middle of the blow there exists unutilized excess heat that is considered as heat loss. Therefore, it would be an effective method to adopt intermittent feeding of scrap through a bunker feeding system (as incorporated in an EAF) [63] in BOF as a way to utilize the excess heat for increasing the scrap melting rate and thereby increasing the productivity. Another way to increase the melting rate is by optimizing the scrap mix. The ratio of heavy to light scrap matters because heavier scrap is more difficult to melt compared to light scrap. As scrap melting rate is a function of post-combustion, heat-transfer efficiency, scrap size, and feeding rate, it is anticipated that melting rate can be improved by intermittent feeding of preheated optimized scrap mix with higher levels of post-combustion and increased heat transfer efficiency. Therefore, further studies are required to understand how melting rate during the blow can be expressed as a function of scrap parameters (scrap quantity, temperature, size, shape, and feeding interval) to optimize the process and thereby improving the environmental aspects of the BOF.







In addition to scrap, the other main parameters studied were the composition of the hot metal, tapping temperature, post-combustion ratio, and hot metal temperature. The predictions on how global warming potential changes with the mentioned parameters have not been tested rigorously against plant data. Therefore, conducting industrial trials or pilot plant experiments would strengthen and bring more justification to these claims. It should be highlighted that there are engineering challenges which include the utilization of post-combustion heat, scrap preheating via off-gas or bunker feeding systems due to economic reasons such as the fact that pre-processing, sorting, and scrap sizing add costs to the steel production.





4. Conclusions


The following conclusions can be inferred from the present study.



	
The mass and energy balance models developed in this study predict that when Si in hot metal is increased, considering a fixed % P in steel, the heat available for scrap melting is increased, thus improving productivity. Moreover, when the final P concentration in the steel is decreased from 0.016% to 0.006% keeping the Si in hot metal fixed, then the scrap percentage decreases from 24% to 22.5% due to an increase in slag quantity.



	
Sensitivity analysis shows that an increase in impurity (Si and P) concentration in the hot metal generates more slag to achieve the required end composition. The additional slag results in the increase of greenhouse gas emissions because of CO2 generated from the CaO production in the flux.



	
In the current BOF process, neither the post-combustion nor the Si in hot metal can be precisely controlled. The study predicts that if the Si level in hot metal is increased from 0.3% to 0.7% and by raising the post-combustion ratio from 0.08 to 0.20, the percentage heat available for scrap melting was found to increase from 15% to 19.5%. However, it is recommended that the provision of improving post-combustion within the converter is a more feasible option for increasing available heat for scrap melting because to generate silicon from silica in the blast furnace requires energy. Moreover, for every 0.1% increase in silicon content in the blast furnace, the carbon emission increased by 7.46 m3/t. Therefore, for Si increase in hot metal we could anticipate that the CO2 reduction by melting more scrap will disappear from the extra carbon required in the blast furnace to make the Si and the extra lime that is required for slag making.



	
From the environmental aspect, the increase in hot metal temperature or lowering the taping temperature reduces the CO2 emissions and favors productivity through improved energy consumption.



	
If the BOF is to be developed as a scrap melting technology, both increased post-combustion and preheating of feed will be necessary. Previous work suggests that approximately 40% scrap feed is possible, but this will require capital investment in PC and preheating equipment, and close attention to scrap chemistry and sizing leading to a large capital investment overall. However, comparing the energy utilization to EAF steelmaking, the BOF route has some advantages as a scrap melting technology because heat loss from a typical BOF varies from 2% to 8% [30], whereas in EAF the heat loss varies in the range of 20% to 30% [59,60]. Therefore, from an environmental perspective, optimizing the chemical energy from the BOF serves for scrap melting is an attractive option.
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Figure 1. Share of worldwide (a) production, (b) energy consumption, and (c) CO2 emission percentage via different steelmaking processes. Data from [2]. 
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Figure 2. Effect of C in hot metal on GWP, heat loss, and heat of flue gas. 
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Figure 3. Sensitivity of impurities on mass of slag required for the process. 
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Figure 4. Sensitivity of impurities on CO2. 
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Figure 5. Effect of change in temperature on flux added, change in GWP, and change in heat loss percentage. 
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Figure 6. Nomogram from static balance model for top blow bottom stir technology with tap temperature of 1650 °C and assumed heat loss of 3.5%. (a) slag mass increase due to Si in Hot metal; (b) extra scrap due to additional heat; (c) additional amount of CO2. 
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Figure 7. Effect of hot metal temperature on GWP of the process for a given PCR = 0.12, tapping temperature, silicon level, and heat loss. 
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Figure 8. (a) Influence of PCR and Si in hot metal (%) on Heat of scrap melting (b) Effect of PCR (%) on scrap percentage and global warming potential. 
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Figure 9. iBOF optimized post-combustion module, adapted from [48]. 
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Table 1. Average CO2 emissions per tonne of product for the Iron & Steel production in Europe [6].
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	Process
	Total CO2 Emission (Tco2/T of Liquid Steel)
	Direct CO2 Emission (Tco2/T of Liquid Steel)





	Coke plant
	0.824
	0.794



	Sinter plant
	0.211
	0.200



	Pellet plant
	0.075
	0.057



	Blast furnace
	1.279
	1.219



	BOF plant
	0.202
	0.181



	Electric arc furnace
	0.240
	0.240



	Bloom, slab and billet mill
	0.125
	0.088



	Hot strip mill
	0.120
	0.082



	Plate mill
	0.133
	0.098



	Section mill
	0.127
	0.084



	Pickling line
	0.016
	0.004



	Cold mill
	0.075
	0.008



	Annealing
	0.070
	0.049



	Hot dip metal coating
	0.104
	0.059



	Electrolytic metal coating
	0.208
	0.046



	Organic coating
	0.074
	0.003



	Power plant
	1.989
	1.989
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Table 2. Reference values considered for sensitivity analysis.
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	Parameters
	Ref. Values





	Mass of hot metal (t)
	276



	Si_hot metal wt %
	0.45



	C_hot metal wt %
	4.5



	PCR (assumed)
	0.12



	[% C]
	0.048



	[% P]
	0.006–0.016



	P_ hot metal wt %
	0.055



	Tap Temp (°C)
	1650
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Table 3. Effect of different combinations on mass of slag, scrap percentage, and global warming.
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Parameters

	
Composition




	
[% P] Fixed & % Si in Hot Metal

Increasing

	
[% P] Fixed & % Si in Hot Metal

Decreasing

	
% Si in Hot & Metal Fixed [% P] Decreasing

	
% Si in Hot Metal Fixed & [% P]

Increasing






	
Mass of slag

	
Increases

	
Decreases

	
Increases

	
Decreases




	
Scrap Percentage

	
Increases

	
Decreases

	
Decreases

	
Increases




	
GWP

	
Increases

	
Decreases

	
Increases

	
Decreases




	
Best combination preference

	
3

	
2

	
4

	
1
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Table 4. Scrap pre-heating technologies used in steelmaking process. Data from [49,50,51,52,53].
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	Technologies
	Pre-Heat Temperature (°C)
	Energy Savings (kWh/T)





	Consteel
	300
	40



	Finger Shaft
	500
	60



	Twin-Shell technologies
	200
	17



	EPC system
	800
	100



	Ecoarc furnace
	800
	90



	DANARC
	500
	57



	EOF
	800–1200
	-
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