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Abstract

:

The steel industry is focused on reducing its environmental impact. Using the life cycle assessment (LCA) methodology, the impacts of the primary steel production via the blast furnace route and the scrap-based secondary steel production via the EAF route are assessed. In order to achieve environmentally friendly steel production, breakthrough technologies have to be implemented. With a shift from primary to secondary steel production, the increasing steel demand is not met due to insufficient scrap availability. In this paper, special focus is given on recycling methodologies for metals and steel. The decarbonization of the steel industry requires a shift from a coal-based metallurgy towards a hydrogen and electricity-based metallurgy. Interim scenarios like the injection of hydrogen and the use of pre-reduced iron ores in a blast furnace can already reduce the greenhouse gas (GHG) emissions up to 200 kg CO2/t hot metal. Direct reduction plants combined with electrical melting units/furnaces offer the opportunity to minimize GHG emissions. The results presented give guidance to the steel industry and policy makers on how much renewable electric energy is required for the decarbonization of the steel industry.
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1. Introduction


In order to prevent irreversible damage, global warming has to be kept well below 2 °C, preferably below 1.5 °C [1]. The energy-intensive steel industry is responsible for 7% of total world CO2 emissions [2]. Furthermore, the absolute global CO2 emissions are still increasing since the increasing steel consumption outweighs technological efficiency gains. Therefore, breakthrough technologies have to be implemented in order to reach the aforementioned environmental targets [3].



An overview of environmental sustainability in steel and cement production is given by Nidheesh et al. (2019) [4], Hasanbeigi et al. (2014), and Ariyama et al. (2019) present a technical review and solutions for a CO2-reduced steel production [5,6]. Hasanbeigi et al. (2014) give special focus on alternative emerging technologies for a CO2-reduced steel production [5]. Scenarios for the decarbonization of the European steel industry are given by Pardo and Moya (2013) [7].



In this paper, the environmental impacts of steel production are analysed and assessed using the LCA methodology. According to the international standards ISO 14040 and ISO 14044 [8,9], the LCA is an established standardized methodology to determine the environmental impacts of products. Thereby all phases of a product’s life cycle from the extraction of raw materials, the manufacturing, the use phase, and finally the recycling process or the disposal of wastes should be included according to the so-called cradle-to-grave approach.



The LCA methodology, which is widely applied in literature, allows the assessment of the environmental impact of all kinds of products. An LCA study of the Chinese steel production is presented by Liang et al. (2019) [10]. Olmez et al. (2016) present an LCA study of steel production in Turkey [11]. The impact of mining is analysed by Koltun and Klymenko (2020) [12]. In chapter 2 and 3 further LCA studies of the steel production are presented.



Since an LCA study does not specify on a single product group, the rules defined in the ISO norms 14040 and ISO 14044 allow its practitioners freedom for certain purposes. Strict rules, which would be useful for one product group, could be counterproductive for another one. The allocation of co-products and recycling materials are prominent examples for which the ISO norms allow its practitioners freedom. In the case of steel, several environmental allocation approaches have been applied for the primary and secondary steel production. Since different approaches have a strong influence on the LCA results, an overview of the most common approaches is given in this paper (Section 2).



Although there are several reviews about the environmental impact of the steel production within the literature, there is a lack of reviews of LCA studies. This paper fills this gap by presenting several LCA studies and by discussing some methodological and technical assumptions (Section 3). This will help the reader to properly assess why the LCA results from the literature for the current steel production can significantly differ.



On this basis, breakthrough technologies for a decarbonized steel production are presented. As interim scenarios, modifications of the blast furnace related steel production route are presented like hydrogen injection into the blast furnace (BF) or use of pre-reduced iron ores in the BF (Section 4). Since the decarbonization cannot be fulfilled completely within the BF route [13], the steel production via direct reduction (DR) plants is also presented (Section 5). DR plants in combination with electrical melting offer the opportunity to minimize GHG emissions. The DR technology is fully developed and commercially available, thus it can enable the transformation process in time [14,15]. The overview in this paper provides a good estimation of the amount of renewable electric energy which is required for the decarbonization of the steel industry.



For this literature review the databases Web of Science, Scopus, and the search engine google scholar were used. Typical used keywords were: life cycle assessment; carbon footprint; environment; steel; direct reduction; electric arc furnace; hydrogen; carbon direct avoidance; and recycling. Literature from the year 2000 onwards is integrated into this review.



The goal of this study is to present an LCA overview of the current steel production and to analyse future scenarios which can enable a decarbonized steel production.




2. Environmental Allocation Approaches for Primary and Secondary Steel Production


Steel is produced primarily from iron ores or secondarily from scrap recycling. The primary blast furnace–basic oxygen furnace (BF–BOF) route is currently the world’s most used production route with a share of about 73% in the year 2020 [16]. Yet the primary route is not completely primary, since, within the refining process of converting hot metal to crude steel, scrap is used as a cooling material. About 26% of the steel is produced via the scrap-based EAF recycling route [16]. In sum, 32% of steel is produced from scrap input via the secondary route and partially via the primary route [2]. Within the primary production route, reduction work is required to reduce the iron oxides and the gangue has to be separated from the iron ores. This is not required in the scrap-based steel production. Thus, the BF–BOF route’s average primary energy demand is about 23 GJ per tonne of crude steel (CS) whereas the scrap-based EAF route’s energy demand is about 5.2 GJ/t CS [2]. The direct and indirect carbon dioxide emissions for the BF–BOF route are about 2.2 t CO2/t CS and about 0.3 t CO2/t CS for the scrap-based EAF route [2].



An ISO 14040/44 conform LCA considers the whole life cycle from cradle-to-grave, meaning that primary and secondary steel production are not considered separately, since both processes belong to the life cycle of a steel product. Yet, since the use phases of steel are numerous, a cradle-to-grave analysis is, in general, not practical for the product steel. A common solution is to provide a cradle-to-gate approach including the processes from the raw material supply to the product, which leaves the plant gate, e.g., steel. A complete life cycle approach is consciously reduced. When primary and secondary production are separated from each other by the chosen system boundaries, the issue is this: Should the primary steel producer carry the burden of the energy- and emission-intensive production alone or should it be shared with the secondary steel producer? Every kind of scrap, which is recycled in an electric arc furnace, has once been produced by the primary route. At first glance, this question may seem to be just a theoretical allocation problem, but LCA studies have an increasing impact on political and market economy decision-making. Several recycling methodologies have been discussed in the last decades to solve this problem and it will be discussed here in the following paragraphs.



The common intersecting set of primary and secondary steel production is the steel scrap. Whereas the primary steel producer delivers a net scrap surplus, the secondary steel producer consumes this generated scrap. The World Steel Association (WSA) delivers two methodologies that focus on the evaluation of steel scrap [17]. This methodology is based on the principles explained in a worldsteel methodology report of the year 2000 [18]. The approach is described for the carbon footprint of steel by the WSA [17], but it applies for all impact categories.




	
The recycled content approach: The scrap does not have an environmental burden, which means neither an environmental footprint is taken into account when scrap is used nor the recycling credit at the end-of-life is considered.



	
The end-of-life recycling approach: Scrap has an environmental footprint. Therefore, an environmental burden has to be considered when scrap is used, and credit is given when the material is recycled at the end-of-life.








It is obvious that by the end-of-life recycling approach, the LCA impact of the primary steel reduces in comparison to the recycled content approach since an environmental credit for the net scrap production is given. On the contrary, the LCA impact of the secondary steel increases since the net scrap acquisition carries an environmental burden. The LCA impact of scrap is defined in such a manner that the LCA impact of primary and secondary steel, following the end-of-life recycling approach, is per definition equal [17].



The principle of equating the LCA impact of primary and secondary steel following the end-of-life approach has been intensively discussed within literature. Within the WSA Report [17] and a declaration by the metals industry on recycling principles [19], a clear commitment is announced to support the end-of-life recycling approach over the recycled content approach, referring to the following reasons:




	
The demand of scrap is far above the supply. Scrap has a high economic value, which means that where scrap is recovered it will be used for recycling. Consequently, there is no need to additionally create a demand for recycled material since this market is already mature. For metals where there is a limited supply of recycled feedstock, market stimulation is ineffective and may result in inefficient processing and unnecessary transportation.



	
Steel has inherent properties so it can be recycled almost an unlimited number of times. Although, in general, within the primary steel production routes, higher steel grades can be produced in comparison to the secondary steel production route, secondary steel production replaces primary steel production. As long as the scrap is recycled and the products are in demand, it does not matter in which area of application the steel is used.



	
The demand of steel scrap exceeds the availability. Since the scrap cannot fulfil the sector’s raw material input, primary steel production is still a necessity [17,19].








In the year 2020, globally, between 80–90% of the steel is recycled, and around 70% of it is produced from iron ores, primarily proving that the line of reasoning is still present [2].



The discussion about the evaluation of the recycling potential of steel continued since the beginning of the new millennium.



Birat et al. (2006) described that an LCA offers its practitioners ample freedom on choosing how they take recycling into account [20]. Therefore, they developed six mathematical models for evaluating the recycling potential. The first approach is the simplest approach: ignoring the recycling issue. They do not recommend this approach, since ‘recycling is already being carried out today at a very high level’. The other five recycling approaches combine physical- and economical-based aspects. Thereby one-step and multi-step recycling approaches are developed.



Neugebauer and Finkbeiner (2012) developed a multirecycling approach by reproducing the life cycle of steel [21]. One tonne of hot-rolled coil is produced primarily via the BF route and infinitely times recycled in an EAF. They considered mass losses during the use phases and the recycling processes. The environmental burdens are added over the life cycle and are shared equably.



In 2013, the European Commission published the “Product Environmental Footprint (PEF)” with the aim of harmonising LCA rules. Within 25 pilot projects, product specific rules were defined (Product Environmental Footprint Category Rules(PEFCR)), amongst them the PEFCR for metal sheets for various applications [22]. The calculation of the recycling potential was strictly predetermined by a circular footprint formula (CFF). An allocation factor defines how the recycling potential is weighted from 0.2 (high recycling potential) to 0.8 (low recycling potential). For metal sheets the allocation factor was set on 0.2 so that a maximum recycling potential was considered within the defined range [23].



Despite several recycling methodologies being evolved, a consensus was not found in the last two decades. Frischknecht (2010), Yellishetti et al. (2011), Reale et al. (2015), and Mengarelli et al. (2016) stated that no consensus has been achieved on how to model recycling in LCA [24,25,26,27]. Frischknecht (2010) stated that it is unlikely that a consensus will ever be found [24].



Nevertheless, currently it is highly discussed within the EU, which attributes a common ‘green steel’ must have. Therefore, the methodology of evaluating the recycling potential gains again is of much importance. If no global perspective is followed for the definition, but only the emissions of a specific steel producer are crucial, it might be easier for steel producers to shift partially from primary to secondary steel production than implementing breakthrough technologies within the primary route.



For metals with limited supply of recycled feedstock, external market stimulation is ineffective and may result in inefficient processing and unnecessary transportation, as Volkhausen (2003), Atherton (2006), Birat et al. (2006), Larsson et al. (2006), and WSA (2011) stated [17,19,20,28,29]. The decarbonization of the global steel industry can only be achieved by breakthrough technologies of the energy-intensive primary steel production route. An effective definition of a common ‘green steel’ must take into account the recycling potential, so that breakthrough technologies are promoted and not a shift from primary to secondary production. Even until 2050 the scrap share of metallic input will only be around 50%, since the increasing demand cannot be filled by scrap recycling alone [2,30,31]. In the following chapters, possible solutions for decarbonizing the steel industry are presented.




3. Life Cycle Assessment (LCA) of State-of-the-Art Steel Production Routes


In the following chapter, LCA studies for the state-of-the-art primary steel production via the BF route and for the secondary recycling route via an EAF are presented. Methodological as well as technical differences are analysed and their impacts on the results.



3.1. LCA Overview of the Primary Blast Furnace-Related Steel Production Route


The BF–BOF route is the world’s most dominant steel production route with a share of 73% in 2020 [16]. A simplified chart is presented in Figure 1. The iron oxides are reduced and melted by pulverized coal and coke in a BF. As supporting processes, fine iron ores are pelletized and sintered, respectively, to be used in the BF. The feedstock for the BF must not be too fine to ensure sufficient gas permeability in the shaft furnace. Another supporting process is the pyrolysis of coal to coke in a coke plant. Besides serving as a reducing agent and energy supplier, coke serves as a supporting matrix, also to ensure gas permeability in the BF.



An overview of environmental LCA studies of the products steel produced over the BF–BOF route is presented in the following. Some studies consider the flat steel product hot-rolled coil (HRC), which is produced from steel slabs in a hot-rolling mill. The main messages and results are afterwards summarized in Table 1.



Norgate et al. (2007) [32] reported an LCA about the metals nickel, copper, lead, zinc, aluminum, titanium, and steel from the BF–BOF route, and stainless steel from the scrap-based EAF route. Assessing the system from cradle-to-gate, Norgate et al. included the processes from raw material mining, sinter plant, BF, and BOF in case of the metal steel. There is no information on whether steel scrap has an environmental burden and how the co-products like the BF slag and BOF slag are evaluated. They investigated the environmental impact categories of global warming potential (GWP) and acidification potential (AP).



Neugebauer and Finkbeiner (2012) [21] presented a multirecycling approach of steel. Primarily produced HRC is five times recycled within an EAF and the environmental burdens are shared equally over the life cycles. Losses during the use phase and the recycling process are considered. Credits for the co-products BF slag, BOF slag, electricity, benzene, sulphur, and tar are given. The results of the study presented in Table 1 prove that the choice, whether the recycling potential is taken into account or not, has crucial effect on the LCA results. The data are based on the German industry.



Burchart-Korol (2013) [33] presented an LCA of the steel production in Poland considering both the BF–BOF route and the EAF route. The data are averaged from existing steel plants in Poland. A cradle-to-gate system is used. An environmental burden of scrap is not mentioned and is most likely not considered according to the results, which are presented. Comparably high credits for BF and BOF slag are given, e.g., the GWP presented without credits for the slag is 2.5 kg CO2 eq/kg steel and the GWP including the slag credit is 1.7 kg CO2 eq/kg steel, see Table 1.



Within an Italian LCA study special attention is given to the human toxicity aspects of single processes from an integrated site [34]. This LCA uses the cradle-to-gate system, including the processes from raw material mining up to the product steel slab. The data have different sources: industry, literature, and commercial LCA databases. The GWP presented of 1.6 kg CO2 eq per kg of steel is quite low in comparison to the other results from literature, see Table 1. The results from the LCI reveal that a coal input is composed of 0.58 kg/kg steel into the coke plant and 0.16 kg/kg steel as pulverized coal into the BF. Considering an emission factor of about 3.0 kg CO2/kg coal [35], the coal input would lead to 2.2 kg CO2/kg steel. Parts of environmental impacts are allocated to the by-products BF gas, Coke plant gas, BOF gas, and BF slag, amongst others. An allocation method considering both the mass and economic value was assessed. A consideration of an environmental burden of scrap is not mentioned.



Chisalita et al. (2019) [36] assessed the environmental impact of an integrated steel site and evaluated the potential of CO2 capture and storage using the LCA methodology. The data are based on a report of the IEA [37]. Emissions from the manufacture of purchased pellets, burnt dolomites, and scrap are not included. Despite an amount of probably 0.57 kg coal per kg of HRC (Within the LCI 568.69 t coal/t HRC is presented. The authors of this paper assume that it was a mistake, and it should have been kg coal instead of tonnes coal per tonne HRC) presented within the LCI, the abiotic depletion potential of fossils (ADPf) is only 5.3 MJ/kg HRC, see Table 1. Considering a lower heating value (LHV) of 32 MJ per kg of coal [35], this ADPf is questionable. The use of a biomass-based coal is not mentioned. Credits for co-products are not included.



Backes et al. (2021) [38] reported an LCA about a primary German BF–BOF route. A cradle-to-gate approach is used including the processes from raw material supply up to the product HRC. The data are based on the German industry. Credits for co-products are given. An environmental burden for scrap is not given following the recycled content approach.



The results of the aforementioned LCA studies are summarized in Table 1.
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Table 1. Overview of life cycle assessments (LCA) studies for a blast furnace related steel and hot-rolled coil production.






Table 1. Overview of life cycle assessments (LCA) studies for a blast furnace related steel and hot-rolled coil production.





	
Study

	
Year

	
Product

	
Methodology

	

	
Impact Categories




	

	

	
kg

	
Scrap

	
Co-Products

	
Impact Method

	
GWP

kg CO2 eq

	
AP

kg SO2 eq

	
ADPf

MJ

	
CED

MJ






	
[32]

	
2007

	
Steel

	
n. s.

	
n. s.

	
n. s.

	
2.3

	
0.020

	
n. a.

	
23




	
[21]

	
2012

	
HRC

	
MRA

	
SE

	
CML 16

	
1.0

	
3.0 × 10−3

	
12

	
15




	
[21]

	
2012

	
HRC

	
RC

	
SE

	
CML 16

	
1.7

	
4.0 × 10−3

	
24

	
24




	
[33]

	
2013

	
Steel

	
n. s.

	
SE

	
Recipe Midpoint

	
1.7

	
5.0 × 10−3

	
n. a.

	
25




	
[34]

	
2016

	
Steel

	
n. s.

	
Allocation

	
ILCD

	
1.6

	
n. a.

	
n. a.

	
23




	
[36]

	
2019

	
HRC

	
RC

	
n. s.

	
CML 16

	
2.1

	
1.6 × 10−4

	
5.3

	
n. a.




	
[38]

	
2021

	
HRC

	
RC

	
SE

	
CML 16

	
2.1

	
4.8 × 10−3

	
21

	
n. a.








Abbreviations: HRC (Hot-rolled coil); MRA (Multi Recycling Approach); SE (System Expansion); RC (Recycled Content); GWP (Global Warming Potential); AP (Acidification Potential); ADPf (Abiotic Depletion Potential for fossil resources); CED (Cumulative Energy Demand); CML (Centrum for Milieukunde); n. s. (not specified); n. a. (not available).











The LCA results for steel can differ significantly depending on the underlying methodologies and assumptions. The choice of whether the recycling potential of steel is evaluated has a crucial effect. In the cases in which the scrap methodology is not specified, the authors of this paper assume that the scrap is not evaluated following the recycled content approach. In addition, the methodologies and databases chosen for evaluating the co-products, which are in particular the BF slag, the BOF slag, the process off-gases, and surplus electricity from integrated power plants have significant impact on the results. In general, the chosen life cycle impact assessments (LCIA) methods might also lead to differences in case study results, as Bach and Finkbeiner (2017) demonstrated at the example of the impact categories AP and eutrophication potential (EP) comparing the CML (Centrum for Milieukunde) method, the ReCiPe method, and the method of accumulated exceedance [39]. In case of steel, the differences between the CML method and the ReCiPe method are quite moderate for the impact categories GWP, AP, and ozone depletion potential (ODP) [21].



Besides methodological differences, the results of case studies depend on the process control, which shall be explained in the example of the impact category of climate change. The amount of scrap used in the BOF has a significant environmental impact, in particular, if the scrap is not evaluated with an environmental burden. Scrap replaces hot metal in the BOF. Since the production processes until hot metal are the most GWP-intensive ones, a replacement of hot metal has a high impact on GWP reductions. In the BF the iron feedstock graded sinter, iron ore pellets, and lump ore can be used. The upstream environmental impacts of these input materials differ significantly and thus have influence on the carbon footprint of the resulting hot metal and steel.



The production step from steel to HRC requires fuel consumption between 1.3 and 1.4 MJ/kg HRC [40,41]. Regarding the direct and indirect GHG emissions from natural gas and electricity consumption Kahlid et al. (2021) [40] report 0.11 kg CO2 eq/kg HRC due to hot rolling [40]. An increased steel production due to losses within the hot-rolling process is not considered. However, this gives a range of the difference caused by the two various products listed in Table 1. In addition, different assumptions regarding to the use of alloying elements have an impact on the results.



Steel is made from natural raw materials, which differ in their quality. The better the quality of the feedstock, the higher the metallurgical advantages, e.g., for every 1% increase in iron (FE) content of the iron ores, there is a 1–3% increase in productivity and a similar decrease in coke rate. The ash, sulphur, and phosphorous contents are important for the used coal. The ash is the inorganic residue after burning and consists of refractory oxides as SiO2, Al2O3, Fe2O3, and CaO, amongst others. To transfer the ash, the sulphur, and the phosphorous of the coke into the slag within the BF process, energy in the form of coke and coal and slag building components are required. For a 1% increasing of ash, there is a productivity decrease of 2–3% and a coke rate increase of 1–2% [42].




3.2. LCA Overview of the Secondary Scrap-Based Steel Production Route


Besides primary steel production from iron ores, steel can be produced via scrap recycling. Globally, about 26% of steel is produced via the scrap-based electric arc furnace (EAF) route in year 2020 [16]. In an EAF, scrap is melted by electrodes via an electric arc, see Figure 2. Carbon and oxygen are added to form a foaming slag. The foamed slag infolds the electrodes, and thus it reduces radiation losses and protects the refractories. In addition, lime is added to improve the foaming properties of slag and to bind undesirable components in the slag [43].



In the following, a literature overview on LCA studies of a scrap-based steel production via an EAF is presented.



Neugebauer and Finkbeiner (2012) presented, as part of a multirecycling approach, an LCA for a scrap-based EAF production for the product HRC [21]. Thereby a cradle-to-gate approach was followed. Within the results presented in Table 2, the scrap is not evaluated. The electricity input for the EAF has a major impact on the impact categories GWP, AP, ADPf as well as on the CED. A German grid mix is assumed in the study. Credits for co-products are not given [21].



Burchart-Korol (2013) analysed the Polish steel production via an EAF following the LCA methodology [33]. Within a cradle-to-gate approach, several impact categories were evaluated for the product crude steel, some of which are listed in Table 2. An environmental burden of scrap is not mentioned and is most likely not considered in regard to the results presented for the EAF route. The cumulative energy demand (1.3 MJ/kg) is quite low considering the fact 1.5 MJ/kg of electricity is required for the EAF [33]. About 6.8 MJ/kg steel credit is given for the EAF slag. Without this credit, the CED would be 8.1 MJ/kg steel. Furthermore, the GWP would be 0.91 kg CO2 eq/kg steel without considering a credit for the EAF slag.



Norgate et al. (2007) presented an LCA for stainless steel from an EAF [32]. The GWP is 6.8 kg CO2 eq/kg steel following a cradle-to-gate approach. Due to the high share of alloying elements, stainless steel is not considered in this comparison.



The environmental impact of steel production benefits from its recycling potential, which is clearly pointed out within the multirecycling approach by Neugebauer and Finkbeiner (2012) [21]. End-of-life scrap can be reused by melting it nearly infinite times. Comparing Table 1 and Table 2, it becomes apparent that the process of scrap recycling is significantly less energy and emission intensive than the primary steel production. With regard to the transformation of the global steel industry towards climate neutrality, it is important that secondary steel production will be continued but there is no global benefit if a single steel producer shifts from primary to secondary steel production. For decarbonizing the secondary steel production, most of all the national electricity mixes have to be decarbonized by increasing the share of renewable electric energies.



The results also show that the availability of LCAs about secondary steel production are quite rare.





4. Modifications of the Blast Furnace Steel Production Route


The BF is the most energy and CO2 emission-intensive process of the BF route, in which the iron oxides are reduced and melted to hot metal. About 420 kg carbon per tonne of hot metal (HM) are required. This carbon input leads to carbon dioxide emissions of 1.5 kg CO2/kg HM [35]. The carbon input is almost exclusively delivered by coke and coal. In the following two alternative BF operation modes are presented. The first aims to partially replace coal by hydrogen as a reducing agent and energy carrier. The second aims to replace the feedstock iron oxide by reduced iron ore in the form of hot-briquetted iron (HBI).



The literature for these metallurgical scenarios focuses on carbon dioxide emissions. Thus, in the following chapter the focus is also on CO2 emissions.



4.1. Use of Hydrogen in a Blast Furnace


In addition to coke, alternative reducing agents (ARA) can be injected into a BF for both reduction and energy supply. About 65% of the BFs worldwide use injection technology. Thereof 75% of the BFs operate with pulverized coal (PC) [44]. As replacement for coke, a theoretical maximum for coal injection is thought to be 270 kg/t HM [45]. Indeed, Lüngen and Schmöle (2020) [46] reported within a comparison of BF operation modes worldwide a maximum coal injection rate of 250 kg/t HM and a lowest coke rate of 260 kg/t HM. Babich (2021) gave a recent survey of the injection of selected ARA, such as pulverized coal, biomass products, and hydrogen containing gases—natural gas, coke oven gas, and hydrogen—with the aim of reducing CO2 emissions [44].



From a metallurgical perspective, beside carbon, hydrogen is also able to reduce the iron oxides inside the BF [47,48].


Fe2O3 + 3 H2 = 2 FE + 3H2O



(1)







The equilibrium reduction reactions of iron oxides with hydrogen and carbon monoxide, respectively, as a function of the temperature are described in a Baur-Gläsner diagram [47]. Although a partial shift from carbon towards hydrogen can be achieved within a BF, the coke cannot be completely replaced since it is required as a supporting matrix in order to ensure gas permeability inside the shaft furnace. Figure 3 shows the material streams for hydrogen injection into a BF in a simplified scheme.



The shift from carbon towards hydrogen has some metallurgical consequences, which require attention. Whereas in sum, the reduction of iron ores by carbon monoxide is exothermic, the reduction by hydrogen is endothermic [49,50]. As a logical consequence, Bernasowski (2014) observed within a thermochemical simulation that the reduction with carbon monoxide is stronger at low temperatures, whereas the reduction with hydrogen is stronger at high temperatures [51]. Spreitzer and Schenk (2019) drew the conclusion that the addition of hydrogen is only useful to a certain extent since higher hydrogen contents lead to a higher energy demand. Within a BF, increased energy demand cannot solely be provided by the reaction of hydrogen with external oxygen. On the one hand, the resulting vapour decreases the reduction rate of the iron oxides by hydrogen drastically and on the other hand a solid supporting matrix out of coke is required to ensure the permeability in the shaft furnace [49]. A metallurgical advantage of hydrogen is its faster reduction rate than that of carbon monoxide because the diffusion potential of hydrogen is much higher than the diffusion potential of carbon monoxide. Hydrogen has a lower molecule size and viscosity compared to carbon monoxide [49].



Yilmaz et al. (2017) investigated the impact of the hydrogen’s injection temperature on the coke reduction potential [52]. The operation of the base case was defined with a consumption of 500 kg coke per ton of HM. The reduction potential increases significantly with increasing temperature of hydrogen. With the low injection temperature (80 °C), the efficiency of hydrogen to replace coke decreases above 5 kg H2/t HM. Above 20 kg hydrogen, the amount of coke even increases since additional heat is required in order to maintain the thermal state of the furnace. Due to the high specific heat capacity of hydrogen and the endothermic reduction, the adiabatic flame temperature (AFT) decreases. This can be counteracted by preheating the hydrogen. Yilmaz et al. (2017) reported for an optimal operation of 27.5 kg H2/t HM with an injection temperature of 1200 °C and a carbon dioxide reduction potential of 289 kg CO2/t HM [52]. Thereby, only the BF operation is within the system boundary.



In addition to Yilmaz et al. (2017) [52], Schmöle (2016) [53] considered the potential of hydrogen injection to reduce CO2 emissions. Schmöle (2016) reported a 40 kg H2/t HM a CO2 reduction of 292 kg CO2/t HM also considering only the BF operation [53]. Schmöle (2016) did not assume the preheating of the hydrogen, so it is plausible that Schmöle (2016) reported a higher hydrogen consumption for nearly the same reduction potential as Yilmaz et al. (2017) did [52].



De Castro et al. (2017) investigated within a numerical simulation the injection of pulverized coal combined with hydrogen, oxygen, and carbon dioxide into a BF [54]. In combination with hydrogen and oxygen, the injection of carbon dioxide can be an advantage in order to reduce carbon dioxide emissions. For an injection of 20 kg H2/t HM (A hydrogen density of 0.0899 kg/m3 is assumed within this paper) de Castro et al. (2017) reported an emission reduction of 100 kg CO2/t HM (De Castro et al. [54] reported a specific carbon emission. These emissions are multiplied by 44/12 within this paper to consider the mass addition from C to CO2). In this case, no preheating of hydrogen was assumed, and no CO2 was injected. With an additional CO2 injection of 56 kg/t HM (A CO2 density of 1.977 kg/m3 was assumed within this paper), de Castro et al. (2017) reported for a hydrogen injection of 13 kg/t HM, an emission reduction of 182 kg CO2, if the injected CO2 is also considered as a sink [54].



In addition to the ability of hydrogen to reduce carbon within the BF process, the production of the hydrogen has to be taken into account as well for a fair comparison. Mehmeti et al. (2018) presented an LCA of hydrogen from conventional to emerging technologies [55]. The carbon footprint of hydrogen lies within a range between 2.2 kg CO2 eq/kg H2 for an electrolysis process driven by wind power and up to 29.5 kg CO2 eq/kg H2 for an electrolysis process driven by a national Italian grid mix. If the hydrogen origins from fossil fuels the total impact on climate change can even be significantly increased when injecting hydrogen into a BF.



In Figure 4 the GHG emissions resulting from the hydrogen supply from electrolysis driven by wind power of 2.2 kg CO2 eq/kg H2 are converted in kg CO2/t hot metal regarding to the different hydrogen injection rates presented in the studies. In addition, the carbon dioxide emission savings reported in the literature for hydrogen injection are presented.



The simulation results of the different authors do not give a clear, single statement. However, it has to be taken into account that the BF and especially the raceway is a very complex system consisting of combustion-, Boudouard-, water gas shift-, and reduction reactions, amongst others, which interact with each other. Different assumed boundary conditions can have a major impact on the simulation results. It is questionable, for example, if the hydrogen oxidises directly after the tuyéres or if it is possible to bring in the hydrogen deeper into the furnace so that the hydrogen is used directly for the reduction of the iron ores. If the hydrogen is directly oxidised to water vapour after the tuyéres, the expansion will increase the pressure, which will complicate the injection of the blast.



De Castro et al. (2017) reported, for example, an increased raceway temperature as result of H2 combustion [54]. Yilmaz et al. (2017) stated that the adiabatic flame temperature (AFT) is reduced with the hydrogen injection because of the high specific heat capacity of hydrogen [52]. The endothermic reduction of hydrogen with iron ores also indicates that the AFT is expected to decrease the hydrogen that does not directly oxidise after the tuyéres but is able to reduce the iron ores. Only practical field tests can give clear guidance and would improve the data quality.



Likewise, the injection of hydrogen into a BF, the injection of natural gas [56,57,58], or coke oven gas [59] are also options for a modified BF operation. All these scenarios aim to partially replace carbon by hydrogen input. Other circular-based options are the use of biomass [60] or, e.g., the use of waste plastics [61,62] in the BF.




4.2. Use of Pre-Reduced Iron Ores in the Blast Furnace


A partial replacement of iron oxides by pre-reduced iron ores diminishes the carbon input into a BF, since less reduction work is required [47].


Fe2O3 + 3 H2 = 2 FE + 3H2O



(2)







Thus, the BF functions more as a melting unit than as a reduction unit [53]. The reduction process is shifted to an upstream process. DR plants offer an established technology to produce pre-reduced iron ores. Thereby the iron ore is reduced to direct reduced iron (DRI). The reduction takes place exclusively within the solid phase and there is no melting. In a shaft furnace operation, various gases can be used as sources of the reducing the gases hydrogen and carbon monoxide: natural gas, hydrogen, coke oven gas (COG), basic oxygen furnace gas (BOFG), etc. [63].



The DRI is porous and the resulting high surface to volume ratio harbours the risk of re-oxidation in the air. In the presence of water, the DRI can oxidize quickly with the formation of hydrogen. The porous structure of the DRI can complicate the handling, storage, and transport of the product [64]. That is why the briquetting of DRI to HBI (hot briquetted iron) is the usual way to reduce the surface to volume ratio. Especially if using the DRI/HBI in a BF, it is reasonable to insert it in a briquetted form so that re-oxidation in the upper shaft areas of the BF with higher oxygen partial pressures can be avoided [65].



For evaluating the environmental impact of using HBI in a BF, the effect on the BF and on the process of direct reduction has to be taken into account. In the following, literature about the DR process and about the changes of a BF operation with HBI are presented.



Yilmaz and Tureka (2017) considered a natural gas and hydrogen based direct reduction in a shaft furnace [66]. The total energy demand of the DR plant is between 8.6 GJ/t DRI for a hydrogen-based operation and 10 GJ/t DRI for a natural gas-based operation. Four different types of DRI are compared whose main distinguishing characteristic is the different carbon content. The range of the DRI’s C-content is between 0.5% and 4%. The DRI is carburized by natural gas injection. Thus, for a hydrogen-based operation between 0.34 GJ/t DRI and 1.3 GJ/t DRI, natural gas is injected leading to carbon contents of 0.5 to 2.0% C in the DRI. Yilmaz and Tureka (2017) reported CO2 emissions of 410 up to 500 kg/t DRI for natural gas-based reduction [66]. For a completely hydrogen-based operated DR plant the emissions can be nearly zero.



The higher the C-content of the DRI, the more energy input is required. The formation of the injected carbon into carbide (Fe3C) is endothermic [67]. Yet, the carbide is bond energy and lessens the energy requirement of the subsequent melting process [64].



Since the DRI is only reduced within the DR plant and not melted, it still contains the gangue. For removing the gangue, the DRI has to be melted electrically or as interim scenario it can be added with the iron ores inside a BF and get melted by coal and coke.



Schmöle (2016) [53] modelled the use of 400 kg HBI/t HM in a BF and reported an emission reduction of 377 kg CO2/t HM, see Figure 5. A similar result was investigated in a modelling and simulation approach by Yilmaz and Tureka (2017) [66]: For the use of 400 kg HBI/t hot metal, they reported an emission reduction of 361 kg CO2/t hot metal regarding the BF process. It was found that the fuel rate decreases until 400 kg HBI/t hot metal in a linear correlation. The emissions concerning a natural gas-based DR plant, which are reported by Yilmaz and Tureka (2017) are also integrated in Figure 5 [66]. An averaged emission value of 455 kg CO2/t DRI is assumed.



Müller et al. (2018) presented 388 kg CO2/t HM (This emission reduction is calculated from the absolute emissions savings and the emissions of the DR plant reported by Müller et al. (2018) [68]) savings for the use of 400 kg/t of HBI derived from a modelling approach [68]. They also included the emissions of the DR plant, which are 415 kg CO2/t DRI, which fits to the range reported by Yilmaz and Tureka (2017) [66].



Griesser and Buergler (2019) presented primary data from a field test [69]. The maximum HBI input was 160 kg/t hot metal. They reported that per 100 kg HBI the reducing agent rate (coke equivalent) can be decreased by 25 kg/t HM. Assuming an emission factor of 3.3 kg CO2/kg coke [35], the input of 160 kg HBI/t HM leads to a decrease of 132 kg CO2/t HM.



Kobe Steel (2021) inserted up to 305 kg HBI/t HM in a BF [70]. They reported a reduction of reducing agents of 103 kg/t HM. The share of coke and coal reduction is not reported, so assuming emission factors of 3.0 kg CO2/kg coal and 3.3 kg CO2/kg coke [35], the HBI input leads to a carbon dioxide reduction from 309 to 340 kg CO2/t HM for the use of 305 kg HBI/t HM. In Figure 5, an average value is assumed for the reported emission savings.



The CO2 reduction potential of the BF operation is about 0.95 kg CO2/kg HBI (Figure 4, m1). Considering the emissions of the natural gas-based DR plant the CO2 reduction potential is about 0.50 kg CO2 per kg HBI use in a BF (m2).



The different CO2 reduction potentials concerning the BF process presented in the literature could have resulted from different assumed C-contents of the inserted HBI. A higher C-content reduces the external carbon input in the form of coal and coke in an effective way [64]. In sum, the high R-squared values demonstrate that the CO2 emission savings can be described by a linear function in dependency of the HBI input quite well.



The use of HBI also changes the upstream impacts of a BF operation. Less coal, coke, and iron feedstock like lump or and iron ore pellets are required. Yet, the production of HBI also causes an upstream impact. A DR plant typically is fed with iron ore pellets or alternatively lump ore and natural gas is used as reducing agent. These upstream impacts are not considered in Figure 5. A comprehensive carbon footprint assessment is done by Suer et al. (2021) [71].





5. Direct Reduced Iron (DRI) Production with Electrical Melting


DR plants offer an alternative way to reduce iron oxides, see Section 4.2. In contrast to a BF operation, the reduction can be based completely on gases like natural gas, coke oven gas, and pure hydrogen, amongst others [63]. Since the iron ores are not melted within a DR plant, the product, direct reduced iron (DRI), still contains the gangue. For removing the gangue, the DRI has to be melted, which is typically done in an EAF, see Figure 6. The melting of DRI is often done in combination with scrap input in an EAF.



In 2020, 106 Mio tonnes of DRI were produced globally [16]. The DR technology is fully developed and commercially available [14,72]. DR modules have reached capacities of above 2.5 Mio tonnes and thus are capable of replacing BFs on a like for like basis [14]. Therefore, DR plants provide the opportunity to enable the decarbonisation of the steel industry in time. As an intermediate solution, natural gas can be used for reducing the iron ores.



Different steel production routes towards an environmentally optimised steel production as, e.g., iron ore electrolysis, plasma direct steel production, or suspension ironmaking technology are presented by Roland Berger [73] and Agora Energiewende [72]. For most of these technologies, the low technology readiness level (TRL) is a limiting factor for a large-scale production. Thus, they do not enable a transition process in time.



In the following, (Section 5.1) the natural gas-based direct reduction and (Section 5.2) the hydrogen-based direct reduction combined with electrical melting are investigated. Special focus is given to the carbon dioxide reduction potentials and to the respective energy demand.



Most of the studies report only carbon dioxide, whereas some report GHG emissions and present the results aggregated as CO2 equivalent. Since the steel industry processes carbon dioxide as the most significant GHG [74], the reported emissions are directly compared with each other.



5.1. Natural Gas-Based Direct Reduction with Electrical Melting


Larsson et al. (2006) delivered a comprehensive study regarding CO2 emissions from the steel production considering the BF route and several alternative steel making processes such as the natural gas-based direct reduction with electrical melting in an EAF route (NG-DRI/EAF route) [29]. A MIDREX® shaft furnace process is assumed for direct reduction. An exclusive scrap-based EAF operation is also considered. In addition to direct emissions from the processes, indirect emissions from raw material and energy supply are considered including emissions from transport. A strict LCA and product carbon footprint (PCF) methodology according to ISO 14040/44 and ISO 14067, respectively, is not followed, e.g., emissions from mining of coal and natural gas are not included. Credits for electricity surplus are given, but for BF slag, no credit is included in the analysis. For the electricity supply, an emission factor of 0.6 kg CO2/kWh is assumed based on a European average power grid. The CO2 emissions for a scrap-based EAF steel production are 0.42 kg CO2/kg steel and for a NG-DRI/EAF steel production 1.37 kg CO2/kg steel, see Figure 7 [29].



Barati et al. (2010) investigated the benefit of charging hot DRI with a temperature of 600 °C into an EAF compared to cold charging [75]. A GHG footprint and an energy intensity were presented. Thereby a holistic approach is followed, including the processes of mining and beneficiation of raw materials and energy sources. Used scrap shares the burden in equal parts of primarily steel production and secondarily steel production from recycling. Imported electricity is rated with a burden of 0.6 kg CO2 eq/kWh and concerning the energy intensity for 1 kWh electricity, an energy import of 1/0.325 kWh is assumed to take a conversion efficiency into account. It is assumed that the DRI is charged together with 10% share of scrap in the EAF. For cold charging 1.45 kg CO2/kg steel and an energy intensity of 23 MJ/kg steel is found; for hot charging 1.41 kg CO2/kg steel and an energy intensity of 22 MJ/kg steel, see Figure 7 and Figure 8 [75].



Within a paper by Harada and Tanka (2011), CO2 emissions and energy requirements were presented for the use of 30% cold DRI, 80% cold DRI, 80% hot DRI in combination with scrap in an EAF as well as an exclusive scrap operation, see Figure 7 and Figure 8 [76]. A natural gas based direct reduction via a Midrex® shaft furnace process is assumed. A holistic approach is not followed, but the focus is on direct emissions from the DR plant, the EAF, and emissions resulting from the upstream electricity supply.



Arens et al. (2017) analysed the future CO2 emissions of the German steel industry [77]. Energy requirements and CO2 emissions for the use of either natural gas based DRI or scrap in an EAF are investigated, see Figure 7 and Figure 8. Indirect emissions by electricity consumption are included by assuming an emission intensity of 0.57 kg CO2/kWh.



It was found that the electricity consumption of an EAF increases for a DRI operation by 40–120 kWh/t liquid steel compared to a scrap operation [77]. Kirschen et al. (2011) stated that the specific electrical energy demand of a typical EAF operation with DRI is about 180 kWh/t steel higher than with scrap [78]. The electric energy increases for DRI operation since the gangue has to be melted and because of the endothermic reduction reactions of the oxides. Cardenas et al. (2007) analysed this comparison of electricity demand considering several input parameters [79]. The increase of the electric energy demand for an increased DRI melting depends significantly on the DRI’s grade of metallization and C-content. With an increase of 1% C in DRI, the electric energy demand decreases by 32 kWh/t steel.



Sarkar et al. (2017) has modelled a Midrex® shaft furnace and analysed the direct reduction with natural gas, syngas from coal gasification, and coke oven gas [80]. The product related energy consumption and CO2 emissions are reported. In addition to the direct emissions from the DR plant, the upstream emissions from electric energy input into the EAF and upstream emissions from pellet import according to the WSA are included [81]. The upstream value for the pellets does not include emissions from the mining and transport of the iron ores, only from the pelletizing process. Sarkar et al. (2017) reported carbon dioxide emissions of 1.27 kg CO2/kg steel and an energy requirement of 18.5 MJ/kg steel for a Midrex®-NG-EAF route, see Figure 7 and Figure 8 [80].



Suer et al. (2022) presented a carbon footprint assessment of HRC produced via a natural gas and hydrogen-based DRI production with a subsequent use in an electric melting unit [74]. The DRI is put hot into the melting unit. The product of the electric melting unit is hot metal and not crude steel as it is common practice in an EAF. Thus, the hot metal is further refined in a BOF to crude steel. The additional BOF process has, among other things, the advantage that established high grades of steel can be produced and flexible use of raw materials is possible. A product carbon footprint of 1.36 kg CO2 eq/kg HRC according to ISO 14067 is presented, see Figure 7. An energy consumption for the processes DR plant, electric melting unit, BOF, casting, and subsequent hot-rolling is 16.2 MJ/kg HRC, see Figure 8 [74].



Within a carbon footprint assessment according to ISO 14067 of a natural gas-based DR route with an EAF, Suer et al. (2022) presented a carbon footprint of 1.36 kg CO2 eq/kg steel, see Figure 7 [82]. A cradle-to-gate approach is followed.
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Figure 7. Carbon dioxide emissions of steel and hot-rolled coil production via a natural gas-based direct reduction (DR) plant combined with electrical melting. The emissions are presented as a function of a combined scrap and direct reduced iron (DRI) melting (kg DRI/(kg DRI + kg scrap)) [29,74,75,76,77,80,82]. 
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Figure 8. Energy consumption of steel and hot-rolled coil production via a natural gas-based direct reduction (DR) plant combined with electrical melting. The energy consumption is presented as a function of a combined scrap and direct reduced iron (DRI) melting (kg DRI/(kg DRI + kg scrap)) [74,75,76,77,80]. 






Figure 8. Energy consumption of steel and hot-rolled coil production via a natural gas-based direct reduction (DR) plant combined with electrical melting. The energy consumption is presented as a function of a combined scrap and direct reduced iron (DRI) melting (kg DRI/(kg DRI + kg scrap)) [74,75,76,77,80].
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The vast number of possibilities of choosing the system boundary, making technical assumptions, and evaluating the upstream impacts of imported raw materials and energy carriers and evaluating credits for possible co-products suggests that there has to be a natural variability between the results published. In addition, there is a mix between the products steel and HRC, which are considered in the presented studies. The R-squared values, which are for both slopes above 0.91, demonstrate that the carbon dioxide emissions and the energy consumption per unit steel or HRC can be described by a linear function in dependency of the DRI/scrap ratio quite well. The results also prove that a natural gas based direct reduction plant with an electrical melting unit already has a significant potential to decarbonize the primary steel production compared to the conventional BF route. In order to further decarbonize the steel production, the natural gas for the direct reduction can be replaced by hydrogen, which shall be discussed in the next section.




5.2. Hydrogen-Based Direct Reduction with Electrical Melting


The reduction of iron ores by hydrogen is the next consequential step towards climate neutral steel production. If the hydrogen originates from water electrolysis driven by electric energy, the steel production can be based almost completely on electric energy. Thus, a shift from the present coal-based steel production towards an electricity-based metallurgy can be achieved. In the following studies, which are presented, the electric energy demand for the electrified steel production is described.



Fischedick et al. (2014) did a techno-economic evaluation of innovative steel production technologies considering the routes BF–BOF as reference, BF–BOF with carbon capture and storage (CCS), hydrogen-based direct reduction (H-DR), and iron ore electrolysis (EW) [83]. Concerning the H-DR route, the steel is produced via the Circored technology. Thereby the hydrogen is used in a fluidized bed reactor, which allows the use of fine iron ores. Subsequently, the HBI is fed into an EAF together with scrap. Fischedick et al. (2014) reported an electric energy demand of 13 MJ/kg steel for the process’s electrolysis, DR plant, and EAF. Thereby the share of scrap is 0.33 kg/kg steel, see Figure 9 [83].



Otto et al. (2017) also analysed a Circored process with hydrogen as reducing agent. For a heat supply, natural gas was used. The reported total energy demand was 20 MJ/kg steel [84]. No scrap input was assumed so it is reasonable that the total energy demand was higher than the one reported by Fischedick et al. (2014) [84].



Hölling et al. (2017) analysed a direct reduction process in a shaft furnace with hydrogen as reducing agent [85]. For an electrolysis efficiency of 75% (related to higher heating value), an electric energy demand of 11.9 MJ/kg HBI is reported, where 10.8 MJ/kg HBI was required for the electrolysis process.



Vogl et al. (2018) reported an electric energy demand for the processes hydrogen electrolysis, DR plant, iron ore pellet preheating, and EAF of 12.5 MJ/kg steel when no scrap is added (Figure 9) [86]. An electrical preheating of the hydrogen is assumed and an electrolysis efficiency of 72% related to the LHV.



Bhaskar et al. (2020) modelled the steel production via the H-DR route by assessing mass and energy balances for the processes electrolyser, electrical pellet heater, electrical hydrogen heater, DRI shaft furnace, EAF, and ancillary units [87]. The DRI is charged into the EAF with a temperature of 700 °C. Special attention was given to the hydrogen’s efficiency in the shaft furnace, which is described by the ratio of the actual flow rate of hydrogen to the stoichiometric flow rate of hydrogen required for the reduction reaction. This ratio was described by lambda  λ . A sensitivity analysis was given concerning the energy demand as a function of lambda. For the results presented, it is assumed that lambda is equal to 1.5. No scrap input is assumed. Therefore, an electric energy demand of 13.4 MJ/kg steel is presented for the processes pellet heating, electrolyser, hydrogen heating, and EAF, see Figure 9 [87].
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Figure 9. Electric energy consumption of steel and hot-rolled coil production via a hydrogen-based direct reduction (DR) plant combined with electrical melting. The energy consumption is presented as function of a combined scrap and direct reduced iron (DRI) melting (kg scrap/kg product) [74,82,83,86,87]. 
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Suer et al. [74] analysed a hydrogen-based DR plant with an integrated electric melting unit. The hydrogen is produced by water electrolysis powered by electric energy with an efficiency of 62.5% related to the LHV. The preheating of the hydrogen for the DR plant is electrified. The DRI is charged hot into the electric melting unit. The hot medal, the product of the melting unit, is further refined in a BOF to crude steel and further refined to steel and HRC. An electric energy demand for the process’s electrolyser, DR plant, electric melting unit, BOF, casting, and hot rolling of 17 MJ/kg HRC is presented, see Figure 9 [74].



Within a carbon footprint assessment of a H-DR route with an EAF, Suer et al. (2022) [82] presented an electric energy demand of 17.6 MJ/kg steel, see Figure 9. An equation is given for the carbon footprint calculation of the steel as a function of the carbon footprint of the electricity’s grid mix following a holistic approach according to ISO 14067.



The results presented do not give a clear statement concerning the electric energy demand for a hydrogen-based DR route. Yet, this is expectable regarding the number of assumptions which have to be made: chosen system boundary, choice of product (steel, HRC), efficiency of electrolysis process, efficiency of hydrogen as reducing agent (lambda), charging temperature of the DRI in the electrical melter, choice of DR process (shaft furnace, fluidized bed reactor etc.), existence of pellet preheating, iron ore qualities, use of lime carbonates, or burnt quicklime in the EAF, amongst others.



Concerning the carbon dioxide emissions, the DR plant can be completely based on hydrogen so that no emissions are emerged directly from the DR plant. Concerning the EAF process a range between 0.053 kg CO2/kg steel [86] and 0.18 kg CO2/kg steel [83] are reported. These result from the use of coal and limestone and from the consumption of the electrodes in an EAF [86]. Carbon is required in order to produce a foaming slag, which infolds the electrodes and thus reduces radiation losses and protects the refractories [43]. Thus, the steel industry will still require metallurgical carbon leading to CO2 emissions. However, in comparison with the BF route, which causes about 2.0 kg CO2/kg steel, the combination of a DR plant with an electric melting unit or an EAF represents a significant improvement.



In a carbon footprint assessment, a GWP of 0.76 kg CO2 eq/kg HRC is reported for a hydrogen-based steel production if the hydrogen and electric energy input is completely from renewable energies [74]. For a hydrogen-based steel production with an electric energy mix of a European sustainable scenario for the year 2040, a carbon footprint of 0.75 kg CO2 eq/kg steel is reported by Suer et al. (2022) [82]. Thereby the raw material inputs are evaluated with data from 2018 to 2021, so no incremental improvements were considered.



Since it is possible for the steel production to completely be shifted from coal to electricity, the way of producing the electricity is absolutely crucial.





6. Conclusions


The actual discussion about a common ‘green steel’ definition raises the problem of an adequate allocation of environmental burdens between primary and secondary steel production. Therefore, a literature review spanning more than the last 20 years is presented in which LCA recycling methodologies for steel and metals are intensively discussed. Within numerous papers, it is pointed out that for metals with a limited supply of recycled feedstock, external market stimulation is ineffective and may result in inefficient processing and unnecessary transportation. In addition, the increasing steel demand cannot be filled by scrap recycling alone even until the year 2050 and beyond. If a ‘green steel’ definition does not follow a global perspective but only the emissions of a specific steel producer, it might be easier for steel producers to shift partially from primary to secondary steel production than implementing breakthrough technologies within the primary route. Thus, a global environmental improvement cannot be achieved.



Life cycle assessments for steel are presented for the currently most dominant blast furnace route and for the scrap recycling electric arc furnace (EAF) route. Whereas the literature availability of LCAs for the blast furnace related steel production route is high, there is a lack of LCAs for the EAF related steel production route. Differences in LCA results between the studies are analysed in a novel detailed perspective. Concerning the methodology differences, important aspects are the evaluation of the scrap recycling potential and the evaluation of co-products. Referring to the technological differences, the quality of the feedstock, and the amount of scrap used, all have a significant impact on the results. For the scrap recycling route, especially the electricity mix used for the EAF, has significant importance.



Since breakthrough technologies within the primary route are required, modifications for the blast furnace route are presented as a first step. By injecting hydrogen into existing blast furnaces, greenhouse gas (GHG) emissions can be reduced and a market for hydrogen can be established. Besides the injection of hydrogen, the use of pre-reduced iron ores in a blast furnace is investigated. Within a novel approach, data from metallurgical modelling and data from technical field tests are combined with LCAs for hydrogen production.



Since coke is required in a blast furnace for gas permeability in the shaft furnace and as supporting matrix, the steel production via a blast furnace cannot be completely decarbonized. Direct reduction (DR) plants are technically mature and capable to support a transition away from coal and towards natural gas and ultimately hydrogen. Both a natural gas-based and a hydrogen-based direct reduction were analysed. The DRI is further electrically melted in combination with scrap. The GHG emissions and the energy demand per unit steel are presented as function of the DRI/scrap ratio. The future electric energy demand, which is required for hydrogen electrolysis and directly for the steel production processes, is presented. The results give decision makers from politics and the steel industry guidance on how much renewable electric energy is required in order to decarbonize the steel industry. In the future, LCAs from primary data for these scenarios would be important to highlight the influence of the steel transformation on other impact categories. Within a social life cycle assessment, social impacts should also be investigated.
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Figure 1. System boundary of an integrated steel site. 
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Figure 2. System boundary of an EAF-based recycling steel production. 
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Figure 3. Injection of hydrogen into a blast furnace. 
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Figure 4. Carbon dioxide emission savings for injection of hydrogen into a blast furnace [52,53,54,55]. 
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Figure 5. Carbon dioxide emission savings for HBI input in a blast furnace. The upper line describes the CO2 savings of the blast furnace process. The lower one also includes the emissions of a natural gas-based DR plant [53,66,68,69,70]. 
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Figure 6. System boundary of crude steel production via a direct reduction plant (DR) and an electric arc furnace (EAF). Both, natural gas and hydrogen can be used as reducing agent within the DR plant. 
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Table 2. Overview of life cycle assessment (LCA) studies for an EAF produced steel and hot-rolled coil production.
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Study

	
Year

	
Product

	
Methodology

	

	
Impact Categories




	

	

	
kg

	
Scrap

	
Co-Products

	
Impact Method

	
GWP

kg CO2 eq

	
AP

kg SO2 eq

	
ADPf

MJ

	
CED

MJ






	
[21]

	
2012

	
HRC

	
RC

	
n. a.

	
CML 16

	
0.74

	
0.0020

	
7.5

	
11




	
[33]

	
2013

	
Steel

	
n. s.

	
Credit for EAF Slag

	
Recipe Midpoint

	
0.77

	
0.0025

	
n. a.

	
1.3








Abbreviations: HRC (Hot-rolled coil); RC (Recycled Content); GWP (Global Warming Potential); AP (Acidification Potential); ADPf (Abiotic Depletion Potential for fossil resources); CED (Cumulative Energy Demand); n. a. (not available); n. s. (not specified).
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