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Abstract

:

Hydrogen has the potential to decarbonize a variety of energy-intensive sectors, including steel production. Using the life cycle assessment (LCA) methodology, the state of the art is given for current hydrogen production with a focus on the hydrogen carbon footprint. Beside the state of the art, the outlook on different European scenarios up to the year 2040 is presented. A case study of the transformation of steel production from coal-based towards hydrogen- and electricity-based metallurgy is presented. Direct reduction plants with integrated electric arc furnaces enable steel production, which is almost exclusively based on hydrogen and electricity or rather on electricity alone, if hydrogen stems from electrolysis. Thus, an integrated steel site has a demand of 4.9 kWh of electric energy per kilogram of steel. The carbon footprint of steel considering a European sustainable development scenario concerning the electricity mix is 0.75 kg CO2eq/kg steel in 2040. From a novel perspective, a break-even analysis is given comparing the use of natural gas and hydrogen using different electricity mixes. The results concerning hydrogen production presented in this paper can also be transferred to application fields other than steel.
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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]. Therefore, the European Commission (EC) has set an ambitious target to reduce greenhouse gas emissions by at least 55%, compared with 1990 levels, by the year 2030, and to achieve net zero emissions before the year 2050 [2]. The German Federal Constitutional Court stated that the national emission reduction targets have to be specified from the year 2031 onwards, to substantiate the path between 2031 and 2050 [3].



The energy-intensive steel industry is responsible for about 7% of the global anthropogenic carbon dioxide emissions but also accounts for almost 3.5% of global gross domestic product (GDP) and 3% of global employment within combined activities [4,5]. Nevertheless, the steel industry has to make an important contribution to achieve the ambitious climate goals. Since steel is firmly established in the human way of life and also serves as a key material to enable technological climate-neutral solutions, a European scenario without steel production is not an option to solve the problem.



Steel is produced primarily with natural iron ores and secondarily with scrap recycling. About 70% of the steel production is primarily produced, mainly using the blast furnace–basic oxygen furnace (BF-BOF) route. About 30% of steel is produced secondarily, using the scrap-based electric arc furnace (EAF) route [4]. Despite efficiency gains, global carbon dioxide emissions are still increasing due to growing steel consumption and demand [6]. The increasing demand is also the reason why even in the year 2050, only about 44% of the steel demand will be able to be covered by the scrap-based EAF recycling route [7]. In consequence, breakthrough technologies in the primary steel production route are necessary.



In order to fulfil a sustainable transformation, it has to be ensured that environmental impacts are not just shifted from one process to another but a global benefit is reached. Life cycle assessment (LCA) according to ISO 14040 [8] and 14044 [9] is an established and standardized methodology used to determine the environmental impacts of a product along its life cycle. This includes the entire process chain from raw material extraction to supply, product manufacturing, use, recycling, and the disposal of waste, otherwise known as the cradle-to-grave approach. In LCA, several environmental impact categories can be considered. If, however, the focus lies on the sole impact category of climate change, it is referred to as product carbon footprint (PCF) assessment according to ISO 14067 [10]. ISO norm 14067 is in accordance with the LCA standards. Since the focus of this paper lies on the contribution to climate change of steel, the presented results are based on the methodology of ISO 14067.



The carbon footprint of steel produced using an average German BF-BOF route is roughly 2.0 kg CO2eq/kg steel (according to GaBi database 2021.1: “DE:BF Steel billet/slab/bloom” (CML 2001-16)) (see Figure 1) [11]. This impact can be divided into individual contributions of the steel manufacturing processes, the upstream supply chain, and credits for co-products, as is shown in the carbon footprint assessment of an integrated steel site in a previous work [12]. Direct impacts of an integrated steel site include its typical processes: sinter plant, coke plant, blast furnace, BOF, steel casting, and power plant. An integrated site commonly produces co-products such as blast furnace slag, BOF slag, electricity from power plants, and co-products originating from the coke plant, which are, e.g., tar, benzene, and sulphur. These co-products replace primary production in other industries and ultimately avoid emissions. According to the principle of system expansion [9], credits are given for these co-products.



In order to reduce the greenhouse gas emissions (GHGs) of the BF-BOF route, a shift from solid primary energy sources as reducing agents is required. The BF-BOF route is based on fossil coal. Beside carbon, hydrogen is able to reduce the iron oxides. In direct reduction units, iron oxides can be reduced to direct reduced iron (DRI) by natural gas and hydrogen, respectively. Direct reduction (DR) units are technically mature and can compete with blast furnaces concerning product capacities, with the limitation that the products are different in terms of physical state and composition. The final product of a blast furnace is liquid hot metal, while the product of a DR plant is a solid reduced iron pellet that also contains some gangue. Therefore, an additional plant is required to melt DRI and to remove gangue. This can be conducted electrically in an electric arc furnace (EAF), after which liquid steel can be directly cast into slabs. If high-quality steel is required, additional processing in the so-called secondary metallurgy is necessary.



The DR technology is fully developed and commercially available [13,14,15,16]. Presently, DR plants with capacities exceeding 2.5 million tons per year are the state of the art [13,15]. Nowadays, DRI is typically reduced using gases such as natural gas or gases from coal gasification. The use of off-gases from an integrated site, such as coke oven gas or BOF off-gas, is also an alternative [17]. Using pure hydrogen, reduction in the DR plant can be completely shifted away from carbon. It has to be emphasized that for climate-neutral steel production, the production process of the hydrogen used in the DR plant, as well as the electricity used for melting, also has to be taken into account, to avoid a shift in emissions.



Nowadays, the majority of pure hydrogen is produced via steam reforming out of natural gas or gasified coal and is often referred to as grey hydrogen (the chosen colour code in this paper is based on the one of the Federal Ministry of Education and Research) [18,19]. Grey hydrogen-based steel production still requires fossil fuels. Alternatively, hydrogen can be produced through steam reforming with subsequent storage of carbon dioxide, called blue hydrogen. Another hydrogen production pathway is electrolysis. If the electricity for the electrolysis process is from renewable sources, hydrogen production does not rely on fossil fuels; therefore, it is called green hydrogen. If fossil fuels are used for the respective production of electricity, hydrogen is also defined as grey hydrogen.



Regarding the use of renewable energies, some points need to be discussed. Although all industries, as well as private consumers, require renewable electricity to achieve the overall targets, the availability of renewable energy is currently limited in Europe (EU). Additionality in the use of renewable energy has to be guaranteed, so that its use makes an impact. Additionality of a renewable energy unit can only be given if it is not receiving any offtake subsidies aimed at the power market, amongst other criteria [20]. However, as long as the share of the overall European renewable electricity mix is limited, the European targets cannot be reached. So, most of all, supply has to increase. Steel production is a continuous process, so hydrogen and electricity supply also needs to be one. For the exclusive use of renewable energy, storage capacities are required.



In a technical study by Hölling et al., CO2-free steel production on the basis of off-shore wind energy is investigated [21]. Electricity from wind energy is used for near-site hydrogen electrolysis. The DRI and steel from an EAF are either produced onsite or different transport scenarios are investigated. For CO2-free steel production, the costs for steel production under the most optimal conditions are increased by 350 EUR/t steel, which is equivalent to a carbon dioxide abatement cost of about 200 EUR/t CO2. These costs are far above the steel producer’s usual margin of profit so this transformation does not go without appropriate advancement programs [21]. The development of renewable energy, the build-up of storage capacities, and the development of a hydrogen infrastructure are challenges to be addressed by the whole society and cannot be realized by the steel industry alone. That is the reason why the focus of this paper is on considering power supply with a grid mix.



More in detail, this paper aims to assess the carbon footprint of steel produced via a direct reduction unit and an EAF, whereby direct reduction with natural gas and that with hydrogen are compared to each other. A cradle-to-gate approach is used, including the production of raw materials to the production of steel. The sensitivity of hydrogen production to the respective carbon footprint of steel is investigated. To determine the state of the art, a literature overview about today’s hydrogen carbon footprint is presented, considering grey, blue, and green hydrogen. Special attention is given to hydrogen from electrolysis, for which electricity is taken from a national or European grid mix. The carbon footprint is assessed by modelling an electricity mix in combination with the electrolysis process. Moreover, an outlook until the year 2040 is presented, considering both the development of electricity grid mixes and of the efficiency of the electrolysis process.



The results concerning hydrogen production gained from this paper can also be used for technical applications in fields other than steelmaking.




2. Hydrogen Production


2.1. State of the Art


Today, hydrogen production mainly relies on fossil fuels. Only 0.5% of the global hydrogen production is from renewable sources, the so-called green hydrogen. Around 6% of global natural gas consumption and 2% of global coal consumption are used for hydrogen production. As a consequence, hydrogen production causes about 830 million tons of CO2 emissions per year. This corresponds to 2.5% of global CO2 emissions [19]. If a hydrogen production rate of about 70 Mt per year is taken into account, this leads to about 12 kg CO2/kg H2.



A literature overview on the impact of different hydrogen production technologies on climate change is given in Table 1. Not every study listed is a comprehensive carbon footprint assessment including all environmental impacts of raw material and energy supply. Therefore, a comment on the system boundary is given by the authors of this paper. The considered time span reaches from 2011 to 2025.



Grey hydrogen from natural gas-based steam reforming causes global warming potential (GWP) values between 11 and 13 kg CO2eq/kg H2 [11,22,23,24,25,26]. This is in line with the global average hydrogen-related carbon dioxide emissions. In the presented studies, different system boundaries and assumptions are considered. Nevertheless, the direct impact of the steam reforming process is the major contributor across all listed studies. The impact of natural gas production and transport is 1.7 kg CO2eq/kg H2, based on a calculation from GaBi databases in 2021.



Grey hydrogen from coal gasification causes GWP values between 19 and 24 kg CO2eq/kg H2 in the reviewed literature [25,27,28].



The carbon footprint of grey hydrogen from electrolysis driven by a fossil-based electricity mix varies between 1.1 and 35 kg CO2eq/kg H2 [25,26,29]. In the case of low-carbon electricity mixes, with high shares of renewable or nuclear energy, the carbon footprint is relatively low, whereas for coal-, oil-, and natural gas-based electricity, the footprint is relatively high.



According to the results of the literature review, blue hydrogen from steam reforming with carbon capture and storage (CCS) of carbon dioxide causes GWP values between 0.60 and 4.7 kg CO2eq/kg H2 [24,26,29]. Here, the carbon footprint depends significantly on the electricity mix that is required for CO2 capture. Howarth and Jacobson describe the PCF of blue hydrogen to be between 11 and 22 kg CO2eq/kg H2. Their research focuses on fugitive methane emissions and presents the results of the GWP considering time frames of 20 years and 100 years [30]. Since methane is a very strong but, in comparison with CO2, not very durable GHG, the considered time frame has a significant impact on the GWP of methane. The fugitive methane emissions are assumed to be 3.5% of natural gas input. This high value explains the high carbon footprint of blue hydrogen in the study [30].



Green hydrogen from electrolysis driven by renewable electricity has a carbon footprint between 1.0 and 5.1 kg CO2eq/kg H2 [22,23,25]. The footprint mostly depends on the renewable electricity technology, as well as the efficiency of the electrolysis process.



The storage and transportation of hydrogen is challenging in a few aspects, which are summarized in a review paper by Dawood et al. (2019) [31]. Hydrogen is able to escape through materials due to its small molecular size. This can lead to hydrogen embrittlement, which can weaken the materials and lead to destruction. Once released, hydrogen generally dissipates rapidly due to its low density. However, it becomes a safety concern if the gas accumulates and builds an explosive mixture in combination with oxygen. Since the hydrogen market is experiencing a ramp-up, it is believed that hydrogen technology will become as safe as other fuels that are in use today [31,32].



The focus of this paper lies on hydrogen from electrolysis operated with a grid mix. State-of-the-art grid mixes for Poland, France, Germany, and Europe (EU-28) are modelled. Additionally, the expected grid mixes for Germany and Europe are modelled for the years 2030 and 2040. Furthermore, a forecast is provided for the efficiency of the electrolysis process. The goal is to reveal the environmental impact of hydrogen production on the related hydrogen-based steel production.




2.2. Carbon Footprint of Hydrogen from Electrolysis


In the following section, the carbon footprint assessment of hydrogen, produced via water electrolysis, is presented for different electricity grid mixes.



2.2.1. Goal and Scope


The declared unit is 1 kg of hydrogen. The related system boundaries, as well as the sources for the electricity grid mix, are highlighted in Figure 2.



This study is conducted using a cradle-to-gate approach. All impacts on climate change of raw material supply, transport, and manufacturing are considered [9].



Beside hydrogen, oxygen is produced as a co-product during the electrolysis process. Co-products can be evaluated with the methodology of system expansion, in which credits are given if they replace primary production in other industries [9]. However, in hydrogen transformation, it is not guaranteed that the co-product, oxygen, is to be used completely. Thus, the results are presented without any credit for the co-product.




2.2.2. Life Cycle Inventory


Hydrogen is modelled by combining the electrolysis process of “GLO: Hydrogen (electrolysis, decentral—for partly aggregation, open input electricity)” from GaBi database 2021.1 with different electricity mixes [11]. The life cycle inventory (LCI) value of hydrogen can be calculated by adding up the LCI value related to the required electricity grid mix to the LCI value related to the electrolysis process. For the example of carbon dioxide, the calculation is presented in Equation (1).


       LCI   hydrogen    [     kg   CO   2  /    kg   H   2   ]  =     LCI   Electricity , Mix    [     kg   CO   2  /  MJ   electricity   ]  ·   LHV    H 2    /  η  electrolysis    [   MJ   electricity  /    kg   H   2   ]       +   LCI   Electrolysis    [     kg   CO   2  /    kg   H   2   ]      



(1)




where     LHV    H 2      refers to the lower heating value of hydrogen (120 MJ/kg) and    η  Electrolysis     is the efficiency of the electrolysis process (MJ H2/MJ electricity).



The electricity mixes are modelled using GaBi database “EU-28: Electricity mix (energy carriers, generic)”. This database enables the creation of a generic electricity mix by varying the electricity inputs from chosen sources, such as coal, nuclear, wind, etc. The composition of the specific electricity mixes are taken from the International Energy Agency (IEA) [33] for the current national and European electricity mixes. The European forecast scenarios are taken from World Energy Outlook (2020), conducted by the IEA [34]. The German outlook scenarios are taken from Prognos et al. (2020) [35].



The data of the efficiency of the electrolysis process are taken from Prognos (2020) [36]. Beside the current efficiency, this study also provides a future outlook up to the year 2040. The average efficiency of the proton exchange membrane electrolysis (PEMEL) and the high-temperature electrolysis (HTEL) technology would increase from 60.9% (related to the lower heating value—LHV) for the year 2020 to 63.4% for the year 2040 [36] (see Table 2).



In Table 3, the GHG emissions for hydrogen produced via a German grid mix are presented for the year 2018. The emissions are calculated using Equation (1). The contribution of the listed emissions to climate change is more than 99%.



Concerning the German electricity grid mix, carbon dioxide is the most significant GHG. Methane is mainly caused by electricity generated from hard coal, as methane is emitted during the coal mining process.




2.2.3. Carbon Footprint Results


In this paper, the characterization factors related to GWP 100 are used in order to calculate the impact on climate change for a time horizon of 100 years [10]. The global warming potential of hydrogen can be calculated with the following equation, which is in line with Equation (1):


    GWP   hydrogen    [     kg   CO   2  eq /    kg   H   2   ]  =   GWP   Electricity , Mix      * LHV     H 2    /  η  electrolysis   +   GWP   Electrolysis      



(2)







The GWP of the electrolysis process is 0.047 kg CO2eq/kg hydrogen (according to GaBi database 2021.l: “electrolysis, decentral—for partly aggregation, open input electricity”). This value is very low compared with the impact generated by electricity.



In this article, different national grid mixes as well as the European grid mix are compared with each other to visualize the impact of different grid mixes on the produced hydrogen (see Figure 3). Individual data points for grey, blue, and green hydrogen correspond to the values of the GWP listed in Table 1. The dotted grey line marks the average global direct impact of hydrogen production.



For three of the four considered electricity grid mixes, the resulting hydrogen carbon footprint is higher than the footprint of natural gas-based steam reforming hydrogen production (grey H2; the three upper points result from coal-based steam reforming) and thus ultimately less favourable from a climate change perspective than the direct use of natural gas in the processes.




2.2.4. Future Outlook (2030–2040)


In the following paragraph, an outlook on the future for the years 2030 and 2040 is given. The development of the hydrogen carbon footprint depending on the prognosis of the electricity mix and the efficiency of the electrolysis process (Table 2) is shown in Figure 4 for Europe and Germany. The results are listed next to the carbon footprint values found in the literature (Table 1). The lower blue line highlights the benchmark of the hydrogen carbon footprint. Below this line, the same amount of energy can be obtained with hydrogen, instead of natural gas, while resulting in a lower carbon footprint. The upper grey line marks the average worldwide direct impact of hydrogen production. For the European development, a stated policy scenario (a) and a sustainable development scenario (b) are considered, based on the IEA [34]. The German development scenario is based on Prognos et al. [35].



It is shown that, by 2030, the use of hydrogen is expected to result in lower impacts to the GWP than the use of natural gas.






3. Carbon Footprint of Steel Produced Using a Natural Gas-Based Direct Reduction Plant and an Electric Arc Furnace


Steel production using direct reduction (DR) plants and electric arc furnaces (EAFs) allows a shift in production away from coal towards natural gas and hydrogen. From a climate change perspective, it is shown that the use of natural gas can be superior to the use of hydrogen, especially in the coming years (before 2030). In the following section, the carbon footprint assessment of natural gas-based steel production is presented. This serves as the benchmark for hydrogen-based steel production, which is presented afterwards.



3.1. Goal and Scope


The goal is to present the carbon footprint of steel (cradle to gate) produced using natural gas-based direct reduction with subsequent melting in an electric arc furnace (EAF) (see Figure 5). The steel manufacturing processes include a DR plant and an EAF as well as steel casting (Figure 5, white area). The processes of the mining, manufacturing, and transport of the required feedstock are categorized as upstream processes (grey area). Both the manufacturing and upstream processes are considered in this study.



The direct reduction unit is modelled in this study. As a baseline, natural gas is used in the direct reduction process as the reducing agent. As an alternative reducing agent, hydrogen can replace natural gas.



For the EAF process, GaBi database “DE: EAF Steel billet/slab/bloom” is used. This process references the scrap-recycling EAF process. Consequently, all environmental impacts from raw material supply, transport, and manufacturing until the product of steel is obtained (cradle-to-gate) are included, without considering the environmental impact of the scrap. In this work, the same process is used for the DRI input. No scrap input is assumed. The results presented follow the recycled content methodology, so no credits are given for end-of-life scrap [37]. Compared with the environmental impact of the whole process chain, the differences between a scrap-based EAF operation and a DRI-based EAF operation are of minor importance, as highlighted in internal studies. In addition, the focus of this article is on comparisons between different direct reduction–EAF (DR-EAF) scenarios. Since, in all DR-EAF routes, the same assumptions are made, the sensitivity to the differences between these scenarios is hardly influenced by this uncertainty of measurement.




3.2. Life Cycle Inventory


The data for the direct reduction process are based on internal communication. The data for the natural gas-based operation are in line with the ones presented by Duarte et al. (2008) and Sarkar et al. (2017) [17,38]. The electric energy demand of the EAF depends on the charging temperature, the carbon content, and the grade of metallization of DRI, amongst others [39,40]. The electric energy demand of the EAF is estimated at 500 kWh/t steel. In this scenario, a German electricity mix of the year 2018 is assumed.



Considering the DR process, at least 99% of relevant mass, energy, and environmental input and output flows are considered. Regarding the EAF process, at least 95% of mass and energy and 98% of their environmental relevance are considered according to the GaBi database [11].



The major materials and energy feedstocks of natural gas-based steel production using a DR plant and an EAF are presented in Table 4. Other inputs, such as oxygen, nitrogen, coal, and fluxes (Figure 5), are not listed in the table but are considered in the carbon footprint assessment according to the defined cut-off criteria. The listed data are the most relevant to the comparison of the assessed scenarios.



The emissions of the life cycle inventory (LCI) are presented in Table 5. The contribution of the listed emissions to climate change is at least 99%.



The main contributor to climate change is carbon dioxide. Methane emissions are mainly caused by the natural gas supply for the DR plant. In addition, methane is emitted during coal mining, which is required for the coal-based electricity supply.




3.3. Carbon Footprint Results


The carbon footprint of primary steel produced with natural gas-based direct reduction with subsequent use in an electric arc furnace (NG-DR-EAF route) can be reduced to 1.4 kg CO2eq/kg steel, as is highlighted in Figure 6.



Compared with the carbon footprint of primary steel produced using the conventional state-of-the-art BF-BOF route of 2.0 kg CO2eq/kg steel (Figure 1), a reduction potential of 32% can be achieved. Part of the impact on climate change is shifted from the steel manufacturing processes to upstream processes. The categorization is in line with Figure 5.



E.g., in the BF-BOF route, a surplus of electricity is generated, which can be exported into the grid mix, resulting in credits. In contrast, the DR-EAF route consumes electricity. This reduces the manufacturing impact of the DR-EAF route, but part of this impact shifts to electricity production. In addition, in the DR-EAF route, less valuable co-products are produced in comparison to the BF-BOF route. In the blast furnace process, slag is produced, which serves as a high-quality cement substitute. The slag from the EAF process does not have the same quality and has limited utilization paths. Nevertheless, the total impact of steel on climate change is significantly reduced.



The major impact of the DR-EAF-route-produced steel carbon footprint originates from the production of DRI, which is 0.98 kg CO2eq/kg steel (see Figure 7).



The results demonstrate that the impact on climate change generated by GHG emissions of natural gas-based direct reduction and the respective upstream emissions of the natural gas supply add up to 65% of the DRI carbon footprint. Consequently, the substitution of natural gas with hydrogen from electrolysis could present a possibility to reduce the DRI carbon footprint, thus lowering the steel carbon footprint. Therefore, the following section focuses on production with hydrogen.





4. Carbon Footprint of Steel Produced Using a H2-Based Direct Reduction Plant and an Electric Arc Furnace


The next step for the decarbonization of the steel industry is a shift from natural gas towards hydrogen from electrolysis. Therefore, hydrogen production as well as the required electricity for production have to be taken into account. The impact of the electricity sources on the respective carbon footprints of DRI and steel is presented in the following paragraphs. Forecast scenarios until 2040 are presented.



4.1. Goal and Scope


The system boundary remains cradle to gate and is shown in Figure 5. The subsystem of the hydrogen production process is shown in Figure 2. The declared unit is 1 kg of steel. It is assumed that hydrogen is used as the reducing gas for the DR plant as well as for the gas preheater. No scrap input is assumed. The results presented follow the recycled content methodology, so no credits are given for end-of-life scrap [35].




4.2. Life Cycle Inventory


Concerning the DR process, more than 99% of environmentally relevant mass and energy input and output flows are considered. Regarding the electrolysis process with the respective electricity mixes and also for the EAF process, at least 95% of mass and energy input and output flows, and 98% of their environmental relevance are considered according to the GaBi database [11].



The major materials and energy feedstocks of hydrogen-based steel production using a DR plant and an EAF are presented in Table 6. Other inputs, such as nitrogen, coal, and fluxes (Figure 5), are not listed in the table but considered in the carbon footprint assessment according to the defined cut-off criteria. The listed data are the most relevant to the comparison of the assessed scenarios.



The electricity input for hydrogen electrolysis as well as for the processes of the DR plant and EAF is 17 MJ/kg steel.



Of the 17 MJ electricity input, 2.0 MJ/kg steel is required for the DR plant and the EAF process, whereas 15 MJ/kg steel of electric energy is required as input for the electrolysis process.




4.3. Carbon Footprint Results


Before presenting the results of hydrogen-based steel, the carbon footprint of the intermediate product, DRI, is presented, to separate the effects of hydrogen from those of natural gas (see Figure 8). The carbon footprint of DRI strongly depends on the respective electricity mix that is used for the electrolysis of hydrogen. The respective system boundaries are in line with Figure 2 and Figure 5, but the EAF process is cut off for reasons of comparability. The carbon footprints of the corresponding electricity mixes and hydrogen are presented in Figure 3.



The results show that in three out of four scenarios, it is better, from a climate change perspective, to operate the DR plant with natural gas instead of hydrogen. The carbon footprint of H2-based DRI in France is comparably low due to a high share of nuclear energy in the national grid mix. The carbon footprint of NG-based DRI is 0.89 kg CO2eq/kg DRI. In countries with moderate-to-high carbon intensity in electricity production, it is better to use natural gas directly in the DR plant than using hydrogen. In order to reach climate neutrality in the steel industry, national and European grid mixes have to be decarbonized.



Concerning the German and European electricity grid mixes, a forecast scenario until 2040 is presented in Figure 4. Based on this forecast, the expected DRI future carbon footprint is shown in Figure 9. The respective system boundaries are in line with Figure 2 and Figure 5, but the EAF process is excluded to separate the effects of hydrogen from those of natural gas.



From 2030 onwards, it would be more preferable to use hydrogen than natural gas for DRI production.



In the following section, hydrogen production with the European grid mix is assumed for the sustainable development scenario for the year 2040. The total impact of steel production on climate change could be reduced by 63% to 0.75 kg CO2eq/kg steel compared with conventional BF-BOF steel production (see Figure 10).



Whereas the impact of the steel manufacturing processes can be almost zero, there is still a significant amount of impact due to the upstream processes. The categorization is in line with Figure 5. The remaining impact of the manufacturing processes is caused by the addition of coal in the EAF to generate foaming slag. Upstream impacts are mainly caused by the process chain until the product, DRI, is obtained (see Figure 11). In total, 0.56 kg CO2eq/kg steel is attributed to DRI production. Concerning iron ore pellet production and other raw materials not listed, no incremental improvements are considered.



With 100% hydrogen-based DRI production, the direct impact of the DR process would reach zero. Yet, in order to reach climate-neutral steel production, upstream processes such as iron ore pellet and hydrogen production also have to become climate neutral. In order to further reduce the hydrogen carbon footprint, the electricity mix has to consist out of low-carbon energy. Since steel is an essential construction material for renewable energy sources, e.g., for wind turbines, an improvement of the carbon footprint of steel would ultimately lead to an improvement of the carbon footprint of renewable energy sources and is thus an important building block for other industries.



From the results presented, the carbon footprint of steel can be described in function of the respective electricity mix that is used for the electrolysis of hydrogen, the DR plant, and the EAF (see Figure 12). A constant efficiency of 60.9% (related to the LHV) of the electrolysis process is assumed (Table 2) in order to separate the effects of the electricity mix.



The break-even point of the electricity grid mix carbon footprint is 0.15 kg CO2eq/kWh. Below this break-even point, the use of hydrogen in a DR plant is superior to the use of natural gas, regarding the impact on climate change. In comparison with the blast furnace route, this break-even point is 0.32 kg CO2eq/kWh. In the blast furnace route, more electricity is produced in the integrated power plants out of the process gases than it is needed for the steel production route. Thus, excess electricity can be exported to the national grid mix. In Figure 12, no credits for this excess electricity are taken into account. Otherwise, the GWP of steel would be reduced, while the carbon footprint of the national electricity grid mix would be increased. However, the excess electric energy is below 0.2 kWh/kg steel and is of low importance in this comparison.



Steel production using a natural gas-based DR plant is also a function of the electricity grid mix, since electricity is used directly for the DR plant and for the EAF. Yet, the sensitivity is not as high as for the H-DR route, as the electrolysis process for hydrogen production is the most electricity intensive.





5. Conclusions


For the decarbonization of the steel industry, a shift from coal-based towards hydrogen-based metallurgy processes is required. Consequentially, hydrogen production pathways move into focus. Nowadays, hydrogen is mainly produced using fossils fuels; it is not, therefore, a sustainable solution for a real transformation. Hydrogen production using water electrolysis, driven by electricity, gains more importance; thus, electricity production moves into focus.



The impact of the related electricity mix on the produced hydrogen carbon footprint is investigated and is compared to the state of the art of hydrogen production in this paper. Accordingly, a literature analysis is presented, including different current scenarios of hydrogen production. For the hydrogen production using electrolysis, several national grid mixes as well as the European grid mix are considered, focusing on forecasts for the years 2030 and 2040. These results are integrated into a carbon footprint assessment of steel produced via direct reduction plants (DR plants) combined with electric arc furnaces (EAFs). However, the results concerning the hydrogen production gained in this paper can also be transferred to other industries.



The carbon footprint of steel produced using natural gas-based direct reduction combined with an integrated EAF (NG-DRI-EAF route) is 1.4 kg CO2eq/kg steel. Compared with the carbon footprint of current state-of-the-art primary steel produced using the conventional BF-BOF route of 2.0 kg CO2eq/kg steel, a significant reduction potential of 32% can be achieved. The carbon footprint of steel produced via the H2-DRI-EAF route largely depends on the carbon footprint of the consumed hydrogen.



The break-even point of the electricity grid mix carbon footprint is 0.15 kg CO2eq/kWh. Below this break-even point, the use of hydrogen from electrolysis in a DR plant is superior to the use of natural gas regarding the impact on climate change. For the German and European grid mixes, this break-even point is predicted to be reached from 2030 onwards. Before 2030, the use of natural gas is superior to hydrogen from a carbon footprint assessment perspective. The break-even point, compared with the blast furnace route, is 0.32 kg CO2eq/kWh. Below this value, hydrogen-based steel production is superior to the conventional coal-based blast furnace route.



By the year 2040, the steel produced via the H2-DR-EAF route is anticipated to have a carbon footprint of about 0.75 kg CO2eq/kg steel, following the sustainable European grid mix forecast. Therefore, the impact of the manufacturing processes of the steel industry on climate change can almost reach the value of zero. However, to achieve complete climate neutrality, the upstream impact of supply chains also needs to be decarbonized. In this context, the carbon footprint of renewable electricity is a significant measurement. Since steel is an essential construction material for renewable energy sources, e.g., for wind turbines, an improvement of the carbon footprint of steel would ultimately lead to an improvement of the carbon footprint of renewable energy sources.



Steel can play a meaningful role in the sustainable transformation of industry and society to achieve European climate targets.



The limitations of the study are that only impacts on climate change are considered. Especially with respect to nuclear-based electricity production, the consideration of other environmental impact categories could also prove to be significant. Yet, for hydrogen- and electricity-based steel production, the data are based on metallurgical models due to the lack of primary data from practical field tests. In a life cycle sustainability assessment (LCSA), the economic and social pillars of these scenarios could also be investigated.
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Figure 1. Global warming potential (GWP) of steel produced via the blast furnace–basic oxygen furnace (BF-BOF) route. Total GWP according to GaBi database 2021.1. 
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Figure 2. System boundary for hydrogen production. 
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Figure 3. Impact of the electricity grid mixes on the related hydrogen carbon footprint for the nations of Poland, Germany, and France, and the European Union. The points for grey H2 (from steam reforming), blue H2 (steam reforming with carbon capture and storage), green H2 (electrolysis using renewable energy), and grey H2 electrolyser (electrolysis using fossil-based electricity) correspond to the values listed in Table 1. 
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Figure 4. Development of the carbon footprint of hydrogen. For the European development, a stated policy scenario (a) and a sustainable development scenario (b) are considered, based on the IEA [34]. The German development scenario is based on Prognos et al. [35]. For the year 2018, the GWP values from the literature cited in Table 1 are listed referring to the defined colour code. 
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Figure 5. Steel production over the DR-EAF route. The steel manufacturing processes are listed in the white area and the inputs for these processes in the grey area. The environmental impacts of both are considered in this paper according to a cradle-to-gate approach. Either natural gas or hydrogen is used as reducing agent. Hydrogen is assumed to be obtained using electrolysis (see Figure 2). 
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Figure 6. Global warming potential (GWP) of steel. Comparison of production using the blast furnace-basic oxygen furnace (BF-BOF) route with production using the direct reduction-electric arc furnace (DR-EAF) route. 
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Figure 7. Carbon footprint of steel and impact of natural gas (NG)-based direct reduced iron (DRI) production. 
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Figure 8. Carbon footprint of direct reduced iron (DRI) depending on the origin of the electricity mix that is used for hydrogen electrolysis for the year 2018. The corresponding electricity mix carbon footprint and the resulting hydrogen carbon footprint are listed in Figure 3. 
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Figure 9. Development of the carbon footprint of direct reduced iron (DRI). For the European development, a stated policy scenario (SP) and a sustainable development scenario (SD) are considered, based on the IEA [34]. The German development scenario is based on Prognos et al. [35]. The carbon footprint of hydrogen in the scenarios are shown in Figure 4. 
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Figure 10. Carbon footprint of steel produced via conventional BF-BOF route, natural gas-based direct reduction–electric arc furnace (NG-DR-EAF) route, and H2-DR-EAF route. Hydrogen is gained using electrolysis driven by the European grid mix for the year 2040, referring to the sustainable development scenario of the IEA [34] (see Figure 4b). 
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Figure 11. Carbon footprint of steel and impact of the H2-based DRI production for the year 2040. Hydrogen is produced via electrolysis driven by the European grid mix following the sustainable development scenario in Figure 4 [34]. 
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Figure 12. Global warming potential (GWP) of steel, produced using hydrogen-based direct reduction (DR) plant and EAF, in function of the GWP of the electricity mix. Electricity is used for the electrolysis process, the DR plant, and the electric arc furnace (EAF). Abbreviations: SP, stated policy scenario; SD, sustainable development; NG, natural gas. 
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Table 1. Global warming potential (GWP) of different hydrogen production technologies.
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Technology

	
GWP

	
Year of Data

	
Source

	
Comment on System Boundary




	
kg CO2eq/kg H2

	

	






	
Grey hydrogen from reforming process




	
SMR a

	
11.1

	
2021

	
[11]

	
LCA b analysis according to GaBi database “DE: Hydrogen (steam reforming natural gas)”




	
SMR

	
12.0

	
2011

	
[22]

	
LCA of hydrogen production




	
SMR

	
11.9

	
2012

	
[23]

	
LCA of hydrogen production




	
SMR

	
13.0

	
2017

	
[24]

	
Holistic techno-environmental analysis




	
SMR

	
12.1

	
2018

	
[25]

	
LCA of hydrogen production




	
ATR c

	
13.3

	
2025

	
[26]

	
Includes natural gas production and transport




	
CG d

	
22.7

	
2018

	
[27]

	
Holistic approach




	
CG

	
24.2

	
2018

	
[25]

	
LCA of hydrogen production




	
CG

	
19.0

	
2020

	
[28]

	
Only directly related CO2 emissions; no upstream




	
Grey hydrogen from electrolysis driven by fossil-based electricity




	

	
35.0

	
2015

	
[29]

	
Carbon footprint analysis; grid mix Netherlands 2015




	

	
1.13

	
2015

	
[29]

	
Carbon footprint analysis; grid mix Norway 2015




	
PEM e

	
29.5

	
2018

	
[25]

	
LCA of hydrogen production




	
SOEC f

	
23.3

	
2018

	
[25]

	
LCA of hydrogen production




	

	
10.0

	
2025

	
[26]

	
Grid mix Germany 2025; stated policy scenario




	

	
12.0

	
2025

	
[26]

	
Grid mix Germany 2025; failed policy scenario




	
Blue hydrogen from reforming with carbon capture and storage




	
ATR

	
0.64

	
2016

	
[29]

	
Carbon footprint analysis




	
SMR

	
1.73

	
2015

	
[29]

	
Carbon footprint analysis; grid mix Netherlands 2015




	
ATR

	
2.55

	
2015

	
[29]

	
Carbon footprint analysis; grid mix Netherlands 2015




	
SMR

	
3.40

	
2017

	
[24]

	
Holistic techno-environmental analysis




	
SMR

	
1.14

	
2018

	
[29]

	
Carbon footprint analysis; grid mix Norway 2015




	
ATR

	
0.82

	
2018

	
[29]

	
Carbon footprint analysis; grid mix Norway 2015




	
SMR

	
11–22

	
2021

	
[30]

	
Carbon footprint analysis; focus on fugitive methane emissions




	
ATR

	
4.67

	
2025

	
[26]

	
Includes natural gas production and transport




	
Green hydrogen from electrolysis driven by renewable electricity




	
PEM

	
2.21

	
2018

	
[25]

	
LCA of hydrogen production




	
Solar

	
2.00

	
2011

	
[22]

	
LCA of hydrogen production




	
Wind

	
1.2

	
2011

	
[22]

	
LCA of hydrogen production




	
Solar

	
2.4

	
2012

	
[23]

	
LCA of hydrogen production




	
Wind

	
0.97

	
2012

	
[23]

	
LCA of hydrogen production




	
Wind; SOEC

	
5.10

	
2018

	
[25]

	
LCA of hydrogen production








a SMR (steam methane reforming); b LCA (life cycle assessment); c ATR (autothermal reforming); d CG (coal gasification); e PEM (proton exchange membrane); f SOEC (solid oxide electrolysis cell).
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Table 2. Efficiency of electrolysis process based on Prognos (2020) [36].
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	Year
	Efficiency ηelectrolysis (%) Related to LHV a of Hydrogen
	Electricity Input (MJ/kg H2)





	2018
	60.9
	197



	2030
	62.2
	193



	2040
	63.4
	189







a Lower heating value.
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Table 3. Greenhouse gas (GHG) emissions of German grid mix, year 2018, and respective GHG emissions for hydrogen from electrolysis.
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	GHG Emissions
	(kg/kWh Electricity)
	(kg/kg Hydrogen)





	Carbon dioxide
	0.44
	24



	Methane
	1.1 × 10−3
	0.058



	Nitrous oxide
	1.4 × 10−5
	7.8 × 10−4
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Table 4. Major inputs of natural gas-based DR plant and EAF.
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	Input
	(Unit Input/kg Steel)





	Iron ore (kg)
	1.5



	Natural gas (MJ)
	12



	Electricity (MJ)
	2.2
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Table 5. GHG emissions of steel production using natural gas-based DR plant and EAF.
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	GHG Emission
	(kg Output/kg Steel)





	Carbon dioxide
	1.3



	Methane
	0.0021
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Table 6. Major inputs of the processes of electrolysis, hydrogen-based DR plant, and EAF.
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	Input
	(Unit Input/kg Steel)





	Iron ore pellets (kg)
	1.5



	Electricity (MJ)
	17 a







a including electricity for hydrogen electrolysis.
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