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Abstract

:

The iron and steel industry is a large emitter of CO2 globally. This is especially true for the iron and steel industries in China, Japan, and Korea due to their production volumes and the prevalence of carbon-based steel production. With few low-carbon and commercially available alternatives, the iron and steel industry is truly a hard-to-abate sector. Each of the countries of interest have committed to a net-zero future involving the mitigation of emissions from steel production. However, few studies have investigated the means by which to achieve decarbonization beyond the inclusion of price signalling policies (e.g., carbon tax or emission trading schemes). Here, we use E3ME-FTT:Steel to simulate technology diffusion in the ISI under several policy environments and we investigate the likely impacts on the wider economy. The results show that penalizing carbon intensive processes can incentivize a transition towards scrap recycling, but it is relatively unsuccessful in aiding the uptake of low carbon primary steelmaking. A combination of support and penalizing policies can achieve deep decarbonisation (>80% emission reduction compared with the baseline). Mitigating the emissions in the iron and steel industry can lead to economic benefits in terms of GDP (China: +0.8%; Japan: +1.3%; Korea: +0.1%), and employment (Japan: +0.7%; Korea: +0.3%) with China, where job losses in the coal sector would negate job gains elsewhere, as the exception.
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1. Introduction


In October 2020, China, Japan, and Korea declared that they plan to achieve net zero carbon dioxide emissions, in other words, carbon neutrality, by the mid-2000s. Carbon neutrality means transitioning from a dependency on fossil energy to a situation where renewable energy is the main source of energy. To achieve this target, it is necessary to break away from fossil energy dependence, not only in the power sector, but also across all sectors, including industry, transport, commerce, and consumer use. The iron and steel industry (ISI) is the main provider of materials for other sectors and makes the largest contribution to CO2 emissions. In Japan, China, and Korea, the ISI accounts for 14% [1], 15% [2], and 13.1% [3] of total emissions, respectively. To achieve carbon neutrality, decreasing emissions in the ISI is inevitable.



To achieve carbon neutrality in the ISI, transitioning from conventional methods of producing steel, which rely on blast furnaces (BFs) that require coke as an input to reduce iron ore to metallic iron, is of paramount importance [4]. Steel recycling is often proposed as an alternative, currently available process that relies on electricity rather than coal, but there is a limited amount of scrap metal, and it is not expected to meet demand in the foreseeable future [5], unless steel demand growth is curbed [6].



Another proposal is to reduce the emissions of existing processes through carbon capture utilization and storage (CCUS); however, the technology has so far underperformed [7] and technology learning has hit a barrier due to a lack of global coordination [8]. Yet, valuable research is ongoing that might relieve CCUS’s underperformance (e.g., [9]) and it is often regarded as an essential technology to achieve decarbonization (e.g., [10,11]). Low-carbon steelmaking is also possible by using hydrogen as the reducing agent instead of a source of carbon [12,13,14]. A pilot project in Sweden is currently being expanded to full-scale commercialization [15], and various other hydrogen-focused projects are ongoing [14]. Hydrogen-based steelmaking will only be low-carbon when the hydrogen is produced using low-carbon processes, which are currently more expensive than conventional hydrogen production processes based on natural gas. At the moment, low-carbon hydrogen production capacity is limited, but many regions around the world are seeking to increase capacity [16].



While several alternative low-carbon options for steel production have been identified, steel decarbonization faces several barriers. Kim et al. [17] mention financial (high upfront costs and long life cycles) and economic (e.g., volatility of input prices), organizational and managerial, and behavioural (ever-increasing steel demand) barriers. The authors compiled a number of policy options by which to decarbonize the ISI, ranging from penalizing CO2 emissions to incentivizing low-carbon steel production.



Few studies have quantitatively considered policy methods to decarbonize the ISI. Studies that have investigated ISI decarbonization through technology diffusion focused mainly on price signalling policies, such as a carbon tax, using optimization models (e.g., see [6,18,19,20,21]). Here, we investigate technology diffusion under a combination of policies (beyond price signalling), using the simulation tool E3ME-FTT:Steel [22,23]. Our focus lies on technology diffusion, environmental performance, and economic impacts.



This study proposes three different hypothetical policy scenarios consisting of various mixes of policy levers that include a carbon tax, subsidies, mandates, and phase-out regulations. E3ME-FTT:Steel is used to simulate the decarbonization technological innovation process that takes hydrogen reduction ironmaking as the focus point until 2050. This study also estimates the impact on the general economy. FTT:Steel is an advanced technology diffusion model and is connected with the macro-econometric E3ME model. The FTT:Steel model is a bottom-up evolutionary model that simulates the market share of 26 steelmaking technologies, such as ferro-coke, direct reduction (including gas-, coal-, and hydrogen-based options), and steel recycling in the ISI up to 2050.



1.1. Iron and Steelmaking Processes


Iron is generally produced by reducing and smelting iron ore and coke in a BF, followed by a refining step in a basic oxygen furnace (BOF), or by smelting steel scrap in an electric arc furnace (EAF). In regions with abundant gas resources, a process based on steam reforming of methane is used, whereas other regions with low-quality coal adopt coal gasification. Owing to the abundant use of fossil fuels, producing 1 ton of steel generates, on average, about 1.5–2.0 tons of CO2, most of which is generated in the iron ore reduction process [4]. Steel production is a major contributor to global CO2 emissions, with global production levels estimated at 1.95 billion tons in 2021 (2.3 times the 2000 level).



The International Energy Agency [4] estimates that the market size of green steel could reach almost 500 million tons by 2050, and forecasts that zero-emission production will be adopted for almost all pig iron production by 2070. Decarbonization technology has not yet been established for the ISI. Currently, the major premise is to advance decarbonization along with CCUS and the use of decarbonized power sources. In addition, technological innovation has led to the adoption of hydrogen reduction ironmaking that does not generate CO2.




1.2. Country Profile: China


In 2021, global crude steel production was 1.95 billion tons. China produced 1.03 billion tons and accounted for 53% of the total crude steel production globally [24]. The main downstream industries that use normal steel are construction (54%), machinery (21%), and power (10.9%). The main downstream industries that use special steel are automobiles (40%), industrial manufacturing (20%), and metal products (17%).



Among the heavy industries, the ISI emits the most CO2. China’s ISI accounts for about 5% of the country’s GDP and was responsible for 15% of its CO2 emissions in 2020 [2]. This makes the ISI the second-largest source of carbon in the country after thermal power plants, and the largest source of industrial carbon emissions [25]



In 2020, about 91% of China’s crude steel output came from BF–BOF processes, and 9% from EAFs [26]. China is focusing on low-carbon technology, including electricity innovation (renewable power generation technology), hydrogen development, and CCUS. Electric furnace steel production is expected to increase to over 15% of China’s total crude steel output. Furthermore, the Global Times [27] writes, “China has recently completed a test of a new hydrogen-enriched smelting technology using a blast furnace with pure hydrogen as blowing gas source, in an attempt to reduce carbon emissions produced from steel production”. Further, China is expected to invest additional R&D on CCUS.



The following energy-saving techniques are currently being pursued: high-temperature and high-pressure dry coke quenching, coke oven rising tube waste heat recovery, coal wetting, sintering waste gas–waste heat recycling, sour water waste heat recovery, pure dry dedusting of converter flue gas for waste heat recovery, dry (semi-dry) dedusting of converters, high parameter gas generator sets, blast furnace slag, and steel slag sensible heat recovery [28].



In addition, oxygen BF technology that reduces coal consumption by injecting pure oxygen instead of hot air is being developed. The goal is to establish a technology that reduces CO2 emissions by 50% or more compared with a conventional BF. By 2060, China plans to use the scrap–EAF route to produce most of its steel [26].



China is increasingly working on lower-emission hydrogen to decarbonize. In the 14th Five-Year Plan (2021–2025), hydrogen is identified as a “frontier” area and one of the six industries for focused advancement. The Center for Strategic and International Studies [29] notes the release of China’s first-ever long-term plan for hydrogen, covering the period of 2021–2035. The plan laid out a phased approach to developing a domestic hydrogen industry and mastering technologies and manufacturing capabilities. These are the major goals set in China’s development guidelines [30]. The goals rely on advanced technology and equipment to realize high-quality growth, ensure a stable supply of resources, and reduce emissions by 2025.




1.3. Country Profile: Japan


In 2019, Japan’s ISI industry accounted for 8.5% of the industrial GDP. Japan produced 95.6 million tons of crude steel in 2021, which was 15.5% more than in 2020; about 26.5% came from electric furnaces. Based on this trend in Japanese crude steel production, the demand for crude steel will continue to increase toward 2050. This is because the amount of scrap generated is estimated to increase [1]. Initially, steel production rose in line with Japan’s economic expansion in the period 1955 to 1972, followed by a slower but still steady increase in the period leading up to the early 2000s. Growth has stagnated since the early 2000s [31].



The ISI emits large amounts of CO2 worldwide and is the largest CO2 emitting industry in Japan. In Japan, the ISI accounts for 40% of CO2 emissions in the industrial sector and 14% of total CO2 emissions. CO2 emissions from the industrial sector accounted for 35% of total CO2 emissions in 2019 [1].



In 2008, Japan launched the COURSE50 strategy to reduce ISI emissions. COURSE50 also seeks to commercialize and generalize hydrogen-based steelmaking. However, METI [1] notes that “decarbonization technology has not yet been established for the iron and steel industry”. METI [1] also states that “the blast furnace method (blast furnace and BOF process) is excellent in energy efficiency because reduction and melting are carried out consistently”. As the technology for iron ore utilization and removing impurities improves, producing high-grade steel becomes possible. Furthermore, CO2 emission generation decreases when natural gas is used. However, producing high-grade steel is still difficult when using the direct reduction method, because of EAFs’ low energy efficiency and difficulties in removing impurities. Nonetheless, if hydrogen is used instead of natural gas in an EAF, decarbonization can be realized without carbon capture utilization. Several major Japanese steel companies (e.g., Nippon Steel, JFE Steel, and KOBELCO) have set carbon neutrality targets for 2050 and anticipate using a broad set of decarbonization measures [1].



METI [1] states that the Japan Iron and Steel Federation supports Japan’s policy of achieving carbon neutrality by 2050, and that the Japanese ISI will “aggressively take on the challenges to realize zero-carbon steel” and “would try to develop super-innovative technologies, including hydrogen reduction ironmaking.” Further, the Japan Iron and Steel Federation [31] notes that policies such as COURSE50 “offer a direction towards achieving the Paris Agreement’s long-term goal and is to be consistent with the national project being executed”. The Japanese government has also provided 193.5 billion yen to support net-zero steel technology R&D from the 2 trillion yen allocated to the Green Innovation Fund managed by the New Energy and Industrial Development Organization. In addition, steel companies organize the consortium for the joint development on zero-carbon steel production.




1.4. Country Profile: Korea


Korea’s crude steel production was estimated at 70.4 million tons in 2021, an increase of 4.9% compared with 2020. Vercoulen et al. [32] observe that “the Korean government initiated the exponential growth of its steel industry in the 1960s and the country has been ranked 6th in terms of total crude steel production since 1995”. This growth has kept pace with Korea’s overall economic growth. However, the Korean economy is currently not experiencing rapid growth, and there has been a decline in steel demand [32].



The main steel-consuming industries in Korea are construction, automobile, shipbuilding, and machinery. Steel consumption has decreased owing to lower demand from the construction and shipbuilding industries. Additionally, Korean steel exports to major steel markets has decreased owing to capacity expansion in their export markets and/or trade protectionism. Imports to the Korean market have also decreased in recent years owing to a slump in the shipbuilding industry [33].



The Korean economy emitted 701.2 Mt of CO2 eq. in 2019, of which 166.3 Mt of CO2 eq. (direct emissions, 82.1%; indirect emissions, 13%; and process emissions, 4.9%) originated from the ISI [3]. The South Korean Ministry of Trade, Industry, and Energy states that South Korea “plans to reduce CO2 emissions by 20% by 2030 and 50% with gradual shift to direct reduction from blast furnaces, thereby aiming to achieve carbon neutrality by 2050” [1]. In 2020, the Pohang Iron and Steel Co. (POSCO), the largest Korean steel company, declared that it aims to achieve a 10% reduction in emissions by 2030, 50% by 2040, and net zero carbon emissions by 2050 [34].



Korea ranks third in the world in terms of hydrogen investment. The Korean government believes hydrogen can expand the Korean economy by 43 billion USD and simultaneously create 420,000 jobs. Thus, Korea is trying to achieve a hydrogen economy for economic growth and to increase its competitiveness. One of Korea’s targets is to increase annual hydrogen utilization from 130,000 tons in 2021 to 5.26 million tons in 2040 [35]



POSCO’s average carbon emissions from 2017 to 2019 totalled 78.8 million tons [34]. POSCO is currently developing and researching new low-carbon technologies, including hydrogen-based steelmaking. A publication by the Australian Trade and Investment Commission [36] states that POSCO “has committed to become carbon neutral by 2050 and hydrogen is a major component of the strategy … [The company] has developed its own hydrogen reduction steelmaking method, HyREX (Hydrogen Reduction), which uses only hydrogen as a reducing agent”.



Korea enacted the Hydrogen Economy Promotion and Hydrogen Safety Management Law in 2021. In addition, the Korean government has recently announced a steel industry development strategy and plans to create a 150 billion South Korean won (115.9 million USD) fund to support low-carbon steel production. The strategy aims to replace 11 blast furnaces with 14 hydrogen direct reduction reactors by 2050, with hydrogen used instead of coal to reduce iron ore [37].





2. Materials and Methods


2.1. E3ME


In this study, we focus on E3ME-FTT:Steel to investigate how policy packages can influence decarbonization in the ISI and their economic impact in China, Japan, and Korea. E3ME is a global macro-econometric model that divides the world into 71 countries/regions and 43 sectors. All three countries of interest are represented. E3ME simulates economic responses by establishing econometric parameters for key variables [23]. Unlike many other macro-economic models, this system does not, per se, operate in equilibrium. In fact, underutilized capacity can be activated through policy. Further, money plays a different role. Money creation is possible through lending and does not, per se, lead to a full crowding-out effect; however, E3ME remains agnostic on the availability of finance. Pollitt and Mercure [38] explain the role of money in greater detail.




2.2. FTT:Steel


The drawback of using time series econometrics to determine energy demand is that it fails to track systematic change as the occurrences of systematic change are limited. Future Technology Transformations (FTT) was developed to address this shortcoming, first in the power sector [39] and then in the passenger road transport [40], residential heating [41], and the iron and steel sectors [32]. FTT builds on evolutionary economics and seeks to mimic the diffusion dynamics of technologies within a sector by considering economic performance, technology lock-ins, substitution frequencies, and sectoral limitations. The general mathematical framework of FTT is described in Mercure [39,42]. The full set of equations is reproduced in Appendix A.



A technology diffusion model such as the FTT allows for the inclusion of various technology-specific policies beyond price signals by implementing a carbon tax. With FTT, technology-specific policies, such as subsidies on upfront costs, energy tax and rebates, capacity caps, and phase-out regulations can be implemented.



Recycling is limited by the availability of scrap. Here, we examine scrap availability in each country by building on the methodology provided by Pauliuk et al. [43].



Shifts in technologies used to produce steel can have consequences for other parts of the model. Additional demand for electricity leads to a response in FTT:Power. FTT:Power determines electricity prices. Further, investment needs and steel prices have consequences for various economic indicators within the E3ME. However, modelling tools do not cover all interactions. Most importantly, the hydrogen supply sector is not represented; therefore, the simulations lack important feedback. We assume that some of the hydrogen supply is domestic green hydrogen, while the remainder is imported. We recognize that this is a significant gap in the methodology and future work will focus on incorporating an endogenous representation for the hydrogen supply sector.



FTT:Steel describes 26 technology pathways for producing crude steel, including primary steel production pathways from iron ore and steel recycling from steel scrap. The BF–BOF combination is currently the dominant steel production route. The model also includes other forms of smelt reduction coupled with BOFs (SR–BOFs) and various forms of direct reduction coupled with EAFs (DR–EAFs) with various feedstock inputs such as natural gas, coal, and hydrogen. It also includes EAFs for re-smelting steel scrap. Figure 1 provides an overview of the steelmaking routes for FTT:Steel. Where applicable, carbon capture and storage (CCS) and bio-based variants are included in the analysis.




2.3. Learning by Doing


A key characteristic of the FTT model is the inclusion of a positive feedback loop between technology uptake and costs following Wright’s law. Equation (1) shows the equation for “learning by doing” as a function of global capacity addition.


    ∆ I   i , t   =   − b   i       ∆ C   i , t       C   i , t       I   i , t   ,  



(1)




where ∆I represents the change in upfront costs, C represents the total global cumulative capacity for each technology, and b represents the technology specific learning rate.



Learning rates for the incumbent steelmaking paths are either small or do not matter at all owing to their maturity. Karali et al. [44] estimate learning rates of around 2–4% at high maturity for BOFs and EAFs. Given that all steelmaking routes include either BOFs or EAFs, the overall learning rates are expected to be relatively small across all pathways. For novel low-carbon steelmaking technologies, a clear record of uptake and costs, and most importantly, their relationship, has not yet been established. Some estimates exist, but the confidence intervals are large and exhibit a poor data fit [45]. For example, Schoots et al. [46] find learning rates of 18% ± 13% for water electrolysis and 11% ± 6% for steam methane reforming. Electrolysis is a subprocess of hydrogen-based direct reduction, while steam methane reforming is a subprocess of gas-based direct reduction. Based on the above, we apply the learning rates as presented in Table 1.




2.4. Baseline Scenario


The E3ME model is calibrated to determine a “current policies” trajectory for numerous economic indicators, population, labour supply, and energy demand. Energy demand is calibrated to the IEA’s World Energy Outlook. Demographic forecasts are obtained from the United Nations’ Population Prospects. GDP projections are obtained from the World Bank. Labour-related statistics are obtained from the International Labour Organization. More details on the sources of external projections can be found in the technical manual [23]. The projections show annual average GDP growth over the period of 2023 to 2050 for China (3.5%), Japan (0.9%), and Korea (1.6%). The baseline represents a “current policies” scenario and therefore includes representations of the emission trading schemes (ETS) of Korea (K-ETS), China (C-ETS), and Japan (J-ETS). The J-ETS is currently voluntary, but that will likely change after 2026 and is therefore incorporated in the baseline.



FTT is also calibrated but not to an external projection. Instead, it is calibrated to the technology diffusion trajectory of the last few years to meet the diffusion trajectory of the first few years of the simulation. FTT also simulates technology diffusion in the baseline in the absence of additional policies as a continuation of trends found in recent history. FTT:Steel and FTT:Power are of particular interest. Technology diffusion trends in the ISI are fairly static and homogeneous [24], so without incentives, a status quo can be expected. However, the scenario in the power sector differs; renewable energy sources have become cost competitive with conventional fossil fuel power generation. Especially in China, recent year-on-year growth in renewables has been remarkable. FTT:Power simulates a continuation of these trends, which will lead to high levels of renewables.




2.5. Policy Scenarios


In this study, we attempt to achieve large-scale decarbonization of the ISI in China, Korea, and Japan by exposing the simulation model to three policy scenarios. The first scenario (S1) seeks to support low-carbon steelmaking technologies through subsidies and energy rebates. It includes a carbon tax on the industry, where carbon tax revenues from the ISI are used to finance the policies. In the second scenario (S2), we impose phase-out regulations on carbon-intensive processes and the same subsidies as in S1, but this time they are financed by raising other non-environmental fiscal rates, such as VAT, income tax, and employers’ social security contributions. In the third scenario (S3), we combine the phase-out regulations and subsidies. Like S1, the policy costs are financed through a tax on carbon-intensive steelmaking processes. The policy levers are summarized in Table 2 and the scenarios in Table 3.



The subsidy rates applied to the upfront capital cost of hydrogen-based steelmaking and hydrogen consumption are high. Subsidy rates on upfront investments can be interpreted as public investment in low-carbon steelmaking capacity. This (partially) shifts the risk from the ISI to the government. Subsidies, or public investments, for low-carbon steelmaking are not unheard of. The Swedish Energy Agency has invested in the HYBRIT project to support the development of a large-scale hydrogen-based demonstration plant [15].



Policy scenarios seek to promote the use of hydrogen, electricity, or abated fossil-fuel processes to replace incumbent emission-intensive processes. Here, we assume that all hydrogen production involves low-carbon hydrogen originating from electrolysis. Therefore, both hydrogen production and direct electricity use within the ISI will have consequences for the power sector, and this can potentially lead to an increase in indirect emissions due to a transition in the ISI. To mitigate this, the power sector is exposed to policies to facilitate a transition to low-carbon electricity production that is applied in tandem to all policy scenarios. These policy packages are based on those of Lee et al. [47], who apply policy packages to simulate the decarbonization of the power sector in Japan. Here, we extend their policies to China and Korea (Table 4).



Figure 2 illustrates the projections for carbon prices and taxes. Country-specific ETS prices apply to all scenarios, including the reference (S0), while the carbon tax applies to S1 and S3 only and is the same for each country.




2.6. Scenario Assumptions


Many of the low-carbon steelmaking alternatives are still in the development phase, meaning that there is a need for assumptions on when such technologies will become commercially available. We follow the assumption of the IEA’s Stated Policies Scenario that the commercial availability of hydrogen-based steelmaking will be achieved by 2026 [4]. CCUS is also assumed to be available from 2026. Further, CO2 capture rates are assumed to be 90%. Electrolysis is expected to be further away from commercialization and is only added as an option from 2035 onwards. In FTT:Steel, once technology pathways are deemed to have reached the commercialization phase, exogenous market share additions are mixed in the simulation results. See Appendix A.4.



Steel production is not merely about quantity, but also about quality. One of the advantages of the BF–BOF process is its versatility and ability to control quality. As of now, directly reduced iron cannot be used for high quality purposes. We assume that this will change in the future, which means that all technologies can compete freely with each other rather than merely in a couple of segments.





3. Results


3.1. Technology Diffusion


Figure 3, Figure 4 and Figure 5 demonstrate the outcomes of the scenarios on the variables related to steel technology for China, Japan, and Korea. At the baseline, BF–BOF will likely remain the dominant steelmaking route. Steel recycling has also increased in many countries, particularly Korea. However, the simulations show some meaningful diffusion of alternative low-carbon steelmaking processes due to a lack of incentives. This is reflected in direct emissions profiles that decrease somewhat in each country between 2022 and 2015—by 28% in China, 36% in Japan, and 11% in Korea—owing to natural diffusion. Indirect emissions also decrease despite the increase in scrap recycling, which is driven by natural diffusion in the power sector (see Figure S1 for the technology configuration in the power sector and Figure S2 for the grid emission factors).



This changes somewhat once low-carbon alternatives are supported and a carbon tax is implemented (second column of Figure 3, Figure 4 and Figure 5). These subsidies promote the diffusion of low-carbon steelmaking alternatives, particularly in Korea. The effects are less pronounced in China and Japan because both countries are more reliant on the BF–BOF route for steel production and therefore struggle to escape technology lock-in, despite the additional tax on BF–BOF and other carbon-intensive technologies. The effect of LCOS policies is illustrated in Figure S3. However, the small effect does help to further decrease direct emissions. Indirect emissions drop to near-zero as the power sectors in each country are decarbonized. Supporting a small transition to low-carbon steelmaking does invoke additional investments compared with the reference scenario. Ultimately, subsidies alone do not force a transition. Hence, phase-out regulations are more powerful in China and Japan as they force a shift away from BF–BOF, whereas in Korea, the rate of decline is marginally higher (see the third column of Figure 3, Figure 4 and Figure 5). Together with the subsidies, the transition is directed toward low-carbon alternatives, which are mainly the hydrogen-based direct reduction, steel recycling, and CCS that are applied to alternative smelt reduction technologies.



Adding a carbon tax in addition to the phase-out regulations and subsidies will increase the rate of decline in the incumbent carbon-intensive processes (see the fourth column of Figure 3, Figure 4 and Figure 5). As in the previous scenario, this forces a transition from the BF–BOF route through phase-out regulations and directs it toward low-carbon alternatives. The combined effect of subsidies on low-carbon alternatives and the carbon tax on carbon-intensive incumbent technologies accelerates the rate of decline of BF–BOF due to premature replacements, and therefore outpaces the natural rate of decline. By 2050, the model simulates that 26%, 20%, and 10% of steel production in China, Japan, and Korea, respectively, will be hydrogen-based. The remainder will involve CCS applications or steel recycling. Only a minute number of residual carbon-intensive processes will remain. This large-scale transition achieves near-zero decarbonization in terms of both direct and indirect emissions. However, more investment is required to construct low-carbon steelmaking capacity, which has further implications for the rest of the economy.




3.2. Environmental Impact


The effects of policies on technological diffusion have implications for both direct and indirect emissions. As hydrogen-based steelmaking, steel recycling, and CCS applications are incorporated into the system, a decline in direct emissions can be observed in all three countries. However, these technologies require more electricity and therefore indirect emissions occur at the point of power generation (see the second and third rows of Figure 3, Figure 4 and Figure 5 and Table 5).



Indirect emissions decline owing to the implementation of decarbonization policies in the power sector. In China and Korea, under S3 conditions, power sector emissions are net-negative owing to the uptake of BECCS and the removal of most carbon-intensive electricity generation technologies Overall, emissions from both direct and indirect sources are reduced by 90%, 86%, and 91% in China, Japan, and Korea, respectively (Table 5).




3.3. Economic Impact


Policy packages are ambitious and therefore have various economic consequences. First and foremost, the simulated policies are associated with both costs and revenues for the governments of the countries of interest (Figure 6). The policy costs due to technology transition in the ISI peak when the subsidy rates of and capacity additions to low-carbon steelmaking industries are the highest. Other policy costs are due to policies applied to the power sector. However, owing to the implementation of ETS and the carbon tax (only in S1 and S3), revenues are generated. Carbon tax revenues from the ISI are exclusively used to finance the costs of the policies applied to the ISI. If these revenues are lacking, then subsidies are scaled down. Therefore, policy costs are also less or equal to the carbon tax revenues generated in the ISI. In S2, the ISI is not exposed to a carbon tax and therefore the revenues are solely due to ETS. They are often not enough to cover total policy costs, and the net spending will lead to a response in fiscal tax rates.



Owing to a lack of phase-out regulations, S1 maintains more carbon-intensive processes in the mix, which leads to higher carbon tax revenues from the ISI. Simultaneously, the diffusion rate of subsidized technologies is lower, which leads to lower policy costs in S1 compared with S3 in the short term. This is reversed in the long term as there are still carbon tax revenues to draw on. In S3, large-scale decarbonization leads to lower carbon tax revenues, meaning that higher subsidy rates can be maintained at higher levels in S1 compared to S3.



Second, net policy costs impact non-environmental tax rates such as VAT, income tax, and employers’ social security contributions. All S2 scenarios show elevated tax rates to cover policy costs. Note that, while China and Korea show net policy revenues (Figure 6) due to ETS revenues, tax rates are still increasing (see the fourth row of Figure 7). ETS revenues are also embedded in the baseline scenario. Thus, tax rates are higher when comparing S2 with the baseline scenario.



Third, technological change induced by the policies in the ISI and power sector invoke price changes in electricity and crude steel, which include price feedback between steel and electricity (see the first and second rows of Figure 7). Together with changing tax rates, price levels are also impacted (see the third row of Figure 7). All the scenarios in all three countries show elevated price levels that are mainly driven by higher electricity prices.



The impact on GDP is mostly positive across all scenarios and countries, except for Korea in S2. Higher price levels lead to lower consumer spending, which in turn has a negative impact on GDP (Figure 8). This effect is especially notable in Korea in S2. Simultaneously, some consumer spending is saved owing to higher employment (Figure 9). In addition, all three countries are net importers of coal, and the transitions in the ISI and power sector lower their reliance on coal imports and thereby improve their energy trade balance. The carbon tax also facilitates some energy switching in other sectors. Finally, the transition itself requires extensive investment in new steelmaking and power generation capacity, leading to additional economic activity. In the E3ME model, investments do not per se lead to a full crowding-out effect. However, a caveat here is that the model is agnostic about the availability of finance or the willingness of banks to extend loans [38]. The impact on GDP is mainly driven by investments in new low-carbon technologies, both in the ISI and power sector.



Employment gains are observed across all scenarios for Japan, while Korea only shows net gains in S1 and S3 by 2050. Meanwhile, China does not show net employment gains in any scenario by 2050. Job creation in other sectors is negated by job losses in the coal supply sector (including the “mining and utilities” sector). Employment increases because of the technology transitions in the ISI and power sector, which require more demand from the construction sector. Renewable power generation is also associated with higher employment rates, while low-carbon steelmaking is associated with slightly lower employment due to fewer precursor processes in general [48]. Despite the lower employment factors of low-carbon steelmaking, production levels are slightly elevated, which negates job losses due to technology switching. Further, employment declines in the fossil fuel industries, especially in the coal supply industry. Jobs in the services sector change in line with consumer expenditure, as spending on services often has an onshoring effect on demand and therefore employment.





4. Discussion


As a result of the transition in technology, total emissions from the ISI in China, Japan, and Korea decline between 86% and 91% by 2050 compared with the baseline. We assumed that hydrogen supply is a combination of green hydrogen and imported hydrogen, and consequently does not contribute to the indirect emission profile. This is an important limitation of the study, which requires a follow-up study that uses a realistic hydrogen supply module that can evolve in tandem with hydrogen demand. Future work will focus on including an endogenous representation of the hydrogen supply sector. The scalability of green hydrogen is another limitation that is not considered in this study. Odenweller et al. [49] have found that an expansion in electrolysis capacity will likely undershoot global policy targets until at least 2030.



This study did not consider demand-side policies, as proposed by several studies [50,51], to (e.g.,) reduce the steel content in steel containing products, nor was material substitution included. Such measures could also facilitate decarbonization. According to IEA estimates, demand-side policies could contribute ~40% of the cumulative emission reductions [52].



Financing the policy costs has different repercussions on the outcomes. Financing the policy costs by adjusting non-environmental tax rates (S2) leads to higher price levels, which could affect lower income households disproportionally. Despite this, the impact of S2 is positive in China and Japan. Financing the policy costs through carbon tax revenues from the ISI leads to positive macro-economic results.



The FTT:Steel simulations show similar technology diffusion trajectories under the most stringent policy scenario as the other studies, albeit in slightly different compositions. Compared with a report by the Korea Advanced Institute of Science and Technology, our results for Korea show greater uptake of scrap recycling and less hydrogen-based DR-EAF [21]. For China, our simulations show lower uptake of scrap recycling via the EAF compared with several other studies (e.g., [19,20]). The trade-off between hydrogen-based steelmaking and recycling is likely caused by the different methodology and the policy formulation.




5. Conclusions


Based on the policy simulations shown in this paper, it can be concluded that a combination of support for policies that favour low-carbon technologies and penalizing policies that favour carbon-intensive technologies is a necessity to achieve large-scale decarbonization of the ISI. Supporting the relevant policies will help low-carbon technologies to diffuse into the system; however, they will not crowd-out carbon-intensive processes. Penalizing policies will make carbon-intensive processes less attractive and incentivize a transition to low-carbon alternatives, but they do not create a critical mass for low-carbon capacity on their own.



Simultaneously, decarbonization of the ISI does not, per se, have to lead to negative economic impacts. The scenario with the greatest level of decarbonization shows positive macro-economic results in all three countries. This is driven by the investments required to achieve the transition, and through the implicit multiplier effect. Both lead to job creation. Of course, there are clear winners and losers in a transition as depicted in this study. The coal mining industry in China employs many people and, owing to lower domestic demand for coal, these jobs will likely disappear. Meanwhile, electrification creates jobs in the power sector and the additional power capacity together with new low-carbon steelmaking capacity will lead to job creation in the construction and manufacturing sectors.
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Appendix A. Mathematical Framework of E3ME-FTT:Steel


Appendix A.1. Investor Preferences


Investor preferences for iron- and steel-making pathways are based on levelized cost of steel (LCOS) estimates. The LCOS includes all cost components over a project’s lead- and lifetime. Building on a dataset of cost components, the LCOS is estimated using Equation (A1).


   L C O S =       ∑  0   τ        I C   t     C F   + O M   t   + F C   t   +   C O   2   T   t         1 + r     t           ∑  0   τ      1       1 + r     t           



(A1)




where IC is the upfront investment cost, CF is the capacity factor, OM is the operation and maintenance costs, FC is the fuel costs, CO2T is the CO2 costs (due to policies), r is the discount rate, τ is the total project lifetime plus the lead time, and t is the time iterator.



Most of the variables in the cost category are distributions, so the LCOS is also distributed. This highlights the way in which, as local conditions vary, the exact LCOS cannot be known. Furthermore, future developments cannot be known precisely, such as fuel or policy costs. Building on these distributed LCOS estimates, we compare all technologies on a pair-wise basis to establish a binary logit. The binary logit represents investor preferences for one technology over another. Investor preference is expressed in Equation (A2).


    F   i j   =   1   1 +   e     ∆ C   i j   /   s d F   i j   2       ,  



(A2)




where Fij represents investor preference,     ∆ C   i j     represents the difference of the means of the LCOS of technology i and technology j, and     s d F   i j   2     represents the standard deviation of investor preferences and is established via the error propogation of the standard deviations of the LCOS of both technologies. Fij is a value between 0 and 1, and describes the likelihood of a heterogeneous group of investors favouring technology i over technology j. The reverse (Fji) is then equal to 1 − Fij.




Appendix A.2. End-of-Lifetime Technology Substitution


Investor preferences, together with substitution frequencies and lagged market shares, determine the new market share through competition. The substitution of market share from technology j to technology i is proportional to the lagged market share of i divided by the lead time of i, which represents how quickly technology i can be expanded; the lagged market share of j divided by the lifetime of j, which represents how fast technology j depreciates; and investor preference in favour of i. This is presented in Equation (A3), and the reverse path is expressed by Equation (A4).


  ∆   S   j → i   ∝     S   i       B T   i     ·     S   j       L T   j     ·   F   i j   · ∆ t ,  



(A3)






  ∆   S   i → j   ∝     S   j       B T   j     ·     S   i       L T   i     ·   F   j i   · ∆ t ,  



(A4)




where   ∆   S   i → j     represents the change in market share from i to j, S represents the respective market shares of the previous time iteration, F represents investor preferences, BT represents build time, LT represents the lifetime, and ∆t is the time step. The change in the total market share can be established by combing Equations (A3) and (A4) and summing all possible alternative technologies; see Equation (A5).


    ∑  j    ∆   S   j → i     =   ∆ S   i   =   ∑  j      S   i     S   j   ·     F   i j     A   i j   −   F   j i     A   j i     · ∆ t   ,  



(A5)




where matrix A represents the substitution frequencies as a function of lifetimes and lead time.




Appendix A.3. Premature Technology Substitution


The Equations shown so far depict end-of-lifetime replacements. Premature replacements are also possible and are included in the simulations. The treatment of premature scrappage is based on Knobloch et al. (2021) [41]. We take the differentials of the marginal (or running) costs (MC) of an incumbent technology j and an alternative technology i.


    M C   i   =   O M   i     t   +   F C   i     t   +     C O   2   T   i     t   ,  



(A6)




where MC is the marginal costs.



If the investment cost of the alternative technology divided by the marginal cost differential is less than the pay-back threshold (assumed to be 5 years), then premature scrappage is possible. Premature replacement can occur if the difference in MC over the payback threshold period between incumbent technology j and alternative technology i is greater than or equal to the investment costs of alternative technology i. This relationship is expressed by Equation (A7).


    ∑  t = 0     P B   0        M C   j   −   M C   i     ≥     I C   i       C F   i     ,  



(A7)




where PB0 is the threshold of the payback period.



Using this relationship, we estimate the payback costs (PBC) of alternative technology i as the marginal and investment costs. See Equation (A8).


    P B C   i   =     I C   i       C F   i   ·   P B   0     +   M C   i   ,  



(A8)




where PBC is the estimated total payback costs.



The likelihood of investors scrapping incumbent technology prematurely can be expressed as a binary logit, as shown in Equation (A9), by evaluating the difference between PBCi (of the alternative technology) and MCj (of the incumbent technology).


    F E   i j   =   1   1 +   e     ∆ C E   i j   /   s d F E   i j   2       ,  



(A9)




where FEij represents investor preference to prematurely scrap technology j for technology i; ∆CEij represents the difference between the PBC of alternative technology i and the MC of incumbent technology j; and sdFEij represents the uncertainty parameter based on the standard deviations of PBCi and MCj, each formed through the propagation of error of the respective input parameters.



In the case of premature scrappage, investors are not forced to pick one over the other, so the relationship FEji = 1 − FEij is not required owing to the asymmetry of ∆CEij ≠ ∆CEjj. Investors can decide not to scrap technology prematurely, which is the likely outcome in the ISI due to the high upfront costs.



Finally, the scrappage rate is determined. This is the frequency at which steelmakers make decisions regarding premature scrappage. This is assumed to be once every six years, as it is unlikely that steel firms will swap their existing capacities with a new capacity before at least some investments are recovered. The capacities that are replaced after reaching their end-of-life status are subtracted from the scrappage decision frequency. See Equation (A10).


    1     δ   i     =   1     β   i     −   1     L T   i     ,  



(A10)




where   1 /   δ   i     is the scrappage rate,   1 /   β   i     is the scrappage decision frequency, and     1 / L T   i     is the end-of-life replacement frequency.



Next, we set up another Lotka–Volterra Equation (A11) to describe premature substitutions.


    ∑  j    ∆   S E   j → i     =   ∆ S E   i   =   ∑  j      S   i     S   j   ·     F E   i j     A   i j     δ   j   − 1   −   F E   j i     A   j i     δ   i   − 1     · ∆ t   .  



(A11)








Appendix A.4. Innovator Effect


Many novel low-carbon steelmaking technologies have been proposed to aid decarbonization of the ISI. Only a small number are currently commercially available. The design of Equations (A5) and (A11) only allows technology substitution between technologies with non-zero market shares. Exogenous market share additions of novel technologies are included at the chosen year of commercialization, and this follows a similar logic as the “innovator effect” found in Bass diffusion models [53]. The innovator effect is slowly phased out once a 25% market share is achieved. See Equation (A12).


    ∆ S   i   E X   =      R ·   0.25 −   S   i         i f S   i   < 0.25     0     i f S   i   ≥ 0.25       



(A12)




where     ∆ S   i   E X     represents the exogenous market share addition and R is the chosen market share growth rate.



If exogenous market shares are included, then other technologies are removed proportionally to their pre-existing market shares so that the sum equals to zero.




Appendix A.5. Market Share Dynamics


Finally, we can combine Equations (A5), (A11), and (A12) to determine the new market share levels. See Equation (A13).


    S   i   =   S   i   t − 1   + ∆   S   i   + ∆   S E   i   + ∆   S   i   E X    



(A13)
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Figure 1. Overview of the energy/material flow and interconnections between processes. Carbon capture and storage and bio-based options are not shown. 
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Figure 2. Projection of carbon penalties (emission trading schemes’ prices and carbon tax) used in the scenarios. Chinese ETS (C-ETS), Japanese ETS (J-ETS), and Korean ETS (K-ETS). 
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Figure 3. Overview of technology deployment (first row), direct emissions (second row), indirect emissions (third row), upfront investment in new capacity and depreciation (fourth row), and final energy use (fifth row) in China for each scenario (by columns). 
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Figure 4. Overview of technology deployment (first row), direct emissions (second row), indirect emissions (third row), upfront investment in new capacity and depreciation (fourth row), and final energy use (fifth row) in Japan for each scenario (by columns). 
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Figure 5. Overview of technology deployment (first row), direct emissions (second row), indirect emissions (third row), upfront investment in new capacity and depreciation (fourth row), and final energy use (fifth row) in Korea for each scenario (by columns). 
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Figure 6. Policy costs (negative values) and revenues (positive values). 
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Figure 7. The development of electricity prices, steel prices, overall price levels, and subsidy rates on hydrogen-based steelmaking in China, Japan, and Korea. All the panels show changes (%) from the baseline. 
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Figure 8. GDP and its components by scenario for China, Japan, and Korea compared with the baseline. 
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Figure 9. Absolute employment differences for each scenario by country compared to the baseline. 
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Table 1. Technology learning rates of important steel making technologies.






Table 1. Technology learning rates of important steel making technologies.





	Steelmaking Pathway
	Assumed Learning Rate
	Comment





	BF–BOF
	3%
	Mature



	CCS applications
	6–8%
	Configuration is not very different from BF–BOF.



	DR–gas/coal
	3%
	In the commercialization phase (mainly in regions other than China, Korea, and Japan).



	SR–BOF
	4%
	In the commercialization phase. Configuration is somewhat similar to BF–BOF.



	Advanced SR–BOF
	6%
	Early phase of commercialization. Configuration is somewhat similar to BF–BOF. Increased learning rate due to the early phase of commercialization.



	DR–H2–EAF
	12%
	Novel; being developed in Sweden. Similar to DR–gas–EAF, but higher learning rate due to electrolysis.



	Electrolysis
	15%
	In the research phase; a higher learning rate is assumed.



	Scrap–EAF
	3%
	Mature.







Note: blast furnace (BF), carbon capture and storage (CCS), smelt reduction (SR), direct reduction (DR), basic oxygen furnace (BOF), and electric arc furnace (EAF) Sources: Karali et al. [44] and Schoots et al. [46].
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Table 2. Description of policy levers.






Table 2. Description of policy levers.





	Policy
	Description





	Subsidies
	On upfront investment: 35% on all CCS applications, 30% on all bio-based applications, 80% on hydrogen-based direct reduction, 50% on electrolysis, and 35% on scrap recycling.

Energy rebates: 50% on hydrogen and 10% on electricity.

All subsidies are implemented from 2023. Where applicable, subsidies are adjusted so that the total subsidy costs do not exceed the carbon tax revenues generated by the ISI. If no carbon tax regime is implemented, the subsidies are linearly phased out between 2035 and 2050.



	Phase-out regulations
	No additional capacity can be added to carbon-intensive processes from 2025 onwards. Capacity declines in line with the natural depreciation rate proportional to the inverse of the lifetime. For BF–BOF, that would be 1/35.



	Carbon tax
	Starting at 10 USD/tCO2 in 2023 and increasing to 140 USD2020/tCO2 in 2050. The carbon tax is targeted at all industries.



	Emission trading scheme
	In Korea, an emission trading scheme has been in place since 2015. The rate is an exogenous input and increases from 21 USD/tCO2 in 2023 to 98 USD/tCO2 in 2050.

China implemented an ETS in 2021 and the rate grows from 14 USD/tCO2 in 2023 to 92 USD/tCO2 in 2050.

Japan has a voluntary ETS since 2006. This will likely change in 2026. The ETS price is set at 16 USD/tCO2 in 2026, increasing to 75 USD/tCO2 in 2050.



	Financialization of policy costs via carbon tax revenues
	The policy costs due to the subsidies applied to the ISI are financed through carbon tax revenues generated by a tax on the ISI. Therefore, the transition to low-carbon alternatives is financed through carbon-intensive processes. If carbon tax revenues are not sufficient to fully cover the maximum subsidy rates, then the subsidies rates are lowered. Alternatively, if the carbon tax revenues are greater than the policy costs, then the overshoot is used to lower other fiscal rates, which follows the same mechanism as below.

Note: ETS revenues are not used to finance policy costs.



	Financialization of policy costs via other fiscal rates
	The policy costs are financed by raising other non-environmental fiscal rates, such as the VAT rate, income tax, and employers’ social security contributions. VAT rates increase the end-use prices of goods and services and thereby decrease disposable income in real terms. Higher income tax makes employment more costly and therefore lowers employment. However, this may lead to higher capital investment as employers’ focus shifts from employees to capital. Raising employers’ social security contributions increases the cost of employment, but also leads to additional benefits.
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Table 3. Overview of the policy levers for each scenario.






Table 3. Overview of the policy levers for each scenario.





	
Scenarios

	
Subsidies

	
Phase-Out Regulations

	
Carbon Tax on All Industries

	
Financialization of Policy Costs via Carbon Tax Revenues from the ISI

	
Decarbonization Policies for the Power Sector






	
S1

	
Carbon tax + subsidies

	
Y

	
N

	
Y

	
Y

	
N




	
S2

	
Subsidies + phase-out regulations

	
Y

	
Y

	
N

	
N

	
Y




	
S3

	
Carbon tax + subsidies + phase-out regulations

	
Y

	
Y

	
Y

	
Y

	
N
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Table 4. Overview of decarbonization policies in the power generation sector.






Table 4. Overview of decarbonization policies in the power generation sector.





	Policy
	Details





	Subsidies on upfront investment
	A 20% rate of upfront investment applied to nuclear power from 2023 and 2030, and a 50% rate of upfront investment applied to all CCS applications from 2023 to 2035.



	Feed-in tariffs
	Applied to onshore and offshore wind power and bio-based electricity generation from 2023 to 2035.



	Kick-start program
	Government programs to kick-start bioenergy with CCS (BECCS) between 2023 and 2026.



	Phase-out regulations
	All carbon-intensive power generation technologies from 2025 and onwards.
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Table 5. Summary of emission reductions in the iron and steel industry in each country and scenario by 2050 compared with the baseline.






Table 5. Summary of emission reductions in the iron and steel industry in each country and scenario by 2050 compared with the baseline.





	

	
S1

	
S2

	
S3




	
Direct

	
Indirect

	
Total

	
Direct

	
Indirect

	
Total

	
Direct

	
Indirect

	
Total






	
China

	
−33%

	
−73%

	
−38%

	
−52%

	
−72%

	
−54%

	
−91%

	
−77%

	
−90%




	
Japan

	
−21%

	
−83%

	
−35%

	
−56%

	
−81%

	
−61%

	
−85%

	
−89%

	
−86%




	
Korea

	
−65%

	
−87%

	
−72%

	
−82%

	
−89%

	
−84%

	
−88%

	
−101%

	
−91%
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