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ABSTRACT 

The European Union’s aim to become climate neutral by 2050 necessitates ambitious efforts to reduce 

carbon emissions. Large reductions can be particularly attained in energy intensive sectors like iron 

and steel. In order to prevent the relocation of such industries outside the EU in the course of 

tightening environmental regulations, the establishment of a climate club jointly with other large 

emitters and alternatively the unilateral implementation of an international cross-border carbon tax 

mechanism are proposed. Our article focuses on the latter option choosing the steel sector as an 

example. In particular, we investigate the financial conditions under which a European cross border 

mechanism is capable to protect hydrogen-based steel production routes employed in Europe against 

more polluting competition from abroad. By using a floor price model, we assess the competitiveness 

of different steel production routes in selected countries. We evaluate the climate friendliness of steel 

production on the basis of  specific GHG emissions. In addition, we utilize an input-output price model. 

It enables us to assess impacts of rising cost of steel production on commodities that use steel as 

intermediates. Our results raise the concern that a cross-border tax mechanism will not suffice to bring 

about competitiveness of hydrogen-based steel production in Europe because the cost tends to remain 

higher than the cost of steel production in e.g. China. Steel is a classic example for a good used mainly 
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as intermediate for other products. Therefore, a cross-border tax mechanism for steel will increase the 

price of products produced in the EU that require steel as an input. This can in turn adversely affect 

competitiveness of these sectors. Hence , the effects of higher steel costs on European exports should 

be born in mind and could require the cross-border adjustment mechanism to also subsidize exports.   
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1 Introduction 

The European Union aims to become climate neutral by 2050. The related efforts to protect the climate 

in Europe1 could be undermined by higher emission levels in other parts of the world, i.e. carbon 

leakage impends (Ecorys, 2013; European Parliament, 2021). Companies may relocate European 

production of goods elsewhere due to production cost advantages that arise from less strict climate 

protection regulations abroad. The relocation of production will imply a decline in profits, tax income 

and jobs within the EU.  

The EU’s “carbon leakage list” specifies European industrial sectors that are exposed to a significant 

risk of carbon leakage. In order to mitigate the risk of carbon leakage these sectors receive free 

allowances (European Comission, 2019). EU is not the only regions that faces the threat of carbon 

leakage and in particular countries with ambitious GHG targets and high carbon prices are confronted 

with it. Additional to the free allocation of CO2 allowances, among the potential measures to address 

the carbon leakage risk are exceptions from carbon pricing and reductions of CO2 tax rates for 

industries at risk.  

In our investigation we focus on a fourth option to counteract the carbon leakage risk: to put a carbon 

price on imports of certain goods from outside the EU. The idea of such a carbon border adjustment 

mechanism has recently regained much prominence in Europe (European Parliament, 2021) recently. 

The trigger for this regained prominence was the EU’s announcement of a new emission reduction 

target: a decrease of EU’s net GHG emissions by 55 percent by 2030 from the 1990 levels (European 

Commission, 2020). In the course of the EU’s initiatives to reach this goal, plans were brought forward 

to establish a carbon border adjustment mechanism (CBAM). According to a draft proposal an import 

tax will be levied on eligible imported goods (European Commission, 2021a). Importers of goods like 

steel, cement, electricity, fertilizer, and iron would be required to purchase emissions certificates from 

a new carbon border adjustment mechanism authority to cover the carbon emissions embedded in 

 

1 In the following we use Europe and EU as synonyms for EU-27. 
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the goods. The key idea is to avoid that foreign companies exporting to the EU enjoy a competitive 

advantage from the lax climate protection regulations in their home countries. The official adjustment 

proposal was released in July 2021. According to Australian Climate Council “CBAMs are designed to 

ensure a level playing field for economies that have carbon pricing schemes” (Climate Council, 2022). 

Thus, beside the EU other actors are interested in introducing such a measure. Schemes that at least 

resemble the CBAM are adopted only in California’s and Quebec’s cap-and-trade systems yet 

(Böhringer et al., 2022), where electricity imports are taxed on the basis of emissions intensity. 

Therefore, the EU is one of the pioneers in CO2-related cross border adjustments (Römer et al., 2021) 

and the implications of the EU’s approach and its potential effects on carbon leakage have still to be 

better understood.  

The risk of leakage in countries is usually analyzed with simulation or econometric studies. The leakage 

effects found in these studies differ strongly with a tendency of smaller rates found in econometric 

studies (Bierbrauer et al., 2021). Due to these differences, a comparison of the relevance of carbon 

leakage in individual regions differing e.g. with respect to industrial structure or environmental 

regulation, is subject to uncertainties. 

According to the European Commission the Carbon Border Adjustment Mechanism "… will initially 

apply only to a selected number of goods at high risk of carbon leakage: iron and steel, cement, 

fertilizer, aluminum and electricity generation.” (European Commission, 2022). CBAM should ensure a 

reduction of GHG emissions, without pushing carbon-intensive production outside Europe (European 

Commission, 2021a, 2022). We take the iron and steel sector as an example to investigate the effects 

of the European carbon border adjustment mechanism. In doing so, we do not confine only to the 

question of whether the European CBAM could become an effective means to safeguard this sector’s 

present production routes against international free-riders in climate protection (European 

Commission, 2021b). Instead, we consider new routes required to reach the European goal of 

becoming carbon free and examine whether the CBAM could suffice to protect the greening of 

European industrial sectors against international carbon leakage (European Commission, 2021b).  
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To put it into concrete terms: We will investigate whether a carbon border adjustment based on 

emission certificate prices would be sufficient to keep the application of green steel production 

technologies like hydrogen-based direct reduced iron technologies competitive on the European 

market. Such green steel production is a prerequisite for attaining the EU’s goal to become carbon 

free.  

We choose the iron and steel sector as example for the following reasons: 1) the European Commission 

proposed to tax imports of steel via a future cross border adjustment mechanism, 2) the sector is 

included in the EU’s leakage list (European Commission, 2018), 3) it causes high levels of emissions 

accounting for 5.7% of EU’s total GHG emissions (European Commission, 2021b) and 4) EU imports of 

iron and steel are remarkably high, both in quantity and value. The imported 41 million tonnes of steel 

and iron from outside the EU value approx. 27,161 million € (Eurostat, 2021). In comparison, e.g. 

cement imports also being planned to be taxed, value 352 million € only (TrendEconomy, 2021). We 

consider German (green) steel production as a European example as Germany is presently the largest 

steel production site in the EU (EUROFER, 2021). Currently, about 27% of steel production in the EU-

27 is located in Germany. We employ a transparent analysis tool and according to our findings, the 

cross-border price adjustment would have to exceed a mark-up that is purely based on the EU ETS 

certificate price.  

In our analysis, we proceed as follows: In Section 2 we first give an overview of recent research efforts 

and approaches concerning the decarbonization of the steel sector. We then outline the techno-

economic fundamentals of this sector and in doing so, we address the prices of inputs required for 

alternative production routes. In Section 3, we present our approach for the assessment of floor-prices 

and the cost of crude steel production. In Section 4, we present our results including a sensitivity 

analysis and investigate the influence of rising steel prices on other economic sectors. We discuss our 

result and conclude on the invention of a carbon border adjustment mechanism in Section 5. 
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2 State of Research and Technologies 

Research on the role of the steel sector in decarbonizing economies focused mainly on comparisons 

of energy efficiencies of different countries (see e.g., Hasanbeigi et al., 2016; Oda et al., 2012; Worrell 

et al., 1997), on potentials for improvements in efficiencies (see e.g., Long et al., 2020; Wu et al., 2016) 

and on possible reductions in specific emissions (da Costa et al., 2013; Li and Zhu, 2014). Studies on 

the future of the iron and steel production emphasizing technological aspects have been conducted 

by Zhang et al. (2018), Wang et al. (2007), Hasanbeigi et al. (2013), Moya & Pardo (2013), and IEA 

(2017). Using the example of US, Bassi et al. (2009), for instance, analyse the impacts of climate policies 

on US energy-intensive industries on an aggregated level.  

In the past the studies mainly focused on conventional steel production technologies (see e.g., Arens 

et al., 2017; Arens et al., 2012). Recently, the use of hydrogen for steel making gains more and more 

attention (see e.g., Bhaskar et al., 2020; Flores-Granobles and Saeys, 2020; Toktarova et al., 2020). 

Hölling and Gellert (2018), for instance, provide a concept of the direct reduction process based on 

hydrogen. Among others, they calculate hydrogen demand and electricity consumption as well as costs 

for this process. Vogl et al. (2018), Karakays et al. (2018) as well as Rechberger et al. (2020) evaluate a 

potential design of a hydrogen-based steel production via direct reduction and its performance for 

European steel producing countries. Rechberger et al. (2020) compare the direct reduction process via 

natural gas and via hydrogen. Both analyse energy use and CO2-emission mitigation potential of the 

process, while Vogl et al. (2018) moreover assess the economic performance. Furthermore, Vogl et al. 

(2018) show under which conditions the hydrogen-based steel production via direct reduction 

becomes competitive with an integrated steel plant. They calculate input quantities, energy 

consumption, CO2-emissions, and total costs of a hydrogen-based direct reduced iron (DRI) process 

and conclude that energy demand is comparable with conventional steel making technologies and that 

competitiveness of production costs is strongly dependent on electricity prices, prices for CO2-

emissions, as well as scrap input. The results of Rechberger et al. (2020) show that a hydrogen-based 

production route via direct reduction has a lot of potential for environmentally friendly steel making 
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depending on the electricity mix. Keys et al. (2019) compare different technologies for producing steel 

with less CO2-emissions including hydrogen-based direct reduction. They consider potential energy 

and material savings, emission mitigation, investment costs, and infrastructure requirements to 

evaluate the actual feasibility of those technologies. Weigel et al. (2016) apply a multi-criteria analysis 

on the German steel production to evaluate technological, social and political, economic, safety and 

vulnerability, as well as ecological factors of alternative steel making production routes. They find that 

a hydrogen-based direct reduction process has the highest average score and thus is the most 

promising future option. In a previous paper, Fischedick et al. (2014) evaluate technical, economical, 

and ecological parameters of those alternative steel making production routes and compare them with 

conventional steel producing processes. Special attention is paid to the CO2-emission mitigation 

potential. Fischedick et al. (2014) examine hydrogen-based direct reduction and conclude that it is the 

most promising alternative steel production route concerning economic and environmental factors. 

Furthermore, Otto et al. (2017) analyse the integration of renewable energy and hydrogen into the 

German steel production process. Thereby they examine different steel producing technologies, 

among others, a hydrogen-based production route via direct reduction. Otto et al. (2017) compare 

technologies of steel production. They point out that those innovative production technologies could 

lead to less dependence on coal. Moreover, they show that using alternative steel producing 

technologies with integrated renewable energy allows a reduction of CO2-emissions. The potential of 

a reduction of CO2-emissions and fuel demand is especially high in the hydrogen-based process via 

direct reduction. In their paper, Kushnir et al. (2020) analyse barriers of a transition of the Swedish 

steel industry towards a hydrogen-based direct reduction process by applying a technological 

innovation system study. They conclude that the framework of the technological innovation system 

performs well for such a transition although further improvements are necessary. Moreover, Patisson 

and Mirgaux (2020) focus on a hydrogen-based direct reduction process and compare it with a carbon 

monoxide based reduction. The authors focus on physicochemical aspects and apply a specific 

structural kinetic pellet model. Bhaskar et al. (2019) investigate how to reduce the CO2-emissions of 
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steel production and therefore introduce a new system linking hydrogen-based direct reduction and 

methane pyrolysis. They find that this coupling leads to higher specific energy demand as well as lower 

capital and operational costs. Hence, they conclude that a hydrogen-based direct reduction in 

combination with methane pyrolysis is a promising steel production process. Though, a detailed 

techno-economic analysis is still necessary. Later on, Bhaskar et al. (2019) analyse mass and energy 

flows of hydrogen-based direct reduction in combination with an electric arc furnace to assess its 

feasibility. Thereby, they focus on energy consumption and CO2-emissions. Moreover, they are 

conducting sensitivity analyses to indicate the main influencing factors of energy consumption.  

Since the steel industry is an important part of the European economy, and should remain in the future, 

it must be included in strategies for CO2-reduction (EC, 2017). Branger et al. (2016) and Kuik et al. 

(2010) address competition aspects of the European steel industry by investigating carbon leakage 

within the EU ETS. In this context Kuik et al. (2010) stress the need for border adjustments by using an 

aggregated computable general equilibrium (CGE).  

The new technologies (like a hydrogen-based direct reduction process) being currently on the agenda 

are linked with many uncertainties (i.e. with respect to costs and technological characteristics). In 

addition, the overall economic and political context remain uncertain (see e.g., Muslemani et al., 2021; 

Wang et al., 2021). Hence, there is still a gap in analysing the future of the European steel industry 

taking the broad range of uncertainties into consideration.2  

3 Method 

3.1 Design of the study  

Our study aims to analyse the requirements of a carbon border adjustment to keep the application of 

hydrogen-based direct reduced iron technologies competitive on the European market in Europe as it 

 

2 Research seeks to further improve steel production routes and related analysis tools, see, e.g. Elaragi, G., 2019. Design and 
Operation of First Egyptian IEC Fusion Plasma Device. Emerging Science Journal 3, 241-248. and Rajalingam, M., Srivastava, 
A., 2020. Rational Hybrid Analytical Model for Steel Pipe Rack Quantification in Oil & Gas Industries. Civil Engineering 
Journal 6, 649-658.. 
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is a prerequisite for attaining the EU’s goal to become carbon free. In our study we focus on the most 

prominent steel production and on the dominant steel suppliers. 

Currently, two production routes dominate steel production globally (World Steel Association, 2020): 

the blast furnace/basic oxygen furnace (BF/BOF) route and the scrap/electric arc furnace (EAF) route. 

The EAF route is less energy and CO2 emission intensive than the BF/BOF route (see e.g., Arens et al., 

2017; World Steel Association, 2016). As a new, third route hydrogen-based direct reduced iron 

technologies combined with EAF (H2-DRI/EAF) offers high potential to reduce GHG emissions, in 

particular if green hydrogen is used, i.e. hydrogen produced with the help of renewable energy. 

The three steel production routes differ in the inputs required and therefore in their levels of 

production cost and GHG emissions (see e.g., (Remus et al., 2013), (Wu et al., 2016)). The BF/BOF 

production route largely bases on using iron ore and coking coal. For EAF, scrap and electricity and for 

H2-DRI/EAF, iron ore, electricity and hydrogen are necessary (Bhaskar et al., 2020).  

Iron ore, coking coal and iron scrap are important input factors. Considering their prices in the 2010-

2020 period reveals that prices for coking coal and iron ore have been very volatile (Fig. 1), and prices 

for coking coal fluctuated between $75 and $222 per tonne (Steelonthenet.com, 2014).  

 

$ per tonne  Min Max Average 2020 

Scrap* 196 393 296 213 

Coking coal* 75 222 140 109 

Iron ore** 47 179 102 133 

Remarks: The figures for coking coal and iron ore are on a monthly basis. The prices for scrap are provided as annual average.  
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Sources: *(Steelonthenet.com, 2021), ** (World Bank, 2019) 

Fig. 1: Historical development of prices for scrap, coking coal, and iron ore.  

 

Transport costs changed considerably in the past: A great share of the inputs needed for steel 

production as well as steel products themselves are transported on ships. Thus, transport cost strongly 

depends on the charter rates for bulk carriers which fluctuated significantly: In the period from 2015 

to 2020, the charter rates for Capesize vessels ranged between $6,250/day and $22,250/day (UNCTAD, 

2020). The examples presented above show that key cost factors fluctuated enormously in the past. 

Based on that historical development, we consider any prognosis for key cost factors associated with 

significant uncertainty. The future price of green H2 is uncertain as well (see., e.g. (Glenk and 

Reichelstein, 2019), (Vogl et al., 2018)).  

Due to the uncertain costs for input factors, future costs for producing steel are subject to significant 

uncertainty. Focusing on one selected pathway for cost can therefore result in misjudging challenges 

and options. In our study, we account for this by employing a systematic sensitivity analysis with 

respect to the price of raw materials, transport costs, energy efficiency in the BF/BOF route and the 

price of green hydrogen. For the former two, we start with the minimum prices observed between 

2010 and 2020 (we refer to these as “default conditions” in what follows) and increase prices 

continuously. As default value for the energy efficiency of BF/BOF, we take today’s level. For green 

hydrogen, we consider a price ranging from $1.96/kg to $3.96/kg (current price level (2020)). 

3.2 Calculation of cost and emissions 

We examine to which extent the H2-DRI/EAF production route - as key technology for greening primary 

steel production - needs to be protected via a cross border adjustment mechanism to become viable 

(Wang et al., 2021). In particular, we analyse under which conditions H2-DRI/EAF in Germany is 

competitive to steel produced using the BF/BOF route in selected non-European countries. For H2-

DRI/EAF, we always assume the use of green hydrogen in our study. We use a floor price model to 

assess the competitiveness of the different production routes in different countries via the floor price 



11 

difference (Vögele et al., 2020). While we are aware that competitiveness cannot be measured in terms 

of floor price alone (Germany is currently the second most expensive supplier of crude steel produced 

via BF/BOF and remains at least to some extent competitive by e.g. emphasizing product quality), we 

consider the floor price difference a key indicator. Moreover, we employ specific GHG emissions as 

indicator for the climate friendliness of production routes. As a key characteristic, our model explicitly 

considers transportation cost, i.e. cost of transporting inputs by vessel from exporting countries to the. 

production sites and the transport of crude steel to the markets (Sundal and With, 2010). In order to 

assess impacts of rising cost of steel production on goods that use steel as intermediate product, we 

utilize an input-output price model. To put these results into context, we examine the effects of rising 

steel prices on other sectors of the economy. 

We employ the information on input prices presented in Section 2 for assessing cost of producing crude 

steel. We evaluate floor price differences in order to obtain a suitable representation of the input 

parameter space and the global development of cost gaps.  

For doing so, we employ a floor price model (Vögele et al., 2020). As a key characteristic, it explicitly 

includes cost of transporting inputs by vessel from exporting countries to the production sites, the 

production cost in the corresponding steel plant, and the transport of crude steel to the markets. The 

transportation routes depend on the vessel types. We distinguish between Capesize and Panamax 

vessels. Our model can be reduced to two equations. Eq. 1 reflects the cost of crude steel produced in 

country n by using production route a and sold at the steel market l, whereas equation 2 refers to the 

calculation of transport cost.   

 𝑝𝑎
𝑛,𝑙 = (∑ 𝑥𝑎,𝑖

𝑛𝑙
𝑖=1 ∗ (∑ [𝛼𝑖

𝑚,𝑛 ∗ (𝑐𝑖
𝑚 + 𝑡𝑟𝑖

𝑚,𝑛 )]𝑟
𝑚=1 + 𝑒𝑛𝑣𝑎

𝑛) ∗ (1 + 𝑝𝑟𝑜𝑓𝑎
𝑛) + 𝑡𝑟𝑠𝑡𝑒𝑒𝑙

𝑛,𝑙 ) (1) 

with  

 𝑛 index for steel producing country  
 l index for steel market 
 𝑎 index for production route  
 𝑖 index for input factor 
 𝑚 index for foreign producing country 
 𝑥𝑎,𝑖

𝑛  production coefficient i reflecting the demand for e.g. raw materials, 

electricity, gases, or labour used for production of one tonne of crude steel 
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using production route a [tonne/tonne], [GJ/tonne], [m3/tonne] or [working 
hour/tonne] 

 𝛼𝑖
𝑚,𝑛 share of imported raw material input i from the foreign producer 𝑚 to the 

overall demand for i in country 𝑛 
 𝑐𝑖

𝑚: free on board (FOB) price of the raw material i in country 𝑚 [$/tonne] 
 𝑡𝑟𝑖

𝑚,𝑛  cost for transporting raw material i from country 𝑚 to 𝑛 [$/tonne] 
 𝑒𝑛𝑣𝑎

𝑛 additional cost resulting from environmental regulations [$/tonne]  
 𝑝𝑟𝑜𝑓𝑎

𝑛 envisaged profit rate for the producer in country 𝑛 by route 𝑎 [%] 

 𝑡𝑟𝑆𝑡𝑒𝑒𝑙
𝑛,𝑙  cost for transporting steel from country 𝑛 to l [$/tonne] 

 

In eq. (1), the floor price of crude steel produced in the country n by using production a and sold on 

the market l is determined by technological aspects represented by production coefficients 𝑥𝑎,𝑖
𝑛  in 

combination with the cost for the needed input factors (which results from FOB prices and transport 

cost), envisaged profit rates and the cost for transporting the steel to the sales market. We calculate 

the transport costs as follows:  

𝑡𝑟𝑖
𝑚,𝑛 = min

𝑣
(𝑑𝑖,𝑣
𝑚,𝑛 ∗ 𝑟𝑣 + [(𝑑𝑖,𝑣

𝑚,𝑛 − 𝑏𝑖,𝑣
𝑚,𝑛) ∗ 𝑜𝑣

𝑠𝑒𝑎 + 𝑏𝑖,𝑣
𝑚,𝑛 ∗ 𝑜𝑣

𝑐𝑜𝑛𝑔
] ∗ 𝑝𝑜𝑖𝑙 + 𝑐𝑣

ℎ𝑎𝑟𝑏 + 𝑒𝑣
𝑚,𝑛) + 𝑡𝑚𝑖

𝑚,𝑛 (2) 

with v index of vessel type 

 𝑑𝑖,𝑣
𝑚,𝑛  days needed for transporting input i from country m to country n using a vessel 

of type v [day] 

 𝑟𝑣  charter rates [$/day] 

 𝑏𝑖,𝑣
𝑚,𝑛  days accounted for congestion and bunkering [day] 

 𝑜𝑣
𝑠𝑒𝑎 fuel consumption of a vessel of type v during its trip on sea [tonne/day] 

 𝑜𝑣
𝑐𝑜𝑛𝑔

 fuel consumption of a vessel of type v during congestion time [tonne/day] 
 𝑝𝑜𝑖𝑙  average price for fuels used for the vessels [$/tonnes] 

𝑐𝑣
ℎ𝑎𝑟𝑏 harbour specific cost [$/tonne] 
𝑒𝑣
𝑚,𝑛 other costs (e.g. fees for using Suez Canal) [$/tonne] 

 𝑡𝑚𝑖
𝑚,𝑛 cost for transportation of inputs i by other transportation means [$/tonne] 

 

In the past, the cost of the input factors needed for steel production as well as the transportation cost 

fluctuated significantly. Since we expect this to continue in the future, we conducted a systematic 

sensitivity analysis. For modelling the range of change in the prices for raw materials, we consider an 

increase for the price of iron ore from 0% up to 400%, for the price of coking coal from 0 up to 280%, 

and for the price of scrap up to 134% compared to 2016’s level. We choose the 2016 prices as starting 

point as prices of raw materials and charter rates for bulk carriers were the lowest at that time.  
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The input-output price model employed for assessing impacts of increases in cost on goods where steel 

is used as intermediate product is based on the assumptions that each industry produces only one 

homogeneous product and that the inputs remain in constant proportion to the level of output. This 

implies that there is no substitution between different materials and no technological progress. Hence, 

we assume fixed input coefficients of production. In principle, the price of product i corresponds to a) 

the sum of cost for intermediates plus b) value added directly linked to activities of sector i:  

 𝑝𝑖 = ∑ 𝑎𝑗𝑖 ∗ 𝑝𝑗
𝑛
𝑗=1 + 𝑣𝑖 (3) 

with pi: price of product i 

 n: number of products  

 aji: production coefficient reflecting amount of good j needed for producing good i 

 vi: value added generated in sector i 

In matrix notation, we obtain 

 𝑃 = 𝐴𝑇𝑃 + 𝑉 (4) 

and, activating the equation towards P, 

 𝑃 = (𝐼 − 𝐴𝑇)−1 ∗ 𝑉 (5) 

which allows for assessing impacts of changes in cost for one product on the prices of other products: 

 𝑃̂ = (𝐼 − 𝐴𝑇)−1 ∗ ∆𝑉 (6) 

Here, ∆V denotes the vector with assumed direct changes in price components of individual goods (e.g. 

changes in wages, taxes and other cost components). 

The scenarios we consider in our analysis are based on historical development of cost and prices 

parameters. In particular, we use cost and prices observed in the period from 2010 to 2020 for exports 

of coking coal, iron ore and scrap, on domestic prices for e.g. electricity in steel producing countries as 

well as transportation cost. In our analysis, we consider Germany, China, India, Japan, Korea, Russia 

and the USA. All data used for the calculations of cost and emissions are presented in the Supplement. 
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3.3 Data analysis  

In a first step the results of the calculations will be analysed graphically by examining how cost gaps 

will change if input parameters differ. In the graphical analyses we will focus on specific countries. By 

employing a meta-model approach, we assess dependencies mathematically. This analysis explores 

how floor prices will vary if cost for input factors increase. Again, the analyses will be conducted for 

individual countries. In a third step, we will link the cost figures with the information on the calculated 

country and production route specific CO2 emissions. Based on this data we will be able to draw 

conclusions on specific CO2 avoidance cost and thus to specification of CBAM being needed to avoid 

carbon leakage. 

 

4 Results 

4.1 Differences in Floor Prices 

We find that crude steel produced via BF/BOF in selected competing countries (China, India, Japan, 

Korea, Russia, USA) is cheaper than steel produced via H2-DRI/EAF in Germany. For some scenarios, 

costs of hydrogen-based crude steel produced in Germany are even significantly higher. The current 

floor price difference of German steel compared to the competing countries ranges from $6/tonne 

(USA) to $48/tonne (China). For some favourable yet reasonable scenarios, Germany can offer 

hydrogen-based crude steel at similar prices as Japan and the USA and even maintain today’s 

difference of floor prices for India and South Korea. However, this is not the case for China. 

We find that even if green H2 was for free, Germany’s steel industry could not maintain the current 

floor price difference with respect to China under otherwise default conditions, as it would still face a 

cost disadvantage of $93 per tonne when using H2-DRI/EAF (Fig. 2). For the most favourable scenario 

(transport costs and prices of raw materials are high, no efficiency improvements in the BF/BOF route), 

cost parity is reachable if the price of H2 reduces to approx. $1.65 per kg. However, if the Chinese 
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industry improves the efficiency of its BF/BOF production route by 20%, the maximal increase we 

consider, then a H2-price of only approx. $0.67 per kg would lead to cost parity if we stick to the most 

favourable scenario otherwise. 

 

            

Fig. 2: Floor price difference with respect to China for the current level of efficiency of the BF/BOF 
production route (left) and increased level of efficiency by 20% (right). It depends on the price of raw 
material 𝑟, transport cost 𝑡 (𝑟, 𝑡 = 0: default scenario, 𝑟, 𝑡 = 4: increase by 400%) and price for green 
hydrogen 𝑝𝐻2. 

 

We visualize in Figs. 2-5 the floor price difference ∆𝑝 [$/tonne] for steel offered on the EU market for 

selected competing countries, different production routes depending on the increase of price for raw 

materials 𝑟, the increase of transport cost 𝑡 and the price for green H2 𝑝H2. We furthermore visualize 

the cost difference depending on the efficiency gain 𝑒𝐵𝑂𝐹 in the BF/BOF production route. For 

modelling the range of 𝑟, we consider an increase for the price of iron ore from 0 up to 400%, for the 

price of coking coal from 0 up to 280%, and for the price of scrap up to 134% compared to 2016’s level, 

respectively, and thus end up with a generic variable 0% ≤ 𝑟 ≤ 400%. We choose the 2016 prices as 

starting point aka “default scenario” as prices of raw materials and charter rates for bulk carriers were 

the lowest at that time. As ranges, we set $1,960/𝑡 ≤ 𝑝𝐻2 ≤ $3,960/𝑡, 0% ≤ 𝑒𝐵𝑂𝐹 ≤ 20% and 

0% ≤ 𝑡 ≤ 400%. 
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In every country considered, crude steel via BF/BOF is the cheapest alternative, while H2-DRI/EAF is 

the most expensive one. Regardless of the production route, Germany is always among the most 

expensive three providers of crude steel and therefore is exposed to strong competitive pressure.  

               

Fig. 3: ∆𝑝 for India, 𝑒𝐵𝑂𝐹 = 0% (left) and Japan, 𝑒𝐵𝑂𝐹 = 0% (right). The translucent grey surface 
indicates today’s difference of floor prices. 

 

             

Fig. 4: ∆𝑝 for Russia, 𝑒𝐵𝑂𝐹 = 0% (left) and South Korea, 𝑒𝐵𝑂𝐹 = 0% (right). The translucent grey 
surface indicates today’s difference of floor prices. 
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Fig. 5: ∆𝑝 for the USA, 𝑒𝐵𝑂𝐹 = 0%. The translucent grey surface indicates today’s difference of floor 
prices. 

 

Predominantly, the floor price difference is positive, meaning that crude steel produced via BF/BOF in 

the competing countries is cheaper than steel produced via H2-DRI/EAF in Germany. However, for 

South Korea and the USA, negative ∆𝑝 is achievable for sufficiently large 𝑟 and 𝑡 and low 𝑝𝐻2 (Figs. 4-

5). For India, today’s floor price difference of $22/tonne can be maintained in some scenarios (Fig. 3: 

∆𝑝 for India, 𝑒𝐵𝑂𝐹 = 0% (left) and Japan, 𝑒𝐵𝑂𝐹 = 0% (right). The translucent grey surface indicates 

today’s difference of floor prices. Therefore, in some scenarios, steel produced via H2-DRI/EAF can at 

least compete from a cost perspective. Nevertheless, even for those countries positive floor price 

differences prevail. Depending on the scenario, ∆𝑝 varies between -$55/tonne (Japan) and $360/tonne 

(China). 

4.2 Sensitivity Analysis and a Meta-model of the Floor Price Difference 

Prices for significant input factors have proven to be volatile in the past and the precise development 

of 𝑝𝐻2 is difficult to forecast for the longer future. Moreover, the amount of possible efficiency gains 

𝑒𝐵𝑂𝐹 in the BF/BOF production route in competing countries in the future is unknown. We consider 

∆𝑝 a key indicator for competitiveness. Therefore, it seems worthwhile to analyse ∆𝑝 for a competing 

country using the BOF production route and Germany using H2-DRI/EAF from a global point of view. 

Using the General Algebraic Modeling System (GAMS, 2021), 𝑟, 𝑝𝐻2, 𝑒𝐵𝑂𝐹, and 𝑡 are systematically 

varied in the ranges provided in section 4.1 using 20 equidistant steps for each input factor. The output 
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variable created is the average cost of steel production without accounting for transportation to the 

steel market with envisaged profit rates. Evaluating the cost difference in the 194,481 (= 214) 

combinations of 𝑟, 𝑝𝐻2, 𝑒𝐵𝑂𝐹 and 𝑡 created this way yields a suitable representation of the input 

parameter space and the global behaviour of ∆𝑝.  

We now consider 𝑟, 𝑝𝐻2, 𝑒𝐵𝑂𝐹 and 𝑡 variables and ∆𝑝 a mathematical function of them: 

 ∆𝑝(𝑟, 𝐻2, 𝑒𝐵𝑂𝐹 , 𝑡) = 𝑝𝐵𝑂𝐹
𝑐𝑜𝑢𝑛𝑡𝑟𝑦,𝐺𝑒𝑟𝑚𝑎𝑛𝑦(𝑟, 𝐻2, 𝑒𝐵𝑂𝐹 , 𝑡) − 𝑝H2−DRI

𝐺𝑒𝑟𝑚𝑎𝑛𝑦,𝐺𝑒𝑟𝑚𝑎𝑛𝑦(𝑟, 𝐻2, 𝑒𝐵𝑂𝐹 , 𝑡),  (7) 

where the production costs are computed according to (1). To take a global view of ∆𝑝 means to find 

a simple description of ∆𝑝 aka a meta-model. However, even if our floor price model (1) is 

mathematically rather simple being merely a weighted sum of products of input factors, its 

sophistication is in the sheer number of parameters and summands. Therefore, we build a meta-model 

by least-squares-fitting  

 ∆𝑝′(𝑟, 𝑝H2, 𝑒𝐵𝑂𝐹 , 𝑡) = 𝛼 +  𝛽𝑟 +  𝛾𝑝H2 + 𝛿𝑒𝐵𝑂𝐹 + 𝜃𝑡 + 𝜇 𝑟 ∙ 𝑒𝐵𝑂𝐹 (8) 

to the data points created above. Then, max|∆𝑝 − ∆𝑝′| ≤ $1.47/𝑡 for all these data points and all 

competing countries (Tab. 1). This justifies neglecting other products of input factors in our approach 

and replacing ∆𝑝 by ∆𝑝’ in further analysis. For the values of the coefficients of ∆𝑝’, we refer to Tab. 

1. However, excluding the term 𝑟 ∙ 𝑒𝐵𝑂𝐹 altogether and therefore fitting a purely linear meta-model to 

the data leads to a maximal deviation of about $20/t with respect to ∆𝑝, which is why we consider 

such a meta-model too imprecise for further analysis. 

Competing 

country 

𝛼 𝛽 𝛾 𝛿 𝜃 𝜇 max|∆𝑝 − ∆𝑝′| 

China 93.39 -33.81 0.06200 104.86 -15.03 49.32 0.18 $/t 

India 67.22 -36.26 0.06200 131.86 -11.50 44.55 0.54 $/t 

Japan 60.33 -32.00 0.06200 134.98 -32.20 50.71 1.47 $/t 

Korea 63.65 -22.71 0.06200 115.43 -28.14 45.41 1.23 $/t 
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Russia 61.28 -42.68 0.06200 120.62 1.531 65.91 0.15 $/t 

USA 38.98 -50.34 0.06200 86.98 0.8014 41.48 0.17 $/t 

Tab. 1: Coefficients for the meta-model ∆𝑝′ according to eq. (2) 

 

We employ ∆𝑝’ for a sensitivity analysis. The gradient of ∆𝑝′ and taking the absolute value of its 

components yields upper bounds 

 ∇(∆p) =  (

𝛽 + 𝜇 𝑒𝐵𝑂𝐹
𝛾

𝛿 + 𝜇 𝑟
𝜃

) ≤

(

 
 

max{|𝛽|, |𝛽 + 0.2𝜇|},

|𝛾|

max{|𝛿|, |𝛿 + 4𝜇|}

|𝜃| )

 
 
≔ (

𝜎̃𝑟
𝜎̃𝐻2
𝜎̃𝑒𝐵𝑂𝐹
𝜎̃𝑡

) (9) 

for the changes in the cost difference with respect to changing input factors; the inequality is meant 

component-wise. However, the ranges of the input factors differ such that we scale the sensitivity 

factors 𝜎̃𝑖 with respect to the range of the i-th input factor to make them comparable. The resulting 

coefficients 𝜎𝑖 (Tab. 2) provide upper bounds for the change of the floor price difference in $/t if the 

according input variable changes by 1% of its considered range. 

Competing country 𝜎𝑟 𝜎𝐻2 𝜎𝑒𝐵𝑂𝐹 𝜎𝑡 

China 1.35 1.24 0.604 0.601 

India 1.45 1.24 0.620 0.460 

Japan 1.28 1.24 0.676 1.288 

Korea 0.908 1.24 0.594 1.126 

Russia 1.707 1.24 0.769 0.0612 

USA 2.01 1.24 0.506 0.032 

Tab. 2: Sensitivity factors for selected competing countries 

The sensitivity factors exhibit that for ∆𝑝, 𝑟 is the most influential input factor for all competing 

countries but Korea and Japan, as 𝜎𝑟 has the largest absolute value. However, the influence of 𝑝𝐻2 

comes close to that, whereas increasing the efficiency of the BOF production route in the competing 
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country has a smaller effect. Depending on the geographical location, 𝑡 plays an important (e.g. Japan 

or Korea) or insignificant (e.g. Russia or the USA) role, but never exceeds the other influence factors 

by a wide margin. For all competing countries, ∆𝑝 decreases for increasing 𝑟 and 𝑒𝐵𝑂𝐹 and for 

decreasing 𝑝𝐻2.  

 

4.3 Implications for Carbon Border Adjustment Mechanisms 

We assess the emissions of crude steel produced in China using BF/BOF and supplied in Europe with 

2.5 t CO2 per tonne of crude steel, whereas crude steel production using H2-DRI/EAF and green 

hydrogen is nearly CO2 free.  

A cross-border adjustment mechanism in the shape of add-on taxes on import prices (being related to 

the CO2 content of the corresponding import good) could mitigate the cost advantage of the climate 

unfriendly production route. We now search for the necessary level of such import taxes in order to 

protect the infant hydrogen-based steel sector. Therefore, we relate the differences in induced CO2 

emissions to the observed cost differences. Fig. 6 displays our results for BF/BOF in China vs. H2-

DRI/EAF (Germany). According to our calculations, at the current cost level, a cross-border tax of about 

$110/tonne CO2 is necessary for avoiding that imports of steel produced in China using BF/BOF are 

cheaper than green steel in Germany. The results show that with decreasing prices for hydrogen and 

increasing cost for raw materials, a significantly lower cross-border tax suffices. Taking the historical 

development of the prices for raw material, transportation cost and expectations regarding future 

prices for green hydrogen into consideration we expect a cross-border tax range sufficient to protect 

green steel production in Europe to be between $50 and $150 per tonne of CO2. 
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Remarks: Light blue: Cost level of 2020  

Fig. 6: Level of carbon levy ($/tonne CO2) for avoiding import of embedded CO2 emissions (left) and 
additional cost ($/tonne CO2) needed as incentive for using H2-DRI/EAF in Germany (right). Green 
indicates combinations of cost that favour H2-DRI/EAF, yellow situations that are unfavourable at a 
$/CO2 level which corresponds to the price for CO2 allowance in Europe and red combinations that are 
extremely disadvantageous for H2-DRI/EAF.  

 

The cost of producing crude steel using the H2-DRI/EAF route in Europa is higher than using the BF/BOF 

route in China. Although the competitive disadvantage of European H2-DRI/EAF steel relative to 

imports from China could be addressed by a cross border levy, this does not guarantee competitiveness 

of the H2-DRI/EAF route. Adjustments within the EU are also required as the BF/BOF steel production 

in the EU remains cheaper than H2-DRI/EAF production. Abandoning the free allocation of emission 
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permits to the steel sector could contribute to such an EU internal adjustment. Then, a price for CO2 

allowances of at least $67/tonne could induce H2-DRI/EAF to become a competitive option in Europe.   

As steel is a classic example for a good used mainly as intermediate for other products, an increase in 

the prices for steel due to a more climate-friendly production in Europe and the implementation of a 

cross-border adjustment mechanism will result in increasing cost for other products. Using the input-

output table of Eurostat for Europe as basis and employing our price model (see supplementary 

information), we assess the price sensitivity of goods on changes in prices of steel. In order to identify 

the impacts of higher cost for steel (resulting from higher production cost and the introduction of a 

cross-border tax that equal current cost advantages of H2-DRI/EAF) we assume an increase in the price 

of steel by 50%.3 If this increase in the steel price is completely passed, the prices for fabricated metal 

products produced in Europe will increase by 5 %, the cost of “casting of metals” by 4.1 %, the prices 

for machinery by 1.8 % and the prices of motor vehicles by 1.8 % (Fig. 7).  

 

 

3 This assumption is in line with our calculations for 2020 and with results of other studies (e.g. DEEDS, 2020. Industry - Iron 
and steel. DEEDS (DialoguE on European Decarbonisation Strategies)  which expect that the use of H2-DRI will be linked 
with cost by 42% (2030) to 57% (2020)).   
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Fig. 7: Changes in prices for goods if an assumed increase in the cost of steel by 50% is completely 
passed. The numbers are calculated by using the Input-Output table for Germany 2017 (Statistisches 
Bundesamt, 2021). In contrast to the tables of the EU, the sector “Basic metals” is disaggregated. 
Hence, it is possible to assess impacts of changes in the cost of the production of basic iron and steel.  

 

The observed influence of prices for steel on prices in other production sectors in the EU will in turn 

adversely affect competitiveness of these sectors. Hence, the effects of higher steel costs on European 

exports should be born in mind and could require the cross-border adjustment mechanism to also 

subsidize exports. Consequently, such subsidization would go beyond the support of iron and steel 

exports.  

The required high level of the proposed levy most likely exceeding a higher price plainly derived via 

the ETS might be seen as a major obstacle as it may conflict with international trade regulations. There 

may be also political opposition from sectors exporting goods (e.g. from companies producing 

fabricated metal products). The iron and steel sector itself may fear the loss of privileges like the 

receipt of emission allowances free of charge while the benefits of the cross-border adjustments may 

appear more uncertain. Retaliation of major steel exporting countries like India and China impend as 



24 

they could also invent new trade restrictions (both affecting imports and exports). Albeit for other 

reasons, such activities raising uncertainties for international trade, could be observed in the very 

recent past. Russia recently imposed export duties on sales of several sorts of Russian wood, for 

example, and China might consider its recent anti-foreign sanctions legislation as a tool to exert 

influence on foreign companies.  

5 Conclusions and Policy Implications 

The plan to implement a carbon border adjustment mechanism in the EU has some appeal. Free 

allocation of emission permits on emitters listed in the carbon leakage list will decline as the total 

amount of available permits will shrink in the coming years. Therefore, an alternative way for 

protecting energy intensive sectors threatened by competitive disadvantages induced by ambitious 

European climate policy is urgently sought.  

In our analysis we examine the impact of a cross border adjustment mechanism (CBAM) on the cost of 

steel production and on prices of downstream outputs using steel as an input. In contrast to other 

studies (e.g., (Medarac et al., 2020), (Pardo et al., 2012)), we assess cost gaps by conducting intensive 

sensitivity analyses that include modifications in efficiencies, in prices of key input factors and in 

transportation cost. In our study we do not only emphasize cost disadvantages but also differences in 

emissions resulting from using different production and transportation routes. Since we modify cost 

factors as well as efficiencies our approach provides information on the sensitivity of this cost 

gap/emission reduction ratio. Hereby, our approach goes beyond studies that usual dispense with 

intensive analyses of modifications in cost and emission figures (see e.g., (Arens et al., 2017), (Wu et 

al., 2016)). 

Our study focuses on Hydrogen-DRI as green steel production route. It is straightforward to employ 

our approach to the assessment of cost gaps of other green steel production routes (see e.g. (McKinsey 

& Company, 2020), (Toktarova et al., 2020)). It is moreover possible to investigate the sensitivity of the 

results wrt. key input factors we assume to be fixed in our work. Our approach can be transferred to 
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other industrial sectors like cement, electricity and fertilizers that are scheduled to be included in the 

carbon border adjustment mechanism (Ecorys, 2013). Since our method is traceable and transparent 

and since all input data are publicly available, it can easily be employed and extended by other 

researchers.   

Our results raise the concern that the proposed CBAM will not suffice to bring about competitiveness 

of European green steel production employing the relatively clean H2-DRI/EAF route. This concern 

holds both within the EU and globally. Globally, because cost of crude steel produced via the H2-

DRI/EAF route in Europe tends to remain higher than steel produced via the BOF route and imported 

from China (despite CBAMs). Therefore, CBAMS do not necessarily eliminate the risk of carbon leakage. 

The results are in line with findings of e.g. McKinsey & Company (2020).  

Within the EU, there prevails a cost advantage of BF/BOF steel production relative to the less polluting 

H2-DRI/EAF route and this advantage is not directly affected by the adjustment mechanism. Indirectly, 

however, it tends to support green steel production in Europe: as the free allocation of emission 

permits tends to fade away if the carbon border adjustment mechanism is implemented, green steel 

production within the EU will become more competitive relative to the more polluting steel production 

routes in the EU. The results support statements of the European Commission (European Parliament, 

2021) as well as findings of Römer et al. (2021).  

According to the carbon leakage list of the European Commission (European Commission, 2018, 2019), 

besides the iron and steel industry, energy intensive sectors like “manufacture of pulp”, “manufacture 

of paper and paperboard”, “manufacture of cement” and “aluminium production“ are exposed to 

international competition. Like for iron and steel production these sectors require inputs with strongly 

fluctuating prices (e.g. because they have to be transported costly over longer distances) (see e.g., 

(European IPPC Bureau, 2022), (World Bank, 2019)). Tools like ours should help to identify the cost of 

substitution possibilities.  
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There has to be some caution as e.g. substitution possibilities for dirty production routes may be quite 

heterogeneous in the different sectors. Therefore, future research should seek to closely inspect these 

individual sectors and general conclusions should not hastily been drawn from the findings in the steel 

sector. CBAM aims to reduce threat of carbon leakage resulting from cost disadvantages. In the short-

term measures like promotion of R&D on hydrogen technologies in Europe, support of using black, 

grey or blue hydrogen that currently less costly than green hydrogen can help to reduce domestic 

production cost and thus, to reduce cost disadvantages and the requirement of high cross-border 

adjustment.   

6 References 

Arens, M., Worrell, E., Eichhammer, W., Hasanbeigi, A., Zhang, Q., 2017. Pathways to a low-carbon iron 
and steel industry in the medium-term – the case of Germany. Journal of Cleaner Production 
163, 84-98. 

Arens, M., Worrell, E., Schleich, J., 2012. Energy intensity development of the German iron and steel 
industry between 1991 and 2007. Energy 45(1), 786-797. 

Bassi, A.M., Yudken, J.S., Ruth, M., 2009. Climate policy impacts on the competitiveness of energy-
intensive manufacturing sectors. Energy Policy 37(8), 3052-3060. 

Bhaskar, A., Assadi, M., Nikpey Somehsaraei, H., 2019. Lowering the Carbon Footprint of Steel 
Production Using Hydrogen Direct Reduction of Iron Ore and Molten Metal Methane Pyrolysis. 
MDPI AG. 

Bhaskar, A., Assadi, M., Somehsaraei, H.N., 2020. Decarbonization of the Iron and Steel Industry with 
Direct Reduction of Iron Ore with Green Hydrogen. Energies 13(3). 

Bierbrauer, F., Felbermayr, G., Ockenfels, A., Schmidt, K.M., Südekum, J., 2021. A CO2-border 
adjustment mechanism as a building block of a climate club. Kiel Institute for the World 
Economy, Kiel. 

Böhringer, C., Fischer, C., Rosendahl, K.E., Rutherford, T.F., 2022. Potential impacts and challenges of 
border carbon adjustments. Nature Climate Change 12, 22-29. 

Brändle, G., Schönfisch, Max, Schulte, S., 2020. Estimating long-term global supply costs for low-carbon 
hydrogen. eng. EWI Working Paper 20/04, Cologne. 

Branger, F., Quirion, P., Chevallier, J., 2016. Carbon Leakage and Competitiveness of Cement and Steel 
Industries Under the EU ETS: Much Ado About Nothing. Energy Journal 37(3), 109-135. 

Climate Council, 2022. What are ‘carbon border adjustments’ and what would they mean for Australia? 
https://www.climatecouncil.org.au/carbon-borders-g7-australia-climate-negligence/. 
(Accessed 11/08/2022). 

da Costa, A.R., Wagner, D., Patisson, F., 2013. Modelling a new, low CO2 emissions, hydrogen 
steelmaking process. Journal of Cleaner Production 46, 27-35. 

DEEDS, 2020. Industry - Iron and steel. DEEDS (DialoguE on European Decarbonisation Strategies)  
Ecorys, Ö.-I., Cambridge Econometris, TNO, 2013. Carbon Leakage Evidence Project - Factsheets for 

selected sectors, Rotterdam. 
Elaragi, G., 2019. Design and Operation of First Egyptian IEC Fusion Plasma Device. Emerging Science 

Journal 3, 241-248. 
EUROFER, 2021. European 'Steel in Figures, Brussels. 

https://www.climatecouncil.org.au/carbon-borders-g7-australia-climate-negligence/


27 

European Comission, 2019. Commission Delegated Decision (EU) 2019/708 of 15 February 2019 
supplementing Directive 2003/87/EC of the European Parliament and of the Council 
concerning the determination of sectors and subsectors deemed at risk of carbon leakage for 
the period 2021 to 2030. Official Journal of the European Union 62, 20-26. 

European Commission, 2018. Commission Notice, Preliminary Carbon Leakage List, 2021-2030 (2018/C 
162/01). European Commission, Brussels. 

European Commission, 2019. Commission Delegated Decision (EU) 2019/708 of 15 February 2019 
supplementing Directive 2003/87/EC of the European Parliament and of the Council 
concerning the determination of sectors and subsectors deemed at risk of carbon leakage for 
the period 2021 to 2030. Official Journal of the European Union 62, 20-26. 

European Commission, 2020. Communication from the Commission to the European Parliament, the 
Council, the European Economic and Social Committee of the Regions -  Sttepping up Europe’s 
2030 climate ambition Investing in a climate-neutral future for the benefit of our people, 
COM(2020) 562 final, Brussels. 

European Commission, 2021a. Carbon Border Adjustment Mechanism, Factsheet, Brussels. 
European Commission, 2021b. Towards competitive and clean European steel, Commission staff 

working dokument, SWD(2021) 353 final, Brussels. 
European Commission, 2022. Carbon Border Adjustment Mechanism. https://taxation-

customs.ec.europa.eu/green-taxation-0/carbon-border-adjustment-mechanism_en. 
(Accessed 01/08/2022). 

European IPPC Bureau, 2022. BAT reference documents. https://eippcb.jrc.ec.europa.eu/reference/. 
(Accessed 11/08/2022). 

European Parliament, 2021. Carbon levy on EU imports needed to raise global climate ambition, Press 
Releases, ENVI, 05-02-2021, Brussels. 

Eurostat, 2021. International Trade in Goods. https://ec.europa.eu/eurostat/web/international-trade-
in-goods/data/database. ccessed Access Date)|. 

Fischedick, M., Marzinkowski, J., Winzer, P., Weigel, M., 2014. Techno-economic evaluation of 
innovative steel production technologies. Journal of Cleaner Production 84, 563-580. 

Flores-Granobles, M., Saeys, M., 2020. Minimizing CO2 emissions with renewable energy: a 
comparative study of emerging technologies in the steel industry. Energy & Environmental 
Science 13(7), 1923-1932. 

GAMS, 2021. GAMS Release 35.2.0 https://www.gams.com. (Accessed 14/07/2021). 
Glenk, G., Reichelstein, S., 2019. Economics of converting renewable power to hydrogen. Nature 

Energy 4(3), 216-222. 
Hasanbeigi, A., Arens, M., Cardenas, J.C.R., Price, L., Triolo, R., 2016. Comparison of carbon dioxide 

emissions intensity of steel production in China, Germany, Mexico, and the United States. 
Resour. Conserv. Recycl. 113, 127-139. 

Hasanbeigi, A., Morrow, W., Sathaye, J., Masanet, E., Xu, T., 2013. A bottom-up model to estimate the 
energy efficiency improvement and CO2 emission reduction potentials in the Chinese iron and 
steel industry. Energy 50(1), 315-325. 

IEA, 2017. Energy Technology Perspectives IEA/OECD, Paris. 
Karakaya, E., Nuur, C., Assbring, L., 2018. Potential transitions in the iron and steel industry in Sweden: 

Towards a hydrogen-based future? Journal of Cleaner Production 195, 651-663. 
Kuik, O., Hofkes, M., 2010. Border adjustment for European emissions trading: Competitiveness and 

carbon leakage. Energy Policy 38(4), 1741-1748. 
Kushnir, D., Hansen, T., Vogl, V., Åhman, M., 2020. Adopting hydrogen direct reduction for the Swedish 

steel industry: A technological innovation system (TIS) study. Journal of Cleaner Production 
242, 118185. 

Li, Y., Zhu, L., 2014. Cost of energy saving and CO2 emissions reduction in China’s iron and steel sector. 
Applied Energy 130, 603-616. 

https://taxation-customs.ec.europa.eu/green-taxation-0/carbon-border-adjustment-mechanism_en
https://taxation-customs.ec.europa.eu/green-taxation-0/carbon-border-adjustment-mechanism_en
https://eippcb.jrc.ec.europa.eu/reference/
https://ec.europa.eu/eurostat/web/international-trade-in-goods/data/database
https://ec.europa.eu/eurostat/web/international-trade-in-goods/data/database
https://www.gams.com/


28 

Long, W.Q., Wang, S.S., Lu, C.Y., Xue, R.Y., Liang, T., Jiang, N., Zhang, R.Q., 2020. Quantitative 
assessment of energy conservation potential and environmental benefits of an iron and steel 
plant in China. Journal of Cleaner Production 273. 

McKinsey & Company, 2020. Decarbonization challenge for steel. 
Moya, J.A., Pardo, N., 2013. The potential for improvements in energy efficiency and CO2 emissions in 

the EU27 iron and steel industry under different payback periods. Journal of Cleaner 
Production 52(August), 71-83. 

Muslemani, H., Liang, X., Kaesehage, K., Ascui, F., Wilson, J., 2021. Opportunities and challenges for 
decarbonizing steel production by creating markets for 'green steel' products. Journal of 
Cleaner Production 315. 

Oda, J., Akimoto, K., Tomoda, T., Nagashima, M., Wada, K., Sano, F., 2012. International comparisons 
of energy efficiency in power, steel, and cement industries. Energy Policy 44, 118-129. 

Otto, A., Robinius, M., Grube, T., Schiebahn, S., Praktiknjo, A., Stolten, D., 2017. Power-to-Steel: 
Reducing CO2 through the Integration of Renewable Energy and Hydrogen into the German 
Steel Industry. Energies 10(4), 451. 

Patisson, F., Mirgaux, O., 2020. Hydrogen Ironmaking: How It Works. Metals 10(7), 922. 
Rajalingam, M., Srivastava, A., 2020. Rational Hybrid Analytical Model for Steel Pipe Rack 

Quantification in Oil & Gas Industries. Civil Engineering Journal 6, 649-658. 
Rechberger, K., Spanlang, A., Sasiain Conde, A., Wolfmeir, H., Harris, C., 2020. Green Hydrogen‐Based 

Direct Reduction for Low‐Carbon Steelmaking. steel research international 91(11), 2000110. 
Remus, R., A., A.M.M., Roudier, S., Sancho, L.D., 2013. Best Available Techniques (BAT) Reference 

Document for Iron and Steel Production. Publications Office of the European Union, 
Luxembourg. 

Römer, D., Schwarz, M., Liem, E., 2021. The EU’s carbon border adjustment: A trade barrier or an 
opportunity for global climate action? KfW Resarch, Frankfurt. 

Statistisches Bundesamt, 2021. Input-Output-Tabelle (Revision 2019). https://www-
genesis.destatis.de/. ccessed Access Date)|. 

Steelonthenet.com, 2014. Steel Production Costs. https://www.steelonthenet.com/. (Accessed 
15/05/2021). 

Steelonthenet.com, 2021. Price of steel scrap: 2001-2021. http://www.steelonthenet.com/. ccessed 
Access Date)|. 

Sundal, M.V., With, H., 2010. Dry Bulk Outlook: Iron ore and coal. DnB Nor Markets, Oslo. 
Toktarova, A., Karlsson, I., Rootzen, J., Goransson, L., Odenberger, M., Johnsson, F., 2020. Pathways 

for Low-Carbon Transition of the Steel Industry-A Swedish Case Study. Energies 13(15). 
TrendEconomy, 2021. Annual International Trade Statistics by Country (HS02). 

https://trendeconomy.com/data/h2/EuropeanUnion/6810. ccessed Access Date)|. 
UNCTAD, 2020. Review of maritime Transport 2020. United Nations Publications, New York. 
Vögele, S., Grajewski, M., Govorukha, K., Rübbelke, D., 2020. Challenges for the European steel 

industry: Analysis, possible consequences and impacts on sustainable development. Applied 
Energy 264, 114633. 

Vogl, V., Åhman, M., Nilsson, L.J., 2018. Assessment of hydrogen direct reduction for fossil-free 
steelmaking. Journal of Cleaner Production 203, 736-745. 

Wang, K., Wang, C., Lu, X.D., Chen, J.N., 2007. Scenario analysis on CO2 emissions reduction potential 
in China's iron and steel industry. Energy Policy 35(4), 2320-2335. 

Wang, R.R., Zhao, Y.Q., Babich, A., Senk, D., Fan, X.Y., 2021. Hydrogen direct reduction (H-DR) in steel 
industry-An overview of challenges and opportunities. Journal of Cleaner Production 329. 

Weigel, M., Fischedick, M., Marzinkowski, J., Winzer, P., 2016. Multicriteria analysis of primary 
steelmaking technologies. Journal of Cleaner Production 112, 1064-1076. 

World Bank, 2019. Commodity Price Data. http://www.worldbank.org/en/research/commodity-
markets. ccessed Access Date)|. 

World Steel Association, 2016. Fact sheet: energy use in the steel industry. Worldsteel Committee on 
Economic Studies Brussels. 

https://www-genesis.destatis.de/
https://www-genesis.destatis.de/
https://www.steelonthenet.com/
http://www.steelonthenet.com/
https://trendeconomy.com/data/h2/EuropeanUnion/6810
http://www.worldbank.org/en/research/commodity-markets
http://www.worldbank.org/en/research/commodity-markets


29 

World Steel Association, 2020. Steel Statistical Yearbook 2020. Worldsteel Committee on Economic 
Studies, Brussels. 

Worrell, E., Price, L., Martin, N., Farla, J., Schaeffer, R., 1997. Energy intensity in the iron and steel 
industry: a comparison of physical and economic indicators. Energy Policy 25(7-9), 727-744. 

Wu, X., Zhao, L., Zhang, Y., Zhao, L., Zheng, C., Gao, X., Cen, K., 2016. Cost and potential of energy 
conservation and collaborative pollutant reduction in the iron and steel industry in China. 
Applied Energy 184, 171-183. 

Zhang, Q., Xu, J., Wang, Y., Hasanbeigi, A., Zhang, W., Lu, H., Arens, M., 2018. Comprehensive 
assessment of energy conservation and CO2 emissions mitigation in China’s iron and steel 
industry based on dynamic material flows. Applied Energy 209, 251-265. 

 

 


