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Abstract 

 

ABSTRACT 

The iron and steel industry is accountable for a major share of global carbon dioxide emissions. 

Meeting the targets of the United Nations and the European Union to mitigate global warming 

requires a sharp reduction in greenhouse gas emissions. The transition from coal to renewable 

electric power as the main energy source allows for a major reduction of carbon dioxide 

emissions in steel production. This suggests a shift from the integrated process route involving 

blast furnace and converter to electric arc furnace-based production processes. The 

production of primary steel via direct reduction and secondary steel via the recycling of steel 

scrap enables low-carbon dioxide steelmaking. Both process routes entail the operation of an 

EAF steel mill.  

Electric steel production is characterized by a high share of electric power in the total energy 

consumption. Thus, the provision of renewable electricity for the operation of the electric arc 

furnace and other aggregates represents an initial step towards carbon dioxide neutral steel 

production. However, a considerable amount of energy is supplied in the form of fossil fuels 

such as natural gas and coal. Three approaches are considered for reducing direct carbon 

dioxide emissions from the combustion of fossil fuels: fuel saving, carbon capture and 

substitution of energy carriers. The optimal implementation and the evaluation of these 

measures demands a holistic consideration of the entire production process, its energy supply 

and its interaction with the overall energy system.  

Within the scope of the present thesis, potential approaches to reduce carbon dioxide 

emissions in electric steel production were investigated. First, a component- and time-

resolved energy system model of an existing EAF steel mill was created based on measured 

data. This model generates energy-related key performance indicators and load profiles of 

energy carriers and industrial gases. Second, the energy system model was utilized to perform 

a techno-economic evaluation of a range of proposed energy efficiency and carbon dioxide 

emission reduction measures. Third, an optimization model was developed to analyze 

different options for flexible on-site production of oxygen, hydrogen and synthetic natural gas. 

Thus, the impact of the electricity price-driven operation of a power-to-gas plant on the steel 

mill and the overall energy system was analyzed.  

Based on the defined research questions, the proposed options were assessed with regard to 

energy consumption, demand side flexibility, carbon dioxide emission reduction and 

economic viability. Eventually, the thesis outlines a potential pathway leading to the carbon 

dioxide-neutral energy supply of an EAF steel mill and identifies the enabling framework.    



Kurzfassung 

 

KURZFASSUNG 

Die Eisen- und Stahlindustrie ist für einen großen Teil der weltweiten Kohlendioxidemissionen 

verantwortlich. Um die Ziele der Vereinten Nationen und der Europäischen Union zur 

Eindämmung der globalen Erwärmung zu erreichen, muss der Ausstoß an Treibhausgasen 

drastisch reduziert werden. Der Übergang von Kohle zu Strom aus erneuerbaren 

Energiequellen als Hauptenergiequelle ermöglicht eine erhebliche Verringerung der 

Kohlendioxidemissionen in der Stahlproduktion. Dies bedeutet eine Verlagerung der 

Stahlproduktion weg von der integrierten Prozessroute mit Hochofen und Konverter hin zu 

Produktionsprozessen, welche auf dem Einsatz von Elektrolichtbogenöfen basieren. Sowohl 

die Erzeugung von Primärstahl durch Direktreduktion als auch von Sekundärstahl durch das 

Recycling von Stahlschrott ermöglicht eine kohlendioxidarme Stahlerzeugung.  

Die Elektrostahlerzeugung ist durch einen hohen Anteil von elektrischer Energie am 

Gesamtenergieverbrauch gekennzeichnet, ein erheblicher Teil der Energie wird jedoch in 

Form fossiler Brennstoffe bereitgsetellt. Die klimaneutrale Stahlproduktion erfordert daher 

die Bereitstellung von Strom aus erneuerbaren Energiequellen und die Verringerung direkter 

Kohlendioxidemissionen durch Brennstoffeinsparung, Carbon Capture and Utuilization und 

Substitution fossiler Energieträger. Die optimale Implementierung und Bewertung dieser 

Maßnahmen erfordert eine holistische Betrachtung des gesamten Produktionsprozesses, der 

Energiebereitstellung und deren Interaktion mit dem übergeordeten Energiesystem.  

Im Rahmen der vorliegenden Arbeit wurden vielversprechende Ansätze zur Reduktion der 

Kohlendioxidemissionen in der Elektrostahlerzeugung untersucht. Basierend auf Messdaten 

wurde ein komponenten- und zeitaufgelöstes Energiesystemmodell eines bestehenden 

Elektrostahlwerks erstellt. Dieses generiert energietechnische Kennzahlen und Lastprofile von 

Energieträgern und Gasen. Das Modell wurde genutzt, um eine techno-ökonomischen 

Bewertung einer Reihe von Maßnahmen zur Senkung des Energieverbrauchs und der 

Kohlendioxidemissionen vorzunehmen. Weiters wurde ein Optimierungsmodell entwickelt, 

um verschiedene Optionen für eine flexible Vor-Ort-Produktion von Sauerstoff, Wasserstoff 

und synthetischem Methan zu analysieren. So wurden die Auswirkungen der 

strompreisgetriebenen Fahrweise einer Power-to-Gas-Anlage auf das Stahlwerk und das 

übergeordente Energiesystem analysiert.  

Auf Grundlage der formulierten Forschungsfragen wurden die vorgeschlagenen Optionen im 

Hinblick auf Energieverbrauch, Lastflexibilität, Kohlendioxidemissionen und Wirtschaftlichkeit 

bewertet. Schließlich zeigt die vorliegende Arbeit einen möglichen Pfad zur 

kohlendioxidneutralen Energieversorgung eines Elektrostahlwerkes und die dafür 

notwendigen Rahmenbedingungen auf.  
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1 INTRODUCTION 

In 2019, the steel industry in the European Union (EU-27) consumed 578 TWh of total energy 

[1] and emitted 146 Mt of carbon dioxide [2]. Steel production accounted for 5.0 % [1] of the 

primary energy consumption and 5.5 % of the total anthropogenic carbon dioxide emissions 

in the EU. In order to meet the goals set by the Paris Agreement adopted under the UNFCCC 

[3] and reach climate neutrality by the year 2050, the EU is committed to reduce the domestic 

greenhouse gas emissions by 55 % until 2030 compared to 1990 [4]. Therefore, the European 

steel industry faces the major challenge of cutting its CO2 emissions by 80 to 95 % related to 

1990 over the next two decades [5]. 

Currently, the crude steel production in Europe is based on two main process routes: In 2020, 

57 % of European crude steel was produced from iron ore by the primary process route via 

blast furnace (BF) and basic oxygen furnace (BOF). The remaining 43 % are produced from 

steel scrap in the secondary route via the electric arc furnace (EAF) [6]. Mainly due to the 

energy- and emission-intensive reduction of iron ore in the blast furnace, producing one ton 

of steel via BF-BOF route consumes roughly five times more energy [7–9] and generates about 

four times more carbon dioxide emissions than recycling steel scrap in EAF steelmaking [7–

10]. However, the potential of secondary steel production is limited by the availability and 

quality of steel scrap [10].  

One alternative to the reduction of iron ore using coke in the blast furnace is the direct 

reduction (DR) with natural gas. In the MIDREX process, natural gas is reformed into carbon 

monoxide as well as hydrogen and fed into a shaft furnace to reduce the counter flowing iron 

ore in solid state [11]. The product, direct reduced iron (DRI), is then used as a feedstock in 

the EAF. The energy consumption of this process route is comparable to that of the BF-BOF 

route [7,9]. Given the lower carbon content of natural gas compared to coke in the blast 

furnace, the CO2-emissions are reduced by one third in the DR-EAF route [7–10]. The 

substitution of natural gas by hydrogen from renewable energy sources (RES) in direct 

reduction (HDR-EAF) represents a promising technology for CO2-neutral steelmaking [8–

10,12]. However, a number of studies estimate that the electric energy consumption in the 

steel industry will quadruple due to the demand for hydrogen electrolysis [5]. 

Smelting reduction (SR) is a primary steel production route that combines the gasification of 

coal with the reduction and melting of iron ore [13]. The COREX [14] process comprises two 

reactors: First, the iron ore is reduced to DRI in a reduction shaft and, second, melted in a 

melter-gasifier. Subsequently, the produced so-called liquid pig iron is processed to crude 

steel in a BOF or in an EAF. Deploying SR processes has the potential to reduce the energy 

demand and the carbon dioxide emissions by around 20 % compared to the blast furnace 
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route [8–10]. The project SuSteel [15] investigates the reduction of iron ore and melting in a 

single-step process through a hydrogen plasma that is generated by an electric arc. This novel 

technology is expected to enable CO2 emission-free steel production, at present. However, 

the process is still at the basic research stage, with direct CO2 emissions expected within the 

range of the electric arc furnace [16].  

Table 1: Specific energy demand and carbon dioxide emissions of different steel production routes [7–10]. 

Process route 
Specific energy demand 

kWh/tcrude steel 

Specific carbon dioxide emissions 

kgCO2/tcrude steel 

BF-BOF 4 900 – 5 900 1 600 – 2 200 

Scrap-EAF 600 – 1 200 300 - 600 

DR-EAF 4 800 – 5 800 600 – 1 500 

HDR-EAF 4 100 0 - 25 

SR-BOF 4 000 1 200 – 3 500 

 

Table 1 outlines the ranges for specific energy consumption and carbon dioxide emissions of 

the above-mentioned steel production routes as reported in literature. From the present point 

of view, two routes qualify for climate-neutral steel production anyway: The Scrap-EAF and 

HDR-EAF process route. 

It is difficult to predict which of the currently applied processes will prevail and which 

emerging technologies will have significance in future steel production. However, it is likely 

that there will be a mix of different steelmaking routes. Figure 1 summarizes several studies 

concerning future steel production technologies, which to some extent predict rather 

divergent technology mixes. Yet a common aspect of all the studies is that, irrespective the 

future technology mix and raw material feedstock, EAF steelmaking (Scrap-EAF and HDR/DR-

EAF) is estimated to account for a significant share on the overall steel production in 2050. 
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Figure 1: Estimated shares of future steel production technologies in the European Union according to 

production data from EUROFER [6] and future scenarios from Material Economics (ME) [10], IEA (SDS: 

Sustainable Development, STEPS: Stated Policies)  [7], BCG [17] and ICF - Fraunhofer [18]. 

Independent if a scrap- or DRI-based EAF route is applied, it is necessary to investigate the 

energy saving and carbon dioxide emission reduction potential of the individual overall 

production processes. Hence, this doctoral thesis aims to identify suitable CO2 reduction 

technologies and investigate their optimal implementation in the EAF steel mill. Furthermore, 

their impact on the energy consumption, demand side management potential, carbon dioxide 

emissions and energy provision costs is analyzed. The linking of the obtained results with 

existing research work and the expected evolution of the higher-level energy system indicates 

a viable pathway for climate-neutral EAF steel production through 2050.  
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2 CONTEXT AND RESEARCH NEED 

The following chapter describes the EAF steel production route, its most important energy 

consumers and the carbon dioxide emissions associated with the production process. 

Furthermore, it gives an overview of existing energy system models for EAF steel mills and 

describes their respective strengths and limitations. Also, the state of technology regarding 

the reduction of direct and indirect CO2 emissions is presented. Finally, in view of the 

requirements of the production process, the available technology and the existing scientific 

work, further need for scientific investigation is derived in the form of research questions. 

2.1 EAF steel production process, energy demand and carbon 

dioxide emissions 

Steel production by the EAF route as considered in this thesis comprises the following process 

steps:  

 Primary metallurgy,  

 Secondary metallurgy,  

 Casting and 

 Heat treatment. 

The most energy-intensive process step is melting in the electric arc furnace which is referred 

to as primary metallurgy. The feedstock consists of steel scrap, DRI or a mixture of both. The 

energy input occurs mainly through the electrodes in the form of electrical energy. Natural 

gas burners in the furnace as well as injected coal can support the melting process (Figure 2) 

[19].  

 

Figure 2: Schematic energy balance of an electric arc furnace.  

In the EAF, oxygen fulfills three main functions: First, it enables additional energy input 

through exothermic oxidation reactions of scrap components and coal as well as the utilization 

of Oxyfuel burners [20]. Second, oxygen is injected for the refining of liquid steel and third, it 
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allows for the re-burning of combustible gases generated during scrap melting [19]. Therefore, 

oxygen not only fulfills metallurgial functions such as decarburization but also promotes 

exothermic reactions in the furnace that significantly reduce the electric energy consumption. 

Besides providing additional energy, coal is introduced into the furnace as a carburization and 

slag foaming agent during charging or during the process via lances in pulverized form [21]. 

Once the molten steel has reached the specified temperature and chemical composition, it is 

tapped into steel mill ladles. 

Steel mill ladles are refractory-lined transport and treatment vessels for liquid steel. In order 

to prevent thermal shock in the refractory and to reduce the tapping temperature as well as 

the reheating times in secondary metallurgy, the ladles are heated prior to tapping [19]. The 

so-called ladle heaters generally serve two distinct purposes:  

 Ladle drying refers to the process of removing moisture from the refractory after the 

relining. Figure 3 depicts the heating schedule which follows material-dependent 

temperature ramp rates. Heating is carried out in the vertical ladle position to avoid 

the displacement of the new lining.  

 Ladle preheating involves raising and maintaining the ladle temperature between two 

operation cycles. Preheating allows for steeper heating rates and is conducted in 

horizontal heating stations to enable access to the installations at the ladle bottom for 

maintenance.  

Due to high preheating temperatures and long operation times, the ladle heaters account for 

a significant share of total natural gas demand and carbon dioxide emissions in the EAF steel 

mill [22]. 

 

Figure 3: Temperature curves of ladle heating programs for drying and preheating as well as an annealing 

program. 
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Secondary metallurgy involves processes to further adjust the chemical composition of the 

steel melt such as decarburation, deoxidation, desulphurization, alloying, homogenization and 

degassing. During secondary metallurgical processing the ladle furnace (LF) is used to hold the 

required temperature of the steel melt. Analogous to the EAF, electrodes introduce electric 

energy into the liquid steel, whereby the steelmaking ladle serves as a furnace vessel. Stainless 

and special steels are additionally subjected to vacuum treatments such as vacuum oxygen 

decarburization (VOD) or vacuum degassing (VD). Steam ejector pumps generate the vacuum 

required for both treatments, resulting in a steam demand.  

Subsequently, when the steel meets the predetermined quality, continuous- or ingot casting 

takes place depending on the plant configuration and required products. Finally, in some steel 

mills the produced steel blocks or billets are heat-treated in natural gas-fired annealing 

furnaces to adjust their physical properties. Similar to ladle heating, heat treatment is carried 

out according to predefined temperature profiles for heating-up and cooling the steel 

products (see Figure 3). Depending on the applied metallurgical treatments, the production 

of one ton of steel based on the best available technologies results in the consumption of 404 

to 748 kWh of electric energy and 14 to 417 kWh of fossil fuels. Additionally, EAF steelmaking 

consumes 33 to 360 kg of steam, 3 to 28 kg of coal and 7 to 93 kg of oxygen and directly emits 

72 to 180 kg CO2 [23]. Adding indirect emissions related to the supply of electric power and 

raw materials, total CO2 emissions reach up to 600 kg per ton of steel [8].  

Figure 4 summarizes the distribution of the final energy demand according to energy carriers 

and consumers as well as the direct carbon dioxide emissions generated by the combustion 

of fossil fuels in the EAF steel mill, which was analysed in the course of this thesis. Process 

steam is mainly required for the vacuum generation through ejector pumps in VD and VOD 

treatments. For the sake of completeness, coal is stated as an energy carrier, though it is blown 

into the electric arc furnace in pulverized form merely for slag foaming. In addition to energy 

supply via electricity and fossil fuels, there is a substantial consumption of oxygen, which, as 

mentioned above, is highly relevant for the operation of the EAF steel mill.  
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Figure 4: Final energy demand and direct carbon dioxide emissions of an EAF steel mill [24]. 

2.2 Energy system models of EAF steel mills 

For highly integrated industrial energy systems, the optimal implementation and assessment 

of new technologies requires the application of holistic energy system models [22]. Depending 

on their modelling approach, such models can be subdivided into several groups: For the case 

of EAF steel mills, thermodynamic models depict the behaviour of individual aggregates such 

as electric arc or ladle furnaces based on mass and energy balances by application of the first 

and/or second law of thermodynamics [25–27]. Data-driven models deploy machine-learning 

tools such as artificial neural networks or regression for predicting the future energy 

consumption from historical data [28–30]. Process models enable the detailed description of 

fluid flow, heat transfer as well as chemical reactions and therefore require a profound 

understanding of the underlying principles and occurring phenomena [31]. In agent-based 

models, several aggregates such as the individual steel mill processes are implemented as 

interacting agents [32]. These agents operate independently and lack information about the 

status of the entire system, but cooperate with each other using a predetermined negotiation 

protocol. 

EAF steel production involves subsequent batch processes resulting in a strongly fluctuating 

energy demand. Therefore, the energy system model will have to reflect the time-dependent 

energy demand. In addition, the optimal integration and evaluation of new technologies calls 
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for a holistic consideration of all system components, energy carriers and relevant process 

gases. Furthermore, the high complexity and inhomogeneity of the production process for 

high-alloy steels requires the ability to adapt the production process batch by batch. Several 

models are suitable for the accurate prognosis of the energy consumption of individual 

aggregates, but do not reflect any time-resolved behaviour. Other models are capable to 

generate load profiles but require the knowledge of certain process parameters and 

predefined load profiles of the sub-processes prior to calculation. To the best of the author's 

knowledge, solely the model described within the framework of this thesis allows for the 

holistic modeling of the time- and component-resolved energy consumption of the EAF steel 

mill. The developed model generates load profiles for energy carriers, gases, waste heat and 

carbon dioxide emissions [22].  

2.3 Reduction of carbon dioxide emissions 

After identifying the principal energy consumers and emission sources, it is necessary to 

explore the options for decarbonizing the production process. According to the classification 

of the Greenhouse Gas Protocol (GHGP), the carbon dioxide emissions are subdivided in three 

categories [33]:  

 Scope 1 (direct) emissions that are generated in the steel mill, e.g. by the 

combustion of fossil energy carriers, 

 Scope 2 (indirect) emissions from the generation of supplied electricity and 

 Scope 3 (indirect) emissions that are not caused by the company but are a 

consequence of its activities, e.g. the extraction of raw materials. 

For instance, oxygen is consumed in the EAF steel mill, but produced elsewhere and thus 

contributes to scope 3 emissions. Since this thesis directs its focus exclusively on the energy 

system of the steel mill, both scope 1 and scope 2 emissions are fully addressed, but scope 3 

emissions are discussed only for oxygen generated off-site.  

Based on the assessment of technological and political drivers for CO2 emission mitigation by 

Rissman et al. [34], this thesis addresses four crucial supply-side measures: 

 Energy efficiency, 

 Carbon capture, 

 Electrification and 

 Substitution of fossil fuels.  

In the following, based on the GHGP classification, energy efficiency and carbon capture are 

considered for direct emission reduction, whereas electrification and fossil fuel substitution is 

regarded as an indirect reduction measure. 
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2.3.1 Reduction of direct carbon dioxide emissions 

Options for direct CO2 emission reduction include the conservation of fossil fuels through 

energy efficiency measures and the capture of carbon dioxide from the flue gas. The following 

section describes available emission mitigation strategies for the EAF steel mill.  

2.3.1.1 Energy efficiency    

In its report European Union 2020, the International Energy Agency ranks the improvement of 

energy efficiency as a first priority to reaching net-zero emissions in 2050 [35]. The 

conservation of fossil fuels contributes directly to the reduction of fuel-related CO2 emissions. 

Energy efficiency measures can involve the application of new technologies, the improvement 

of the system design and efficient process control [34]. 

Oxyfuel technology is referred to combustion of fuels with pure oxygen. When combusting 

fuels such as natural gas, coal or hydrogen with ambient air, the major part of the air, mainly 

nitrogen, does not participate in the oxidation reaction. Nitrogen limits the heat transfer to 

the product and increases the flue gas heat flow. In contrast, combustion with oxygen 

increases the adiabatic flame temperature as well as the share of available heat and reduces 

the flue gas volume along with the associated heat losses [36]. Furthermore, studies show that 

the high concentration of the radiant gases carbon dioxide and water vapour in the flue gas 

improves the heat transfer [37]. Therefore, Oxyfuel combustion reduces the fuel 

consumption, particularly in processes with low thermal efficiency and the corresponding high 

flue gas temperatures [36]. Derived from the general energy balance, the thermal efficiency 

( 𝜂)  of a combustion process is determined by equation (1), where �̇�𝑓𝑢𝑒𝑙  and �̇�𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 

represent the mass flow rates of fuel and flue gas, 𝑐�̅�,𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 and 𝑇𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 the isobaric heat 

capacity and temperature of the flue gas, 𝑇𝑟𝑒𝑓 the reference temperature, and 𝐿𝐻𝑉 the lower 

heating value of the fuel. 

 
𝜂 = 1 −

�̇�𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ∙ 𝑐�̅�,𝑓𝑙𝑢𝑒 𝑔𝑎𝑠(𝑇) ∙ (𝑇𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 − 𝑇𝑟𝑒𝑓)

�̇�𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉
 (1) 

Figure 5 shows the thermal efficiency for the combustion of natural gas with air and pure 

oxygen in relation to the flue gas temperature as well as the potential efficiency increase (∆𝜂) 

for different steel mill processes and their mean flue gas temperature. 



Context and Research Need 

PAGE | 10 

 

Figure 5: Available heat in relation to exhaust gas temperature for the stoichiometric combustion of methane 

with air and oxygen.  

In the steel industry, Oxyfuel solutions have the potential to yield an increase in throughput 

capacity, fuel savings and reduction of both CO2 and NOX emissions. Areas of application in 

the EAF steel mill are the electric arc furnace, vessel preheating as well as reheating and heat 

treatment furnaces [38]. From an energetic point of view, oxygen blowing and/or the 

operation of Oxyfuel burners in the EAF promote the melting of scrap, thus reducing electricity 

consumption and increasing productivity [19,38]. Thereby, electric energy is substituted by 

chemical energy from exothermic oxidation reactions of scrap components and supplied fuels 

such as natural gas or coal. A combined exploitation of both chemical and electric energy 

increases the total power input into the furnace and reduces the tap-to-tap time [19]. 

However, for the production of stainless steels, the injection of oxygen leads to the oxidation 

of valuable alloying elements, such as chromium [20]. This requires a compromise between 

saving electrical energy through oxygen blowing and limiting the loss of alloying metals. The 

mixed injection of oxygen and carbon dioxide is expected to prevent both excessive 

overheating and oxidation of alloying elements [39]. However, studies on industrial-scale 

experiments have not yet been published. In view of their high preheating temperatures 

exceeding 1 000 °C and long holding periods of several hours, the ladle heaters are particularly 

suitable for a conversion to Oxyfuel combustion [22] (Figure 5). On the one hand, Oxyfuel ladle 

preheating yields fuel as well as emission savings of up to 50 % [38] and increases heating 

rates as well as achievable heating temperatures [19,38]. On the other hand, the oxygen 

demand of the steel mill increases significantly. 
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Since steel production involves the application of high temperature processes, high amounts 

of waste heat at high temperature levels [22] occur. Therefore, studies on energy efficiency 

enhancement in the iron and steel industry consistently include suggestions for waste heat 

recovery [40]. Leveraging heat recovery opportunities not only reduces the energy 

consumption and direct carbon dioxide emissions but also saves costs. The appropriate 

recovery technology depends primarily on the temperature and type of recovered fluid. Waste 

heat sources in the steel industry lie within the medium to high temperature range (200°C to 

1200°C). High dust loads, high recovery costs or the lack of a suitable sinks often limit their 

utilization [41]. 

In a typical electric arc furnace, about one third of the energy input is discharged through the 

off-gas at temperatures up to 1 200 °C [42]. Most of this heat is dissipated by means of a water 

cooled hot gas duct in order to allow subsequent flue gas treatment. Hot gas ducts are usually 

operated at cooling water temperatures well below 100 °C, thus the recovered energy can 

solely be used for low-exergy applications such as space heating. To enhance the waste heat 

exploitation, in the literature there are three approaches to harness the sensible heat from 

EAF off-gas: scrap preheating, steam production and power generation. Heating the steel 

scrap prior to charging saves electric energy and shortens the melting time, but promotes the 

formation of volatile organic compounds (VOC) and dioxins in the exhaust gas [43,44]. 

Furthermore, scrap preheating implies the implementation of a suitable charging system such 

as a conveyor belt or a vertical shaft at the electric arc furnace [44]. Since the electric arc 

furnace investigated in this thesis does not provide these features, we will focus on the latter 

waste heat applications. Several concepts exist for the recovery of waste heat from the EAF 

off-gas for steam and power generation, addressing the following common challenges [42,45–

48]: 

 High off-gas velocities, 

 High dust loads,  

 Gas temperature fluctuations, 

 Mass flow fluctuations, 

 High-temperature corrosion and 

 Intermittent operation of the EAF. 

The first option is to use the EAF waste heat for process steam generation [47]. Potential 

consumers of steam are the ejector pumps of the secondary metallurgical vacuum treatments 

[22,43]. One concept is to adapt the cooling system and raise the temperature and pressure 

of the cooling water [47] in order to produce low-pressure steam. For balancing the fluctuating 

heat supply and demand, the concept includes a pressurized thermocline storage tank. Results 

from dynamic simulations of the proposed system layout with a process simulation software 
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indicate that the thermocline storage enables a constant steam supply rate, despite the 

fluctuating waste heat load at the EAF. Hence, it is possible to substitute fossil fuel-fired steam 

generators, save primary energy and reduce carbon dioxide emissions [47]. In other concepts, 

as an alternative to pressurized water cooling evaporative cooling is applied. Therefore, the 

hot gas duct is replaced by a waste heat boiler. Ruths steam buffers decouple supply and 

demand, enabling a continuous steam mass flow to the steam consumers [42,46]. In order to 

overcome shortcomings such as the limited temperature of heat extraction and low thermal 

storage density, alternative concepts are currently developed involving the application of 

different heat transport and thermal energy storage (TES) media [42,48–50].  

The second option for the utilization of waste heat is power generation, in particular when a 

suitable steam or heat consumer is not available. Power can be generated either by Clausius 

Rankine Cycle (CRC) or by Organic Rankine Cycle (ORC) plants. In the ORC process water is 

replaced by an organic working fluid, which entails a number of advantages [51]: On the one 

hand, the reduced evaporation temperature of the organic fluid allows the production of 

electricity from waste heat at lower temperatures. On the other hand, the compact system 

layout and modular design facilitates the utilization of small, decentralized energy sources. 

However, because of the lower application temperature, the maximum efficiency of ORC 

processes is significantly lower than that of CRCs. For both, Clausius Rankine Cycle and Organic 

Rankine Cycle concepts, the heat from the off-gas is transferred to a steam or thermal oil cycle. 

In order to buffer the intermittent waste heat source and to allow for constant power 

generation, the implementation of a TES is indispensable. Subsequently, the steam is either 

expanded directly [42] or, similar to thermal oil, acts as a heat transfer fluid for the ORC 

process [46,50,52].  

Air preheating represents a technology to reduce fuel consumption and decrease the exhaust 

gas temperature of combustion-based processes. Thereby, the hot flue gas discharged from 

the furnace preheats the cold air prior to combustion through a regenerator or a recuperator 

[41]. Air preheating reduces the exhaust gas losses and the required heat input of the furnace. 

In regenerative air preheating, flue gas and combustion air flow alternately through the 

regenerator, whereby heat is extracted from the flue gas, stored in a high heat capacity 

material and then transferred to the combustion air. In recuperative preheating, both gases 

flow through the heat exchanger simultaneously, but are structurally separated. Given the 

high flue gas temperatures, air preheating provides an energy saving potential for the 

annealing furnaces and ladle heaters. For the former, air preheating by regenerators or 

recuperative burners is state of the art technology. Research on the optimal implementation 

of air preheating systems for ladle heaters is still ongoing. Studies indicate that the installation 

of a recuperator raises the combustion air temperature by 200 °C, thus saving up to 35 % of 
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natural gas and carbon dioxide emissions [53]. However, due to the high number of individual 

units, equipping ladle heating stations with such systems requires significant investment.  

Finally, it should be emphasized that energy efficiency is not only achieved by the optimization 

of individual plant components but also, more importantly, by an integrated system design 

[34]. A holistic view on the respective energy system is therefore crucial in order to assess the 

effects of the implemented measures on one another and on the overall system. For instance, 

deploying Oxyfuel combustion will on the one hand result in fuel savings and enable the 

separation and utilization of carbon dioxide, but on the other hand, it will reduce the flue gas 

flow rate and thus the available amount of usable waste heat. 

2.3.1.2 Carbon capture, utilization and storage 

Depending on the point of carbon separation, the most mature carbon capture processes are 

generally categorized in three different technologies [54]: 

 Pre-combustion sequestration and capture, 

 Post-combustion sequestration and capture and 

 Oxyfuel combustion, sequestration and capture.  

Pre-combustion capture technologies are applied in integrated gasification combined cycle 

(IGCC) power plants. The carbon is removed from the fuel before combustion which requires 

additional process steps. In a first step, the fuel is gasified with oxygen or water as gasification 

agent. Then, the produced carbon monoxide is converted via the water gas shift (WGS) 

reaction towards CO2, which allows that most of the carbon content of the fuel can be 

removed by subsequent scrubbing. In post-combustion, the CO2 is removed from the flue gas 

by scrubbing processes or membranes [55]. This process is especially suitable as end-of-pipe 

solution for re-powering concepts.  

Oxyfuel combustion generates a flue gas containing mainly carbon dioxide and water vapour, 

which facilitates the separation of CO2 through condensation. Deploying the Oxyfuel 

technology for ladle heating offers a range of advantages [24]: First, Oxyfuel ladle heating 

results in significant natural gas savings, thus reducing fuel costs and carbon dioxide emissions. 

Second, the separation of carbon dioxide from the flue gas converts climate-critical emissions 

into a valuable product, which is otherwise purchased. This two-fold emission reduction, 

consitsting of the conservation of fossil fuels and the capturing of the generated carbon 

dioxide, clearly fosters the application of the Oxyfuel technology.  

Carbon capture and utilization (CCU) refers to the separation of carbon dioxide and its 

subsequent utilization. Carbon capture and storage (CCS) describes the permanent storage of 

the separated carbon dioxide in underground storages such as depleted natural gas reservoirs 

[55]. In the context of the EAF steel mill, the recovery of CO2 is considered for the following 
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applications: the neutralization of alkaline wastewater [24], the treatment of cooling water 

and SNG production via methanation (see 2.3.2.2) [56]. A further potential sink for carbon 

dioxide is the mixed blowing of O2 and CO2 in the EAF [39,57]. However, given the resulting 

increase in electrical energy consumption and the lack of an impact on the CO2 balance of the 

steel mill, this option is excluded from the scope of this thesis.  

2.3.2 Reduction of indirect carbon dioxide emissions 

The transition from the BF-BOF steelmaking to DR-EAF or Scrap-EAF production routes results 

in an enhanced electrification of steel production. The energy supply of the production 

process shifts from coal and coke to electricity and hydrogen generated from renewable 

power. Supplying the process with renewable electricity therefore offers the potential for the 

reduction of indirect CO2 emissions. However, this implies the need for an enhanced 

integration of renewable energies into the overall energy system. Since not all processes can 

be electrified, there is a need to substitute fossil fuels such as natural gas with climate-neutral 

alternatives. The following section shows how these two objectives can be combined.  

2.3.2.1 Renewable electricity  

Climate neutrality within the energy system necessitates the transition from fossil fuels to 

renewable energy sources for power generation. In 2020 electricity accounted for 23 % of the 

final energy consumption [1] and 20 % of the net CO2 emissions in the European Union. The 

goal to reach net-zero carbon dioxide emissions in 2050 [4] is only achievable with a 

substantial expansion of renewable generation capacity, mainly wind and solar [35]. In 2020 

the share of renewable energy sources in electricity production reached 38 % in the EU [1]. 

For the first time, more electricity was generated from renewable sources than fossil fuels and 

the carbon intensity for power generation decreased to 226 g/kWh [58]. The recent increase 

in the share of renewables is mainly due to the cut in coal-fired power generation and the 

growing share of wind and photovoltaics.  

Compared to coal, oil, gas and nuclear power generation, renewable energies such as 

photovoltaics and wind power feature volatile generation profiles. A higher share of 

fluctuating RES in the power supply mix as well as a fluctuating energy demand implies 

increased requirements for the energy system. The provision of large power generation and 

grid capacities is necessary to cover peak loads and secure the energy supply. However, the 

availability of this reserve capacity margin leads to a low average utilization of power plants 

and transmission networks [59]. Therefore, the discrepancy between generation and demand 

needs to be compensated by the provision of flexibility options. A wide scope of measures is 

necessary to enable the integration of the increasing share of volatile renewable power 

generation into the energy system [35]: 
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 Implementation of energy storage capacity, 

 Improvement of the power grid, 

 Deployment of flexible power generation and 

 Provision of demand side flexibility. 

An efficient way to secure the energy supply and provide flexibility to the power system is to 

apply demand side management (DSM). DSM describes the concept of matching the demand 

with the available volatile supply through active load management of dispatchable energy 

consumers [60]. Load management involves either reducing the energy consumption or 

shifting the energy demand to a later time [61]. The implementation of DSM measures allows 

for minimizing the reserve capacity margin and the efficient operation of transmission as well 

as distribution grids [59]. This facilitates the enhanced integration of intermittent renewable 

energy sources such as photovoltaics and wind into existing energy systems. For that reason, 

the provision of load flexibility by industrial processes contributes to the reduction of the 

specific carbon dioxide emissions of electric energy in order to reach a climate-neutral power 

system.  

  

Figure 6: Demand side management measures and ther impact on process quality and timing (TOU: time of 

use, DR: demand reserve, SR: spinning reserve) [62].  

Figure 6 classifies different types of DSM according to their effect on the individual production 

process and their temporal horizon. Energy efficiency measures, as described in section 

2.3.1.1, lead to sustained energy and CO2 emission savings with very little or no impact on the 

process quality. Time of use (TOU) DSM involves re-arranging the production schedule to 

periods of lower electricity price tariffs. The dynamic shifting or shedding of loads based on 
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price or command signals is referred to as demand response. Market demand response reacts 

to electricity price signals on the day-ahead or real-time pricing market, while physical 

demand response acts in the event of overloaded grid infrastructure such as power lines and 

transformers. The spinning reserve, also denoted as primary and secondary control, aims to 

stabilize and restore the grid frequency. Consumers can act as a virtual spinning reserve by 

reducing the load, when the frequency drops and increasing the load when the frequency rises 

[62].  

Besides the previously explained effect DSM has the ability to enable energy cost optimization 

in EAF steel mills [63]. The following flexibility options have been identified: Electricity-

powered furnaces such as electric arc and ladle furnaces operate in batches and thus allow 

for rescheduling between each batch. As the largest electricity consumer in the steel mill the 

EAF particularly stands in the focus of the DSM studies. The furnace can respond to varying 

electricity prices either by shifting the operation schedule or by adjusting the load. In 

literature, load scheduling models based on mixed integer linear programming (MILP) are 

applied on a theoretical basis, enabling the plant owner to comply with predefined load curves 

and to operate the equipment at minimal cost [64,65]. In practice, a lack of information on 

future batches severely limits the accurate forecasting of electricity consumption profiles. In 

an industrial environment, batch weights, scrap quality and composition, tap-to-tap times, 

delays due to malfunctioning or occupied equipment and maintenance activities as well as the 

highly fluctuating load profile of the EAF can only be estimated. Robust scheduling tools that 

are capable to handle these significant uncertainties need to be developed. Moreover, load 

shifting in steel mill aggregates is limited to several minutes, but impairs subsequent 

production processes such as secondary metallurgy and casting, and has a negative impact on 

the steel production output and the plant utilization [63].  

In contrast, the coupling of the steel mill with interrelated processes such as oxygen 

production allows for demand side management without affecting the core steelmaking 

process [66]. Since oxygen and natural gas play a fundamental role in steel production, the 

on-site operation of an electrolysis plant for the combined production of hydrogen and oxygen 

might enable the provision of flexibility for the integration of fluctuating RES, the supply of the 

steel mill with by-product oxygen and the generation of a climate-neutral fuel [67,68].  

2.3.2.2 Renewable direct fuels  

Power-to-gas (PtG) refers to the production of gases such as hydrogen or synthetic methane 

from electric energy by electrolysis and subsequent methanation with carbon dioxide. PtG 

plants are crucial elements in hybrid energy systems, which are characterized by the 

interconnection of electric, gas and heat systems. Figure 7 presents a cutout of a hybrid system 

consisting of an electric and a gas system, which are interconnected by a PtG plant. By 
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harnessing the synergies between the individual infrastructures, hybrid energy systems 

enable the enhanced integration of renewable energy. They provide flexibility for balancing 

supply and demand, promote electrification of private-, commercial- and industrial processes, 

offer higher resilience and increase the security of supply [69]. For the integration of PtG 

technologies in the gas system, three configurations are considered, which might coexist 

depending on local conditions:  

 Feed-in of hydrogen into a dedicated hydrogen infrastructure,  

 Feed-in of hydrogen into the natural gas grid, 

 Feed-in of synthetic natural gas into the natural gas grid.  

 

Figure 7: Excerpt of a hybrid energy system comprising of an electricity and natural gas system.  

Considering historical energy and emission allowance prices, the production costs for both 

renewable hydrogen and SNG substantially exceeded those of conventional natural gas [70]. 

Hydrogen as an energy carrier appeared economically viable solely in narrow parts of the 

transport sector such as heavy duty trucks or train applications, compared to electrification, 

but would require the development of a completely new infrastructure. At present and in 

future, there is a strong case for preliminary using the existing natural gas infrastructure for a 

mix of natural gas, SNG, bio-methane and hydrogen.  

On the one hand, the economic framework conditions support the partial replacement of 

natural gas: In the short term, the war in Ukraine and the associated economic consequences 

have triggered a substantial increase in natural gas prices, which is assessed in section 4.6. In 

the long term, the politically intended rise of CO2 emission allowance prices will significantly 

add to the costs for natural gas utilization. Both effects promote the substitution of natural 

gas with RES.  

On the other hand, the admixture of renewable and climate-neutral gases into the natural gas 

network will gradually reduce CO2 emissions in the gas sector and enable the transformation 

to an hydrogen-only system in the long term [69]. The effect of natural gas/hydrogen blends 

on industrial furnaces is intensively investigated. Studies indicate that the combustion of gas 

blends with up to 100 % hydrogen lead to reduced flue gas losses, but to increased NOX 
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emissions both for air-staged- and flameless combustion. Additionally, the combustion of 

hydrogen or gas mixtures requires the adaption of the air fuel ratio control [71].  

Moreover, carbon dioxide neutral EAF steelmaking requires the substitution of coal, which 

plays a crucial role particularly in the foamed slag method. Essentially, there are two 

alternatives to coal: secondary fuels such as waste plastics and rubber or biomass [21].  

2.4 Research need 

Within section 2.3 of this thesis, the most relevant measures for the reduction of carbon 

dioxide emissions in EAF steel mills are presented. Regarding the design, implementation and 

operational optimization of energy efficiency technologies such as Oxyfuel combustion and 

waste heat recovery, a wide range of studies has been carried out. Due to its high energy 

consumption, the EAF lies in the main focus of research efforts, particularly in the field of 

waste heat recovery and electric energy savings. However, climate-neutral steel production 

through the EAF route requires a package of complementary measures. Besides the 

implementation of energy efficient and emission-reducing technologies in the steel mill, the 

interaction of the mill with the higher-level electricity and gas networks across all energy 

carriers is crucial. The optimal design, integration and operation of these technologies in an 

existing EAF steel mill as well as the assessment of their effect on demand side management, 

carbon dioxide emissions and energy costs calls for further investigation.  

From the literature review the following technologies emerged as most relevant to address: 

 Oxyfuel ladle heating, 

 CCU for water neutralization and methanation, 

 Waste heat recovery from the ladle heaters and the EAF,  

 DSM through flexible hydrogen and/or oxygen production and 

 Substitution of natural gas by SNG and/or hydrogen.  

In the light of these considerations, this thesis raises the following research question:  

What are suitable system solutions concerning the integration of Oxyfuel combustion, 

CCU, Waste heat recovery, DSM and fuel substitution for the reduction of CO2 

emissions in EAF steel production and what are the enabling framework conditions? 

From this overarching research question the following sub-questions are derived: 

1. What is the impact of the proposed measures on the energy consumption of the 

production process? 

2. What is the impact of the proposed measures on the demand side flexibility provided 

by the industrial energy system? 
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3. What is the impact of the proposed measures on the energy-related direct and indirect 

carbon dioxide emissions of the steel mill? 

4. What economic framework conditions are required for the viable implementation of 

the proposed measures? 
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3 METHODOLOGY FOR THE ASSESSMENT OF MEASURES 

TOWARDS CLIMATE-NEUTRAL EAF STEEL PRODUCTION 

The following chapter provides an overview on the pursued approach to address the research 

topics defined in section 2.4 and summarizes the main findings of the three research studies.  

3.1 Approach and outline of the thesis 

Based on the CO2 emission reduction measures listed in section 2.4, the approach outlined in 

Figure 8 was developed. It allows for a comprehensive review of the status quo, enables the 

optimal integration of the above-mentioned technologies in existing production processes 

and the investigation of their impact on the overall energy system. The aim is to provide 

answers to the research questions defined in section 2.4. The pursued approach is structured 

as follows: 

 First, an adaptive energy system model of the EAF steel mill is developed (section 3.2). 

It allows for the holistic analysis of the energy demand with particular regard to energy 

efficiency, CCU and DSM. In addition to time-resolved load profiles for energy sources 

and gases, the model is supposed to provide energy-related key performance 

indicators (KPI). The established energy system model serves as a basis for the 

subsequent studies. 

 Second, energy efficiency measures and CCU are investigated in a techno-economic 

case study (section 3.3). Different concepts for Oxyfuel combustion, waste heat 

recovery as well as CO2 sequestration and mill-internal utilization are implemented 

into the developed energy system model. These measures are then evaluated with 

regard to energy consumption, costs and CO2 emission savings.  

 Third, a study on the demand side management potential and RES integration 

through the flexible on-site production of oxygen, hydrogen, and/or SNG is conducted 

(section 3.4). Based on the previously generated load profiles of the steel mill, the 

layout and operation of a power-to-gas plant is optimized. Different plant layouts are 

assessed in terms of DSM potential, fossil fuel substitution and CO2 emission reduction. 

Based on the findings of the above-mentioned studies, three scenarios are developed in this 

thesis, which, all together offer a potential path to climate-neutral EAF steel production 

(section 3.5). These scenarios are subjected to a thorough analysis and discussion concerning 

their impact on the energy consumption (section 4.2), DSM potential (section 4.3) and CO2 

emissions (section 4.4) as well as their economic viability (section 4.5). Finally, the thesis 
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concludes with the answers to the research questions (section 5.1) as well as a summary and 

outlook (section 5.2). 

 

Figure 8: Applied approach for the development of a carbon dioxide emission reduction strategy EAF steel 

production, published scientific journal articles (A1-A4) and conference proceedings (C1-C2). 

This thesis is based on three peer-reviewed scientific journal articles (A1, A2, A3) [22,24,56], 

as well as several further scientific contributions in journals and conference proceedings (A4, 

C1, C2) [72–74]. Studies existing in literature that are relevant to the climate-neutral electric 

steel production complete the scope of the present work. The underlying research studies are 

cited at the appropriate places.  

3.2 Energy system model of the EAF steel mill  

The batch production process of different steel grades and variable production times in the 

EAF steel mill leads to a strongly fluctuating energy demand. Assessing the overall impact of 

the implementation of new technologies into the highly integrated production process 

requires time-resolved analysis and modelling of the considered energy system. Therefore, a 

study on the characterization and the modelling of the energy system of an EAF steel mill was 

carried out in the article Time- and component-resolved energy system model of an electric 
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steel mill [22]. Based on the findings from literature and on comprehensive measurements in 

an existing steel mill, a holistic, time- and component-resolved energy system model of the 

steel mill was developed. The model includes the load profiles for electric energy, process 

steam and natural gas as well as the waste heat profiles for the overall EAF steel mill and for 

the following major energy consumers: 

 Electric arc furnace, 

 Ladle furnaces, 

 Dedusting fans, 

 Ladle heaters, 

 Annealing furnaces, 

 Process steam generator and  

 Remaining Consumers.  

In this model, the fluctuating load profile of the electric arc furnace is synthesized by applying 

Markov chains [73]. A logistic model combines its stochastically generated profiles with the 

other sub-processes that are characterized either by fixed load profiles (e.g. defined by 

predetermined temperature profiles) or by interrelations with other processes (e.g. supply of 

a component-specific steam demand by the process steam generator) [72]. For the further 

course of the study, the model needs to be capable of generating energy demand and waste 

heat profiles as well as energy-related key performance indicators such as specific energy 

consumptions (SEC) and generated carbon dioxide emissions.  

 

Figure 9: Schematic representation of the energy system of the EAF steel mill. 
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Figure 9 gives an overview over the modelled energy system. The modular design allows the 

modification of existing system components and the implementation of additional equipment 

such as further processing units, carbon dioxide and heat recovery plants as well as buffer 

storages [22]. 

3.3 Energy efficiency measures and CCU 

With a share of 38 % of the final energy demand of the steel mill, natural gas is the second 

most important energy carrier and the principal source of direct carbon dioxide emissions (see 

Figure 4). The conservation of natural gas by applying Oxyfuel combustion was identified as 

the first field of action for CO2 reduction. The second field concerns the sequestration and 

mill-internal utilization of carbon dioxide from flue gas. A third field of action is saving natural 

gas by the recovery and utilization of waste heat. The article Techno-economic case study on 

Oxyfuel technology implementation in EAF steel mills – concepts for waste heat recovery and 

carbon dioxide utilization [24] addresses the implementation of novel technologies in the 

production processes of an existing steel mill. For the case study, the previously developed 

energy system model of the investigated steel mill is adapted: A part of the energy- and 

emission-intensive ladle heaters is equipped with Oxyfuel-burners and a carbon dioxide 

separation system. Additionally, heat recovery systems as well as buffer storages for heat and 

carbon dioxide are integrated, as depicted in Figure 10.  

 

Figure 10: Process integration concept [24][24]. 

In the course of this thesis, the proposed efficiency measures are referred to as:  

 Oxyfuel ladle preheating, 

 Ladle heater waste heat recovery, 
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 Electric arc furnace waste heat recovery and 

 Carbon dioxide utilization. 

The case study aims to optimize the technical design of the proposed measures, to assess the 

energy, cost and CO2 emission saving potential and to identify the required economic 

framework conditions for their implementation. First, a simple simulation approach is used to 

determine the appropriate capacity for the buffer storages: Simulation runs under variation 

of the storage capacities and subsequent economic analysis lead to the system configuration 

with minimum annual costs for ladle heating and steam generation. Annual costs include the 

annuity for the CAPEX of new equipment and the cost for electricity, natural gas, emission 

allowances as well as for the purchased oxygen and carbon dioxide. Second, the reductions in 

natural gas consumption, direct CO2 emissions and annual energy cost of the economically 

optimized scenarios are evaluated. Finally, a sensitivity analysis demonstrates the economic 

prerequisites for the profitable implementation of the investigated measures. 

3.4 Demand side management and RES integration 

More than 50 % of the energy demand for EAF steel production is consumed in form of electric 

energy. Consequently, the climate-neutral EAF steel mill requires the supply of carbon dioxide 

neutral electricity. In order to enable the integration of volatile renewable energy sources into 

the production process, a study on the demand side management potential was conducted in 

the article Provision of demand side flexibility through the integration of power-to-gas 

technologies in the electric steel mill [56]. In this article, the electricity price-driven oxygen 

production via pressure swing adsorption and the integration of an electrolysis based power-

to-gas plant are identified as promising flexibility options. Due to the high oxygen demand of 

the steel mill and the technologically simple storage, the production of gases such as oxygen, 

hydrogen and SNG represents a strong flexibility option to be implemented on the high-level 

power grid (110 kV). Besides that, decoupling of supply and demand through buffer storages 

ensures that the flexible management of the electricity demand has no negative effect on the 

steel production process. In contrast, the temporal shifting of the electric load of individual 

aggregates in the main production process, such as the electric arc furnace, is complex. Due 

to the highly integrated batch processes, load shifting of such processes has a significant 

impact on the production output, energy efficiency, product quality as well as scheduling and 

resource planning. In this work, this is not considered.  

Three scenarios based on technologies that operate decoupled from the core-production 

process are investigated:  

 Oxygen production via Pressure Swing Adsorption (scenario PSA), 

 Co-production of hydrogen and oxygen using PEM electrolysis (scenario PEM) and 
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 Co-production of hydrogen and oxygen using PEM electrolysis and subsequent 

methanation for SNG production (scenario SNG). 

These scenarios are investigated using an optimization model, which covers the oxygen and 

hydrogen production plants as well as all relevant auxiliary equipment, energy carriers and 

gases. Figure 11 depicts the structure of the optimization model for the three implementation 

scenarios.  

 

Figure 11: Optimization model for the implementation of different scenarios for flexible oxygen, hydrogen and 

SNG production [56]. 

The load profiles generated with the previously described energy system model serve as an 

input for the time-resolved natural gas and oxygen demand as well as carbon dioxide 

generation. The objective of the optimization is minimizing the sum of investment, energy and 
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oxygen cost under fluctuating power prices. In this way, the effects on the energy 

consumption and CO2 emissions of the steel mill as well as the provision of flexibility for the 

power grid are investigated and operating strategies for the deployed systems are derived. A 

comparative analysis of the individual scenarios with anticipated CAPEX and energy prices for 

the years 2020, 2030 and 2050 demonstrates the required technical and economic framework 

conditions. 

3.5 Overall assessment 

Considering the research questions defined in section 2.4, the above-mentioned energy 

efficiency and flexibility measures are evaluated regarding potential energy savings, provision 

of demand side flexibility, carbon dioxide emission reduction and economic viability. The 

analysis shown here is based on three scenarios derived from the articles A2 [24] and A3 [56]: 

 The energy efficiency scenario EFF 2020 involves the measures proposed in article A2 

including the transition to Oxyfuel ladle heating, carbon dioxide capture and utilization 

for water neutralization as well as waste heat recovery. The resulting optimized energy 

and oxygen demand profiles serve as basis for the subsequent scenarios. The oxygen 

is supplied by the flexible operation of an on-site PSA plant.  

 Scenario SNG 2030 investigates the implementation of a power-to-gas plant into the 

steel mill, consisting of a PEM electrolysis and a methanation unit. The electricity price-

driven operation of the electrolyzer needs to cover the oxygen demand of the steel 

mill and generates hydrogen. Due to the lack of a dedicated hydrogen infrastructure, 

the admixture of hydrogen into the gas system of the mill is limited to 20 %vol in each 

time interval. The methanation of carbon dioxide generated by the Oxyfuel ladle 

heaters increases the internal utilization of hydrogen. Excess hydrogen is either 

consumed in the steel mill in compliance with the admixture limit or injected into the 

gas grid. Since the production capacity of the power-to-gas plant is small compared to 

the transmission capacity of large natural gas lines, the admixture limit is not 

considered for the infeed into the gas grid. 

 In the PEM 2050 scenario, assuming a complete conversion of the overall natural gas 

infrastructure to hydrogen, solely the PEM electrolysis is deployed. Again, the 

electrolysis unit meets the oxygen demand. Additionally, we postulate that by 2050 

the gas infrastructure is designed for operation on 100 %vol hydrogen.  

Each of these three scenarios is benchmarked against the reference scenario (REF 2020), 

which represents the current status in the analyzed steel mill. Throughout the analysis, the 

final energy consumption and total energy consumption are compared in the different 

scenarios. The former only considers the consumption of energy carriers in the production 
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process, whereas the latter also takes into account the electrical energy required to produce 

oxygen and hydrogen. In terms of emissions, the benchmarking includes direct (scope 1) and 

indirect (scope 2 and 3) carbon dioxide emissions. Load flexibility is determined considering 

the nominal power, the annual full load hours and the average electricity price of the power-

to-gas plant. The economic analysis includes the energy carriers electric energy, natural gas, 

hydrogen and SNG. Moreover, the cost of oxygen for metallurgy and combustion, the acquired 

CO2 emission certificates as well as the capital costs arising from additionally implemented 

equipment are considered. Given the projected costs for energy, emission allowances and 

gases through 2050, the economic performance of the individual scenarios is compared based 

on data for the years 2020, 2030 and 2050. Table 4 summarizes the commodity prices for the 

economic assessment that are considered constant. Figure 12 depicts the applied volatile 

prices for the electricity price-driven optimization of the PSA and PtG plants. 

Table 2: Projected energy, emission allowance and gas prices for the years 2020, 2030 and 2050 [56].  

Commodity Unit 2020 2030 2050 Ref 

Electric energy (mean) EUR/MWh 33 62 82 [75–77] 

Natural gas EUR/MWh 13 12 11 [78] 

Hydrogen EUR/MWh 146 93 103 [79] 

Oxygen EUR/t 77 93 103 [56] 

Emission allowances EUR/t 24 130 250 [78,80–82] 

 

 

Figure 12: Profile (A) and duration curve (B) of historical and forecasted electricity spot market prices for the 

years 2020 (blue), 2030 (orange) and 2050 (grey) [56].  
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4  RESULTS AND DISCUSSION 

The following chapter summarizes the most relevant results of the conducted research studies 

and puts them into a common context. First, the results of the energy system analysis are 

presented. Then, in order to provide robust answers to the stated research questions, the 

findings from the case studies are evaluated in terms of energy consumption, carbon dioxide 

emissions and economic impact. 

4.1 Time- and component resolved energy demand  

The primary objective of the energy system model is to map the individual energy consumers 

of the production process in the investigated steel mill. This allows for the generation of 

synthetic load profiles for electric energy, natural gas, coal, oxygen, carbon dioxide as well as 

profiles for waste heat. Based on the data obtained from on-site measurements, the model 

generates representative minute-resolved load profiles over arbitrary observation periods. 

The following figures present the load profiles generated by the energy system model in a 

temporal resolution of 15 minutes over a period of four weeks. The loads are normalized to 

the respective maximum power or mass flow.  

 

Figure 13: Load profile for electric energy, natural gas and coal generated by the energy system model [22]. 

With a consumption of 38 % of the total energy demand, the electric arc furnace clearly 

dominates the electric load profile. Due to its batch operation, the remaining processes such 

as secondary metallurgy, annealing or ladle heating follow a certain periodicity, resulting in 

strongly fluctuating energy demand (Figure 13). The intermittency of the EAF operation also 

affects the natural gas load profile, which is mainly determined by the ladle heaters and the 
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heat treatment furnaces. Coal accounts only for a minor share of the total energy input but 

contributes a considerable portion to the direct carbon dioxide emissions due to its high 

carbon content.  

The major natural gas consumers such as the ladle heaters and heat treatment furnaces 

account for most of the waste heat generated in the form of hot exhaust gases. A further part 

of the waste heat, primarily from the cooling panels and the hot gas duct of the EAF, is 

discharged through cooling water. Due to the wide range of process temperatures, the 

available waste heat streams feature different exergetic levels. The holding temperatures of 

ladle heaters and annealing furnaces exceed 600 °C, whereas heat-up temperatures lie in the 

medium temperature range from 200 to 600 °C. In contrast to the high EAF off-gas 

temperature, the coolant temperatures are limited to well below 100 °C during standard 

operation under athmospheric pressure. Resulting from the fluctuating energy input, the 

production of waste heat is intermittent as well (Figure 14). Hence, the use of thermal energy 

storage systems is imperative for the efficient recovery of waste heat. 

 

Figure 14: Waste heat load profile generated by the energy system model [22,24]. 

EAF steel production is associated with a considerable oxygen demand. Again, the biggest 

consumer is the electric arc furnace followed by the vacuum oxygen decarburization units and 

minor consumers such as the cutting torches. The load profile reflects this situation: oxygen is 

blown into the EAF at high mass flow rates resulting in intermittent demand peaks. Since not 

every batch is subjected to VOD and the treatment is carried out at lower mass flow rates, the 

associated peaks are smaller and occur irregularly. A base load represents frequent operation 

of minor consumers, whereas on the weekends, the steel production and therefore oxygen 

consumption is shut down (Figure 15). The carbon dioxide load profile results mainly from the 
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demand for neutralization of wastewater from the vacuum treatments and, to a smaller 

extent, from the regular injection of CO2 into the cooling water. The latter is needed to avoid 

the precipitation of dissolved minerals. Both the total consumption and the required mass 

flow rates are much lower compared to oxygen.  

 

Figure 15: Load profile for oxygen and carbon dioxide generated by the energy system model [56]. 

In addition to the load profiles, the energy system model determines energy-related KPIs such 

as specific energy consumption and carbon dioxide emissions. The calculated specific energy 

and oxygen demand as well as the specific emissions for the investigated mill based on one 

ton of produced steel lie within the literature values given in section 2.1. Considering the good 

agreement of synthetic and measured load profiles as well as the plausibility of the generated 

KPIs compared to literature values, we assume that the energy system model provides 

representative data. The extension option to include additional processes and the capability 

of holistic energy system analysis enable the assessment of energy efficiency measures and 

the identification of flexibility options in the subsequent studies.  

4.2 Energy consumption 

The first objective of the techno-economic case study [24] was the investigation of effects of 

the transition from natural gas/air-fired to Oxyfuel burners. Figure 5 indicates that due to the 

high process and exhaust gas temperatures, the highest gain in thermal efficiency is achieved 

for Oxyfuel ladle preheating. According to scenario EFF 2020, the conversion of all ladle 

heaters, except those required for ladle drying, to Oxyfuel-technology reduces the natural gas 

consumption of the steel mill by 10 %. These savings are accompanied by an increase of the 

oxygen consumption by 55 % resulting in an additional energy consumption due to oxygen 
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production. Assuming a SEC of 0.49 kWh/kgO2 [56], saving 1 kWhHHV of natural gas translates 

to the consumption of 0.13 kWh of electrical energy for oxygen production. Considering the 

energy demand for oxygen production, the total energy savings are reduced by 11 %. In 

addition to fuel savings, Oxyfuel combustion offers the opportunity for energy-efficient 

carbon dioxide recovery.  

Furthermore, the case study indicates that harnessing the large waste heat recovery potential 

leads to significant natural gas savings: The exploitation of the ladle heater waste heat for feed 

water preheating in the process steam boiler effects a reduction of 1 % of the overall natural 

gas consumption. The additional integration of the cooling system of the EAF hot gas duct 

provides sufficient thermal energy for the entire steam production, reducing the natural gas 

consumption of the steel mill by 4 % in total. However, the implementation of such a system 

is costly and technically complex as it requires the installation of substantial heat storage 

capacity and the replacement of the hot gas duct. The main challenges lie in the highly 

fluctuating mass flow rate and temperature as well as the high dust load of the EAF exhaust 

gas. 

The implementation of power-to-gas technologies does not have an impact on the final energy 

consumption, since the fuel demand still must be covered. Due to the production of SNG and 

hydrogen, a part of the total energy consumption is shifting from natural gas to electricity. In 

the SNG 2030 scenario, synthetic methane from electrolysis and methanation substitutes part 

of the natural gas, but increases the total energy consumption. The produced SNG is 

consumed mill-internally to reduce the natural gas consumption and CO2 emissions. The 

shortfall in CO2 supply and the admixture limit of 20 %vol for the internal infrastructure cause 

a hydrogen surplus, which is sold through injection into the gas grid.  

The scenario PEM 2050 enables the complete substitution of natural gas by hydrogen. The 

power-to-gas plant supplies a major part of the consumption, the remaining part is procured 

from the grid. Due to the electricity price- and oxygen demand-driven operation of the 

electrolyzer, this scenario involves a temporary overproduction and thus the sale of hydrogen 

into the grid. The absence of the methanation step results in an overall efficiency 

improvement of the PtG plant and therfore a smaller impact on the total energy consumption 

(see Figure 16). 

In summary, the investigated energy efficiency measures (EFF 2020) lead to the conservation 

of 30 % of the natural gas consumption, corresponding to 11 % of the final SEC for the 

production of one ton of steel (see Table 3). Given their limited efficiency, the application of 

electrolysis and methanation increases the total energy consumption, while omitting the 

electricity consumption for oxygen production and partially substituting natural gas by 
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climate-neutral gases. The feed-in of excess hydrogen increases the proportion of renewable 

gases in the grid.  

Table 3: Impact of CO2 emission reduction measures on natural gas, final energy and total energy 

consumption (based on scenario REF 2020). 

Measure Scenario Natural gas Final energy Total energy 

Oxyfuel ladle preheating EFF 2020 -20 % -7 %  -7 % 

Waste heat recovery EFF 2020 -10 % -4 % -4 % 

Oxygen production EFF 2020 - - +2 %1 

SNG production SNG 2030 -14 % - +7 % 

Hydrogen production PEM 2050 -33 % - +2 % 

 

 

Figure 16: Final and total specific energy consumption and gas sales for the different scenarios related to the 

reference scenario REF 2020. 

4.3 Demand side management 

In view of the high electricity consumption of EAF steelmaking, the provision of load flexibility 

for the power grid is crucial for the integration of fluctuating renewable generation. Operating 

the EAF as a DSM asset by shifting the production schedule requires considerable logistical as 

well as organizational effort and is not considered in this work. In contrast, the on-site 

production of oxygen was identified as a feasible flexibility option. Oxygen is required in large 

                                                      

1 Assuming an SEC of 0.49 kWh/kg for oxygen production.   
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quantities in the steelmaking process, is easily stored, and can be produced from ambient air 

or water at any location using electrical energy. Pressure swing adsorption (PSA) represents a 

flexible oxygen source, but PEM-based power-to-gas plants for hydrogen or SNG production 

feature a higher dispatchable power and additionally produce CO2 emission-neutral fuels [56]. 

In order to compare the flexibility potential of the individual scenarios, the optimized nominal 

power, full-load hours and electricity prices are considered. Figure 17 shows the forecasted 

ordered duration curve for the year 2050, the annual average price, the effective average price 

(𝑝𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒) and the ordered average price (𝑝𝑜𝑟𝑑𝑒𝑟𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒) for the PEM and the PSA 

unit. 

 

Figure 17: Assessment of the demand side management potential of different oxygen and hydrogen supply 

systems including pressure swing adsorption (PSA) and electrolysis (PEM) in 2050 [56]. 

The effective average price is an optimization result and represents the actual mean price of 

the electricity supplied to the power-to-gas plant during operation. The ordered average 

indicates the theoretical minimum price that would be achieved by operating the plant at full 

load solely during the cheapest hours. These indicators are determined from the quarter-

hourly power prices (𝑝𝐸𝐸 ), the quarter-hourly electricity demand (𝐷𝐸𝐸 ) and the ordered 

duration curve (𝐷𝐶𝐸𝐸) (see equations (2) and (3)).  

 
𝑝𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑡) =

∑ 𝑝𝐸𝐸(𝑛) ∙ 𝐷𝐸𝐸(𝑛)𝑡
𝑛=1

∑ 𝐷𝐸𝐸(𝑛)𝑡
𝑛=1

 (2) 
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𝑝𝑜𝑟𝑑𝑒𝑟𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑡) =

1

𝑡
∙ ∑ 𝐷𝐶𝐸𝐸(𝑛)

𝑡

𝑛=1

 (3) 

In scenario EFF 2020, due to the high share of the CAPEX on the total cost, the optimized 

design and operation of the PSA unit is characterized by a low rated power and high full-load 

hours (see Table 4). The optimal implementation strategy is to minimize the total investment 

costs by minimizing the oxygen production and storage capacity. In contrast, in both the SNG 

2030 and PEM 2050 scenario, the higher share of the energy cost enables an electricity price-

driven operation of the electrolysis unit, resulting in high rated power and low full-load hours. 

The increasing amplitude and frequency of price fluctuations from 2030 to 2050 intensifies 

this effect, leading to even higher storage and production capacities and lower full-load hours.  

Table 4: Flexibility indicators of the PSA unit (EFF 2020) and electrolysis plant (SNG 2030 and PEM 2050) [56]. 

KPI Unit EFF 2020 SNG 2030 PEM 2050 

Nominal power kW 400 15 100 20 000 

Full load hours hrs 7 440 3 740 2 570 

Annual average electricity price EUR/MWh 33 62 82 

Ordered average electricity price EUR/MWh 28 32 11 

Effective average electricity price EUR/MWh 49 41 34 

 

The comparison of electricity costs in Table 4 confirms these findings. In the EFF 2020 scenario, 

the effective average price lies above, whereas in the SNG 2030 scenario, it falls below the 

annual average price, close to the ordered average, which represents the theoretical 

minimum. Scenario PEM 2050 reflects the limitations of the proposed power-to-gas system. 

In order to profit from periods of low electricity prices, the full-load hours of the electrolysis 

unit continue to decline from 2030 to 2050. Nevertheless, due to the coupled oxygen supply, 

the plant is not able to fully adapt its operation to the time windows of the cheapest prices. 

Therefore, the effective price diverges from the ordered average. With the expansion of 

renewable generation, seasonal price variations that cannot be balanced by the plant-internal 

storages will increase, highlighting the complementary need for seasonal storage systems.  

4.4 Carbon dioxide emissions 

When determining the CO2 balance of the production process, it is necessary to distinguish 

between the carbon dioxide emissions of different scopes (see section 2.3). The high natural 

gas and electricity consumption causes scope 1 and scope 2 emissions, whereas emissions 

generated by oxygen production are assigned to scope 3 in the reference scenario.  
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The most cost-efficient measure for the mitigation of scope 1 emissions is the reduction of 

fuel consumption by enhancing the energy efficiency of production processes. In scenario EFF 

2020, the natural gas savings associated with the implementation of Oxyfuel combustion and 

the recovery of the waste heat from the ladle heaters and the electric arc furnace account for 

a total emission reduction of 12 %. The additional consumption for Oxyfuel combustion 

increases the emissions related to oxygen production. Furthermore, these emissions are 

transferred to scope 2 due to the on-site production through a PSA unit, thereby reducing the 

considered energy-related scope 3 emissions to zero.  

Though contracts for the supply of electricity with a higher share of renewables are available, 

the scope 2 emissions in this thesis are determined based on the specific greenhouse gas 

emissions of the Austrian electricity sector of 143 g CO2/kWh in 2020 [83]. As a consequence 

of the additional oxygen demand for oxyfuel combustion in scenario EFF 2020, scope 2 

emissions will initially increase. At this point, it should be noted that Oxyfuel combustion leads 

to a considerable CO2 emission reduction not only for a low-emission generation mix but also 

for electricity with very high specific emissions. From the year 2030 on, the Austrian federal 

government aims to supply 100 % renewable electricity [84], resulting in the elimination of 

scope 2 emissions for electricity consumption.2 The supply of climate-neutral electricity alone 

eliminates 50 % of the total CO2 emissions of the steel mill. 

With the transition to carbon dioxide emission-free electric power, only scope 1 emissions 

from fossil fuels will remain. These emissions are gradually reduced through the 

implementation of power-to-gas plants and an increase in the share of renewable gas in the 

public gas grid. SNG production via methanation and limits for the admixture of hydrogen into 

the gas grid, as assumed in scenario SNG 2030, allow for the utilization of the existing 

infrastructure. However, the labeling of climate-neutral gases is necessary for gas trading and 

for the accounting of CO2 emission allowances. Since the feed-in of SNG and hydrogen reduces 

CO2 emissions in the higher-level energy system, this reduction should be attributed to the 

steel mill. From this point on, the definition of scope 2 is supplemented by those CO2 emission 

reductions that are caused by the injection of climate-neutral gases into the grid. The 

conversion of hydrogen to methane is associated with additional capital costs and losses, 

which is why in the long term the transformation to a dedicated hydrogen infrastructure, as 

assumed in the scenario PEM 2050 seems to be reasonable.  

                                                      

2 Even power from 100 % renewable generation has specific CO2 emissions greater than zero. Nevertheless, the 
author stipulates that electricity-based scope 2 emissions are omitted when producing electricity from RES. 
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Table 5 summarizes the effect of the proposed reduction measures on the emissions of scope 

1, 2 and 3. Resulting from the proposed plant-internal measures, a total CO2 emission 

reduction of 41 % is achieved by the year 2050.  

Table 5: Reduction potential of different measures based on the total CO2 emissions broken down by 

emission scopes (referred to the scenario REF 2020). 

Measure Scenario Scope 1 Scope 2 Scope 3 Total 

Oxyfuel ladle heating EFF 2020 -8 % - +1 % -7 % 

Waste heat recovery EFF 2020 -4 % - - -4 % 

Carbon dioxide utilization EFF 2020 -1 % - - -1 % 

Oxygen production EFF 2020 - +2 % -2 % - 

SNG production SNG 2030 -5 % -14 % - -19 % 

Hydrogen production PEM 2050 -12 % -8 % - -20 % 

Coal substitution - -9 % - - -9 % 

 

With additional external measures such as the supply of renewable electricity and the 

conversion of the natural gas network to climate-neutral gases, net-zero energy-related CO2 

emissions are achievable. Figure 18 outlines a potential CO2 emission reduction path towards 

a nearly climate-neutral EAF steel production in 2050 including mill-internal measures as well 

as the prospective development of the higher-level energy system. 

 

Figure 18: Energy-related specific carbon dioxide emissions broken down by scopes related to the reference 

scenario REF 2020.  
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4.5 Economic assessment 

The case studies conducted in the articles A2 [24] and A3 [56] include an evaluation of the 

energy and investment costs for individual plant components: In article A2, three different 

technology implementation scenarios are analysed under varying economic framework 

conditions. Article A3 addresses the optimal integration and assessment of flexible oxygen 

production and power-to-gas plants based on projected energy costs. In view of the expected 

cost decrease for electrolysis units and rising prices for electricity and emission certificates, 

the economic analysis covers different economic conditions. From the year 2020 to 2050, 

evolving prices for the relevant energy carriers and CO2 emission allowances as well as capital 

expenditures (CAPEX) for PtG plants are considered. The CAPEX are allocated to the annual 

energy costs according to the annuity method based on the individual useful life of the assets 

(between 10 and 20 years) and a calculatory interest rate of 4 %. The assumed price 

developments are based on several high-level reports. Figure 19 illustrates the development 

of the specific energy costs upon implementation of the proposed scenarios compared to the 

reference scenario. The reference scenarios represent the maintainence of the status quo 

under increasing prices. 

 

Figure 19: Composition of energy costs and revenues for different investigated scenarios related to the 

reference scenario REF 2020. 

The scenario EFF 2020 provides an evaluation regarding the economic viability of energy 

efficiency measures and CCU: First, the scenario is characterized by a shift of the costs from 
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natural gas and emission allowances to CAPEX. Second, compared to the reference scenarios 

for 2020, 2030 and 2050, the implementation of Oxyfuel ladle heaters results in a substantial 

cost reduction. Savings from the reduced fuel consumption and CO2 emissions outweigh the 

costs for the necessary adaption of the ladle heaters, the control equipment as well as the 

additional oxygen supply. Considering the rising energy and emission allowance prices, the 

more capital-intensive carbon dioxide utilization and waste heat recovery concepts are 

profitable as well. Third, in the light of rising prices for natural gas and CO2 emission 

certificates, the beneficial impact of implementing fuel-saving technologies on total costs is 

growing from 2020 to 2050. 

In the scenario SNG 2030, on the one side, rising electricity prices and the higher demand due 

to electrolysis lead to a significant increase in electricity costs. On the other side, the utilization 

of the generated SNG and hydrogen reduces the expenditures for natural gas as well as 

emission allowances. Hydrogen sales and the utilization of co-produced oxygen compensates 

the additional electricity cost.  

The PEM 2050 scenario is characterized by a further increase in the average electricity price. 

However, costs for purchased electricity do not increase in the same range, since the high 

price variability allows for the exploitation of low electricity prices. In addition, the highly 

fluctuating electricity price with annually constant gas prices allows for the optimization of 

energy costs by arbitrage operation: When electricity prices are low, surplus hydrogen is fed 

into the gas grid; when electricity prices are high, the gas demand of the steelmaking 

processes is supplied from the gas grid. Due to the conversion of the gas system, the natural 

gas consumption falls to zero, eliminating natural gas and associated emission allowance 

costs. Moreover, the increased internal use of hydrogen reduces hydrogen sales.  

Due to reasons of complexity associated with an increased total energy consumption and 

simultaneous hydrogen sales in the scenarios SNG 2030 and PEM 2050, the economic 

conditions for hydrogen production, self-supply and grid injection need to be studied in more 

detail. The solid lines in Figure 20 depict the projected development of hydrogen sales and 

natural gas purchase prices as well as the levelized cost of hydrogen (LCOH) achieved in the 

case study [56]. The dashed lines represent a 20 % deviation margin. The hydrogen sales price 

is based on the projected production cost for green hydrogen [79]. The natural gas price 

includes energy, grid charges, taxes and the costs for CO2 emission allowances [78,80,81]. The 

LCOH is derived from the optimization results and incorporates CAPEX, OPEX and energy costs 

for electrolysis and oxygen storage as well as the cost savings from by-product oxygen 

utilization in the steel mill. The latter is valuated with the oxygen price given in Table 2.  
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Figure 20: Projected development of the hydrogen sales price, natural gas price [56]. The latter includes 

emission allowances, charges and taxes. 

The displayed price situation allows the following conclusions to be drawn: In 2020, the sales 

price for renewable hydrogen was significantly higher than the LCOH obtained from our study. 

However, since the price of natural gas including emission allowances is well below the LCOH, 

hydrogen injection into the gas grid is not profitable. As the cost for electricity already exceeds 

the natural gas price, either markets for renewable hydrogen sales must be established or 

feed-in must be subsidized. A similar situation emerges for 2030, with LCOH, natural gas price 

and hydrogen price continuing to converge. The injection of the generated hydrogen into the 

gas grid remains economically unviable without subsidies. However, under the projected 

increase in emission allowance prices, an investment subsidy might represent a suitable 

instrument to push the LCOH below the cost of natural gas. Ultimately, between 2030 and 

2050, the situation arises that, firstly, the costs for on-site produced hydrogen fall below those 

for purchased natural gas (P1) and, secondly, the feed-in of hydrogen into the gas grid 

becomes profitable (P2). Starting at P1, the substitution of natural gas by hydrogen is 

economically viable, whereas from P2 onwards, the full conversion of the gas system to 

becomes feasible. Consequently, the PEM 2050 scenario involves a complete transition from 

natural gas to hydrogen to cover the gas demand of the production process.  
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In summary, the results from the presented case studies indicate that the energy costs will 

rise in all scenarios, but less sharply for the implementation of energy efficiency and DSM 

measures than under continuation of the status quo. The amortization periods for the 

investments range from 3.0 years for the EFF 2020 scenario to 2.5 and 0.9 years for SNG 2030 

and PEM 2050 respectively.  

4.6 Impact of extreme events 

As a consequence of the after-effects of the Coronavirus crisis as well as the war in Ukraine, 

energy prices rose dramatically within the last months. In June 2022, the day-ahead prices for 

natural gas and electric energy reached 103 EUR/MWh [85] and 180 EUR/MWh [86], 

respectively. Emission allowances were traded at 83 EUR/tCO2 [87]. The price forecasts applied 

in this work are subject to a high degree of uncertainty. Since these forecasts constitute an 

important foundation of this thesis, this situation requires a more detailed assessment. 

Therefore, the existing scenarios are re-evaluated applying the present energy and emission 

allowance prices.  

Table 6 demonstrates the impact of this extreme price environment in the first six months of 

2022 on the LCOO, LCOH and the total natural gas cost including charges and taxes as well as 

the cost for emission allowances compared to the predicted values in the scenarios. In the 

scenario EFF 2022, the high natural gas and emission allowance price has a positive effect on 

the economic viability of the implemented efficiency measures: The reduction in total annual 

energy costs increases from 1 to 7 % and the amortization period decreases from 3.0 to 0.2 

years. However, the situation is different for the SNG 2022 and PEM 2022 scenarios: Due to 

the high electricity prices, production costs for oxygen and hydrogen rise dramatically. Even 

though the cost of natural gas increases as well, it remains far below the LCOH. Consequently, 

the proposed substitution of natural gas by hydrogen is not economically viable under the 

current energy price regime.  

Table 6: Impact of the extreme price situation on costs for oxygen, hydrogen and natural gas.  

KPI EFF 2020 EFF 2022 SNG 2030 SNG 2022 PEM 2050 PEM 2022 

LCOO 77 180 93 180 103 180 

LCOH - - 66 266 47 268 

Natural gas cost 30 150 50 150 73 150 
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5 CONCLUSION AND OUTLOOK 

The last chapter presents the most important findings related to the research questions (see 

section 2.4), deduces a comprehensive CO2 emission reduction pathway and gives an outlook 

on future research needs.  

5.1 Conclusion 

The conclusion provides answers to the research questions with reference to both the energy 

efficiency measures and the flexibility options. 

1. What is the impact of the proposed measures on the total energy consumption of the 

production process? 

The transition from the conventional integrated route via BF and BOF to the Scrap-EAF and 

DR-EAF route implies the electrification of the steelmaking process. Electric energy and 

natural gas substitute coal and coke as the main energy sources. This transition leads to a 

substantial cut in CO2 emissions, but achieving climate-neutral steel production requires 

extensive emission reduction measures.  

First, the most cost-efficient emission reduction measure is the conservation of fossil fuels by 

improving the energy efficiency of the applied production facilities. In high-temperature 

processes such as ladle heating, Oxyfuel combustion leads to significant fuel savings, which by 

far exceed the power consumption for oxygen production. The implementation of heat 

recovery systems results in energy conservation through the cascading utilization of energy: 

Waste heat from combustion processes and cooling systems substitutes natural gas for hot 

water and process steam generation. In the considered EAF steel mill, the measures integrated 

in scenario EFF 2020 result in a reduction of 11 % of the total energy consumption and 12 % 

of total CO2 emissions. Hence, investments in energy efficiency measures constitute a hedge 

against rising prices for energy and emission allowances.  

Second, in view of the remaining gas demand of the production process, it is essential to 

replace natural gas by climate-neutral alternatives such as SNG, biomethane or hydrogen. The 

integration of a PtG plant into the energy system of the steel mill allows for an energy-efficient 

oxygen supply and the production of a climate-neutral fuel. Thus, the synthetization of gases 

by PtG technologies such as electrolysis and methanation enables the indirect electrification 

of combustion processes, while substituting 14 % (SNG 2030) to 33 % (PEM 2050) of the 

natural gas consumption. SNG and hydrogen is either consumed plant-internally or sold 

externally, thus reducing the purchase of gas or generating revenues. The production of 

hydrogen is preferable to that of SNG, since the limited efficiency of methanation results in 
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energy losses. Therefore, the advancement of the infrastructure towards a gas system with 

high hydrogen levels appears reasonable. 

Thrid, direct and indirect electrification will increase the electric energy consumption of the 

steel mill by 44 % (SNG 2030) and 39 % (PEM 2050). Climate-neutral steel production requires 

the supply of the production process and the PtG plant with CO2 emission-free generated 

electricity. Hence, the decarbonization of the power system is a key prerequisite for the zero-

emission steel mill. 

2. What is the impact of the proposed measures on the load flexibility provided by the industrial 

energy system? 

The proposed energy efficiency measures effectively reduce the energy demand, but do not 

provide any flexibility. Flexible on-site oxygen production was identified as a feasible option 

for DSM. Regarding PSA-based O2 production, the high share of CAPEX in oxygen production 

costs dictates a high level of plant utilization, resulting in low O2 production plant and storage 

capacity, but high full-load hours. Even highly fluctuating energy prices do not compensate 

the additional investment costs for higher-capacity plants. Furthermore, the oxygen demand-

governed plant design in combination with the low specific energy consumption provides low 

dispatchable power compared to the nominal load of the EAF steel mill. In contrast, the 

electrolysis unit holds a considerable DSM potential. The relatively high share of energy costs 

in the hydrogen and oxygen production costs entails a high dependence of the economic 

efficiency on the electricity price. The exploitation of favorable energy prices allows for large-

capacity plants and low full-load hours. Due to the high specific energy demand and the low 

full-load hours, the proposed electrolysis plant provides a high dispatchable load. 

3. What is the impact of proposed measures on the energy-related direct and indirect carbon 

dioxide emissions of the steel mill? 

As a consequence of the fuel savings, the application of both Oxyfuel combustion and waste 

heat recovery effects a direct emission reduction of 12 % at the ladle heaters and the steam 

generator (EFF 2020). However, depending on the specific CO2 emissions of the supplied 

electricity, indirect emissions arise from the oxygen production process. The deployment of 

CCU can completely prevent the emission of CO2 generated during Oxyfuel combustion. The 

neutralization of alkaline wastewater and the methanation of hydrogen emerge as suitable 

applications for the captured carbon dioxide. 

PtG plants contribute to the reduction of carbon dioxide emissions on several levels: On the 

one hand, their energy price-driven operation provides load flexibility for the enhanced 

integration of RES into the energy system, thus contributing to the reduction of indirect 

emissions. On the other hand, electrolysis and methanation units generate climate-neutral 
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fuels. In the scenarios SNG 2030 and PEM 2050, the mill-internal utilization of SNG and 

hydrogen reduces the direct emissions by 5 and 12 %, while their external sale leads to 

negative indirect emissions of 14 and 8 % respectively. Furthermore, the utilization of the by-

product satisfies the oxygen demand for metallurgical processes and Oxyfuel combustion, 

thus reducing the total energy consumption and indirect CO2 emissions. 

4. What economical and political framework conditions are required for the economically 

viable implementation of the proposed system solutions? 

The drive to increase energy efficiency is fueled by high energy- and/or CO2 emission 

allowance prices. The more expensive the saved energy becomes, the shorter the 

amortization period for investments in efficient technologies. Regarding Oxyfuel combustion 

and waste heat utilization, the gross price of natural gas including energy, emission allowances 

and taxes is the decisive factor in determining whether the implementation of new equipment 

is economically viable. 

Due to the aftermath of the Covid-19 pandemic and the war in Ukraine, the energy share of 

the natural gas price has soared within a few months. As a result, investments that were not 

considered economically viable a year ago are now profitable. The situation is similar for 

climate-neutral gases: Rising natural gas prices and falling specific investment costs for 

electrolysis plants are causing the spread between hydrogen production costs and natural gas 

prices to tighten. This creates conducive conditions for the economically viable operation of 

PtG plants. 

The emission trading system (ETS), the policy instrument designed to encourage industrial 

companies to save fossil fuels and switch to climate-neutral energy sources, achieves a similar 

effect as high natural gas prices. By periodically reducing the volume of emission allowances, 

the certificate prices have risen to a level where they affect investment decisions and the 

selection of energy sources. However, zero-emission steelmaking will not be enforced solely 

by pushing CO2 emission allowance prices. There are certain requirements for the higher-level 

energy system as well: 

First, there is the expansion of renewable power generation to supply the future highly 

electrified steelmaking processes with CO2-free electricity. The present work demonstrates 

that steel mills are capable of supporting the expansion of fluctuating RES by providing 

flexibility, but that requires the development of generation capacity on the supply side. At this 

point, it should also be emphasized that advantageous price situations resulting from a surplus 

of renewable electricity are essential for the economic operation of PtG plants. In this context, 

it is not the annual average price of electrical energy that is decisive, but rather the existence 

of extreme price situations. The case study shows that a strongly fluctuating electricity price 



Conclusion and Outlook 

PAGE | 44 

with a higher average price is more favorable for the operation of electrolysis plants than a 

slightly fluctuating electricity price with a lower average price.  

Second, to promote the deployment of PtG plants and the feed-in of SNG and hydrogen into 

the gas grid, it is necessary to create an appropriate market for climate-neutral gases. The 

presence of a mix of natural gas, SNG, hydrogen and biomethane in the gas grid will trigger a 

need for the labeling of these gases. The trade of certificates for gases of different origin allows 

for the introduction of different price regimes for renewable and climate-neutral gases. 

Individual tariffs and pricing enable the profitable feed-in of climate-neutral gases into the gas 

grid at an earlier stage. Purchasing carbon-neutral gases could result in benefits for the 

consumer such as the elimination of scope 1 CO2 emissions and the exclusion from the ETS. A 

further instrument to accelerate the introduction of climate-neutral gases into the energy 

system is the funding of investments in power-to-gas plants and hydrogen-ready 

infrastructure in the industry. The former allows the operators of power-to-gas plants to trade 

renewable gases at market prices without subsidized feed-in tariffs. The latter encourages the 

early adopters among industrial consumers to implement hydrogen technologies at an earlier 

stage. 

Third, the flexibility options in the presented scenarios are operated electricity price-driven. 

According to the current power price structure, the only varying component of the electricity 

price is the commodity price. Consequently, the operation strategy of the plants is based 

entirely on the supply and demand situation on the electricity market, but does not take into 

account the status of the power grid. For the grid-supporting operation of PtG plants, a 

supplementary indicator such as variable grid charges depending on the local network load 

could be imposed in addition to the time-varying commodity prices. One solution for the 

spatial splitting of the electricity market would be the transition from zonal pricing to nodal 

pricing. 

5.2 Summary and Outlook 

The present thesis contributes to the scientific knowledge by developing a methodology for 

the holistic, time- and component-resolved modelling of the energy system of an EAF steel 

mill. Further achievements involve the identification of suitable CO2 emission reduction 

measures, the analysis of their optimal implementation and operation as well as the 

assessment of their impact on the energy system of an existing steel mill. Based on the 

presented findings, not only answers to critical research questions are derived, but also a 

potential pathway to climate-neutral EAF steel production is outlined: 

The first step in reducing CO2 emissions in EAF steelmaking is improving the energy efficiency 

of the steel mill processes. Investments in efficiency measures such as Oxyfuel combustion 
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and waste heat recovery are already cost-effective today and will become more so as energy 

and CO2 emission allowance prices increase. From this perspective, they represent a hedge 

against rising energy prices. The second step focuses on providing flexibility to the higher-level 

power grid to facilitate the expansion of RES. This is accompanied by the gradual conversion 

to a climate-neutral gas supply through injection of mill-internally generated SNG and 

hydrogen into the gas system. The methanation of hydrogen from electrolysis using captured 

CO2 from Oxyfuel combustion enables the utilization of climate-neutral SNG in the steel mill 

without major challenges to the infrastructure. By utilizing the co-produced oxygen from the 

electrolysis unit in the steel mill, the LCOH is significantly reduced. The intermediate 

methanation route is necessary as long as the grid and consumer infrastructure limits the 

admixture of hydrogen. The third step involves the complete transition of the gas system to 

operation on 100 % hydrogen. Between the years 2030 and 2050, the LCOH is projected to fall 

below the price of natural gas including emission allowances. When the substitution of natural 

gas with hydrogen from renewable electricity becomes economically viable, it might be 

appropriate to convert the infrastructure to operate on pure hydrogen, thus paving the way 

to a climate-neutral gas system. 

The potential emission reduction path outlined in this thesis is based on a portfolio of various 

technologies that have hitherto been investigated to a great extent. Most of the considered 

technologies have been industrially applied for several years, whereas none of the 

technologies is still in the basic research stage. On a technological level, future research 

potential lies primarily in the optimal deployment of waste heat recovery systems for direct 

fuel savings, further development of electrolysis systems to increase efficiency and reduce 

manufacturing costs and the design of a gas infrastructure that allows for a shift of the gas 

system to a gas mix with high concentrations of hydrogen. However, the most pressing 

questions arise at an energy-systemic level. This thesis illustrates that CO2 emission reduction 

measures such as energy efficiency, electrification, carbon capture, and fuel substitution do 

not end at the mill fence, but interact with the overarching energy system. An overall system 

analysis across multiple industries is essential to determine what the energy system is capable 

of providing and what needs to be contributed from industrial consumers on the path to 

climate neutrality. The course for the future of our energy system is laid today, now is the time 

to make sure it is headed in the right direction. 
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A B S T R A C T   

Steel production is a highly energy- and emission-intensive process. Compared to the production via the inte-
grated route, the melting of recycled steel scrap and directly reduced iron in an electric arc furnace operated on 
green power constitutes a way to reduce energy consumption and CO2-emissions. However, there is still potential 
to reduce energy consumption and CO2-emissions in electric arc furnace steel production by introducing new 
sub-processes, optimal operational design, and integration of renewable energy sources. For complex industrial 
processes, this potential can only be determined using models of the entire system. The batch operation, 
changing process parameters, and strongly fluctuating energy consumption require a holistic, temporally, and 
technologically resolved model. Within the scope of this paper, we describe an energy system model of an electric 
arc furnace steel mill. It allows assessing the optimal implementation of novel technologies and system inte-
gration of renewable energy sources using a reduced set of input parameters. The modular design facilitates the 
extension of the model, and the option of specifying several input parameters enables the model to be adopted for 
other electric steel mills.   

1. Introduction 

With a final energy consumption of 569 TWh, the European iron and 
steel industry is not only one of the largest energy consumers but also 
one of the most relevant industrial emitters of carbon dioxide (Eurostat, 
2018). It is estimated that this industry sector is responsible for 4–7% of 
anthropogenic CO2-emissions in the European Union (Pardo et al., 
2015). To comply with the Paris Agreement of the UNFCCC (United 
Nations Framework Convention on Climate Change), measures to in-
crease energy efficiency and reduce greenhouse gas emissions are 
strongly required (United Nations Framework Convention of Climate 
Change, 2015). 

Main steel production routes are the integrated process route (blast 
furnace/converter) and the electric arc furnace route (steel scrap/elec-
tric arc furnace). Compared to the energy- and emission-intensive blast 
furnace route the latter represents an option for low carbon emission 
steel production: instead of reducing iron ore to pig iron, recycled steel 
scrap is remelted in an electric arc furnace (EAF), which saves energy 
and CO2-emissions. In 2019, 41.4% of the European steel was produced 
using the EAF route (Eurofer, 2020). 

An alternative is the processing of direct reduced iron (DRI) in an 
EAF. Due to the direct reduction step, this process route entails no 

energetic benefits but the use of natural gas as a reducing agent results in 
a reduction of CO2 emissions by about 18% (Arens et al., 2017). Pow-
ering electric arc furnaces with electric energy from renewable energy 
sources further decreases the CO2-intensity of the process. According to 
Bhaskar et al. (2020), hydrogen direct reduction of iron ore and steel 
production via HDRI-EAF-route represents a viable alternative to the 
integrated steelmaking route but economic feasibility depends on the 
future cost of electrolyzers and electricity. Sasiain et al. (2020) conclude 
that the CO2-reduction potential of HDRI-EAF steelmaking is related to 
the decarbonization of the electricity sector. 

1.1. EAF steelmaking – state of the art 

In their study, Zarandi and Ahmadpour (2009) describe EAF steel-
making based on the following process steps:  

• Remelting (primary metallurgy),  
• Ladle metallurgy (secondary metallurgy),  
• Ingot casting. 

Fig. 1 represents the sub-processes of the EAF steelmaking process 
and shows the principal steelmaking components in the steel mill 
investigated in this work. 
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The function of the electric arc furnace is to melt steel scrap into 
liquid steel. This requires heat input into the material, which is mainly 
driven by the radiant heat of the electric arc (Blesl and Kessler, 2013). 
Unlike many other electric arc furnaces, the furnace described here does 
not have any additional gas burners for further energy input. 

So-called ladles are used as transport and treatment vessels for liquid 
steel. Before the tapping procedure begins, ladles are preheated to avoid 
damage to the refractory, remove any humidity and prevent excessive 
cooling of the steel melt. Natural gas burners preheat the ladles up to 
more than 1000 ◦C. 

After tapping, the liquid steel is subjected to ladle or secondary 
metallurgy. The required steel quality and composition determine the 
treatments that have to be carried out. Production steps within sec-
ondary metallurgy are (Zarandi and Ahmadpour, 2009):  

• Heating,  
• Desulphurization,  
• Deoxidation,  
• Degassing,  
• Decarburization,  
• Homogenization,  
• Composition adjustment,  
• Removal of non-metallic inclusions. 

The product-specific application of ladle treatments affects the use of 

the ladle furnace. Its principal purpose is to adjust the steel melt tem-
perature throughout secondary metallurgical processes and for casting. 
In analogy to the electric arc furnace, three carbon electrodes enable the 
energy transfer into the liquid steel. 

For the production of high-alloy and special steels, which are pro-
duced in the investigated steel mill, vacuum degassing (VD) and vacuum 
oxygen decarburization (VOD) are applied to remove dissolved gases or 
in the case of the VOD process residual carbon concentrations from the 
steel melt. 

When the steel meets the required composition, quality, and casting 
temperature, in the steel mill considered in this study, it is cast in ingots. 
Finally, the properties of the solidified steel ingots are adjusted by heat 
treatment in annealing furnaces. 

1.2. Energy system modeling corresponding to EAF steelmaking 

In energy intensive industries, investments in new technologies and 
equipment have a clear effect on energy efficiency. Gajdzik and Sroka 
(2021) use economic models to prove the correlation between in-
vestments and the resource and energy intensity in the steel industry. In 
their study on energy efficiency trends, Wolniak et al. (2020) confirm 
that an increase in investment leads to a decrease in energy consump-
tion. They find that full automation and flexibilization of production 
processes in the context of industry 4.0 holds particular potential to 
reduce the energy intensity. Pardo Martinez (Pardo et al., 2015) analysis 

Symbols 

Prob{X} probability 
X random variable 
pij transition probability 
pij, cum cumulative transition probability 
P transition probability matrix 
Pelectric, Pel electric power 
Pthermal, Pth thermal power 
Pwaste heat power, Pwh waste heat power 
E energy consumption 
mscrap mass of steel scrap 
Ḣ enthalpy flow rate 
h specific enthalpy 
Q̇cooling cooling power 

ṁ mass flow 
cp isobaric heat capacity 
T temperature 
Tref reference temperature 
Q̇use useful heat flow 
LHV lower heating value 
η efficiency 
P active power 
Q reactive power 
S apparent power 
cos(ϕ) power factor 
EEI energy efficiency index 
SEC specific energy consumption  

Fig. 1. Steelmaking process in the investigated steel mill.  
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of the energy efficiency in German and Colombian manufacturing in-
dustries demonstrates that energy demand is a decisive factor in tech-
nology development. However, an investment decision requires 
well-conducted preliminary studies for an accurate assessment of the 
current energy system and potential savings (Johansson, 2015). 

Energy system models aim to estimate the impact of technological 
developments on the overall energy consumption of a process to eval-
uate investment decisions and policy designs. For energy demand 
models, there are two basic modeling approaches: top-down and 
bottom-up. Bottom-up models are characterized by their detailed rep-
resentation of technologies, whereas top-down models are limited to 
aggregated representations of the system. This results in a loss of in-
formation about the applied technologies (Fleiter et al., 2011). 

In bottom-up approaches, thermodynamic methods are often used to 
model the energy consumption of steel mill components. Based on mass 
and energy balances, Kirschen et al. (2011) developed an energy model 
of an electric arc furnace to investigate the impact of inserting DRI on 
the energy efficiency of the electric arc furnace. Camdali and Tunc 
(Çamdalı and Tunç, 2002) studied the effect of several process proper-
ties on the energy consumption of an EAF using the first law of ther-
modynamics. In another publication, they perform an energy and exergy 
analysis on a ladle furnace considering also the second law of thermo-
dynamics (Çamdalı and Tunç, 2003). 

Another approach to predict energy demand is data-driven 
modeling. Chen et al. (2018) propose a deep learning model to predict 
the daily energy consumption of an EAF using data from an existing steel 
mill. Gajic et al. (2016) use an artificial neural network to study the 
effect of steel scrap composition on specific electric energy consump-
tion. Kovacic et al. (Kovačič et al., 2019) present two approaches for the 
prediction of EAF energy demand. A linear regression model, as well as a 
generic programming model, were applied to determine energy 
consumption. 

Carlsson et al. (2019) present a structured description of the existing 
statistical models for predicting EAF energy consumption. In contrast to 
other mathematical modeling approaches, the result of statistical models 
is based on weighted decisions derived from known exemplary data. The 
study covers linear regression models as well as neural networks and 
investigates the influence of different input variables such as time, 
chemical reactions, temperature as well as complexity and treatment of 
data. The conclusion states that process knowledge is indispensable for 
the development of a practice-oriented model. Regarding the design of 
new models, attention should be paid to the predictive performance for 
future batches and the robustness of the model. 

In their review article, Hay et al. (2021) give an overview over 
process models for the electric arc furnace process. Process models are 
characterized as a middle ground between the statistical energy con-
sumption models and the CFD (computation al fluid dynamics) models. 
The considered models enable the description of heat transfer, melting 
process and chemical reactions. The authors conclude that existing 
process models are suitable for describing and understanding the un-
derlying principles of different processes. 

Zarandi and Ahmadpour (2009) present an agent-based expert sys-
tem for the EAF steelmaking process. Matino et al. (2016) describe a 
process model including the process route, the gas supply network, and 
water treatment. In a scenario analysis (Matino et al., 2017), this virtual 
electric steel mill is used to obtain key performance indicators (KPI) such 
as electric energy consumption or carbon dioxide emissions. In his 
article, Atabay (2017) presents a mathematical model to economically 
optimize industrial energy systems. Ziebik and Gladysz (Ziębik and 
Gładysz, 2018) applied Input-Output-Analysis on the system level to 
assess its energy and exergy efficiency. In a case study, they used a 
nonlinear mathematical model to analyze the energy management of an 
integrated steel plant. 

1.3. Research need 

For complex industrial energy systems, such as an electric steel mill, 
operation optimization, implementation of energy efficiency measures 
and new processes, as well as identification of flexibility options for the 
integration of renewable energy sources or demand-side management 
require the application of holistic, time- and technology-resolved energy 
system models. These models must allow for predicting the effects of 
changes in the production process on energy demand, the superior en-
ergy grid, and the resulting carbon dioxide emissions. 

Some of the energy consumption models mentioned in chapter 1.2 
are capable of predicting the future energy demand of individual steel 
mill components (Çamdalı and Tunç, 2002, 2003; Carlsson et al., 2019; 
Chen et al., 2018; Gajic et al., 2016; Hay et al., 2021; Kirschen et al., 
2011; Kovačič et al., 2019). These models do not allow time-resolved 
calculations to investigate the effects of renewable energy sources as 
well as waste heat and product gas utilization in terms of process inte-
gration. Hence, their use is inappropriate for representing complex 
process chains as part of an energy system. 

Other above-mentioned models are capable of predicting and 
assessing the energy consumption and environmental impact of an 
entire production process consisting of several sub-processes (Matino 
et al., 2016; Zarandi and Ahmadpour, 2009). However, these models do 
not provide any time-resolved energy consumption profiles either. 

There are models that consider the temporal behavior of an overall 
energy system (Atabay, 2017; Ziębik and Gładysz, 2018) such as an 
electric steel mill but their application requires specific knowledge, for 
instance, provided by measurement results, of the temporally resolved 
energy consumption of the sub-processes as melting, ladle preheating or 
vacuum treatments. It has to be mentioned that the load profiles of the 
sub-processes change depending on implemented technology and pre-
defined operating parameters. 

Electric steelmaking consists of a series of energy-intensive batch 
processes, such as melting, refining, alloying, decarburization, or 
degassing (see Fig. 1). Hence, the energy consumption of the equipment, 
as well as of the entire steel mill, is strongly fluctuating. It is therefore 
necessary for the overall energy system model of the steel mill to reflect 
the time-dependent behavior of the energy demand and the in-
terdependencies of the processes of the different steel mill components. 

However, to the best of our knowledge, no study exists that allows for 
comprehensive time-resolved modeling of an overall electric steel mill 
together with generic component models providing accurate results 
with only minor demand of directly measured data. The objective of this 
study is to present an energy system model of an electric steel mill, 
which is suitable to assess the impact of technological developments on 
the temporally resolved energy demand. Therefore, we aim for a 
modeling approach that allows us to generate generic synthetic load 
profiles. 

The paper is structured as follows: chapter 2 introduces the methods 
applied to construct the sub-models (2.1) and presents the structure of 
the energy system model (2.2). In chapter 3, we apply our generic 
approach to model the components (3.1) and the overall energy system 
(3.2) of an existing steel mill based on actual process parameters. 
Chapter 4 addresses the evaluation and discussion of the results. The 
conclusion (chapter 5) sums up the results. 

2. Modeling approach 

In this section, we first identify major energy consumers and analyze 
their operational and load characteristics. Then, we introduce appro-
priate methodologies to generate synthetic load profiles, which are 
applied in chapter 3 and discussed in chapter 4. 

2.1. Modeling of sub-components 

In order to model generically valid synthetic load profiles of the 
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considered system components (Fig. 1), their actual time-resolved en-
ergy demand and waste heat flows are obtained. Three-phase power 
analyzers (Artemes AM-15-PLOG) recorded the values of active, reac-
tive, and apparent power consumed by the production facilities. Natural 
gas consumption was measured using the on-site turbine flow meters 
and logged by data loggers (DataTaker DT85). The waste heat flow of 
the electric arc furnace was determined based on temperature, compo-
sition, volume flow, and pressure measurements of the exhaust gas 
stream. For other components, we calculated waste heat flows by using 
mass and energy balances. 

To build the sub-models as well as the overall energy system model, 
we chose Python as the programming language (Guido van Rossum, 
2020). Advantages of the language are its versatility, the availability of 
comprehensive documentation and tutorials, and its wide range of 
powerful libraries. Libraries used within the scope of this work are 
Pandas, NumPy and Matplotlib. 

Individual energy consumers of the energy system are integrated into 
the model in the form of sub-models. These sub-models are represented 
in the code by classes containing individual properties and a method for 
the generation of load profiles. The basic framework for each sub-model 
is an operational model, which is coupled with time-resolved load pro-
files to form an energy consumption model. 

Depending on their individual load and operation characteristics, we 
pursued different modeling approaches. Therefore, the sub-models are 
grouped into components with predefined load profiles (ladle heaters, 
vacuum treatment units, small consumers), strongly fluctuating load 
profiles (electric arc furnace, ladle furnace), and dependent load profiles 
(induced draft fans). 

In the following chapters, two modeling approaches that are sub-
stantial for the present work are explained: stochastic modeling of 
process parameters and load profile generation based on Markov chains. 

2.1.1. Stochastic modeling 
There is a common aspect regarding the production processes 

observed in the steel mill: processes often vary substantially in terms of 
process duration and energy consumption. As a representative example, 
Fig. 2 shows histograms of the process parameters of the electric arc 
furnace including scrap mass, electric energy consumption, tap-to-tap 
time, and oxygen consumption. The values are presented relative to 
the mean value, which is therefore 1.0. For each parameter, the ordinate 
indicates the probability of occurrence. 

Investigations on process parameters of the secondary metallurgical 
processes and the preheating of steelmaking ladles deliver similar re-
sults: depending on the used type of scrap, the required steel quality, and 
the availability of processing units and operating personnel, different 
process durations and energy consumptions follow. 

In order to generate representative load profiles and calculate real-
istic KPIs, we have to take into account decisive process parameters. For 
the EAF, we identified scrap mass and tap-to-tap time as vital input 
parameters. In our model, they are determined stochastically by draw-
ing samples from measured distributions using Python’s mathematical 
module random (Guido van Rossum, 2020). Since we did not find any 
significant correlation between the remaining process parameters and 
the energy consumption for the considered electric arc furnace based on 
the available data, these parameters are determined separately (see 
Table 1). 

In this manner, we determine the varying process durations of sec-
ondary metallurgical processes (3.1.2.2), the initial cycle count of the 
steelmaking ladles (3.1.4.2), and which batches are subjected to vacuum 
oxygen decarburization (3.1.5.2) or annealing (3.1.6.2). Stochastically 
determined parameters such as tap-to-tap time and scrap mass also serve 
as input values for generating Markov chains (see 2.1.2). 

2.1.2. Markov chains 
Markov chains serve to predict future states of a system based on 

historical data. In the field of energy technology, they are frequently 
used to model synthetic load or generation profiles. In their studies, 
Nijhuis et al. (2016), Collin et al. (2014), and McKenna et al. (2015) 
apply Markov chains to generate occupancy and demand profiles of 
households. These profiles are used to develop load models for the res-
idential sector. Shamshad et al. (2005) and Ma et al. (2018) use Markov 
chains in their wind speed models in order to estimate wind power 
potentials, while Carpinone et al. (2015) introduce a model for 
very-short-term wind power forecasting. Wang and Infield (2018) 
investigate the impact of electric vehicle charging on the distribution 
network using driving patterns generated by Markov Chain Monte Carlo 
(MCMC) simulation. 

Physical processes, such as temporally resolved load profiles, often 
represent a sequence of discrete states. If the state of the system to be 
described in the next time step depends exclusively on the status at the 
current point in time and not on previous events, it satisfies the so-called 
Markov property (see equation (1)) (Stewart, 2009). 

Prob{Xn+1 =xn+1|Xn =xn,Xn− 1 =xn− 1,…,X0 =x0}=Prob{Xn+1 =xn+1|Xn =xn}

(1) 

In an observed sequence of states, there is a certain probability that 
the system changes from one state (i) to another (j) (equation (2)). pij(n)

is the probability that the system shifts from state i to state j within one 
time step (n). 

pij(n) = Prob{Xn+1 = j | Xn = i} (2) 

For the construction of a Markov chain, these probabilities are ar-
ranged in a matrix. The so-called transition probability matrix has the 
following form (3): 

Fig. 2. Production data of the electric arc furnace.  

Table 1 
Pearson correlation coefficients between electric energy consumption and 
measured process parameters.  

Correlation coefficient (Pearson): 

Energy consumption kWh 1.00 
Scrap mass t 0.89 
Oxygen consumption m3

Norm − 0.32 
Tap-to-tap time min 0.16 
Chromium content at tapping % − 0.21 
Tapping temperature ◦C − 0.33  
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P(n) =

⎛

⎜
⎜
⎜
⎜
⎝

p00(n) p01(n) ⋯ p0j(n) ⋯
p10(n) p11(n) … p1j(n) ⋯
⋮ ⋮ ⋮ ⋮ ⋮
pi0(n) pi1(n) ⋯ pij(n) ⋯
⋮ ⋮ ⋮ ⋮ ⋮

⎞

⎟
⎟
⎟
⎟
⎠

(3) 

Each element of matrix P(n) satisfies the properties 0 ≤ pij(n) ≤ 1 and 
∑

all j
pij(n) = 1. To construct a Markov chain, these probabilities are 

cumulated for each row according to equation (4). 

pij, cum =
∑j

k=0
pik (4) 

If we give an initial state as the starting point and draw a discrete 
random number z (0 ≤ z ≤ 1), the cumulated transition probability 
matrix leads to the next state, which then serves as the initial state for 
the following time step. Stewart (2009) gives a detailed description of 
Markov chains, their construction, and application. 

This principle can be applied to the modeling of synthetic load 
profiles of the electric arc furnace or other fluctuating energy con-
sumers. Within our model, the electric load of the electric arc and ladle 
furnaces, as well as the EAF off-gas temperature, were modeled using 
Markov chains. Therefore, the nominal power of the electric arc furnace 
and the ladle furnaces are divided into intervals. These power intervals 
represent the possible states that the furnaces may be in during 
operation. 

By counting the transitions between different power levels and di-
vision by the total number of transitions in the measured load profile, 
the model generates a transition probability matrix. Due to their 
different characteristics, separate matrices are calculated for the EAF 
process phases melting and refining as well as for the ladle furnaces. 
Similarly, the exhaust gas temperature range of the EAF is segmented 
into intervals and a corresponding transition probability matrix is 
generated. The transition probability matrix of the EAF melting phase is 
included in the supplementary material. 

2.2. Energy system model 

The main objective of the present work is to develop a holistic, time- 
resolved model of the industrial energy system of an EAF steel mill, 
containing several energy carriers. Therefore, all sub-models described 
in chapter 3.1 are merged to form an energy system model of the steel 
mill. Simulation time steps have a length of 60 s corresponding to the 
temporal resolution of the three-phase power measurements and the 
natural gas consumption data. 

Fig. 3 provides an overview of the overall energy system model of the 
steel mill. For better clarity, we divide the occurring processes into a 
main process sequence and several auxiliary processes. Along the main 
process chain, the steelmaking batches pass through the steel mill 
following the procedure described below. 

The first process steps of steelmaking are melting and refining of 
scrap in the electric arc furnace. We synthesize the strongly fluctuating 
load profile of the EAF in the form of a Markov chain. After a time delay 
for tapping and deslagging, the model transfers the batch to a queue for 
secondary metallurgical processes. 

For every time step, the secondary metallurgy module iterates 
through this queue of batches waiting for treatment and assigns them to 
available ladle furnaces, vacuum oxygen decarburization, or vacuum 
degassing units. Then, the model iterates through the list of ladle fur-
naces, VD, and VOD units, retrieves current load levels, stops finished 
processes, and adds the batches to the queue. Once a batch has been 
processed, it is transferred to a casting queue. 

Auxiliary processes are dependent on the main production processes: 
the electrical power of the fans is determined by the operation of the 
electric arc furnace, and the natural gas demand of the steam boiler is 
related to the steam demand of the vacuum processes. The ladle logistics 
model enables the connection of the ladle heaters with the production 
process. Fig. 3 indicates the dependencies between the main and 
auxiliary processes by dashed lines. 

Load profiles of the entire system and output values are calculated 
following equations (5)–(7). 

Fig. 3. Overview over the energy system model.  
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Pelectric(t) = Pel, EAF(t) + Pel, ladle furnace(t) + Pel, fans(t) + Pel, base load(t) (5)  

Pthermal(t)=Pth, ladle heating(t) + Pth, annealing(t) + Pth, steam generation(t) + Pth,base load(t)
(6)  

Pwaste heat(t) = Pwh,EAF(t) + Pwh, ladle heating(t) + Pwh, annealing(t) (7) 

In analogy to active power (5), reactive and apparent power of in-
dividual consumers are summed up as well. In the case of natural gas- 
fired consumers, the model takes into account not only thermal power 
but also temperature levels at which the off-gas leaves the respective 
unit. For the steam boiler, the annealing furnaces, and the ladle heaters, 
a distinction is made between useful and final energy consumption. 

3. Electric steel mill model 

According to the approach discussed in chapter 2, we have developed 
component models as well as the overall system for modeling a specific 
electric steel mill. Process parameters from the investigated steel mill 
serve as a basis for the model. However, the described approach can be 
applied to any steel mill with a similar configuration. Since we cannot 
publish the actual consumption data, the load and waste heat profiles 
are shown in normalized form. For individual units, it was required to 
normalize process times and temperatures as well. 

3.1. Sub-models 

In chapter 3.1, models of the individual steel mill components are 
developed following the procedure:  

• Data analysis,  
• Modeling,  
• Presentation of results. 

3.1.1. Electric arc furnace 
As the melting unit, the electric arc furnace is the centerpiece of the 

steel mill. Due to its energy consumption and its high nominal power, 
the EAF represents an important component of the energy system model. 

3.1.1.1. Data analysis. Given the temporal and energetic dependency of 
other sub-processes on EAF operation, proper modeling of this 

component is essential for the overall steel mill model. During the pro-
cessing of one batch of steel the following process steps are applied:  

• Preparation and charging,  
• Melting,  
• Refining and  
• Tapping. 

Electric energy input takes place within the melting phases or 
refining and amounts to 404–748 kWh/t of liquid steel according to 
literature (Remus, 2013). Total specific heat input is considerably higher 
at 512 to 883 kWh/t, including chemical energy from exothermic 
oxidation reactions of particular scrap components and natural gas 
burners. Outputs are the latent and the sensible heat of the liquid steel 
and slag, off-gas enthalpy, and further losses like heat conduction 
through the furnace vessel and cooling water losses (Fig. 4) (Kirschen 
et al., 2009). 

The theoretical minimum energy demand is equal to the specific 
enthalpy difference for melting and superheating of steel. At a tapping 

Fig. 4. Energy balance of an electric arc furnace.  

Fig. 5. Electric load profile (top) and waste heat profile (bottom) of an electric 
arc furnace. 

Fig. 6. Estimation of the EAF energy consumption based on the scrap mass 
using linear regression. 
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temperature of 1600 ◦C, specific enthalpy amounts to 361 kWh/t for 
carbon steels and 372 kWh/t for stainless steels (Kirschen et al., 2009). 

In the course of the energy system analysis of the investigated steel 
plant, we obtained three-phase, time-resolved power measurements for 
130 batches. Along with minute-resolved active, reactive, and apparent 
power values, the tap-to-tap time, which indicates the time interval 
between two tapping procedures, as well as scrap mass, tapping tem-
perature, and carbon content of the melt were analyzed. 

Fig. 5 represents the normalized measured electric load profile as 
well as the measured exhaust heat flow of the electric arc furnace. 
Active, reactive, and apparent power values, as well as the waste heat 
flow, are indicated in relation to the nominal apparent power of the 
furnace transformer. 

It was shown that there is an approximately linear relationship (see 
Fig. 6) between the amount of scrap charged and the electrical energy 
used. However, the temporal behavior of the load profile and the 
occurrence of load peaks as well as the tap-to-tap time cannot be 
determined from the above-mentioned data, but rather corresponds to 
stochastic behavior. 

Linear regression was applied to obtain an equation, which is then 
used in the model to calculate the amount of energy based on the scrap 
mass. 

E = a ⋅ mscrap + b (8) 

Equation (8) describes the relationship between scrap mass (mscrap) 
and energy input (E). Parameter a represents the variable part of the 
energy consumption, which depends on the scrap mass, while b repre-
sents the constant part. Both figures are characteristic for the observed 
furnace. 

A relation between measured active, reactive, and apparent power 
was found with the aid of linear regression. This means that we have 
observed approximately constant factors between active and reactive as 
well as between active and apparent power. 

Between 12 and 56% of the total energy input leave the electric arc 
furnace as waste heat via the cooling system and the exhaust gas (Kir-
schen et al., 2009). Steinparzer et al. (2014) present a furnace with 
exhaust gas losses of 226 kWh/t. Their investigations suggest that part of 
this heat can be recovered at the hot-gas duct via heat exchangers 
(Keplinger et al., 2018; Steinparzer et al., 2014). 

These figures are consistent with the observations made within the 
context of the present work. Our calculations show that 13% of the 
supplied electric energy exits the furnace via exhaust gas and 40% via 
the cooling system. A reference to the amount of electrical energy input 
is reasonable in this case since the furnace is not equipped with natural 
gas burners. Exhaust gas temperatures range up to 740 ◦C, while the 
water of the cooling system discharges waste heat at 90 ◦C. 

The waste heat flow varies significantly due to fluctuating exhaust 
gas temperatures and mass flow rates (see Fig. 5), whereby the former is 
mainly affected by the energy input. 

3.1.1.2. Modeling. The structure of the model for generating synthetic 
load profiles for electric arc furnaces can be divided into four parts, 
which are explained in more detail below:  

• Calculation of the energy demand,  
• Specification of the tap-to-tap time,  
• Construction of the Markov Chains and  
• Sequencing of the load profiles. 

In order to compute the load profile, it is necessary to define a 
number of input variables. These are the scrap mass, tap-to-tap time, 
specific oxygen demand, and the transition probability matrices gener-
ated from observation sequences (see chapter 2.1.2). 

For each batch, the required energy input is calculated according to 
equation (8) and allocated to a Markov chain (see chapter 2.1.2). Once 

the length of the chain corresponds to the previously specified tap-to-tap 
time, the Markov chain is transferred to the load profile of the electric 
arc furnace. Reactive and apparent power for each time step is calcu-
lated from the active power profile using the power factors referred to in 
section 3.1.1.1. 

Based on the electric load profile, the model determines the load 
profile of the exhaust fans (see 3.1.3.2). The waste heat flow exiting the 
electric arc furnace (Ḣ) is defined by mass flow rate (m), mean specific 
heat capacity (cp(T)) and temperature (T) of the exhaust gas and the 
power of the cooling system (Q̇cooling) according to equation (9). In our 
model, the reference temperature (Tref ) is defined as input parameter. 

Ḣ = ṁ ⋅ cp(t) ⋅
(
T − Tref

)
+ Q̇cooling (9) 

Since the mass flow is directly related to the exhaust fan operation, it 
is calculated based on the fan capacity (see 3.1.3.1). The strongly fluc-
tuating temperature (T) is determined over a Markov chain (see 2.1.2). 
The cooling system operates at a constant level and is set to nominal 
power during power-on periods of the electric arc furnace. 

3.1.1.3. Result. Fig. 7 represents the load profile of the EAF for 12 hours 
of steel production. As before, active, reactive, and apparent power, as 
well as waste heat flow are displayed relative to the nominal apparent 
power of the furnace transformer. Contrary to Fig. 5, the power dissi-
pated by the cooling system is included in the waste heat flow. We will 
discuss the accordance between measured and simulated power char-
acteristics (Figs. 5 and 7) in chapter 4. 

3.1.2. Ladle furnace 
The main function of the ladle furnace is to keep the steel at the 

required temperature level during subsequent refining processes. These 

Fig. 7. Synthetic electric load profile (top) and waste heat profile (bottom) of 
the electric arc furnace. 

Fig. 8. Measured electric load profile of a ladle furnace.  
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include desulfurization, alloying, homogenization, deoxidation as well 
as degassing and are referred to as secondary or ladle metallurgy 
(Remus, 2013). 

3.1.2.1. Data analysis. Fig. 8 depicts the active, reactive, and apparent 
power demand of the ladle furnace relative to its nominal apparent 
power for one steel batch. The functional principle of the ladle furnace is 
similar to that of the electric arc furnace, whereby it is intended solely 
for heating the molten steel bath. Therefore, the power rating is lower 
and the power input is more uniform. 

The load profile of the ladle furnace reflects ladle metallurgical 
processes, hence energy supply is repeatedly interrupted. During these 
phases raw materials such as alloying elements are added, treatments 
are carried out and samples are taken. Subsequently, the required 
casting temperature needs to be adjusted in most cases. 

In order to model the process, we subdivide it into three parts: 
heating phase one, degassing, and heating phase two. 

3.1.2.2. Modeling. Since the applied secondary metallurgical treat-
ments during heating phases one and two and their time sequences vary 
considerably, the operating periods and energy consumption of the ladle 
furnace differ as well. For this reason, a Markov chain was used to model 
the load profile of the ladle furnace during these two process phases, 
similar to that of the electric arc furnace (chapter 2.1.2). 

In order to generate the aggregated load profile of the ladle furnaces, 
the model iterates through the list of furnaces (see chapter 2.2) and 
retrieves their current load level. 

3.1.2.3. Result. Fig. 9 shows the synthetic electric load profile of the 
four available ladle furnaces and a simulation time of 12 hours. Electric 
power is represented relative to the nominal apparent power of the ladle 
furnace. 

3.1.3. Induced draft fans 
Given their portion on the total energy consumption, the following 

fans are included in our analysis: two induced draft fans, the primary 
and secondary exhaust fans, are in place to absorb the EAF off-gas 
directly from the furnace vessel and a canopy hood (exhaust fans). 
The two steel mill buildings are equipped with a powerful dust extrac-
tion system, driven by four fans (dedusting fans). 

3.1.3.1. Data analysis. During steel production, which is for the steel 
mill considered in this work the case for a maximum of five days per 
week, the production halls must be dedusted. Therefore, dedusting fans 
run whenever the steel mill is in operation. In one of the buildings, the 
dedusting system operates at constant load. In the second building, fans 
are mainly running at partial load (53%) and powered up to full load 
only when casting is in progress. The measured load profiles (Fig. 10) 
indicate the load peaks during casting and the shutdown of the 
dedusting system during the weekend. 

The nominal power of the two exhaust fans is lower and the actual 
power level is coupled to the electric energy input into the EAF. The fans 
are controlled stepwise so that full power is only available during 
melting and refining. While the furnace is not consuming electrical 
power, fan power is reduced to partial load, which is 80% and 50% of 
the full load for the primary and secondary exhaust fan (see Fig. 10). 
After the final tapping at the electric arc furnace, the blowers are shut 
down for the weekend. 

The mean power factors, which indicate the ratio of active to 
apparent power, are 0.92 for the dedusting fans and 0.74 for the exhaust 
fans. 

3.1.3.2. Modeling. Following the findings described in the previous 
chapter, the electric load for the dedusting fans was set to nominal 
power during production and to zero during downtimes of the steel mill. 
During the casting procedure, the power of one of the dedusting fans is 
ramped up. 

The active power demand of the exhaust fans was coupled to the load 
profile of the electric arc furnace according to the operational behavior 
described in chapter 3.1.3.1. During power-on times, the fan is operated 
at full power, during power-off times, fan power is reduced to partial 
load. After final tapping, the fan power is set to zero. 

Once the active power has been determined, the model calculates 
reactive and apparent power using the power factors (cos(ϕ)) given in 
3.1.3.1 and equations (10) and (11), where P represents the active, Q the 
reactive and S the apparent power. 

Q = P ⋅ tan(arccos(cos(ϕ))) (10)  

Fig. 9. Synthetic electric load profile of four ladle furnaces.  

Fig. 10. Load profile of the dedusting fans (top) and EAF fans (bottom).  

Fig. 11. Aggregated load profile of the EAF- and dedusting fans.  
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S =
P

cos(ϕ)
(11)  

3.1.3.3. Result. Fig. 11 shows the aggregated electric load profile of the 
ID fans, including the EAF-fans as well as the dedusting fans relative to 
nominal apparent power. 

3.1.4. Ladle heaters 
Ladle heaters serve two purposes: on one hand, they preheat ladles to 

their operating temperature (ladle preheating). On the other hand, 
repaired or relined ladles have to be heat-treated for more than 30 h 
before returning to service (ladle drying). 

3.1.4.1. Data analysis. The natural gas consumption profiles of three 
different ladle heater types installed in the steel mill were measured 
during the ladle preheating and ladle drying processes. Fig. 12 describes 
natural gas consumption in relation to nominal burner load and corre-
sponding normalized temperature curves. The final temperature for 
both heat-treatment and preheating exceeds 1000 ◦C. 

An energy balance establishes the relationship between thermal load 
(Pthermal), which equals the energy input in form of natural gas and waste 
heat flow (Pwaste heat). 

Q̇use(t) = Pthermal(t) − Pwaste heat(t) (12)  

Q̇use represents the useful heat and was determined from equation (12). 
Thermal load and waste heat flow are defined according to equations 
(13) and (14), where ṁnatural gas is the fuel mass flow and LHVnatural gas its 
lower heating value. 

Pthermal(t) = ṁnatural gas⋅ LHVnatural gas (13) 

Waste heat flow rate is the product of mass flow rate (ṁfluegas), 
average specific heat capacity (cpm, fluegas(T)) and temperature difference 
of the flue gas. 

Pwaste heat(t) = ṁfluegas⋅ cp, fluegas(T)⋅
(
Tfluegas − Treference

)
(14)  

3.1.4.2. Modeling. For the calculation of the overall load profile for 
ladle heating, it is necessary to investigate the temporally resolved po-
sitions and states of the individual steel ladles. An operational model 
was developed in order to simulate the states of the ladles in the steel 
mill. 

According to our operational model, there are five possible states for 
a steel mill ladle: preheating, operation, maintenance, drying, and 
waiting. Preheating means that a ladle heater preheats the ladle to 
operating temperature prior to its next operation cycle. Between the 

tapping process at the electric arc furnace and ingot casting, the ladle is 
in operation. 

After a certain number of operation cycles, the ladle is relined, dried, 
and reheated to operating temperature. Maintenance and drying are 
thus the third and fourth ladle state. If there is no ladle heater or 
maintenance position available at the current time step, the state of the 
ladle is defined as waiting. 

In the subsequent time steps, the waiting queue is serviced according 
to the ’’first in first out’’ principle. During a production week, the 
number of simultaneously operated ladle heaters is limited to seven, 
while during weekends, a maximum of four heaters is in use. 

During the initialization of the model, a list of steelmaking ladles is 
created. The number of ladles is defined as an input parameter. Ac-
cording to chapter 2.1.1, the random function of Python assigns states, 
cycle counts, and refractory lining types to these ladles as properties. 
The model distinguishes between linings for standard batches and 
batches that require a VOD treatment. 

Fig. 13 shows a flow chart of the operational model, which provides 
the basis for the ladle heater sub-model. Thermal energy demand or 
waste heat generation occurs in two situations: when a ladle is dried 
after repair or relining, or when it is preheated for its utilization. The 
individual thermal load and waste heat profiles for preheating and 
drying are aggregated to obtain the overall thermal load profile as well 
as the waste heat profile. 

3.1.4.3. Result. Fig. 14 shows the aggregated thermal load and the 
waste heat profile of the ladle heaters for a simulation time of 12 hours 
relative to the maximum thermal power. It consists of several temporally 

Fig. 12. Measured load profiles and corresponding temperature curves for ladle 
drying (top) and preheating (bottom). 

Fig. 13. Flow chart of the operational model.  
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staggered drying and preheating processes. The aggregated profile has 
its minimum during the weekends when the number of preheated ladles 
decreases. 

3.1.5. Vacuum treatments 
Vacuum treatments (VOD – Vacuum oxygen decarburization and VD 

– Vacuum degassing) are performed to further increase steel purity. In 
order to remove gasses from the liquid steel, steam ejector pumps 
generate a vacuum. The process steam is provided by two industrial 
steam boilers. 

3.1.5.1. Data analysis. Due to different processing sequences and steam 
mass flows, we distinguish between VD- and VOD-processes for the 
modeling of time-resolved steam consumption. Vacuum oxygen decar-
buration is situated downstream the EAF-process and subsequent slag 
removal, while vacuum degassing represents the last purification step 
before casting. Further differences concern process duration and oxygen 
consumption associated with the VOD-process. 

Data collected with regard to vacuum treatments include the steam 
parameters, mass flows, and processing times. Moreover, the oxygen 
demand for the oxygen decarburization process was determined. In our 
study, all batches are subjected to degassing, while vacuum decarburi-
zation is only necessary for 7% of all produced batches. 

In order to obtain the useful energy demand, we estimated the 
enthalpy flow rate (Ḣsteam) from the mass flow rate (ṁsteam) and the steam 
parameters temperature and pressure (equation (15)). 

Ḣsteam = ṁsteam⋅hsteam (15) 

Specific enthalpy (hsteam) was obtained from a steam table according 
to IAPWS 1995 (Wagner and Pruβ, 2002). 

Division of the enthalpy flow by the boiler efficiency results in the 
thermal load required for process steam generation (see equation (16)). 
In their paper, Saidur et al. (2010) quote energy efficiencies in the range 
of 62–94% for industrial steam boilers. In our model, we assume a 
constant steam boiler efficiency of 94%. 

Pthermal =
Ḣsteam

ηsteam generator
(16)  

3.1.5.2. Modeling. In order to calculate the load profiles for vacuum 
oxygen decarburation (VOD) and vacuum degassing (VD), the first task 
addresses modeling the process steam demand. Vacuum treatment 
schedules depend on the operating periods of the electric arc furnace 
and the ladle furnace (see chapter 2.2). 

Analogous to the ladle furnace, the model generates the steam load 
profile by iterating through the list of VD and VOD units and retrieves 
their current steam demand. In a further step, it converts the aggregated 
steam demand into natural gas consumption based on the steam boiler 

efficiency. 

3.1.5.3. Result. Fig. 15 represents the enthalpy flow of steam caused by 
the vacuum treatments and the corresponding thermal load of the pro-
cess steam boiler. 

3.1.6. Annealing furnaces 
When the steel has the required composition and temperature, it is 

cast into ingots. Annealing refers to a heat treatment process that adjusts 
the required physical properties of the steel ingots for subsequent 
processing. 

3.1.6.1. Data analysis. In order to adjust the required steel properties, 
ingots are heat-treated in annealing furnaces. The heating and cooling 
process follows a predefined temperature profile. There are various 
annealing programs, but we focused on the modeling of only one 
representative program. In the steel mill that is described in this study, 
85% of the ingots are subjected to annealing. 

The annealing furnaces under examination are natural gas/cold air- 
fired bogie hearth furnaces. For several weeks, the natural gas con-
sumption of one of the annealing furnaces was measured. Fig. 16 de-
scribes the load profile and the normalized profile of the interior furnace 
temperature for an annealing batch of 105 t. 

3.1.6.2. Modeling. The results of the data analysis suggest the following 
modeling approach: After a randomly drawn cooling time, the cast steel 
batches that are designated for heat treatment are added to a pool. When 
the mass of batches in the pool exceeds the furnace capacity, the ingots 
are assigned to an available furnace and the annealing process is started. 

For each time step, the model iterates through the furnace list, re-
trieves the heating power, and adds it to the total load profile. After 
completion of the treatment, the batch is added to a list of finished 

Fig. 14. Thermal load profile for ladle heating.  

Fig. 15. Consumption load profiles of the vacuum treatments.  

Fig. 16. Measured load and temperature profile of the annealing program.  
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batches and the furnace is available for the next heat. 
Analogous to the ladle heaters, the waste heat flow is calculated by 

applying equations (12), (13), and (14). 

3.1.6.3. Results. The result is a combined load and waste heat flow 
profile for the heat treatment furnaces in the steel mill (Fig. 17). 

3.1.7. Other consumers 
The processes described in the previous chapters consume 88% of the 

annual energy consumption. The remaining energy demand of 12% re-
lates to several smaller consumers. In view of the substantial measure-
ment and modeling effort involved, we will not provide a detailed 
characterization of these loads and consider them baseload. 

This load is implemented into the energy system model of the electric 
steel plant as a separate sub-model. The electric baseload accounts for 
4% of the maximum electric load, while the thermal baseload amounts 
to 6% of the maximum thermal load. 

3.2. Energy system model 

The simulation of the overall steel mill described in chapter 3.1 

provides not only representative time-resolved load profiles of the in-
dividual consumers and the resulting aggregate load profile of the steel 
mill but also energy-related analyses and performance indicators. These 
results are presented in the following chapter. 

3.2.1. Energy consumption 
An important objective of the steel mill model is to produce repre-

sentative, time-resolved load profiles. Fig. 18 shows the aggregated, 
temporally resolved demand of final energy carriers electric energy and 
natural gas. 

Fig. 19 gives an overview of the major steel mill components and 
their share of final energy consumption. With a proportion of 36% of the 
total energy consumption or more than 50% of the electric energy de-
mand, the EAF is the biggest energy consumer in the steel mill. The 
electric energy for ladle furnaces and dedusting amounts to 13% and 4% 
respectively. Despite being an auxiliary process, drying and preheating 
the steelmaking ladles accounts for 17% of the total energy demand. 

Fig. 17. Aggregated load profile of the annealing furnaces.  

Fig. 18. Overall load profiles for final energy carriers.  

Fig. 19. Distribution of final energy demand.  
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Natural gas consumption amounts to 13% for annealing and 4% for 
steam generation. 12% of the overall final energy consumption of the 
steel mill is required for the remaining processes. 

A benchmark value is used to evaluate the energy consumption and 
thus the energy efficiency of the production process. The ratio of 
simulated specific energy consumption (SECsimulation) and the reference 
value (SECreference) of 1183 kWh/t of product (Arens et al., 2017) results 
in an energy efficiency index (EEI) of 0.8 (see equation (17)). Conse-
quently, the benchmark suggests an energy saving potential of 20%. 

EEI =
SECsimulation

SECreference
(17)  

3.2.2. Waste heat recovery potential 
A major goal of the model is the identification of optimization po-

tentials. In their framework for industrial waste heat utilization, Wool-
ley et al. (2018) define three quantitative descriptors for waste heat 
streams: temperature, available energy, and temporal availability. 
Furthermore, they consider qualitative properties such as spatial avail-
ability, carrier medium, and contamination. 

The present model analyses the waste heat potential based on the 
mentioned quantitative properties. Hence, waste heat flow rates are 
resolved not only temporally but also with respect to temperature. 
Sorted duration lines are well suited for a concise presentation of time- 
resolved waste heat. 

Fig. 20 shows the theoretical waste heat power relative to the 

maximum power input containing natural gas flow and electric load. 
The observation period covers one week. The amount of waste heat 
fluctuates considerably due to the batch operation of the production 
processes and is available at different temperature levels. 

The theoretical heat recovery potential of the system amounts to 
28% of the overall final energy consumption. In the diagram, the waste 
heat potential is categorized in four levels: under 400 ◦C, from 400 to 
600 ◦C, from 600 to 800 ◦C and higher than 800 ◦C. Because of its 
intermittent operation, the electric arc furnace generates a highly fluc-
tuating waste heat flow with respect to temperature and time. The high 
availability of waste heat at relatively high temperature levels above 
800 ◦C results from the continuous operation of the ladle heaters. 
Medium-temperature waste heat is generated at the annealing furnaces 
and the electric arc furnace. The cooling system of the EAF discharges 
heat at a comparatively low temperature level. 

4. Discussion 

Representative synthetic load profiles are expected to be consistent 
with the observed profiles. Therefore, we want to compare the measured 
and simulated time series using duration lines. Fig. 21 illustrates the 
ordered duration lines of the electrical power of the electric arc furnace, 
the ladle furnace, the ID fans, and the natural gas consumption of one of 
the ladle heaters for one week. 

A statistical analysis of the measured and simulated load profiles 
yields the following normalized values for the arithmetic mean and 
standard deviation (Table 2). 

Not only the time-resolved but also the cumulative energy 

Fig. 20. Sorted duration line of the theoretical waste heat potential.  

Fig. 21. Statistical analysis of electric load and waste heat profiles.  

Table 2 
Results of the statistical analysis of the load.  

Load profile Normalized arithmetic mean Normalized standard 
deviation  

Measurement Simulation Measurement Simulation 
Electric arc furnace 0.41 0.38 0.33 0.34 
Ladle furnace 0.21 0.18 0.38 0.37 
EAF primary fan 0.89 0.92 0.10 0.10 
Dedusting fan 0.66 0.65 0.21 0.20  
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consumption gives an indication of the validity of the model. The 
comparison of the simulated and the actual consumption of the indi-
vidual components is of particular interest. For the considered steel mill, 
the actual values of the year 2018 are compared to the results of a 
simulation over four production weeks. 

Since the produced volume of steel per week varies slightly, the 
specific energy consumption related to the produced steel mass in kWh/t 
is more revealing. In the following Table 3, the deviations of the simu-
lated from the actual specific energy consumptions over five simulation 
runs are given as mean absolute percentage errors (MAPE). The value for 
the overall energy system represents the error for the specific energy 
consumption of the entire production process. 

5. Conclusion 

The model presented in this article is capable of generating synthetic 
consumption load profiles of individual components as well as of the 
most relevant overall electric steel mill configurations based on a limited 
amount of input data. The representative load profiles and performance 
indicators provide a basis for the evaluation of energy efficiency mea-
sures and the integration of renewable energy sources. 

The model includes the electric arc furnace, ladle furnaces, vacuum 
treatment units, and auxiliary aggregates such as ladle heaters and ID 
fans. It covers electricity, natural gas, and waste heat flows and calcu-
lates energy-related KPIs such as total and specific energy consumption, 
waste heat recovery potential as well as the energy efficiency index of 
the steel mill. 

The indicators we apply to evaluate the industrial energy system are 
above all the specific energy consumption and the associated specific 
carbon dioxide emissions of the individual process steps and of the entire 
production route. The comparison with a benchmark value provides a 
quantitative statement on potential for energy efficiency improvement. 

Due to the design of the model, it is possible to scale the production 
volume and to add further process steps, and integrate novel technolo-
gies into the production process without any restructuring. Therefore, 
the model is qualified to simulate changes in the production process and 
assess its impact on the overall system. 

The analysis of the synthetic load profiles and the specific energy 
consumption values generated by the model shows that the simulation 
results are representative for the investigated steel mill. Quantitative 
evaluation of the simulated specific energy consumption results in a 
mean absolute percentage error of less than 2%. 
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Techno-economic case study on Oxyfuel technology implementation in EAF 
steel mills – Concepts for waste heat recovery and carbon 
dioxide utilization 
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A B S T R A C T   

Compared to integrated steel production via blast furnace and basic oxygen furnace, the electric arc furnace route saves energy and carbon dioxide emissions. While 
the major part of the energy is provided in the form of electric power, a substantial fraction of thermal energy is supplied by the combustion of direct fuels. 

In the present study, we describe available options for increasing the energy efficiency and cut down on carbon dioxide emissions in electric arc furnace steel mills. 
Based on these technologies, we develop possible process layouts including the transition to Oxyfuel ladle preheating, on-site utilization of the CO2-rich product gas 
and off-gas heat as well as the recovery of waste heat from the hot gas duct of the electric arc furnace for process steam production. 

With the aid of an energy system model, a case study is carried out to determine the potential for fuel savings as well as carbon dioxide and waste heat utilization. 
In a technical assessment, we investigate the relationship between the storage capacities, the carbon dioxide and waste heat utilization ratios as well as the fuel and 
CO2 emission savings. The subsequent economic analysis yields the optimum system layout under different framework conditions.   

1. Introduction 

The European steel industry had an annual final energy consumption 
of 309 TWh in 2018 (Eurostat (European Commission), 2020) and is 
today responsible for 4–7% of the anthropogenic carbon dioxide emis-
sions in the EU (Pardo et al., 2015). Steel production using an electric arc 
furnace (EAF) enables both the recycling of steel scrap and the pro-
cessing of directly reduced iron. Compared to the integrated steel pro-
duction (blast furnace (BF)/basic oxygen furnace (BOF)) the secondary 
process route (scrap/EAF) reduces the CO2-emissions by 63–73%. The 
application of the direct reduction route (DRI/EAF) results in a decrease 
of the CO2-intensity of 41–68%, whereas direct reduction using 
hydrogen (HDRI/EAF) is expected to cut emissions by up to 99% 
(Toktarova et al., 2020). 

However, the actual carbon dioxide emissions associated with the 
production of one ton of steel via the EAF route depend primarily on two 
main factors: The specific CO2 emissions of the power grid (Sasiain et al., 
2020) and the energy efficiency of the applied production processes 
(Quader et al., 2015). Within EAF steel production, particularly the 
generation of process heat from fossil fuels offers significant potential 
for reducing the energy consumption and thus the carbon dioxide 
emissions of the process. 

1.1. Production process and energy consumption 

Steel production via the EAF route consists of the main process steps 
melting, refining, steel and slag tapping, decarburization, ladle treat-
ments and casting (Remus, 2013). 

The EAF melts the introduced steel scrap through the input of elec-
trical and chemical energy. In the refining process, the liquid steel is 
decarburized by oxygen blowing. Then, the steel is tapped into a pre-
heated steelmaking ladle and unwanted scrap components are removed 
with the slag. For high-alloy steels, vacuum oxygen decarburization 
(VOD) is applied. Ladle metallurgy involves the process steps of desul-
phurization, alloying, homogenization and degassing and aims to adjust 
the required chemical composition (Remus, 2013). In the investigated 
mill, the steel is cast into ingots, which are heat-treated to enhance the 
material properties of the steel product. An alternative option is 
continuous casting to produce steel billets. 

Most of these process steps require the input of substantial amounts 
of energy. According to literature, the mean specific energy consump-
tion for EAF steelmaking amounts to 1178 kWh per ton of product 
(Arens et al., 2017). Depending on scrap and product quality as well as 
applied production processes, the production of one ton of steel requires 
about 5–65 mN

3 of oxygen and 3–28 kg of coal (Remus, 2013). 
A recent study conducted by the authors at an Austrian steel mill 
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showed that about 58% of the final energy consumption is supplied in 
the form of electric energy, while the remaining 42% are provided by 
direct fuels (Fig. 1) (Dock et al., 2021). Electrical energy is mainly used 
to power the electric arc furnace, the ladle furnaces and the dedusting 
systems. Preheating of the steel mill ladles using natural gas burners is 
the second most energy-intensive process step. Further major natural gas 
consumers are the heat treatment furnaces and the process steam gen-
eration for vacuum treatments. The remaining minor electricity and 
natural gas consumers are subsumed under the term others. Pulverized 
coal is only used in the EAF and acts as a slag foaming agent. 

Concerning the accounting of carbon dioxide emissions, the Green-
house Gas Protocol (World Resources Institute and World Business 
Council for Sustainable Development, 2021) specifies three scopes. 
Scope 1 or direct emissions refers to greenhouse gases that are emitted 
by company-operated facilities. By multiplying the consumption values 
of the steel mill under consideration for natural gas and pulverized coal 
by their respective specific CO2 emissions, we obtain scope 1 carbon 
dioxide emissions of the production process. Fig. 1 shows that ladle 
heaters are not only the biggest consumers of natural gas, but also the 
most important emitters of CO2. 

1.2. Decarbonization and energy efficiency measures 

In EAF steel production, a major part of the process heat is generated 
by burning fossil direct fuels. Combustion processes, such as ladle pre-
heating, are the main source of scope 1 CO2 emissions in the considered 
steel mill (see 1.1). Moreover, individual processes, i.e. scrap melting in 
the EAF generate waste heat, which is currently not exploited, neither in 
the steel mill nor for external use. 

In this article, we therefore focus on the implementation of the 
following energy efficiency measures, which we consider technically 
feasible under the given conditions:  

• Oxyfuel-combustion,  
• CO2-capture and utilization (CCU),  
• Waste heat recovery. 

Properly deployed, these technologies have the potential to reduce 
not only energy consumption, but also production costs and carbon di-
oxide emissions. 

1.2.1. Oxyfuel combustion 
Compared to combustion with air, the Oxyfuel technology, the 

combustion of natural gas with pure oxygen, represents an effective 
measure to reduce fuel consumption and CO2 emissions. First, the 
absence of nitrogen in the combustion process increases the thermal 
efficiency, because a higher portion of energy is transferred to the 
heating good instead of heating the nitrogen in the combustion air 
(Baukal and Baukal, 2013a). Second, the high concentration of the 
radiant gases CO2 and H2O in the Oxyfuel flue gas results in increased 
thermal radiation, thus improving the heat transfer (Baukal and Baukal, 
2013b). Consequently, less fuel is required for a given heating load. In 
addition, scope 1 carbon dioxide emissions decrease proportionally to 
the decreasing fuel consumption (Baukal, 2013). However, the overall 
emission reduction depends on the applied oxygen production tech-
nology and the specific carbon dioxide emissions in the electricity mix. 

Within the studies conducted by Stanger et al. (2015), Wall et al. 
(2013) as well as Gibbins and Chalmers (2008), Oxyfuel combustion is 
considered as key technology for capturing CO2 from fossil-fired power 
plants. Burning coal or natural gas with pure oxygen produces a flue gas 
mainly consisting of water vapor and carbon dioxide, which is separated 
by dehydration (H2O condensation) and purification. Stanger et al. 
(2015) give an overview over the technical advances in Oxyfuel tech-
nology for coal- and gas-fired power plants. Apart from demonstration 
on industrial level, the authors identify research needs in terms of higher 
integration, alternative oxygen sources, innovative combustion 

Fig. 1. Final energy consumption (A) and scope 1 carbon dioxide emissions (B) of main consumers in the electric steel mill.  
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processes as well as improvement of energy efficiency and reduction of 
installation costs and risks. 

Regarding the steel industry, von Scheele (von Scheele and Palm, 
2010) identifies the hot stoves of the blast furnace, the electric arc 
furnace, the reheating furnace, vessel preheating and strip processing as 
feasible areas of application for Oxyfuel combustion. According to his 
work, positive effects range from increased throughput capacities, fuel 
savings and increased material yield to reduced CO2 and NOX emissions. 
For vessel preheating, the fuel consumption and the associated CO2 
emissions may be reduced by around 50% (von Scheele and Palm, 
2010). 

In steel mills, ladle heaters are deployed to dry and preheat the 
steelmaking ladles prior to their utilization. As indicated in Fig. 1, they 
represent major consumers of natural gas and thus contribute signifi-
cantly to the overall CO2-emissions. According to Docquier et al. (2013), 
the conversion of a natural gas/air-fired ladle heating station to 
Oxyfuel-combustion results not only in fuel savings but also shorter 
heating times and higher achievable end temperatures. Due to higher 
preheating temperatures, the required tapping temperature decreases 
resulting in enhanced productivity, furnace life and energy efficiency. As 
state-of-the-art technology, Oxyfuel ladle heating is available from 
major equipment manufacturers such as Messer (Messer Americas, 
2019) or Linde (Linde AG, 2017). Ladle heating with OXIPYR burners is 
expected to bring fuel savings of up to 55%, uniform heating, shorter 
heating cycles and lower NOX emissions (Messer Americas, 2019). In 
order to lower the flame temperature and ensure uniform heating, the 
flame is diluted by flue gas, referred to as flameless Oxyfuel combustion. 
Similarly, substantially shorter heating times, fuel savings, extended 
refractory lifetime, and lower feasible EAF tapping temperatures have 
been reported for OXYGON burners compared to the combustion with 
air (Linde AG, 2017). 

1.2.2. Carbon dioxide utilization in steelmaking 
Combusting natural gas with pure oxygen generates a flue gas with a 

high concentration of carbon dioxide and water (see 2.2.1). Condensa-
tion of the water vapor produces a CO2-rich gas that can be recovered for 
other processes. The separation and utilization of carbon dioxide from 
the flue gas transforms climate-relevant emissions into a valuable 
resource. In the iron and steel industry, carbon dioxide utilization has 
positive effects on metallurgical processes and has the potential to 
reduce overall carbon dioxide emissions (Wei et al., 2018). The review 
article by Dong and Wang (2019) discusses promising fields of appli-
cation for carbon dioxide including top- and bottom-blowing in the BOF 
and the argon oxygen decarburization (AOD) converter, the ladle 
furnace and the EAF, injection into the blast furnace as well as CO2 
circulation in combustion processes. In light of the extensive research on 
the positive effects of carbon dioxide deployment in ferrous metallurgy 
processes, the authors project an overall CO2 utilization potential of 
more than 100 kg/t of steel. 

In their article, Zhu et al. (2020) review the beneficial effect of 
carbon dioxide on the EAF and BOF process and propose a route for the 
utilization of steel mill-generated CO2. Laboratory (Li et al., 2017) and 
industrial scale (Lv et al., 2012) experiments were conducted to inves-
tigate the utilization of carbon dioxide in the basic oxygen furnace. BOF 
steelmaking involves dust production in the range of 13–32 kg/t of steel 
that consists mainly of iron and its oxides (Ray et al., 1997). Li et al. 
(2017) prove that the dust is generated as a consequence of the 
entrainment of carbon monoxide bubbles and evaporation of elements. 
The introduction of CO2 as an oxidant allows decarburization while 
controlling the temperature of the steel bath. Using a mixture of oxygen 
and carbon dioxide as top-blowing gas in the converter and substitution 
of nitrogen and argon by carbon dioxide for bottom blowing reduces 
dust generation and iron loss, promotes the removal of nitrogen and 
phosphorous from liquid steel and saves oxygen. Zhu et al. (2020) as-
sume a consumption of 10–13 kg CO2/t of steel for top-blowing at 10 
%vol CO2 and full substitution of oxygen by CO2 for bottom blowing in 

BOF steelmaking. 
Similarly, the electric arc furnace is a promising field of application 

for recovered carbon dioxide. According to Wei et al. (2018), current 
research focuses on the utilization of CO2 for mixed blowing, submerged 
injection as well as bottom blowing in the EAF and the ladle furnace. In 
mixed blowing, instead of pure oxygen, an O2/CO2 mixture is injected 
into the EAF through a blowing lance. Compared to blowing with pure 
oxygen during the refining phase, endothermic reactions of CO2 with 
elements in the liquid steel bath reduce the generation of hot spots and 
therefore limit the evaporation of iron and other elements (Wei et al., 
2018). In their research article, Wang et al. (2016) establish an energy 
and material balance to investigate the impact of carbon dioxide injec-
tion into the EAF. The authors find that oxygen blowing with an 
increasing proportion of CO2 increases the electric energy consumption. 
However, they argue that this effect is outweighed by enhanced decar-
buration and chromium retention. According to the literature, reason-
able mixing ratios of carbon dioxide and oxygen range from 5 %vol (Wei 
et al., 2018) to 50 %vol (Wang et al., 2016) of CO2. 

Certain steel production steps such as vacuum treatments (VD and 
VOD) cause alkaline wastewater. Before discharge into a sewing system, 
the pH-value of the wastewater must be reduced to a neutral level. Water 
neutralization using carbon dioxide is an environmentally friendly 
alternative to conventional treatments based on mineral acids. 
Compared to acids, the advantages include safer handling, precise pH 
control, prevention of excessive acidification as well as low investment 
and operational costs (Messer North America Inc, 2021). 

Furthermore, CO2 serves as a neutralizer for the water in the cooling 
circuits of the steel mill. Since natural water tends to lime scale build-up, 
the cooling water needs to be treated to avoid plugging in the cooling 
equipment. Water hardness results from dissolved minerals such as 
calcium and magnesium. Carbonation of the cooling water with CO2 
represents an inexpensive and safe method to remove calcium and 
magnesium ions and reduce the pH-value to a neutral level (Ahn et al., 
2018). Hart et al. (2011) describe the successful application of carbon 
dioxide to prevent scale build-up in a heat exchanger of a pulp mill. 

1.2.3. Waste heat utilization in steel mills 
In their review on energy use and energy efficient technologies, He 

and Wang (2017) describe the significant potential of waste heat utili-
zation in the steel industry. For EAF steelmaking, they recommend the 
recovery of EAF waste heat for electricity production and cite energy 
savings of 130 kWh/t of steel. The electric arc furnace is not only the 
largest energy consumer, but also a considerable source of waste heat. In 
an electric arc furnace, the heat dissipated by the cooling system and the 
sensible heat of the off-gas account for 20–30% of the overall energy 
input (Steinparzer et al., 2014). For a 120 t furnace, the energy of the 
off-gas amounts to 226 kWh/t of steel at temperatures up to 1200 ◦C 
(Steinparzer et al., 2014), however typical outlet temperatures for EAF 
cooling systems lie around 50 ◦C (Gharib Mombeni et al., 2016). 

Yang et al. (2018) elaborate on the possibilities to recycle the sen-
sible heat of the EAF exhaust gas. Scrap preheating, steam production 
and eventual electricity generation via a steam turbine are presented as 
relatively mature technologies. However, fluctuations in EAF off-gas 
temperature and mass flow as well as its high dust content pose a 
challenge for steam and electricity generation. The authors consider the 
ejector pumps of the vacuum degassing system as potential consumers of 
the generated steam. Ramirez et al. (2017) present a waste heat recovery 
plant for the electric arc furnace of a special steel mill using Organic 
Rankine Cycle (ORC) technology. The furnace exhaust gas is used to 
produce saturated steam in a heat recovery unit. This steam supplies 
heat to an ORC process and a district heating network. In order to 
compensate for the discontinuous heat availability, the EAF and the 
consumers are decoupled by a steam accumulator. Due to the imple-
mentation of the plant, the authors estimate annual savings of 7990 t of 
CO2 and 40 360 MWh of electricity and heat. Keplinger et al. (2018) 
present a dynamic simulation model for the recovery of EAF waste heat 
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for steam production. The hot gas duct, which has the function to cool 
the off-gas for its subsequent treatment serves as a heat source. Due to 
the batch operation of the electric arc furnace, a thermocline storage is 
integrated into the system to compensate temperature and mass flow 
fluctuations. Depending on the load situation of the EAF, the waste heat 
steam generator is supplied with hot water from the storage tank or 
directly from the hot gas duct. Therefore, the cooling system is operated 
at an elevated water outlet temperature of 200 ◦C. Simulation results 
indicate that the presented concept is a feasible option for EAF waste 
heat recovery and that the thermocline storage system is capable of 
decoupling the time-variable heat supply and demand (Keplinger et al., 
2018). 

Waste heat recovery from ladle preheating has not yet been inves-
tigated to the same extent as for the electric arc furnace. Moch et al. 
(2008) conduct their research on ways to decrease energy consumption 
and emissions of ladle heaters. As part of the project, two ladle-heating 
stations are equipped with a rotating regenerator and a recuperator, 
respectively, for air preheating. Long-term observations indicate that 
these measures reduce natural gas consumption by 20–35%. 

The authors are not aware of any studies on the utilization of waste 
heat from ladle heaters apart from air preheating. 

1.3. Research need and structure of the work 

The articles cited in chapter 1.2 demonstrate that the proposed 
technologies are suitable for reducing energy consumption and CO2 
emissions in EAF steelmaking. Scientific studies and implementation 
reports are available for Oxyfuel combustion, carbon dioxide utilization 
for steelmaking and water treatment processes as well as waste heat 
recovery in the steel industry. 

However, to the authors’ knowledge, at present there is no publi-
cation addressing the holistic implementation of the technologies 
mentioned in section 1.2 in an existing steel mill. We aim to understand, 
how energy saving and emission abatement technologies need to be 
integrated into the production processes to achieve the optimal effect for 
the overall energy system of an EAF steel mill. For this purpose, this 
study investigates the process integration of selected energy efficiency 
and CO2 emission reduction technologies into an existing EAF steel mill. 

The implementation of Oxyfuel and CCU technologies as well as 
waste heat recovery systems into batch production processes with highly 
fluctuating loads requires a time-resolved analysis. By using a steady- 
state simulation approach with a temporal resolution of 1 min, we 
integrate different feasible options into an energy system model of the 
steel mill and evaluate their impact in terms of overall energy efficiency, 
economic viability and carbon dioxide emissions. 

Due to their significant natural gas consumption (see 1.1) and high 
operating temperatures, we focus on the conversion of air-fired ladle 
heaters to Oxyfuel-combustion. Within the present work, we investigate 
possibilities of waste heat recovery from the ladle heaters and the EAF as 
well as carbon dioxide separation and utilization in the steel production 
process. The objective is to develop viable concepts for reducing fuel 
consumption and CO2 emissions in order to enable a low-CO2 produc-
tion process. Therefore, we compare the results of three integration 
scenarios on a technical and economic level. 

In our study, we proceed as follows: First, we develop scenarios for 
the implementation of the presented technologies (2.1). Second, we 
introduce our model, which includes the energy system of the steel mill, 
Oxyfuel combustion, carbon capture equipment and storages (2.2). 
Additionally, we explain the cost-model used for our economic assess-
ment. Based on each technology’s potential, we carry out a technical 
(3.1) and an economic (3.2) assessment. A sensitivity analysis highlights 
the conditions under which investments in the examined technologies 
are economically viable (4). Finally, chapter 5 summarizes the key 
outcomes and gives a conclusion. 

2. Methods 

2.1. Scenario development 

Due to long heating times and high operating temperatures, ladle 
heaters account for a major share on the final energy consumption of the 
steel mill. As stated in chapter 1.3, Oxyfuel-combustion offers the po-
tential to significantly reduce the natural gas consumption of the ladle 
heaters. Therefore, this study focuses on the installation of Oxyfuel 
burners for preheating the steel mill ladles. As part of the burner con-
version, the horizontal ladle heaters will be replaced by the vertical 
alternative. Measurements indicate that vertical heaters consume about 
one third less fuel due to improved flue gas routing in the ladle. The 
conversion from natural gas/air to natural gas/oxygen burners is asso-
ciated with a considerable additional oxygen consumption (see Table 3). 
However, due to the metallurgical processes the steel mill already re-
quires large volumes of oxygen, which are supplied by deliveries and 
storage tanks. Hence, we assume that the additional consumption 
through Oxyfuel combustion is met by the existing supply system. 

Additionally, we intend to exploit the CO2-rich off gas generated by 
the Oxyfuel combustion process through the integration of a carbon 
dioxide separation and utilization system. Due to different types of 
deployed ladles and varying conditions of the upper ladle rims, a gap 
remains between the lid and the ladle, thus preventing airtight heating 
operation. However, the burner is operated at an overpressure, which 
will reduce the false air volumes to a minimum. In view of the proposed 
CO2 application options, we assume that the gas treatment system 
generates a product gas of adequate purity, even in the case of minor 
false air inflow. For our case study, we consider the following in-plant 
carbon dioxide sinks: the neutralization of alkaline wastewater and 
cooling water in the cooling systems as well as the mixed injection of 
oxygen and carbon dioxide during refining in the electric arc furnace. 
Since both the wastewater neutralization and the cooling water condi-
tioning using purchased CO2 are already implemented in the considered 
mill, the existing infrastructure can be deployed in this case. In the latter 
case, the CO2 is fed into the oxygen line ahead of the oxygen manipu-
lator and then blown into the EAF through the injection lance. Prior to 
injection into the supply network and subsequent utilization, it is 
required to cool the exhaust gas, separate the water and compress the 
product gas to the operating pressure of the CO2 supply network. To 
balance the fluctuating CO2-demand, especially for mixed blowing in the 
EAF, we implement a buffer tank into the CO2 supply system (see Fig. 2). 

Condensation of the exhaust gas not only increases the carbon di-
oxide concentration in the product gas but also allows the recovery of 
waste heat. The ladle heaters are equipped with an exhaust gas 
condenser with an integrated heat exchanger that transfers the exhaust 
gas heat to the cooling water. Subsequently, the hot cooling water is 
used in the process steam boiler for feed water preheating. In an 
extended scenario, we evaluate the waste heat recovery from the hot gas 
duct at the electric arc furnace. The water-cooled duct dissipates the 
major part of the heat in the EAF exhaust gas. The recovered heat from 
the hot gas duct will be used for steam generation in the steel mill. For 
this scenario, the installation of a thermal energy storage is inevitable to 
balance the waste heat generation and steam demand (see Fig. 2). 

As described in chapter 1.2.3, within the scope of their study, Kep-
linger et al. (2018) present a suitable system for the recovery of waste 
heat from the EAF hot gas duct for steam production. Increasing the 
water temperature and pressure in the cooling system requires the 
replacement of the duct. The additional equipment consists of a pres-
surized hot water storage, a kettle evaporator, pumps and a pressuri-
zation system. 

In order to assess the technical and economic feasibility and the 
necessary framework conditions, we will investigate three scenarios:  

• Scenario D: The starting point is a demonstration scenario in which 
half of the ladle heaters are converted to Oxyfuel technology. The 
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generated carbon dioxide and waste heat are recovered and utilized 
plant-internally for water treatment. For this simulation, we stipulate 
that Oxyfuel ladle heaters, if available, are deployed preferentially.  

• Scenario F1: In a first future scenario, we analyze the complete 
conversion of all ladle heaters to Oxyfuel technology. Analogous to 
the demonstration scenario, we aim to recover both CO2 and waste 
heat. In addition to water treatment, the produced carbon dioxide is 
deployed for mixed blowing in the electric arc furnace.  

• Scenario F2: The second future scenario, based on F1, deals with the 
additional recovery of waste heat from the EAF hot gas duct for 
steam generation. 

Fig. 2 provides an overview over the considered waste heat and 
carbon dioxide flows. The simulation results are evaluated based on a 
reference scenario (R), which reflects the status quo in the steel mill. 
Table 1 summarizes the main features of the investigated scenarios. 

2.2. Energy system model 

In order to evaluate the implementation of efficiency measures in an 
existing EAF steel mill, we deploy the energy system model presented in 
a study by Dock et al., 2021. This preceding work describes the 

development of a model that generates time-resolved, synthetic load and 
waste heat profiles of sub-processes as well as the overall steel mill. The 
model covers the electric arc furnace, ladle furnaces, vacuum treat-
ments, ladle heaters, annealing furnaces, as well as the dedusting and 
steam generation system. Due to its modular design, the model allows 
sub-processes to be added or system configurations to be modified. 
Therefore, we are able to represent different process designs and oper-
ational strategies within the scope of the present case study. 

As part of this work, the energy system model is extended to include 
Oxyfuel combustion, production and demand profiles for carbon diox-
ide, buffer storages for carbon dioxide and thermal energy as well as a 
tool for basic economic analysis. 

2.2.1. Ladle heating 
In order to implement an Oxyfuel ladle heater in our energy system 

model, it is necessary to determine the actual flow rates of natural gas, 
oxygen, waste heat and carbon dioxide for every time step. We estimate 
these values by applying a simple process model based on the time- 
resolved thermal load and waste heat profiles of the mentioned steel 
mill model. 

Our starting point is the following heat balance, where Q̇thermal is the 
thermal power input, Q̇useful the thermal power that is used to heat the 
ladle, and Q̇waste heat the thermal power of the exhaust gas. 

Q̇thermal(t) = Q̇useful(t) + Q̇waste heat(t) (1) 

Provided the fuel and the oxidant are supplied at reference temper-
ature, the thermal power and the waste heat flow are defined by equa-
tions (2) and (3). ṁng and ṁfg are the mass flow rates of natural gas and 
flue gas, NCV is the net calorific value of natural gas. cp, fg, Tfg and Tamb 

are the mean specific isobaric heat capacity in kJ
kg⋅K as well as 

Fig. 2. Process layouts for the simulation scenarios.  

Table 1 
Considered implementation scenarios.   

R D F1 F2 

Number of Oxyfuel ladle heaters 0 2/4 4/4 4/4 
Water neutralization – X X X 
O2/CO2 mixed blowing – – X X 
Feed water preheating (LH) – X X X 
Steam generation (LH + EAF) – – – X  
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temperatures of the flue gas and the ambient air in K. 

Q̇thermal(t) = ṁng(t)⋅NCV (2)  

Q̇waste heat(t) = ṁfg(t)⋅cp, fg⋅
(
Tfg − Tamb

)
(t) (3) 

The mass flow of the flue gas can be determined by establishing the 
mass balance (4). 

ṁfg = ṁng + ṁox (4) 

Derived from the reaction equation for the combustion of 1 kg of 
methane (5), which is the main combustible constituent of natural gas, 
the oxidant mass flow is calculated according to equation (6), where 
xCH4, ng and xO2, ox are the mass fractions of methane in the fuel and ox-
ygen in the oxidant, and λ is the air-fuel equivalence ratio. 

1 kg CH4 + 4 kg O2 = 2.75 kg CO2 + 2.25 kg H2O (5)  

ṁox = ṁng⋅λ⋅
4⋅xCH4, ng

xO2, ox
(6) 

Since the ladle heating program follows a specified temperature 
profile and we know the associated time-resolved thermal power input 
(equation (2)) and waste heat power (equation (3)), we are able to 
determine the time-resolved useful power (equation (1)). By applying 
the above equations and substituting air by pure oxygen as oxidant, we 
obtain the new mass flow rates for natural gas, oxygen, and exhaust gas 
resulting from the transition to Oxyfuel combustion. Combustion of 
natural gas with oxygen decreases the exhaust gas mass flow compared 
to combusting with air, while the useful heat profile determined by the 
heating program remains unchanged. This leads to a significant reduc-
tion in exhaust gas losses, thermal power input and thus natural gas 
consumption. 

We obtain the mass flow rate of carbon dioxide (ṁCO2) in the exhaust 
gas from the mass balance for carbon dioxide (7), where xCO2, ox and 
xCO2, ng are the mass fractions of carbon dioxide in the oxidation medium 
and in the fuel. xCH4, ng⋅2.75 represents the generation of CO2 due to 
methane combustion. 

ṁCO2 = xCO2, ox⋅ṁox +
(
xCO2, ng + 2.75 ⋅ xCH4, ng

)
⋅ṁng (7) 

Fig. 3 shows the normalized natural gas and resulting carbon dioxide 
flow for ladle preheating with a conventional and an Oxyfuel burner. 

2.2.2. Carbon dioxide utilization 
In our study, the captured CO2-rich product gas recovered from the 

Oxyfuel combustion is provided for neutralization in the wastewater 
treatment plant, injection into the cooling system and refining in the 
electric arc furnace. In order to determine the required capacity of the 
buffer tank, we consider the following carbon dioxide demand profile 
(Fig. 4). 

The carbon dioxide demand profile was created by adapting the 
energy system model of the EAF steel mill (Dock et al., 2021). Its 
modular structure allows for implementation of the CO2 consumers. CO2 
consumption occurs mainly during two process steps that are defined in 
the steel mill model: oxygen blowing at the EAF and wastewater 
discharge from the vacuum treatments. The required amount of CO2 for 
wastewater neutralization is known from measurements, while that for 
EAF-injection is derived from the oxygen demand of the EAF using a 
fixed mixing ratio of 25 %vol carbon dioxide. 

An analysis of the third CO2 sink, the injection into the cooling water 
of the EAF and various other installations, indicated a frequent con-
sumption of small quantities for periods of less than a minute. Therefore, 
the total consumption was averaged over the operating hours of the 
individual installations and implemented into the model as a continuous 
demand. 

2.2.3. EAF hot gas duct 
Compared to the energy system model the authors presented in 

(Dock et al., 2021), the model of the EAF cooling system is modified to 
increase the accuracy of the simulation results. Instead of averaging the 
cooling power during an entire EAF production cycle, in the improved 
model used in this work, we represent the individual process phases in 
the load profile. Based on time-resolved measurements of the cooling 
power, we determined mean power levels for the process phases melting 
and refining as well as the time intervals between, referred to here as 
power off. The process phases as well as the associated cooling power 
levels are displayed in Fig. 5 B. 

In order to model the fluctuating waste heat profile, the ordered 
duration line of the measured waste heat profile is divided into intervals, 
which are assigned to certain process phases based on the previously 
defined mean power levels. During the simulation, for every time step, a 
power value is drawn randomly from the distribution of power levels in 
the respective process phase. This results in the synthetic profile of the 
cooling power for one week presented in Fig. 5 A relative to the nominal 
EAF transformer power in kVA. A comparison of the sorted duration 
lines over 12 h of operation indicates the good agreement between the 
measured and simulated waste heat profile (see Fig. 5 B). 

2.2.4. Carbon dioxide and thermal energy storage 
Chapter 1.2 describes the need for storage systems to balance the 

temporal variability of both the demand and generation of waste heat 
and carbon dioxide. Both storages are implemented into the energy 
system model using the following properties: storage capacity, state of 
charge (SOC) at simulation start as well as associated sinks and sources. 

According to equations (8) and (9), the SOC of the carbon dioxide (m) 
and the thermal energy storage (Q) are determined for every simulation 
time step (Δt). ṁinflow and ṁoutflow refer to mass flow rates during feed-in 
and discharge of the carbon dioxide storage, while Q̇inflow and Q̇outflow 

Fig. 3. Normalized natural gas and carbon dioxide flow profile of Oxyfuel and conventional combustion for ladle preheating.  
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represent the heat flow rate for loading and discharging the thermal 
energy storage (TES). Q̇loss denotes the loss rates of the TES (see equation 
(11)). 

m(t) = m(t − 1) +
(
ṁinflow(t) − ṁoutflow(t)

)
⋅Δt (8)  

Q(t) = Q(t − 1) +
(
Q̇inflow(t) − Q̇outflow(t) − Q̇loss(t)

)
⋅Δt (9) 

Assuming operation at constant pressure, the amount of stored en-
ergy (Qmax) in a sensible TES is given by the following equation (10), 
where m is the mass of the storage medium, cp its mean isobaric heat 
capacity. Tmax is the maximum and Tmin the minimum storage tempera-
ture. The maximum storage temperature and therefore the storage ca-
pacity is limited by the evaporation temperature of the storage medium. 
Consequently, pressurized storage tanks allow operation at higher 
temperatures than atmospheric storages. 

Qmax = m⋅cp⋅(Tmax − Tmin) (10) 

We determine the energy losses of the TES using equation (11) 
(Verein Deutscher Ingenieure VDI-Gesellschaft Verfahrenstechnik 
Chemieingenieurwesen VDI-W ä rmeatlas, 2013). The heat loss rate 
(Q̇loss) is dependent on the overall heat transfer coefficient (k) and the 
surface of the storage tank (A) as well as the current temperature 

difference between storage medium (Tstorage) and ambient (Tamb). 

Q̇loss(t) = k⋅A⋅
(
Tstorage(t) − Tamb

)
(11)  

2.2.5. CO2 sequestration 
In order to recover the carbon dioxide from Oxyfuel combustion, the 

flue gas has to be cooled. Therefore, the implementation of a cooling 
system is necessary, which causes additional energy consumption and 
costs. Part of the recovered heat is exploited by the steam boiler, while 
excess heat is dissipated in a cooling tower. The waste heat (Q̇) is 
transferred to the cooling water, which has the volume flow rate V̇, the 
density ρ, the specific heat capacity cp as well as a temperature range 
between in- (Tin) and outflow (Tout). Given the temperature range, the 
required water flow is calculated by rearranging equation (12). Based on 
the volume flow rate, the electric power (Pel) of the circulation pump can 
be estimated according to equation (13) (Baehr and Kabelac, 2012), 
where η is the isentropic efficiency, V̇ the volume flow rate and Δp is the 
pressure difference that the pump needs to provide. 

Q̇ = V̇⋅ρ⋅cp⋅(Tout − Tin) (12)  

Pel =
1
η⋅V̇⋅Δp (13) 

Fig. 4. Normalized carbon dioxide consumption profile.  

Fig. 5. Ordered duration line of the hot gas duct cooling power.  
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After the flue gas treatment, the generated CO2-rich product gas has 
to be compressed and stored in a buffer tank. To enable the flow to the 
consumers, the buffer tank has to operate at a higher pressure than the 
carbon dioxide network of the steel mill. In our study, carbon dioxide is 
stored between 5 and 20 bar, which implies a maximum output pressure 
of 20 bar. Therefore, we apply a two-stage compression of 1–5 bar and 
5–20 bar, respectively, with the actual discharge pressure depending on 
the state of charge of the CO2 tank. In the sequestration process, the 
compressor represents a significant energy consumer and thus cost 
factor that we want to integrate in our model. The electric compressor 
power (Pel) was calculated as indicated in equation (14) (Baehr and 
Kabelac, 2012) considering a pressure increase from inlet (pin) to outlet 
pressure (pout). Here, η is the isentropic efficiency, ṁ the mass flow of 
product gas, κ its isentropic exponent and T its temperature in K. 

Pel =
1
η ⋅ ṁ ⋅ cp ⋅ T⋅

((
pout

pin

)κ− 1
κ

− 1

)

(14)  

2.2.6. Cost model 
With regard to the formulated research demand (see 1.3), we will 

also approach the subject from an economic perspective. A simplified 
investment analysis will be carried out in order to identify the optimum 
system configuration for various underlying conditions. 

In our analysis, we allocate the annually incurring costs to two cost 
centers: ladle heating and steam generation (Table 2). Considered ex-
penses for ladle heating are the annual costs for fuel (cNG), oxygen (cO2), 
CO2 emission allowances (cEA) and electricity (cEE) for product gas 
compression and the cooling system as well as capital costs (cIV) for the 
proposed plant layout (15). 

ctot = cNG + cO2 + cEA + cEE + cIV − (rWHR + rCCU) (15) 

The savings generated in the steel mill by the utilization of waste 
heat (rWHR) and carbon dioxide (rCCU) are assigned to the cost center as 
revenues that are calculated using equations (16) and (17), where cNG, SG 

as well as cEA, SG are the fuel and emission allowance costs for steam 
generation, cCO2 , WT as well as cO2 , EAF are the carbon dioxide costs for 
water treatment and the oxygen costs for the EAF, and SRNG as well as 
SRCO2 are the substitution rates for natural gas and carbon dioxide. 

rWHR = SRNG, SG
(
cNG,SG + cEA, SG

)
(16)  

rCCU = SRCO2, WT ⋅
(
cCO2, WT + cEA, WT

)
+ SRCO2, EAF ⋅cO2, EAF (17) 

In scenario F2, the additional investment costs for waste heat re-
covery from the EAF hot gas duct as well as the costs for natural gas and 
emission allowances for steam generation are allocated to a separate 
cost center (steam generation). 

For the calculation of investment costs of the implemented tech-
nologies, the percentage on delivered-equipment cost method (Peters et al., 
2004) is applied. In a first step, the costs of the individual pieces of 
equipment are either derived from the regression models given in (Pe-
ters et al., 2004) or provided by our project partners. In the second step, 

the remaining direct and indirect plant costs such as installation (finst), 
instrumentation and controls (fcontr), piping (fpipe), electrical installations 
(felectr), engineering (feng) and construction (fconstr) are added to the 
equipment cost (En) by using multiplying factors (equation (18)). 

In = En⋅
∑(

1 + finst + fcontr + fpipe + felectr + feng + fconstr
)

(18) 

Finally, we adjust the investment costs to the year 2021 using the 
chemical engineering plant cost index (CEPCI) (Access Intelligence LLC, 
2021). Prior to the preparation of this study, we verified the plausibility 
of the calculated investment costs in cooperation with our industrial 
partners. A summary of the estimated capital expenditures is listed in the 
Appendix (A1, Table 5). According to the annuity method (19), the 
capital expenditures are determined by allocating the investment costs 
for the implemented equipment (I) over the payback period (n) based on 
a calculative interest rate (i). 

cIV = I⋅
(1 + i)n⋅i

(1 + i)n
− 1

(19) 

Prices for natural gas and European Union emission allowances are 
based on market data from the European Energy Exchange (EEX) (Eu-
ropean Energy Exchange AG, 2021a). The oxygen and carbon dioxide 
price used in the study are provided by our project partner and represent 
the mean prices for the investigated steel mill in the year 2019. The 
assumed prices for energy and gases are summarized in A1, Table 4. 

3. Results 

This section covers the presentation of the simulation results and 
comparison with the reference case. First, we present an overview of the 
theoretical potentials (3.1.1) for natural gas savings, waste heat recov-
ery and carbon dioxide utilization, followed by an analysis of the tech-
nical potentials depending on the capacity of carbon dioxide and 
thermal energy storages (3.1.2, 3.1.3). Finally, we determine the 
economically optimized system layout for each individual scenario 
(3.2). 

3.1. Technical assessment 

3.1.1. Theoretical potential 
Table 3 summarizes the theoretical potential for natural gas and 

emission savings, as well as for waste heat and carbon dioxide recovery. 
Since the values were obtained from an existing steel mill and may not 
be published, they are stated here in relation to their respective refer-
ence values. Moreover, this approach facilitates scaling of the results to 
other steel mills. This potential determination does not include consid-
erations regarding the temporal balance of supply and demand or 

Table 2 
Cost centers including allocated costs and revenues.  

Ladle heating Steam generation 

Operational expenditures Operational expenditures 
Natural gas cost Natural gas cost 
þ oxygen cost + emission allowance cost 
þ emission allowance cost 
þ electricity cost 

Capital expenditures Capital expenditures 
Investment cost Investment cost 
Revenues 
- carbon dioxide revenue 
- waste heat revenue 
Total cost Total cost  

Table 3 
Simulation results: theoretical potentials for natural gas savings, waste heat 
recovery and carbon dioxide utilization.  

Scenario Reference 
scenario 

Demo 
scenario 

Future 
scenario 1 

Future 
scenario 2 

Acronym R D F1 F2 
Share of Oxyfuel ladle 

heaters 
– 50% 100% 100% 

Natural gas 
consumption ladle 
heaters 

100% - 32% - 46% - 46% 

Overall oxygen 
consumption 

100% +55% +79% +79% 

Natural gas 
consumption steam 
generator 

100% - 14% - 20% - 100% 

CO2 consumption 
water treatment 

100% - 100% - 100% - 100% 

O2 consumption 
electric arc furnace 

100% - 28% - 45% − 45%  
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technical limitations such as temperature levels, material properties, 
heat exchanger surface, carbon dioxide purity and losses due to storage 
and transport. 

The simulation results indicate that the natural gas consumption for 
ladle heating decreases significantly for all scenarios. One reason is the 
higher combustion efficiency due to the conversion from natural gas/ 
air-fired burners to natural gas/oxygen burners due to decreased 
exhaust gas losses. Secondly, the deployment of vertical ladle heaters 
leads to an enhanced transfer efficiency compared to the horizontal 
version. However, it must be noted that the energy consumption of the 
ladle heaters also includes the proportion required for ladle drying still 
using conventional natural gas/air burners. 

The total natural gas consumption of the ladle heating processes 
decreases by 32% (D) and 46% (F) respectively, which corresponds to a 
reduction of direct carbon dioxide emissions by the same percentage. 
Further savings in fuel and carbon dioxide emissions are achieved by 
exploiting the exhaust gas heat of the ladle heaters. Starting from the 
demonstration scenario, the complete conversion to Oxyfuel ladle 
heaters equipped with waste gas heat exchangers will increase the 
amount of waste heat by 42%. The integration of the EAF hot gas duct 
into the system (F2) substantially increases the available waste heat 
compared to scenario F1. 

Regarding the carbon dioxide balance, we can conclude that the 
generation of carbon dioxide at the ladle heaters is sufficient to cover the 
consumption for waste and cooling water neutralization in any case. 
Assuming mixed blowing of oxygen and carbon dioxide at 25 %vol CO2, 
the demand of the electric arc furnace is covered partially in scenario D 
and completely in scenario F1. However, the additional mass of oxygen 
required for the ladle heaters significantly exceeds the savings resulting 
from the potential substitution of oxygen at the EAF. 

3.1.2. Carbon dioxide utilization 
As mentioned, the ladle heaters produce sufficient carbon dioxide for 

the water treatment plant in all scenarios. Thus, we examine the utili-
zation of the excessive amount of CO2 for mixed blowing of carbon di-
oxide and oxygen at the EAF in scenario F1. However, due to the batch 
operation in the steel mill, the carbon dioxide demand for both waste-
water neutralization as well as EAF blowing is subject to strong fluctu-
ations. In order to balance the temporal variations in supply and 
consumption, the installation of a buffer storage is necessary. 

By the integration of the storage sub-model described in chapter 
2.2.4 into our energy system model of the steel mill and simulation for a 
range of different storage sizes, we can determine the CO2 utilization 

ratio as a function of the installed storage capacity. With increasing CO2 
utilization ratio, the consumption of purchased carbon dioxide and ox-
ygen decreases. 

For example, the installation of a 200 kg storage tank, indicated in 
the diagram by the vertical line, enables the system to consume 34% of 
the CO2 generated at the Oxyfuel ladle heaters in scenario D (Fig. 6A). 
This design can provide sufficient carbon dioxide for water treatment, 
thus making the purchase of CO2 obsolete. Given the increased available 
volume of carbon dioxide from the higher number of Oxyfuel ladle 
heaters, the utilization ratio in the future scenarios amounts to 72% for 
the same storage capacity, whereas oxygen consumption at the EAF is 
cut down by 15% (Fig. 6B). Accordingly, the substitution ratios in the 
economic assessment will equal 100% for carbon dioxide and 15% for 
oxygen (see equation (17)). 

3.1.3. Waste heat recovery 
According to the proposed process design, the ladle heaters serve not 

only as a source for carbon dioxide but also for waste heat. Another 
potential heat source is the cooling water from the EAF hot gas duct. Due 
to the matching temperature level, we identified the steam generator as 
a suitable heat sink within the steel mill. By utilizing the available waste 
heat, we want to save natural gas in steam generation. 

In order to balance fluctuations of heat sources and sink, the inte-
gration of a thermal energy storage is required. The installed storage 
capacity is a decisive factor that determines the share of recovered heat 
as well as the corresponding reduction in natural gas consumption and 
carbon dioxide emissions. In the following, we focus on the behavior of 
the thermal energy storage. Fig. 7 indicates the relationship between 
storage capacity, waste heat recovery and natural gas consumption of 
the steam boiler. 

In the case of the waste heat recovery for feed water preheating in the 
demo as well as the future scenario, the storage capacity is limited by the 
volume of the existing feed water tank and its maximum temperature, 
which correspond to 650 kWh (vertical line). For this storage capacity, 
the natural gas consumption at the process steam boiler decreases by 
10% (Figs. 7A) and 11% (Fig. 7B) while exploiting 72% and 55% 
respectively of the available waste heat. 

The available amount of waste heat leads to a substantially higher 
heat recovery potential in scenario F2. The technical potential (Table 3) 
shows that the cooling water of the EAF hot gas duct as well as the ladle 
heater exhaust gas provide sufficient heat for the overall process steam 
generation. Assuming a storage capacity of 3000 kWh, Fig. 7 indicates 
natural gas savings of 97% for steam generation while exploiting 69% of 

Fig. 6. Technical potential for carbon dioxide utilization for the demonstration scenario D (A) and the future scenarios F1 and F2 (B).  
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the available waste heat. 
The presented calculations and diagrams (Figs. 6 and 7) demonstrate 

the technical potential for carbon dioxide and heat recovery. However, 
they do not provide any information about the optimal storage capac-
ities. Therefore, we analyze the different options from an economic 
point of view in chapter 3.2. In order to identify the economically 
optimal system layout, we apply our cost model presented in section 
2.2.6. 

3.2. Economic assessment 

The previous chapter (3.1) identified the advantages of Oxyfuel ladle 
heating in terms of fuel savings, the theoretical potential of carbon di-
oxide and waste heat recovery, and the technical requirements for their 
exploitation. In this section, we will investigate the conditions under 
which the presented technologies prove to be economically viable in the 
steel mill. 

3.2.1. Oxyfuel combustion and CCU 
By applying our cost model (section 2.2.6) to the investigated sce-

narios, we are able to determine the annual energy costs for the cost 
center ladle heating as a function of the CO2 buffer storage capacity. In 

order to quantify the economic benefits of the respective investments in 
new equipment, we present the annual costs relative to the reference 
scenario, which represents the status quo. 

The base case for the economic assessment rests on the following 
assumptions: the price for emission certificates amounts to 54 EUR/t of 
CO2 (European Energy Exchange AG, 2021b), the natural gas price is 45 
EUR/MWh (E-Control, 2022a), the payback period covers 10 years and 
the calculative interest rate is 4% per year (see A1, Table 4). In order to 
analyze the impact of the volatility of underlying parameters such as 
prices for natural gas and carbon dioxide emission allowances, we vary 
them one after another. Similarly, we present the cost savings for 
different payback periods and at different interest rates. 

Fig. 8 compares the annual energy costs of the ladle heating system 
under the status quo with those resulting from an investment into 
Oxyfuel ladle heaters equipped with carbon capture and waste heat 
recovery units according to scenario D. The X marks the respective cost 
minimum with the corresponding CO2 storage capacity and the pre-
dicted annual energy cost of the ladle heating system, the base case is 
denoted as BC. 

For scenario D, the installation of the proposed Oxyfuel and CCU 
equipment including a buffer storage with a capacity of 120 kg of CO2 
under the previously defined base case parameters decreases the annual 

Fig. 7. Technical potential for waste heat recovery for the demonstration scenario D (A) and the future scenarios F1 (B) and F2 (C).  
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energy costs for ladle heating by 20% (Fig. 8). In scenario F1, the 
analogous approach results in an optimum storage capacity of 180 kg 
and annual energy cost savings of 25% (Fig. 9). 

3.2.2. Waste heat recovery 
We apply a similar approach for the economic analysis of the waste 

heat steam generation system in scenario F2. However, in this case, the 
costs for investments, energy and carbon dioxide emission allowances 
are allocated to the cost center steam generation. In contrast to scenarios 
D and F1, in which the recovered heat is stored in the existing feed water 
tank, the amount of recoverable heat is dependent on the capacity of the 
implemented thermal energy storage. Therefore, Fig. 10 indicates the 
relationship between the storage capacity and the relative annual energy 
cost for different economic framework conditions. 

As in section 3.2.1, we assume the base case parameters given in 
section A1, Table 4. Fig. 10B and C illustrate, that due to the high in-
vestment costs, this variant is only economically advantageous at nat-
ural gas prices exceeding 70 EUR/MWh or long assessment periods of 
more than 17 years. Considering a natural gas price of 80 EUR/MWh, the 
installation of a thermal energy storage with an economically optimized 
storage size of 2340 kWh results in an annual cost reduction of 10% for 
steam generation. Moreover, the natural gas consumption and the 
related CO2 emissions of the steam boiler decrease by 94% (Fig. 7). 

3.3. Overall carbon dioxide reduction potential 

Our calculations demonstrate that exploiting the potential for carbon 
dioxide and waste heat recovery will lead to a significant reduction in 

fuel consumption and direct CO2 emissions. However, the actual effect 
of the proposed measures is limited by the previously described tech-
nical (section 3.1) and economic (section 3.2) considerations, but still 
leads to significant emission reductions. Fig. 11 summarizes the savings 
in carbon dioxide emissions for the overall steel mill, which are 
achievable in the individual scenarios. 

The transition to Oxyfuel ladle preheating, recovery of the waste heat 
for feed water preheating at the steam generator and utilization of the 
generated carbon dioxide for cooling water treatment and wastewater 
neutralization results in direct emission savings of 14% in the demo 
scenario. Additional plant-internal utilization of CO2 for EAF blowing 
generates emission savings of 19% in scenario F1, considering the eco-
nomic optimum at the defined base case (see 3.2). Assuming the base 
case with an elevated natural gas price of 80 EUR/MWh, the most cost- 
efficient variant of the EAF waste heat recovery system would save 
additional 7% of the annual carbon dioxide emissions of the steel mill. 
While the implementation of new Oxyfuel ladle heaters implies high 
investment costs, the measure results in substantial CO2 emission sav-
ings. In contrast, the emission reduction by carbon capture and internal 
utilization as well as EAF waste heat recovery is comparatively low, 
despite significant effort in engineering, equipment as well as the related 
costs. 

4. Discussion 

According to our results, the application of Oxyfuel burners as well as 
the transformation from horizontal to vertical ladle heaters reduces the 
natural gas consumption and scope 1 carbon dioxide emissions for ladle 

Fig. 8. Annual energy cost for ladle heating as a function of the CO2 buffer storage capacity (scenario D).  
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preheating in the considered steel mill by 32–46% (Table 3). The extent 
of the effective CO2 emission cut is only dependent on the specific CO2 
emissions of the supplied oxygen. Moreover, our assessment of the 
demonstration scenario indicates that the implementation measures are 
economically advantageous considering reasonable framework condi-
tions and a payback period of 10 years (Fig. 8). 

The utilization ratio of recovered carbon dioxide varies significantly 
depending on the capacity of the buffer storage. To a certain extent, 
higher storage costs are compensated by savings of purchased CO2 for 
the cooling systems and the waste water treatment plant as well as the 
partial substitution of oxygen by carbon dioxide in the electric arc 
furnace. If the carbon dioxide separation and utilization system is 
designed according to the economic optimum, up to 71% of the pro-
duced carbon dioxide can be exploited plant-internally (Fig. 6). In this 
way, the purchase of CO2 for cooling water treatment and waste water 
neutralization is avoided and the oxygen consumption of the electric arc 
furnace is reduced by up to 15%. Additional emission and fuel savings 
are achieved by recovering the ladle heater waste heat. The existing feed 
water tank of the steam boiler provides a heat sink with sufficient 
storage capacity (Fig. 7). 

The electric arc furnace produces a substantial amount of waste heat 
at high temperature levels. However, the recovery is difficult due to a 
lack of suitable heat sinks in our case study. With regard to temperature 
and amount of required energy, solely the process steam boiler offers 
potential to exploit the heat produced by the EAF hot gas duct. However, 
due to the batch operation both at the EAF, which acts as the heat 
source, and at the vacuum treatment units, which are the biggest steam 
consumers, heat generation and demand fluctuate substantially. 

Therefore, the implementation of a thermal energy storage is crucial. In 
order to cut down on fuel consumption and CO2 emissions of the steam 
generator by 95%, the installation of a pressurized hot water storage 
with a capacity of 2500 kWh is required. The complexity and the extent 
of the necessary equipment of the proposed heat recovery system lead to 
high investment costs. Hence, this plant is only economically feasible 
considering long payback periods or high natural gas prices (Fig. 10). 
Theoretically, it would be possible to produce the process steam almost 
exclusively via waste heat recovery (Fig. 7). 

Since the carbon dioxide introduced into the electric arc furnace is 
released into the atmosphere as part of the furnace exhaust gas, it does 
not contribute to the mitigation of scope 1 CO2 emissions. However, 
depending on the oxygen production process and the supplied energy, 
substituting oxygen at the EAF could reduce costs as well as indirect 
(scope 3) emissions. The potential energy and emission savings resulting 
from the mixed blowing of oxygen and carbon dioxide into the electric 
arc furnace will be the subject of subsequent studies. In order to inves-
tigate the achievable concentration of CO2 in the product gas of the 
proposed CCU plant in an industrial environment, a demonstration 
project will be carried out following this study. 

Finally, we discuss our results applying a sensitivity analysis. Fig. 12 
demonstrates the extent by which the overall result, hence the total 
energy cost reduction, changes in response to individual parameter 
variations. The presented analyses are each built on the base case as-
sumptions from the economic analyses in chapters 3.2.1 and 3.2.2. 
Introducing a 40% funding ratio ensures an economic benefit within a 
payback time of 10 years for the implementation of the heat recovery 
system (see Fig. 12). In both cases, the natural gas price and the payback 

Fig. 9. Annual energy cost for ladle heating as a function of the CO2 buffer storage capacity (scenario F1).  
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period have the strongest impact on the economic viability which calls 
for lifetime-based investment concepts. The CO2 emission allowance 
price ranks only third, followed by the interest rate. However, it must be 
emphasized that emission allowance prices, as a policy instrument, 
represent the greatest uncertainty of all the analyzed parameters. In 

order to reach a net-zero-emission energy system by 2050, the IEA’s 
World Energy Outlook 2021 (International Energy Agency, 2021) an-
ticipates carbon prices of 120 EUR/t in 2030 and 230 EUR/t in 2050, 
which significantly exceed the range of variation considered in the 
sensitivity analysis. 

Fig. 10. Annual energy cost for steam generation as a function of the thermal energy storage capacity (scenario F2).  

Fig. 11. Reduction of carbon dioxide emissions by scenario.  
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5. Conclusion 

The case study demonstrates that the implementation of the pro-
posed technologies in the investigated steel mill leads to a significant 
reduction of energy consumption and direct carbon dioxide emissions. 
On the one hand, the transition to Oxyfuel burners reduces the natural 
gas consumption and related carbon dioxide emissions. On the other 
hand, the internal recovery of CO2 further decreases emissions and saves 
the external purchase of carbon dioxide for the water treatment pro-
cesses and enables the mixed blowing of oxygen and carbon dioxide at 
the electric arc furnace. Additional savings can be achieved by exploit-
ing available waste heat sources such as the EAF or the ladle heater off- 
gas for water preheating or process steam production. 

The first finding of our investigation is that the investments in 
decarbonization technologies are not only enhancing the overall energy 
efficiency but, in view of increasing prices for CO2 emission allowances, 
also financially viable. However, this does not apply to all measures: the 
waste heat steam production from the EAF exhaust gas will not be 
profitable in the medium term. Therefore, the holistic analysis and 
thorough assessment of potential implementations on a system level is of 
utmost importance. 

Second, the economic evaluation as well as the sensitivity analysis 
indicate that the substantial capital expenditures required for the 
implementation of novel energy-related technologies entail long 
payback periods, even at high fuel and emission allowance costs. From 
this fact, we conclude that investments in energy efficiency and decar-
bonization measures do not necessarily become economically feasible 
through an increase of the costs for carbon dioxide emissions alone. In 

spite of profitability, the currently demanded amortization periods have 
an inhibitive effect on investments and hold the risk that investment 
decisions are delayed or not made at all. 

Third, the investigated steel mill provides a considerable waste heat 
potential which can only be used to a limited extent mill-internally due 
to its comparably low temperature level and highly fluctuating output. 
In this case, external recipients such as neighboring industrial com-
panies or district heating systems are essential to enable the efficient and 
economical utilization of waste heat. 

Finally, the authors point out that due to its high degree of electri-
fication, the decarbonization of EAF steelmaking is particularly depen-
dent on electricity from renewable energy sources. Research is therefore 
needed not only with regard to efficient fuel utilization and avoidance of 
direct carbon dioxide emissions but also in terms of providing flexibility 
options for the increased integration of volatile renewable energy 
sources. 
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A1. Cost data  

Table 4 
Energy cost  

Cost component Unit Cost Reference 

Electric energy EUR/MWh 127 E-Control (2022b) 
Natural gas EUR/MWh 45 E-Control (2022a) 
Oxygen EUR/t 80 provided by industrial partners 
Carbon dioxide EUR/t 90 provided by industrial partners 
Emission allowances EUR/t 54 European Energy Exchange AG (2021b)   

Fig. 12. Sensitivity analysis of the economic benefit for ladle heating (A) and steam generation (B).  
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Table 5 
Capital cost  

Cost component Unit Cost Reference 

Oxyfuel ladle heater EUR 100 provided by industrial partners 
CO2 sequestration EUR/(kg/h) 2350 provided by industrial partners, (Peters et al., 2004) 
EAF waste heat recovery EUR/kW 590 provided by industrial partners, (Peters et al., 2004) 
CO2 storage EUR/kg 780 provided by industrial partners, (Peters et al., 2004) 
Thermal energy storage EUR/kWh 360 provided by industrial partners, (Peters et al., 2004)   

A2. Simulation data  

Table 6 
Simulation parameters  

Parameter Unit Scenario D Scenario F Reference 

Economic parameters 
Payback period a 10 10 own assumption 
Interest rate % 4.0 4.0 Greiml et al. (2021) 
Steam generator 
Feed water temperature ◦C 105 105 process requirement 
Steam temperature ◦C 190 190 process requirement 
Steam pressure MPa 2.0 2.0 process requirement 
Thermal energy storage 
Min. temperature ◦C 15 200 process requirement 
Max. temperature ◦C 105 240 process requirement 
CO2 buffer storage 
Min. pressure MPa 0.5 1.0 process requirement 
Max. pressure MPa 1.0 2.0 own assumption 
CO2 capture unit 
Compressor efficiency  0.6 0.6 own assumption 
Sequestration efficiency – 0.8 0.8 own assumption 
Heat recovery efficiency – 0.9 0.9 own assumption  
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Abstract: EAF steelmaking based on renewable electricity allows for low-CO2 steel production.
However, the increased integration of volatile renewable energies into the energy system requires
the provision of flexibility options. In view of the substantial oxygen consumption in the steel mill,
flexible on-site generation and storage holds a significant potential for demand-side management.
The utilization of by-product oxygen from an electrolysis plant not only contributes to load flexibility
but also generates a climate-neutral fuel. In the present study, different process layouts are developed
based on state-of-the-art technologies. The proposed supply systems for oxygen, hydrogen, and
synthetic natural gas are subjected to design and operational optimization and assessed with respect
to the overall demand-side flexibility, carbon dioxide emission reduction, and economic viability.

Keywords: EAF steelmaking; demand-side management; oxygen production; pressure swing
adsorption; electrolysis; res integration; climate neutrality

1. Introduction

In view of the climate neutrality of the steel industry, steel production via the electric
arc furnace (EAF) has certain advantages over the conventional blast furnace/basic oxygen
furnace (BF/BOF) route. First, the reduction of iron ore using coke in the blast furnace
is associated with substantial energy consumption and carbon dioxide emissions. The
recycling of steel scrap, referred to as secondary production, in the EAF omits the entire
reduction process step. With regard to steel production from iron ore (primary production),
the processing of direct reduced iron (DRI) in the EAF offers a viable and lower-emission
alternative. Consequently, EAF steelmaking plays a key role in numerous future technology
scenarios in addition to carbon capture, utilization, and storage (CCUS) and smelting
reduction [1–4].

Second, the EAF route is characterized by a high degree of electrification. The Green-
house Gas Protocol defines three scopes for greenhouse gas accounting [5]. According
to this definition, in the EAF steel mill, direct (scope 1) CO2 emissions occur mainly in
energy-intensive by-processes such as ladle heating, annealing, and steam generation [6].
In contrast, indirect (scope 2) carbon dioxide emissions of the production process depend
solely on the CO2 intensity of the supplied electric energy. The operation of the electric
arc furnace with electricity that is certified as 100% climate neutral thus eliminates scope 2
emissions and, therefore, represents an effective emission reduction measure. However,
increased integration of volatile renewable energy sources (RES) into the energy system
requires flexibility options to balance both temporal and spatial fluctuations [7] and to
reduce the strain on the grid infrastructure [8].

1.1. EAF Steel Production Process and Oxygen Demand

The remelting of steel scrap in the EAF is not only the most energy-intensive process
step in electric steelmaking [9] but also causes significant oxygen consumption: During the
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melting phase, chemical energy input by the introduction of oxygen, carbon, and natural
gas reduces the electric energy demand and tap-to-tap time. The following refining step
aims at dephosphorization, decarburization, and temperature adjustment of the steel melt.
In order to protect the furnace lining, the slag is foamed by the injection of carbon and
oxygen through lances [10]. For the production of stainless steel, decarburization is carried
out in a separate argon oxygen decarburization (AOD) or vacuum oxygen decarburization
(VOD) process to inhibit the oxidation of valuable alloying elements. Both the AOD and the
VOD process involve the injection of oxygen [10]. Due to the high consumption in the steel
mill, we identified the flexible oxygen production from electrical energy as a promising
demand-side management option.

Further process steps, which are referred to as secondary metallurgy, include de-
oxidation, desulfurization, degassing, homogenization, alloying, and temperature and
composition adjustment [11]. Subsequently, the steel is casted either continuously or in
ingots. Throughout secondary steelmaking, steel mill ladles are used as a transport and
processing vessel. Prior to tapping of the steel melt at the electric arc furnace, they have to
be preheated to more than 1000 ◦C. In a preceding study, the authors demonstrated that
the application of Oxyfuel burners for ladle preheating rather than natural gas/air burners
results in significant energy savings [6]. In Oxyfuel combustion, natural gas is burnt with
oxygen, which leads to higher combustion efficiency but increases the oxygen demand in
the steel mill.

1.2. Technology Overview

In the following section, we will discuss options for demand-side management in steel
mills and the flexible operation of oxygen production and power-to-gas (PtG) plants.

1.2.1. Demand-Side Management in EAF Steel Mills

An efficient way to provide flexibility to the power system is to apply demand-
side management (DSM). DSM describes the concept of matching the demand with the
available supply, encouraging the customers in the energy market to actively manage their
energy consumption [12]. Consumer-end measures include either reducing the energy
consumption or shifting the energy demand to a later time [13]. According to Strbac [14],
the implementation of DSM measures has the potential to reduce the generating margin,
improve the operation efficiency of transmission and distribution grids, and facilitate the
integration of intermittent renewable energy sources into existing energy systems.

Due to the batch operation, high nominal power, and substantial energy consumption,
many studies focus on the electric arc furnace. Flexible scheduling of an EAF allows for the
shifting of high power [15]. However, deferring the production schedule of the EAF impairs
the subsequent processes such as secondary metallurgy and casting, degrades the asset
utilization rate, and decreases the steel production volume. Zhang and Grossmann [16] give
an overview of the challenges and benefits of industrial DSM. They conclude that exploiting
the synergies of interdependent production processes holds potential for demand-side
management. Coupling a steel mill with an oxygen production plant might serve this
purpose. Another DSM option is the implementation of power-to-gas (PtG) plants that
produce climate-neutral gases such as hydrogen and synthetic natural gas (SNG) from
fluctuating renewable electricity [17].

1.2.2. Oxygen Production

Oxygen has the potential to enhance the efficiency of energy-intensive industrial
processes such as glass melting, pulp bleaching, and iron, steel, and non-ferrous metal
production [18]. Therefore, considerable research effort has been dedicated to its energy-
and cost-efficient production. At present, two processes are commercially available for the
industrial-scale production of oxygen: For the large-volume production of oxygen with
high purity, cryogenic air separation (ASU) constitutes the standard process [19]. Pressure
swing adsorption (PSA) offers an alternative for the production at lower throughputs [20].
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The customizable plant capacity and the controllable operation of the PSA allow for the
flexible on-site production of oxygen [21]. Depending on the purity, capacity, physical state
and output pressure, manufacturer data for specific energy consumption ranges from 280
to 777 kWh/t O2 for ASU [21] and 265 to 460 kWh/t O2 for PSA [22–24].

In their study, Banaszkiewicz et al. [25] compared different oxygen production tech-
nologies for Oxyfuel combustion, including ASU, PSA, and polymer and ion transfer
membranes. They concluded that for large oxy-combustion power plants, the cryogenic
process is the best method due to its production capacity and energy efficiency. However,
the PSA technology is suitable for small-scale Oxyfuel applications and steel mills. Sulc and
Ditl [21] evaluated two different oxygen sources for a small oxy-combustion unit: Pressure
swing adsorption and liquid oxygen delivery. They found that the cost and CO2 emissions
of oxygen supplied by the PSA unit depend mainly on the electricity price and the emission
factor for electric energy. In their case study, they show that for the operation in Germany,
the on-site production via PSA leads to higher costs and CO2 emissions compared to the
delivery of oxygen produced by a large cryogenic air separation plant.

1.2.3. Power to Gas

PtG technology refers to the process of gaseous fuel production from electric energy
by electrolysis (hydrogen) and optional subsequent methanation (SNG). The resulting
coupling of the electricity and gas grids and the storability of the generated energy carriers
represents a flexibility option [26]. Key considerations for power to gas applications are the
underlying electrolysis and methanation technologies.

Electrolysis

Due to its versatile application and the omission of direct CO2 emissions, hydrogen
represents an important energy carrier for future climate-neutral energy systems. Hydrogen
production via electrolysis using negative residual loads in the electricity system may
provide flexibility for the future electrical grid and thus contribute to the integration of
fluctuating RES.

Three main technologies are available for electrolysis, which are characterized by
their respective electrolyte: Alkaline water electrolysis (AEC), proton exchange membrane
electrolysis (PEM-EC), and solid oxide electrolysis (SOEC). Alkaline electrolyzers consist
of an aqueous potassium hydroxide electrolyte and two nickel, cobalt, or iron electrodes
separated by an insulating diaphragm [27]. They operate at temperatures of 40–90 ◦C,
pressures from atmospheric pressure to 30 bar, and production rates of 0.01–45 kg H2/h.
Specific energy consumption lies in the range of 46–60 kWh/kg H2. A disadvantage of
the AEC is its lower partial load limit of 20–40% [28]. In PEM electrolysis cells, a proton-
conducting polymer membrane substitutes the liquid electrolyte and the diaphragm and
the electrodes consist of platinum group metals. At operating temperatures of 20–100 ◦C,
pressures of 10 to 85 bar, and hydrogen production rates of 0.02–4.50 kg/h, the energy
consumption rate ranges from 53–81 kWh/kg H2 [28]. The utilization of noble metals
as electrode materials leads to higher capital costs for the PEM-EC. However, an expert
elicitation concludes that in the future, the PEM-EC will be favored for the integration of
renewables due to significant cost reductions and its higher operational flexibility [29].

Since all the considered electrolysis technologies produce oxygen as a by-product,
Kato et al. [18] propose the simultaneous utilization of hydrogen and oxygen from water
electrolysis. They argue that oxygen production via electrolysis is not competitive compared
to the conventional technologies. However, the utilization of by-product oxygen reduces
the cost for hydrogen production and the demand for oxygen produced using air separation
technologies. An economic case study investigating the operation of a PEM-EC indicates
that revenues from by-product oxygen significantly reduce the hydrogen production costs.

In their study, Iora and Chiesa [30] propose the combination of a solid oxide fuel cell
(SOFC) with a solid oxide electrolysis cell (SOEC) for oxygen production. The process
layout aims to provide part of the electric power for the electrolysis by feeding the SOFC
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with the generated hydrogen. According to a finite difference model of the SOFC/SOEC
stack, the system operates at a specific energy consumption of 350–500 kWh/t O2 under
optimized conditions [31].

Methanation

In order to supply existing infrastructure with renewable gases, the hydrogen can
be converted to synthetic natural gas (SNG) by methanation with carbon dioxide [27].
Methanation is a catalytic, exothermic process that converts carbon dioxide and hydrogen
to methane at elevated temperature and pressure following the Sabatier reaction. The
conversion process is favored at low temperature and high pressure and has an efficiency
of around 83% based on the lower heating values of hydrogen and SNG. Due to the highly
exothermic conversion reactions, the cooling of the reactor is crucial. The most common
systems are sequential fixed-bed reactors using nickel as catalyst [32].

In their study, Bailera et al. [26] investigated the operation of a hybrid power plant
combining a power-to-gas plant and an Oxyfuel combustion plant. The proposed PtG-
plant consists of an alkaline electrolyzer with an efficiency of 68.1% based on LHV and a
three-stage adiabatic methanation process operating at a pressure of 30 bar. By-product
oxygen from the electrolysis is used in an oxy-combustion combined cycle power plant.
The thereby generated carbon dioxide is recovered from the flue gas as a feedstock for
the methanation process. This configuration allows for the storage of energy in the form
of hydrogen or SNG and the substitution of oxygen produced by air separation. The
results of a heat integration scenario investigating the exploitation of waste heat from
the methanation process in the combined cycle power plant indicate an overall system
efficiency of 67.8%. The authors conclude that the concept is particularly feasible for
application in industrial energy systems. Similar research outlines combining catalytic
methanisation and hydrogen production by electrolysis were also covered by the studies of
Herrmann et al. [33], Chwola et al. [34], and Gorre et al. [17,35].

1.3. Research Need and Outline of the Article

The relevant literature covers extensive articles on commercially available and future
technologies for oxygen, hydrogen, and SNG production; viable configurations for general
power-to-gas plants; and technological concepts and business models for their profitable
flexible operation (see Section 1.2). However, the optimal integration of such plants into
an industrial production process has not yet been investigated. Therefore, we aim to
identify the optimal implementation concept for the discussed technologies and evaluate
their impact on the overall energy consumption, carbon dioxide intensity, and economic
efficiency of the steel production process.

Therefore, we focus on the following research questions:

Q 1. What are cost-optimal plant designs and operation modes for flexible O2, H2, or SNG
production plants in an EAF steel mill?

a. Which basic plant layouts seem to be possible based on state-of-the-art technologies?
b. Which basic operational strategies are useful under which boundary conditions?

Q 2. What is their impact in terms of carbon dioxide emissions? How do they influence the
overall energy systems with regard to their demand-side management potential (qualitatively and
quantitatively)?

Q 3. Which economic framework conditions are required for their economically viable operation?

In order to address these questions, we develop feasible scenarios for EAF steel mill
on-site oxygen, hydrogen, and SNG production via pressure swing adsorption, electrolysis,
and methanation (Section 2.1). Then, we first present an optimization model that is suited
for the integration of these technologies into an existing EAF steel mill (Section 2.2); second,
the deployed load profiles (Section 2.3); and third, the framework for the economical
assessment (Section 2.4) are presented. Finally, we compare the scenarios based on adequate
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key performance indicators (KPIs) and discuss the results from a technical and economic
point of view (Section 3).

2. Materials and Methods

The following section covers the development of feasible scenarios and the setup of
the optimization model.

2.1. Considered Scenarios

In order to evaluate the feasible process layout designs, we investigate the following
scenarios (see Table 1):

1. The scenario PSA involves the on-site production of oxygen by a pressure swing
adsorption unit. Electricity and natural gas are drawn from the grid at wholesale
prices. The consumption of natural gas results in additional costs for the purchase of
the related emission certificates. The implementation of the PSA into the steel mill
enables the omission of oxygen purchase; however, there are additional capital costs
for the installation and costs for covering the electricity demand of the oxygen pro-
duction plant. The resulting levelized cost of oxygen (LCOO) serves as a benchmark
for evaluating the alternative system layouts.

2. In scenario PEM, the required oxygen for the steel production process is generated as
a by-product in a PEM electrolysis plant. Thus, the purchase of oxygen is obsolete
in this case as well. Revenues from the sales of hydrogen aim to offset the increased
expenses for investment and energy. If economically viable, a part of natural gas
purchased from the grid is substituted by the produced hydrogen. Thus, we assume
that the installed burners allow for the combustion of mixtures of natural gas and
hydrogen up to 100% H2. In this case, the internal hydrogen utilization saves energy
costs and direct carbon dioxide emissions.

3. In scenario SNG, a share of the hydrogen from the electrolysis unit is withdrawn
in order to methanize the CO2 produced from a mill-internal carbon capture (CCU)
plant. This not only ensures sufficient oxygen supply but also reduces the amount of
natural gas obtained from the grid and creates a sink for carbon dioxide. However, the
limited availability of captured CO2 results in a surplus of hydrogen. In this scenario,
we restrict the admixture of hydrogen into the natural gas infrastructure in the EAF
steel mill to 20%vol of the current natural gas load. Analogous to the scenario PEM,
excess hydrogen is injected into the gas grid and, therefore, represents a source of
revenue.

Table 1. Summary of the investigated scenarios.

Feature PSA PEM SNG

Oxygen supply VPSA PEM electrolysis PEM electrolysis
Oxygen purchase no No no
Hydrogen sales no Yes yes

Methanation no No yes
Max. Hydrogen admixture 1 - 100% 20%

1 For each time step, the hydrogen content of the gas that is consumed in the steel mill is limited between 0–100%vol
(PEM) and 0–20%vol (SNG).

2.2. Optimization Model

For the optimized integration of the mentioned technologies in the existing plant, we
use the open-source modeling framework oemof (open energy modeling framework), which
serves as a multi-purpose toolbox for the modeling and optimization of energy systems.
The graph-based modeling framework is realized using object-oriented programming in the
language Python [36]. Due to its ability to represent multi-sectoral energy systems at various
scales, its transparent continuous development process, and its extensive documentation,
oemof is suitable for a broad range of applications [37].
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Within this framework, the oemof solph library represents a model generator for mixed-
integer linear optimization problems [38]. More precisely, solph provides classes with
associated objective expression terms, optimization variables, and constraints. These
classes are used to recreate and connect components of an actual energy system. Based on
their features, the components are categorized as transformers (meaning energy conversion
units), sources, and sinks. Energy systems are created by interconnecting the individual
components by buses. The objective of the optimization is to minimize the total energy cost
(Ctot) of the steel mill, which is defined in Section 2.4, within the considered time frame [37]
(Equation (1)):

min f = Ctot (1)

PO2(t)− DO2(t) + SO2(t) = 0 (2)

PCO2 − xCO2·PSNG = 0 (3)

SRH2(t) ≤ SRH2,max (4)

As a constraint, we predefined that the oxygen demand of the steel mill (DO2(t)) has
to be satisfied in each time step either through production (PO2(t)) or through the storage
(SO2(t)) without venting excess production for all scenarios (2). In the SNG scenario, all the
available carbon dioxide must be used for methanation (3). PCO2 represents the produced
amount of carbon dioxide in kg/a, xCO2 the specific carbon dioxide consumption for the
production of one MWh of SNG, and PSNG the produced amount of SNG in MWh/a.
Another constraint is the compliance of the hydrogen substitution ratio (SRH2(t)) with the
limits for hydrogen admixture into the gas system (SRH2,max) (4). The gas storages and
buses are assumed to be loss-free, and the transformers are implemented with constant
efficiencies. A linear model was used for the long-term optimization runs due to the
insignificant error and the reduced computation time. The predefined input parameters
are listed in Table 2. The load range specifies the operation window of individual units
by defining the lower and upper limit as a percentage of full load based on the oxygen,
hydrogen, and SNG output. The load gradient indicates the maximum load change rate as
a percentage of the full load per minute.

Table 2. Parametrization of the model components.

Parameter Unit 2020 2030 2050 Reference

VPSA unit

Specific energy demand kWhel/kg 0.35 0.35 0.35 [22–24]
Load range % 60–100 60–100 60–100 own assumption

Load gradient %/min 4 4 4 own assumption
Pressure Mpa 3 3 3 [28]

PEM electrolysis unit

Efficiency kWhH2/kWhel
1 0.68 0.75 0.83 [39–41]

Specific energy demand H2 kWhel/kg 58.0 52.6 47.5 own calculation
Specific energy demand O2 kWhel/kg 7.3 6.6 6.0 own calculation

Load range % 0–100 0–100 0–100 [35]
Methanation unit

Efficiency kWhSNG/kWhH2
1 0.62 0.62 0.62 own calculation, [42]

Load range % 20–100 20–100 20–100 [33]
Load gradient %/min 3 3 3 [35]

Buffer storage

Minimum pressure MPa 1 1 1 own assumption, [35]
Maximum pressure Mpa 3 3 3 own assumption, [35]

O2 compressor

Mean pressure Mpa 2 2 2 own assumption
Specific energy demand kWhel/kgO2 0.14 0.14 0.14 own calculation

H2 compressor
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Table 2. Cont.

Parameter Unit 2020 2030 2050 Reference

Mean pressure Mpa 35 35 35 own assumption
Specific energy demand kWhel/kgH2 2.14 2.14 2.14 own calculation

CO2 compressor

Mean pressure Mpa 2 2 2 own assumption
Specific energy demand kWhel/kgCO2 0.09 0.09 0.09 own calculation

1 based on HHV.

The purchase of electricity, natural gas, and CO2 emission allowances and the installa-
tion of production and storage capacities are associated with costs, whereas the sales of
hydrogen and SNG generate revenues. The adopted specific CAPEX (capital expenditures)
and OPEX (operational expenditures) and the commodity prices are listed in Tables 3 and 4.
Each optimization run covers one year with a resolution of 30 min for each time-step. In
order to obtain the minimum costs under these conditions, it is necessary to optimize both
the sizing of the equipment and its operation.

Figure 1 gives an overview of the optimization model, which consists of buses, trans-
formers, storages, sinks, and sources. The model covers the commodities electricity, hydro-
gen, natural gas, SNG, oxygen, and carbon dioxide, which are represented by energy buses.
The production plants for water and oxygen and the methanation unit are implemented
into the model as transformers. Furthermore, every commodity bus is connected to a
storage and to either external sources (purchase) or sinks (sales).

2.3. Load Profiles

The load profiles for electricity demand and for the demand for natural gas and
oxygen consumed in the steel mill are obtained from an energy system model developed
and extended by the authors in previous studies [6,9]. This model describes a steel mill
that produces heat-treated high-alloyed steel ingots from 100% steel scrap using a 65 t
alternating current (AC) EAF. Figure 2 gives a rough overview of the production process
and the most important energy consumers.

While the electricity demand results mainly from the EAF operation, the natural gas
demand is due to the following consumers:

• Ladle heaters;
• Annealing furnaces;
• Other consumers.

The oxygen demand profile results from the oxygen demands at the following con-
sumers:

• Electric arc furnace;
• Vacuum oxygen decarburization units;
• Ladle heaters;
• Other consumers.

Considering the operation of the electric arc furnace, oxygen demand occurs during
two process phases that require different oxygen flow levels: low mass flow rate for
the melting phase and high mass flow during refining. The oxygen demand for the
VOD process is to be constant during the VOD treatment time while the demand of the
Oxyfuel ladle heaters is proportional to their natural gas consumption and is defined by the
oxidant/fuel ratio. For the mill size-independent system analysis, we use normalized load
profiles. Therefore, we relate the demand in each time step to the peak demand. Figure 3
shows the normalized demand profiles of electric power, natural gas, and oxygen for one
week generated by the energy system model of the EAF steel mill.
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2.4. Cost Model

The optimization aims at minimizing the total energy costs (Ctot) of the steel mill
in MEUR within the considered period of a year. Therefore, the cost model includes
annual capital (ACAPEX) and annual operational expenditures (COPEX) for production,
compression, and storage of the product gases and the energy costs (Cenergy, Equation (10))
for the overall steel mill reduced by the revenues from hydrogen sales (RH2 sales) (see
Equation (5)):

Ctot = ACAPEX + COPEX + Cenergy − RH2 sales (5)

Additionally, the economic performance of the hydrogen scenarios (PEM and SNG) is
compared based on the levelized cost of hydrogen (LCOH) and levelized cost of methane
(LCOM) in EUR/MWhHHV (cH2 and cSNG). The LCOH is obtained from Equation (6), where
ACAPEX, H2, ACAPEX, O2, COPEX, H2, and COPEX, O2 are the annual capital and operational
expenditures for the oxygen and hydrogen supply equipment. cO2 represents the LCOO in
the PSA scenario (see Equation (8)) and PH2 and PO2 are the annual hydrogen and oxygen
production in MWh/a and t/a, respectively. The LCOM is determined using Equation
(7), where ACAPEX, SNG, AOPEX, SNG, and Cenergy, SNG are the annual capital, operational,
and energy costs for SNG production. MH2 is the amount of hydrogen supplied to the
methanation plant and PSNG is the annual SNG production:

cH2 =
ACAPEX, H2 + ACAPEX, O2 + COPEX, H2 + COPEX, O2 + Cenergy, H2 − cO2·PO2

PH2
(6)

cSNG =
ACAPEX, SNG + AOPEX, SNG + Cenergy, SNG + cH2·MH2

PSNG
(7)

cO2 =
ACAPEX, O2 + COPEX, O2 + Cenergy, O2

PO2
(8)

Most of the studies cited in this article anticipate that both energy and capital costs
for power-to-gas technologies will change substantially over the period between 2020
and 2030. The volatility of energy costs is underlined by the 2022 distortions on global
energy markets, caused by the Russian attack on Ukraine. In order to analyze the impact
of variable commodity prices and investment costs, we assess all scenarios based on the
historical costs of 2020 and on projected costs for the years 2030 and 2050. All projections
are based on high-level studies for the European energy markets [43,44].

2.4.1. Equipment Cost

Table 3 provides a breakdown of the costs and lifetimes of individual plant components.
In 2013, with specific investment costs of around 2000 EUR/kW, PEM electrolysis plants
were about twice as expensive as their alkaline counterparts [28], whereas more recent data
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from 2018 cites costs from 1000 to 1500 EUR/kW for both alkaline and PEM systems [45].
A report commissioned by the Fuel Cells and Hydrogen Joint Undertaking estimates that
the system costs for PEM electrolysis will decrease from 700–1300 EUR/kW in 2020 to
250–1270 EUR/kW by the year 2030 [46]. For the methanation unit, specific investment
costs of 450 EUR/kW of synthetic natural gas are estimated [35]. For the calculation of the
annual capital costs for the implemented equipment, we assume an interest rate of 4% [8].
Typical operational costs for the implemented equipment are fixed at 1 to 3% of CAPEX
per year [35,46].

Table 3. Specific equipment costs for the years 2020, 2030, and 2050.

Cost Component Unit 2020 2030 2050 Reference

VPSA unit

CAPEX EUR/kWel 3000 3000 3000 calculated from [21]
OPEX %CAPEX 2 2 2 own assumption

Lifetime a 10 10 10 [21]
PEM electrolysis unit

CAPEX EUR/kWel 1000 750 500 [39,46]
OPEX %CAPEX 2.75 2.75 2.75 [35]

Lifetime a 20 20 20 [35]
Methanation unit

CAPEX EUR/kWSNG 450 450 450 [35]
OPEX %CAPEX 3 3 3 [35]

Lifetime a 20 20 20 [35]
Buffer storage

CAPEX EUR/m3 50 50 50 [35,45]
OPEX %CAPEX 1 1 1 [35]

Lifetime a 20 20 20 [35]
O2 compressor

CAPEX EUR/kWel 1100 1100 1100 calculated from [47]
Lifetime a 10 10 10 own assumption

H2 compressor

CAPEX EUR/kWel 700 700 700 calculated from [47]
Lifetime a 10 10 10 own assumption

CO2 compressor

CAPEX EUR/kWel 1480 1480 1480 calculated from [47]
Lifetime a 10 10 10 own assumption

Investment costs for the PSA, electrolysis, and methanation plants and the storage
tanks and compressors are allocated to the assessment period by applying the annuity
method (9). The annuity (ACAPEX) is calculated by multiplying the investment costs for
the individual assets (I) by an annuity factor, which depends on the interest rate (i) and
the depreciation period (n). The individual assets are depreciated over their useful life to
facilititate the economic comparison of different technologies using levelized costs:

ACAPEX = I· (1 + i)n·i
(1 + i)n − 1

(9)

2.4.2. Energy Costs

In terms of energy costs, we take into account the purchase of electrical energy, natural
gas, and carbon dioxide emission allowances (see Equation (10)). pEE, pNG, and pEA
represent the prices for electric energy, natural gas, and emission allowances in EUR/kWh
and EUR/tCO2, respectively; DEE and DNG are the respective demand both in kWh/h,
and SR is the substitution rate of natural gas either by hydrogen or SNG in %HHV. SCE
represents the specific carbon dioxide emissions of natural gas in kg/kWhCH4:

Cenergy = ∑
t

DEE(t)·pEE(t) + DNG(t)·(1 − SR(t))·(pNG + SCE·pEA) (10)
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In our model, surplus hydrogen in kg/h (MH2 surplus) is sold at a fixed price in
EUR/kgH2 (pH2), generating annual revenues in EUR/a (RH2 sales) that contribute to cover-
ing the total costs (11):

RH2 sales = ∑
t

MH2 surplus(t)·pH2 (11)

For the 2020 scenario, we adopt the historical 2020 spot market prices, whereas for
the future scenarios, estimated prices for the year 2030 are applied. In 2020, the average
day-ahead electricity price at the Energy Exchange Austria (EXAA) was 33 EUR/MWh
with a standard deviation of 17 EUR/MWh [48]. The development of electricity prices
between 2020 and 2050 reflects the higher demand of flexibility options to balance demand
and production, the rising primary energy demand, and the anticipated price surge for CO2
emission allowances [43]. To cope with the mentioned influence factors on electricity prices,
two aspects are considered for the estimated electricity price forecasts for 2030 and 2050:

• The development of the annual mean value of the electricity price [44]; and
• The development of the number of extreme price situations (higher than 100 €/MWh

and lower than 0 €/MWh) [43].

However, the current (2022) situation on the energy markets makes it necessary to
mention the high degree of uncertainty of such price projections. In the approach proposed
by Taupmann et al. [49], first, the historical quarter-hourly spot market price profile from
2020 is scaled based on the predicted annual mean prices in 2030 and 2050 obtained
from the EU Energy Outlook [44]. However, extreme price situations are not sufficiently
represented by this scaling. To depict them, the duration curves of the scaled price profiles
are additionally fitted. The resulting duration curves not only reflect the annual mean
values but also the number and duration of extreme price situations estimated in the
literature [43,44]. Finally, the individual quarter-hourly electricity prices in the annual
profile are adjusted according to the fitted duration curve. This approach results in a mean
electricity price of 62 EUR/MWh with a standard deviation of 37 EUR/MWh for 2030
and a mean electricity price of 82 EUR/MWh with a standard deviation of 66 EUR/MWh
for 2050. Figure 4 compares the day-ahead prices traded at the EXAA in 2020 with those
predicted for 2030 and 2050. Both the price profile (A) and the ordered duration curve (B)
reflect the rising average and the increasing extreme prices through 2050.
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In its World Energy Outlook 2021, the IEA [50] provides forecasts on natural gas
prices in the European Union. Starting from 13 EUR/MWh in 2020, the net-zero emissions
scenario projects a slight decrease in wholesale prices to 12 EUR/MWh in 2030 and 11
EUR/MWh in 2050. Additionally, here, it needs to be said that the actual unclearness on
the natural gas market leads to a lack of meaningful price prognoses. The prices used for
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this work are based on data published before the Ukrainian war and should, therefore, be
treated as data with high uncertainty.

The mean prices for emission allowances are assumed to increase from 24 EUR/t CO2
in 2020 [51] to 130 EUR/t CO2 in 2030 [50,52] and 250 EUR/t CO2 in 2050 [50]. In their
study on the integration of hydrogen into the natural gas system, Cvetkovska et al. [53]
expect the cost of hydrogen to fall from 146 EUR/MWh in 2020 to 61 EUR/MWh in 2050.
Table 4 summarizes the estimated wholesale prices for different energy carriers, gases, and
emission allowances.

Table 4. Commodity wholesale prices for the years 2020, 2030, and 2050.

Cost Component Unit 2020 2030 2050 Reference

electric energy (mean) EUR/MWh 33 62 82 [43,44,48]
natural gas EUR/MWhHHV 13 12 11 [50]
hydrogen EUR/MWhHHV 146 101 61 [53]

emission allowances EUR/t 24 130 250 [50–52]

The listed prices for natural gas are surcharged by grid charges of 2.2 EUR/MWh [54],
a natural gas levy of 5.8 EUR/MWh, and a value added tax of 20% [55]. Regarding
the electricity prices, these differ between PSA and electrolysis units: For the PSA unit,
the electricity costs include grid charges of 18 EUR/MWh [56], an electricity levy of
15 EUR/MWh, and a value added tax of 20% [57], whereas for the electrolysis unit (scenario
PEM and SNG), only the wholesale power price is considered. This approach is based on
the assumption that production plants for green gases are not subject to grid charges [58].
Moreover, we stipulate that due to their system-serving operation, all the gas production
facilities are exempt from other fees and taxes on electric energy.

3. Results and Discussion

In the following section, we will present the results of our optimization-based in-
vestigations. According to our research questions (see Section 1.3), we will analyze the
scenarios, with a focus on demand-side management and carbon dioxide emissions. We
will formulate feasible strategies for an economically viable operation of the explained
technologies to be integrated.

3.1. General Results

Figure 5 describes the supply of the time-resolved oxygen demand by the PSA unit
for one week in the years 2020, 2030, and 2050. Owing to its limited load range, the PSA
unit is continuously in operation, with the demand peaks that occur between hour 30 and
130 being covered by the storage tank. In addition, the high share of CAPEX in the LCOO
and the lack of opportunities for product sales obliges the plant to operate at high full-load
hours, regardless of the electricity prices. This is substantiated by the fact that the plant
operates at full load during periods of low demand and on weekends. Hence, the mode of
operation does not change throughout the years 2020 to 2050.

In contrast, the electrolysis implemented in scenario PEM operates over the full
load range, depending on the hydrogen and oxygen demand and electricity prices. As
indicated by Figure 6, it shuts down during periods of high electricity prices, meets the
oxygen demand from the storage, and refills it during periods of lower prices. Therefore,
the increase in electricity price volatility from 2020 to 2050 results in more frequent and
longer periods of production interruptions and an extensive exploitation of the available
load range.
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The oxygen supply profile in the scenario SNG, which is depicted in Figure 7, fea-
tures individual production peaks that increase with a growing number of extreme price
situations and a decreasing specific CAPEX towards 2050. The constant operation of the
electrolysis unit, which is particularly visible in the year 2050, is caused by the limited
operating window of the methanation unit and the boundary condition that all CO2 must
be used for methanation. Apart from that, this configuration provides a comparable degree
of flexibility as the PEM scenario.
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Table 5 lists the indicators derived from the time series that were obtained from the
optimization model. The nominal power of the electrolysis system (scenario PEM and SNG)
clearly exceeds that of the PSA unit in all scenarios. On the one hand, the specific energy
demand for electrolysis is about ten times higher than for pressure swing adsorption. On
the other hand, the latter produces the same amount of oxygen at less full-load hours.
The annual net production of 42 GWh of hydrogen in scenarios PEM and SNG offsets the
higher energy consumption of the PEM unit. Since the production units have to meet the
specified oxygen demand profile without venting excess oxygen, the production volumes
of oxygen, hydrogen, and SNG in the PEM and SNG scenarios remain constant over the
investigated years.

Table 5. Resulting key performance indicators for the optimization scenarios.

KPI Unit 2020 2030 2050

Scenario - PSA PEM SNG PSA PEM SNG PSA PEM SNG
Nominal

power kWel 400 10,600 10,185 400 16,900 15,100 400 20,000 23,300

Full-load
hours hrs 7439 5876 6119 7439 3325 3738 7439 2567 2202

H2
production MWhHHV/a - 42,400 42,400 - 42,400 42,400 - 42,400 42,400

SNG
production MWhHHV/a - - 8600 - - 8600 - - 8600

CAPEX share % 45 30 30 37 31 28 34 32 36
Fuel

substitution %HHV - 0 15 - 0 15 - 45 19

The electrolysis operation depends not only on the electricity price and oxygen demand
but also on the natural gas demand. The fuel substitution is a measure for the internal
utilization of the produced hydrogen and SNG in the steel mill. In the years 2020 and 2030, it
is more profitable to sell the hydrogen and procure natural gas from the grid. In the absence
of economic alternatives, merely the produced SNG is consumed as a fuel. Conversely, in
the PEM 2050 scenario, 45% of the gas demand is covered by on-site produced hydrogen.
In scenario SNG, the restriction of the limited admixture of natural gas into the internal
gas network implies that the major share of hydrogen must be sold, even if the on-site
substitution of natural gas was more cost efficient. However, this leads to higher flexibility
and thus the improved exploitation of favorable electricity prices. As a result, the SNG
2050 scenario achieves lower full-load hours than the PEM 2050 scenario.

3.2. Demand-Side Management Potential

A comparison of both the supply profiles (Figures 5–7) and the full-load hours (Table 5)
indicates that the electrolysis-based scenarios (PEM, SNG) provide more flexibility with
respect to a power price-driven operation schedule compared to the PSA scenario. However,
the number of full-load hours alone is not a sufficient indicator for evaluating the plant
concepts regarding the demand-side management potential. For CAPEX-intensive plants
(scenario PSA), the optimizer tends to meet the specified oxygen demand with the minimum
installed production and storage capacity, without considering the electricity price. In this
case, the oxygen load profile determines the full-load hours rather than the electricity
price signal.

Therefore, the mean price of purchased electrical energy, referred to as the effective
average price (pe f f ective average), for the individual gas production units was considered
to assess the flexibility potential of the different scenarios (see Table 6). pe f f ective average is
determined according to Equation (12), where pEE(n) represents the electricity price and
DEE(n) is the demand for electric energy for each time step n:

pe f f ective average =
∑t

n=1 pEE(n)·DEE(n)
∑t

n=1 DEE(n)
(12)
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Table 6. Annual, ordered, and effective electricity prices for 2020, 2030, and 2050.

Electricity Prices Scenario Unit 2020 2030 2050

Annual average - EUR/MWh 33 62 82
Ordered average PSA EUR/MWh 28 51 62

PEM EUR/MWh 24 29 11
SNG EUR/MWh 25 32 4

Effective average PSA EUR/MWh 49 76 94
PEM EUR/MWh 28 38 34
SNG EUR/MWh 28 41 33

For orientation, the effective average price and the annual average price defer in
terms of the number of time steps being used for their calculation: For the calculation
of the annual average price, all time steps of a year (15 × 8760) are taken into account.
For the calculation of the effective average price, only these time steps are used in which
the respective plant is actually operating. The ordered average price, however, takes into
account only the cheapest electricity prices for the same number of time steps. Equation (13)
specifies the relationship between the price duration curve (DC) and its ordered average
(pordered average) at any given number of load hours (t):

pordered average(t) =
1
t
·

t

∑
n=1

DC(n) (13)

The difference between the effective and ordered average price is a measure of how
effective the respective plant is operated in terms of using low electricity prices for its
operation. For the comparison of the three supply systems, the presented effective average
price of the PSA was adjusted by subtracting taxes and grid charges (see Section 2.4.2).

Figure 8 depicts the ordered average price as a function of the number of full-load
hours that is derived from the price duration curve. Moreover, the optimization results for
the three scenarios are marked in the diagram, based on the mean purchased electricity
price and full-load hours. The closer the points in Figure 8 are to the mean price curve, the
more effectively the plant exploits periods of low power prices. In this context, the curve
represents the border case: When the effective average prize equals the ordered average for
the considered number of full-load hours, the plant provides the maximum flexibility. The
data in Tables 5 and 6 supports the previously observed findings: The electrolysis-based
scenarios feature the highest degree of flexibility. This is reflected by significantly less
full-load hours and a lower effective average price compared to the PSA unit throughout
the years 2020, 2030, and 2050.

3.3. Carbon Dioxide Emissions

For the calculation of carbon dioxide emissions, we assume that the oxygen and hy-
drogen production plants are supplied solely with zero-emission electricity from renewable
generation. Regarding the oxygen production, the CO2 emissions attributable to scope 2,
which are dependent on the specific emissions of electricity generation, are cut down to zero
in the scenario PSA by this measure. Under the same assumption, scope 2 emissions are
eliminated and in scenario PEM and SNG. In addition, due to the generation of CO2-neutral
energy carriers such as hydrogen and SNG, fossil fuels such as natural gas are substituted.
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Figure 9 shows the normalized gas demand profile that is covered by natural gas from
the grid and SNG and hydrogen from on-site production for one week. In scenario PEM,
the unlimited range for hydrogen admixture results in the substitution of the entire natural
gas demand by hydrogen in several time steps. In scenario SNG, the specified maximum
hydrogen content in the fuel and the availability of carbon dioxide for methanation are
limiting the substitution of natural gas by hydrogen and SNG. Both scenarios, however,
lead to substantial natural gas and carbon dioxide emission savings.
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Depending on where the produced gases are deployed, CO2 emissions are reduced
either within the steel mill (internal reduction) and/or in the higher-level energy system
(external reduction). If hydrogen and SNG are consumed directly in the steel mill, scope
1 emissions of the steel mill are reduced. The injection of climate-neutral gases into the
public gas grid reduces the specific emissions of the overall gas system. Since the amount
of produced hydrogen and therefore that of substituted natural gas is constant over the
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years, the total annual CO2 emission savings amount to 7100 t for all PEM scenarios (see
Table 7). In 2020 and 2030, the sale of hydrogen is more profitable than internal admixture,
thus emissions are only reduced externally. In scenario PEM 2050, due to the internal
utilization of hydrogen, 4600 t were saved as scope 1 emissions within the EAF steel mill
and an additional 2500 t in the higher-level energy system. In the SNG scenarios, the total
annual emission cut decreases to 6300 t due to the energy losses related to the methanation
process. The mill-internal SNG admixture reduces internal emissions by 1500 t. Compared
to scenario PEM 2050, the hydrogen admixture limit in scenario SNG 2050 constrains the
steel mill-internal scope 1 emission reduction to an additional 300 t. However, the injection
of excess hydrogen into the gas grid results in annual CO2 emission savings of 4500 t CO2
in the higher-level energy system.

Table 7. Reduction of internal (scope 1) and external (grid) CO2 emissions.

KPI Unit 2020 2030 2050

Scenario - PEM SNG PEM SNG PEM SNG
Internal tCO2 7100 4800 7100 4800 2500 4500
External tCO2 0 1500 0 1500 4600 1800

Total tCO2 7100 6300 7100 6300 7100 6300

3.4. Economic Assessment

In our case study, the specific costs for on-site production of oxygen via PSA will
increase through 2050 due to growing electricity prices (Table 5). The scenarios involving
the operation of an electrolysis plant (PEM and SNG) are also affected by increasing
electricity prices. In addition, they cause substantially higher investment and energy
costs. However, revenues from the hydrogen sales and savings from the substitution of
natural gas by hydrogen or SNG compensate for higher costs. Consequently, the prices
for electricity, natural gas, and CO2 emission allowances are crucial for an economical
operation of a power-to-gas plant. Table 6 demonstrates that the higher flexibility of the
electrolysis will result in lower effective average electricity costs under highly fluctuating
electricity prices in 2050 than under moderate power prices and less price volatility in 2030.
In addition, specific CAPEX, especially for electrolysis units, will decrease over time.

Table 8 compares the levelized cost of hydrogen (LCOH) and SNG (LCOM) at the
investigated power-to-gas plant against a reference LCOH (LCOHREF). The LCOO is
determined by the PSA scenario, which is excluded from the following analysis due to
the absence of hydrogen production. As a benchmark, we take into account the levelized
costs that are achieved by the electrolysis units with the capacities and full-load hours
specified in Table 5 without oxygen utilization. For this purpose, we assume that the units
operate under nominal load and obtain electricity at the respective ordered average price
(see Table 6).

Table 8. Comparison of the levelized cost of oxygen, hydrogen, SNG, and the reference LCOH.

KPI Unit 2020 2030 2050

Scenario - PEM SNG PEM SNG PEM SNG
LCOO EUR/MWhHHV 77 77 93 93 103 103
LCOH EUR/MWhHHV 52 52 65 66 47 50
LCOM EUR/MWhHHV - 94 - 120 - 97

LCOHREF EUR/MWhHHV 77 78 87 90 43 35

In the years 2020 and 2030, the LCOH in both the PEM and SNG scenario significantly
undercuts the reference price due to the additional oxygen utilization. Only in 2050, the
LCOH of these scenarios exceeds the reference value. In view of the given oxygen demand,
the PtG plant is increasingly incapable of optimally exploiting the highly fluctuating and,
above all, seasonally varying electricity price. The rising average electricity price leads to
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an increasing LCOO for the relatively inflexible operation of the PSA. This also increases
the cost savings from the oxygen utilization in the electrolysis scenarios. Owing to the
higher CAPEX and OPEX and the energy losses, the LCOM clearly exceeds the LCOH.

Figure 10 indicates the estimated LCOH; the natural gas price, including CO2 emission
allowances, charges, and taxes as described in Section 2.4.2; and the hydrogen prices for
2020, 2030, and 2050. In 2020 and 2030, the spread between the LCOH and the anticipated
sales price suggests a highly profitable operation of the electrolyzer. However, in reality,
there is a lack of the necessary infrastructure and the market for renewable hydrogen. The
cost-efficient substitution of natural gas by internal admixture of hydrogen or injection
into the gas grid is impeded by the low natural gas prices. Finally, starting at point P1, the
substitution of natural gas with hydrogen is economically viable; from point P2, internal
hydrogen utilization is more cost efficient than sales. Since LCOM exceeds the price of
natural gas, including the emission costs, in all years, SNG production is not profitable
based on the underlying conditions.
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hydrogen prices.

In view of the high degree of uncertainty regarding the assumptions for future years,
we performed a sensitivity analysis: The prices for electricity on the day-ahead spot market,
CO2 emission allowances, natural gas, and hydrogen sales each varied by 20%. The dashed
lines in Figure 10 represent the maximum deviations from the anticipated costs and prices
from the original scenarios. According to our analysis, the substitution of natural gas by
hydrogen based on PEM electrolysis while utilizing the by-product oxygen is economically
viable under the condition of rising CO2 certificate prices, highly volatile electricity prices,
and declining electrolyzer CAPEX. Under the stated assumptions, this situation is likely to
occur between 2030 and 2050. In contrast, due to the higher levelized cost, the replacement
of natural gas with SNG is only economically viable in the event of an extreme rise in natural
gas and/or CO2 emission allowance prices (see Table 8). Therefore, the current surge of
emission certificate and natural gas prices might enable investments in technologies for a
climate-neutral energy supply.
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4. Conclusions

In the conclusion, we present concise qualitative and quantitative answers to the
research questions formulated in Section 1.3:

Q 1.a. Which basic plant layouts seem to be possible based on state-of-the-art technologies?

The results of the optimization suggest that all of the three investigated system layouts,
including the implementation of a PSA unit, a PEM electrolysis plant, and a combination
of electrolysis and methanation, are feasible options for the oxygen supply of the steel
mill. If the gas infrastructure such as burners, piping, and fittings are compatible with
natural gas-hydrogen mixtures, the co-production of hydrogen and oxygen by electrolysis
followed by the direct utilization of both product gases is the best option in terms of energy
efficiency, carbon dioxide reduction, and economic viability. From the point at which the
LCOH falls below the price of natural gas, including the cost for emission allowances, the
admixture of hydrogen into the gas network becomes viable. Exchanging gas with the
grid eliminates the need to implement storage and allows for arbitrage operation. After
subtracting the costs for oxygen supply resulting from the PSA scenario, the optimized plant
configuration yields an LCOH of 47 EUR/MWh in 2050. If the implemented infrastructure
is not hydrogen compatible, the methanation of CO2 offers an alternative. The use of CO2
from combustion processes for methanation enables the production of a carbon-neutral fuel.
However, the conversion of hydrogen to methane implies higher capital and operational
expenditures and energy losses, resulting in LCOM of 97 EUR/MWh in 2050. Moreover,
ensuring sufficient availability of carbon dioxide is a critical prerequisite. Therefore, SNG
production is not profitable under the defined framework conditions but qualifies as a
bridging technology facing the limited hydrogen compatibility of the gas infrastructure.

Q 1.b. Which basic operational strategies are useful under which boundary conditions?

Considering the high share of electricity cost in the levelized cost of oxygen and
hydrogen, it is essential to minimize the effective average electricity prices. Therefore, with
increasing electricity price fluctuations and decreasing specific CAPEX for the electrolysis
plant over time, larger hydrogen production capacities are advantageous, despite lower
full-load hours. Adequate buffer storage capacity for produced gases is required in all
scenarios not only to balance supply and demand but also to ramp up production in periods
of favorable electricity prices and thus cut down on effective electricity prices.

Q 2. What is their impact on the overall energy system in terms of demand-side management
potential and carbon dioxide emissions?

Due to the narrow load range and the high specific investment costs, the PSA offers
limited demand-side flexibility. The potential CO2 emission savings are restricted to the
reduction of specific CO2 emissions of the supplied power (scope 2). The scenarios based on
electrolysis (PEM and SNG), however, show a high degree of flexibility. This is reflected by
less full-load hours in the range of 3300–3700 h in 2030 and 2200–2600 h in 2050 and 46–65%
lower effective average electricity prices compared to the PSA scenario. Assuming that
the electrolysis process is supplied with CO2-emission-neutral electricity, the substitution
of natural gas with hydrogen and synthetic methane results in considerable emission
savings in the steel mill and in the higher-level energy system. Depending on the system
configuration, the absolute emission reduction corresponds to 40–50% of the scope 1 CO2
emissions of the steel mill.

Q 3. Which economic framework conditions are required for their economically viable operation?

Low electricity prices and specific investment costs favor the use of power-to-gas
technologies. Furthermore, increasing emission allowance prices are decisive for the substi-
tution of natural gas by green gases such as hydrogen or SNG. In their long-term strategy
for a climate-neutral economy [59], the European Commission emphasizes the relevance of
the ETS in achieving its climate goals. As demonstrated in our study, emission allowance
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prices serve as a price signal that triggers investments in climate-neutral technologies. For
an emission reduction between 80 and 100%, carbon dioxide prices in the range of 250 to
350 EUR/tCO2 are expected by 2050. Hence, the decreasing specific capital expenditures,
the increase in situations with extremely low electricity prices, and the expected surge
of emission certificate prices towards the year 2050 make PEM electrolysis not only a
viable flexibility option for the future electricity grid but also an effective enabler for a
climate-neutral energy system.
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