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Abstract: The need to significantly reduce emissions from the steelmaking sector requires effective 

and ready-to-use technical solutions. With this aim, different decarbonization strategies have been 

investigated by both researchers and practitioners. To this concern, the most promising pathway is 

represented by the replacement of natural gas with pure hydrogen in the direct reduced iron (DRI) 

production process to feed an electric arc furnace (EAF). This solution allows to significantly reduce 

direct emissions of carbon dioxide from the DRI process but requires a significant amount of elec-

tricity to power electrolyzers adopted to produce hydrogen. The adoption of renewable electricity 

sources (green hydrogen) would reduce emissions by 95–100% compared to the blast furnace–basic 

oxygen furnace (BF–BOF) route. In this work, an analytical model for the identification of the mini-

mum emission configuration of a green energy–steel system consisting of a secondary route sup-

ported by a DRI production process and a renewable energy conversion system is proposed. In the 

model, both technological features of the hydrogen steel plant and renewable energy production 

potential of the site where it is to be located are considered. Compared to previous studies, the 

novelty of this work consists of the joint modeling of a renewable energy system and a steel plant. 

This allows to optimize the overall system from an environmental point of view, considering the 

availability of green hydrogen as an inherent part of the model. Numerical experiments proved the 

effectiveness of the model proposed in evaluating the suitability of using green hydrogen in the 

steelmaking process. Depending on the characteristics of the site and the renewable energy conver-

sion system adopted, decreases in emissions ranging from 60% to 91%, compared to the BF–BOF 

route, were observed for the green energy–steel system considered It was found that the environ-

mental benefit of using hydrogen in the secondary route is strictly related to the national energy 

mix and to the electrolyzers’ technology. Depending on the reference context, it was found that 

there exists a maximum value of the emission factor from the national electricity grid below which 

is environmentally convenient to produce DRI by using only hydrogen. It was moreover found that 

the lower the electricity consumption of the electrolyzer, the higher the value assumed by the emis-

sion factor from the electricity grid, which makes the use of hydrogen convenient. 
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1. Introduction 

Energy transition and industrial emissions abatement are key issues to tackle climate 

change and achieve the “net-zero” carbon emissions goal by 2050 [1]. To this concern, 

research efforts to investigate technological solutions enabling environmentally sustaina-

ble production are becoming mandatory. Some production sectors, due to their inherent 

difficulty to be converted into “carbon-free” sectors, are defined as “harder to abate”. One 

of these sectors is steelmaking; it results as extremely critical due to its strong energy and 

carbon dependency, generating the second-highest share of energy consumption among 

Citation: Digiesi, S.; Mummolo, G.; 

Vitti, M. Minimum Emissions  

Configuration of a Green  

Energy–Steel System: An Analytical 

Model. Energies 2022, 15, 3324. 

https://doi.org/10.3390/en15093324 

Academic Editors: Giovanni  

Mummolo, Antonio Ficarella,  

Angelo Tafuni and Wen-Hsien Tsai 

Received: 4 April 2022 

Accepted: 29 April 2022 

Published: 3 May 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: ©  2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Energies 2022, 15, 3324 2 of 22 
 

 

heavy industry sector and the highest share of emissions [2]. For the US steelmaking sec-

tor, it has been estimated that only 20% of the decarbonization pathways will meet the 

2050 target [3]. The traditional blast furnace–basic oxygen furnace (BF–BOF) route relies 

indeed on the almost exclusive use of C-bearing materials (coal or coke) for both the en-

ergy and the chemical reduction needed along the steelmaking route, resulting in emis-

sions and energy consumption of about 1.8 tCO2eq/t crude steel [4], and 21 GJ/t crude steel 

[5], respectively. This process, still adopted in 73.2% of the worldwide plants in 2020 [6], 

is clearly not consistent with the current objectives, leading to the urgent need of a re-

thought. The identification of greener solutions for the steelmaking process is environ-

mentally mandatory (emissions generated by this sector represented almost 7% of 2020 

global emissions [7]) and is essential for the survival of most economic sectors. Steel is a 

feedstock for key economic sectors such as transport, construction, domestic appliances, 

electrical equipment, and machinery, and its demand is steadily increasing. On an annual 

basis, in 2021, a demand increase of 4.5% has been observed, reaching a level of 1855 Mt/y 

of steel required worldwide, and a further growth of 2.2% is expected in 2022 [8]. The 

possibility of producing this raw material in an environmentally sustainable way would 

therefore allow the improvement of the whole economic system, according to a lifecycle 

approach [4]. The utmost relevance of this sector has been also confirmed at the 26th Con-

ference of the Parties (COP26) on Climate Change, at which world leaders have signed an 

ambitious set of common targets, known as Glasgow Breakthrough, including actions for 

steel decarbonization. To this concern, countries have committed to promoting the pro-

duction and exchange on global markets of steel produced at “near-zero” emissions by 

2030 [9]. In this context, solutions have been proposed to reduce emissions from the tra-

ditional steelmaking route. Chisalita et al. assessed the possibility of reducing emissions 

from the BF–BOF route by comparing the emissions generated in a scenario without car-

bon capture and storage (CCS) systems with one with CCS. Through a lifecycle assess-

ment, they found that integrating CCS into the steel production route decreases the global 

warming potential in the range of 47.98–75.74% [10]. In [11], the lifecycle assessment 

method is employed to evaluate the possibility of reducing emissions from the BF–BOF 

by pelletizing biocarbon instead of traditional carbon coke. Similarly, in [12], the possibil-

ity of using biomass-based products in the primary steelmaking route is assessed and it is 

understood that it results in a maximum 43% reduction in CO2 emissions. The most wide-

spread alternative to the BF–BOF route is the so-called secondary route. It consists of the 

production of liquid steel (LS) from an electric arc furnace (EAF) fed by recycled steel 

scraps. This approach meets the objective of decarbonizing the steelmaking process and 

enables the transition to a circular economy, as it does not involve the use of C-bearing 

virgin materials and allows end-of-life materials to be reintegrated into the production 

cycle. The average emissions and energy consumption of this process are 0.126 tCO2eq/t 

crude steel [13] and 11 GJ/t crude steel [5], respectively, 93% lower in emissions and 48% 

lower in energy consumption than the BF–BOF route. This process, however, is critical 

because it is totally reliant on the availability of scrap on the market, which is not constant 

and not easily predictable. To ensure the continuity of steel production, which is impera-

tive for the proper functioning of key industrial sectors, the secondary route is usually 

supported by the production of direct reduced iron (DRI). This virgin raw material feeds 

the EAF together with recycled steel scrap and is produced through a solid-state reduction 

reaction of iron oxides by means of a reducing gas mixture consisting of CH4 and H2, tra-

ditionally obtained from natural gas (NG) reforming. The NG-DRI route is characterized 

by lower direct emissions compared to the BF–BOF route, about 1.4 tCO2eq/t crude steel 

[14], but higher energy consumption, about 30 GJ/t crude steel [5]. Due to the potentialities 

of the NG-DRI route in reducing the emissions of the traditional steelmaking route and in 

jointly ensuring the continuity of the production process, it is currently widely investi-

gated in the literature. In [15–18], the NG-DRI process is modeled and an optimization 

problem is solved in order to minimize NG consumption and CO2 emissions. In [19], a 

steelmaking secondary route supported by the NG-DRI process is modeled and, from the 
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numerical simulations carried out, it appears that the NG-DRI–EAF route is characterized 

by lower emissions and a higher net energy requirement than the BF–BOF route. Iron ore 

reducing shaft furnace is instead modeled in [20,21]. Nowadays, the most promising al-

ternative for reducing emissions from the steelmaking sector is represented by using pure 

hydrogen as reducing gas in the DRI process (H2-DRI). It is indeed receiving wide scien-

tific, industrial, and political attention due to its compliancy with carbon emission reduc-

tion policy. In [22], the environmental performance of a steelmaking process using pure 

hydrogen is assessed. The proposed steelmaking route consists of hydrogen generation, 

an H2-DRI plant, and an EAF. The results show that this solution allows to achieve a 

53.75% energy saving and a 47.45% CO2 emission reduction when compared with the BF–

BOF route. The use of pure hydrogen in the DRI reducing shaft furnace, typically pro-

duced through water electrolysis, allows to obtain almost exclusively steam as top gas of 

the furnace, thus eliminating direct emissions of carbon dioxide. The way to also drasti-

cally reduce indirect emissions is to employ green hydrogen, i.e., hydrogen produced by 

electrolyzers powered by renewable electricity sources. This would reduce emissions by 

95–100% compared to the BF–BOF route [13]. This solution, however, presents some crit-

icalities. The average energy consumption of electrolyzers is very high: to produce 1 Nm3 

of hydrogen, an electrolyzer requires on average 5 kWh [23]. Assuming a need for 800 

Nm3/tDRI at 100% hydrogen [13], about 40 GWh/y would be required for the production 

of 1 MtLS/y only for the electrolysis process. According to Vogl et al., indeed, two-thirds 

of the overall electricity consumption of an H2-DRI route with EAF are represented by the 

energy demand of the electrolyzer [24]. Similarly, in [25] it is found that the electrolyzer 

efficiency is the most important factor affecting the system energy consumption, and 

thereby the amount of indirect emissions generated by the steelmaking process. This im-

plies that emissions from the power grid would not be negligible at all. The use of renew-

able energy sources is, as mentioned, the best solution for the decarbonization of steelmak-

ing, but it is noteworthy that the production of electricity in this way is subject to many 

variations throughout the year and that significant areas are required to obtain an ade-

quate amount of energy; the electricity obtainable through renewable energy conversion 

systems, above all, depends on the characteristics of the site where the steel is produced, 

such as global solar radiation and windiness. In this context, therefore, there is the risk 

that the demand for energy is too high to be met by renewable energy systems, thus gen-

erating a significant amount of indirect emissions from the grid. For this reason, it is nec-

essary to investigate, depending on the specific site of interest, whether it is convenient to 

install, from an environmental point of view, a secondary route supported by H2-DRI pro-

cess, considering the availability of green hydrogen. Pimm et al. investigated the problem 

of identifying the optimal mix of renewable energy production systems to power an H2-

DRI route with EAF. They considered a mix consisting of renewable energy production 

systems (i.e., wind, solar, and nuclear), low carbon dispatchable energy (i.e., combined 

cycle gas turbines and biomass with carbon capture, utilization, and storage), hydrogen 

conversion technologies, and hydrogen and electricity storage systems. They found the 

optimal solution by minimizing a cost objective function, considering both installing and 

operations costs [26]. To this concern, the objective of this work was to develop an analyt-

ical model for the identification of the minimum emission configuration of a green en-

ergy–steel system (GESS) consisting of a secondary route supported by a DRI process and 

a renewable energy conversion system. The model allows to evaluate the feasibility of the 

installation of a hydrogen steel plant considering the characteristics of the site where it is 

to be located as well as its technological characteristics. As mentioned, previous studies 

have focused on the analytical modeling of different steelmaking routes, as well as on the 

identification of the optimal mix of renewable energies conversion systems for the supply 

of a H2-DRI route but have not considered both systems simultaneously and have not 

focused on the environmental optimization of a green steel system. The novelty of the 

proposed approach lies in the simultaneous modeling of an energy system and a 

steelmaking process, thus making the assessment of the critical availability of green 
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hydrogen an inherent component of the problem. Moreover, the analytical model devel-

oped is quite general and represents a tool that can be used for different purposes and in 

different contexts, both by researchers and practitioners. The rest of the paper is organized 

as follows: in Section 2, the operation of the considered GESS is described and then the 

analytical model is presented. In Section 3, the results obtained from numerical simula-

tions carried out by using the model are illustrated. Finally, in Section 4, conclusions are 

provided with respect to what could be observed in the present work as well as sugges-

tions for future studies. 

2. The Analytical Model for Identifying the Minimum Emissions Configuration of a 

Green Energy–Steel System 

The analytical model detailed in this section has been developed in order to identify 

the main operational variables of a green steel plant as well as of the ones (type and related 

size) of the renewable energy power plant meeting the energy demand of the technologi-

cal plant. Notations adopted in the remainder of the paper are in Table 1. Assumed pa-

rameters’ value or range of variability are provided in the table with corresponding refer-

ences. In case no references are provided, values are discussed in the remainder of this 

section. 

Table 1. Notations and parameters’ values or ranges of variability assumed. The symbol [-] denotes 

adimensional parameters. 

Notation Unit Measure Description Value/Range 

𝑆 m2 
Total available area for the installation of renewable energy 

conversion systems or biomass cultivation. 
- 

𝑃 tLS/y Expected yearly production volume of liquid steel. - 

𝐸𝑆𝑤 
kWh

m2 ∙ y
 

Producibility of electricity per unit installation area from wind 

turbines. 
0 ÷ 400 [27] 

𝛿 [-] Installation area of wind turbines (share of S). 0 ÷ 1 

𝐸𝑆𝑝𝑣 
kWh

m2 ∙ y
 

Producibility of electricity per unit installation area from pho-

tovoltaic panels. 
0 ÷ 400 [28] 

𝛽 [-] Installation of photovoltaic panels (share of S). 0 ÷ 1 

𝜂𝑏𝑖𝑜 
Nm3H2

m2 ∙ y
 

Yield per unit area of biomass culture in volume of hydrogen 

produced by indirect gasification. 
0 ÷ 2 [29] 

𝑓𝑤 
kgCO2eq

kWh
 

Lifecycle emissions of wind turbines per unit of electricity pro-

duced. 
0.025 [30] 

𝑓𝑝𝑣 
kgCO2eq

kWh
 

Lifecycle emissions of photovoltaic panels per unit of electricity 

produced. 
0.090 [30] 

𝑓𝑏𝑖𝑜 
kgCO2eq

Nm3H2

 
Emissions from hydrogen production by indirect biomass gasi-

fication. 
−1.315 [31] 

𝛾 [-] Biomass cultivation area (share of S). 0 ÷ 1 

𝑟 [-] 
Volumetric share of hydrogen in the reducing gas mixture to 

produce 1 t of DRI. 
0 ÷ 1 

𝑘 [-] Ratio of 1 t LS to 1t DRI. 1.150 [24] 

𝛼 [-] Share of scrap employed in EAF to produce 1 t of LS. 0 ÷ 1 

𝐶𝐻4(𝑟) 
Nm3CH4

tDRI
 

Methane requirement in the reducing gas mixture to produce 1 

t of DRI.  
33 ÷ 259 [13] 

𝑓𝐶𝐻4 
kgCO2eq

Nm3CH4

 
Emissions generated by supplying 1 Nm3 of methane from nat-

ural gas supply chain.  
0.404 [32] 

𝐸𝐿𝐴𝑈𝑋  
kWh

tLS
 

Electrical consumption of DRI production process auxiliaries 

for producing 1 t LS. 
100 [13] 
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𝐸𝐿𝐸𝐴𝐹𝐷𝑅𝐼
 

kWh

tLS
 EAF electricity consumption for producing 1 t LS from DRI. 753 [24] 

𝐸𝐿𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃
 

kWh

tLS
 EAF electricity consumption for producing 1 t of LS from scrap. 667 [24] 

𝑓𝑔𝑟𝑖𝑑  
kgCO2eq

kWh
 

Emissions from the national grid for the supply of 1 kWh of 

electricity. 
0 ÷ 1 [33] 

𝐻2(𝑟) 
Nm3H2

tDRI
 

Hydrogen requirement in the reducing gas mixture to produce 

1 t DRI. 
0 ÷ 800 [13] 

𝐸𝐿𝐻2 
kWh

Nm3H2

 Electricity demand of the electrolyzer to produce 1 Nm3 of H2. 4.8 [13] 

𝑓𝐷𝑅𝐼(𝑟) 
kgCO2eq

tDRI
 Direct emissions from DRI production process. 40 ÷ 450 [13] 

𝑓𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃
 

kgCO2eq

tLS
 Direct emissions from EAF producing 1 t LS from scrap. 72 [13] 

𝑓𝐸𝐴𝐹𝐷𝑅𝐼
 

kgCO2eq

tLS
 Direct emissions from EAF producing 1 t LS from DRI. 180 [13] 

2.1. The Energy System and the Green Steel Plant 

The overall green energy–steel system (GESS) under investigation consists of a green 

steel plant (Figure 1a) and an energy system (Figure 1b) operated in an assigned site. 

 

Figure 1. The green energy–steel system investigated: (a) green steel plant; (b) energy system. 

2.1.1. The Green Steel Plant 

The green steel plant (Figure 1a) consists of two main facilities: a DRI plant and an 

EAF to produce a yearly amount of liquid steel 𝑃 [tLS y]⁄ . Gas and electricity utilities feed 

both technological plants. A reducing gas mixture consisting of natural gas and hydrogen 

is required to produce DRI. Hydrogen is produced by an electrolyzer having an electricity 

consumption 𝐸𝐿𝐻2 [kWh Nm3H2]⁄  and/or by a gasification unit. DRI is produced in vari-

able share (𝛼) of recycled steel scrap of the overall raw material flow, DRI—steel scraps, 

feeding the EAF. The DRI plant is fed with the natural gas–hydrogen reducing gas mixture 

having a volume fraction of hydrogen, 𝑟 . Hydrogen fraction depends on the 
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environmental performance of the energy system, technology adopted for hydrogen pro-

duction, and steel scraps fraction (𝛼). Electricity demand of the whole green steel plant is 

met primarily by energy produced by renewable energy conversion systems and inte-

grated by the supply from the national electricity grid. Steel-making processes not adopt-

ing DRI as virgin material are not considered in the modeled green steel plant, as well as 

the type of steel to be produced. 

2.1.2. The Energy System 

The energy system (Figure 1b) consists of national electricity grid and a local renew-

able energy conversion system. The former system supplies electric energy with almost 

unlimited capacity; it is characterized by a greenhouse gas emission factor, 

𝑓𝑔𝑟𝑖𝑑  [kgcO2eq kWh]⁄ , which depends on the mix of renewable/fossil energy sources of 

power plants feeding the national grid. The local renewable energy conversion system 

consists of a wind power plant and/or a photovoltaic plant; both power plants are limited 

in power capacity as they are installed in an area of limited extension 𝑆 [m2]. Wind and 

solar installations occupy a share of 𝑆, respectively, 𝛿 and 𝛽. In the same area, cultivated 

biomass, installed in a share 𝛾 of 𝑆, is a feedstock for an indirect gasification process with 

CCS to produce hydrogen. Wind and photovoltaic power stations are characterized by an 

average yearly electricity production capacity per unit area and a lifecycle greenhouse gas 

emission factor per unit of electricity produced 

𝐸𝑆𝑤  [kWh m2 ∙ y],⁄  𝑓𝑤 [kgcO2eq kWh]⁄ and 𝐸𝑆𝑝𝑣 [kWh m2 ∙ y]⁄ , 𝑓𝑝𝑣 [kgcO2eq kWh]⁄ , respec-

tively. As far as the indirect gasification process is concerned, the hydrogen production 

yield is referred here to the unit area of biomass cultivation, 𝜂𝑏𝑖𝑜 [Nm3H2 m2 ∙ y]⁄ , and a 

lifecycle emission factor per unit of hydrogen produced, 𝑓𝑏𝑖𝑜  [kgcO2eq Nm3H2]⁄ , is consid-

ered. An electrolysis unit (Figure 1a) powered by the electricity grid integrates hydrogen 

required by the DRI production process. The energy system also includes a natural gas 

grid with almost unlimited capacity; natural gas integrates reducing gas required by the 

DRI production process. The natural gas supply chain is characterized by an emission 

factor, 𝑓𝐶𝐻4 [kgCO2eq Nm3CH4]⁄ , which considers carbon emissions from gas extraction to 

transport and utilization. Electricity generated by renewable energy plants or made avail-

able by the grid, as well as hydrogen produced by biomass or electrolyzer, are utilities 

feeding the green steel plant. 

2.2. The Analytical Model for the GESS Minimum Emissions Configuration 

The model proposed aims at identifying the minimum emission configuration of the 

energy system and of the green steel plant. Configuration is defined by values assumed 

by the variables considered in the analytical model (Table 1). Variables can be classified 

according to two categories (Figure 2): 

• Exogenous variables: they are variables that cannot be influenced by the decision-

maker because of the characteristics of the site where the GESS is expected to be lo-

cated and the dynamic of the raw materials market. In the context of the present 

work, the energy and hydrogen producibility per unit area, the share of scrap em-

ployed to produce LS in EAF, the national grid emission factor, and the natural gas 

supply chain emission factor are considered in this category. The amount of energy 

and hydrogen that can be produced per unit area by renewable energy conversion 

systems (i.e., wind turbines, solar panels, and gasification plants) depends on the 

characteristics of the installation site, such as windiness and global solar radiation, 

and the availability of steel scrap on the market cannot be influenced by the needs of 

a single plant and, finally, emissions from the electricity grid depend on the national 

energy mix. 

• Endogenous variables: they are variables set by the decision-maker during the plant 

design phase. In the context of the present work, the total area of the energy system, 

the volumetric share of hydrogen in the reducing gas of the DRI production process, 
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the electrolyzer technology to be adopted, and the expected yearly production vol-

ume of liquid steel are considered in this category since they are characteristic choices 

of a plant design. 

 

Figure 2. Exogenous and endogenous variables considered in the analytical model. 

In accordance with the GHG protocol [34], the overall emissions of the system consist 

of 

𝜑𝑡𝑜𝑡  [
kgCO2eq

tLS
] = 𝜑𝑑𝑖𝑟𝑒𝑐𝑡 + 𝜑𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡  (1) 

where 

• 𝜑𝑑𝑖𝑟𝑒𝑐𝑡  [
kgCO2eq

tLS
]: direct emissions generated by the green steel plant. “direct GHG 

emissions” are defined as GHG emissions generated in owned or controlled process 

equipment [34]. In the green steel plant, direct emissions are from DRI plant with an 

emission factor, 𝑓𝐷𝑅𝐼(𝑟), and from the EAF. Different EAF emission factors in case of 

scraps or DRI feeding it are considered (𝑓𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃 and 𝑓𝐸𝐴𝐹𝐷𝑅𝐼 , respectively). 

• 𝜑𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡  [
kgCO2eq

tLS
]: emissions generated by the production of electricity and the sup-

ply of natural gas to power the DRI process. As established by the GHG protocol [34], 

“electricity indirect emissions and other GHG emissions” are defined as emissions 

deriving from the production of electricity consumed by the plant and from activities 

that can be considered a consequence of the plant’s activity, e.g., the extraction and 

transport of raw materials. The characteristic of indirect emissions is that, although 

they do not physically occur at the plant site, they have a significant influence on the 

total account of the emissions generated. In the case of the analyzed system, lifecycle 

emissions related to renewable energy conversion systems to produce electricity and 

hydrogen, emissions related to the production of electricity fed into the national grid 

(𝑓𝑔𝑟𝑖𝑑), and emissions generated by the natural gas supply chain to power the DRI 

production process (𝑓𝐶𝐻4) have been considered in this category. As far as emissions 

related to renewable energy and biomass conversion systems are considered, lifecy-

cle emissions have been taken into reference as, on the one hand, all stages of the 

lifecycle of wind turbines and photovoltaic panels, from production to decommis-

sioning, have been considered (𝑓𝑤, 𝑓𝑝𝑣), while, on the other hand, consideration of the 

carbon sink associated with the growth of biomass has been included (𝑓𝑏𝑖𝑜). In this 

paper, emissions due to iron ore extraction and scrap transport have not been in-

cluded in the model as they represent invariant variables in the optimization process. 

Direct emissions of Equation (1) can be evaluated as 
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𝜑𝑑𝑖𝑟𝑒𝑐𝑡 [
kgCO2eq

tLS
] = (1 − 𝛼) ∙ (

𝑓𝐷𝑅𝐼(𝑟)

𝑘
+ 𝑓𝐸𝐴𝐹𝐷𝑅𝐼

) + 𝛼 ∙ 𝑓𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃
 (2) 

Direct emissions include emissions from the DRI production process and EAF emis-

sions, weighted on the share (𝛼) of recycled steel scrap employed to produce liquid steel. 

Direct emissions from the EAF have a different value, depending on whether recycled 

steel scrap (𝑓𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃
) or DRI (𝑓𝐸𝐴𝐹𝐷𝑅𝐼

) feeds the furnace [24]. The direct emissions gener-

ated by the DRI production process have been considered as a function of the volumetric 

share of hydrogen in the reducing gas (𝑓𝐷𝑅𝐼(𝑟)). 

Indirect emissions can be calculated as 

𝜑𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡  [
kgCO2eq

tLS
] = 𝜑𝑁𝐺 + 𝜑𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 + 𝜑𝑔𝑟𝑖𝑑  (3) 

where 

𝜑𝑁𝐺  [
kgCO2eq

tLS
] = (1 − 𝛼) ∙

𝐶𝐻4(𝑟)

𝑘
∙ 𝑓𝐶𝐻4 (4) 

Equation (4) allows evaluating the indirect emissions generated by the supply of nat-

ural gas for the DRI production process. These emissions have been accounted only for 

the DRI share employed to produce LS (1 − 𝛼); moreover, the natural gas requirement has 

been considered as function of the volumetric share of hydrogen in the reducing gas 

(𝐶𝐻4(𝑟)). 

𝜑𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 [
kgCO2eq

tLS
] =

𝑆 ∙ (𝛿 ∙ 𝐸𝑆𝑤 ∙ 𝑓𝑤 + 𝛽 ∙ 𝐸𝑆𝑝𝑣 ∙ 𝑓𝑝𝑣 + 𝛾 ∙ 𝜂𝑏𝑖𝑜 ∙ 𝑓𝑏𝑖𝑜)

𝑃
 (5) 

In Equation (5), the indirect emissions generated by the energy system producing 

electricity and hydrogen are computed. As can be observed, global emissions mainly de-

pend on the total area committed to the energy system (𝑆) as well as on the shares of the 

area dedicated to the installation of the considered renewable energy conversion systems 

(𝛿, 𝛽) and the cultivation of biomass (𝛾). These indirect emissions also depend on the pro-

ducibility of energy and hydrogen per unit area for each of the alternatives considered 

(𝐸𝑠𝑤 , 𝐸𝑠𝑝𝑣 , 𝜂𝑏𝑖𝑜). 

𝜑𝑔𝑟𝑖𝑑 [
kgCO2eq

tLS
] = [𝐸𝑑𝑒𝑚𝑎𝑛𝑑 −

𝑆 ∙ (𝛿 ∙ 𝐸𝑆𝑤 + 𝛽 ∙ 𝐸𝑆𝑝𝑣)

𝑃
] ∙ 𝑓𝑔𝑟𝑖𝑑 (6) 

Equation (6) models the indirect emissions related to the supply of electricity from 

the national grid, with a characteristic emission factor 𝑓𝑔𝑟𝑖𝑑 . In (6), the electricity supplied 

from the national grid is evaluated as the amount required by the steel system and not 

satisfied by the energy system. The more electricity produced by the energy system, there-

fore, the lower the emissions generated by the supply of electricity from the national grid. 

Energy demand of the green steel plant (in Equation (6)) is given by 

𝐸𝑑𝑒𝑚𝑎𝑛𝑑  [
kWh

tLS
] = [(1 − 𝛼) ∙ (𝐸𝐿𝐴𝑈𝑋 + 𝐸𝐿𝐸𝐴𝐹𝐷𝑅𝐼

) + 𝛼 ∙ 𝐸𝐿𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃

+ ((1 − 𝛼) ∙
𝐻2(𝑟)

𝑘
−

𝛾 ∙ 𝑆 ∙ 𝜂𝑏𝑖𝑜

𝑃
) ∙ 𝐸𝐿𝐻2] 

(7) 

The energy demand from the plant has been also weighted according to the share of 

recycled steel scrap used for the production of liquid steel (𝛼), and two different electricity 

consumptions of the EAF have been considered (𝐸𝐿𝐸𝐴𝐹𝐷𝑅𝐼
, 𝐸𝐿𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃

), depending on 

whether DRI or scrap is processed. The hydrogen requirement to supply the DRI produc-

tion process has been considered as a function of the volumetric share of hydrogen used 

in the reducing gas ( 𝐻2(𝑟) ). The electrical requirement to produce hydrogen from 
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electrolyzer has been considered for the share of the total hydrogen requirement not pro-

duced by indirect gasification of biomass. 

2.3. Avoided Grid Emissions by the Renewable Energy System 

As shown in Equation (3), indirect emissions of the system consist of three contribu-

tions: emissions due to natural gas supply chain as well as to grid and renewable sources 

operation to produce electricity or hydrogen. The more electricity that is produced by the 

renewable energy system, the lower the grid emissions are (Equation (6)). For this reason, 

it is possible to compare the environmental effectiveness of renewable energy conversion 

and hydrogen production systems on the basis of the avoided emissions. For this purpose, 

avoided emissions for each of the i-th renewable energy systems (i = wind, solar, biomass) 

are computed per unit installation area (𝐴𝑣𝑒𝑚𝑖
) as the product of the i-th electricity yield 

(𝐸𝑠𝑖) and of the difference between the grid emission factor (𝑓𝑔𝑟𝑖𝑑) and the lifecycle emis-

sions factor of the i-th alternative (𝑓𝑖) (Equation (8)). 

𝐴𝑣𝑒𝑚𝑖
[
kgCO2

m2 ∙ y
] = 𝐸𝑆𝑖 ∙ 𝑓𝑔𝑟𝑖𝑑 − 𝐸𝑆𝑖 ∙ 𝑓𝑖 = 𝐸𝑆𝑖 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑖) (8) 

In the case of hydrogen production, the avoided emissions are calculated with refer-

ence to the production of hydrogen from the electrolyzer powered by the grid. Avoided 

emissions per unit area in case of the alternatives considered are in Equations (9)–(11): 

𝐴𝑣𝑒𝑚𝑤
[
kgCO2

m2 ∙ y
] = 𝐸𝑆𝑤 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑤) (9) 

𝐴𝑣𝑒𝑚𝑝𝑣
[
kgCO2

m2 ∙ y
] = 𝐸𝑆𝑝𝑣 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑝𝑣) (10) 

𝐴𝑣𝑒𝑚𝑏𝑖𝑜
[
kgCO2

m2 ∙ y
] = 𝜂𝑏𝑖𝑜 ∙ (𝐸𝐿𝐻2 ∙ 𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑏𝑖𝑜) (11) 

Since 𝑓𝑔𝑟𝑖𝑑, 𝐸𝑠𝑤 , 𝐸𝑠𝑝𝑣 , and 𝜂𝑏𝑖𝑜 are exogenous variables, they are not subjected to 

optimization; their values depend on the GESS site location characteristics (e.g., average 

windiness, solar global radiation, cultivation yield) as well as on technology factors such 

as the electricity consumption of the electrolyzer and the national grid emission factor. 

For a given renewable energy system, avoided emissions differ at each location. For 

a given location, avoided emissions vary on the basis of the renewable energy system 

adopted:  

𝐸𝑆𝑤 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑤) ≠ 𝐸𝑆𝑝𝑣 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑝𝑣) ≠ 𝜂𝑏𝑖𝑜 ∙ (𝐸𝐿𝐻2 ∙ 𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑏𝑖𝑜) (12) 

As an example, in case of 

𝐸𝑆𝑤 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑤) > 𝐸𝑆𝑝𝑣 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑝𝑣) > 𝜂𝑏𝑖𝑜 ∙ (𝐸𝐿𝐻2 ∙ 𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑏𝑖𝑜) (13) 

being 

𝛿 + 𝛽 + 𝛾 = 1 with 0 ≤ 𝛿, 𝛽, 𝛾 ≤ 1 (14) 

then, 

𝑆 ∙ 𝐸𝑆𝑤 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑤) ≥ 𝑆 ∙ 𝛿 ∙ 𝐸𝑆𝑤 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑤) + 𝑆 ∙ 𝛽 ∙ 𝐸𝑆𝑝𝑣 ∙ (𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑝𝑣) + 

+ 𝑆 ∙ 𝛾 ∙ 𝜂𝑏𝑖𝑜 ∙ (𝐸𝐿𝐻2 ∙ 𝑓𝑔𝑟𝑖𝑑 − 𝑓𝑏𝑖𝑜) 
(15) 

In this case, maximum avoided emissions are obtained with 𝛿 = 1, 𝛽 = 0, 𝛾 = 0. 

Therefore, only one out of the three renewable energy system alternatives has to be con-

sidered as the best alternative from an environmental point of view for a specific site. In 

accordance, Equations (5)–(7) can be rearranged as 
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𝜑𝑟𝑒𝑛𝑒𝑤 [
kgCO2eq

tLS
] = 𝑒𝑟𝑒𝑛𝑒𝑤 ∙ 𝑓𝑟𝑒𝑛𝑒𝑤 + 𝐻2𝑏𝑖𝑜 ∙ 𝑓𝑏𝑖𝑜 (16) 

𝜑𝑔𝑟𝑖𝑑 [
kgCO2eq

tLS
] = [𝐸𝑑𝑒𝑚𝑎𝑛𝑑 − 𝑒𝑟𝑒𝑛𝑒𝑤] ∙ 𝑓𝑔𝑟𝑖𝑑 (17) 

𝐸𝑑𝑒𝑚𝑎𝑛𝑑  [
kWh

tLS
] = [((1 − 𝛼) ∙ (𝐸𝐿𝐴𝑈𝑋 + 𝐸𝐿𝐸𝐴𝐹𝐷𝑅𝐼

) + 𝛼 ∙ 𝐸𝐿𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃
)

+ ((1 − 𝛼) ∙
𝐻2(𝑟)

𝑘
− 𝐻2𝑏𝑖𝑜) ∙ 𝐸𝐿𝐻2] 

(18) 

where 

𝑒𝑟𝑒𝑛𝑒𝑤 = 𝛿 ∙
𝑆 ∙ 𝐸𝑆𝑤

𝑃
+ 𝛽 ∙

𝑆 ∙ 𝐸𝑆𝑝𝑣

𝑃
 (19) 

𝑓𝑟𝑒𝑛𝑒𝑤 = 𝛿 ∙ 𝑓𝑤 + 𝛽 ∙ 𝑓𝑝𝑣 (20) 

𝐻2𝑏𝑖𝑜 = 𝛾 ∙
𝑆 ∙ 𝜂

𝑏𝑖𝑜

𝑃
 (21) 

with 𝛿, 𝛽, 𝛾𝜖{0; 1}  ∧  𝛿 + 𝛽 + 𝛾 = 1. 

In the next section it is shown how to apply the model in order to identify the mini-

mum emissions configuration of a green energy–steel system for a given site location. 

Moreover, results of numerical simulations and sensitivity analysis are presented. 

3. Model Application 

Figure 3 shows the procedure for applying the model in order to identify the mini-

mum emission configuration of the GESS considered. 

 

Figure 3. Procedure for applying the analytical model. 



Energies 2022, 15, 3324 11 of 22 
 

 

Once the site location for the GESS’s installation has been identified, the values of the 

variables 𝐸𝑆𝑤 , 𝐸𝑆𝑝𝑣 , 𝜂𝑏𝑖𝑜, 𝑓𝑔𝑟𝑖𝑑 can be obtained. It is also necessary to choose the electro-

lyzer technology to be adopted (𝐸𝐿𝐻2 ). From these data it is possible to evaluate the 

avoided emissions from the electricity grid for each of the renewable energy system alter-

natives considered (Equations (9)–(11)), and to identify the one that provides the highest 

contribution. Depending on the specific context, therefore, it is possible to identify which 

one among the variables 𝛿, 𝛽, 𝛾 should assume value 1, i.e., which one among the renew-

able energy conversion systems is considered to be installed. By choosing the liquid steel 

annual production capacity 𝑃, and the area 𝑆 to be dedicated to the installation of the 

renewable energy conversion system identified, it is possible to calculate the values of 

𝑒𝑟𝑒𝑛𝑒𝑤  (Equation (19)), 𝑓𝑟𝑒𝑛𝑒𝑤  (Equation (20)), 𝐻2𝑏𝑖𝑜  (Equation (21)), and finally 𝜑𝑟𝑒𝑛𝑒𝑤  

(Equation (16)). The share of available steel scrap with respect to annual requirements (𝛼) 

can be obtained by market analysis. By assuming the values of the variables 

𝑘,  𝑓𝐶𝐻4, 𝐸𝐿𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃
, 𝐸𝐿𝐸𝐴𝐹𝐷𝑅𝐼

, 𝐸𝐿𝐴𝑈𝑋 ,  𝑓𝐸𝐴𝐹𝑆𝑆𝐶𝑅𝐴𝑃
, 𝑓𝐸𝐴𝐹𝐷𝑅𝐼

, it is possible to calculate the value 

of the total emission function 𝜑𝑡𝑜𝑡 (Equation (16)) and to find the optimal value of the 

volumetric share of hydrogen in the reducing gas mixture to be adopted in the DRI pro-

duction process (𝑟), minimizing emissions.  

Figures 4 and 5 illustrate the results obtained from the numerical simulations carried 

out by calculating the avoided emissions in two scenarios corresponding to two different 

values of 𝑓𝑔𝑟𝑖𝑑 (corresponding to the 2019 Italian and French energy mix). In both cases, 

avoided emissions have been calculated for each of the energy system alternatives consid-

ered (Equations (9)–(11)) by varying specific electricity/hydrogen producibility values 

(𝐸𝑆𝑤 , 𝐸𝑆𝑝𝑣, 𝜂𝑏𝑖𝑜) with the aim of identifying the renewable energy conversion systems to 

be installed (Figure 3) to maximize avoided emissions.  

 

Figure 4. Results of numerical simulations in case of 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh. 

Results obtained in the case of 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh are shown in Figure 4. As 

can be observed, in this scenario, there are only two alternatives to choose from for the 

energy system configuration, i.e., wind turbines and poplar biomass cultivation (𝛿 = 1 or 

𝛾 = 1). In this scenario, installation of photovoltaic panels is never representative of the 

best alternative since photovoltaic emission factor (𝑓𝑝𝑣) is higher than the grid one (𝑓𝑔𝑟𝑖𝑑). 

For each site it possible to identify a point 𝑝 (𝐸𝑆𝑤 , 𝜂𝑏𝑖𝑜) located in a region of the plane 

characterized by an optimal solution, corresponding to the energy system configuration 
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to be adopted. If the point 𝑝 belongs to the line in the graph, the two energy conversion 

systems (wind, biomass) lead to the same environmental benefit. 

 

Figure 5. Results of numerical simulations in case of 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. 

Figure 5 shows the results obtained in case of 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. Differently 

to the previous case, the two alternatives to choose from in this scenario are wind turbines 

and photovoltaic panels (𝛿 = 1 or 𝛽 = 1). Although biomass cultivation always offers 

positive avoided emissions (it has a negative characteristic emission factor 𝑓𝑏𝑖𝑜; Equation 

(11)), it never results as the best alternative since significant avoided emissions are from 

the production of electricity from energy conversion systems. Additionally, in this case, 

depending on the 𝐸𝑆𝑤 , 𝐸𝑆𝑝𝑣values of the site under analysis, it is possible to identify a 

point 𝑝 of (𝐸𝑠𝑤 , 𝐸𝑠𝑝𝑣) coordinates, located in a region of the plane characterized by an 

optimal solution, corresponding to the energy system configuration to be adopted.  

According to the results obtained, it is noteworthy that the only scenario in which 

biomass cultivation could be the best alternative is the one characterized by 𝑓𝑔𝑟𝑖𝑑 =

0.04 kgCO2eq/kWh. This implies that the starting condition represented by a particularly 

“green” national energy mix is required to trigger a mechanism of synergic relations be-

tween green steel production and the supporting public infrastructure. Once the best so-

lution has been identified (Equations (9)–(11)), and the values of 𝑆 and 𝑃 have been cho-

sen, the values of 𝑒𝑟𝑒𝑛𝑒𝑤  (Equation (19)), 𝑓𝑟𝑒𝑛𝑒𝑤  (Equation (20)), 𝐻2𝑏𝑖𝑜  (Equation (21)), 

and 𝜑𝑟𝑒𝑛𝑒𝑤  (Equation (16)) are calculated (Figure 3). According to the results obtained 

(Figures 4 and 5), it is noteworthy that only in the scenario characterized by 𝑓𝑔𝑟𝑖𝑑 =

0.04 kgCO2eq/kWh, can the value of 𝜑𝑟𝑒𝑛𝑒𝑤  be negative, with biomass cultivation being a 

possible best alternative. 

Once the energy system has been optimally configured, it is possible to size the green 

steel plant (Figure 3). First, based on available market data, the maximum availability of 

recycled steel scrap must be identified (𝛼). The more recycled steel scrap that can be used 

to feed the EAF (i.e., as close as possible to a theoretical secondary route), the more the 

sustainable steel production is considered from an environmental point of view. In this 

way, a valuable resource (scrap) can be placed back into the production cycle, avoiding 

the consumption of energy and raw materials associated with the production of DRI. Fig-

ure 6 shows the trend of total emissions 𝜑𝑡𝑜𝑡 as a function of the 𝛼 variable in different 
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scenarios. The value of the remaining variables (i.e., 

𝑘,  𝑓𝐶𝐻4, 𝐸𝐿𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃 , 𝐸𝐿𝐸𝐴𝐹𝐷𝑅𝐼 , 𝐸𝐿𝐴𝑈𝑋 , 𝑓𝐸𝐴𝐹𝑆𝐶𝑅𝐴𝑃 , 𝑓𝐸𝐴𝐹𝐷𝑅𝐼) has been set according to Table 1.  

 

Figure 6. Trend of total emissions 𝜑𝑡𝑜𝑡 as a function of the volumetric share of hydrogen in the DRI 

reducing gas mixture 𝛼 scenarios considered. (a) Hydrogen production from biomass gasification 

and 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh . (b) Electricity production from wind turbines and 𝑓𝑔𝑟𝑖𝑑 =

0.04 kgCO2eq/kWh. (c) Electricity production from wind turbines and 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. 

(d) Electricity production from solar panels and 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. 

The scenarios have been built up according to the results obtained from the preview 

simulations. Electricity production from wind turbines (Figure 6b) and biomass cultiva-

tion (Figure 6a) have been considered in the case of 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh, and elec-

tricity production from wind turbines (Figure 6c) or photovoltaic panels (Figure 6d) in the 

case of 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. The trend of 𝜑𝑡𝑜𝑡 has been evaluated in the case of a 
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reducing gas consisting of only hydrogen (𝑟 = 1) or natural gas (𝑟 = 0). As can be ob-

served, in all cases, 𝜑𝑡𝑜𝑡 decreases as the value of 𝛼 increases. For this reason, it is advis-

able to maximize the value of this variable as much as possible (consistently with market 

availability) when sizing the green steel plant. It can also be observed that, in the case of 

national “green” electricity production ( 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh ), the value of total 

emissions is significantly lower than in the case of 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. Finally, it 

is noteworthy that, in the scenarios characterized by 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh, there is 

a significant gap between the emissions in the cases of 𝑟 = 1 and 𝑟 = 0. At 𝛼 = 0 and 

𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh, indeed, emissions at 𝑟 = 1 are about 125% higher than at 𝑟 =

0, while at 𝛼 = 0 and 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh, the difference is about 8%. This high-

lights the relevance of emissions generated by the supply of energy for hydrogen produc-

tion with respect to the GESS’s total emissions. It is, therefore, possible to observe how, in 

the presence of favorable infrastructural conditions (i.e., low value of 𝑓𝑔𝑟𝑖𝑑), synergies are 

generated and the production of steel using hydrogen is favored. 

After assigning (endogenous) or deriving (exogenous) values for all variables 

through the illustrated procedure (Figure 3), the objective is to identify the value of 𝑟 that 

minimizes the total emissions function 𝜑𝑡𝑜𝑡. It is not possible to predict whether the value 

of this variable should be minimized or maximized (as in the case of 𝛼, which should be 

maximized in all cases), since increasing 𝑟 generates the opposite effects in the contribu-

tions that constitute the total emissions function (Figure 7). 

 

Figure 7. Hydrogen demand 𝐻2(𝑟), natural gas demand 𝐶𝐻4(𝑟), and direct emissions 𝑓𝐷𝑅𝐼(𝑟) from 

the DRI production process as a function of 𝑟. Authors’ elaboration of data in [13]. 

As can be observed from Figure 7, the direct emissions from the DRI production plant 

(𝑓𝐷𝑅𝐼(𝑟)) and the demand of natural gas for the reducing gas (𝐶𝐻4(𝑟)) decrease as 𝑟 in-

creases, while the demand for hydrogen (𝐻2(𝑟)) increases. It is also possible to observe 

that the demand for hydrogen and methane reach the same value near to r = 0.5 and then 

the demand for hydrogen increases more than the demand for methane decreases. This is 

because hydrogen has a lower reducing power compared to methane. To this concern, 

Figures 8 and 9 show the trend of 𝜑𝑡𝑜𝑡 and its components (i.e., 𝜑𝑑𝑖𝑟𝑒𝑐𝑡 , 𝜑𝑁𝐺 , 𝜑𝑔𝑟𝑖𝑑 , 𝜑𝑟𝑒𝑛𝑒𝑤  

according to Equations (2), (3), (16) and (17)) as functions of the 𝑟 variable. 
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Figure 8. Trend of total emissions 𝜑𝑡𝑜𝑡 and its components (𝜑𝑑𝑖𝑟𝑒𝑐𝑡 , 𝜑𝑁𝐺 , 𝜑𝑟𝑒𝑛𝑒𝑤 , 𝜑𝑔𝑟𝑖𝑑) as a function 

of the 𝑟 variable in different scenarios characterized by 𝑓𝑔𝑟𝑖𝑑 = 0.04 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑘𝑊ℎ. (a,c) Hydrogen 

production from biomass gasification. (b,d) Electricity production from wind turbines. 

Additionally in this case, different scenarios have been built up according to the re-

sults obtained from the preview simulations. Figure 8 shows the results obtained in the 

case of 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh, and Figure 9 shows the results obtained in the case of 

𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. Electricity production from wind turbines (Figure 8b,d) and 

biomass cultivation (Figure 8a,c) have been considered in the case of 𝑓𝑔𝑟𝑖𝑑 =

0.04 kgCO2eq/kWh, and electricity production from wind turbines (Figure 9a,c) or photo-

voltaic panels (Figure 9b,d) in the case of 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh. As can be observed, 

the 𝜑𝑡𝑜𝑡 function decreases in scenarios with 𝑓𝑔𝑟𝑖𝑑 = 0.04 kgCO2eq/kWh (Figure 8), while 

it increases in scenarios with 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh (Figure 9). The values of emis-

sions observed in the first case (Figure 8a,b) are significantly lower than those observed 

in the second case (Figure 9a,b). As far as the contributions that constitute 𝜑𝑡𝑜𝑡 (Equation 



Energies 2022, 15, 3324 16 of 22 
 

 

(1)) are concerned, it is possible to observe that in all the scenarios considered (Figures 8 

and 9), 𝜑𝑑𝑖𝑟𝑒𝑐𝑡  and 𝜑𝑁𝐺  decrease as 𝑟 increases, while 𝜑𝑔𝑟𝑖𝑑  increases. The most signif-

icant difference is observed in the latter contribution. In Figure 8c,d, the maximum value 

of 𝜑𝑔𝑟𝑖𝑑(at 𝑟 = 1) is slightly below 100 kgCO2eq/tLS, while in Figure 9c,d, it is higher than 

600 kgCO2eq/tLS. This confirms that the emissions generated by electricity consumption 

for hydrogen production are significant and that, consequently, sustainable energy pro-

duction from the grid allows for green steel production. 

 

Figure 9. Trend of total emissions 𝜑𝑡𝑜𝑡 and its components (𝜑𝑑𝑖𝑟𝑒𝑐𝑡 , 𝜑𝑁𝐺 , 𝜑𝑟𝑒𝑛𝑒𝑤 , 𝜑𝑔𝑟𝑖𝑑) as a function 

of the 𝑟 variable in different scenarios characterized by 𝑓𝑔𝑟𝑖𝑑 = 0.327 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑘𝑊ℎ. (a,c) Electric-

ity production from wind turbines. (b,d) Electricity production from photovoltaic panels. 

Regarding the numerical simulations carried out to find the optimal value of 𝑟 min-

imizing the overall emissions from the GESS by varying 𝑓𝑔𝑟𝑖𝑑, it has been found that, for 
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any combination of values of the considered variables (Figure 2), overall emission func-

tion (𝜑𝑡𝑜𝑡) does not admit a minimum for any 𝑟 value.  

For specific values of 𝑓𝑔𝑟𝑖𝑑, indeed, the function has a monotonic trend; if it is mono-

tonically increasing, minimum emissions are obtained in the case of 𝑟 = 0 (e.g., 𝑓𝑔𝑟𝑖𝑑 =

0.22 kgCO2eq/kWh); if it is monotonically decreasing, minimum emissions are obtained in 

the case of 𝑟 = 1 (e.g., 𝑓𝑔𝑟𝑖𝑑 = 0.1 kgCO2eq/kWh). When the function is not monotonic 

(e.g., 𝑓𝑔𝑟𝑖𝑑 = 0.13 kgCO2eq/kWh), it does not show a minimum, which confirms that for all 

𝑓𝑔𝑟𝑖𝑑  values, minimum emissions are obtained in the cases of 𝑟 = 0 or 𝑟 = 1, and not in 

intermediate values (0 < 𝑟 < 1). From the results obtained (Figure 10), it can be observed 

that the feasibility of installing a hydrogen-powered steel plant (𝑟 = 1) is determined, 

from an environmental point of view, only by the 𝑓𝑔𝑟𝑖𝑑 value, i.e., by the way in which 

electricity is produced at national level. Additionally in this case, it can be observed that 

low 𝑓𝑔𝑟𝑖𝑑 values generate synergies in the GESS that allow the decrease of 𝜑𝑡𝑜𝑡 as the 

share of hydrogen produced increases ( 𝑟 ). The other variables considered (e.g., 

𝛼, 𝑒𝑟𝑒𝑛𝑒𝑤 , 𝑃, 𝑆, etc.) affect emissions in terms of absolute value, but do not influence the 

choice of DRI production mode (𝑟 = 0 or 𝑟 = 1). At 𝑟 = 0, there is no significant differ-

ence between the 𝜑𝑡𝑜𝑡 values recorded at the minimum and the maximum 𝑓𝑔𝑟𝑖𝑑 values 

considered. The situation is completely different at 𝑟 = 1, at which there is a very signifi-

cant difference between the values of 𝜑𝑡𝑜𝑡  at minimum 𝑓𝑔𝑟𝑖𝑑 and maximum 𝑓𝑔𝑟𝑖𝑑 con-

sidered. For example, in the case of electricity production from wind turbines (Figure 10b), 

at 𝑟 = 0, there is an increase of 13.18% from the 𝜑𝑡𝑜𝑡 value at 𝑓𝑔𝑟𝑖𝑑 = 0.01 kgCO2eq/kWh, 

compared with 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh, while at 𝑟 = 1, the increase is 324.6%. This 

confirms that electricity consumption for hydrogen production constitutes the most sig-

nificant share of total emissions and that, therefore, it is necessary to assess the feasibility 

of GESS installation according to the reference context. However, the results showed that 

steel production with alternative route (DRI–EAF), regardless of the component of the 

DRI reducing gas (𝑟), is environmentally favourable. At 𝑟 = 0, indeed, there is a signifi-

cant reduction in emissions compared to the BF–BOF route in each scenario, which can 

even become more significant in contexts where it is convenient to produce with only 

hydrogen (Figure 10). Referring to Figure 10b, it can be observed that 𝜑𝑡𝑜𝑡 values at 𝑟 =

0 are around 400 kgCO2eq/tLS, 83.34% less than the BF–BOF route, whereas at 𝑟 = 1, the 

minimum value recorded is 171 kgCO2eq/tLS, 90.5% less than the conventional alternative. 

It is noteworthy that even at the worst scenario, i.e., 𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh and 𝑟 =

1, the emissions are 726 kgCO2eq/tLS, 59.6% less than the primary route, thus proving the 

effectiveness of the DRI–EAF route. 

From the observation made on the trend of 𝜑𝑡𝑜𝑡 with respect to 𝑟 (Figure 10), it has 

been therefore possible to calculate the value of 𝑓𝑔𝑟𝑖𝑑 that makes equal the value of 𝜑𝑡𝑜𝑡 

at 𝑟 = 0 and 𝑟 = 1, called 𝑓𝑔𝑟𝑖𝑑” (Equation (22)). This is the maximum value of the grid 

emission factor at which it is environmentally convenient to install a hydrogen-powered 

steel plant (𝑟 = 1). The analytical expression of 𝑓𝑔𝑟𝑖𝑑” is 

𝑓𝑔𝑟𝑖𝑑”(𝑟) [
kgCO2eq

kWh
] =

(𝜑𝑑𝑖𝑟𝑒𝑐𝑡(1) + 𝜑𝑁𝐺(1)) − (𝜑𝑑𝑖𝑟𝑒𝑐𝑡(0) + 𝜑𝑁𝐺(0))

(𝐸𝑑𝑒𝑚𝑎𝑛𝑑(0) − 𝑒𝑟𝑒𝑛𝑒𝑤) − (𝐸𝑑𝑒𝑚𝑎𝑛𝑑(0) − 𝑒𝑟𝑒𝑛𝑒𝑤)
 (22) 

The expression in Equation (22) is a function of the variables 𝑓𝐶𝐻4 and 𝐸𝐿𝐻2. As the 

first variable is exogenous, the trend of 𝑓𝑔𝑟𝑖𝑑” has been studied as a function of the only 

endogenous variable 𝐸𝐿𝐻2 (Figure 11).  
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Figure 10. Trend of total emissions 𝜑𝑡𝑜𝑡 as a function of the 𝑟 variable in different scenarios char-

acterized by different 𝑓𝑔𝑟𝑖𝑑. (a) Hydrogen production from biomass gasification. (b) Electricity pro-

duction from wind turbines. (c) Electricity production from photovoltaic panels. 

As it can be observed in Figure 11, 𝑓𝑔𝑟𝑖𝑑” decreases as the electrical consumption of 

the electrolyzer increases. In the figure, electricity consumption of the main electrolyzers’ 

technologies is shown (vertical lines). To this concern, it is therefore possible to observe 

that for 𝐸𝐿𝐻2  characteristics of the solid oxide electrolyzer (SOEC) technology (4.5 

kWh/Nm3H2  [23]), currently developed on a lab-scale, the maximum value of 𝑓𝑔𝑟𝑖𝑑  at 

which a hydrogen-powered steelmaking plant can be installed ( 𝑓𝑔𝑟𝑖𝑑” ) is 0.155 

kgCO2eq/kWh. For the alkaline and anion exchange membrane (AEM) technologies, which 

have very similar average electricity consumption (around 5.7 kWh/Nm3H2  [23]), the 

value of 𝑓𝑔𝑟𝑖𝑑” decreases to approximately 0.122 kgCO2eq/kWh. Finally, for the polymer 

electrolyte membrane (PEM) technology (commercially available technology), which has 

the highest electricity consumption (6 kWh/Nm3H2  [23]), the value of 𝑓𝑔𝑟𝑖𝑑”  further 
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decreases to about 0.12 kgCO2eq/kWh. From the overall results obtained, therefore, it is 

possible to conclude that the installation of a hydrogen-powered steel plant (𝑟 = 1) is only 

feasible if supported by both technological innovations and supporting infrastructure. 

The choice of an electrolyzer characterized by low energy consumption and a national 

energy mix with a low environmental impact represent favorable conditions for the in-

stallation of a hydrogen-powered steel plant, thus allowing the decarbonization of the 

steelmaking sector. 

 

Figure 11. Trend of 𝑓𝑔𝑟𝑖𝑑” as a function of 𝐸𝐿𝐻2. 

4. Conclusions 

The objective of the present work was to develop an analytical model for the identi-

fication of the minimum emission configuration of a green energy steel production system 

(GESS) consisting of a direct reduced iron–electric arc furnace (DRI–EAF) route and a re-

newable energy system. The model allows to evaluate the feasibility of the installation of 

a hydrogen-powered steel plant, considering the site location of the system.  

Results of simulation carried out show that, regardless of the site location, the instal-

lation of GESS is a viable alternative for the decarbonization of the steelmaking process. 

Depending on the characteristics of the site, decreases in emissions ranging from 60% to 

91%, compared to the blast furnace–basic oxygen furnace (BF–BOF) route, can be ob-

tained. The GESS that offers the maximum reduction in global emissions compared to the 

BF–BOF route (91%) is in a site characterized by green energy mix ( 𝑓𝑔𝑟𝑖𝑑 =

0.01 kgCO2eq/kWh), whose energy system is dedicated to the cultivation of biomass for 

hydrogen production through indirect gasification. In this case, the best solution was 

identified at 𝑟 = 1, i.e., a DRI process totally fed by hydrogen. The configuration of the 

GESS that resulted as the least performing was characterized by less green energy mix 

(𝑓𝑔𝑟𝑖𝑑 = 0.327 kgCO2eq/kWh) and by the production of hydrogen from the cultivation of 

biomass in the energy system. In this case, the best solution was identified at 𝑟 = 0, i.e., a 

DRI process totally fed by NG. Although, in this case, the lack of electricity production 

from renewable sources results in a more significant amount of emissions, there are still 

significant savings compared to the BF–BOF route. From the analysis carried out, it was 

also shown that, depending on the reference scenario, the solutions that minimize the 

overall emissions of the system are those in which only hydrogen or only natural gas (NG) 

are employed in the DRI reducing gas (𝑟 = 0 or 𝑟 = 1), although the emission values 
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recorded in the case of hydrogen are significantly lower than in the case of NG. It indeed 

resulted that, for any combination of values of the variables considered, the overall emis-

sion function modeled does not admit a minimum for any r value. Emission factor from 

the national electricity proved to be the factor mainly influencing the choice between an 

all-NG or all-hydrogen system. The lower the value of this factor, indeed, the greener the 

energy mix employed at a national level and the more favorable the use of hydrogen in 

the steelmaking process. A low value of emission factor from the national electricity 

(𝑓𝑔𝑟𝑖𝑑 −  kgCO2eq/kWh) also makes environmentally convenient the production of hydro-

gen from renewable sources (i.e., biomasses) which has negative overall emissions. Fi-

nally, it has been observed that a further variable that significantly influences the environ-

mental feasibility of installing a hydrogen-powered steelmaking route is the electricity 

consumption of the electrolyzer (𝐸𝐿𝐻2 −  kWh/Nm3H2). To this concern, the maximum 

value of the grid emission factor at which it results as environmentally convenient to in-

stall a hydrogen-powered steel plant was studied as a function of the electrical consump-

tion of the electrolyzer. It was observed that, depending on the technology adopted for 

the electrolyzer, different upper-limit values of the emission factor from the national grid 

make the hydrogen steelmaking route the best environmental alternative. As the electrical 

consumption of the electrolyzer increased, a less than linear decrease in the upper limit of 

the emission factor was observed. 

The results achieved in this work are useful to deepen the understanding of the use 

of hydrogen in the steelmaking sector. The analytical model developed allows to under-

stand the influences of the characteristics of reference context on design choices and to 

identify some of the main criticalities at a system level. The main limitation of the present 

work is the exclusive consideration of the environmental aspect. Therefore, it will be ap-

propriate to extend the model in future studies to also include economic aspects, in order 

to investigate GESS configurations jointly minimizing emissions and production costs. 

Another limitation of the present work is that hydrogen and electricity storage systems 

are not considered. They could be useful to overcome the variability in energy production 

from renewable sources (i.e., wind and sun), thus ensuring availability of green energy 

for the green steel plant over time. Future studies may include these solutions in the en-

ergy system configuration as well as optimize emissions based on a local energy district, 

instead of a national one. In this way, the dynamics of the reference context would change, 

and the results obtained from the application of the model could be different. Further 

limitation of the present work is in the lack of application of the model to a real case study. 

Future studies may employ the developed model for the evaluation of environmental per-

formance of full- or pilot-scale systems.  
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