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In the present context of global decarbonization, the steelmaking sector plays a key role. It is indeed one of the so-called hard-to-
abate sectors. The high emissions from steelmaking depend on the use of the Blast Furnace-Basic Oxygen Furnace (BF-BOF) 
route, which generates 1.8 tCO2eq per ton of Liquid Steel (LS). The production of direct reduced iron (DRI) to power an electric 
arc furnace is currently the most adopted solution to achieve the decarbonization goals. This alternative, based on the use of natural 
gas, offers a decarbonization potential of about 34% compared to the BF-BOF route. The most promising alternative, however, 
consists of using electrolysis-based hydrogen (H2) to produce DRI. This solution would drastically reduce direct and indirect 
process emissions but requires a radical energy transition. In the current transition phase, waste-based H2 production routes could 
be attractive, but their potential need to be evaluated with respect to the steelmaking process. To this concern, the objective of the 
present work is to assess the decarbonization potential of three waste-based H2 production routes (i.e., gasification, incineration 
and anaerobic digestion-based) with respect to the electrolysis-based steelmaking route. An environmental analytical model was 
therefore developed to evaluate the total (i.e., direct, indirect, and avoided) greenhouse gases emissions associated with the 
production of 1 ton of LS by employing the different routes. A sensitivity analysis was also carried out to understand the benefit 
provided by each waste-based H2 alternative in the current energy transition phase. The results obtained confirmed the need for 
radical emission reductions from electricity generation to make electrolysis-based H2 production environmentally favorable and 
revealed a high decarbonization potential for waste-based routes in the current energy transition phase. 
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1. Introduction 

In the present context of strategies development to achieve net-zero emissions targets by 2050, the steelmaking 
sector plays a key role [1]. Steelmaking is indeed one of the so-called “hard to abate” sectors. They are industrial 
sectors (e.g., iron and steel, cement and concrete, chemicals, etc.) characterized by high energy demand, high process 
heat needs, chemical process emissions, and other features that make them inherently difficult to decarbonize [2]. 
Hard-to-abate sectors account for about 30% of global annual emissions [3]. Among them, steelmaking generates the 
second largest energy demand and the largest share of emissions (i.e.,7% of global emissions [4]) [5].  

The negative steelmaking environmental performance depend on the adoption in most plants worldwide (73.2% in 
2020 [6]) of the so-called Blast Furnace-Basic Oxygen Furnace (BF-BOF) route. It consists of three main phases: 
production of coke from hard coal; production of pig iron in the BF from coke, agglomerated and sintered iron ores, 
and coal; and reduction of pig iron’s carbon content in the BOF to produce liquid steel (LS) [7]. This steelmaking 
route relies on the use of C-bearing materials for both energy and chemical requirements, resulting in emissions of 
about 1.8 tCO2eq/t crude steel [8], and energy consumption of about 21 GJ/t crude steel (mainly from coke plant and 
BF) [9]. These values are not consistent with a decarbonized scenario. The demand for steel is indeed expected to 
grow to 2500Mt/y in 2050 [10], and continuing steel production through the BF-BOF route would lead to both direct 
and indirect negative environmental implications. Steel is indeed a feedstock for many economic sectors and the 
environmental performance of its production process generates benefits or negative impacts from a product life cycle 
perspective [8]. Although alternatives to reduce the environmental impact of the BF-BOF route have been investigated, 
(e.g., adopting a carbon capture utilization and storage system or employing biomass-based products instead of fossil 
coal [11]–[14]), it is necessary to find solutions that avoid the formation of pollutants and greenhouse gases and reduce 
the energy consumption of the overall production system.  

In this context, the most promising steelmaking route is the so-called secondary route. It consists of producing LS 
from an Electric Arc Furnace (EAF) fed by high-quality recycled steel scraps [7]. This route has emissions and energy 
consumption of about 0.126 tCO2eq/t crude steel [15]and 11 GJ/t crude steel, [9]respectively. The secondary route has 
a twofold benefit: on the one hand it allows reducing both energy consumption and emissions with respect to the BF-
BOF route, and, on the other hand, it allows end-of-life materials to be reintegrated into the production cycle, according 
to a circular economy perspective. Despite these benefits, this process has a main drawback related to the unpredictable 
and scarce availability of high-quality steel scraps. Although a break-even point between supply and demand for steel 
scraps is expected to be reached in the next ten years[16], it is estimated that 50% of steel production in 2050 will still 
come from the use of virgin material [16], [17].  

To overcome these limits, the Direct Reduced Iron (DRI)-EAF route is identified as the solution which at the same 
time ensures the availability of feedstock and the reduction of emissions by about 34% compared to the BF-BOF route 
[18]. It consists of producing DRI, i.e., a virgin raw material, to feed the EAF together with recycled steel scrap. DRI 
is a highly metallized solid obtained through the reaction at the solid state between iron oxides and hydrocarbon gases 
and/or C-bearing materials [19]. Currently, 92% of global DRI production occurs through the employment of 
hydrocarbon gases [20], i.e., mainly a mixture of H2 and CO obtained through Natural Gas (NG) reforming [15]. Due 
to the dual benefit provided, the NG-based DRI-EAF route is widely investigated in the scientific literature. To this 
concern, Béchara et al. identified process operating parameters (e.g., reducing gas composition) that minimize 
emissions through kinetic models and optimization techniques [21], [22]. Similarly, Sarkar et al. and Alhumaizi et al. 
optimized the process operating conditions from a thermodynamic point of view, and proved a reduction in energy 
requirement and emissions compared to the BF-BOF route [23], [24].  

Although the NG-based DRI-EAF route is the most promising alternative at commercial scale, further 
environmental improvements could be offered by employing the hydrogen (H2)-based DRI-EAF route. It consists of 
producing DRI by employing H2 only as reducing gas. The use of pure H2 in the DRI reducing shaft furnace allows to 
obtain almost exclusively water vapor as gaseous by-product, thus eliminating direct emissions. If H2 is produced by 
electrolysis (El) powered by renewable electricity (i.e., green H2), indirect emissions (i.e., scope 2 emissions with 
reference to the GHG protocol [25]) are also abated, resulting in an emissions reduction by 95–100% compared to the 
BF–BOF route [15]. Although this steelmaking route is the most environmentally favorable, it has a major drawback 
related to green H2 production. The adoption of green water electrolysis on a large scale (currently this technology is 
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developed on a small scale, i.e., TRL 9 [27]) faces major barriers, both from an economic and environmental point of 
view. It is noteworthy that electrolyzers have a high energy consumption (on average 6 kWh/Nm3H2 [28]) and large-
scale green H2 production would require an amount of renewable energy that is currently unavailable [29]. This implies 
the need for electricity supply from the national power grid, which would result in high indirect emissions. Indeed, it 
has been shown that, for mainly fossil-based national energy mixes, the H2-based DRI-EAF route generates higher 
overall emissions than the NG-DRI-EAF route [26]. As for the economic aspect, large-scale adoption of electrolyzers 
is very expansive due to high costs for renewable energy production and facilities installation [28]. To this concern, 
an energy transition is in progress to increase the availability and reduce the cost of energy from renewable sources 
[30]. This will allow large-scale installation of electrolyzers with benefits both from an environmental and economic 
perspective (e.g., economies of scale will be generated).  During this transition phase, it is needed to identify 
complementary H2 production routes that enable the production of low-carbon H2, thus accelerating the 
decarbonization process of hard-to-abate sectors.  

In this context, the so-called Waste-to-H2 routes are worth mentioning. They consist of treating waste (e.g., 
Municipal Solid Waste (MSW), wood, food waste) to obtain H2 as a primary product [31]. In this way, the production 
of low-carbon H2 and the valorization of waste are allowed at the same time, according to a circular economy 
perspective. H2 production through waste valorization can occur both from thermochemical (TRL 7 [27]) and 
biological processes (TRL 4-5 [27]) [31].  The most widespread thermochemical process is based on waste gasification 
followed by syngas reforming [32]. This route proves to be effective from an economic and environmental point of 
view [33]. A H2 production system based on MSW gasification is thermodynamically investigated in [34]. The authors 
find that, under the operating conditions considered, 3 kgH2/s can be produced. Similarly, Chang et al. and Li et al. 
investigated the operational parameters of gasification and the possibility of adding calcium oxide for maximizing H2 
concentration and yield  [35], [36]. An alternative thermochemical H2 production system is proposed by Rudra and 
Tesfagaber [37]. It consists of integrating a MSW gasification process with an incineration plant, which treats a share 
of MSW to produce the thermal energy required by the gasification unit [37]. Another interesting alternative is the so-
called Steam Biogas reforming (SBR) process. It consists of producing H2 from the reforming of the biogas obtained 
from the Anaerobic Digestion (AD) treatment of biomasses [38]. As in the case of gasification, this route proves to be 
effective in economic and environmental terms [39], [40]. As far as concerns the biological processes, the most 
relevant alternatives, i.e., biophotolysis, indirect photolysis, dark fermentation, photofermentation, and microbial 
electrolysis process are investigated by Sivaramakrishnan et al. [41].  

Although waste-based H2 production routes seem to be environmentally valuable, it is necessary to quantify their 
benefit provided with respect to the steelmaking process. To this concern, the objective of the present work is to assess 
the decarbonization potential of different waste-based H2 production routes with respect to the traditional H2-based 
steelmaking route, which uses the El process to produce H2. This process is identified as the El-DRI-EAF route. The 
considered waste-based H2 routes were MSW gasification followed by syngas reforming, MSW incineration to 
produce the electricity required by an electrolyzer, and SBR. An environmental analytical model was therefore 
developed to evaluate the total (i.e., direct, indirect, and avoided) greenhouse gases emissions associated with the 
production of 1 ton of LS by employing the different routes. A sensitivity analysis was also carried out to understand 
the benefit provided by each waste-based H2 alternative in the current energy transition phase. 

The rest of the paper is organized as follows: in section 2 the reference steelmaking system (i.e., El-DRI-EAF route) 
is illustrated together with the plant configurations of the waste-based H2 routes. In the same section, the developed 
analytical model is presented and the data for its numerical application are provided. In section 3 the results obtained 
from the application of the model and the sensitivity analysis are illustrated and discussed. Finally, in section 4, the 
conclusions of the present work are provided with some insights for future studies.  

2. Materials and methods 

In the current section, the plant configurations of the El-DRI-EAF route and the considered waste-based H2 routes 
are first provided. Then the analytical model developed, and the data used for its numerical application are illustrated. 
The configuration considered for the El-DRI-EAF route is illustrated in Fig.1. It is adapted from [42]. 



2754	 Micaela Vitti  et al. / Procedia Computer Science 232 (2024) 2751–27604 Author name / Procedia Computer Science 00 (2023) 000–000 

 

As it can be observed, the system consists of three main facilities: an electrolyzer for H2 production, a shaft furnace 
for DRI production, and an EAF for LS production. The process starts with the production of H2 by water electrolysis. 
To this end, by supplying electricity, the splitting of water molecules into H2 and O2 occurs at an assumed temperature 
of 70°C [42]. The produced H2 is then heated within a condenser thanks to the heat recovered by the gases leaving the 
shaft furnace at a temperature between 275°C and 400 °C [43]. Through the condenser, it is also possible to separate 
the H2 and water contained in the flue gases from the shaft furnace. The separated water is recirculated to the 
electrolyzer. The heated H2 is then conveyed to the shaft furnace, at the top of which preheated iron ores pellets are 
fed. In the shaft furnace, at an assumed temperature of 800°C, endothermic reduction reactions take place between the 
ores and the reducing gas. These solid-state reactions result in DRI with a minimum metallization degree of 94% [42]. 
The DRI is then melted within EAF, and LS is produced. It is noteworthy that the EAF can be fed with a variable 
share of recycled steel scraps. However, in the present work, a 100% DRI steelmaking route was considered.  

Fig. 2 shows the plant configurations of the waste-based H2 routes considered. 

 The first alternative is based on gasification of dried unsorted MSW followed by syngas reforming (Fig 2.a).  The 
configuration considered is adapted from [44]. As it can be observed, MSW first undergoes a direct gasification 
treatment. Direct gasification is an autothermal process [45] in which a carbonaceous material is transformed into 
syngas (i.e., a gaseous mixture mainly composed of H2, CO, CH4, CO2 and N2 [46]) in the presence of an oxidizing 
agent (i.e., O2) in substoichiometric amounts. Within a reformer reactor, the syngas is then subjected to a steam 
reforming reaction to increase its H2 and CO content. The reforming reaction, which is accelerated by Ni-based 
catalysts [47], is endothermic. To this concern, NG is burned in a combustor to provide the thermal energy needed to 
sustain the reaction. Next, gas mixture from the reformer is subjected to a water-gas shift reaction to increase its H2 
content. The water-gas shift reaction consists of reacting the CO obtained by the reforming reaction with water vapor 
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Fig. 1. Plant configuration considered for the El-DRI-EAF route. Adapted from [42] 
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Fig. 2. (a) Plant configuration considered for the Gas-DRI-EAF route. Adapted from [44]; (b) Plant configuration considered for 
the WtE-DRI-EAF route. Adapted from [44]; (c) Plant configuration considered for the SBR-DRI-EAF route. Adapted from [50]  
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and is conducted in two separate reactors, operating at a temperature of around 400°C and 200°C [48]. The resulting 
gas mixture, mainly composed of CO2 and H2, is then subjected to a purification (i.e., CO2 separation) process, 
typically within a pressure swing adsorption unit, and 99.99%vol pure H2 is obtained. This alternative, coupled with 
the DRI-EAF steelmaking route, will be referred to as the Gas-DRI-EAF route. 

The second alternative consists of employing an MSW incinerator to produce the electricity needed to power an 
electrolyzer (Fig 2.b). As it can be observed, the MSW first undergoes a combustion within the incinerator. During 
the combustion, the degradation of all combustible material contained in the waste occurs. The combustion process 
produces two main by-products, one in the solid state (i.e., the so-called bottom ashes), and one in the gaseous state, 
i.e., flue gases at a temperature of 1000-1100°C [49]. The flue gases, after being purified through a filter system, are 
conveyed to the stack, and released into the atmosphere. The thermal energy from the flue gases is used to generate 
steam in a boiler. The produced steam is used to produce electricity through a turbine connected to a direct current 
generator. Finally, the electricity produced is used to power the electrolyzer. This alternative, coupled with the DRI-
EAF steelmaking route, will be referred to as the WtE-DRI-EAF route.  

The third waste-based alternative is the SBR process (Fig. 2.c). The plant configuration considered is adapted from 
[50]. In this case, the biogas obtained from the AD of organic waste is for the main share (i.e., almost 74%) sent to a 
catalytic reformer, and for the remaining share to a combustor to provide the heat for sustaining the endothermic 
reactions occurring during the process. Within the reforming reactor, the biogas undergoes the so-called dry reforming 
process. It consists of reacting the biogas (mainly composed of CH4 and CO2) with water vapor to obtain syngas, 
mainly composed of H2 and CO. The obtained syngas then undergoes a water-gas shift reaction within the shift reactors 
operating at high and low temperature [51]. Finally, the gas mixture is subjected to a CO2 separation process using a 
membrane system, obtaining >99%vol pure H2. The gas obtained from the separation unit, containing unreacted CH4, 
is sent to the combustor, while the exhaust gas from the combustor is sent to the AD reactor to maintain the reaction 
temperature before being released into the atmosphere. This alternative, coupled with the DRI-EAF steelmaking route, 
will be referred to as the SBR-DRI-EAF route. 

The developed environmental analytical model aims to account for the total greenhouse gas emissions associated 
with each steelmaking route. Emissions were split into direct and indirect, following the guidelines of the GHG 
protocol [25]. In this regard, emissions generated by the facilities of the analysed plants were considered as direct 
emissions (see Figures 1-2) and emissions from electricity production and NG supply were considered as indirect 
emissions (i.e., emissions that are a consequence of the activity of the considered plants but are generated elsewhere). 
Emissions avoided through waste valorisation were also considered. It is noteworthy that the process of waste 
collection and transport, as well as water supply, were neglected in the calculation of total emissions.   

The developed model is expressed as the sum between the emissions from the steelmaking plant and the emissions 
from H2 production (eq.1). 

𝜑𝜑	 = 𝜑𝜑!"##$ + 𝜑𝜑%! (1) 

Where 𝜑𝜑!"##$	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡] are the total emissions associated with LS production (eq 2).  

𝜑𝜑!"##$ = 𝜑𝜑'()#*"$%""& + 𝜑𝜑(+'()#*"$%""& (2) 

𝜑𝜑'()#*"$%""&	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡] are the direct emissions resulting from DRI shaft furnace and EAF operation (eq 3).  

𝜑𝜑'()#*"$%""& =
𝑓𝑓,-.
𝑘𝑘 + 𝑓𝑓/01 (3) 

Where 𝑓𝑓,-.	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] are the emissions generated by the shaft furnace to produce 1 ton of DRI. 𝑘𝑘	[𝑡𝑡𝑡𝑡𝑡𝑡/𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] 
is the DRI need to produce 1 ton of LS. 𝑓𝑓/01	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡] are the EAF direct emissions. 

𝜑𝜑(+'()#*"$%""&	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡] (eq. 1) are the emissions associated with the energy consumption of plants. In the case 
of the analyzed steelmaking route, only electrical consumption was considered since no NG is used (eq. 4).  

𝜑𝜑(+'()#*"$%""& = 3
𝐸𝐸𝐿𝐿*2+!'()

𝑘𝑘 + 𝐸𝐸𝐿𝐿*2+!*+,5 ∙ 𝑓𝑓3)(' (4) 
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Where 𝐸𝐸𝐿𝐿*2+!'()[𝑘𝑘𝑘𝑘ℎ/𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡] and 𝐸𝐸𝐿𝐿*2+!*+,[𝑘𝑘𝑘𝑘ℎ/𝑡𝑡𝑡𝑡𝑡𝑡] are the electrical consumptions of the DRI plant and the 
EAF, respectively. 𝑓𝑓3)('	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑘𝑘𝑘𝑘ℎ]  is the emission factor of the national electricity grid. This parameter 
assumes a low value in case of a high share of renewable sources used for electricity production; on the contrary, in 
case of low share of renewable sources, it assumes high value. This variable is therefore an indicator of the progress 
of the current energy transition.  
𝜑𝜑%![𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡] are the total emissions associated with the operation of the H2 production facilities, depending on 
the considered route. They were calculated as the sum between direct emissions, 𝜑𝜑'()#*"-![𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡] , and 
indirect emissions, 𝜑𝜑(+'()#*"-![𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡]. Avoided emissions 𝜑𝜑452('#'-![𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑡𝑡𝑡𝑡𝑡𝑡]	were subtracted from 
this amount. (eq. 5). 

𝜑𝜑%! = 𝜑𝜑'()#*"-!
+ 𝜑𝜑(+'()#*"-!

− 𝜑𝜑452('#'-!
 (5) 

Direct emissions from H2 production were calculated according to equation 6. 
𝜑𝜑'()#*"-!

= 𝑓𝑓%! ∙ 𝐻𝐻&./ (6) 

Where 𝑓𝑓%!	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑁𝑁𝑚𝑚6𝐻𝐻&] are the direct emissions of the H2 production facilities and  𝐻𝐻&./	[𝑁𝑁𝑚𝑚6𝐻𝐻&/𝑡𝑡𝑡𝑡𝑡𝑡] is 
the amount of H2 required to produce 1 ton of LS. It is noteworthy that, according to the current guidelines, only non-
biogenic CO2 emissions were considered [52]. 

𝜑𝜑(+'()#*"-!
= (𝐸𝐸𝐿𝐿*2+!-! ∙ 𝑓𝑓3)(' + 𝑁𝑁𝐺𝐺*2+!-! ∙ 𝑓𝑓17/ ∙ 𝐺𝐺𝐺𝐺𝑃𝑃899) ∙ 𝐻𝐻&./ (7) 

Indirect emissions from H2 production were considered as the sum of the emissions generated by electricity supply 
𝐸𝐸𝐿𝐿*2+!-![𝑘𝑘𝑘𝑘ℎ/𝑁𝑁𝑚𝑚6𝐻𝐻&] from the national grid and the emissions generated from NG supply, assumed as Fugitive 
Methane Emissions (FMEs). FMEs are defined as CH4 emissions generated during the production, processing, and 
transportation of NG and they are calculated as a percentage (𝑓𝑓17/	[%]) of the total NG consumption of the process 
(𝑁𝑁𝐺𝐺*2+!	[𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑁𝑁𝑚𝑚6𝐻𝐻&]) [53]. To assess these emissions' environmental impact, methane's impact factor on the 
Global Warming Potential was considered with a time horizon of 100 years (𝐺𝐺𝐺𝐺𝑃𝑃899	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘]). 

𝜑𝜑452('#'-! = 𝑀𝑀𝑀𝑀𝑊𝑊%! ∙ 𝑓𝑓'(!:0/1 ∙ 𝐻𝐻&./ (8) 

Finally, avoided emissions from H2 production through a waste-based route were considered as the emissions 
avoided from landfilling of the valorized waste (eq.8). To this concern, the amount of MSW needed to produce H2 
𝑀𝑀𝑀𝑀𝑊𝑊%![𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑁𝑁𝑚𝑚6𝐻𝐻&] and the average emissions from the decomposition of 1 ton of MSW when landfilled 
𝑓𝑓'(!:0/1	[𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂&"#/𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘] were considered. 

In table 1 the data assumed for the numerical application of the developed model are illustrated.  

     Table 1. Data assumed for the environmental analytical model application. 

 𝑓𝑓!"# 𝑘𝑘 𝑓𝑓$%& 𝐸𝐸𝐿𝐿'()*!"# 𝐸𝐸𝐿𝐿'()*$%& 𝑓𝑓+,-. 𝑓𝑓/' 𝐻𝐻0() 𝐸𝐸𝐿𝐿'()**'  𝑁𝑁𝐺𝐺'()**'  𝑓𝑓&1$ 𝐺𝐺𝐺𝐺𝑃𝑃233 𝑀𝑀𝑀𝑀𝑊𝑊/' 𝑓𝑓.-*4+), 

El DRI 
EAF 

40  

[15]  

1.15 

[42]  

180 

 [15] 

100 

[15] 

753 

[42] 

0÷1 

[54] 

- 

453 

[42] 

6 [28] - 

3.5 [55] 32 [56] 

- - 

WtE 
DRI 
EAF 

3.9 [44]  - 0.07 [57] 4.64 [58] 

0.302 [59] 
Gas 
DRI 
EAF 

0.94 [44] 0.74 [57] 0.06 [57] 1.09 [58] 

SBR 
DRI 
EAF 

- 0.15 [60] - 4.6 [60] 
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3. Results and discussions 

 The results obtained from the numerical application of the model are reported in Fig.3a. The total emissions of the 
considered routes were evaluated in two scenarios (SCs) characterized by different energy mixes. To this end, 𝑓𝑓3)(' 
values of 0.08 kgCO2eq/kWh and 0.64 kgCO2eq/kWh  were considered in Scenario 1 (SC1) and Scenario 2 (SC2), 
respectively. These values are the average of two subsets of data obtained from [54]. The first one contains the data 
between the minimum and the fist quartile of the distribution. The second one contains the data between the third 
quartile and the maximum of the same distribution. [54] They therefore represent the average emission factors of the 
25% of countries with the best energy mixes and the 25% of countries with the worst energy mixes globally. 

As far as concerns SC1, the route with the worst environmental performance is WtE-DRI-EAF. Although this route 
offers high avoided emissions (i.e., 635 kgCO2eq/tLS), it has total emissions of 1450 kgCO2eq/tLS. This value is higher 
than the estimated emissions for the NG-based DRI-EAF route (i.e., 1.4 tCO2eq/tLS [18]). Therefore, this waste-based 
H2 production route does not support the decarbonization of the steelmaking sector. The second highest emissions in 
SC1 correspond to the Gas-DRI-EAF route (i.e., 616 kgCO2eq/tLS,). This value is 57.5% lower than WtE-DRI-EAF 
route. This depends on the reduction of direct emissions (i.e., 426 kgCO2eq/tLS vs 1767 kgCO2eq/tLS). In the case of 
the Gas-DRI-EAF route, indeed, a complete combustion reaction does not take place, generating a high-value gas 
stream. In this scenario, the traditional El-DRI-EAF route is very promising from an environmental point of view. 
Indeed, the total emissions are about 500 kgCO2eq/tLS, 65.5% and 64.4% lower than the total emissions of the WtE-
DRI-EAF the NG-based DRI-EAF routes, respectively. These results confirm that renewable-based energy mixes 
enable the large-scale the implementation of water electrolysis. In SC1, the SBR-DRI-EAF route offers the best 
decarbonization potential. Indeed, this route is based on the valorization of organic waste, avoiding non-biogenic 
carbon emissions. It also exploits the biogas produced to provide the necessary heat for the reforming reaction, not 
consuming fossil fuels. In addition, this route offers high avoided emissions, i.e., 629 kgCO2eq/tLS. These features 
make the SBR-DRI-EAF route the only one that offers a negative emission balance, i.e., -342 kgCO2eq/tLS. In SC2, 
an increase in the value of 𝑓𝑓3)(', generates a significant increase in total emissions in all cases (Fig.3a). The main 
difference from the previous case is in the emissions of the El-DRI-EAF route. In SC2, indeed, the El-DRI-EAF route 
offers the worst environmental performance. The total emissions are 2492 kgCO2eq/tLS, a higher value than the 
emissions of the BF-BOF route. On the contrary, the Gas-DRI-EAF and SBR-DRI-EAF routes offer a decarbonization 
potential even in this scenario. Therefore, the results obtained showed that waste-based H2 production is a viable 
alternative for the decarbonization of the steelmaking process and that the current energy transition process is the 

(a) (b)

SC
1

SC
2

Fig. 3. (a) Results obtained from the application of the model to two scenarios characterized by 𝑓𝑓+,-. values of 0.08 kgCO2eq/kWh and 0.64 
kgCO2eq/kWh, respectively; (b) Results obtained from the sensitivity analysis conducted with respect to the 𝑓𝑓+,-. variable. 
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condition for the implementation of large-scale electrolysis. To this concern, a sensitivity analysis was conducted to 
investigate the total emission function of each steelmaking route with respect to 𝑓𝑓3)('. This variable was chosen as 
representative of the progress of the energy transition. The results obtained from the sensitivity analysis are shown in 
Fig.3b, which helps to understand the variation in the results obtained in all intermediate scenarios. As it can be 
observed, the trends of the functions at the two ends of the graph correspond to the results shown in Fig.3a. To this 
concern, for 𝑓𝑓3)(' values lower than 0.139 kgCO2eq/kWh, the solution with the best environmental performance is the 
SBR-DRI-EAF route, followed by the El-DRI-EAF route and the Gas-DRI-EAF route. For 𝑓𝑓3)(' values higher than 
0.43 kgCO2eq/kWh, the El-DRI-EAF route results in the worst environmental performance, followed by the WtE-DRI-
EAF route and the Gas-DRI-EAF route. This sensitivity analysis was useful to understand the potential of the waste-
based routes in the current energy transition phase. Indeed, as pointed out, in a scenario of energy production from 
renewable sources, the steelmaking process can have a negative overall emissions balance (i.e., adopting the SBR-
DRI-EAF route). However, 75% of countries currently have an energy mix (i.e., a 𝑓𝑓3)('  value) which makes 
steelmaking unfavorable from an environmental point of view. In this scenario, waste-based H2 production routes 
represent a valuable alternative for decarbonizing the process. Indeed, it is possible to observe how, for 𝑓𝑓3)(' values 
between 0.139 and 0.44 kgCO2eq/kWh, steelmaking process can offer negative overall emissions using the SBR-DRI-
EAF route. For 𝑓𝑓3)('  values higher than 0.44 kgCO2eq/kWh, although no route achieves negative total emissions, 
waste-based H2 routes offer high decarbonization potential, compared to both the El-DRI-EAF route and the NG-
based DRI-EAF route. 

4. Conclusions 

The present work aimed to evaluate the decarbonization potential offered by different waste-based H2 production 
routes compared to the traditional El-DRI-EAF route. To this concern, the total (i.e., direct, indirect, and avoided) 
emissions of the El-DRI-EAF, WtE-DRI-EAF, Gas-DRI-EAF, and SBR-DRI-EAF routes were evaluated through an 
environmental analytical model. The results obtained from the application of the model in two scenarios characterized 
by a low (i.e., 𝑓𝑓3)('=0.08 kgCO2eq/kWh) and a high (i.e., 𝑓𝑓3)('=0.64 kgCO2eq/kWh) value of emissions from power 
generation, showed a significant difference between the emissions of the routes considered. To this concern, in the 
scenario characterized by a low 𝑓𝑓3)(' value, the El-DRI-EAF route was found to be beneficial from an environmental 
point of view. Indeed, it emerged as the second-best alternative after the SBR-DRI-EAF route, which offers negative 
total emissions. In the scenario characterized by a high 𝑓𝑓3)(' value, on the contrary, the El-DRI-EAF route was found 
to be the worst from an environmental point of view, with emissions greater than the BF-BOF route. Among the waste-
based H2 production alternatives, it was also observed that the WtE-DRI-EAF route does not offer decarbonization 
potential compared to the NG-based DRI-EAF route. Thus, the results obtained confirmed that energy transition is a 
key condition for enabling the decarbonization of hard-to-abate sectors. To this concern, a sensitivity analysis was 
conducted to observe the trend of the total emission functions with respect to the emission factor from the national 
power grid. The results obtained allowed to prove decarbonization potential of waste-based H2 production routes. 
They indeed allow for significant reductions in steelmaking process emissions even in contexts with unfavorable 
energy mixes. 

Although the developed methodology could be generally applied to any analysis on decarbonization of hard-to-
abate processes through H2 production, it has limitations. The first one is that biological routes for H2 production were 
not considered, as well as additional thermochemical routes. A further limitation is that no operational parameters for 
maximizing the efficiency of both H2 and LS production were investigated. Future studies can therefore deal with 
improving the developed model by including the evaluation of significant operational parameters and can apply it to 
different H2 and steelmaking routes. 
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