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Abstract. Replacing the bulk of grey hydrogen needed by industrial processes with a green one
is one of the challenges of energy transition. In this study, the problem is analyzed from the
perspective of a pre-determined amount of hydrogen to be delivered to hard-to-abate industries
(steel mills and chemical industries) and produced by a wind farm converted or specifically
installed for the scope. A hybrid configuration of the resulting energy system is figured out,
considering a wind farm of twelve utility-scale turbines (2.3 MW each, for a total of 28 MW) to
be coupled with alkaline-type electrolyzers, Li-lon batteries and a hydrogen storage system.
Moreover, it is assumed that the plant can also get energy grid in specific conditions, thus not
producing a 100% green hydrogen in transitory periods. Specific point of strengths of the
analysis are represented by the availability of several-year wind power production data, industrial
performance data for the electrolyzers, whose model also accounts for performance degradation
due to temperature, realistic operational constraints and variable efficiency. A battery aging
model is also considered. A techno-economic analysis for different plant configurations is
carried out with the aim of assessing how the systems performs form an economic and
environmental point of view. Results show that is feasible to feed the plant with a constant
hydrogen flow rate at a levelized cost of hydrogen (LCOH) of 4.95 €/kg with a green index (GI)
around 64%, while a configuration that may reach higher GI (70%) presents a higher LCOH
(5.26 €/kg).

1. Introduction

According to current estimates, the goals set by the European Union (EU) to reduce Greenhouse Gas
(GHG) emissions [1] would imply a 32% increase in Renewable Energy Sources (RES) consumption
by 2030, up to a 100% share in 2050 [2]. Within this framework, green hydrogen produced via water-
electrolysis from RES is expected to play a key role in the decarbonisation of energy systems, thanks to
its versatility as an energy vector able of converting, storing and releasing renewable energy for a wide
range of applications (e.g., power to gas [3], [4]). While the deployment of large-scale hydrogen systems
is globally gaining momentum as a mean to cope with RES unpredictability, hydrogen still finds
presently its main application as an industrial feedstock for heavy industries such as refining, ammonia,
steel and methanol production. World hydrogen demand for 2020 accounted for approximately 90 Mt,
mostly produced via low-cost production methods namely Steam Methane Reforming (SMR), oxidation,
and gasification, bearing in contrast the impressive environmental cost of around 900 Mt y* of CO; [5].
Concerning the deployment of a new hydrogen economy, the EU agenda has set some priorities, among
which the first one is to decarbonise the sectors that are already using hydrogen like the chemical
industry and industrial processes, i.e., the so-called Hard-to-Abate sectors. Such definition refers to any
sector for which the transition is not straightforward due to a lack of dedicated technology or to its
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prohibitive cost. From this perspective, hydrogen can represent a competitive alternative to the electric
vector. In particular, the steel industry emerges as one of the top three contributors to CO, emissions,
accounting for a remarkable share ranging between 4% and 7% of the global anthropogenic balance [6];
70% of GHG emission in the sector are directly dependent on the use of carbon (coal or coke) both as a
fuel and as a reductant [7]. A transition in ironmaking involving hydrogen has gained increasing
attention and lies in the coupling of electrification and use of hydrogen as reductant. Several projects
have recently been launched all over Europe for this purpose [8]-[11]. The basis of this approach is the
use of Hydrogen Direct Reduction of Iron ore (HDRI) coupled with Electric Arc Furnace (EAF). This
technology entails the potential of reducing steel production specific emissions in the EU by more than
35%, considering current grid emission levels [12]. In this context, innovative design and operation
strategies for dedicated green hydrogen production system become key. To date, the coupling of green
hydrogen hubs with different renewable energy sources has been addressed in literature, mainly
considering solar photovoltaics (PV) and wind energy systems. The case for hydrogen production from
dedicated wind farms is presented in several studies, both for offshore [13] and onshore configurations
[14], analysing the interaction of different electrolysis technologies with storage systems and power grid
connected plants. The most promising way to unlock the full potential of coupled wind energy and
hydrogen production involves large-scale systems. Techno-economic feasibility of utility-scale
applications is usually addressed via system optimization in terms of sizing and control having the
lowest Levelized Cost Of Hydrogen (LCOH) as the key driver [15], [16]. However, there is a gap in the
state of the art regarding the investigation of systems entirely dedicated to Hard-to-Abate sectors,
designed to supply the needed amount of green hydrogen to guarantee current production standards at a
sustainable environmental cost. This work in particular focuses on addressing the decarbonization of
steel industry via a dedicated green hydrogen plant conceived as a hybrid configuration. A wind farm
power plant is coupled with alkaline-type electrolyzers, Li-lon batteries, hydrogen storage system, and
an ancillary connection to the power grid. Building on a one-year power production dataset of a real
wind farm, a series of 14508 different layout configurations and component sizes is evaluated through
models that account for the real operating behavior of the considered technologies, such as electrolyzer
thermal degradation and battery aging. Annual simulations are carried out for all the study cases,
deriving the effect of some key size and performance parameters on two metrics, i.e., the standard LCOH
and a newly proposed one represented by the percentage of renewable energy contained in the produced
unit of hydrogen: Green Index (Gl).

The present work is organized as follows: firstly, the reference case study is outlined in the
materials and methods section followed by a description of the models adopted in the thermodynamic
simulation of the system; the main economic parameters are presented as well. Then, the “results and
discussion” paragraph reports the main outcomes obtained from the analysis of all possible system
configurations in the given size range. Based on the above, two system layouts of interest are then
identified for further economic evaluations: the one with the lowest LCOH value and a second one
representing the best compromise between a high Gl and a cost-effective system size. A detailed Net
Present Value (NPV) sensitivity analysis of the two systems is therefore carried out and the incentive
needed to make the most eco-friendly solution as attractive as the most cost-efficient one is quantified.

2. Materials and methods

The system considered in this study (Figure 1), is intended to produce a constant amount of hydrogen
using an electrolyzer stack powered by a wind farm or by the power grid when wind production alone
is not sufficient to satisfy the demand. The combined use of these two sources determines the final Gl
of the hydrogen produced, which is evaluated at the end of the simulation year as a comprehensive
metric of the decarbonization potential of the system. With the aim of making the most of the wind farm
production and reducing the amount of energy withdrawn from the grid, two types of storage can be
included in the system: a battery, upstream of the electrolyzer stack, and hydrogen tanks, at the end of
the production chain. A detailed description of each component is provided below.
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Figure 1. Hydrogen production system scheme
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2.1. Reference case study

2.1.1 Steel mill and green hydrogen request. A steel mini-mill has been considered as the final
consumer of green H; for this analysis. It is a new kind of industrial plant for steel manufacturing
characterized by lower production volumes and greater versatility. In the steel production process,
hydrogen can replace coke as reducing agent in a hydrogen direct reduction furnace to produce direct
reduced iron (DRI). Then, the DRI is fed to the electric arc furnace (EAF) to produce emission free steel
[17]. In this kind of plants, the EAF will likely be charged with equal shares of DRI and steel scrap to
be recycled, thus requiring 25 kg (or 278 Nm?q) of hydrogen per ton of output steel [18]. New small-
scale steel mills under development will have a relatively low annual yield down to 100 000 t/y [10],
meaning that the daily production will settle around 274 tons of steel. Under these conditions, the daily
hydrogen demand is approximately 76100 Nm?3, which corresponds to 3170 Nm?®h. The commercial
electrolyzer that is considered in this analysis, at rated conditions, produces 200 Nm?h per MW of
electric power. Hence, to satisfy the hydrogen request it is required at least an installed electrolytic
power of 16 MW.

2.1.2 Wind energy production. The renewable power fed into the electrolyzer is produced by a wind
farm. The wind dataset utilized in this analysis is derived from real power production data of a utility-
scale wind farm (WF) located in Greece, composed by six 2.3 MW onshore wind turbines. One year of
data coming from the SCADA system of the farm was kindly provided by the owner of the system
(Eunice Energy Group) with a time resolution of 10 minutes. For a capacity factor of around 30%, the
number of equivalent working hours corresponds to 2660 h/year. After a preliminary analysis and
cleaning of the dataset, power production was scaled up by a factor of 2 to meet appropriate power levels
for the required H2 production, reaching a total nominal power of 28 MW. Figure 2 compares the power
production output of the wind farm along the considered year (black line), with the required power level
of 16 MW to produce the hydrogen fixed demand (red line). The mismatch between the production and
the request is apparent and the potential benefit of an energy storage system can be argued.
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Figure 2. Power production of the WF and power request, highlight on lacking and surplus energy
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2.2. Models

2.2.1 Electrolyzer. An original model of an alkaline electrolyzer calibrated on a commercial device
produced by McPhy was employed to assess the hydrogen production capabilities of the system. Such
model considers combinations of three commercial module sizes (1, 2 and 4 MW [19]) to reach the
electrolytic power required by the simulation. Due to the intermittent operation that the module
undergoes, the model considers the variation of the conversion factor ¢ = Hj;q/(liq * Vop) » that
characterizes the electrolyzer, i.e., the conversion efficiency from electric power input to green hydrogen
output. The electric power required by the cell stack inside the electrolyzer module is given by the
product of operating voltage and current, linked by a polarization curve. The model considers the effect
of time and temperature: at each timestep, the model quantifies the voltage variation according to those
effects. In actual high current stack technology, time degradation causes an increase in the required
voltage per working hour while thermal degradation causes the same effect per each degree of cool
down with respect to rated conditions. For a detailed analysis of those effect considered by the models
see [20]. The model computes the electric power (P,;) that can be fed to the electrolyzer, according to
the current wind power production and the availability of the battery or grid support. At each timestep,
once the conversion factor is updated and the available power is estimated, the amount of hydrogen that
the stack produces is computed as H, = ¢ - P,;.

2.2.2 Battery. The battery model simulates the behaviour of a lithium-ion Battery Energy Storage
System (BESS) and is based on a previous study by some of the authors [21]. The main considered
parameters are the state of charge (SOC), limited to 15-95% to avoid harmful deep cycles, and the
charging rate (C-rate), limited to full charge in 1 hour (1C) and full discharge in 2 hours (2C). The BESS
represents a way to smooth the power fluctuations of the wind farm downstream the electrolyzer.
According to the current needs (charging or discharging), at each timestep the SOC is computed and the
charging and discharging efficiencies are affected by that. As a result of the technical limitations
imposed to the parameters, the control algorithm corrects the trend of SOC, the C-rate and the power
that is actually feasible to send to the electrolyzer from the battery. Thanks to the grid-supported
operation, the discrepancy between the renewable power produced by wind farm (both direct and stored
in BESS) and the goal power required to produce the set amount of green H; is provided by the electric
grid.

2.2.3 Tank. A simplified model of a storage hydrogen tank has been developed to assess the
convenience of including an energy storage downstream of the electrolyzer. This component allows the
electrolyzer to produce a hydrogen stream higher than the user request if the power provided by the
wind farm (or the battery) is high enough. The excess in hydrogen production is stored inside the tank
and can be released when the production capability from RES fails to meet end-user demand. H; is
considered to be stored at the same pressure level of the electrolyzer output (30 bar) and the tank
capacity is always quantified referring to the gas volume at normal conditions (i.e., at 0 °C and 10° Pa)
that can be contained. The model updates the amount of hydrogen stored inside the tank at each timestep
and the grid support is activated only when the electrolyzer is not able to produce the required flow
while the storage tank is empty. Figure 3 shows the trends of the battery SOC (blue line), the hydrogen
tank SOC (green line) and the power extracted from grid (yellow line) during a month of operation for
a configuration characterized by a 25 MW electrolyzer, a 30 MWh battery and a 150 kNm? tank. The
graph shows how the tank starts storing additional hydrogen when the battery is full, and an excess of
power is available. Before the activation of the grid support, the battery and the tank release their content
to support the constant hydrogen flow to the user.
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Figure 3. Tank and BESS SOC and electrical grid power request trend during a month of operation

2.3. Economic parameters

The LCOH is used to compare the economic viability of the different system configurations proposed.
It represents the average revenue per unit of generated hydrogen that would be required to recover the
costs of the system installation and operation during a lifetime (It), assumed equal to 20 years. LCOH is
calculated with equation ( 7/ ); i is the interest rate set at 6%; CAPEX is the sum of the capital
expenditures and OPEX is the sum of the operational expenditures, calculated with prices in Table 1. A
specific lifetime is considered for each component, after which the cost for the substitution is included
in the OPEX.

(1)

i+ (L CAPEX + OPEX

LCOH =

H2 prod

Table 1. CAPEX and OPEX of components

Component CAPEX OPEX Lifetime

Electrolyser 650 €/kW [22] 2.75% lo€/y [22] 10 years

Battery 117 €/kWh [23] 2.5% lo €/y [24] 10 years

H, Tank (30 bar) 460 €/kg [22], [25] 1% lo€/y [22] 20 years
WF electricity - 36 €/ MWh [23] -
Grid electricity - 108 €/ MWh [26] -

After using LCOH to evaluate the best system configurations, the net present value (NPV) of the system
is calculated. Its evolution over years (y) allows to evaluate the type of the investment considering
parameters such as payback time and profitability index. By doing this, different hydrogen sales prices
(Hprice) are assumed starting from Hyrice = LCOH. NPV is calculated with equation ( 2 ), considering as
cash flow the revenues from selling the hydrogen at the assumed price, minus OPEX

. (2)
NPV, = NPVy,_y + (Hz proa,y * Hprice — OPEX,))/(1 + ©)”

2.4. Green Index

Since the envisioned system processes electricity from both the wind farm and the power grid, it is
important to determine the percentage of “green” electricity that is turned into hydrogen. The Green
Index (GI) is computed as the ratio between the electrical energy coming from renewables and the total
energy converted into hydrogen GI = (Enyp + 0.36 * Eng.q)/Eny.. Referring to the Italian
electricity mix, the renewable share of grid electricity (Eng,4) is also taken in to account in the analysis,
representing 36% of the total [27].
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3. Results and discussion

This section presents the techno-economic assessment of the hydrogen production system considering
different combinations of storage and electrolyzer stack sizes. Building on a dataset of 14508 different
modelled configurations, the main results are hereafter presented. Electrolyzer stacks with a nominal
power ranging from a base case of 16 MW (minimum required to meet H> constant demand) to a
maximum of 28 MW (nominal power of the WF) were considered in the parametric analyses. First, a
system without any storage is considered as the baseline scenario. Then, the possible advantages of
storage systems are discussed.

Without any storage, the coupling of a 16 MW electrolyzer with the WF can feed hydrogen to the
steel mill with a GI of 62.77%. In this case, only the instantaneous power that the wind farm produces
can be exploited by the electrolyzer modules, and the electrical grid needs to satisfy the power gap when
the WF production is lower than 16 MW. Hydrogen produced in this way has a LCOH of 4.97 €/kg, in
line with current market prices of green H [28] . Table 2 reports the main technical assumptions and
capacity ranges considered for each component of the system.

Table 2. Technical assumptions of the main components of the system

Component Technical assumptions Capacity range
Variable Temperature (71°C nominal)
Electrolyzer Variable Voltage (1.91V initial) 16-28 MW
200 Nm3/MWh
15-95% SOC
Battery SOC dependent efficiency 0-30 MWh
0-100% SOC 3
H, Tank 30 bar 0-350 kNm

3.1. Hydrogen Tank
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Figure 4. GI (a) and LCOH (b) varying electrolyzer nominal power and tank capacity, no BESS installed

Figure 4 shows the effect of the tank and electrolyzer size variation on the final LCOH (Figure 4 (2))
and GI (Figure 4 (b)). Tanks able to store from 0 to 350 kNm? of H, were considered for the analysis.
When no tank is installed in the system (black lines), it appears unreasonable to power the electrolyzer
modules at more than 16MW since there is no possibility of storing the produced hydrogen exceeding
the steel mill demand. In this context, an increase in electrolytic power results in a linear increase in the
LCOH without any gain for the GI parameter. On the other hand, when a storage system is present, it is
convenient to install a higher capacity electrolyzer stack that may follow the power production peaks of
the wind farm. Larger electrolyzer sizes coupled with high storage tank capacities result in a Gl increase
from 63% to 70%. Above a certain tank size, the increment in Gl becomes negligible with respect to the
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increase in installation costs: storage capacities higher than 200 kNm? of H, do not result in a sensible
increment in the Gl (ca. 0.1%) while inevitably determine an LCOH increase of 10 c€/kg on average.
Figure 4 (b) shows minimums in LCOH because of the trade-off between higher initial investment and
lower hydrogen purchase costs: installing a higher electrolyzer power allows to buy more electricity
from the wind farm and less from the grid, thus reducing the total costs of producing hydrogen. To this
end, a bigger tank is also needed to store the hydrogen not immediately used by the steel mill. The
minimum shifts towards higher electrolyzer sizes when the tank capacity increases because an
electrolyzer configuration that can process higher peak power levels better exploits bigger tanks. Figure
4 (b) also shows that the configuration without tank is the cheapest and will be thus analyzed in further
detail in the following section.

3.2. Battery Energy Storage System (BESS)

Figure 5 shows the effect of BESS presence on the LCOH and Gl of the produced H.. Since no tank is
present, only an electrolyzer with a nominal power of 16 MW was considered, together with a BESS
capacity ranging from 0 to 30 MWHh. The green line shows that this solution can increase the GI of more
than 2 percentage points: from 62.78% with no BESS up to 65.13% when the largest considered storage
capacity is installed. BESS also allows to increase the exploitation of the cheaper electric power coming
from the WF, and this results in a decrease of the final LCOH for small battery sizes: the minimum of
the LCOH curve corresponds to a BESS capacity of 8 MWh. For larger BESS, the LCOH rises again
because the higher installation cost is no longer balanced by a significant increase in RES exploitation.
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Figure 5. LCOH and GI varying BESS Capacity, no Tank installed

3.3. Combined system

3D plots in Figure 6 show a comprehensive overview of the combined effect of the two considered
storage technologies (BESS and tank) on the LCOH (Figure 6 (a)) and Gl (Figure 6 (b)), for different
combinations of electrolyzer power and storage sizes. The size ranges defined for the parametric analysis
are hereafter summarized: BESS 0-30 MWh, tank 0-350 kNm?® and electrolyzer 16-28 MW.
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Figure 6. LCOH (a) and GI (b) indicators varying BESS Capacity, Tank Capacity and Electrolyzer Power
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The LCOH zones in Figure 6 (a) show that configurations with a small tank result in the lowest LCOH:
the combination of a 8 MWh BESS, no tank and a 16 MW electrolyzer is the most convenient one in
economic terms. Larger tanks inevitably have a negative impact on the LCOH but, when paired with
high power electrolyzers, may balance the higher installation cost: the last plane in Figure 6 (a) 28 MW
electrolyzer, is convenient to add a tank storage with a capacity around 200 kNm? to store the H, excess
produced during WF power production peaks. When the tank storage is present, the addition of BESS
leads to an increase in the LCOH, since the best compromise between the higher exploitation of the
renewable power and the initial investment for the storage system is reached yet considering the tank.
Figure 6 (b) shows that larger H; tanks, paired with electrolyzer modules with a large nominal power,
is the most effective way to increase the Gl of the final product: from less than 63% when the tank is
not present, up to 70% when a large tank is installed. When this solution is applied, the positive
contribution on Gl of a BESS system becomes negligible. Overall, the combination of large sizes of the
two kinds of storage systems results ineffective both in economic and environmental terms.

5.6 1 Tank Size [kNm?]
— 10 50 —— 100 =—— 200 —— 300
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5541 B i e
E : "
@ 5.3 1 ' = e
—_ s ‘-/"'——
5521 T i~
3 . . - BESS Size
5.1 4 [MWh]
—_—0
- 10
5.0 4 —
e 30
4.9 T T T T T T T T

63 64 65 66 67 68 69 70
Green Index [%]

Figure 7. LCOH value over GI varying BESS and tank size.

Figure 7 helps getting a better interpretation of the discussed results by presenting the different
behaviour of LCOH and GI indexes when varying both the tank and the BESS size included in the
system. It is apparent how the influence of a BESS size variation on the performance is more prominent
at low tank capacities, affecting both the economic and the environmental score (i.e., plotted lines for
10 kNm? storage system). On the other hand, for higher tank size values, it decreases its positive effect
ending up to negatively impact solely the economic results due to higher initial investment costs for the
oversized battery. It is also interesting to notice how the beneficial contribution of tank size variation on
the Gl ceases to be significant after the value of 200 kNm?®. Up to this value, curves of different colours
visibly shift to the right as the size increases, thus showing better performance for the GlI, thereafter the
translation becomes vertical, presenting only a significant increase in LCOH compared to a negligible
increase in Gl. This behaviour, as already mentioned in section 3.1, underpins the choice of the second
of the two configurations defined for the economic analysis as optimal for the GI factor.

3.4. Incentives evaluation on green hydrogen

Figure 8 (a) shows the net present value (NPV) trend in a period of 20 years for two configurations: the
most favorable in economic terms (blue lines) and a system layout identified as the best solution for the
highest Gl values (green lines) as anticipated in section 3.2. Four different selling prices were considered
for the produced H: 5.0, 5.1, 5.2 and 5.3 €/kg. The first configuration is characterized by the absence
of a hydrogen tank, an electrolyzer size of 16 MW and an 8 MWh capacity battery. Such combination
yields a GI of 63.88% and an LCOH of 4.95 €/kg. Even considering the lowest selling price, this
configuration allows to recover the initial investment after 16 years, decreased to 7 years in the highest
selling price scenario. The second configuration involves a large tank able to store 200 kNm? of H, and
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an electrolyzer power of 28 MW, BESS capacity is kept to 0 MWh. Due to the larger size of the
components, the investment cost of the second configuration is more than doubled compared to the first
one. This is reflected in a higher LCOH of 5.26 €/kg but also in a higher GI of 69.75%. From the plot it
is possible to derive that the “green” configuration can reach the revenues of the most economically
effective one if the selling price of hydrogen is ~0.3 €/kg higher, corresponding to the difference between
the two LCOH values. The NPV trend discontinuity occurring after 10 years of operation is due to the
imposed replacement of the technologies that have reached the end of their specified lifetime (i.e.
electrolyzer stack and battery).
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Figure 8. NPV evolution (a) and Incentive comparison (b) for optimal LCOH and GI configuration.

Compared to the current market price of grey hydrogen (~2 €/kg [28]), green hydrogen is still not
economically competitive. A suitable strategy to boost the penetration of such decarbonized fuel could
be based on incentives that reward producers on the percentage of green hydrogen on their final product
(e.g., the GI). A hypothetical “green rewarding” policy is summarized by equation ( 3 ): to the current
market price of grey hydrogen (Px2 marker) 1S @dded an incentive (Xinc) proportional to the GI.

3
PHZ green = PHZ market + Xinc * GI )

Figure 8 (b) compares the NPV evolution of the two configurations considered before. Due to proposed
incentives, this time the final selling price is different between the two and higher for the “green”
configuration. Four incentives levels were considered, starting from the incentive that allows the most
economically convenient configuration to recover the investment (4.6 €/kg). When it is incremented by
20% or more, the “green” configuration becomes more profitable than the first one. This analysis gives
an idea on the magnitude of incentive that could push investors to install storage technologies in this
kind of systems to increase the penetration of the renewable source and, consequently, the Gl of the
final hydrogen mix thus allowing for a significative decarbonization of the steelmaking industry.

4. Conclusions

The aim of this work was to assess the techno-economic feasibility of producing a constant flow of
hydrogen needed to match the demand of newly conceived and potentially carbon-free steelmaking
process relying on green hydrogen as a reductant (EAF-DRI). A hybrid operation of an alkaline
electrolyzer stack was considered modeling the exploitation of a locally available RES (wind energy)
supported by a grid connection to extract power from the grid when the local energy production is not
sufficient. Results show that the implementation of a storage system allows for a better exploitation
renewable energy, thus leading to lower production prices of the final product and higher percentages
of green fuel. The best combination in economic terms derives from the pairing of a BESS with an
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electrolyzer stack characterized by the minimum power level required. The lowest estimated LCOH by
this kind of combinations is around 4.95 €/kg, in line with green H» prices. The combination of a
hydrogen tank storage coupled with electrolyzers with higher power was instead proved as the most
effective way to improve the Gl in the final hydrogen mix, up to 70% with large tanks. However, the
parametric analysis has shown that, for tank sizes higher than 200 kNm?3, there is no sufficient gain in
Gl to justify the higher initial investment. Outcomes of the economic analysis have shown that, if the
hydrogen produced with the cheapest configuration is sold at 5 €/kg, the investment can be recovered in
around 16 years. Moreover, an incentive-driven scenario was also explored to assess the magnitude of
the subsidy that would make those configurations that reach higher GI competitive: if the green part is
subsidized more than 5.5 €/kg, configurations with large storages can become competitive. Future work
will explore scenarios with different final hydrogen requests. In addition, a better assessment of the
steelmaking process could be carried out to account also for the electric consumption from the electric
arc furnace. In that case, it could be possible to assess the share of renewables in the overall final energy
consumption, thus quantifying accurately the sustainability of steel production in a decarbonized
economy.
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