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Abstract

The decarbonization of energy-intensive industries is essential to achieve global green-
house gas emission reduction targets. Steel production, responsible for approximately
7% of global CO2 emissions, requires innovative low-carbon alternatives. One promis-
ing option is the use of renewable electricity and green hydrogen in the Direct Reduced
Iron (DRI) process. In this study, an integrated energy system to supply renewable elec-
tricity and hydrogen to a DRI-based steel plant is analyzed. The proposed network
combines two renewable power generation technologies (solar photovoltaic and on-
shore wind) with three complementary storage solutions (batteries, compressed hydro-
gen, and Liquid Organic Hydrogen Carriers (LOHCs)). A mathematical optimization
framework is developed to determine both the optimal sizing and operational strategy
of the system. The methodology is applied to the provinces of mainland Spain as a case
study. Results highlight the critical role of integrating multiple generation and storage
technologies to ensure a continuous supply of electricity and hydrogen. They also re-
veal a strong dependence on geographical location for design and technology selection,
driven by variations in renewable resource availability. The energy cost per ton of steel
is estimated at 500–600 €/t. It exceeds five fold current costs but is expected to decline
significantly with future technology improvements. Hence, these integrated renewable
systems are regarded to be a technically feasible and economically competitive option
in the future. Overall, it represents a key enabler for the deep decarbonization of the
steel sector.
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1. Introduction

The reduction of greenhouse gas (GHG) emissions has been established as one of
the primary global objectives to mitigate the impacts of climate change (Allen et al.,
2018). In this context, increasing the use of renewable energy sources and promoting
electrification have been identified as key decarbonization strategies. These strategies
are already technically and economically viable for several sectors, including buildings,
light-duty transportation, industrial synthesis, cooling, heat pumps, etc. (International
Energy Agency, 2020). However, certain hard-to-abate sectors remain difficult to fully
electrify. A significant example is steel production. It is regarded as a highly energy-
intensive process that requires elevated temperatures and a chemical reducing agent.
Then, direct electrification represents a challenge. This sector is responsible for approxi-
mately 7% of global GHG emissions (International Energy Agency, 2021). Traditionally,
Blast Furnace (BF) technology combined with Basic Oxygen Furnace (BOF) has been
the dominant steelmaking route worldwide. This process uses coke as both a fuel and
reducing agent. It leads to significant process-related CO2 emissions (Climate Action
Tracker, 2024). Consequently, decarbonizing steel production has emerged as a critical
priority in the broader effort to achieve deep industrial emission reduction.

At this stage, Direct Reduced Iron (DRI) using hydrogen has emerged as a promis-
ing pathway for the decarbonization of the steel industry (Jeong and Zhang, 2025). One
of the key advantages of hydrogen is its ability to act as reducing agent while elimi-
nating direct CO2 emissions. In this approach, iron ore is reduced with hydrogen in a
shaft furnace. Then, resulting solid iron is subsequently processed in an Electric Arc
Furnace (EAF) to produce liquid steel (Pawelec and Fonseca, 2022). The combination of
these two technologies creates new opportunities for integrating steel production with
renewable energy systems. Hydrogen can be produced via water electrolysis powered
by renewable electricity. Likewise, EAF power can be provided the same way. Both
strategies enable a fully renewable and low-carbon steelmaking route.

The design of the DRI process has been extensively studied in recent years to assess
its technical and economic feasibility under different operating conditions. In Vogl et al.
(2018), a conceptual DRI process design was proposed. Hydrogen was produced via
water electrolysis, and the influence of key parameters such as electricity price, hydro-
gen excess, and the fraction of scrap utilization in the EAF was systematically analyzed.
Similarly, Rosner et al. (2023) investigated the use of both natural gas and hydrogen
for different stages of the steelmaking process. The study included the shaft furnace,
reformer heating, hydrogen preheating, and ladle heating. Their study also considered
the option of electric hydrogen preheating, enabling a detailed techno-economic evalu-
ation of multiple fuel configurations for steel production. Furthermore, Immonen et al.
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(2025) compared various electrolysis technologies (solid oxide electrolysis cell, proton
exchange membrane electrolysis, and alkaline electrolysis) as well as different process
configurations (recycling or not steam from the shaft furnace to electrolysis) and en-
ergy recovery strategies from EAF off-gases. Bhaskar et al. (2020) developed a mass
and energy balance model for the DRI-EAF process. Electrolyzer efficiency significantly
impacts energy consumption. However, although hydrogen storage was conceptually
included in their flowsheet, it was not incorporated into the mass balance calculations;
moreover, the dynamic operation of the electrolyzer was not considered, nor was the
system operation optimized. These studies provide valuable insight into the DRI-H2

process fundamentals. However, they focus primarily on process design and do not
address the integration with variable renewable energy sources or the optimization of
system operation.

The hydrogen-based DRI process requires large amounts of both electricity and hy-
drogen (Shahabuddin et al., 2023). However, relying exclusively on renewable energy
introduces several operational challenges, as the electrification of industrial processes
is closely linked to the availability and variability of renewable resources (Baldea et al.,
2025). Current projections indicate that the dominant renewable generation technolo-
gies will be solar photovoltaic and wind power. Both of them present strong temporal
variability. This intermittency contrasts sharply with the continuous and stationary op-
eration that has traditionally characterized steel manufacturing processes. Hydrogen
storage is another critical issue to ensure process stability. Its low volumetric energy
density, challenging storage conditions, and material compatibility issues pose signifi-
cant technical barriers (Rasul et al., 2022). Conventional storage methods such as com-
pression and liquefaction require demanding operating conditions, leading to high en-
ergy consumption, increased investment, and safety concerns, including boil-off losses
in the case of liquefaction (Abdin et al., 2021). In this context, Liquid Organic Hydrogen
Carrier (LOHCs) systems have emerged as a promising alternative for hydrogen storage
(Lin and Bagnato, 2024). These systems use aromatic organic liquids to store hydrogen
through a catalytic hydrogenation reaction. Then, they release it via endothermal de-
hydrogenation. LOHCs offer key advantages, including ambient-condition storage and
the potential reuse of existing oil infrastructure (Niermann et al., 2019). A comparative
study by Narayanan et al. (2022) evaluated liquefaction, LOHCs, and compression for
hydrogen storage. The hydrogen infrastructure was optimized to meet both electric and
non-electric demand. Their findings suggest that while compression is more suitable for
short-term storage, LOHCs and liquefaction technologies are better positioned for long-
term energy storage applications. In Andersson (2021), LOHCs have been proposed
for hydrogen storage in the steel production process. Several candidates were evalu-
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ated with a preliminary thermodynamic and economic analysis. Integration opportu-
nities were identified with steel production technologies and compared against other
conventional hydrogen storage options. Eveloy et al. (2024) explored the use of inter-
continental LOHCs import from regions with high renewable availability. An ASPEN-
based process modeling framework was employed, and LOHCs transportation costs
were accounted for. Several scenarios were proposed combining different strategies:
LOHCs-based hydrogen transport, on-site electrolysis production, heat integration be-
tween LOHCs and steel processes, and different electricity sources with varying carbon
intensities. The results demonstrated that hydrogen import via LOHCs combined with
the availability of low-cost heat can be economically competitive. It provides evidence
that LOHCs may be regarded as a promising solution for steel production. However,
the optimization of the on-site design and operation was not addressed. These findings
indicate that effective integration of renewable hydrogen production with steel process
requires a combination of storage technologies operating at different time horizons. LO-
HCs emerge as a strong candidate for seasonal storage and compressed hydrogen for
shorter-term balancing.

Several works have addressed the integration of renewable energy with steel pro-
duction through different modeling and optimization approaches. Table 1 provides a
comparative summary of these works. In Elsheikh and Eveloy (2022) a stationary-based
model was used to perform mass and energy balances with hourly electricity genera-
tion and price and PV generation data for Seville. The modeling was subsequently
extended in Elsheikh and Eveloy (2023) to include cavern hydrogen storage, heat inte-
gration and part-load electrolysis operation among other elements. Five geographical
locations with different wind and solar renewable characteristics were simulated us-
ing a case-based heuristic energy management strategy. Significant emission abatement
relative to natural gas DRI-EAF was reported; however, the installed renewable and
electrolysis capacities were varied parametrically rather than optimized and hydrogen
storage capacity is prefixed, which may lead to suboptimal hydrogen storage config-
uration. At the same time, instant transitions for electrolyzer are assumed. Fuhrlaen-
der et al. (2025) applied a heuristic-based approach with hourly time-series data for
the simulation of different operating strategies for hydrogen-based steel production. A
base case scenario was provided in which grid electricity supplied the steel process, the
electrolyzer and the EAF. Two additional cases were then proposed in which hydrogen
production was maximized and electrical load on the upstream power system was min-
imized, respectively. These strategies achieved a significantly lower upstream power
load. However, hydrogen storage was not modeled on-site, and no design or operation
optimization was performed.
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Regarding optimization-based approaches, Devlin et al. (2023) carried out a linear
programming (LP) optimization with hourly data resolution to determine the optimal
capacity of a DRI steel plant coupled with hydrogen electrolysis, batteries and com-
pressed hydrogen storage. The optimization outputs were subsequently processed with
Machine Learning techniques to extend the cost assessment to over 300 locations world-
wide. Nevertheless, their formulation omitted binaries and as a consequence technol-
ogy selection decisions and operational constraints such as mode transitions were not
captured. As a result, costs had to be represented using fixed parameters, limiting
the models’ ability to reflect discrete choices and operational flexibility. Similarly, Tok-
tarova et al. (2021) employed LP optimization to size the steel process, electrolyzer, and
compressed hydrogen storage equipment, analyzing the influence of hourly electricity
prices on investment. However, binary variables were also omitted in their formula-
tion, ignoring technology selection and operation mode constraints. Dautel et al. (2024)
formulated a mixed-integer linear programming (MILP) model to optimize a hydro-
gen supply chain. They used battery and compressed hydrogen as storage technolo-
gies. Binaries were only introduced in the formulation to decide the transportation
mode. However, neither operational modes nor storage selection were addressed. Fi-
nally, Stolte et al. (2026) proposed the use of medium-grade iron ore to produce green
steel. They combined Genetic Algorithm (GA) with MILP optimization. An optimiza-
tion loop was proposed where GA was used to set equipment capacity and MILP to
optimize hourly dispatch. However, global optimality is not ensured due to the non-
simultaneous nature of the optimization, and no technology selection is performed.

In the case of renewable-based industrial processes, it is essential to analyze both de-
sign and operation, since operational behavior plays a critical role in the correct sizing
of units and to capture the dynamics of storage systems. The use of a MILP optimiza-
tion has been widely adopted for this type of system. It enables the simultaneous opti-
mization of process design and operation, while rigorously accounting for technical and
operational constraints. Moreover, MILP provides solutions within an optimality gap
under linear assumptions. Numerous studies in the literature demonstrate the effec-
tiveness of MILP-based approaches for similar applications. Zhang et al. (2015) evalu-
ated the operation of air separation by cryogenic distillation using a MILP optimization
framework. They explored its interaction with the grid since the process is highly sen-
sitive to fluctuations in electricity prices. 10-20% cost reductions were achieved. Similar
approaches have been applied to other Power-to-X processes. In the case of ammo-
nia production, Allman et al. (2019) analyzed wind power generation and ammonia
synthesis coupling. A methodology was proposed that reduces computation time for
simultaneous design and operation problems. For methanol, Svitnič and Sundmacher
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Table 1: Comparative summary of existing studies on renewable energy integration with steel production

Work Methodology Strength/Uniqueness Limitations

Elsheikh and Eveloy (2022) Hourly operating strategy
and sizing methodology.

Dynamic operation with
hourly data from electricity
market and PV pannels as
energy source.

No hydrogen storage consid-
ered. Sizing and operation
were done for a single loca-
tion and were not optimized.

Elsheikh and Eveloy (2023) Hourly operating strategy
and sizing methodology.

Dynamic operation with
hourly data from electricity
market and PV/WTs as en-
ergy source. Five locations
analyzed.

Sizing and operation were not
optimized. Cavern hydrogen
storage prefixed.

Devlin et al. (2023) LP optimization (hourly data)
+ Machine Learning.

Assessment of energy and
steel production cost for mul-
tiple locations. Accounted
for iron ore availability. Bat-
tery and compressed hydro-
gen storage.

LP formulation: No technol-
ogy decision nor operating
mode constraints. No long-
term hydrogen storage tech-
nology.

Fuhrlaender et al. (2025) Time-series heuristic simula-
tion.

Use of alternative energy
management strategies to
operate steel production
plants and integration with
upstream power generation
systems.

Hydrogen storage not mod-
eled. No plant design nor op-
eration optimization.

Toktarova et al. (2021) LP optimization (hourly
data).

Electricity price analysis for
two locations.

Other energy storage or long-
term hydrogen storage op-
tions are not considered. LP
formulation: No technology
decision nor operating mode
constraints.

Dautel et al. (2024) MILP optimization (hourly
data).

Supply chain optimization.
Transport mode selection.
Compressed hydrogen and
battery storage.

No long-term hydrogen stor-
age. No technology decision
in the optimization nor oper-
ating mode constraints.

Stolte et al. (2026) MILP optimization (hourly
data).

Two-stage design and oper-
ation optimization. Com-
pressed hydrogen and battery
storage.

No long-term hydrogen stor-
age. Global optimality is not
ensured (non-simultaneous
optimization).

(2022) examined an integrated process configuration that includes waste heat recovery
and energy storage systems, such as thermal storage and LOHCs systems. In the pro-
cess industry, operational flexibility has also been studied in more traditional sectors.
For example, Germscheid et al. (2023) investigated copper production under uncertain
electricity prices using stochastic programming. The economic advantages of partici-
pating in the intraday electricity market were highlighted and 2–6% profit increase was
reported.

Despite these advances, several gaps remain in the literature regarding the optimal
design and operation of renewable energy systems for green steel production. As sum-
marized in Table 1, three main limitations can be identified. First, to the best of the
authors’ knowledge, no MILP formulation has been proposed that simultaneously opti-

6



mizes process design and operation for this application. The introduction of binary vari-
ables for technology selection and for enforcing operational constraints (such as mode
transitions) is essential to capture the discrete nature of these decisions. Second, most of
the existing studies predominantly rely on short-term storage technologies such as com-
pressed hydrogen or batteries or in cavern hydrogen storage that may be unavailable.
Other long-term alternatives such as LOHCs are generally not considered. As demon-
strated in Narayanan et al. (2022) and Eveloy et al. (2024), different storage technologies
serve complementary roles at distinct time horizons, and their combination can improve
both reliability and cost-effectiveness. Third, although geographical variability is some-
times considered, studies either use LP formulations, leading to suboptimal technology
dispatch, or apply MILP without simultaneous optimization of process design and op-
eration.

Therefore, in this work, the design and scheduling optimization of an integrated
energy system that supplies green electricity and hydrogen to a DRI alternative steel
production plant is evaluated. The proposed installation integrates solar photovoltaic
and onshore wind power as the primary renewable electricity sources. These are com-
bined with multiple energy storage technologies to ensure a reliable supply. Batteries
are included to balance, mainly, daily power fluctuations; however, their limited capac-
ity to address seasonal variability requires complementary long-term storage solutions.
Hydrogen plays a dual role in the system. First as a feedstock for the DRI steelmaking
process. Additionally as an energy storage solution coupled with a fuel cell to pro-
duce electricity during periods of low renewable generation (Griffiths et al., 2021). For
hydrogen storage, both compression and LOHCs systems are evaluated. These corre-
spond to short-term and long-term storage horizons, respectively. Although large-scale
hydrogen liquefaction could serve as another alternative, its high capital cost, complex
operating conditions, and significant energy inefficiencies make it less attractive in this
context. Furthermore, LOHCs systems offer the additional advantage of reusing exist-
ing liquid fuel infrastructure. Consequently, liquefaction is excluded from the scope of
this study.

The remainder of this paper is organized as follows. Section 2 describes the energy
generation and hydrogen storage systems considered, as well as the mathematical for-
mulation used for the optimization framework. Section 3 outlines the steel production
requirements and their integration with the proposed energy system. Section 4 presents
and discusses the main results of the design and scheduling analysis, including techni-
cal and economic assessments. Finally, Section 5 summarizes the key conclusions.
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2. Process description and model formulation

In this section, steel production process and energy and hydrogen production and
storage systems are introduced. Then, the MILP model is formulated for optimal design
and scheduling.

2.1. Process description

The production of DRI with hydrogen has been proposed as a key pathway for de-
carbonizing the steel sector. In this process, iron ore is fed to a shaft furnace, where
hydrogen acts as the reducing agent to produce sponge iron. The resulting product
is then transferred to an EAF, where is melted using electricity. In some cases, scrap
metal can also be added to the EAF, reducing the demand for primary iron ore. The
main outputs of the process are liquid steel and slag (Vogl et al., 2018; Rosner et al.,
2023). This production route requires large amounts of renewable electricity and hy-
drogen, which must be supplied reliably to ensure continuous operation. Since steel
manufacturing typically operates under steady-state conditions, the integration of re-
newable energy sources must be carefully designed to guarantee a stable supply for the
alternative DRI–EAF steelmaking process.

This work proposes an integrated, self-sufficient energy system designed to sup-
ply both the electricity and hydrogen required for the steelmaking process (the general
scheme is depicted in Figure 1). The system integrates two primary renewable energy
sources: photovoltaic solar and onshore wind. To support renewable generation, sev-
eral energy storage technologies are incorporated. These include battery systems and
hydrogen storage through compression and LOHCs. While batteries and compressed
hydrogen are well suited for short to medium-term storage, LOHCs technology is par-
ticularly advantageous for long-term energy storage. Compression and battery systems
have been already identified as reliable solutions for integrating renewables into indus-
trial operations (Schrotenboer et al., 2022). The rationale for combining these three stor-
age technologies is based on their complementary operational characteristics. Batteries
offer high round-trip efficiency and fast response. However, the high associated invest-
ment and volume typically limit their capacity in industrial-scale applications (Kebede
et al., 2022). Compressed hydrogen storage provides greater operational flexibility to
the system, enabling fast storage and release of surplus hydrogen. Nevertheless, it re-
quires high-cost pressure vessels that constraint its economic viability for large storage
volumes, and its round-trip efficiency is reduced compared to batteries due to compres-
sion energy losses (Narayanan et al., 2022). Finally, LOHCs systems offer comparable
energy density to compressed hydrogen at significantly lower storage costs and are par-
ticularly suited for seasonal energy storage, as they allow ambient storage conditions
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Figure 1: Energy and hydrogen storage superstructure. WT: Wind turbines; PV: Photovoltaic panels; BC:
Battery charge; BD: Battery discharge; EL: Electrolyzer; FC: Fuel cell; C: Combustion; CP: Compression; DCP:
Decompression; LOHC-H: LOHC hydrogenation; LOHC-DH: LOHC dehydrogenation.

and benefit from fast reactor start-up dynamics (Gambini et al., 2024; Bollmann et al.,
2023). However, its overall storage efficiency is lower than compression due to ther-
mal energy required for dehydrogenation (Prieto et al., 2025). The MILP formulation
presented in Section 2.2 simultaneously optimizes the technology selection, allowing
the model to include or discard a specific technology, sizing, and hourly dispatch of all
three technologies, rigorously accounting for the specific operational constraints of each
one.

Several LOHCs systems have been proposed in the literature (Niermann et al., 2019).
In this work, two specific systems are considered: N-ethylcarbazole (LOHC1) and an
indoles mixture composed by 1,2-dimethylindole with 7-ethylindole (LOHC2). The se-
lection of these candidates is based on previous studies (Prieto et al., 2025). There, eco-
nomic, environmental, and safety indicators were evaluated to identify promising hy-
drogen storage options. At this point, comparing LOHCs systems with different physic-
ochemical and techno-economic characteristics (such as reaction conditions, CAPEX
and OPEX, storage capacity, and raw material price) allows for a more comprehensive

9



understanding of their potential for large-scale deployment.

Table 2: Energy and hydrogen production, storage and utilization technologies.

Technology Input Output

PV pannels (PV) Solar radiation Power

Wind turbines (WT) Wind speed Power

Water electrolysis (EL) Power Hydrogen
Water Oxygen

Fuel cell (FC)
Hydrogen Power

Air Heat
Water

Combustion (C) Hydrogen Heat
Air Water

Battery Charge (BC) Power Energy

Battery Discharge (BD) Energy Power

LOHCs hydrogenation (LOHC-H)

Hydrogen

LOHC-Hn
LOHC-H0

Power
Heat

LOHCs dehydrogenation (LOHC-DH)
LOHC-Hn LOHC-H0

Power Hydrogen
Heat

The possibility of storing hydrogen and converting it back into electricity is also ex-
plored in the proposed system. For this purpose, a Solid Oxide Fuel Cell (SOFC) is
incorporated into the network. This technology is particularly suitable for the integra-
tion with LOHCs based hydrogen storage. LOHCs primarily rely on thermal energy
for the dehydrogenation reaction. The exhaust heat from the SOFC can be effectively
integrated to supply part of that required for hydrogen release (Preuster et al., 2018). If
additional heat is needed, hydrogen combustion is introduced as an additional support
option. It is important to note that, unlike other resources, thermal energy is not stored
in the proposed system. By combining these technologies, an integrated generation and
storage superstructure for power and hydrogen is proposed. Table 2 summarizes the
different technologies included in the system, detailing their respective input and out-
put resources.
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2.2. Model formulation

An integrated design and scheduling optimization formulation is developed to de-
termine the optimal sizing and operation of the facility that supplies renewable electric-
ity and hydrogen to the steel production process. The model builds upon the framework
proposed by Zhang et al. (2016), incorporating the necessary modifications to address
the specific characteristics of this problem. A brief overview of the modeling approach
is provided here, while the complete mathematical formulation is presented in the Sup-
porting Information. The proposed model adopts a multiscale temporal framework, in
which the annual planning horizon is divided into a set of arbitrarily defined seasons.
The duration of each season may vary, enabling an accurate representation of seasonal
fluctuations in renewable resource availability. In this study, a one-year horizon is con-
sidered, with seasons defined on a monthly basis and an hourly time resolution within
each period. Although this formulation provides flexibility in representing temporal
dynamics, no temporal aggregation is applied, thereby preserving the full temporal
granularity of the optimization problem. A cyclic scheduling strategy is applied within
each season, while inventory carryover is allowed between seasons to capture long-
term storage dynamics, which are crucial for seasonal balancing. From an operational
perspective, each process unit is represented by four operating modes (off, startup, on,
and shutdown) subject to minimum residence time constraints in each mode. The sys-
tem must simultaneously meet two distinct demands (electricity and hydrogen) at ev-
ery time by optimally coordinating the available generation and storage technologies
within the network.

The model’s constraints are divided into three areas.

(1) First, those relating to the material and energy balances of the different processes
within the network. The basic equation for the network’s operation is as follows:

Qjht = Qjht−1 +Bjht − Sjht +∑
i

ρijPiht ∀ j, h, t ∈ Th (1)

In this equation, the quantity of resource j stored at time t in season h is de-
noted by Qjht. The variables Bjht and Sjht represent the amounts of resource j

consumed and discharged, respectively. The term Piht denotes the production or
consumption of the reference resource associated with process i. Finally, the pa-
rameter ρij specifies the conversion factor that relates resource j to the reference
resource of process i.

(2) The production of the reference resource in process i is limited by the correspond-
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ing plant capacity (Ci):

Piht = ηihtCi ∀ i ∈ {PV,WT}, h, t ∈ Th (2)

Piht ≤ ηihtCi ∀ i ∈ I ∖ {PV,WT}, h, t ∈ Th (3)

The parameter ηiht represents the time-dependent process capacity, which is par-
ticularly relevant for variable renewable technologies such as wind and solar
power generation. In these cases, the effective capacity depends not only on the
nominal plant size but also on resource availability. Specifically, ηiht is determined
from solar irradiance and ambient temperature (Sánchez and Martín, 2018; Hlal
et al., 2019), or from wind velocity (de la Cruz and Martín, 2016), for each time pe-
riod and location. Other restrictions relating to processing and storage capacities,
as well as the amount of resources introduced, have also been incorporated. See
Supporting Information.

(3) Related to the mode operation constraints, each process can operate in four dis-
tinct modes: off, startup, on, and shutdown. The binary variable yimht indicates
whether process i is operating in mode m during season h and time period t. If a
process is active, one operating mode must be assigned:

∑
m∈Mi

yimht = xi ∀ i, h, t ∈ Th (4)

The set Mi denotes the collection of admissible operating modes for process i.

(4) Another important restriction within the proposed network is that relating to the
maximum variation in capacity within the same operating mode. This maximum
variation is limited by a given amount (∆̄max

im ) as shown in the following equation:

− ∆̄max
im −M(2 − yimht − yimh,t−1) ≤ P imht − P imh,t−1

≤ ∆̄max
im +M(2 − yimht − yimh,t−1) ∀ i, m ∈Mi, h, t ∈ Th

(5)

The variable P imht represents the amount of reference resource that is consumed
or produced by process i when operating in mode m during season h and time
period t. Additional restrictions in terms of feasible transitions and minimum
stay time periods are also implemented.

(5) Finally, some continuity constraints are also included to ensure the feasible tran-
sition between seasons. A cyclic scheduling structure is imposed; consequently,
the initial operating mode of each season must coincide with its final mode. Fur-
thermore, the state at the end of one season must be identical to the state at the
beginning of the subsequent season.
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The objective of this work is to meet a given electricity and hydrogen demand (Dj,h,t)
using the different proposed technologies (including storage systems).

Sjht =Djht ∀ j ∈ Ĵ , h, t ∈ Th (6)

The objective function of the optimization problem is defined as the total operating
cost (OC) of the system:

OC = ∑
i

∑
m∈Mi

∑
h

∑
t

Jimht +∑
i

σi (δixi + γiCi)+

σj (QLOHC0,1,0 +QLOHCn,1,0

MWLOHC0

MWLOHCn

)CLOHC0+

∑
j∈Ŝ

(αj x̄j + βjCj) +∑
i

∑
j

∑
h

∑
t

ξijρijPiht

(7)

The objective function accounts for the operating costs of both production processes
and storage. The process-related cost is divided into three components. The first term,
Jimht, encompasses all operating expenses unrelated to capital investment, such as raw
materials and utilities. The second component of Equation 7, represented by the last
term in the first line of the equation, captures the operating costs associated with the ini-
tial investment, including capital charges and maintenance (Sinnott and Towler, 2019).
A linear approximation of the capital cost of the processes with the proposed capacity
is assumed. The LOHCs inventory is also incorporated (second line of the objective
function), considering the initial storage amount of LOHCs. Likewise, the storage cost
is expressed through two components. The first term (in the third line of the equation)
corresponds to the amortization of capital cost, also approximated linearly. The second
term reflects the operating and maintenance costs of storage, represented by the last
term in the third line.

The set of equations in the model results in a mixed integer linear optimization pro-
gramming problem (MILP). It has been implemented in Julia using the JuMP package
and solved with Gurobi. An optimality gap of 1% is set.

3. Case Study: Steel Production

To assess the potential integration of the proposed renewable energy and hydrogen
system with steel production, a representative steel manufacturing plant is selected as
a case study. Specifically, the analysis focuses on the steel sector in Spain, where several
BF–BOF and EAF facilities are currently in operation, producing crude steel. For the
purposes of this work, a typical EAF facility is considered, with a representative pro-
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duction capacity adapted for hydrogen-based DRI production (Pawelec and Fonseca,
2022). Typical values for hydrogen and electricity consumption for these systems are
used. In the case of electricity, the demand includes not only the Electric Arc Furnace
(EAF) itself but also other auxiliary energy requirements within the plant, such as hy-
drogen preheating, shaft furnace operation, and iron ore heating (Yadav et al., 2021).
The specific parameters and consumption values adopted are summarized in Table 3.
Moreover, to simulate a more restrictive operating scenario and emphasize the impor-
tance of continuous power supply, no scrap usage in the EAF is assumed. Finally, the
steel production process is modeled under steady-state operating conditions.

Table 3: Steel production energy and hydrogen requirements.

Parameter Value Reference

Plant capacity 1⋅ 106 ton/y (Pawelec and Fonseca, 2022)

Hydrogen consumption 51 kgH2/ton (Yadav et al., 2021; Vogl et al., 2018)

Energy consumption 1.26 kWh/ton (Yadav et al., 2021; Vogl et al., 2018)

This work evaluates the integration of an integrated electricity and hydrogen pro-
duction facility with a steel manufacturing plant, based on the data presented in Table
3. The optimization model described in the previous section is applied to determine the
optimal design and operational strategy of such a system. The analysis focuses on the
implementation of this concept in Spain, considering all provinces of mainland Spain
(48 regions in total). These regions exhibit significant spatial variability in renewable
energy potential. This leads to notable differences in the cost of electricity and hydro-
gen generation. Assessing these variations enables to identify the locations with the
most favorable energy cost profiles for steel production. Furthermore, this assessment
provides valuable insight into whether existing steel production sites are located in the
emerging renewable energy landscape. This allows a comparative evaluation between
retrofitting existing facilities and constructing new plants in locations with lower energy
costs. In addition, this formulation supports strategic planning for a cost-effective and
sustainable steel sector transition.

The parameters required for the proposed model were collected from various
sources. Meteorological data were obtained from public databases (Davis et al., 2023;
European Commission, 2025). For the battery system, charging and discharging ef-
ficiencies, as well as cost parameters, were sourced from Gonzalez-Castellanos et al.
(2020) and Allman et al. (2019). Data related to hydrogen production were based on a
PEM electrolyzer, following Sánchez et al. (2022), while operational parameters for the
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SOFC fuel cell were taken from Peters et al. (2016). Finally, the parameters for LOHCs
systems were selected from previous work on the area (Prieto et al., 2025). For the sake
of brevity, details of the parameters used were included in the Supporting Information
file.

The aim of this work is to minimize the total operating costs of an integrated hydro-
gen and energy system to supply both resources to a typical steel mill. A broad range
of scenarios is covered, as optimization is carried out across a considerable number of
regions, each one considering its individual solar and wind profiles. As introduced
before, the MILP formulation is solved with a 1% optimality gap, ensuring that the ob-
tained solutions are within 1% of the global optimum. Nevertheless, several intrinsic
and extrinsic factors may influence the final process design and operation, such as tech-
nological improvements, cost variations, regulatory constraints or land availability. It
is not the purpose of this work to quantify their effect, but given the nature of the for-
mulation, the model can be easily adapted for these and other situations. This would
simply require including additional design or operational constraints or modifying cost
and/or performance parameters.

4. Results

This section is divided into two. First, the results related to the operation of re-
newable energy generation and the integration with energy storage technologies are
included. Then, the techno-economic analysis is presented for different case studies.

4.1. Operation Results

In this section, the operational characteristics of the proposed integrated facility for
supplying green electricity and hydrogen to a steel production plant are evaluated. Al-
though 48 provinces in Spain were analyzed in this study, for the sake of brevity, the
discussion focuses on three representative locations to illustrate the performance of the
system under different renewable energy conditions. The selected provinces are Cór-
doba, A Coruña, and Guadalajara. Córdoba was chosen due to its high solar energy
potential, A Coruña for its strong wind resource, and Guadalajara as a balanced case
combining both solar and wind resources. The optimized capacities for each process
and storage technologies are summarized in Table 4. The scheduling results are pre-
sented for representative weeks in both summer and winter to capture seasonal vari-
ations. These results are shown for the two LOHCs systems evaluated in this work.
Hence, they provide insight into their operational flexibility and integration with re-
newable energy availability.
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Figure 2: Electricity scheduling results in the province of Córdoba for the system with N-ethylcarbazole as
LOHC

Firstly, Figure 2 shows the scheduling results for electricity production and demand
when using N-ethylcarbazole as LOHC in the province of Cordoba. The figure illus-
trates the contributions of different energy sources: wind and solar generation, along
with two electricity storage technologies, battery storage and hydrogen fuel cells. Ad-
ditionally, the electricity demand profile and the total electricity output from the inte-
grated facility are represented. In this southern Spanish location, solar energy repre-
sents the primary renewable source. This exhibits a clear diurnal pattern characterized
by high renewable generation during midday and no production at night. Wind en-
ergy provides a smaller share (approximately 25%), with a more dispersed temporal
distribution. During summer, solar availability is significantly higher. Peak power out-
puts of around 3000 MW each day and extended periods of generation are found. It is
also worth highlighting that solar energy requires a larger installation area compared
to wind to supply the same amount of electricity and hydrogen. Energy storage plays
a crucial role in ensuring that electricity demand is met over all year. As shown in
the figure, during certain hours, particularly at night, 100% of the electricity demand
is covered by the storage systems. The contribution from the battery system is lim-
ited by its installed capacity of 360 GJ (100 MWh) and a maximum charge/discharge
rate of 10 MW. These maximum capacities are considered based on typical values for
battery systems (Kebede et al., 2022). Across all evaluated provinces, this capacity is
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fully utilized, highlighting that battery performance is constrained by its storage vol-
ume. Consequently, the remaining stored electricity is supplied by the stored hydrogen
(compressed or LOHCs) using the fuel cell system. This technology provides greater
capacity flexibility to balance generation and demand.
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Figure 3: Electricity scheduling results in the province of A Coruña for the system with indoles mixture as
LOHC

Another key aspect in the operation of these facilities is the excess electricity gen-
eration in some periods, as illustrated in Figure 2. This phenomenon is particularly
pronounced during the central hours of the day, when solar power output reaches its
peak. According to the optimization results, it is economically more favorable to curtail
the surplus electricity produced during these periods than to store it, due to the high
storage costs. In Córdoba, the total amount of electricity produced but not used on-site
over the whole year is equivalent to 4.8 times the plant’s electricity demand. This value
is strongly influenced by the distribution of wind and solar resources in the region.

To further explore this effect, Figure 3 presents the electricity scheduling profile for
A Coruña. There, wind energy accounts for approximately 56% of total electricity gen-
eration. In this location, wind power is abundant but exhibits no clear temporal pattern,
unlike solar energy. The maximum power output reaches around 2000 MW in both win-
ter and summer weeks. This is significantly lower than in Córdoba, where peak values
of up to 5000 MW are reached, particularly in summer. During nighttime, when no
solar generation occurs, electricity demand is met through wind generation or storage
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systems. Conversely, during periods with low wind availability, storage systems are
required to supplement solar energy to maintain supply. As in Córdoba, electricity sur-
plus also occurs in A Coruña. This especially found during midday when both solar and
wind generation overlap. However, the magnitude of this surplus is significantly lower,
approximately 1.9 times the total plant’s electricity demand over the year. It is less than
half the surplus observed in Córdoba. This clearly indicates a relationship between the
renewable energy mix and the amount of excess electricity generated. Solar energy, with
its predictable day/night cycle but high seasonal variability, demands from renewable
generation capacity oversizing to ensure supply security throughout the year. In con-
trast, wind energy, despite being more stochastic, exhibits lower seasonal variability. In
the end, it reduces curtailment. This behavior also impacts storage system sizing. As
shown in Table 4, A Coruña, characterized by the highest wind availability, requires
the smallest hydrogen and LOHCs storage capacities among the evaluated provinces.
For example, for LOHC1, when compared with Córdoba, the hydrogen storage capacity
decreases by 388%, and the LOHC storage capacity by 45%. This illustrates how the re-
newable energy profile directly affects infrastructure requirements and investment cost.

Table 4: Process and storage capacities for three selected provinces and the two LOHC system: N-
ethylcarbazole (LOHC1) and the indoles mixture (LOHC2)

LOHC1 LOHC2

Cordoba Coruña Guadalajara Cordoba Coruña Guadalajara

Solar PV (km2) 20.36 9.78 10.82 22.48 9.95 10.92

Wind Turbines (km2) 4.37 2.87 3.46 5.43 2.86 3.75

Battery (MW) 10.00 10.00 10.00 10.00 10.00 10.00

Electrolyzer (MW) 1000.00 923.56 1000.00 1000.00 926.16 1000.00

Fuel Cell (MW) 154.11 157.19 157.19 152.92 154.22 153.80

H2 Combustion (MWt) 0.00 2.99 0.66 30.19 38.25 1.66

LOHC Hydro (kg H2/s) 0.31 1.37 0.92 0.72 1.96 1.61

LOHC Deshydro (kg H2/s) 3.01 3.89 2.74 1.36 3.19 2.86

Electricity Battery (GJ) 360.00 360.00 360.00 360.00 360.00 360.00

Hydrogen (t) 1000.00 204.88 391.82 1000.00 242.99 338.07

LOHC0 (t) 117301.42 80376.18 117242.18 118363.23 102929.84 118312.65

LOHCn (t) 123000.00 84465.72 123000.00 123000.00 107054.55 123000.00

Another essential aspect to understand and evaluate the design and operation of
these facilities is the hydrogen production, consumption, and storage performance. Fig-
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ure 4 illustrates the hydrogen flow in the system for the province of Guadalajara. The
hydrogen produced by the electrolyzer, consumed by the fuel cell, and stored or re-
leased through the two storage alternatives (compressed hydrogen and LOHCs-based
storage) are represented. The operation of the electrolyzer is strongly correlated with
the availability of renewable energy. Maximum hydrogen production typically occurs
during the central hours of the day. This is when solar and wind generation are the
highest. The Figure 4 clearly highlights the differences between summer and winter
operation. In summer, the electrolyzer operates at maximum capacity for extended pe-
riods. This is driven by the more intense solar resource, whereas in winter, its operation
is significantly reduced. In both Guadalajara and Córdoba, the maximum allowed elec-
trolyzer capacity of 1 GW is reached during these peak production periods while in
A Coruña lower capacities are set. When hydrogen production can exceed immediate
consumption, the surplus is stored through two distinct pathways: compression and
LOHCs hydrogenation. Compressed hydrogen provides greater operational flexibil-
ity. It enables short-term balancing that closely follows the fluctuations in renewable
generation. In contrast, the LOHCs storage option is better suited for seasonal energy
storage. As shown in the Figure 4, hydrogenation of the LOHCs occurs primarily in
summer, coinciding with high electricity generation. In winter, dehydrogenation of the
LOHCs releases hydrogen to supply both the plant’s hydrogen demand and power de-
mand using fuel cell. Finally, as previously noted in the electricity scheduling results,
the hydrogen fuel cell plays a crucial role in maintaining energy supply during periods
of low renewable generation. This is particularly evident at night, when solar produc-
tion is zero and wind availability is reduced. During the winter week presented, this
effect becomes even more pronounced. Entire periods are shown where both electricity
and hydrogen demand at the steel plant are fully supplied by storage systems.

To evaluate the influence of solar and wind availability on hydrogen system oper-
ation, Figure 5 presents the hydrogen scheduling results for A Coruña. Compared to
Guadalajara and Córdoba, notable differences can be found. In A Coruña, where wind
is the dominant renewable resource, hydrogen production via water electrolysis reaches
similar peak levels in both summer and winter. This reflects the more stable seasonal
wind profile. The most significant variation, however, is related to LOHCs-based stor-
age. Unlike in the previous cases, LOHCs dehydrogenation occurs also during summer,
while hydrogenation takes place also during winter. This flexible seasonal trend arises
from the distinct wind and solar availability profiles in the region. To better visual-
ize this phenomenon, Figure 6 depicts the annual storage profiles for hydrogen and
LOHCs for the three selected provinces. These profiles clearly highlight the impact of
resource distribution on storage behavior. As expected, compressed hydrogen storage
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Figure 4: Hydrogen scheduling results in the province of Guadalajara for the system with N-ethylcarbazole
as LOHC

exhibits more fluctuating behavior. It acts as a short-term buffer to smooth the variabil-
ity in renewable generation. However, substantial differences exist between provinces.
A Coruña, with the highest share of wind power, shows the most oscillatory pattern,
which reflects the stochastic nature of wind energy. Storage capacity requirements are
also location-dependent. For example, in Córdoba, the maximum compressed hydro-
gen storage capacity reaches approximately 1000 t, while in A Coruña this value is sig-
nificantly lower, around 200 t. Although a clear linear trend between renewable re-
source mix and hydrogen storage capacity is not observed, it is notable that all locations
reaching maximum hydrogen storage capacity utilization have a solar share above 65%.
This indicates that high solar penetration drives larger storage requirements due to its
strong diurnal and seasonal variability. In contrast, wind-dominated systems rely less
on large storage volumes.

In terms of LOHC-based storage, Figure 6 clearly demonstrates that LOHCs systems
enable large-scale seasonal energy storage. This is essential to address the seasonal
fluctuations in solar and wind electricity production, particularly in solar-dominated
regions, where seasonal differences are more pronounced. LOHCs ensures reliable en-
ergy and hydrogen storage to meet the demand in steel production. At the same time,
the optimization results show that combining LOHCs for seasonal energy storage with
compressed hydrogen represents the most cost-effective alternative for meeting a given
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Figure 5: Hydrogen scheduling results in the province of A Coruña for the system with indoles mixture as
LOHC

energy demand. As previously noted, not all excess electricity is stored due to economic
constraints; nevertheless, seasonal storage technologies will play a critical role in future
decarbonized energy systems. The scheduling results highlight clear variations among
the selected provinces, which are strongly influenced by their respective wind and solar
resource distributions. In Córdoba and Guadalajara, LOHCs storage primarily occurs
during spring and summer. This is when photovoltaic generation is at its peak. In con-
trast, the storage profile for A Coruña shows marked differences: wind generation does
not display significant seasonal variation, and therefore, the seasonal impact on stor-
age is less pronounced. This behavior directly affects storage capacity requirements, as
summarized in Table 4. Among the three provinces, A Coruña has the lowest LOHCs
storage capacity. This is consistent with the less seasonal nature of wind, which reduces
the need for large-scale seasonal storage. Conversely, in Córdoba and Guadalajara, the
maximum LOHCn capacity proposed for the optimization of approximately 123000 t is
reached in both LOHC systems, reflecting the strong seasonal character of solar energy.
Interestingly, while total storage capacity is lower in A Coruña, the hydrogenation and
dehydrogenation process capacities are higher. It indicates more frequent and faster
uscycling due to the stochastic nature of wind. As illustrated in Figure 6, solar gener-
ation follows a predictable seasonal pattern, with high production in summer and low
in winter. Wind generation, in contrast, is less predictable and lacks a regular seasonal
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profile, leading to more frequent and irregular fluctuations. Therefore, energy storage
systems in wind-dominated regions must be designed for higher operational flexibility,
whereas solar-dominated systems require larger seasonal storage capacities to balance
long-term variability.
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Figure 6: Yearly hydrogen and LOHCn storage profiles for the system with indoles mixture as LOHC

In hydrogenation and dehydrogenation processes, heat is a critical resource that
must be carefully managed to ensure efficient system operation. Within the analyzed en-
ergy network, heat can be supplied through two main pathways: direct hydrogen com-
bustion and waste heat recovery from the hydrogen fuel cell. In the specific case of Cór-
doba using N-ethylcarbazole, the hydrogen combustion capacity is set to zero. This re-
sult is surprising, since both the hydrogenation and dehydrogenation processes require
an input of thermal energy. Under these conditions, the fuel cell remains the sole heat
source for the LOHCs system. At first glance, this configuration may appear counterin-
tuitive. Hydrogenation typically occurs during periods of excess electricity generation,
when operating the fuel cell for power production would not be expected. However, the
results show that during hydrogenation periods, the fuel cell operates at very low load,
supplying the required heat for the hydrogenation process (mainly LOHCs preheating),
even when surplus renewable electricity is available. This operational strategy can be
explained by the proposed economic optimization. The cost of hydrogen combustion is
comparatively high, making it less attractive as a heat source. Therefore, when possi-
ble, the system relies exclusively on the fuel cell to provide heat, thereby avoiding the
additional capital and operational costs associated with installing and operating com-

22



bustion units. As a result, the fuel cell operates outside the typical storage/production
logic, at minimal power output but providing valuable co-generated heat for process in-
tegration. This effect is particularly pronounced with N-ethylcarbazole, which requires
lower thermal energy input compared to the other analyzed LOHCs system.

Regarding the hydrogenation and dehydrogenation scheme, the hydrogenation pro-
cess typically takes place during periods of high solar and wind power generation. It
overlaps with elevated hydrogen production in the electrolyzer. However, as shown in
Figure 5, there are also instances when LOHCs hydrogenation occurs during periods of
low electricity generation, for example, around hour 45–50 of the December week. In
these situations, there is no hydrogen generation from electrolysis. Instead, part of the
compressed hydrogen inventory is redirected to the LOHCs system. This operational
strategy allows for more effective management of the available hydrogen, ensuring sys-
tem flexibility and stable operation. Since the hydrogenation and dehydrogenation pro-
cesses are not major consumers of electricity, their operation can be scheduled during
low-generation hours without significantly affecting the overall power balance.

A comparison between the two LOHCs systems evaluated reveals that the dehydro-
genation process capacities for the three provinces are lower when using the indole-
based LOHCs system compared to N-ethylcarbazole in spite of lower investment in the
first one. Higher dehydrogenation capacities for N-ethylcarbazole are explained due to
the lower thermal requirements compared to indoles. It increases the overall energy effi-
ciency of N-ethylcarbazole cycle. This fact is reflected in a higher renewables capacity in
the case of indoles, that require to produce a higher amount of hydrogen to supply extra
thermal energy demand compared to the other LOHCs system. On the other hand, hy-
drogenation capacities are higher for indoles. This is attributed to a more intensive use
of hydrogenation technology in some specific periods and lower investment compared
to N-ethylcarbazole hydrogenation process.

With regards to the storage of total LOHCs material, larger amount is placed for
the indole mixture in all cases. This is because N-ethylcarbazole system exhibits higher
energy density. In addition, the thermal energy requirements of the hydrogenation and
dehydrogenation processes differ between both. As detailed in the model parameters
provided in the Supporting Information file, the indole system exhibits higher thermal
energy demands, which in turn necessitate larger hydrogen combustion capacities. This
underscores the strong interdependence between energy density, process design, and
heat integration strategies in the selection and optimization of LOHCs systems.

4.2. Economic results

Based on the design and operational results, an economic evaluation of the inte-
grated power and hydrogen production facility has been carried out. The analysis be-
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gins with an assessment of the capital expenditures (CAPEX) associated with the differ-
ent system components. Figure 7 presents a detailed breakdown of the investment costs
for the three selected provinces and for both LOHCs systems evaluated.

a b

Figure 7: Capital cost breakdown for the two LOHC systems (a - N-ethylcarbazole; b - indoles) and the three
selected provinces.

Significant differences in capital investment can be observed among the provinces
analyzed, closely linked to the optimized capacity levels presented in the previous sec-
tion. Power generation technologies, namely onshore wind and photovoltaic solar, ac-
count for approximately 55–65% of total capital expenditures. They represent the largest
cost component of the integrated energy system. The local availability of wind and so-
lar resources strongly influences the optimized generation capacity and, consequently,
the associated capital costs. In Córdoba, where solar energy dominates, the required in-
vestment in solar and wind infrastructure reaches nearly 5500 M€, significantly higher
than in A Coruña and Guadalajara, where wind generation plays a more prominent
role. This difference arises primarily from the lower capacity factor of PV solar, which
necessitates a larger oversizing of the installed capacity to meet energy demand, leading
to higher capital expenditures. According to the cost parameters used in the optimiza-
tion model, the current CAPEX values are assumed at 1050 €/kW for solar PV and 1400
€/kW for onshore wind. However, future cost reductions are expected. By 2050, accord-
ing to Vatankhah Ghadim et al. (2025), these values could decline to 160–630 €/kW for
PV solar and 820–1570 €/kW for onshore wind. A more substantial cost decrease is an-
ticipated for photovoltaic technology, which will significantly lower investment needs
in provinces with high solar penetration, thereby improving the economic competitive-
ness of solar-dominated energy systems.

The second largest contributor to CAPEX is hydrogen production through water
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electrolysis. In this study, a PEM electrolyzer has been considered, with a capital inten-
sity of approximately 1600 €/kW, based on the model parameters. Hydrogen produc-
tion represents a key bottleneck in the deployment of hydrogen as an energy storage
and energy carrier system, with the high capital cost of electrolyzers being one of the
main cost drivers of the integrated facility. However, technological advancements are
expected to substantially reduce these costs. According to Roeder et al. (2024), the cap-
ital cost of PEM electrolysis could decrease to around 670 €/kW by 2050, representing
a reduction of more than 50%. This would significantly enhance the economic viabil-
ity and competitiveness of hydrogen-based energy systems. As shown in Table 4, in
all provinces analyzed, the electrolyzer capacity is sized near the upper limit allowed
by the optimization model. Consequently, the contribution of electrolyzer CAPEX is
similar across locations.

The remaining CAPEX items represent a smaller share of the total investment com-
pared to renewable power generation and electrolysis. Among these, compressed hy-
drogen storage constitutes the most relevant cost component, particularly in Córdoba,
where the required hydrogen storage capacity is significantly higher due to the seasonal
profile of solar power generation. In contrast, the LOHCs-based storage system (includ-
ing hydrogenation and dehydrogenation units, storage tanks, and the initial purchase
of the liquid carrier) accounts for only a minor fraction of total capital expenditures.
The initial acquisition of the LOHCs represents the largest cost item within this cate-
gory. Nevertheless, the overall investment required for LOHCs implementation does
not represent a major economic barrier to its integration into the energy system. Within
the LOHCs processes, dehydrogenation units are more capital-intensive than hydro-
genation units. Comparing the two LOHCs systems evaluated (N-ethylcarbazole and
an indole mixture) reveals slight differences in initial LOHCs investment. Although a
larger mass of the indole mixture is required, the higher unit price of N-ethylcarbazole
(2.6 €/kg) relative to the indole mixture (2.0 €/kg) results in a greater initial investment
for the N-ethylcarbazole system.

The effect of the cost of energy has also been evaluated in this work to assess the
economic performance of the proposed facilities. The results of the operating costs for
the installations located in the selected provinces are summarized in Table 5. Two cost
indicators were calculated:

• “Demand cost”, which considers only the operating cost associated with the elec-
tricity and hydrogen demand of the steel plant.

• “Total cost”, which accounts for the entire energy production of the system, in-
cluding the excess electricity generated at each location.
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Table 5: Economic results for the two analyzed LOHCs systems (N-ethylcarbazole (LOHC1) and the indoles
mixture (LOHC2)) in the selected provinces

LOHC1 LOHC2

Cordoba Coruña Guadalajara Cordoba Coruña Guadalajara

Electricity Excess (%) 389.37 86.78 137.20 475.72 88.31 159.61

% Solar 75.89 43.53 53.20 73.66 44.04 51.43

% Wind 24.11 56.47 46.80 26.34 55.96 48.57

Demand cost (€/MWh) 223.23 158.66 179.98 244.36 158.44 182.25

Total cost (€/MWh) 84.00 115.87 113.62 80.78 115.15 108.52

Energy contribution steel cost (€/t) 722.11 513.23 582.19 790.43 515.51 589.54

To better contextualize these results, the share of wind and solar power generation
as well as the magnitude of excess electricity in each province are reported. The high
level of excess electricity generation is a critical factor influencing economic profitability.
As discussed previously, a considerable fraction of the electricity produced exceeds the
plant’s demand in all locations analyzed. When the excess generation is not included in
the cost calculation, the specific energy cost ranges from 160 to 220 €/MWh, depending
on the province. This variation is strongly correlated with the renewable resource mix.
For example, Córdoba, characterized by a high share of solar power, exhibits the highest
energy cost (about 220 €/MWh). This is mainly driven by the substantial capital invest-
ment required to install a large solar PV capacity, necessary to compensate for daily and
seasonal variability. Here, power production exceeds the demand by approximately
390%, significantly affecting the cost structure. However, if this surplus electricity were
sold, the energy cost could decrease to around 84 €/MWh, representing a notable cost
reduction and improving overall economic performance. A similar trend is observed in
A Coruña and Guadalajara, although the impact is less pronounced due to the higher
share of wind power, which reduces both the magnitude of the surplus and the gap
between “Demand cost” and “Total cost”. It is important to highlight that this cost com-
parison is not entirely symmetric. In provinces with greater wind penetration, such as
A Coruña and Guadalajara, the installed renewable capacity could be further increased,
potentially enabling higher energy production and lower total costs per unit of energy.

However, the integration of surplus electricity must be carefully analyzed to de-
velop effective strategies that enhance the economic viability of these energy systems.
One promising approach is the deployment of large-scale energy storage, particularly
at the grid level (Sánchez et al., 2022; Calero et al., 2023). Locations with a high share of
solar power are especially prone to producing substantial surpluses due to strong sea-
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sonal variability, making seasonal storage technologies (hydrogen, methanol, ammonia,
LOHCs systems, etc.) a key enabler for balancing supply and demand. Alternatively,
the design of the integrated facility could be reconfigured to reduce surplus generation
and provide grid support, thereby increasing overall system flexibility. Nonetheless,
the economic implications of implementing such storage technologies must be carefully
considered to ensure cost-effective operation. Another promising option is the utiliza-
tion of surplus renewable electricity in the chemical and process industries, which are
undergoing deep decarbonization efforts. The electrification of industrial processes has
been identified as a viable pathway to reduce emissions (Baldea et al., 2025), and access
to low-cost renewable surpluses could significantly reduce operational costs in these
sectors. However, to fully exploit this opportunity, a larger operational flexibility is
required, as many of these industries have traditionally been designed to operate in
steady-state conditions.

% Solar
% Wind

 Steel Plants

175

200

225

250

275

300

325

C
os

t 
of

 E
ne

rg
y 

(
/M

W
h)

Figure 8: Cost of energy in the different analyzed provinces with the share of wind and solar resources in
each facility and the current location of the steel plant with N-ethylcarbazole as LOHC

For comparative purposes, the cost of the proposed green steel production route
based on H2 direct reduction of iron (H2 DRI) has been benchmarked against con-
ventional steelmaking processes. These include blast furnace–basic oxygen furnace
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(BF–BOF) and natural gas–based direct reduction of iron (NG–DRI). The energy con-
sumption associated with each process has been used to calculate the energy cost con-
tribution. Electricity consumption for the reference routes was obtained from Fan and
Friedmann (2021) and Rosner et al. (2023), while natural gas and coke consumption
were taken from Fan and Friedmann (2021); Rosner et al. (2023) and Safarian (2023),
respectively. Natural gas prices (Henry Hub and Russian origin) and coke prices were
sourced from Steelonthenet (2025), considering a price range to reflect regional variabil-
ity. For electricity, a Power Purchase Agreement (PPA) price was assumed in line with
Bhaskar et al. (2022). Based on these data, the total energy cost for the BF–BOF route
is approximately 17.20 €/MWh, whereas for the NG–DRI route it ranges between 14.97
€/MWh and 36.37 €/MWh, depending on the natural gas price. As expected, these val-
ues are significantly lower than the energy costs associated with the renewable-based
integrated facility proposed in this work. However, this direct energy cost compari-
son does not fully capture the differences in energy intensity across the technologies.
Notably, the H2 DRI route exhibits lower specific energy requirements than traditional
processes, which influences the cost structure at the product level. To enable a more
equitable comparison, the contribution of energy costs to the total steel production
cost was evaluated. For the BF–BOF route, this contribution is approximately 113.94
€/ton, whereas for the NG–DRI route, it lies between 48.68 €/ton and 118.22 €/ton.
The corresponding results for the H2 DRI route, summarized in Table 5, show a strong
dependence on local renewable resource availability, particularly the balance between
solar and wind generation. Although the absolute energy cost for H2 DRI is higher,
the range of variability across provinces is narrower than in the case of pure energy
cost, reflecting more consistent energy use per ton of steel. To make the H2 DRI route
economically competitive, cost reductions in key technologies are essential. Predicted
declines in the capital costs of renewable power systems and electrolyzers, currently the
main economic bottlenecks, are expected to play a critical role. Additionally, CO2 emis-
sion pricing will likely increase the cost of conventional BF–BOF and NG–DRI routes,
improving the relative competitiveness of green hydrogen–based steelmaking in the
medium to long term.

Finally, to provide a comprehensive overview of all the provinces analyzed and to
draw general insights, the electricity cost results (“Demand cost”) for the entire set of
locations are presented together with the percentage contributions of solar and wind
generation in each province. Additionally, the geographical location of existing steel
manufacturing facilities in Spain is included. Figure 8 illustrates these results for the
N-ethylcarbazole system, whereas Figure 9 presents the corresponding results for the
mixture of indoles.
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Figure 9: Cost of energy in the different analyzed provinces with the share of wind and solar resources in
each facility and the current location of the steel plant with a mixture of indoles as LOHC

As demonstrated in the three representative provinces analyzed, locations where PV
solar generation is dominant are consistently associated with higher energy costs. This
is mainly attributable to the daily and seasonal variability of solar energy, which ne-
cessitates larger installed capacities and consequently increases investment costs. This
effect is particularly evident in Barcelona, where PV generation exceeds 75% of total
renewable output. It results in electricity costs above 300 €/MWh for both LOHCs sys-
tems. When comparing N-ethylcarbazole and indoles system, overall costs are similar,
with the second one exhibiting slightly higher average costs. This difference is primar-
ily explained by the higher energy density of N-ethylcarbazole and its lower thermal
requirements, which offers economic advantages for this LOHCs system. The spatial
distribution of current steelmaking facilities in Spain reveals that some of these plants
are located in provinces with medium-to-low projected energy costs, aligning well with
the proposed renewable-based facility. However, in other cases (such as Barcelona and
Seville) the expected energy costs are significantly higher, raising important considera-
tions regarding future location strategies for green steel production. While repurposing
existing steel infrastructure could reduce capital expenditure and facilitate transition
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pathways, it may also result in higher operational costs in certain regions. Beyond
purely economic factors, social and regional development aspects must also be con-
sidered. The potential relocation of steel production away from certain provinces could
result in job losses and reduced economic activity, particularly in regions with lower
population density, where steelmaking has traditionally played a key socioeconomic
role.

5. Conclusions

This work proposes a design and scheduling optimization approach to integrate re-
newable energy into green steel production through the DRI–H2 process. An integrated
energy generation and storage system is assessed to meet the continuous electricity and
hydrogen demand of green steel manufacturing. Specifically, two renewable generation
technologies (solar photovoltaic and onshore wind) are combined with three storage so-
lutions (batteries, compressed hydrogen, and LOHCs systems). A design and schedul-
ing optimization formulation is developed to determine both the optimal sizing of each
unit and the operation strategy of the entire system. A case study for multiple locations
(all the mainland provinces) across Spain is conducted to capture the variability in solar
and wind resource availability. However, the results from this work can be extrapolated
to other regions. Overall, renewable resource availability determines optimal process
design and operation. Wind-dominated regions require reduced energy storage capaci-
ties, particularly for seasonal storage, compared to solar-dominated areas. Furthermore,
the results demonstrate that a combination of energy storage solutions operating at dif-
ferent time horizons is required for effective integration with renewable energy sources.
These general insights can be also extrapolated to other sectors integrating renewables
with energy storage.

One of the main challenges identified is the large excess of electricity generation,
which significantly affects the economic performance of the system. Integrating other
final energy consumers or exploring strategies to valorize excess electricity could im-
prove economic profitability. The estimated cost of energy (electricity and hydrogen)
ranges on average between 150-250 €/MWh, corresponding to approximately 500–600
€ per tonne of steel. Although this remains higher than the cost associated with con-
ventional production routes, future cost reductions in renewable energy generation and
electrolysis technologies (the two main bottlenecks) and possible taxes on CO2 emis-
sions are expected to narrow this gap. Finally, the spatial distribution of current steel-
making facilities in Spain reveals that some plants are located in high-cost energy re-
gions, potentially limiting the reuse of existing infrastructure in a renewable based steel
sector. Future research directions include the incorporation of uncertainty in renew-
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able resource availability through stochastic optimization approaches, the evaluation
of different steel production scales and their effect on optimal system configuration, the
potential interaction with the electricity grid, the analysis of synergies with other indus-
trial hydrogen and energy consumers and the possibility to perform multiobjective op-
timization within an holistic approach considering economic, environmental and social
criteria. Overall, the results demonstrate that proposed integrated network combining
generation and storage technologies enables stable electricity and hydrogen supply to
green steel plants, providing a viable pathway toward decarbonizing the steel industry.

Nomenclature

BF Blast furnace
BOF Basic oxygen furnace
CAPEX Capital expenditure
EAF Electric arc furnace
GHG Greenhouse gases
LOHC Liquid organic hydrogen carrier
MILP Mixed integer linear programming
NG Natural gas
OPEX Operational expenditure
PEM Proton exchange membrane
SOFC Solid oxide fuel cell
Bjht amount of resource consumed
Ci production capacity for different processes
Dj,h,t required demand
Jimht process operating cost not related to capital cost
M big-M parameter
OC Operating cost
P imht reference resource produced in certain mode
Qjht inventory level
Sjht amount of resource release
xi binary variable to select process units
yimht binary variable to select a mode for a specific process
ρij conversion factor of the different products with respect to the reference resource
ηiht availability of production capacity for wind/solar
∆̄max

im maximum rate of change
σi conversion factor between capital and operating cost for a process
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δi fixed capital cost coefficient
γi unit capital cost coefficient
αj annualized fixed capital cost for storing
βj annualized unit capital cost for storing
ξj O&M cost for storing
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