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ARTICLE INFO ABSTRACT

Handling Editor: Kathleen Aviso The iron and steel industry is a major source of industrial greenhouse gas emissions, accounting for 7-9% of

global energy-related CO5 emissions. Current steel production routes are therefore expected to undergo a pro-

Keywords: found decarbonisation process in the coming decades.

Hydrogen' This work aims to shed light on the role of hydrogen in decarbonising the supply of high-temperature heat in
]Siizz;r?r:c}i,fllsstry the steel sector by means of an optimisation framework. The model includes on-site hydrogen production using a
Decarbonisation low-temperature electrolyser integrated with a compression and storage system and gas burners, which can be

fed with hydrogen and/or natural gas to cover the process heat demand. The assessment also takes advantage of
real thermal load profiles of a scrap-based electric arc furnace steel plant.

A sensitivity analysis is conducted on the electricity, natural gas and carbon prices. Cost-optimal maps are then
derived to unveil the combination of energy and carbon prices at which hydrogen becomes convenient for heat
production in the steel industry. A general relationship to define the cost-effectiveness of hydrogen is also given.

The results show that, at current carbon prices (about 100 €/tco2), the use of hydrogen becomes economically
convenient when the electricity price is less than 0.4-0.6 times the natural gas price. In scenarios with electricity
prices lower than about 0.10 €/kWh, as could occur with on-site renewable electricity generation, hydrogen cost
falls below 6.5 €/kgpo, leading to cost savings of up to 60-70% compared to a natural gas-based configuration.
Finally, when total COy emissions (direct + indirect) are considered, hydrogen becomes environmentally

Optimal design
CO, emission

beneficial if the electricity carbon intensity is below 123 gcoz/kWh.

1. Introduction

Global greenhouse gas emissions reached their highest level ever in
2021 (40.8 Gt CO5 equivalent). Of these emissions, 89% are due to en-
ergy combustion and industrial processes (IEA, 2021). The iron and steel
sector, which produces core materials for today’s society and whose
demand is expected to increase in the coming decades, is one of the
largest emitters of carbon dioxide (Hoffmann et al., 2020). It was
responsible for 845 Mtoe of global energy consumption in 2019 (IEA,
2020), representing 20% of industrial energy use and 8% of total final
energy consumption (Kurrer, 2020; Fan and Friedmann, 2021). This
makes the iron and steel sector the second largest energy consumer after
the chemical industry and responsible for about 7-9% of global
energy-related CO, emissions (Spreitzer and Schenk, 2019).

Steel production is currently dominated by the Blast Furnace — Basic
Oxygen Furnace (BF-BOF) route, which accounts for 71% of global steel
demand. It is followed by secondary steelmaking (employing steel
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scrap), which accounts for 24% of the market and employs a scrap-based
Electric Arc Furnace (EAF). Finally, the innovative electrical-driven
Direct Reduced Iron — Electric Arc Furnace (DRI-EAF) process covers
about 5% of total demand. According to the World Steel Association, the
production of 1 tonne of steel emits on average 1.85 tonnes of CO;
(Hoffmann et al., 2020). Furthermore, the steel sector is part of the
European Emission Trading System (ETS) and is subject to penalties for
emitted CO,. A sharp increase in the carbon price under the ETS market
was observed in early 2022, with peaks close to 100 €/t of CO;
(EUROFER (European Steel Association), 2022).

As a result, the steel sector has begun to focus on the possible
introduction of low-carbon fuels such as hydrogen (Hj), which can
reduce fossil fuel consumption and associated carbon emissions during
the production process. Hydrogen has indeed been mentioned as one of
the pillars for the decarbonisation of the steel sector, along with carbon
capture and carbon-neutral biomass (Fan and Friedmann, 2021). In steel
production, hydrogen can be used as a primary reducing agent in the
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DRI process, as a secondary reducing agent in the BF-BOF process and —
in both routes — as a fuel for the generation of high-temperature heat
(IRENA, 2022). When hydrogen is used as a substitute for natural gas
(NG), syngas or coke in steel production, some adjustments to the
existing equipment (burners and furnaces) are required to cope with the
differences in terms of calorific value, density, flame temperature and
flame propagation speed (E&M Combustion, 2020).

As can be seen from the review articles by Liu et al. (2021) and Wang
et al. (2021), the feasibility studies and techno-economic analyses
available in the literature mostly focus on the integration of hydrogen in
the steel industry as a reducing agent. Rechberger et al. (2020)
compared the NG-based and hydrogen-based DRI processes. They
showed that the hydrogen-based route can offer enormous potential for
green steelmaking, although this depends heavily on the carbon foot-
print of the electricity used for hydrogen production. More specifically,
when indirect emissions are considered, the CO5 emissions of the
Hy-based process are lower than those of the NG-based process only if
the grid carbon intensity is less than ~120 gco2/kWh. Vogl et al. (2018)
investigated the use of hydrogen in the DRI process and showed that
hydrogen direct reduction becomes cost competitive at a carbon price of
34-68 €/t and electricity cost of 40 €/MWh. The electrical demand to
produce steel by direct reduction with hydrogen was estimated at 3.48
MWh per tonne of liquid steel, mainly due to the consumption of the
electrolyser. Fan and Friedmann (2021) reported that the conversion of
DRI-EAF plants from natural gas to green hydrogen causes a cost in-
crease of more than 400 € per tonne of hot metal produced. They also
showed that, if green hydrogen is employed in BF-BOF, the cost increase
is about 200 € per tonne of hot metal. Moreover, if blue hydrogen is
used, the cost increase can be reduced by more than 50% in both cases (i.
e. DRI-EAF and BF-BOF).

The studies mentioned above investigated the techno-economic
feasibility of introducing hydrogen as a reducing agent in steel pro-
duction. However, to achieve complete decarbonisation of the steel in-
dustry, the use of hydrogen as a heating fuel in furnaces could also be
considered. The iron and steel industry, together with the cement and
chemical sectors, is responsible for 85% of the world’s industrial heat
demand, and 95% of this heat is currently generated from fossil sources
(IEA, 2019). Almost all process heat demand in steelmaking occurs at
very high temperatures (>500 °C), with values up to 1350 °C in furnaces
for rolling and forging. Electrification of high-grade heat, even if tech-
nically feasible, entails the redesign of industrial equipment, which re-
sults in high capital expenditures. In contrast, using hydrogen in existing
burners requires partial redesign, making it a preferred and less invasive
solution for decarbonising high-temperature heat (IRENA, 2022). There
are different works in the literature that examine the effects of adding
hydrogen to natural gas in existing industrial furnaces. Leicher et al.
(2018) discussed how hydrogen mixed with natural gas can affect in-
dustrial end-users and found that hydrogen can have an impact on the
burner performance in terms of heat transfer, efficiency, flame shape
and NOx emissions. However, these effects can be mitigated by advanced
measurement and control technologies. By properly adjusting the firing
rate and the excess air ratio, no significant increase in NOy emissions or
loss of efficiency was observed at a hydrogen content of 50% by volume.
Mayrhofer et al. (2021) investigated the use of NG-hydrogen mixtures as
an alternative fuel for industrial heat treatment furnaces. The authors
evaluated two control systems in terms of their ability to regulate the gas
flow rate at different hydrogen contents, with the aim of analysing the
capability to retrofit existing furnaces. It was found that an electric
compound control system is more suitable for applications with variable
hydrogen content, even though it incurs higher costs compared to the
pneumatic control variant.

The literature also includes high-level scenario analyses, such as that
of Karakaya et al. (2018), which examined the possible pathways for a
sustainable transition in the Swedish iron and steel industry. The posi-
tive experience of green steel production in Sweden was also explored by
Ohman et al. (2022), who investigated the conditions for transferring a
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particular green steel production process (hydrogen-reduced sponge
iron) from Sweden to other primary steel producing countries in Europe.
They stressed that, in order to promote hydrogen-based steelmaking in
Europe, it is necessary that energy and industry transitions are aligned,
including the creation of a supportive policy framework. A complete
picture of existing projects and initiatives worldwide to decarbonise the
steel industry was developed by Zhang et al. (2021). The authors
examined the different pathways to green steel production and found
that hydrogen has great potential in the metallurgic industry: from the
DRI process to its use as a reducing agent to renovate existing blast
furnaces, but also in innovative early-stage applications such as the flash
smelting method. Japan, the USA and China are among the leading
countries in initiatives to decarbonise the steel industry and are also
leading players in the development of green hydrogen technologies, as
shown in (Ampah et al., 2022).

Although decarbonisation of steel production is widely explored in
the literature, there are no studies that address the optimal design of
energy systems for industrial heat supply in furnaces. The present work
seeks to fill this gap by developing an optimisation framework that is
capable to compute the cost-optimal solution for the coverage of the
process heat demand of a steel plant. Both hydrogen, produced on-site
by water electrolysis, and natural gas from the grid were considered
as fuels for the generation of heat. A sensitivity analysis on the energy
prices (electricity and natural gas) and carbon price was carried out to
provide a comprehensive overview about the cost-effectiveness of
hydrogen use for heat generation. To this end, a mixed-integer linear
programming (MILP) model was formulated to handle both design and
scheduling of the energy system. A piecewise affine (PWA) approxima-
tion of the electrolyser efficiency curve was also included for an accurate
modelling of the part-load performance of the electrolyser. The analysis
takes advantage of real thermal demand profiles of a scrap-based EAF
steel plant located in northern Italy.

This work is structured as follows: Section 2 describes the MILP-
based optimisation framework including the modelling of the system
components and the definition of the objective function. The case study
is presented in Section 3, while the main techno-economic assumptions
are reported in Section 4. The results are presented and discussed in
Section 5 and finally the main conclusions of this analysis are sum-
marised in Section 6.

2. Methodology

The layout of the energy system is shown in Fig. 1. It includes the
following components: an electrolyser to produce hydrogen, a hydrogen
compressor, a pressurised hydrogen tank, and gas burners to cover the
process heat demand of the steel plant. The electrical power required is
drawn from the electrical grid, while the natural gas is taken from the
gas grid. The hydrogen produced by the electrolyser can be fed directly
to the gas burners or stored in the pressurised tank. The gas mixture
feeding the burners consists of natural gas and/or hydrogen. The nodes
of the energy system — where power balances take place — are also shown
in Fig. 1 (they are denoted by Nj).

An MILP model was developed to identify the optimal size and
operation for all components of the energy system to meet the thermal
demand of the steel plant with the minimum net present cost (NPC). The
overall structure of the MILP-based optimisation framework is shown in
Fig. 2. An hourly time-step resolution (t) and a time horizon (T) of one
year were considered in this analysis.

The input parameters of the optimisation model are the following:

e The thermal demand Vte T

e The prices of electricity and natural gasVte T

e The carbon price and the prices of the utilities involved in the energy
system (water, oxygen)
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Fig. 1. Layout of the energy system model.
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Fig. 2. Optimisation framework for the optimal design of the energy system.

e Techno-economic data of the different components of the energy
system, i.e. electrolyser (EL), hydrogen compressor (CP), hydrogen
tank (HT) and gas burner (GB).

Both design (i.e. sizes) and operation variables are computed by the
optimisation problem. Specifically, the following decision variables are
returned:

e The sizes of all components of the energy system, i.e. EL, CP, HT, GB

o The input power (gas) to the GB, i.e. natural gas from the gas grid and
hydrogen from the storage tank or directly from the electrolyser, V t
eT

e The electrical power drawn from the electrical grid, i.e. the input
power (electricity) to the EL and CP, Vte T

e The output power from the GB (heat) and the EL (hydrogen) Vte T

e The charging and discharging power (hydrogen) of the HTVte T

e The amount of energy (hydrogen) stored in the HT V¢t € T.

As shown in Fig. 2, based on the optimisation run, specific techno-
economic and environmental indicators have been computed for an
in-depth comparison of the different scenarios.

The optimisation problem was formulated in the MATLAB

environment and solved using the commercial software IBM CPLEX
(IBM, 2022).

The main relationships required to model the energy system and
compute the objective function are presented below. Instead, the ther-
mal demand profile and all techno-economic data assumed in this
analysis are described in detail in Section 3 and Section 4, respectively.

2.1. Power balances

In each time interval t of the simulation, three main power balances
must be satisfied. The first power balance, denoted by N; in Fig. 1, is
defined as follows:

PG puy(t) = Prpin(t) + Popin(1) @

where Pggpyy, is the power taken from the electrical grid, Pg s is the
power requested by the electrolyser and Pcp ;, is the power consumed by
the compressor to pressurise the hydrogen stream that is sent to the
storage tank.

The second power balance refers to node N3 and is expressed by the
following relationship:

Prrou(t) = Perowca(t) + PeLowce(1) ®))
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where Pgj o, is the total amount of hydrogen produced by the electro-
lyser, which can be sent directly to the burner (Pgougp) or to the
compressor to be stored in a tank (Pgg our.cp)-

The third power balance, i.e. node N3, is reported as follows:

Pp,in(t) = Poc.uy(t) + Peroucs(t) + Pur.ou(t) 3

As shown in the above equation, the inlet power to the gas burner
(Pgg,n) is given by the natural gas bought from the gas grid (Pgg puy) and/
or hydrogen. The hydrogen can be taken directly from the electrolyser
(Pgrourcp) or from the pressurised tank (Pyr our)-

All power values related to fuel streams are given on a lower heating
value (LHV) basis.

2.2. Modelling of components

The sizes of the components involved in the energy system are
treated as continuous variables. They are constrained to a minimum
value and a maximum value, according to the following relationships:

Pi.mttd.min < Pi.rated < Pi.mtrd.max (4)
Ej raedmin < Ejrated < Ej rated.max (6]

where Pjqeq (in kW) corresponds to the rated power of the i-th
component (with i = EL, CP, GB) and Ej,qeq (in kWh) represents the
rated capacity of the j-th storage component (with j = HT). The rated
power refers to the rated electrical power consumption for EL and CP
and to the rated thermal power production for GB. The minimum value
of Egs. (4) and (5) was set to zero, which means that a certain component
is selected whenever the MILP-based optimisation returns a value for its
size greater than zero.

2.2.1. Electrolyser
Eq. (6) imposes the constraints on the minimum and maximum
operating power of the electrolyser:

yEL,m[n’PEL,Va/ed,aux(t) S PEL.[n(t) S yEL,/nax’PEL.m/ed,aux(t) (6)

The terms Yg;min and Yermee are the lower and upper limits of the
electrolyser modulation range. Pg;;, (in kW) is the inlet power to the
electrolyser (in terms of electrical power), whereas Pg; rated.aux (in kW) is
an auxiliary variable used to model the on-off status of the electrolyser
system and define its operating range. It is expressed according to the
following equation:

Per rated.aus () = PEL ratea-OeL (1) @

where Py rqeeq (in kW) is the rated power of the electrolyser and dg; is a
binary variable that is equal to 1 when electrolyser is on or 0 when off.
The introduction of Py, rated aux iS Necessary to treat the product of Pgy, rared
and g, (which are both decision variables) as a set of linear inequalities,
as described by Marocco et al. (2022).

A part-load performance curve was also included in the MILP-based
model to have a more accurate assessment of the electrolyser operation.
The EL performance curve, which relates the outlet hydrogen power to
the inlet electrical power, was implemented within the MILP framework
by means of a PWA approximation. Following the procedure explained
in (Marocco et al., 2021a), the performance curve was divided into p
linear segments that approximate the curve. The following constraint
was then applied for each i-th line segment of the curve, i € {1,...,p}:

Prrou(t) < g i*Perin (1) + C/i,EL.i'PELJ-med,mu(t) (8)

where Pgin and Pg oy (in kW) are the inlet (electricity) and outlet
(hydrogen) power of the electrolyser, while ag;; and cspr; are the co-
efficients of the i-th line segment.
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2.2.2. Hydrogen compressor
The electrical power consumed by the hydrogen compressor (Pcp in,
in kW) was computed as follows:

Pety) =zl o
where Pgp oy cp (in kW) is the hydrogen power coming from the elec-
trolyser and going to the compressor, lcp (in MJ/kg) is the specific
consumption of the compressor, and LHVy, (in MJ/kg) is the lower
heating value of hydrogen.

Eq. (10) was added to ensure that the hydrogen sent to the
compressor (Pgg ou cp, in kW) is equal to the hydrogen at the inlet of the
storage tank (Pyr i, in kW).

Perourcp(t) = Prrin(t) (10)

Analogously to the modelling of the electrolyser component (see Eq.
(6)), linear constraints were introduced to describe the operating range
of the compressor.

2.2.3. Hydrogen tank

The pressurised tank is used to store the excess hydrogen from the
electrolyser. At each time step, the energy in the storage system (Egr, in
kWh) can be defined as:

Eur(t+ 1) = Eur(t) + Purin(t)- At — Pyr o (1)-At 1D

where At is the time step, Pyr i, is the input power to the tank (in terms of
hydrogen) and Pyr o is the output power from the tank (in terms of
hydrogen). A boundary condition was set for the first time step of the
simulation:

EHT(lin) = Eyr ratea* LOH,;,, 12)

where LOH;, corresponds to the level of hydrogen (LOH) of the storage
at the beginning of the simulation and Egrrqeq (in kWh) is the rated
capacity of the hydrogen tank. A storage autonomy constraint was also
added to guarantee that the energy stored at the beginning of the year
(tin) is equal to that at the end of the year (t.,q), as described by the
equation below:

EHT(tend) = EHT(tin) (13)

Finally, the following inequality constraints are required to limit the
energy that can be stored in the HT:

Eur(t) < Enr ratea LOHpax 14)
EHT(t) 2 EHT,mled'LOHmin (15)

where LOH,;, and LOH, 4, are the minimum and maximum LOH values
of the hydrogen tank. The LOH is the ratio between the stored energy
and the rated capacity of the hydrogen storage tank.

2.2.4. Gas burner

It was assumed that the process heat demand is covered by a single
gas burner. The gas burner operating range was modelled through Eq.
(6), adapted for the GB component. The thermal power generated at the
GB outlet (Pgp oy, in kW) was computed as follows:

P6B.ou(t) = Popin(t) Ny (16)

where Pgg in is defined in Eq. (3) and 745 is the GB efficiency.

2.3. Objective function

The objective function of the optimisation problem is the net present
cost (NPC) of the energy system, i.e. the sum of all costs associated with
the energy system throughout its lifetime. It is defined as the sum of the
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capital expenditure of the plant (Cnpc cqpexor) and the net operating
expenditure (Cnpc,opex,tot):

CNPC.mt = CNPC,mpex.rot + CNPC.osz.Iot (17)

As shown in Eq. (18), the Cppccapexor term, which occurs at the
beginning of the analysis period, is equal to the sum of the capital ex-
penditures for all components involved in the energy system, i.e. EL, CP
and HT. The gas burner is already present in the steel plant and for this
reason its investment cost was not included in the economic evaluation.
Moreover, the cost of converting the GB from natural gas to hydrogen
can be considered negligible with respect to the total NPC, as explained
in Section 4.

Cnpe capexior = Ceapex.eL + Ceapex.cp + Ceapex.nr (18)

The net operating expenditure (Cnpc opex,r) Was evaluated as follows:

CNPC.opex,m/ - ; 1nix6;m (19)
Where n is a certain year over the lifetime of the plant (N), d is the
discount rate and Copex o (in €) is the annual net operating expenditure
of the energy system. The latter term includes the following
contributions:

e The annual operating costs for each i-th component (including the
replacement costs), Copex.i

e The annual cost of electricity purchased from the electrical grid to
feed the EL and CP, Cgg puy

e The annual cost of natural gas purchased from the gas grid to feed the
GB, CGG.buy

¢ The annual cost of water purchased to feed the EL, Cy,0puy

e The annual cost associated with the CO, emissions, Cco,

e The annual revenue from the sale (or self-consumption) of oxygen
produced as a by-product of the electrolyser operation, Co, s

The Copex.tor term can therefore be computed as (with i = EL, CP, HT,
GB):

Copexor = Z (Capex,i) + Ce6.puy + C66.6uy + Cri,0.6uy + Cco, — Co, sent (20)
The annual energy costs (Crgpy and Cggpuy) Were obtained by
multiplying the energy purchased from the grid (electricity and natural
gas, in kWh) by the prices of electricity and natural gas (expressed in
€/kWh). The annual cost associated with CO, emissions (Cco,) was
computed as the annual direct CO, emissions (first term of Eq. (25))
multiplied by the carbon price taken from the European ETS market. The
annual oxygen revenue (Co, ) Was assessed as the oxygen produced
annually (in kg) multiplied by the specific price the steel plant pays for
oxygen currently purchased from an external supplier (in €/kg).

2.4. Energy system indicators

As shown in Fig. 2, a set of indicators has been calculated after the
optimisation process.

2.4.1. Technical indicators
Based on the optimal operation of the energy system throughout the
year, the hydrogen share (HS) was determined. It corresponds to the
annual fraction of the thermal load covered by hydrogen and was
evaluated according to the following equation:
R Peroucs(t) + Purou(t)
HS = Z Pgpin(1)

(2D

In some scenarios, the HS was set as a constraint in the definition of
the optimisation problem.
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2.4.2. Economic indicators

The levelised cost of thermal energy (LCOE,) and the levelised cost of
hydrogen (LCOH) were used to compare the different scenarios from an
economic perspective. The LCOE; (in €/kWh) was defined by the
following relationship:

= CNPCJ()I (22)
SE(1+d)™"
n=1

LCOE, =

where E; (in kWh) is the annual demand of thermal energy of the steel
plant. The LCOH (in €/kg) was instead assessed as:

_ Crpc,i, (23)
> My, (1+d)™"

n=1

LCOH =

where My, (in kg) is the total amount of hydrogen produced annually
and Cnpc n, is the NPC of the hydrogen system (production and storage)
over the project lifetime. This means that OPEX related to the gas
burner, costs of natural gas purchased from the grid and costs due to CO,
emissions are not considered in the Cypcy, term.

The cost saving (CS) indicator was also defined to estimate the eco-
nomic saving (in percentage) between the optimal solution and the
configuration with only NG. It was computed as follows:

s — Cvecior = Circione 8

CNPC.mr,NG

where Cnpc 1 is the NPC of the optimal solution and Cnpc ot NG is the NPC
of the scenario in which only NG is fed to the burner (i.e. HS equal to
Zero).

2.4.3. Environmental indicators

An environmental assessment was also carried out estimating the
direct and indirect (Scope 1 and 2) CO5 emissions of the steel plant. The
annual total CO; emissions (mco, ,r, in kt/yr) can be derived as:

8760
mcoyyr = ¥ (EFa-Poaiuy + ECI-Prg puy) 10 (25)
=1

The first term in equation (25) refers to the direct emissions and
depends on the natural gas drawn from the gas grid (Pgc puy, in kW) and
on the emissions factor of the gas burner (EFgg, in gcoz/kWh). The
second term is related to the indirect emissions and is evaluated as the
electricity carbon intensity (ECI, in gco2/kWh) multiplied by the elec-
tricity purchased from the grid (Pggpuy, in kW).

The calculation of the direct emissions is based on the assumption
that the natural gas taken from the grid is 100% methane (CHy4) and that
all the carbon contained in the fuel is converted into CO5. The emission
factor of the gas burner (EFgg, in gco2/kWh) can thus be expressed as
follows:

MW, -3600

EFgp = ——— 26
P LHV ey, MWe, (26)

where LHVcy, (in MJ/kg) is the lower heating value of methane, and
MW¢o, and MWgy, (in g/mol) are the molecular weights of carbon di-
oxide and methane, respectively. As previously reported, an economic
cost is also associated with the direct CO, emissions (in the framework of
the European ETS market).

3. Case study

The methodology was applied to the case study of a scrap-based EAF
steel plant in northern Italy. The steel melting section is the first step of
the whole process and the most energy intensive. It consumes most of
the electricity and a significant amount of natural gas. The ingots, billets,
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Fig. 3. Process heat demand of the steel plant.

bars and blooms produced are then sent to the other departments for the
rolling process, thermal and chemical treatment and finishing. In all
these steps there are several NG-fuelled furnaces, which are responsible
for a large part of the CO, emissions. The overall process heat demand
was evaluated as the sum of the thermal load of all 70 burners available
in the plant (about 370 GWh/year). In the model, it is considered a
single reference burner that can be fed with natural gas, hydrogen or a
mixture of the two gases.

Fig. 3 shows the process heat demand of the steel plant with an
hourly time resolution. It refers to the year 2019, but the trend is
representative of a typical year for the steel plant. It shows a weekly
variation (weekdays/weekends) with an average value of 42.2 MW and
some peaks above 70 MW (maximum value of 74.3 MW). The lowest
value is 0.96 MW and occurs in summer when the steel plant operation is

Table 1

Techno-economic assumptions.
Parameter Unit Value
Electrolyser
Efficiency % Efficiency curve
Operating range % (of rated power) 10-100
Operating pressure bar 30
Stack lifetime yr 10
BOP lifetime yr 20
CAPEX €/kWe 1188
OPEX - fixed (annual) €/kWe 15.84
OPEX - variable (annual) €/kWhg; 0.04
Installation cost %CAPEX 10
Stack replacement cost %CAPEX 35
Hydrogen compressor
Specific consumption MJ/Kkgh2 4
Operating range % (of rated power) 0-100
Lifetime yr 20
CAPEX €/kWe 1600
OPEX (annual) %CAPEX 2
Installation cost %CAPEX 10
Hydrogen tank
Maximum pressure bar 200
Lifetime yr 20
CAPEX €/kgnz 470
OPEX (annual) %CAPEX 2
Installation cost %CAPEX 10
Gas burners
Efficiency % 98
Operating range % (of rated power) 0-100
CAPEX €/kWen 63.32
OPEX (annual) %CAPEX 3
Energy, CO, and utility prices
Electricity (Ref. scenario) €/kWhg 0.18
Natural gas (Ref. scenario) €/kWhyg 0.08
Carbon (Ref. scenario) €/tco2 85
Water €/kguz 0.08
Oxygen €/kgo2 0.05
Other assumptions
Discount rate % 4
Lifetime of the plant yr 20

restricted.
4. Techno-economic assumptions

The techno-economic data for the analysis are given in Table 1. A
proton exchange membrane (PEM) electrolyser was considered for
hydrogen production. The efficiency curve of the PEM electrolyser,
shown in Fig. 4, was taken from (Zauner et al., 2019). It was imple-
mented within the MILP-based optimisation framework according to the
PWA approximation described in Section 2.2.1. As can be seen in Fig. 4,
the electrolyser efficiency is 55% at rated power, while the peak effi-
ciency is 65% and occurs at 20% of the rated power. The electrolyser
operates with a modulation range of 10-100% (percent of the rated
power) (Marocco et al., 2021a). The lower limit was set to ensure that
the electrolyser operates efficiently and safely. Low partial loads would
indeed lead to safety problems (due to hydrogen cross-diffusion) and
lower efficiency (due to energy consumption by auxiliary components)
(Marocco et al., 2021b). The specific investment cost of the PEM elec-
trolyser was assumed to be 1188 €/kW (Bohm et al., 2020), which is
representative of the cost of MW-scale electrolysers in the current
market (Bohm et al., 2020; Proost, 2019). The operating costs of the
electrolyser were expressed as the sum of a fixed term (function of the EL
rated power) and a variable term (function of the electrical energy
consumed by the electrolyser over the year) (Tractebel, 2017). It was
assumed that the electrolyser operates at a pressure of 30 bar, while 200
bar is the maximum pressure of the hydrogen storage tank. A compressor
is therefore required to pressurise hydrogen up to the hydrogen tank

80 T —
70+ -
60 -

50

40t | | 1
| <——— Modulation range ———>
300 | | d

PEM electrolyser efficiency [%LHV]

20 e S,
0O 10 20 30 40 50 60 70 80 90 100
Normalised input electrical power [%]

Fig. 4. Efficiency of the PEM electrolyser as a function of the input electrical
power normalised with respect to the rated power.
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Table 2
Results for different values of hydrogen share (HS).
Hydrogen Electrolyser Compressor Hy LCOE; LCOH
share size size storage [€/kWh] [€/kg]
[%] [MW] [kW] size
[t]
0 0 0 0 0.10 -
10 8 0 0 0.12 10.54
20 16 0 0 0.14 10.56
30 25 0 0 0.17 10.57
40 34 0 0 0.19 10.58
50 43 0 0 0.21 10.60
60 52 0 0 0.23 10.61
70 62 0 0 0.26 10.64
80 74 37 0.3 0.28 10.67
90 87 144 1.7 0.31 10.71
100 97 298 14.7 0.33 10.83
1800
500 [ IElectricity [__| CO2 emissions
[ IElectrolyser [ |Natural gas
1400 | IO, revenves [EEIOMers
1200
— 1000
W
=
o 800
S
600
400
200
0 [
-200
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Fig. 5. NPC breakdown for different values of hydrogen share. The “Others”
term includes the following contributions: costs of water, burners OPEX, H,
compression, and H, tank.

pressure. Specifically, a three-stage intercooled compressor was
considered, resulting in a specific consumption of 4 MJ/kguys when
hydrogen is compressed from 30 bar (i.e., the operating pressure of the
electrolyser) to 200 bar (Crespi et al., 2021). The specific investment
cost for the hydrogen compressor was set to 1600 €/kW (Crespi et al.,
2021). A specific CAPEX of 470 €/kg was assumed for the hydrogen
storage (Tractebel, 2017), which is in line with the cost data of hydrogen
tanks with an operating pressure of less than 250 bar (Danish Energy
Agency, 2020).

As far as the furnaces are concerned, the analysis considers the
operating costs as a function of the initial investment (3% of the CAPEX)
(Loh et al., 2002). The investment cost for the furnaces was not taken
into account in the NPC assessment, as they are already installed in the

0.4% 4.0% 0.2%

a)

17.3%
82.3%

b) c)
“ @
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steel plant. In the case of conversion from natural gas to hydrogen, some
redesign of the gas burner might be required, especially at high blending
rates (IRENA, 2022). The conversion cost for MW-size industrial fur-
naces has been examined in (Durusut et al., 2019) and accounts for
about 40% of the CAPEX of the furnaces. When applied to the steel plant
case study, the conversion cost would always represent less than 0.5% of
the NPC in the analysed scenarios. For this reason, this cost was not
included in the cost assessment of this analysis.

The energy (electricity and natural gas) and carbon prices of the steel
plant in 2021 are referred to as Reference scenario and they are shown in
Table 1. The table also gives the prices of water and oxygen (Chris-
tensen, 2020; Morgenthaler et al., 2020): water is needed to feed the
electrolyser, while oxygen was considered as a revenue, since it can be
exploited on-site in the steel production process. The electricity and
natural gas prices were taken as average values for industrial users in
Italy in 2021 (Gestore dei Mercati Energetici SpA, 2022). The carbon
price for the Reference scenario corresponds to the average value in the
ETS market at the end of 2021 (Trading Economics, 2022). It is worth
noting that the carbon price refers only to the direct CO, emissions of the
plant (first term in Eq. (25)). All these prices were considered constant
throughout the simulation period.

5. Results and discussion

The optimisation model was first applied to the Reference scenario, i.
e. a scenario with current electricity and natural gas prices (0.18 and
0.08 €/kWh, respectively) and with a carbon price of 85 €/t. The optimal
solution is to supply the furnaces with natural gas only, without the use

250 T T T
Indirect CO2 emissions
Direct CO2 emissions
200 b
5 _
= ECI =275 gCO,/kWh |
‘@ 150 PP
5 -7
= ECI g
2 =
§ 100} e 1
N _-" - ECI = 5 O, /kW\
©] Lol .
(@] gy
50 e 1
Be.  ECI= 0 gCO,/kWh
O 1 1 1 1 =~

Hydrogen share [%]

Fig. 7. Annual CO, emissions (direct and indirect) as function of hydrogen
share and electricity carbon intensity (ECI). The green line represents a scenario
with ECI equal to zero, i.e. there are no indirect emissions (locally available RES
or grid supply with GO). The orange line represents a scenario where the ECI
generates the same total emissions as the full-NG scenario. The blue line cor-
responds to a scenario with the EU average ECI for 2021.

0.1%

@ Hydrogen system
O Natural gas
0 CO2 emissions

mBurners

Fig. 6. NPC contributions for different values of hydrogen share: a) 0% (full-NG scenario), b) 50%, ¢) 100% (full-H, scenario). The “Hydrogen system” term includes
the following contributions: electrolyser, H, compression, H, tank, electricity consumption, water consumption, and O, revenues.
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Fig. 8. Cost saving (CS) at variable carbon, electricity and natural gas prices. The white area corresponds to combinations of energy prices where hydrogen is not
included in the optimal design of the energy system. In the white area the CS is null since the optimal solution is the NG-based configuration.

of hydrogen, resulting in a levelised cost of thermal energy (LCOE,) of
0.10 €/kWh. The first row of Table 2 reports the main results for the
Reference scenario (i.e. full-NG scenario).

A sensitivity analysis was then performed on the fraction of process
heat demand covered by hydrogen (i.e. the hydrogen share was set as a
constraint). The aim was to investigate the impact of hydrogen from an
economic and environmental perspective. As shown in Table 2, the
annual share of hydrogen was varied from 0% (Reference scenario) to
100% (full-hydrogen scenario). When the hydrogen share (HS) is
increased, the size of the electrolyser increases, from 8 MW at 10% HS to
97 MW at 100% HS. It is worth noting that the hydrogen compressor and
storage tank are not included in the energy system until the hydrogen
share exceeds 80%. The size of the hydrogen storage is kept very small
up to a hydrogen share of 90%, reaching 14.7 tonnes only in the full-
hydrogen scenario. In scenarios with a high H, penetration, the
hydrogen storage indeed becomes effective to avoid oversizing the
electrolyser. On the other hand, if the hydrogen share is below 80%, the
peaks of the thermal load are covered with natural gas and the elec-
trolyser can meet the base load without the need for a storage system.
This is possible because the HS constraint was defined on an annual
basis, while the hourly gas composition at the burner inlet (i.e. hydrogen
content) is a result of the optimisation model. However, in configura-
tions where the hydrogen tank is not included in the optimal solution, an

auxiliary Hy energy buffer might be required to ensure a continuous
hydrogen supply in case of maintenance or failure of the electrolyser
system.

As shown in Table 2, the use of hydrogen at current energy prices
leads to an increase in the LCOE; value, which changes linearly from
0.10 to 0.33 €/kWh (+230%) when moving from the Reference to the
full-hydrogen scenario. The LCOH value increases slightly with
increasing hydrogen share, in the range of 10.5-11 €/kg. This is mainly
due to a decrease in the load factor of the electrolyser (from 53% at 10%
HS to 44% at 100% HS). The use of hydrogen also leads to a reduction in
the direct CO emissions from 75 to 0 kt/yr, with a consequent reduction
in the cost of CO5 emissions.

Fig. 5 shows the breakdown of the NPC in three selected HS sce-
narios: 0% (Reference Scenario), 50% and 100%. The main NPC con-
tributions for different values of hydrogen share are also displayed in
Fig. 6, where the “Hydrogen system” term includes the costs due to
electrolyser, Hy compression, H; storage tank, electricity consumption,
water consumption, and O, revenues.

The Reference scenario shows the lowest NPC (499 M€). The main
contributions are the cost of natural gas purchased from the grid
(82.3%) and the CO, emissions (17.3%), while the OPEX of the burners
can be considered negligible. As the hydrogen share increases, the costs
associated with the electrolyser, and especially the electricity purchased
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Fig. 9. Levelised cost of hydrogen (LCOH) at variable carbon, electricity and natural gas prices. The white area corresponds to combinations of energy prices where

hydrogen is not included in the optimal design of the energy system.

from the grid, increase significantly. The NPC of the 50% HS scenario is
1066 M€ (4+114% compared to the NG-fuelled scenario). The hydrogen
system accounts for 76.5% of the NPC (mainly due to electricity and
electrolyser contributions), while the shares of natural gas and CO,
emissions drop to 19.3% and 4.0%, respectively. The production of
hydrogen also generates oxygen as a by-product, that can be employed
directly in the steel process. In this scenario, 30.8 M€ can be saved
thanks to oxygen recovery, which corresponds to about 3% of the NPC.
Moving to the full-hydrogen scenario (100% HS), the NPC increases to
1669 ME€: almost all costs are due to the hydrogen system and there are
no costs for natural gas and CO, emissions.

In order to better investigate the environmental impact (in terms of
CO;, emissions) of the proposed energy system, a sensitivity analysis on
the electricity carbon intensity (ECI) was carried out, as shown in Fig. 7.
Indeed, as reported in Eq. (25), total CO5 emissions are composed of a
direct term related to the use of NG from the grid and an indirect term
depending on the electricity purchased and the ECI value.

Direct CO, emissions (dark grey area) decrease as the HS value is
increased. In contrast, with increasing HS, an increase in indirect CO5
emissions (light grey area) can be observed, the extent of which depends
on the ECI value. The green dashed line in Fig. 7 corresponds to a sce-
nario where the ECI value is zero, which can occur when using locally
available renewable energy sources (RES) or electricity from the grid

with guarantees of origin (GO). Electricity from the grid with GO is
currently purchased by the steel plant analysed in this work. The blue
dashed line was derived considering the EU average ECI for 2021 (275
gcoz/kWh). As can be seen from the graph, when the ECI value is 275
gcoz2/kWh, the total CO, emissions are higher than those of the full-NG
scenario (75 kt/yr) and reach a value of 167 kt/yr when the HS is 100%.
The ECI value at which the total CO, emissions of the hydrogen-based
scenario are equal to those of the full-NG scenario is about 123 gcoa/
kWh (lower values have already been reached in Sweden, France,
Luxembourg, Lithuania, Finland, Austria and Slovakia).

To sum up, the use of hydrogen is always effective in reducing direct
CO emissions. However, an ECI value of less than about 123 gco2/kWh
is required for hydrogen to become environmentally beneficial when
considering total CO; emissions (i.e. sum of direct and indirect
contributions).

To better understand the impact of the energy context on the eco-
nomic profitability of hydrogen, a sensitivity analysis was conducted on
the price of electricity and natural gas. The NG price was explored in the
range of 0.05-0.30 €/kWh. Three different values of the carbon price
were also examined: 100, 250 and 400 €/t. In this assessment, the
optimisation framework evaluates when hydrogen is included in the
optimal solution and provides the resulting values of hydrogen share
(HS), levelized cost of hydrogen (LCOH) and cost saving (CS).
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Fig. 10. Hydrogen convenience in the energy system as a function of the
electricity and natural gas prices and for different values of carbon price (100,
250 and 400 €/tcoz).

Table 3
Coefficients of the equation for the estimation of
the economic profitability of hydrogen.

Coefficient Value
a 0.6
a, 1.33-10°*
as 6.67.1072

The results are displayed in Fig. 8 and Fig. 9 for the CS and LCOH
parameters, respectively. In these figures, the white area refers to the
combinations of electricity and natural gas prices for which hydrogen is
not included in the optimal design of the energy system. In contrast, the
blue area corresponds to the hydrogen-based configurations, and the
corresponding values of CS and LCOH are reported.

As can be seen in Fig. 8, hydrogen-based solutions can provide a cost
saving in the range 2-70% compared to the full-NG scenario, depending
on the energy and carbon prices. The hydrogen profitability, expressed
by the CS indicator, improves by decreasing the electricity price and
increasing the natural gas price. This means that the blue area tends to
concentrate in the top left of the heatmaps, where the highest CS values
can be observed. At a carbon price of 100 €/t, the cost saving is up to
64.5%, which is the case for electricity and gas prices of 0.05 and 0.3
€/kWh, respectively (top left corner of the heatmap). Moreover, an in-
crease in the carbon price increases the number of energy price com-
binations for which hydrogen is economically beneficial. The blue area
indeed expands when the carbon price varies from 100 to 400 €/t. For a
given combination of energy prices, a higher carbon price leads to a
higher CS: as an example, the highest CS value increases from 64.5% at
100 €/t to 69.9% at 400 €/t.

It is also worth noting that, when hydrogen starts to be advantageous
from an economic point of view (i.e. transition from the white to the
blue area), the annual hydrogen share in the optimal solution increases
sharply, from zero to very high values, exceeding 80-90% in almost all
scenarios (as shown in the HS heatmaps available in the Supplementary
Material).

Fig. 9 shows the LCOH as a function of the energy and carbon prices.
At a given gas price, the LCOH value increases with the price of elec-
tricity up to a certain threshold after which hydrogen is no longer
included in the optimal design (white area). LCOH values up to 10-12
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€/kg (depending on the carbon price) are achieved with electricity pri-
ces above 0.17 €/kWh. On the other hand, in scenarios with low elec-
tricity prices (i.e. 0.05-0.10 €/kWh), the cost of hydrogen drop to values
in the range of about 3.6-6.5 €/kg. Low electricity prices may be
representative of on-site electricity generation from local renewables (e.
g. hydropower, photovoltaic or wind). As an example, a hydroelectric
plant is available close to the steel plant, which could supply electricity
at a price of about 0.06 €/kWh. Furthermore, the optimal LCOH values
found in the low-electricity-price region are consistent with those found
in the literature for the use of hydrogen as a decarbonisation vector in
the steel industry (Kurrer, 2020; Wang et al., 2021; Vogl et al., 2018).

Based on the sensitivity analyses, a cost-optimal map of the economic
suitability of hydrogen under variable energy and carbon prices was
developed. Fig. 10 shows the electricity price below which hydrogen
becomes economically convenient (dashed lines) for various natural gas
and carbon prices. For example, at a natural gas price of 0.10 €/kWh and
a carbon price of 100 €/t, the electricity price must be below 0.05 €/kWh
to ensure a cost-effective use of hydrogen in the steel plant. If the carbon
price rises to 400 €/t, an electricity price of about 0.09 €/kWh would be
sufficient to have hydrogen as the optimal solution to cover the thermal
demand. Thus, the blue area represents the combinations of electricity
and natural gas prices for which hydrogen is included in the optimal
energy system design (with a very high annual hydrogen share, as shown
in the Supplementary Material). The grey area, on the other hand,
represents energy prices for which hydrogen is not yet suitable and the
optimal solution is to use only natural gas. To sum up, at a carbon price
of 100 €/t, hydrogen becomes cost-effective if the electricity price is less
than about 0.4-0.6 times the natural gas price. This value increases to
0.7-1.2 at a carbon price of 400 €/t.

Finally, based on Fig. 10, a general relationship was derived to define
the electricity price below which hydrogen starts to be economically
advantageous for a given gas price and carbon price. It is expressed by
the following equation:

Ca =0y (Cgas —0.05) + a2 - cco, + a 27)
where ¢, (in €/kWh) is the electricity price, cgos (in €/kWh) is the gas
price, cco, (in €/t) is the carbon price, and a;, a2, and a3 are the co-
efficients of the above relationship (shown in Table 3).

6. Conclusions

This work aims to assess the role of hydrogen as a fuel for the
decarbonisation of heat generation in the steel sector. An MILP-based
optimisation framework was developed to evaluate the optimal system
configuration to cover the thermal demand of a steel plant. The model
was then applied to a scrap-based EAF steel plant located in North Italy.
The energy (electricity and natural gas) and carbon prices were varied to
investigate their impact on the economic profitability of hydrogen. A
cost-optimal map was finally derived to show the combination of elec-
tricity, natural gas and carbon prices that make hydrogen economically
convenient. Main conclusions are summarised as follows:

- Hydrogen is always effective in reducing the direct CO5 emissions of
the steel plant. When total CO, emissions (direct + indirect) are
taken into account, the electricity carbon intensity should be less
than about 123 gco2/kWh for hydrogen to be environmentally
profitable.

The cost-effectiveness of hydrogen improves when the price of nat-
ural gas increases and the price of electricity decreases. At low
electricity prices, the hydrogen-based configuration can result in cost
savings of up to 60-70% compared to a full-NG scenario.

LCOH values of less than about 6 €/kg can be obtained if the elec-
tricity price falls below 0.10 €/kWh, which could be achieved, for
example, by generating electricity from on-site renewables.
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- Hydrogen-based scenarios always involve a high value of hydrogen
share, above 80-90% in all configurations. This means that, from a
cost-optimal point of view, there is no gradual conversion to
hydrogen. The optimal solution indeed involves a sharp transition to
hydrogen when the energy context is favourable.

As shown in the cost-optimal map (gas price in the range 0.05-0.3
€/kWh), at a carbon price of 100 €/t, hydrogen becomes advanta-
geous if the electricity price is less than about 0.4-0.6 times the
natural gas price. This value increases to 0.7-1.2 at a carbon price of
400 €/t.

Future studies will examine the effectiveness of using hydrogen as a
reducing agent within the innovative DRI-EAF route. This is necessary,
along with hydrogen-based heat supply (evaluated in this work), to
move towards a deep decarbonisation of the steel sector.
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BF Blast furnace

BOP Balance of plant

BOF Basic oxygen furnace
CAPEX Capital expenditures

CP Compressor

CS Cost saving

DRI Direct reduced iron

EAF Electric arc furnace

ECI Electricity carbon intensity
EL Electrolyser

ETS Emissions trading system
GB Gas burner

GO Guarantee of origin

HS Hydrogen share

HT Hydrogen tank

LCOE; Levelised cost of (thermal) energy

LCOH  Levelised cost of hydrogen
LHV Lower heating value
LOH Level of hydrogen
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MILP Mixed integer linear programming
NG Natural gas

OPEX Operating expenditures

PEM Proton exchange membrane

PWA Piecewise affine

RES Renewable energy sources
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