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ABSTRACT

Hot rolling mills for steel processing are an energy-intensive and notably hard-to-abate industry.
Previous studies have not explicitly modelled the interaction bétween the different technologies
that potentially make up the decarbonized energy supply system of a steel rolling mill, nor
considered potential limitations of electrical grid infrastructure. The combination of additional
capital and operational expenses together with infrastricturallimitations potentially makes deep
decarbonization of such an industrial energy system ccenomically unfeasible. In this paper, we
present a complete model of a hot rolling mill in Austsia with two decarbonization routes,
namely green hydrogen and synthetic natural gas¢with casbon capture, and we use MILP
optimization to derive the least-cost designiand operatiomyof the energy system under three
power grid capacity scenarios and a.cheice ofydifferent technologies. We find a 124~166%
increase in the levelized cost of heat for the hydrogen route and of 187~231% for the synthetic
natural gas route, depending on power grid capacity. The results highlight the crucial role of the
electrical grid in providing flexibility,and, confirm that, under current and-near future techno-
economic conditions, a majorreduction in carbon emissions from the steel processing sector is
only possible with significant policyssupport.
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INTROBUCTION,

Thessteehindustry is one of the technological pillars of the modern world. In 2024, more
than 1,740 million tons of finished steel products were produced worldwide [1]. The steel
industrytis energy-intensive , and most of its growth has been based on fossil fuels, resulting
in 1792 tons of carbon dioxide (CO,) emissions per ton of steel produced [2]. However, as
governments and businesses commit to a net-zero horizon that requires avoiding most
emissions of climate-change-inducing greenhouse gases, it is apparent that new energy systems
are required to power the production and processing of steel.
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High-temperature process heat in hot rolling

High-temperature process heat is among the most challenging industrial end-uses to
decarbonize because it combines high thermal power density, tight temperature—time
specifications, and product-quality sensitivities that depend on furnace atmosphere and heat-
transfer factors. This is particularly true for steel reheating furnaces in hot rolling mills (e.g.,
walking-beam and pusher furnaces), which 2.0~2.4 GJ/t of finished product [3], and where
slabs are typically heated to >1100 °C (often ~1250 °C) with strict uniformity requirements to
ensure stable rolling, avoid defects, and minimize yield losses through oxidation-related scaling
[4]. Data compiled by the European Commission highlights that this downstream step remains
a nontrivial fraction of total CO. emissions at around 0.13 tCO- per ton of product (cf. 1.29
tCO»/t for blast furnaces), and it motivates the need to evaluate viable decarbonization
alternatives at the process level, not only at the level of upstream steelmaking routesy[5J¢

Decarbonization options for steel reheating and hot rolling

These high temperatures make it infeasible to decarbonize reheating furnaces through
technologies like high-temperature heat pumps (HTHPs), which are commenly proposed in
other energy-intensive, but lower-temperature processes [4]. Reeent, literature converges on
two primary pathways for reheating-furnace decarbonization®(i) direct'electrification and (ii)
fuel substitution with green hydrogen (i.e. hydrogen producedyfrom refiewable electricity) [6].
A third pathway, (ii1) a closed carbon loop with carbon captureand synthetic natural gas (SNG)
(produced from captured CO- and green H> via methanation) effers process compatibility with
existing furnace infrastructure but adds conversion steps and auxiliary units.

Direct electrification. Direct electrification, eliminates combustion emissions at the point
of use and can be highly efficient, but itstapplicatien todlarge, continuous reheating furnaces is
subject to important practical constraifitSaReplacing fuel burners with electric heating removes
the flue-gas stream that supports_heat recovery and affects convective mixing, meaning that
furnace flow and heat-integratiofi concepts may need to be substantially redesigned to maintain
productivity and temperatuse, uniformity [4]. Major technologies for direct electrification
include resistive heaters, iiduction ceils@nd plasma torches [7]. In the present study, resistive
heating was examined.but,foundunsuitable for the larger furnaces because its heat density is
insufficient. Inductionsheating was also excluded, as it is not compatible with the site-specific
products due to spatialconstraints and their inhomogeneous shapes. Plasma torches, by contrast,
offer a burner-like electrification concept with high power density and a hot gaseous heat-
transfer medium, making them a promising option for future applications. However, because
they currently remain at a relatively low technology readiness level and still face challenges
relatedito efficiency, heat transfer, NOx formation, product quality, and maintenance, they were
not hcludedunithe present study either.

FEuel substitution with green hydrogen. Hydrogen (Hz) combustion is often positioned as a
relatively® straightforward retrofit option because it can retain established burner—furnace
architectures. High-temperature process-heat reviews note that steel reheating furnaces can
technically be converted to hydrogen and that pilot/industrial deployments are approaching
high readiness levels (often framed as TRL ~8-9), while also emphasizing that feasibility
hinges on site constraints and available infrastructure [4]. Industrial burner development for
reheating furnaces has demonstrated stable operation up to 100% H- with low-NOy concepts
at typical furnace temperatures, supporting the practical plausibility of hydrogen retrofits [8].

However, hydrogen shifts the decarbonization challenge upstream: the overall emissions
benefit depends on the electricity mix and the availability of renewable power for electrolysis,
purchase of externally produced hydrogen (via truck or pipeline), or both. In a detailed hot-

Journal of Sustainable Development of Smart Energy Networks 2



Olaciregui-Segura, M., Beck, A., et al. Year 2027
Techno-Economic Assessment of Green Hydrogen, Carbon ... Volume 2, Issue 1, 2030733

rolling reheating-furnace case study comparing natural gas, electrification, hydrogen/air, and
hydrogen/oxygen concepts under different European grid mixes, the CO: reduction potential
was shown to be highly sensitive to the carbon intensity of electricity supply and the pace of
grid greening [6]. As a result, hydrogen-based decarbonization cannot be assessed
independently of power-system boundary conditions—particularly in contexts where industrial
electrification competes for limited renewable electricity [4, 9].

Fuel substitution of hydrogen in place of natural gas causes changes in the reheating furnace
atmosphere, with a notable reduction in CO; and increase in water vapour (H20) [10]. Although
industrial-scale tests of hydrogen-combustion atmospheres are still scarce, several laboratory-
scale studies have been carried out to investigate the potential effects that the different chemical
composition and heat transfer characteristics may have on product quality. Scaling4§’a major
product quality concern in hot rolled products as it causes surface defects, reduces the process
yield and complicates downstream surface treatments [11]. A recent study foind“a,moderate
increase in scaling in the hydrogen-air atmosphere [12]. An earlier study showed that, the
differences in scaling are dependent on the specific grade of steel being reheated, however [13].
Although experiments are ongoing, a COz-poor atmosphere could also induce decarburization
issues, with implications for surface hardness and long-term fatigue [14J3The combination of
changes in scaling and decarburization effects implies that a puse hydrogenifuel might not be
a one-size-fits-all solution and that other alternatives should d¢ investigated for at least some
steel grades.

Fuel substitution with carbon capture and SNG. Analternative that requires minimal
process modifications is to continue using methan€ gas (€Ha) as,fuel while making the system
near-carbon-neutral via CO: capture and utilizations, COzuis captured from the flue gas and
methanated with green hydrogen to formy, SNG,ewhichdis recycled as furnace fuel. Pilot
demonstrations show that high capture and conversion performance are technically achievable,
particularly when heat and materialgintegration agé leveraged to reduce auxiliary energy
demand [15]. Process-integration studies of power-to-SNG chains further quantify how overall
efficiency depends strongly om' electrolysis type (steam electrolysis vs co-electrolysis),
operating pressure, and heat integration between (exothermic) methanation and heat demands
[16].

Nevertheless, thesedoops, add,substantial CAPEX and OPEX (capture, methanation and
additional hydrogen<production), and they incur an efficiency penalty through additional
conversion steps.dma dedicated MILP optimization of a steel hot rolling mill, SNG produced
via CO: capture and methanation was consistently more expensive than direct hydrogen across
electricity-pfi€evscenarios, even though SNG offers storage and infrastructure compatibility
advantages [17]. Stillpits high compatibility with existing production processes makes it a
worthwhiléoption to consider in feasibility studies.

Techno=economic assessment studies using MILP

Beeause technology choice depends on discrete design decisions and time-dependent
operation, recent work increasingly uses optimization-based approaches to compare
decarbonization pathways under realistic constraints.

Mixed-integer linear programming (MILP) enables joint optimization of (i) discrete
technology selection, (ii) capacity sizing, and (iii) time-resolved dispatch under variable
production demands, energy prices and infrastructure constraints. In the hot rolling context, a
recent MILP study comparing on-site hydrogen and on-site SNG under dynamic electricity
pricing demonstrates that exploiting price variability via flexible operation and storage can
substantially reduce levelized costs of energy (LCoE) relative to flat-price assumptions; it also
shows that optimal electrolyser selection shifts with electricity-price level due to efficiency—
CAPEX trade-offs [17].
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Studies from other sectors that also require high-temperature process heat show that deep
decarbonization is often achieved via hybrid solutions, and that the last step toward near-zero
emissions can be disproportionately expensive. In glass-furnace techno-economic
optimization, partial electrification combined with on-site renewables and storage can achieve
moderate abatement at modest cost increases, whereas pushing toward very high abatement
levels requires substantially larger investments in storage or hydrogen infrastructure [18].
Multi-stage MILP optimization in cement similarly indicates that combining multiple measures
(e.g., alternative energy supply, capture, and integration) can deliver major emissions
reductions while highlighting the importance of phased investments and policy incentives for
economic viability [19]. Cluster-level MILP studies in high-temperature chemical sectors show
that the availability of CO» transport/storage and power infrastructure can dominateutcomes
and that integration across units can reduce costs and emissions compared to iselated
decarbonization measures [20]. Collectively, these findings support the expe€tation that hot
rolling mills will benefit from evaluating portfolios of decarbonization options and from
explicitly representing time-varying operation and infrastructure constraints;un‘erder/to best
quantify the business impact of deep decarbonization targets.

Research gaps and motivation for this study

Much of the peer-reviewed literature for decarbonization iafthewizon and steel sector is
dedicated to the production of raw steel, while the studies,on downstream processing of steel
products remain comparatively sparse. The most relevant te€hno-economic assessment study
is the doctoral dissertation by Loffler [21], recéntly expanded upon in a paper by Zabik,
Birkelbach et al. [17]. They apply a MILP méthodelogy to optimize the technology choice,
capacity sizing and operation of a decarbonized enérgy'supply system for a hot rolling mill in
Austria, and carry out a detailed comparigon,of the LCoE of a hydrogen- vs SNG-based system
under a variety of different energy prieesscenarios. There are however three additional elements
not explored in their case study, and which our present work includes to provide a fuller
understanding. These are namely diffetent electrical grid capacity scenarios, which influence
the planning of major investments; anclusien of onsite PV and wind power generation in the
mix; explicit modelling of carbon“eaptute subsystems; and hybrid solutions combining the
advantages of more thamseneiteChnology.

On the one hand, the strongiincrease in electricity demand expected from onsite production
of green hydrogensealls for antevaluation of different grid connection regimes, especially given
the structural bottlenecks ‘that the Austrian power grid faces in the near future [22]. If a
substantial parttofithe additional demand is satisfied through onsite renewables, grid feed-in
dynamicf ‘excess power in times of high generation and/or low process demand also need to
be consideredyThe development of plans for investments in the grid is in turn influenced by
the demands,expected from electricity consumers in general and energy-intensive industries in
particular.z\Consequently, the present work can provide insights into the interrelation of
industrialiplanning and grid conditions and thus be helpful to decisionmakers on both sides.

Omthe other hand, the previous study only considers electricity supply from the general
grid. The present work also introduces the possibility of building solar PV an wind power
generation connected directly to the plant, which potentially decreases dependency on the grid
but also requires consideration of seasonal variations in generation potential which do not
necessarily correlate to variations in process heat demand. The optimal electrical mix for each
scenario is calculated trough a representative period based approach.

In addition, their study simplifies the carbon looping subsystem as a per-unit carbon
capture cost; an explicit modelling of the available technologies for carbon capture would
enable an optimization of the design of the carbon capture subsystem as well as of the heat
integration between its energy heat demands and the waste heat from the furnaces and the
methanation reaction on the other.
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Finally, their model presents a conventional binary choice between -electrolysis
technologies, while this work allows for more general (albeit potentially less feasible in
practice) hybrid solutions in the electrolysis, carbon capture and methanation subsystems that
implement more than one technology in order to take advantage of each one’s relative strengths.

By examining the optimal decarbonized system under different grid connection regimes,
explicitly modelling and optimizing the closed carbon loop subsystem and allowing for multi-
technology solutions while simplifying the energy price conditions, the present work aims to
complement previous case studies and provide a fuller picture of the challenges and
opportunities the steel processing industry faces on its road to the net-zero economy.

MODEL AND METHODS

In this section, a MILP model of a steel hot rolling mill in Austria is ([developed as a
collection of subsystems, with the combined superstructure shown in Figure 1%, The objective
function and the constraints are defined as linear combinations of non-negative'sealand binary
decision variables, which model both the design and operation of.the decarbonized energy
system. The superstructure allows for hybrid solutions, possibly cembining different
technologies in the same subsystem.

The MILP approach was chosen because it is a well-established methed/for energy system
expansion planning and allows the simultaneous optimizatien¥of deésign and operation. It
remains computationally efficient even for complex systém configurations and guarantees a
global optimum as long as the problem is formulated linearly. This makes it particularly
suitable for system-level planning studies. Its “main limitation is that nonlinear effects,
especially part-load behaviour of individualgechnolegies;, can only be represented through
piecewise-linear approximations. Moreovet} nenconvexyfilnctions would require introduction
of additional binary variables and thus would make thé'model much harder to trace. Thus, in
this work we aimed for simple linear gonstraints and refrained from piecewise approximations.

The available routes for decarbonization werésnarrowed down by a preliminary feasibility
review. The industrial partner miled outidirect electrification for a variety of reasons: resistive
heating might pose difficulties,with@chieving the desired temperatures in the existing furnace
design due to low heating density; the thickness of some pieces makes induction unsuitable for
this case study; and plasma burners,are not at a sufficiently high TRL yet. Furthermore, the
internal tests on the product quality impact of the hydrogen combustion atmosphere are still
inconclusive, and therefore “the potentially more expensive, but production-wise less
problematic CCHSNG routeyis also investigated as an alternative to the pure-H> route.

For computational tragtability, the whole year is modelled by taking a randomly selected
sample Pyof22 days p (one-sixteenth of the year), each composed of 24 1-hour steps t:

teT =1{0,..,23} (1)

p € P =1{31,34,47,71,136,151,153,164,183,185,187,227, @)
245,257,262,268,272,283,300,304,347,350}

An analysis of the trade-off between computational tractability and robustness of results was
conducted (see Appendix) and yielded the chosen sample size of 22 days as a number that
produces sub-5% uncertainty in the objective function value across 13 realizations while keeping
computation time low enough to enable quick iteration over different scenarios and parameter
values. The choice of 1-hour steps, meanwhile, is based on the time resolution of the data for
process heat and electricity demand that the industrial partner made available for the study.
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Figure 1. The most general superstructure of the system, showing the,furnaces, the utility
connections and the energy conversion units, as well as all the zelevantflows of energy and mass, as
described through the “Model and Methods™ section. Red: the six‘furnaces with their fuel inputs,
energy outputs and carbon outputs. Blue: the power subsystemdconsisting of grid connections
(purchase and feed-in), onsite renewables (hydro, windwand/or selar PV) and a possible battery
storage. Green: the hydrogen subsystem, which exists bothtin the H2 and CC+SNG routes, and
consists of the external connections (purchase and feed-in), the\available electrolysers (AWE/PEM
and/or SOEC), and a possible H2 tank storagedGray: the carbon capture subsystem, consisting of the
available CC technologies (AS, ASHP and®SA) forboth the A/B and C groups of furnaces, internal
connections for CO2 utilization, andraecounting of direct emissions. Orange and yellow: the
methanation subsystem with the two available reactontechnologies (OSM and/or TSM), as well as the
natural gas and biomethane purchase connections. The latter two subsystems are only needed in the
CE&+SNG route.

Industrial process

The plant consists of several reheating furnaces, of which six are considered in this
study. They will beweferfedito as furnaces furn = Al, A2, B1, B2, C1 and C2. Furnace A1
is used for reheating ‘steel billets from room temperature to forming temperature, and
furnace A2 fomkeeping them hot after rolling. Later, the steel pieces are further processed
in one of twio heat tréatment lines: either at furnaces B1 and B2, which are co-located with
furnaces Al and A2; or at furnaces C1 and C2, which are located in a separate building.

Timesseries oftemperature and load were provided by the plant for all furnaces, with
a, duration,of one year and resolution of one hour or better. These data were used in the
model but ate not shown in detail here for anonymization reasons; instead a summary is
provideddn Table 2.

Table 1. Statistics of process heat demands. The reference load MW is the average thermal
demand of the sum of all the furnaces.

Furnace Al A2 Bl B2 Cl C2  Total

Peak load [ MW/MW,] 1.28 0.25 037 0.19 0.19 0.07 1.93
Mean load [MW/MW,] 0.62 0.06 0.17 0.07 0.05 0.02 1.00
Mean load (rel. to peak) 49 % 24% 46% 39% 28% 28% 52%
o [MW/MW(q] 0.32 0.04 0.12 0.05 0.05 0.05 047

o (rel. to mean) 51% 73% 69% 64% 91 % 87% 47 %
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The thermal energy that goes into the furnace at each time-step is modelled as the sum of the
LHVs of the fuels f € F that are being burned at the time, weighted by a fuel type- and

furnace-dependent efficiency parameter n?m that accounts for the heat that is lost in the flue

gas:

Gty = z i x LHV; x ] " 3
feF
where m[ ’Iﬁum is the mass flow of each fuel being burned at each time-step. The heatdhat goes

into the product itself is calculated as:

f — o fl fi
Torep = Npr - X Qep" “4)

with the furnace-specific nf,“rm accounting for heat lost via radiation, ceeling, etc. Similarly, the

energy that can be recovered as high temperature waste heat (defined hercvasdemperatures

higher that 150°C) is given by another furnace- and fuel-specific parameter r/%2, :

wipm = Z rfurny x i x LV m 0™ 5)
feF
The efficiency of each furnace when burning natoral gas wastinferred from yearly-averaged
energy flow data including fuel inputs, product heat, flug gas heat and cooling loads. For
simplicity, the efficiencies for other fuels wereextrapolated by taking into account the different
heating values and stoichiometries but net possible changes in heat transfer dynamics.

Table 2. Parametrization of'furnaces in the MILP model.

Furnace Prod. eff. Fuel efficiency Waste heat >150°C
prN N N niERe e T Tigie
Al 0.660¢+,.0.868 0.886 0.869 0.112 0.112 0.112
A2 0440y, 0.758 0.773 0.759 0 0 0
Bl 0.733, % 0.833 0.850 0.834 0 0 0
B2 0500  0.762 0.777 0.763 0 0 0
C1 0.708  0.837 0.854 0.838 0.031 0.031 0.031
C2 0.575 0.870 0.887 0.871 0.029 0.029 0.029

Utilities
In the'fellowing the external connections available to the plant are described. These comprise:

Gas grid. Most of the energy demand in the business-as-usual (BAU) case is supplied via
natural gas pipeline. Since the gas prices are specific to every mill and usually extremely
confidential, in this study a fixed price Cgfy =40 EUR/MWh is used, based on the historical
average of 38.97 EUR/MWh (in nominal terms) between 2010 and 2024 [23]. The capacity of
the gas pipeline used for supplying the mill is not a relevant constraint, as it covers all the
current demand and, in any decarbonization scenario, the use of natural gas is unlikely to

increase significantly — quite the opposite.
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Biomethane. A small amount of carbon emissions, caused by carbon slip in the CC
subsystem, may be offset by purchasing biomethane at a price cbuy, which is has an emissions
factor efBM of embedded biogenic carbon. This quantity is approximated as the stochiometric
carbon content of the fuel, such that a zero emissions solution is feasible. The capacity of the
biomethane delivery system (be it pipeline or trucks) is not considered a significant constraint,
as the demand of biomethane allowed in the decarbonized system is considerably lower than
the current demand of natural gas. An Austrian government survey of several existing
biomethane production sites quotes a production cost between 102 and 182 EUR/MWh [24].
Additionally, a German study on development potential for green gases puts the costs of waste-
sourced biomethane at 118 EUR/MWHh in the baseline scenario [25]. Thus, in the present model
a future price of cl?ul\y/[ =120 EUR/MWh is assumed.

The OPEX associated with gas and biomethane are:

s BM
OPEXg - Z z(cbuy X mCH4 tp + Cbuy X mCH4— fP (6)
pPEP teT

Power grid. The power grid is currently the main electricity supply infrastructure. The cost
is approximated as a constant cguy, with the option to feed-infexcess renewable production to

the grid at a price cp o1I- The operating costs associated to the power gridhare:

b
OPEXPower — z Z cbuy X Dip Y+ X p,_?ep“) 7)
pPEP teT

According to data from the International Energy,Agency, during the decade and a half from
2010 to 2024 the average spot price for electricity in Austria was 76.47 EUR/MWh in nominal
terms [26]. As detailed forecasting of future energysmarket dynamics falls outside the scope of
this work, for the purposes of the MILLP model a éenstant nominal price of Ctl))uy =80 EUR/MWh

is used as a proxy for year-round averages. For excess power, the feed-in income is set at cSell
= -55 EUR/MWh. This valuesis setssomewhat below the levelized cost of electricity for wind
power, so that the grid is alowed'to provide some flexibility in times of high generation without
the sale of renewable el€etricity beeoming the main business case by itself.

Hydrogen grid. Ttis expectedthat in the future it will be possible to import a volume ‘mguyt »

of green hydrogenythrough the existing gas pipeline infrastructure at a price cbuy. The chosen

price reflects a midpoint‘of the 93~171 EUR/MWh projected for pipeline imports into Austria
plus some ¢ests for end-user distribution [27], and also takes into account the future production
costs targeted by the penalty-and-investment mechanism envisioned in the Austrian ministry’s

draft Renewable'Gases Act [28]. The pipeline in the model also allows to export excess green

hydrogen‘at a rate mfle}t,p and price CSell when it is not needed on-site. The income is set at a

much lewer value of 55 EUR/MWh as a deliberate modelling choice to reflect the assumption
that feed-in of hydrogen will happen at times of high supply, and thus low market price, across
the region. The hydrogen grid-associated OPEX are thus calculated as:

OPEX"2 = Z Z Cbuy X LHVHz X mlk-)luytp T Csell X LHVHZ X mls'lezlltp) )
pEP teT

CO> Emissions. For calculation of the business-as-usual (BAU) scenario, the CO>

. . . . co
emissions certificates need to be taken into account at price ¢, i:
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OPEX®02 = €92 » (n wep — €fBM X Tigy emitep)
- Cemit Mco,emittp — € MBM,emit,t,p (9)
pEP teT

As of 2026, the current price of CO; emissions certificates in Austria is set by law at 55 EUR/t
[29]. However, from 2027 on, the prices will be set dynamically in the EU-wide emissions
trading system, with a recent forecast giving a predicted price of 145 EUR/ton by 2030 in the
baseline scenario [30]. Thus, as a middle point for the near future, it seems reasonable to set

the model’s emissions price at cecrgizt =100 EUR/.

Table 3. Parametrization of utility prices in the MILP model

Utility Parameter Symbol Value Reference
Natural gas Capacity MCH, peak Unlimited sectext
Price (buy) clI)‘IuGy 40 EUR/MWh [23]
Biomethane Capacity TEM,peak Unlimited scetext
Price (buy) cglll";, 120 EUR/MWh [24, 25]
Emissions efBM 2,743:tCQy/t see text
factor
Electricity Capacity Dpeak Varies scenario-
dependent
Price (draw) Cguy 80'EUR/MWh [26]
Price (feed-in) cPy -55 EUR/MWh see text
H> Capacity T, peak Unlimited see text
Price (draw) C:lfy 150 EUR/MWh [27, 28]
Price (feed-in) Csﬂeﬁ -60 EUR/MWh see text
CO» emissions Cost of Cecr?nzt 100 EUR/tCO;  Interpolation
emissions from [29] and
[30]

Wind power. Onshore,wind hasshad a rapid development in Austria in recent years, with
an average net yearly, increasenof 215 MW in installed capacity [31]. There are already
operational windfparks, in the stadied mill's region with more planned, which enabled the use
of historical generation profile data (Table 4). In this work, it is assumed that onshore wind
will be the imain avenue for expansion of low-emission electricity supply, with wind parks
located cleseienough to the factory that they can be connected directly without relying on the
already,constrained electrical grid. The specific CAPEX are set such that with amortization
and Taterest'they yield a levelized cost of electricity (LCoE) of 60 EUR/MWh, in line with the
Fraunhoferinstitute’s 53~68 EUR/MWh estimate of current LCoE for onshore wind in regions
withh 2500 full load hours [32], which is very close to the 27% average load factor shown in
Table 4%If the time-dependent load factor is LF"™d, then the supplied electricity is:

PEp = LFER™ X Pheak (10)

Solar PV. As of 2023 Austria had nearly 6.4 GW of solar PV installed capacity,
representing a ten-fold increase over the previous decade [33]. In the studied steel mill, a
modest surface area was considered suitable for onsite PV installation, potentially acting as a
complement to wind power. The generated electricity is proportional to the solar irradiation

IV through the efficiency N, and the surface area that can be built is capped at al%,:
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PV _ yPV PV PV PV PV
pt,p - It,p X T] Xa ) a S amax (11)

For utility-scale PV, the Fraunhofer report cites a CAPEX range of 700~900 EUR/kWp, which
amounts to 140~180 EUR/m? under 20% efficiency and the standard 1 kW/m? [32]. Such value
for the efficiency is in the 18~25% range observed for commercial PV modules in another
Fraunhofer study [34]. Here a more conservative value of ¢ =250 EUR/m? is used to account
for lower irradiance, land acquisition costs, and taxes.

Hydropower. A small capacity of hydropower is currently installed that supplies part of
the baseline electrical demand. However it was considered not feasible to expand beyond the

current capacity. The load factor is LFt}fg I thus

hydro __ hydro hydro
Pep = LFt.P X Ppeak (12)

The investment cost for renewable generation is:

CAPEX™" = cwind 5 puind 4 PV x.a® (13)

Table 4. Statistics of renewable generation profiles.

Technology Parameter Symbol Peak Mean o H when =0
Wind Load factor ~ LFy%nd 1.00 0.27 0.30 15 %
Solar PV Irradiance Ig ;,’ 886,W/m2 4133 W/m> 213 W/m? 47 %
Hydro Load factor |, Ftl’lgdm 1.00 0.44 0.23 0%

Table 5. Parametrization of4ehewable energy sources in the MILP model.

Technology Parameter Symbol Value Reference
Wind Specific CAPEX Civgi,nd 3,614 kKEUR/MW 60 EUR/MWh [32]
PV Efficiency ntv 20 % [34]
Maximum area  ab¥ 717 m*/ MW, Site measurements
Specific CAPEX PV 250 EUR/m*>  Computed from [32]

Electrolysis Subsystem

Green hydrogen is produced by electrolysis of purified water using green electricity, either
directlyfrom renewable power or with power drawn from the electrical grid with the
appropriate green generation certificates. In some cases, a heat input is also required to
maintain the temperature of the reaction.

In general, the electrolyser stack is modelled as a linear relation between the power input

pglz‘,*c and heat input q?}ﬁc on one side and the mass flow output of hydrogen m;lgft,p on the other:

elec

. el _n 1 |
mﬁ;(':t,p - LHVHZ X (pte’;;c + qg;;c) (14)
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where 1°° is the efficiency of the electrolyser stack and LHVy,=119.96 MJ/kg is the lower
heating value of hydrogen. For the capacity-expansion model used in this work, AWE/PEM
and SOEC units are represented with constant efficiency over their admissible operating range.
This simplification is consistent with the planning focus of the model, which prioritizes long-
term investment, sizing, and infrastructure interactions over detailed stack electrochemistry.
This simplified model improves the computational tractability at the cost of slightly
overestimating efficiency at low part load.

There is a maximum fraction rq&<S of energy that can be supplied directly as heat:

a5 < raqss x (e + afy”) (15)

and also a technology-dependent minimal part load, such that if the nominal capacity‘is
elec elec

My, peak and the minimal load is limy;;, then depending on whether the electrelyser is active:
Jiglec {E [limys X M e 151 earc |, if electrolyser is rutining (16)
20P (= 0, if electrolyseris shut down

The logic of (16) is implemented in the MILP framework by usifig-a binary time series
commitment variable paired with the appropriate constraints.

Alkaline Water Electrolysis (AWE) and Proton Electron Membrane electrolysis (PEM). In
AWE, OH" anions move from cathode to anode through aliquid electrolyte, releasing H» gas
at the cathode. In PEM, water is supplied’at thefanodedand H+ cations traverse a polymer
membrane to the cathode, forming H» ga§ atithe cathodé: While both types of electrolysis have
their own specificities, in the linearized“approach of'this work they are grouped together due
to their generally lower investment ‘¢ost, lower ‘efficiency, room-temperature operation and
lower minimal part load, the latter bethg relevant when dealing with intermittent renewable
energy sources [35]. The investmefit cost of caVEPEM = 850 KEUR/MW was quoted by an
industry insider source, bat,it lines up with the upper band of the forecasted range laid out at
the beginning of the décade by thésEraunhofer institute, which is a system cost of 450~950
KEUR/MW for AWE and 500~980 KEUR/MW for PEM, with the upper limit corresponding
to 5 MW-scale i1 2020 and thetower one for 100 MW-scale in 2030 [36]. The constant part
load efficiency of 62%,jassumed for both technologies (Eq. 14) in line with a 52.8~55.1
kWh/kg system eleetricity demand [36], is valid for PEM electrolysers in the range of around
40% to 100%,load. Below 40% a drop in efficiency can be expected.

SelidOxidesElectrolysis Cell (SOEC). In SOEC, high-temperature steam is supplied at the
cathodeNand, O” anions are transported from cathode to anode through a solid ceramic
membrang: This type of technology has a higher investment cost, higher efficiency, heat for
steam generation as part of the energy input (which can be supplied as waste heat from other
processes) and a more restrictive minimal part load, which complicates its use with intermittent
renewable sources [35]. The investment costs of CSI(V)EC = 3,750 kKEUR/MW were provided by
industry insider sources, including not just the electrolysis cells but also heat integration and
the associated infrastructure. This lines up reasonably with costs reported in the literature — the
World Bank reported 5,000~5,800 kUSD/MW for current pilot projects and a potential for cost
reduction to 2,000 kUSD/MW in upscaled systems [37], while another report in the European
context projected 4,800 kEUR/MW in the base case for 2020 and 1,200 EUR/MW for the
upscaled system in 2030 [38].
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. AWE/PEM . SOEC . .. .
If My seac  and 7y, piy are the nominal capacities selected for the respective

technologies, then the investment costs for the electrolysis subsystem are:

AWE/PEM

. AWE/PEM .
A /PEM | .SOEC SOEC

CAPEX®lec = ¢ X LHVy, X riy ' v - X LHVy, x mig) e (17)

Table 6. Parametrization of electrolysis technologies in the MILP model.

Technology Parameter Symbol Value Reference
AWE/PEM Efficiency nAWE/PEM 62 % Calculated from [36]
Minimal load  [imAVE/PEM 5 % [39]
Maximal heat ;141 ZZE/ PEM () % [39]
ratio
Specific cAWEPEM 850 Industry_seurce, supported
CAPEX KEURMW by [36]
SOEC Efficiency nSOEC 75 % [40]
Minimalload ~ [im3%¢ 50 % [40]
Maximal heat  rgSOEC 20 % [40]
ratio
Specific cSOEC 3,750 Industry source, supported
CAPEX kKEUR/MW by [87, 38]

Carbon Capture Subsystem

In the reheating furnace context, post<€ombustion carbon capture consists generally of
collecting the flue gas of furnaces and.passing, it thtough a device that separates the CO> from
the rest of the flue gas, so that it can be either stored away or utilized in some other process. In
this case, the purpose of the CCds to'produce SNG that is burned again in the furnaces, in a
quasi-closed loop. The carbon capture precess requires electricity and/or heat to separate the
CO; from the rest of the spe€iesin the flue gas, with the specific values varying by technology.
Assuming constant efficieney over the\dperating range, the linearised input-output relations for
a CC unit with recovefy rate RC, power demand d5¢ and heat demand dS° are:

. CC _ pCC . CC . CC — . CC
mCOZ,cap,t,p = R"X mCOZ,in,t,p' mCOZ,slip,t,p - (1 - R) X mCOZ,in,t,p (18)
CC _ »4CC . CC CcC _ 4cCC . CC
Pew.= 8y X Moy inep  dip = dg X M0, inep (19)

"nn

wheréithe subindices "in", "cap" and "slip" refer to the mass flows of CO, that comes in with
the fluehgasithat is captured, and that slips from the CC unit without being captured,
respectivelys

Aymultitude of different CC technologies exist, divided into several families and at different
technology readiness levels (TRL) [41]. In this work, two possibilities from the absorption
family and one from the adsorption family are considered.

Amine Scrubber (4S). This method works by passing the flue gas through an amine bath in a
continuous process. The amine is then regenerated and the CO; stored. The process has a low
power demand but higher heat requirements, and is currently at a very high TRL [41]. The

investment costs are taken to be ciﬁ = 225 kEUR/(t/h), based on quotes from suppliers.

Amine Scrubber with Heat Pump (ASHP). The AS process can be made more efficient by
integrating a heat pump for internal heat recovery. This eliminates the need for external heat
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input and replaces it with a smaller electricity input, at the cost of higher installation costs [42].
Those costs c2SHP = 1,697 KEUR/(t/h) are based on the costs for the AS itself plus the cost

mv
premium for the heat pump provided in the aforementioned paper.

Pressure Swing Adsorption (PSA). This method separates CO> by feeding flue gas into a
pressurized tank and then greatly reducing the pressure of the tank, which causes the CO> to be
adsorbed into a purposefully designed solid coating (typically zeolite-based) while the other
components of the gas remain free. This batch process requires no heat input but instead is
powered by electricity, and although its TRL for CO» capture is lower, it is considered in the
literature to promise low operation and investment costs [41, 43]. As exact costs figures for
this type of system are hard to find in the literature, an estimate of c.>* = 1,111 kKEUR/(t/h) has
been calculated from two studies that provide partial cost figures [44, 45].

As the CC units should ideally be located as close as possible to the source of the, flue gas,
the system is envisioned as two separate parts: a choice of AS, ASHP and/or PSA for the greup
of furnaces A/B and another for the pair of furnaces C, with access to recovered, waste heat
shared between all. This is illustrated on the right side of Figure 1. If.the'nominal capacity of
each unit in terms of captured mass per unit of time is S5 , peak theml the assoeiated investment

costs are:

CAPEXCC = C$§ x (mé(S)'ZA,I/)eBak + rhlé(s)f,peak) + CiﬁsHp x (még:};;iB + mégygégk (20)
+ et X (10, peak T koo pesk
Table 7. Parametrization of carben captute technologies in the MILP model.
Technology Parameter Symbol Value Reference
AS Separation rate RAS 95.0 % [46]
Heat demand dés 3.79 MJ/kg [46]
Electricity demand 4 dfSwsf 0.1744 MJ/kg [46]
Specific GAPEX ci‘;“sl 225 Industry sources
kEUR/(t/h)
ASHP Sepération rate RASHP 95.0 % [42]
Heat démand dastP - [42]
Electricity demand ~ dp3""  1.62 MJ/kg [42]
Spéeific CAPEX ~ c/ASHP 1.697 [42]
kEUR/(t/h)
PSA Separation rate RPSA 98.2 % [43]
Heat demand dg>h - [43]
Electricity demand ngA 1.7 MJ/kg [43]
Specific CAPEX cPSA 1,111 Estimate from [44] and [45]
kEUR/(t/h)

Synthetic Natural Gas Subsystem

Hydrogen (H2) and carbon dioxide (CO») can react exothermically to produce methane
(CHa). In the ideal reaction, the so-called Sabatier process can be summarised [47] in the
following stoichiometric formula:

CO, + 4H, - CH, + 2H,0 + 164.0 kJ/mol (21)
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In a methanation reactor, this reaction can be carried out in a controlled manner to achieve
specific compositions and conversion rates, depending on the desired properties of the resulting
gas mixture. The fraction of residual carbon dioxide and hydrogen left in the resulting gas
depend on the actual stochiometric ratios in the initial mixture and on the respective conversion

rates )((%ezth and )(ﬁfth. In the linearized model it is assumed that the reactor is operated at a fixed

stochiometric ratio of feedstocks and thus at fixed conversion ratios and waste heat generation
Then the linearized input-output relations for the reactor model, relating the CO> and H> inputs
to the CH4, waste heat, CO> and H» outputs are, respectively:

. meth _ ., meth . meth meth_ . meth
MEH, outtp=XCO, X MC0yintp> Whip —10.2 MW/(kg/s) X Mcy, outtp (22)

- meth _ meth - meth - meth _ meth . meth
mco,out,tp™ (1 — Xco, ) X MCO,,intpr MH,outtp (1 — XH, ) X My, intp (23)

One-Stage Methanation (OSM). In a conventional methanation reactory™net all the CO; is
converted into methane; in addition to a large concentration of CHjy, also some“amiount of
residual H> and CO; are present. This changes the LHV and flame properties of the fuel with
respect to the near-pure methane of natural gas; consequently in ‘this work ‘satd mixture is
referred to as low-grade synthetic natural gas (IgSNG). Allthe parameters for this type of
reactor were collected from an industry supplier source.

Two-Stage Methanation (TSM). By cooling the 1gSNGyand passing it through another
methanation reactor, a much higher purity of methane“ean be'achieved, making it effectively
identical to fossil-sourced natural gas, i.e. [48],All'the parameters for this type of reactor were
collected from an industry supplier source as@well.

The investment costs associated with the methanationdreactor(s) are:

meth _ «OSM . OSM TSM . OSM
CAPEX =Ly X mlgSNG,peak + Ciny X mCH4,peak (24)

Table 8. Parametrizationyof methanation technologies in the MILP model.

Technology Patameter Symbol Value Reference
OSM @O3eonversion Xy 94 % Industry source
rate
Hsconversion e 93 % Industry source
rate
LHV of SNG LHVigsng  44.52 MJ/kg Calculated from industry
source
Specific CAPEX ~ ¢95M 820 kKEUR/MW Industry source
TSM CO; conversion x&on 100 % Industry source
rate
Ha conversion X 99 % Industry source
rate
LHV of SNG LHVsne 50.36 MJ/kg Calculated from industry
source
Specific CAPEX cISM 1,172 Industry source
kEUR/MW
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Energy Storage

In case of load and or/cost variations in the energy supply (due to the intermittency of
renewable sources) or in the energy demand (due to production requirements), energy storage
can provide flexibility by smoothing out those fluctuations. In this work two possibilities have
been considered: electro-chemical storage in batteries and chemical storage in H> tanks. Both
are modelled using a linearized approach with a charging/discharging efficiency parameter 1
and a standing state-of-charge loss A.

If each storage has a maximum state-of-charge (SoC) capacity SoCpeai, the investment cost
for storages is:

storage _ .bat bat H; tank H, tank
CAPEX*™"8¢ = ¢y X S0Cpe + Cipy X S0C 0 (25)

Charging/discharging losses for the battery storage were (somewhat| optimistically)
considered negligible for the purposes of this study, but auxiliary losses weresaceounted for at

1%/h as a typical value for multi-MWh-scale, fast-cycling storages [49].The investment cost

was set at 03123:100 KkEUR/MWHM, in line with European Commission expeetations of battery

packs falling below 100 USD/kWh in 2027 [50]. For the hydrogen tank stotage the round-trip
efficiency was set at 80% as an intermediate point betweendthe 60~70% range of liquefied
storage and the (pressure-dependent) 80~95% range of compiressed storage [51], the auxiliary

demand equal to the battery, and the investment, cost assumed to be a higher
H, tank
inv

=400 kKEUR/MWh, with these less optimistic,parametrization likely favoring batteries.

Table 9. Parametrization of energy_ storageitechnologies in the MILP model.

Technology Parameter Symbol Value Reference
Battery SoC loss Abat 1 %/h [49]
Roundtrip eff. nbat 100 % Simplification
Specific GAPEX,  ¢Pa* 100 kKEUR/MWh [50]
H» tank SoC loss Wiig'tank 1 %/h [49]
Roundtrip eff. ' H= tank 80 % [51]

Specific CAPEX Cﬁf} tank 400 KEUR/MWh  Assumption

Objective function
Bringing together eqs..(6), (7), (8) and (9) yields the total annual OPEX:

OPEX = OPEX®8* + OPEXP°ver 4+ OPEXH2 + QOPEXC02 (26)
while thetotal CAPEX are obtained from eqgs. (13), (17), (20), (24) and (25):
CAPEX = CAPEX™" + CAPEX®e¢ + CAPEXCC + CAPEX™eth 4 CAPEXstorage (27)

bringing the total annualized costs to:

| cost = OPEX + Al CAPEX (28)
annual cost = A+0"—1

with an interest rate i =3% and amortization period n =20 years yielding a CAPEX
annualization factor of 6.7%.
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Scenario definition

It is expected that the grid will be strained in the future due to increased demand both in the
plant and in the broader region as both the steel industry and other sectors electrify their
processes. Although quantitative forecasts of future grid availability are outside the scope of
this work, it was deemed relevant to establish three exploratory scenarios regarding the grid
connection regime. The three scenarios respectively represent optimistic, baseline and
pessimistic possibilities for the medium-term development of the power grid in the region and
in Austria at large.

Unconstrained grid regime. With a peak capacity of around 7.2 MW/MW4, it represents a
scenario where all the investments in grid capacity are realized and the mill can draw, in
practice, as much power as it needs from the grid. This boundary condition potentially tilts the
optimal solution towards a more interconnected system.

Partially constrained grid regime. With a 0.72 MW/MW, peak capacity, ‘this roughly
corresponds to the current situation before decarbonization and electrification measures are
undertaken.

Strongly constrained grid regime. With only 0.24 MW/MW, of peak capacity available,
which equals around one-third of today’s maximum theoretical capacity, it represents a
pessimistic scenario in which grid expansion investments to alleviate structural bottlenecks lag
behind industry decarbonization commitments andgthus place limits on the mill’s ability to
draw electrical power from the grid, potentially pushing, the optimal solution towards more
electricity-efficient technologies and/or a mofe selfscontained system with expanded onsite
renewable generation.

RESULTS AND DISCUSSION

This section consists of three parts. Eirst, the energy costs for both decarbonization routes
are studied, as well as the asSociatéd optimal design of the energy system. Secondly, a more
detailed look is given at the,optimal opefation of the electrolysis and CC subsystems. Thirdly,
a parameter variation afalysisis conducted to identify the influence of some of the major model
parameters.

Energy costs and'eptimal design

Figurei2 shows abreakdown of the levelized costs of heat (LCoH), in terms of EUR/MWh
of product heat.“Fhe most apparent result is that in all scenarios, switching to a decarbonized
energy, systemrincurs a stark increase in the LCoH. If hydrogen can be burned directly in the
furnacesy, the LCoH is shown to increase by between 124% (if the electrical grid is
unconstrained) and 166% (if it is strongly constrained). If the CC+SNG subsystem is required,
the costs increase further: by 187% in the unconstrained grid (28% more expensive than only
hydrogen) and by 231% in the strongly constrained grid (24% more expensive), a more than
three-fold increase. There are two main factors for this difference: on the one hand, the
additional CAPEX and OPEX associated with the CC+SNG subsystem, which are not present
in the pure-H; path; on the other, the additional CAPEX and OPEX induced in the electricity
and hydrogen supplies, due to the conversion losses in the methanation step and to the lower
combustion efficiency of SNG relative to hydrogen. The results are consistent with the lower
end of the 25~43% bracket that Zabik, Birkelbach et al. found for the SNG cost premium [17].
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Upon a closer look at the individual grid scenarios, some interesting differences arise,
which can be explained by the Sankey diagrams of energy flows in Figs. Figure 3 and Figure
4:

Unconstrained grid. In the unconstrained grid scenario (top bar of each trio in Figure 2),
most of the electricity is supplied directly from the grid, with only a minor contribution from
wind power, and lesser amounts from hydro and PV, with no battery storage required.
Hydrogen is produced largely onsite with a smaller contribution from grid purchases.

Partially constrained grid. In the partially constrained grid scenario (middle bar), around
half of the electricity demand is satisfied by the grid and the other half by renewable§’(mostly
wind) and some battery storage. However, the total electricity consumption is low, because the
optimal solution involves purchasing most hydrogen from the grid.

Strongly constrained grid. In the scenario where the grid is most(strongly, constrained
(bottom bar), it can only supply part of the necessary electrical power, s a large capacity of
wind power is installed and there is also substantial buying of{ hydregen from the grid.
Flexibility to offset the intermittency of wind generationgis “provided through three
mechanisms: exporting excess electricity to the grid, charging or discharging the battery
storage depending on the supply and demand at each time stép, and producing excess hydrogen
and exporting it.
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Journal of Sustainable Development of Smart Energy Networks 18



Year 2027

Olaciregui-Segura, M., Beck, A., et al.
Volume 2, Issue 1, 2030733

Techno-Economic Assessment of Green Hydrogen, Carbon ...

Sell H2
12.0 MW @ J0%

H2!

Base power demand
Sell power

Hitnaces C
\ Heat Demand C
72MW @ 1%
(a) r.\(

waste heat >1502

717 m2 @ 17%

Buy/H2!

Buy power
-Déi. MW :urnac ! Heat Demand A/B

AWE/PEM—
0.2 MW @ 46%

HYdI'U-"""J Heat Demand C

0.1 MW@ 47%

PV

717 m2 @ 17% Base power demand
Battery Sell power

T 1.0 Mwh 0.7 MW @ 1%

AN S

A

Sell'H2
12.0 MW @ 9%
waste heat =1502

acesé:frB

%Heat Demand A/B
i -Urnaces C
AWE{PEM ¥Heat Demand C

MW @ 36%

0.1 MW @47
-
717 m2 @ 17% Base power demand
rJ
Battery
13.7 MWh

a4 (©)

——__ ___ Sell power
0.2 MW @ 36%

. Sankey diagrams of the optimal systems for the H; route (a: unconstrained grid; b:
pa constrained grid; c: strongly constrained grid). All quantities are peak capacities per MW of
produc t; the quoted percentages are each unit's average load factor. The diagrams are not to scale

with each other; the heat demand is the same in all cases.

Journal of Sustainable Development of Smart Energy Networks 19



Olaciregui-Segura, M., Beck, A., et al. Year 2027
Techno-Economic Assessment of Green Hydrogen, Carbon ... Volume 2, Issue 1, 2030733

___Buy biomethane
Buy H2 0.2 MW @ 53%
12.0 MW @=19% Sell H2

12.0 MW @

waste heat »150°C

2%

Buy power
72IMW @ 66%

Heat Demand A/B

=7 i -imaces A/B Heat Demand C
A /
j 3.2 MW @ 63%
0.8MW-@._66% mFurnaces C AS
! g 0.21 t/h @ 34%,

H2 Storage 0.06 t/h @ 31%

717 m?2 @ 17% .
Hydro ’ \?\-“&Wﬁ. Bas?l power demand Psa
—_ — Sell power 0:29-t/h-@_81%
0.1 MW @ 47% —_— 5
: 72MW @ 0% 0.09 t/h g?l‘ﬂ;"a"“fﬂz—

“ N

___Buy biomethane
0.2MW @ 53%

Wwaste heat >150°C

Heat Demand A/B

TSM Heat Demand C

3.2 MW @ 63% - mmfuriaces C |

AS
0:47 t/h @ 60%,
PSA 0.15:t/h @ 59%
0:05-t/h_@ 66%, .
0.02 t/h @ 245, —€02—

R
717/m= @ 17%

Battery
1.0 MWh

Base power demand

Sell power
0.7 MW@ 1%

eV

___ Buy biomethane
Buy H2 0.2 MW @ 52%

Sell H2
ql‘ﬂlMWl@ 29% 120 MW @ 7%

__Eluy power
0.2 MW @ 64%
Wind

waste heat =150°C
Heat Demand A/B

Heat Demand C

3.2MW @ 63% s Fyrnaces C

AS
0:51 t/h @ 55%,

PSA 0.14't/h @ 55%
0:054/h-@-63%, __ rpo
Base power demand 0.02 t/h @ 60%

Sell power
0.2 MW @ 30%

\) (©)

: partially constrained grid; bottom: strongly constrained grid). All quantities are peak

er MW of product heat; the quoted percentages are each unit 's average load factor. CO»
slip and emissions compensation from biomethane are not shown. In the CC units, the upper row is
for A/B and the lower row for C.

CAPEX-OPEX trade-offs and optimal operation
When different options are available whose OPEX and CAPEX form a Pareto front,
optimization can show which of them, or which combination of them, offers the lowest total
cost under a set of boundary conditions. The optimal operating patterns optimized
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simultaneously with the capacity decisions shown in Figure 3 and Figure 4 are highlighted in
the following.
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Figure 5. Optimal operation of the electrolysis
scenarios, during one

of the electrolysis subsystem during one
of the 24-hour representative periods(specifically, October 10th). It is apparent from the plots
that, regardless of the decarbonization toute and grid capacity the three methods of supplying

supply, operating at a nea by, very high load factor which takes advantage of its high
efficiency to offset the nye
AWE/PEM follows and profile more closely whenever abundant wind power is
aking advantage of its more flexible operation possibilities.
fly purchase green hydrogen from the grid is used for peak-of-the-
extra electrolyser capacity that would otherwise go largely unused;
iable loads when the availability of wind power is low, particularly

ion process increasing the availability of waste heat, which can be reused in the SOEC
unit to further lower its operational costs. Meanwhile, in the strongly constrained scenario, the
intermittency of renewable generation causes the AWE/PEM to dominate the optimal solution
- a higher capacity of SOEC would require a higher base load supply of electricity, in turn
necessitating additional investment in battery storage. The role of storage is in any case quite
limited, in line with the static price scenarios from Zabik, Birkelbach et al., and would
presumably be more relevant if fluctuating prices were introduced into the model [17].
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Figure 6. Optimal operation of the carbon capture subsystem under the three g@m

1

CC subsystem. In the carbon capture subsystem, meanwhile, the op
related with the availability of electricity. In the unconstrain

abundant electricity) is used to fulfil the baseline demand
which it competes with the SOEC) is activated as a backu

e is strongly
, the PSA (using
1sing waste heat for
ad of the furnaces is
PSA provides a small,
re demand. In these two latter
scenarios, due to the lower capture rate, a large ) o 1s present which must be offset by
a larger purchase of biomethane. These res hlight the crucial role that the grid

h the
d t

In scenarios with unconstrained gr1
investment cost but lower operating cost and/er higher efficiency, because sufficient electricity
i ors. This leads to steadier operation of units such as

ity increases the value of operational flexibility. Thus, the
ration should be interpreted jointly: the installed capacities

m Figure 2 that the CAPEX of wind power, the cost of purchasing green

the gas grid and the CAPEX of the electrolysers are some of the largest
to the total energy costs. However, there is considerable uncertainty in the values
of those parameters, which may cause significant deviations in the actual energy costs.
Therefore, a sensitivity analysis was conducted to study if and to what extent the possible
changes in those parameters affect the LCoH.

Wind CAPEX. The 60 EUR/MWh LCoE assumed for the onshore wind production is realistic
but somewhat on the optimistic side, for two reasons. On the one hand, one could expect a
"low-hanging fruit" effect by which the best locations for wind parks are built out first, and
future expansions will have a lower average load factor and thus higher LCoE. On the other
hand, transmission lines required to connect new wind parks directly to the steel mill could
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have an extra cost. Therefore, the cost variations studied are 1 X, 1.25 X and 1.5 X the

baseline value of c¥ind,

Hydrogen purchase price. The 150 EUR/MWh assumed as baseline, corresponding to about
4.5 EUR/kg, is within the lower range of current prices for renewable H» currently, but it is
expected that prices will go down in the future thanks to economies of scale and government
subsidies (the "hydrogen economy"). Thus, the studied variations are 1 X, 0.8 X and 0.6 X the

. H2
baseline cost Chuy-

Electrolysers CAPEX. The investment costs for electrolysis systems have uncertainties in both
directions. On the one hand, it is likely that technological innovations and economies of scale
will bring down the production cost of electrolysis cells. However, it is alsospossible that
ancillary infrastructure and adaption of gas supply systems in the furnaces (for theyHs) will
induce additional investment costs. To account for all the possibilities, thesstudied vatiations

are 0.5%, 0.75 X, X, 1.5 X and 2X the baseline CQY,VE/PEM and ¢3¢,

Taking all the possible combinations of parameter values, decarbonization foutes and grid
capacities, a total of 270 separate optimization runs were evaluated. It should be noted that,
though here the variations are carried out separately the variedypatameters may be correlated
in reality. In particular, the cost of grid-purchased hydrogen can partly be shaped by upstream
electricity prices, electrolyser investment costs and wind fasm CAPEX. In the present study,
these parameters were varied independently in ordefto isolate their directional influence on the
optimal solution. The main results, again usingdvCoH as the main metric, are shown in

Figure 7.

The most obvious result is that, for thefprice ‘of purchasing hydrogen from the grid, there is
a threshold under which the optimal_solution consists of forgoing any on-site electrolysis
capacity simply supplying all the H> through thegrid, regardless of the values of the other cost
parameters. The exception is thedstrongly comstrained grid scenario, where some electrolysis
capacity is still required to process exeessicenewable energy.

The variations in wind power CAPEX do not have a large influence on the LCoH, as they
induce a reduction in wind power capagity and an increased electricity purchase from the grid,
again with the exception of\the,strongly constrained grid. In that case, higher investment costs
translate into a higher LCoHs
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M. Distribution of LCoH generated by the 45 variations, for both routes (Hz in blue,
CCHSNG in orange). Each dots represents an individual variation. The dotted lines mark the
respective baseline cost.

Finally, the variations in the specific investment cost of electrolysers seem not to have a
large impact on average, but cause a larger spread in the distribution of the LCoH generated by
the variations of the other parameters. However, higher investment costs do translate to an
increase in LCoH while they are still below the grid purchase costs. This can be observed
especially in the case of an unconstrained electricity grid connection, where increasing
electrolyser costs are directly linked to an increase in LCoH.
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The sensitivity analysis reveals that the response of the system is not purely gradual, but
exhibits threshold-like behaviour. Most importantly, the attractiveness of on-site hydrogen
production depends on the interaction between hydrogen purchase price, grid constraint and
costs for renewable electricity. When hydrogen from the grid is sufficiently cheap, the model
tends to forgo on-site electrolysis in favour of external supply. However, under strongly
constrained grid conditions, on-site electrolysis remains valuable even at low hydrogen
purchase prices because it provides a sink for excess renewable electricity. Hence, grid
constraints determine whether the system shifts towards a purchase-based or production-based
hydrogen supply strategy.

Implications for business

Expressed in absolute terms, the modelled LCoH rises from 109.8 EUR/MWh in the BAU
case to approximately 246292 EUR/MWh for the H2 route and 315-363 EUR/MWh, fog, the
CC+SNG route, depending on grid conditions. If product quality @and heating process
considerations allow for a mix of pure hydrogen and SNG, then the LCoH for the H> and the
CC+SNG can be interpreted respectively as the lower and upper ends of the‘eost band for such
a hybrid solution.

From an industrial perspective, these increases in levelized heatwcosts are not merely
percentage differences but cost levels that would be difficultto absotbuin a highly competitive
steel market if borne by the plant alone. In other words,even the'most techno-economically
favourable decarbonized configurations identified here (i.e. pure-hydrogen fuel without major
electricity grid constraints) do not appear to be{business cases driven by direct heat-cost
savings; rather, their implementation would likély dépend on sufficiently strong policy support
measures such as carbon pricing, CAPEX financingy OPEX subsidies, contracts for difference,
or green-steel price premiums.

The results should therefore be imterpreted primiarily as showing the relative economic
attractiveness of the modelled pathways under different infrastructure constraints, while the
broader investment decision remdains centingent on whether these absolute cost levels can be
recovered in the market or_offSet by poliey support. This is particularly relevant because
industrial decision-makers®do not choose only between hydrogen and CC+SNG, but also
between these routes, paitial, decarbonization steps, efficiency measures, and in other cases
electrification-based €oncepts that were not investigated in this study.

CONCLUSION

In this work, a'model of a steel hot rolling mill in Austria was developed, with (i) direct
combustion of green hydrogen and (ii) post-combustion carbon capture with methanation as
the pessiblewoutes for decarbonizing its energy supply, and several technologies available for
each'subsystems, The design and operation of the energy system were simultaneously optimized
using a'mixed integer linear problem (MILP) formulation. Even after optimizing for minimal
annualized costs, a major increase in the levelized cost of heat (LCoH) was predicted.

However, the increase in LCoH was found to be noticeably dependent on the constraints of
the system. If direct combustion of green hydrogen is allowed, the cost is predicted to increase
to 2.5 - 2.9 times the BAU LCoH; if synthetic natural gas (SNG) is required, then the increase
is 3.2 - 3.6 times the BAU LCoH, mainly due to the extra investment costs and conversion
losses of the carbon capture and methanation steps. The strictness of the limitations on the
electrical grid to provide flexibility not only has a large impact on the headline LCoH, but also
on the underlying configuration of the energy system.

Finally, the parameter variation analysis showed that the capital costs of wind power
generation and the purchase costs of hydrogen from the gas grid also have a large influence on
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the LCoH and the configuration of the system, with the investment costs of electrolysers having
a comparatively minor influence. Together, the results highlight the importance of accurate
modelling of the boundary conditions when predicting the costs of the energy transition, but
show that optimization methods can help in revealing the cost-optimal strategies for
minimizing said costs.

From a business perspective, the absolute LCoH levels suggest that, under the assumptions
of this study, neither route is likely to be adopted on the basis of direct cost competitiveness
alone. Rather, deployment would depend on favourable infrastructure conditions together with
policy support and/or market mechanisms that reward low-carbon steel production.

Future work

The insights obtained from the present work suggest a range of refinements ofithe.model
that could prove to be interesting to investigate in future research. On the one handy, (1),the
outsize impact of grid boundary conditions on the design and operation of the'system calls for
a more detailed modelling of the grid dynamics and the electricity_and, hydrogen markets,
including time-dependent prices and capacities, with price fluctuations in, particular having a
potentially major effect on the sizing and operation of energy sterages. On the other hand, (ii)
more detailed modelling of operational conditions of thé technologies involved in the
electrolysis, carbon capture and methanation subsystems ¢ould provemseful in the context of
broader feasibility studies, with more emphasis on the efficiency ehanges over the operating
range of each technology, as well as more realistic.models of energy storage technologies.
Finally, the model could be expanded with (iit) additionalyalternative fuel possibilities
(ammonia, methanol, enrichment of combustion airywith ‘exygen produced as by-product of
electrolysis) as well as with (iv) the search fof* optimal decarbonization pathways, i.e.
intermediate solutions with partial decarbonization steps.and the associated optimization of the
timing of investment decisions.
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NOMENCLATURE
Symbols

a available'surface area [m?]

C Carate of a storage [1/h]

c cost [EUR/unit]

d demand [MW]

ef emissions factor [tCO/t]

F set of fuels

I solar irradiation [MW/m?]

i interest rate [-]

lim part load limit [-]

m mass flow [kg/s]

MW, average thermal load of all the [MW]
furnaces

n amortization period [-]

p electrical power [MW]

P set of representative periods
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T set of time steps
q heat flow
R recovery rate
r ratio
rq heat fraction
SoC state-of-charge [MWh]
w waste heat flow
Greek letters
] efficiency
A SoC loss
o standard deviation
X conversion rate
Subscripts and superscripts
bat battery storage
buy purchase from external connection
BM biomethane
cap captured from flue gas
CH4 methane
CO, carbon dioxide
elec electrolyser
emit emissions certificates
f fuel
furn furnace
hydro hydropower
H> hydrogen
H, tank hydrogen tank storage
in flue gas input
inv investment
max maximum allowed value
meth methanation
min minimum,allowed value
NG natural gas
p representative period
peak maximum value of the series
power grid electricity
pr product
ren renewable energies
sell feed-in to external connection
slip not captured from flue gas
t time step
wind wind power
>150 temperature over 150°C
Abbreviations
AS Amine Scrubber
ASHP Amine Scrubber with Heat Pump
AWE Alkaline Water Electrolysis
BAU Business-As-Usual
CAPEX Capital Expenditures

Year 2027
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CcC Carbon Capture
CCU Carbon Capture and Utilization
HTHP High-Temperature heat pump
LCoE Levelized Cost of Energy
LCoH Levelized Cost of Heat
LF Load Factor
1gSNG low-grade Synthetic Natural Gas
LHV Lower Heating Value
MILP Mixed-Integer Linear Programming
OPEX Operational Expenditures
OSM One-Stage Methanation
PEM Proton Exchange Membrane
PSA Pressure Swing Adsorption
PV PhotoVoltaic
SNG Synthetic Natural Gas
SOEC Solid Oxide Electrolysis Cell
TRL Technology Readiness Level
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APPENDIX

Assolyingithe MILP problem for an entire year is computationally infeasible, a balance has
been sought\between robust results that allow for drawing meaningful conclusions and fast
computation that enables iteration over many scenarios and sets of parameters. In order to find
this “sweet spot”, one of the scenarios (SNG route with partially constrained grid regime) was
configured with either 1, 2, 4, 8, 16, 22, or 32 representative days. For each number of
representative days, the optimization was run 13 separate times, each time using a different
subset of the whole year chosen randomly without replacement. The two metrics calculated for
each number of days from these validation runs are 1) the standard deviation in the total value
of the objective function, as an increase in total costs relative to the business-as-usual scenario;
and ii) the mean computation time on the same machine. The Pareto front in Figure 8 shows
that 22 days (one-sixteenth of the year) strikes a good balance between the robustness of the
results (low spread in objective function value) and computational efficiency (quick runtime).
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Tractability-robustness trade-off
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