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Decarbonizing the Steel Industry:
How does a 100 % renewable powered steel production
influence electricity system structure and costs in Austria
and Germany”?

May 2023

Abstract

As energy systems need to be urgently decarbonized to meet climate protection targets, electric-
ity systems must cope with the electrification of fossil-fuel powered processes. Simultaneously,
they need to integrate increasing quantities of intermittent renewable electricity generation
to achieve net zero greenhouse gas emissions. This poses an enormous challenge to existing
electricity systems as they are designed for high shares of flexible fossil fuel based electricity
generation. Operating completely renewable electricity systems, however, requires large flexi-
bility to balance intermittent electricity generation with electricity demand without relying on
readily available fossil fuels. In particular, electrifying large energy consumers such as the iron
and steel (I & S) industry can therefore become a challenge for renewable electricity systems as
they can fundamentally influence the operations of the electricity system. This study investi-
gates the effects of directly or indirectly electrifying steel production on a completely renewable
Austro-German electricity system. Thus, it represents an exploratory case study of how to
successfully decarbonize the tightly coupled energy and industry sectors. The results indicate
that flexibly-run Hs electrolyzers, flexible Hy gas power plants and utility-scale batteries will
become crucial elements of a renewable electricity system in Germany in order to provide the
necessary flexibility in the system to balance electricity generation and demand. In Austria,
on the other hand, electrolyzers and Hs gas power plants are likely not required as central
elements of a completely renewable electricity system as Austria possesses sufficiently flexible
hydro storage units that are even able to supply inflexible electricity consumers at times of
low intermittent electricity generation. Furthermore, the results show that the cost and energy
efficiency of using a technology in individual plants may differ to the overall system costs and
system energy efficiency as supposedly cheap and more energy efficient technology might require
additional infrastructure on a system level to function.



Zusammenfassung

Die Dekarbonisierung der FEisen- und Stahlindustrie stellt nationale Energiesysteme vor die
Herausforderung grofle Mengen an treibhausgasneutraler Energie bereitstellen zu miissen, die
Ausschlieflich aus erneuerbaren oder treibhausgasneutralen Energiequellen gewonnen werden
diirfen. Eine derartige vollstandige Dekarbonisierung des aktuell sehr kohlenstoffintensiven
Hauptprozesses der Stahlerzeugung, der Eisenerzreduktions, kann nach derzeitigem Wissens-
stand nur tiber eine wasserstoffbasierte Eisenerzdirektreduktion oder iiber strombasierte Eisen-
erzelektrolyse erfolgen. Wahrend die Produktion von griinem Wasserstoff erhebliche Energiever-
luste mit sich bringt und somit grofie Mengen erneuerbarem Strom benétigt, erfordert die strom-
basierte Eisenerzelektrolyse ausreichend verfiigharen Strom aus erneuerbaren Energiequellen.
Dieser muss zudem praktisch jederzeit fir die Stahlproduktion verfligbar sein, was das Strom-
system besonders in Zeiten geringer erneuerbarer Stromproducktion vor grofle Herausforderun-
gen stellt. Die vorliegende Studie simuliert die Auswirkungen einer wasserstoffbasierten und
einer strombasierten Eisenerzreduktion auf den Aufbau und die Kosten vollstdndig erneuerbarer
Stromsysteme in Deutschland und Osterreich. Dabei untersucht diese Studie die Auswirkun-
gen verschiedener Ausbaubeschrinkungen fiir Wind- und Solarenergie sowie die Auswirkun-
gen verschiedener Wasserstoffimportpreise auf die jeweiligen Energiesysteme. Die Ergebnisse
zeigen, dass Wasserstoffelektrolyseure im deutschen Stromsystem eine wichtige Rolle spielen
werden, um Erzeugungsspitzen volatiler Stromerzeuger abzufangen und dass dadurch eine
wasserstoffbasierte Stahlerzeugung kosten- und energieefizient darstellbar ist. Eine strom-
basierte Stahlerzeugung wiirde in Deutschland hingegen die bendétigten Kapazitaten teurer
und ineffizienter Wasserstoffkraftwerke deutlich erhohen, weshalb Eisenerzelektrolyse ein 100 %
erneuerbares deutsches Stromsystem verteuern und sogar energieineffizienter machen wiirde.
Das 6sterreichische Stromsystem besitzt hingegen bereits grofie flexible Stromspeicherkapazitéiten
durch Wasserspeicherkraftwerke, weshalb Wasserstoffelektrolyseure keinen Zusatznutzen im
Stromsystem erfiillen. In Osterreich wiirde eine strombasierte Eisenerzreduktion daher die
Kosten des Stromsystems reduzieren und gleichzeitig die Energieeffizienz des Stromsystem
verbessern.



1 Introduction

Decarbonizing iron and steel (I & S) production to achieve climate protection goals represents
an enormous challenge as the global I & S industry annually consumes about 8 % of global
final energy use and produced about 7 % of the direct CO5 emissions associated with energy
use in 2019 (IEA, 2020). In 2015, 85 % of this final energy demand was provided by coal
(Kim et al., 2022) to fire the numerous coke-based blast furnaces, which produce about 90 %
of global primary steel (IEA, 2020). While primary steel production® represents the major
steel production pathway, it is also eight to ten times more energy intensive as secondary?
steel production (IEA, 2020). During primary steel production, iron making is by far the most
energy- and carbon emission-intensive process as reducing iron ores (typically Fe2Os3) to pure
Fe requires large quantities of process energy and is typically realized with carbon as a reducing
agent which produces large carbon emissions.

A complete decarbonization of I & S production®, therefore, requires to replace fossil fuels
as both energy source and reducing agent with a carbon neutral process energy supply and with
reducing agents that do not produce carbon emissions. While adaptations of conventional steel
production processes allow considerable carbon emission reductions (Kim et al., 2022; Mousa,
2019), a complete decarbonization of primary steel production can only be achieved using new
breakthrough technologies in the energy intensive iron making process. Venkataraman et al.
(2022), for example, estimated the global carbon emissions of different combinations of steel
production technologies and checked their compatibility with climate protection targets. They
conclude that only a stark and rapid shift towards new zero-carbon steel production technologies
can achieve carbon emission reduction in the global I & S industry compatible with emission
trajectories to limit average global warming to well below 2° C. Harpprecht et al. (2022) per-
formed a similar analysis for the transformation of the German I & S industry and estimate that
not even their scenarios where zero-carbon technologies are deployed will be compatible with
a 1.5° C target as existing iron making technologies and fossil fuel-based electricity production
cannot be phased out sufficiently fast enough. They conclude that a successful decarbonization
of the I & S industry will require a rapid decarbonization the electricity sector in combination
with a rapid deployment of new zero carbon steel production technologies.

Hydrogen-based direct iron ore reduction (H2DR) represents the most prominent of such
zero-carbon technologies to replace fossil fuels in iron making. In H2DR, Hs replaces coal and
other fossil fuels as both energy source and reducing agents during the reduction of iron ores
and generates no process carbon emissions. When the Hy that is used during H2DR originates
from renewable electricity, H2DR is a completely carbon emission free process. Even though
it is still considered a "new” breakthrough technology, H2DR is currently actively developed
by various steel producing companies around the world. For example, the HYBRIT project in
Sweden already operates a H2DR prototype furnace with a capacity of 1 ton Fe/hour and aims
at increasing production capacity to 0.2 to 0.4 Mt direct reduced iron (DRI) per year after 2025
(Kushnir et al., 2020). In general, the process of H2DR-based iron making is related to the
already established natural gas (NG) based direct iron ore reduction (Vogl et al., 2018). Despite
the challenge of up-scaling H2DR, the currently biggest obstacle for a large-scale deployment of
H2DR is the availability of green Hy. In 2020, only 0.03 % (30 kt Hs) of global Hy production
were generated through water electrolysis (IEA, 2021). Consequently, sufficient quantities of
green Hy must first be produced before H2DR can fully replace fossil fuel-based steel production.

As an alternative to H2DR, iron oxide electrolysis represents an emerging breakthrough tech-
nology to produce carbon-free primary steel (Bailera et al., 2021; Cavaliere, 2019; Harpprecht
et al., 2022; Venkataraman et al., 2022). In this process, iron oxides are reduced to metallic Fe

Lsteel production from iron ores

2scrap-based

3While this text refers to ” complete decarbonization” or ”zero-carbon” technologies, the author of this study
is aware that steel production will likely not be possible without any carbon emissions. Even though energy
and energy carrier related emissions can be eliminated, certain process emissions will very likely persist. These
include, for example, emissions from the erosion of the graphite electrodes in an electric arc furnace or from
the use of lime, which inevitably generate CO2 during its production. A complete decarbonization of steel
production would therefore require either 100 % efficient carbon capture technologies or carbon emission offsets.



through an electric current either through the so-called electrowinning (EW) approach or in a
process called molten oxide electrolysis (MOE). During EW| iron ores are placed in an alkaline
solution at 110° C and accumulate as solid Fe at the cathode (Bailera et al., 2021). During
MOE, iron ores are placed in a bath of molten electrolytes above the melting temperature of
iron (1538°C), which produces molten Fe at the cathode of the iron ore electrolyzer (Cava-
liere, 2019). Even though both iron oxide electrolysis technologies are not as far developed as
H2DR, they could eliminate the intermediate step of producing large quantities of green Hy for
steel production. Like H2DR, iron ore electrolysis is currently actively developed in different
projects around the world: Boston Metals, for example, aims at deploying commercial MOE
plants already in the second half of this decade (Boston Metals, 2022b) while EW is researched
for example by the EU-funded Siderwin project (Barberousse et al., 2020).

Switching the energy intensive steel production from fossil fuels to H2DR or iron oxide
electrolysis, however, will pose a challenge for the underlying electricity system that needs
to supply sufficient quantities of green Hy or readily available renewable electricity for steel
production. While H2DR-based iron making requires more H-related infrastructure and might
increase energy system costs and overall energy consumption, a large-scale deployment of iron
oxide electrolysis would strongly increase direct electricity demand and might require larger
energy storages and more flexible electricity generators in the electricity system. Due to the
large energy consumption of the I & S industry, deploying either technology might therefore
considerably affect the costs and the necessary set-up of the underlying electricity system,
require different grid infrastructure and need very different grid expansion plans to prepare the
urgently needed decarbonization of the I & S industry.

To the best knowledge of the author, no study has yet comprehensively investigated the
effects of electricity- and Ha-based I & S production on the electricity system to identify possible
differences in electricity system set-up and costs. This is particularly important as the necessary
renewable generation and grid infrastructure capacities for such energy-intensive projects need
to be planned years ahead before new zero-carbon steel plants can commence operation (Kushnir
et al., 2020). Accordingly, it is crucial to prepare the electricity system for the first near zero
carbon steel production projects as early as possible to allow first breakthrough steel production
technologies to commence operation when they are technologically mature around the end of
the decade. Besides the direct emission reduction in steel production, an early adoption of
first breakthrough steel technologies is also particularly valuable for the decarbonization of the
global T & S industry as it can generate valuable spill-over effects for the global I & S industry
(Pye et al., 2022).

To narrow the scope of this analysis, Austria (AT) and Germany (DE) were selected as
suitable countries to assess the impacts of H2DR and electricity based steel production on the
underlying electricity systems. The reasons are fourfold. Firstly, AT and DE both harbour a
large I & S industries and represent the seventh- and first-largest steel producers in the EU
(World Steel Association, 2022). While DE also constitutes the largest economy in Europe,
steel production in AT is relatively large compared to the overall size of the Austrian economy.
Secondly, AT and DE have both committed to build renewable electricity systems without rely-
ing on nuclear power plants (Deutscher Bundestag, 2022a; Osterreichischer Nationalrat, 2021)
but have very different conditions for renewable electricity systems. While AT is rich in water
resources and contains relatively large hydro storage capacities, the German electricity system
has historically been dominated by coal, gas and nuclear power plants and contains only little
flexible renewable storage capacities. Accordingly, a renewable Austrian electricity system will
be characterized by relatively large run-of-river (ror) and hydro storage power plants whereas a
German renewable electricity system will primarily rely on wind and photovoltaic (PV) power
plants that need to be complemented by new energy storage technologies. Thus, an assessment
of AT and DE allows to compare the effects of large energy consumers on different types of
renewable electricity systems. Thirdly, the Austrian and German electricity systems are well
connected, which allows to partly account for flexibility in the overall system through inter-
national electricity exchange. Such flexibility is a central element of the European electricity
system to stabilize the electricity system of countries with temporarily low generation. Finally,
the present analysis could at the same time only be limited to AT and DE to keep computa-



tional requirements at an acceptable level while maintaining a sufficiently complex model that
can represent real electricity systems.

The present paper, therefore, represents an exploratory study that investigates pathways
towards a successful decarbonization of both the electricity system and the carbon emission
intensive I & S industry. In particular, it analyzes not only the effects of H2DR and iron ore
electrolysis on the underlying electricity systems but extends its analysis to different scenarios
how wind and PV capacities are expanded in AT and DE and investigates how different Ho
import prices affect renewable electricity systems. In this way, it considers a broad range of
possible conditions for future electricity systems, which allows to draw conclusions on possible
policies and grid expansion plans for a successful decarbonization of the respective electricity
systems. Moreover, the results of this study will allow to assess the benefits and the feasibility
of integrating a directly or an indirectly electrified I & S industry into completely renewable
electricity systems. Furthermore, the results will help to evaluate the conditions under which
domestic green H, production is able to compete with green Hy imports from countries with
better renewable resources.

The next section in this paper outlines the technological basics of breakthrough I & S
production and discussed relevant literature on the decarbonization of steel production, which
is followed by a short section on the goals and hypotheses of this thesis in chapter 3. Chapter
4 describes the scenarios, the modelling approach and the data that were used in the present
analysis. Subsequently, chapter 5 outlines the insights into system costs, energy consumption
and H, production produced by the model used in this study. The discussion chapter sets the
results into the context of the different conditions for renewable electricity systems in AT and
DE and highlights the role of different types of flexibility in the respective electricity systems.
Finally, the discussion chapter also describes key limitations associated with the assumptions
and the modelling approach taken in this study.

2 Literature Review

2.1 Conventional Steel Production

Steel production can be separated into a sequence of four steps: raw material preparation, iron
making, steel making and steel finishing (Kim et al., 2022). After mining, iron ores (usually
Fe303) are typically pre-processed through sintering or pelletizing before being reduced to raw
iron (Fe) during iron making. The resulting Fe is then converted to crude steel along with
iron and steel scraps during steel making and finally, transformed into finished steel products
by casting and rolling during steel finishing. From all steps involved, iron making is by far the
most energy intensive step consuming about 70 % of all energy used by the I & S industry (Kim
et al., 2022). Consequently, decarbonizing iron making will provide a substantial contribution
to meet climate protection targets considering that the I & S industry consumes about 8 % of
the global final energy use and produces about 7 % of direct global COs emissions from the
energy sector (IEA, 2020).

Crude steel can be produced through the primary route, which is based on the processing
of iron ores, and through the secondary route, where recycled I & S scraps are transformed
to crude steel. Secondary steel production thereby consumes only one eighth of the energy
as primary steel production since the processing of scraps requires only steel making and can
skip the energy intensive step of iron making (IEA, 2020). In reality however, the distinction
between primary and secondary steel production is not very clear-cut as scraps can be used
alongside iron ore sourced Fe in several iron and steel making pathways. Therefore, primary
and secondary steel production can be quantified by the share of T & S scraps used in the overall
production process rather than through separate process steps. Since the shares of primary and
secondary steel production strongly influence the overall energy consumption of crude steel
production, they are an important parameter for this study as will be discussed in Section
4.3.3.



The following paragraphs provide a brief outline of conventional steel production routes,
which is then followed by a description of possible options to decarbonize iron making through
direct or indirect electrification.

2.1.1 Blast Furnace Route

The blast furnace-basic oxygen furnace (BF-BOF) route is by far the most important steel
production technology being responsible for 90 % of global primary and about 70 % of total
steel production in 2019 (IEA, 2020). It is separated into iron making, which occurs in a blast
furnace (BF), and steel making in a basic oxygen furnace (BOF). Due to its high dependence
on coal, producing steel through the BF-BOF route is very carbon intensive and results on
average in 2.2 tons of COy emissions per ton of crude steel (IEA, 2020). This includes 1.0 tons
CO5 in indirect emissions that arise from using non-renewable electricity and heat as well as
from burning the carbon-rich BF off-gases for electricity production outside the iron making
process.

In BFs, iron ore is simultaneously melted and reduced by coke and a stream of hot gases.
While the exact chemistry of the BF reactions varies with the composition of the iron ore and
the reaction gases, the following section describes the main steps in iron ore reduction in a
BF (adapted from Hegemann and Guder (2019) unless stated otherwise). Since quite complex
processes occur within BF's, only those processes that are relevant to understand the overall
reaction mechanism are described here.

Figure 1 shows that the BF is fed from the top with solid input materials (iron ore, coke and
additives), while hot reaction gases (a combination of oxygen, recirculated off-gases and carbon
containing additives) enter the BF from the bottom part through injection tuyeres (turquoise
in Figure 1). The solid materials sink towards the bottom and form a permeable layer (orange
in Figure 1) for the reaction gas, which rises towards the top of the shaft. While the coke is
burned by hot oxygen from the reaction gas, the iron ore is reduced to pure metallic iron (Fe)
and at the same time melts as the temperatures exceeds the melting temperature of pure iron
(1,538 °C). The liquid iron and other melted impurities in the iron ore flow through a layer of
residual coke (so called ”dead-man coke”, dashed line in Figure 1) into the bottom of the BF
forming layers of liquid slag and liquid iron (yellow areas in Figure 1), that can be separately
extracted from the BF.

The reduction of the iron ore requires a gaseous reducing agent to efficiently access the
iron oxides contained in the grained iron ore (Hegemann & Guder, 2019). This is achieved
by burning coke (i.e. carbon) with hot oxygen (Os with temperatures above 1.000 °C) from
the reaction gas. This reaction forms C'O, and produces flame temperatures of up to 2.000 °C
(Equation 1).

C+ 0y — COy (1)

In the presence of carbon, however, COs further reacts to CO in the endothermic Boudouard
reaction (Equation 2). Due to the high temperatures in the BF, the equilibrium of the
Boudouard reaction is strongly shifted towards the products (as it is an endothermic reac-
tion with AHags = +172.42 kJ/mol), so that virtually all CO; is immediately reconverted into
CO.

COy +C +— 2CO 2)

The CO now acts as the gaseous reducing agent for the hematite (FeoO3) in the iron ore to
form magnetite (Fe3zO4, Equation 3). Again, the produced COs is immediately reconverted
into CO according to Equation 2. The C'O now drives further reduction reactions, where
magnetite is reduced to produce wiistite (FeO, Equation 4) and eventually to Fe (Equation
5). At temperatures above 1,000 °C, these reactions happen virtually at the same time as they
are not kinetically limited. It therefore appears as if the the coke directly reduces the iron ore.
At temperature below 1,000 °C, e.g. in the upper part of the BF, Equation 2 is kinetically
limited so that C'Oy is not immediately reconverted to CO and therefore cannot further drive
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Figure 1: Schematic representation of a blast furnace. While solid materials are fed into the
blast furnace from the top, hot reaction gases are blown into the furnace through Tuyeres
(turquoise) in the bottom area. Orange area indicates agglomeration of solid materials (iron
ore, coke, additives) and yellow area represents molten slag and iron that is collected at the
very bottom of the furnace. Image from: Spanlang et al. (2016)

reduction reactions. Finally, Fe partly reacts with carbon to iron carbide (Fe3C) (Equations
6 or 7), which is why the liquid Fe finally exits the BF with carbon content of 4-5 % (IEA,
2020).

3Fes03 + CO — 2Fe304 + CO, (3)
Fe304 + CO —— 3FeO + CO4 (4)
FeO + CO — Fe + COq (5)
3Fe + C — Fe3C (6)
3Fe+2C0O — Fe3C + COq (7)

The reduction of iron oxides into F'e can be aided by carbon and Hs from other inputs than
coke. Hy can be either directly fed into the BF, or be formed in-situ from water vapour or
and hydrocarbons that are fed into the BF as part of the reaction gas. Equation 8 shows the
formation of Hs and C'O from water vapour and coke insides a BF. Consequently, this reaction
does not only provide Hs but also additional C'O that can fuel the above mentioned reactions.

H,0 + C — Hy + CO (8)

Similar to reactions 3 - 5, Hy can perform every intermediate reduction step to transform
hematite into Fe (Equations 9 - 11). This reaction cascade, however, can only continuously
reform Hy from the product H>O in the presence of carbon as described in Equation 8.



3F€203 + H2 — 2 F6304 + HQO (9)
Fe3O4 + Hy, — 3FeO + H,O (10)

FeO + Hy, — Fe + H,O (11)

Consequently, large quantities of CO and at cooler temperatures eventually C'O5 are formed
during ¢ron making in a BF. The carbon emission intensity of the BF can however, be consid-
erably reduced by additives that introduce hydrocarbons or renewable biomass into the process
(Mousa, 2019). These involve injecting pulverized coal, oil, natural gas, waste plastics or
biomass into the BF with the reaction gases or mixing solid biomass with the coke loaded into
the BF. Essentially, these additives replace carbon-based reduction reactions (Equations 3 - 5)
with Hj -based iron oxide reduction (Equations 9 - 11) as they contain more Hs than pure coke.
While this typically also reduces the costs of BF operation, coke cannot be entirely replaced by
less carbon-intensive reducing agents as coke is essential for the mechanical stability inside the
BF (Mousa, 2019). Therefore, BFs cannot be decarbonized beyond a certain threshold through
low carbon materials or renewable carbon.

After iron making in a BF, the liquid Fe is directly fed into a BOF, where the iron is
converted into crude steel. As a main process, oxygen is injected into the iron to reduce the
carbon content of the iron to the desired level of typically below 1 % (IEA, 2020). The oxygen
thereby serves as a reducing agent for the carbon the iron carbide and for other undesired
impurities in the iron (Hegemann & Guder, 2020). Furthermore, other materials are added to
the liquid Fe during steel making to alter the characteristics of the final steel product. The BOF
produces also carbon emissions, yet only about 10 % of all COs emissions from the BF-BOF
route (Fan & Friedmann, 2021).

2.1.2 DR - EAF Route

The second most important route for steel production combines direct iron reduction (DR)
for iron making and steel making in an electric arc furnace (EAF). While DR is only a minor
pathway for primary steel production, the EAF represents the globally most important route for
secondary steel production (IEA, 2020). About 28 % of global steel production stem from the
DR-EAF route which includes the majority of secondary steel production (IEA, 2020). When
EAFs are powered by renewable electricity, increasing the share of EAF-based steel making
represents an effective way to partly decarbonize overall steel production. The following section
outlines the chemical and technical principles of the Midrex DR technology, which currently
dominates global DR, production (Bailera et al., 2021), and the main process in an EAF.

DR is typically performed in shaft furnaces, where iron ore is reduced to Fe in a solid state.
Like BFs, DR shaft furnaces are counter-current furnaces, where solid iron oxide is fed into the
furnace from the top and moves opposite to the reaction gas flow as indicated in Figure 2 (red
arrows for solid material, blue arrows for gas). A shaft furnace is split into three parts: an upper
section where the iron oxide reduction reactions occur, a bottom section where the reduced iron
is cooled and a middle section separating reduction reaction and cooling (Hamadeh et al., 2018).
Since the iron oxides are not melted in the process, they need to be fed into the DR furnace as
pellets composed of compressed grains to ensure that the reaction gases can sufficiently access
the iron oxides in the iron ore. The reaction gas itself is primarily composed of a mixture of
CO and Hs, which are produced by methane steam reforming (Hamadeh et al., 2018). Injected
with a temperature of around 900 °C, these gases reduce the iron oxides according to Equations
3 - 5 and Equations 9 - 11, thereby producing so-called ”sponge iron” with a typical carbon
content of 1 - 2.5 % (Hegemann & Guder, 2019). Overall, the reaction from Fe;O3 to Fe is
endothermic and therefore requires heat energy to proceed (Pei et al., 2020). This heat can be
partly recovered by cooling the grains at the bottom part of the furnace with methane that is
thereby preheated for steam reforming (Hamadeh et al., 2018).
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Figure 2: Schematic representation of a shaft furnace for natural gas based direct iron reduction.
The image on the very left shows the general shape of the furnace as well as the composition
of the most important material inputs. The images in the middle and on the right depict the
granular structure of the solid materials at increasingly spatial resolution. In the middle, the
red arrows indicate the flow direction of solid materials from top to bottom while the blue
arrows indicate the flow direction of the ascending reaction gas. Image from: Hamadeh et al.
(2018)

Since the direct-reduced iron (DRI) produced in a DR furnace is unstable over longer time
periods and can be oxidized or spontaneously self-ignite, DRI needs to be converted to hot
briquetted iron (HBI) before storage or transport (Pimm et al., 2021). Alternatively, the cooled
DRI pellets can be transported over short distances for further on-site processing in a EAF.

An EAF is a cylindrical furnace equipped with one to three graphite electrodes that provide
the energy for melting and refining a mixture of I & S scraps, HBI or granular DRI into crude
steel. Figure 3 shows the typical structure of an EAF, which follows four phases: charging,
melting, refining and tapping (Hay et al., 2021). During charging, the iron mixture is loaded
into the furnace, after which they are melted through an electric arc generated by the graphite
electrode(s) in the center of the EAF. This melting process can be assisted by oxyfuel burners
fed with natural gas or oil (Bailera et al., 2021; Hay et al., 2021). Similar to the processes in a
BOF, the liquid Fe is then refined by adding oxygen and other materials to remove impurities
and excess carbon to adjust the characteristics of the produced steel (refining). It is sometime
even necessary to add carbon into the liquid Fe when the input Fe contains only little carbon
(Hay et al., 2021). Finally, the liquid crude iron is released from the EAF for casting and
further processing in the tapping phase.

EAFs constitute a steel making technology with near zero C'O, emissions when powered by
renewable electricity and zero-carbon input materials. According to TEA (2020), 100 % scrap-
fed EAF's produce only about 0.04 tons of direct COy emissions per ton of crude steel, which
originate from the use of fossil fuels in oxyfuel burners and from the erosion of the graphite
electrodes. If EAF's operate entirely on renewable electricity, they produce no further indirect
CO4 emissions. Consequently, scrap-based steel production in EAFs produces less than 4 %
of the CO, emissions from the DRI-EAF route and less than 2 % of the CO, emissions of the
BF-BOF route (IEA, 2020). If EAFs can be fed with other CO2 emission free input materials
than scraps, I & S production can essentially become carbon neutral.

2.2 Decarbonizing Steel Production

Even though considerable carbon emissions reductions can be achieved with conventional steel
production technologies, a (near) complete decarbonization of steel production is only possible
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Figure 3: Schematic representation of an electric arc furnace (EAF). The image shows an EAF
with three graphite electrodes at the center, which provide the energy to melt and convert the
Fe to molten crude steel. During the process, carbon oxygen and other additives can be fed
into the liquid Fe to depending on the desired characteristics of the final steel product. Image
from: Hay et al. (2021)

through large-scale electrification of iron making and steel making. While carbon emissions
from BFs can be partly reduced by substituting coke with less-carbon intensive energy carriers
(Mousa, 2019), Venkataraman et al. (2022) show that upgrading all existing conventional BFs
to the best-available technology until 2060 only slightly reduces emissions due to an expected
increase in global steel demand. They further demonstrate that only a large-scale deployment of
zero emission technologies such as Ha-based direct iron ore reduction (H2DR) or electrowinning
(EW) achieves sufficient emission reductions in the global I & S industry to remain well below
a carbon budget compatible with the 2°C goal. Similarly, Fischedick et al. (2014) assessed the
long-term economic viability of H2DR and EW in Germany compared to conventional steel
production incorporating carbon capture and storage (CCS) and found that emission reduction
below 80 % of 1990 levels are not possible in the I & S industry without Hs or electricity based
iron ore reduction technologies. They also predict Hs-based production to become the best
investment choice of all considered technologies after 2040, while electricity-based steel produc-
tion becomes the most energy efficient technology and could become economically attractive in
a 100 % renewable energy system with low electricity prices.

CCS or carbon capture and utilization (CCU) technologies, on the other hand, will likely not
allow near zero carbon steel production but rather become an intermediate technology to reduce
emissions during a transition phase towards H2DR and direct electrification of steel production.
Gielen et al. (2020), for example, state that CCS technologies are unlikely to become dominant
in the I & S industry due to high costs and stagnating progress in CCS technology development.
And indeed, CCS and CCUS technologies are currently not able to remove all carbon emissions
from BFs and therefore lead to insufficient long-term emissions reductions (Fischedick et al.,
2014; Harpprecht et al., 2022; Venkataraman et al., 2022). Accordingly, CCU and CCS might
serve as an intermediate solution to abate carbon emissions from existing conventional steel
production technologies to keep transition pathways compatible with climate protection targets
(Harpprecht et al., 2022), in particular when ambitious targets such as the 1.5°C goal must be
reached (Victoria et al., 2022).

A long term (near) complete decarbonization of steel production can therefore only be
achieved through new Hs- and electricity-based steel production technologies. These technolo-
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gies, however, are as of now not fully developed to be commercially available and are currently
at different stages of their technical development. Therefore, they can only serve as a long-
term substitution of existing fossil-fuel based infrastructure (IEA, 2020; Kim et al., 2022). The
following sections provides a summary of the relevant Hs-based and electricity-based steel pro-
duction technologies that might become commercially available to replace fossil fuel based steel
production technologies.

2.2.1 Hydrogen-based Direct Iron Reduction

For iron making, H, can be used during steel production to replace fossil fuels as an energy
carrier and reducing agent through a process termed Hs-based direct iron ore reduction (H2DR).
This section outlines the main principles of H2DR technology iron making, which is very similar
to the Midrex DR process described in Section 2.1.2. Figure 4 shows the main components
involved in the H2DR process set-up as described by Vogl et al. (2018). Like in NG-based
DR, the main unit is a counter-current shaft furnace, where iron ore pellets are fed into the
furnace from the top and slowly move towards the bottom of the furnace. In contrast to
NG-based DR, H; is fed as the reaction gas into the furnace in the lower part of the furnace
and reduces the downwards moving iron ore pellets at temperatures between 700°C - 900°C
according to Equations 9 - 11 (Bhaskar et al., 2020). Since these temperatures are below the
melting temperature of metallic Fe, H2DR produces solid DRI pellets like those produced in
NG-based DR.

iron ore pellets

H2 storage

w H2, water
T Condenser

H2

02
HBI
storage

= water
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carbon
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lime
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Figure 4: Schematic system set-up for green Hs-based steel production. Hs is produced from
renewable electricity in an electrolyzer and then fed into a Hs shaft furnace to reduce iron ore.
The produced water vapour can be recycled in an electrolyzer to reform Hs, while the reduced
Fe can either be stored as HBI or directly converted to crude steel in an EAF. Image from:
Vogl et al. (2018)

Since the iron making process requires carbon-free Hy to become (near) carbon neutral, the
H> for the reaction needs to be produced via water electrolysis powered by renewable or nuclear
energy. Like NG-based DR, the reduction of iron ore through Hs is endothermic and operates
at temperature above 700°C, and therefore requires additional heat energy to proceed. For this,
iron ore and Hs are preheated before they are injected into the shaft furnace (symbolized by
the round symbols with a zigzag line in Figure 4), which requires about 600 kWh of electricity
per ton of produced DRI (Bhaskar et al., 2020). This already considers waste heat recycling in
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a condenser, which separates excess Ho from the water vapour in the exhaust reaction gases to
further recycle them. The excess Hy can then be recirculated through the shaft furnace, while
the waste H2O can be fed into an electrolyzer to produce further Hy. After successful reduction
in the shaft furnace, the DRI pellets can either be directly used in an EAF or be converted into
HBI for storage and transport. Compared to the traditional BF-BOF route, DR routes allow
to decouple iron making from steel making, which can notably affect spatial and temporal steel
production strategies (Gielen et al., 2020; Toktarova et al., 2022; Vogl et al., 2018) as will be
discussed in Section 2.3.

On a small scale, DR reactions of solid iron ore can be described through a ”shrinking core”
model (Bhaskar et al., 2020), where the reaction gas (here Hy) first adsorbs and then diffuses
into the iron ore grains. The subsequent step by step reaction of the reaction gas with the
iron ore creates layers of iron in different oxidation states within each iron ore grain, where the
outermost layers contain iron in the most reduced state. As the reduction reaction continues,
the outmost layer containing pure Fe spreads to the center of each grain until the entire grain
is reduced. The water vapour produced in each reduction reaction subsequently desorbs from
the grains and is transported away within the gas stream in the furnace. Since the transport
rates of Hy and H2O are the limiting factor of the reaction, the size and porosity of the iron ore
pellets strongly influences overall reaction rates (Bhaskar et al., 2020). Furthermore, injecting
more Hy than strictly necessary for complete iron ore reduction accelerates reaction times even
though it also increases overall energy consumption (Vogl et al., 2018).

Even though the chemical and technical processes for H2DR are well known, it is still a
technology under development and not ready for full-scale industrial deployment. While the
first commercial purely Hs-based DR furnace started operation already in 1999, it was based
on a different technological process and was not economically unsuccessful, so operations had
to terminate prematurely (Bailera et al., 2021). Accordingly, there is currently no industrial-
scale Ho-based steel production facility operating in the world. On the technological readiness
scale, H2DR is being considered to have reached level 5, for which the operation of a large scale
prototype is a prerequisite (IEA, 2020). Such a prototype was built in Sweden with a capacity of
1 t of DRI per hour as part of the HYBRIT project that intends to fully decarbonize Sweden’s
steel production through H2DR-EAF technology by 2045 (Kushnir et al., 2020). Over the
coming years, the existing pilot plant is planned to be upgraded to an industrial-scale H2DR
demonstration plant with a capacity between 0.2 and 0.4 Mt DRI per year after 2025 and
eventually to a full-scale H2DR-EAF facility producing 1.5 Mt of crude steel per year in 2040
(Kushnir et al., 2020). The HYBRIT program in Sweden is, however, not the only project which
aims to test industrial scale H2DR as other projects in Germany (SALCOS, Midrex plant for
ArcelorMittal), Austria (SuSteel), France (ULCOS) and the United States (flash iron making)
show (Gielen et al., 2020).

2.2.2 Electricity-based Iron Production

Another possibility to replace fossil fuels as energy carrier and reducing agent for steel produc-
tion is to directly use electricity for iron making. Instead of reducing solid iron ore pellets like
in H2DR, this route places iron ores in an electrolytic bath, where an electric current provides
the required electrons and energy for the reduction reaction. The concept of ore electrolysis is
already commercially available for the production of aluminum (Cavaliere, 2019), lead, copper,
rare-elements as well as for processing specific iron ores (Venkataraman et al., 2022). For the
production of metallic Fee, two different electrolytic processes are possible: (1) electrowinning
(EW), where iron ore particles are suspended in alkaline solution and electrolysis is performed
at temperatures around 110°C (Bailera et al., 2021); and (2) molten iron oxide electrolysis
(MOE), where iron oxides are molten and reduced in a bath of electrolytes at temperatures
above 1538°C (Cavaliere, 2019). The overall reduction reaction for both EW and MOE is shown
by Equation 12.

2Fes03 +12¢7 —— 4Fe + 309 (12)
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The EW process is described in detail by Cavaliere (2019) and is summarized in the follow-
ing paragraph. First, fine solid iron ore particles (FeaO3) are suspended in a hot and highly
concentrated aqueous NaOH solution with a temperature between 90°C - 110°C. Second, ap-
plying a current to the solution allows to form solid F'e and hydroxide ions (OH ~) from the iron
ore at the cathode. While the hydroxide ions remain in solution and can move to the anode,
the Fe form a solid conducting layer on the surface of the cathode that allows the reaction to
further progress. At the same time, O3 is produced from OH ~ at the anode. Finally, the solid
metallic Fe deposit on the cathode can be removed and fed into an EAF for further processing.

Even though the principles of EW have already been successfully demonstrated, for example
by Allanore et al. (2010) or in a pilot plant of the Siderwin project (Harpprecht et al., 2022),
challenges for EW include the up-scaling of the process to produce industrial-scale quantities of
Fe while maintaining high efficiencies (Cavaliere, 2019). If these challenges are overcome, EW
has the potential to directly electrify iron making with estimated electricity demands between
approximately 2.7 MWh (Barberousse et al., 2020) and 3.1 MWh (Cavaliere, 2019) per ton of
produced Fe. According to Barberousse et al. (2020), EW electrolyzers could also constitute
flexible energy consumers that help to bridge gaps between renewable electricity generation and
electricity demand.

While EW requires only temperatures around 100°C, MOE allows to produce molten metal-
lic Fe from electricity at temperatures above 1600°C. MOE is a technology related to the
already established Hall-Heroult process for aluminum reduction only that it operates at a
higher temperature to exceed the melting temperature of Fe (Venkataraman et al., 2022). In
MOE, an electric current first melts the iron ore and accompanying electrolytes to produce
molten Fe and gaseous Oy according to the overall reaction shown by Equation 12. One of the
furthest developed concepts for MOE comes from the company Boston Metals which develops
modular MOE electrolyzers that can be combined to industrial scale steel production facilities
according to their website (Boston Metals, 2022a). Figure 5 shows a MOE electrolyzer module
as presented by Boston Metals (2022b). It consists of a stationary cathode at the bottom and
a movable inert anode that is lowered into the electrolyzer from the top. The iron ore is fed
into the electrolyzer together with the electrolyte from the top. After successful melting and
iron reduction, the reduced molten F'e accumulates at the bottom of the electrolyzer and forms
a liquid cathode. Finally, the liquid F'e can be tapped and directly fed into an EAF, where no
further energy is required for melting the Fe. While Boston Metals is currently still developing
their MOE electrolyzer cell, they intend to construct a demonstration plant by 2025 (Boston
Metals, 2022b). Despite its similarity to already established metal oxide electrolysis processes,
the development of MOE has so far been slow due to (1) difficulties with finding a suitable and
affordable anode material that can withstand the extreme conditions at the anode with tem-
peratures above 1538°C and simultaneous oxygen evolution (Venkataraman et al., 2022) and
(2) the various possible valence states of Fe ions in the electrolyte melt, which reduce overall
process efficiency (Wiencke et al., 2018). Nevertheless, previous research indicates that suitable
anode materials exist for MOE (Allanore et al., 2013) and the production of liquid Fe through
MOE has already been successfully demonstrated in lab scale reactors (Wiencke et al., 2018).

2.3 Integrating an Electrified Steel Production into the Energy Sys-
tem

Electrifying the I & S industry through electrolytic or Hs-based iron making significantly in-
creases electricity and Hs demands and thereby represents a challenge for energy systems.
Pimm et al. (2021), for example, estimated that producing 1 Mt of crude steel per year from
iron ore through the H2DR-EAF route would translate into continuous demands of almost 200
MW Hj and 71 MW electricity, excluding the electricity demand for electrolytic Hs production.
Similarly, Harpprecht et al. (2022) analyzed different decarbonization pathways of the German
I & S industry including a combination of H2DR-EAF and EW-EAF routes and estimate that
additional 83 - 87 TWh electricity will be needed for a decarbonized I & S production in DE
in 2050, of which almost 32.7 TWh will be required to produce 24.4 TWh Hy for H2DR. Other
studies predict an even higher Hy demand in DE reaching 36 TWh (Prognos, Oko-Institut and
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Figure 5: Schematic representation of a molten iron oxide (MOE) electrolyzer module as pre-
sented by the company Boston Metals. Image from: Boston Metals (2022b)

Wuppertal Institut, 2021) or even 80 TWh (BMWK, 2020) Hs per year for I & S production
only. For AT, the Austrian National Hydrogen Strategy expects a Hy demand of 10.8 TWh/year
solely for H2DR (BMK, 2022).

Producing such quantities of green Hs requires even higher amounts of domestic renewable
electricity and large volumes of water unless green Hs can be imported in considerable quan-
tities. With electrolyzer efficiencies expected to reach 70 - 75 % in 2050, producing 1 TWh
H, will require 1.33 -1.43 TWh electricity and around 270.000 m?3 of water (Danish Energy
Agency, 2022b). Accordingly, switching éron making to H2DR requires a massive expansion
of electrolyzer and RE capacities. While only about 0.12 GW of electrolyzers were installed
in whole Europe in 2020 (IEA, 2021), the National H, Strategies of AT (BMK, 2022) and
DE (BMWK, 2020) target minimum electrolyzer capacities of 1 GW in AT in 2030 and 10
GW in DE in 2040. Other studies, however, suggest that these target capacities considerably
underestimate the required electrolyzer capacities. Ramsebner and Haas (2021), for example,
calculate that 4 GW electrolyzer capacity might be needed in AT by 2040 solely to produce
the Hy used in Hs power plants to balance intermittent renewable generation. In DE, studies
by enervis (Stiftung Arbeit und Umwelt der IG BCE, 2021) and Fraunhofer IST et al. (2021)
expect electrolyzer capacities in 2040 to range between 35 - 50 GW and 10 - 37 GW respectively,
whereas Harpprecht et al. (2022) state that at least 7.2 GW electrolyzers are necessary to only
cover Hy demand for steel production.

While Hs-based steel production only indirectly increases electricity demands, electrolysis-
based iron making directly increases electricity demand significantly. For MOE, Boston Metals
expects an electricity consumption of 4 MWh per ton of crude steel over the entire crude
steel production process (i.e. raw material preparation, iron making and steel making (Fan &
Friedmann, 2021). For EW, Barberousse et al. (2020) computed additional annual electricity
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demands of 32.8 TWh in AT and 140.5 TWh in DE in 2050, if primary steel production grew by
0.8 % per year and was entirely based on EW. While their values include the electricity demand
for the entire crude steel production process from raw material preparation to steel making, the
EW process alone (2,72 MWh/tstce;) would add 24.8 TWh (AT) and 106.1 TWh (DE) to the
annual electricity demand in 2050. Even though these numbers appear very large, they might
still be considerably lower than the overall electricity demands if Hy for H2DR were produced
domestically and at least 25 % of the electricity used for Hy production would be lost during
electrolysis.

Compared to a final electricity consumption of 63.5 TWh in AT (Statistik Austria, 2022) and
499.9 TWh in DE (AG Energiebilanzen, 2021) in 2019, all the above mentioned energy demands
for a directly or indirectly electrified I & S production represent huge additional demands for the
Austrian and Germany electricity grids. Even though the exact energy requirements for H2DR,
and EW vary considerably in the literature (see Section 4.3.3 for a further discussion), the above
mentioned numbers indicate that a large energy infrastructure expansion will be necessary to
decarbonize steel production. In addition, steel production typically follows rather constant
production rates as plant operators need to achieve high plant utilization rates for profitable
production (Toktarova et al., 2022). This adds a constant energy demand to the system while
electricity is mostly generated by intermittent RE technologies. COnsequently, decarbonizing
steel production might increase energy storage demands and require a careful optimization of
the RE generation mix, for example, through an optimization of the ratio between wind and
PV capacities as suggested by Pimm et al. (2021).

A direct or indirect electrification of steel production might, however, not only change the
required electricity supply but also introduce flexibility in the steel production process. Firstly,
H2DR-based steel production allows to decouple electricity consumption for Hs production
and Hs use in iron making as Hs can be stored before use in a H2DR furnace. Secondly,
solid DRI can be stored and transported as HBI and be fed into an EAF at times and locations
where cheap electricity is available (Pimm et al., 2021; Toktarova et al., 2022; Vogl et al., 2018).
Furthermore, EAFs operate in batch mode and can therefore, introduce some degree of flexibility
into steel making (Vogl et al., 2018). Toktarova et al. (2022) analyzed flexible steel production
in detail through a linear cost-optimization model with the goal to identify ideal investment
decisions for H2DR-based steel production and electricity generation in central and northern
Europe. They found that over-investments in H2DR, steel production assets as well as in Hy
and HBI storages are cost-efficient as this allows to align steel production with the availability
of cheap renewable electricity. They further highlight that steel production and in particular
1ron making capacities will likely be centered in regions where cheap and abundant renewable
electricity is available. This indicates that more flexible steel production and a separation of
iron making from steel making is a realistic possibility in the future. Furthermore, their results
indicate that renewable electricity generation is economically more attractive than electricity
generation from nuclear power plants or even NG-power plants if they need to compensate their
CO4 emissions. Similar to the findings of Toktarova et al. (2022), other studies support the
conclusion that H2DR will likely allow and incentivise a more flexible steel production (Bailera
et al., 2021; Lechtenbohmer et al., 2016; Vogl et al., 2018).

Iron ore electrolysis technologies might also allow flexible steel production. Barberousse et
al. (2020), for example, suggest that a direct electrification of iron making through EW could
provide demand-side flexibility similar to the way how already established electrolysis processes
can operate flexibly. They support this statement by the suggestion that low-temperature iron
ore electrolyzers do not require long start-up or cool-down times. Furthermore, EW produces
Fe that can be converted to HBI and therefore be further processed at other times or places
with better availability of cheap electricity. Nevertheless, these arguments for a flexible steel
production through EW do not consider the economics of a steel production plant, which
typically try to optimize plant utilization rates. For MOE, it is uncertain to which degree it
might be able to operate flexibly as it requires high temperatures and therefore long start-up
times. Yet, Boston Metals advertise that the modular structure of their MOE technology allows
to use exactly the amount of MOE electrolyzers as desired in a facility (Boston Metals, 2022a).
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This might allow to vary the number of active MOE electrolyzers according to the availability
of cheap electricity.

Within the large number of energy system modelling publications, few studies fully assess
the effects of a wide-spread electrification of multiple sectors on the energy system with high
time resolution and with a detailed representation of I & S production. As already mentioned
above, Toktarova et al. (2022) explicitly investigate the specific interactions of H2DR~based steel
production and local energy systems to derive conclusions on where and how the I & S industry
can operate economically efficient in the future. Nevertheless, they do not consider increased
electricity demands from the electrification of other sectors into their analysis and model the
energy system only in 12 hours time steps, which neglects small scale variations in energy supply
and demand and cannot accurately reflect short-term energy storage requirements. Victoria et
al. (2022), on the other hand, used the comprehensive open Py-PSA model to evaluate transition
pathways for the energy sector that limit carbon emissions from 37 European regions according
to carbon budgets associated with goals to limit global warming to 1.5°C - 2°C. While they
use a rather high time resolution of 3h and explicitly model the required grid capacities for a
large-scale expansion of RE, they only consider energy demand for steel production from H2DR,
assume a very high scrap share of 70 % and do not discuss the implications of electrifying steel
production on the electricity system.

Pimm et al. (2021) and Harpprecht et al. (2022) go further and explicitly address the issue of
providing the energy system infrastructure required to support steel production through H2DR.
Pimm et al. (2021) use a linear cost optimization model to determine the most cost-efficient
structure of the UK energy system for a H2DR-based steel production until 2040. While they
use data with 1h resolution, they aggregate each month of a year into one representative day to
reduce computation requirements. With that, they fail to accurately represent daily variability
of RE generation, for example, at individual days with low wind and solar resources. On the
other hand, their model allows a considerable degree of flexibility in the energy system through
H, and electricity storage, through HBI imports in steel production as well as through electricity
production from Hy gas expansion turbines. Harpprecht et al. (2022) explore pathways to
decarbonize the German I & S industry that are compatible with carbon budgets for limiting
global warming to 1.5°C and 1.75°C. They provide an in-depth evaluation of energy consumption
and the associated C'O4 emissions of various transformation pathways including both H2DR and
EW. Yet, they do not model the underlying energy system but only provide a rough estimation
of how much additional RE and electrolyzer capacities will be required to electrify German
steel production. Thereby, they do not neither consider the economics of expanding the energy
system nor the required energy storage to balance electricity supply and demand.

To the best knowledge of the author, no study has yet directly compared the energy system
effects of electricity- and Hs-based I & S production at high temporal resolution. While some
studies (Harpprecht et al., 2022; Venkataraman et al., 2022) considered EW as a possible iron
making technology in their scenarios, only Mayer et al. (2019) constructed separate scenarios
for a Hs-based and electricity-based steel production. However, they use the electricity-based
scenario only to evaluate the macroeconomic effects of low electricity prices in steel production
and do not directly compare electricity-based and Hs-based steel production scenarios. In addi-
tion, their electricity-based iron making scenario is based on the hybrid Hs-plasma direct steel
production technology, which is a mixture of Hy-based and electricity-based steel production
and also still at an early stage of its technological development. This thesis can, therefore,
complement the existing literature by providing a detailed evaluation of the effects of either
Hs-based or electricity-based iron making on the energy system at a high temporal resolution.
It can further refine predictions about the effects of a decarbonized 1 & S industry on the
energy system by considering additional electricity demands from the electrification of other
sectors and by accounting for energy storage requirements as well as grid stabilizing services.
Even though both Hs-based and electricity-based iron making technologies might not reach
technological maturity in the coming years, their implementation into the electricity grid needs
to be planned far ahead (Kushnir et al., 2020) and successful early movers can create valuable
spill-over effects to accelerate the global transformation of the I & S industry (Pye et al., 2022).
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3 Goals and Hypotheses

The goal of this thesis is to simulate the effects of a direct and indirect electrification of iron
making on 100 % renewable electricity systems in AT and DE using the power system model
medea, which was developed by Wehrle et al. (2021). This thesis was designed as an exploratory
study that captures different aspects of mature renewable electricity systems and asks the
following research questions:

e How does a direct electrification of steel production change electricity system costs, energy
storage requirements and Hs use in AT and DE compared to Hs-based steel production?

e How do capacity expansion constraints on onshore wind and PV affect system costs,
energy storage requirements and hydrogen imports in AT and DE?

e How sensitive are the Austrian and German electricity systems to Hs import price changes?

This thesis, therefore, attempts to analyze renewable electricity systems under scenarios
with different assumptions on (1) the steel production technology, (2) wind and PV capacity
constraints, and (3) Hs import prices. Consequently, the main goal of this thesis is to explore
how the Austrian and German electricity systems behave under different possible future sce-
narios and to derive similarities and differences between the two renewable electricity systems.
In particular, this study aims at identifying the relevance and the approximate required ca-
pacities of different key elements in those renewable electricity systems, such as storage units.
Furthermore, another focus of this study is to evaluate the role of domestic Hy production in
different renewable electricity system. Finally, this thesis attempts to provide data for future
decisions on the role of different technologies in steel production and to provide a basis to better
judge the effects of replacing fossil fuels with direct or indirect electrification technologies in
energy-intensive applications.

The following hypotheses are formulated for this thesis:

1. Electricity-based iron making reduces overall energy system costs compared to Hs-based
iron making.

Since a direct electrification of the I & S industry does not require additional H in-
frastructure, scenarios with electricity-based iron making result in overall lower system
costs. This hypothesis assumes that the required additional infrastructure for a sufficient
H, supply is more costly than the potentially required additional infrastructure for an
elevated electricity supply to the I & S industry. The corresponding alternative hypoth-
esis can be formulated as: Electricity-based iron making does not reduce overall energy
system costs compared to Hs-based iron making.

2. Electricity-based iron making lowers the gross electricity consumption in the electricity
system compared to Hs-based iron making.

As will be discussed in chapter 4.3.3, electricity-based iron making is herein assumed to
be less energy intensive than Hs-based iron making when considering the electricity that
is required to produce green Hs. We therefore, expect that the lower gross electricity
demand from electricity-based iron making also translates into a lower gross electricity
consumption in the overall system. Accordingly, this assumes that possible system effects
such as higher battery storage losses do not compensate the additional energy losses in
Hs-based iron making. The alternative hypothesis can be formulated as: Even though
electricity-based iron making requires less electricity than Hs-based iron making, it does
not lower gross electricity consumption in the overall electricity system.

3. Lower Hy import prices reduce overall system costs in all scenarios and reduce system
costs over-proportionally for scenarios with Hs-based iron making.

Green Hy import prices will affect overall system costs as soon as they are lower than
the marginal production costs for domestic green Hy production as it will be econom-
ically better to import green Hy than to produce it in the domestic electricity system.
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In these cases, overall system costs will fall with lower Hy import prices. Accordingly,
this hypothesis assumes that Hs imports can economically (out)compete (with) domestic
green Hs production at all considered Ho import price ranges. Lower Hs import prices
will therefore, also reduce overall system costs. Since overall Ho demand is higher in
scenarios with Hy-based iron making, the system costs decrease stronger in these sce-
narios than in scenarios with electricity-based iron making. A strong over-proportional
decrease in system costs in the Hy scenarios compared to the electricity scenarios could
therefore, even partly refute the hypotheses 1 at very low Hs import prices. The cor-
responding alternative hypotheses can be formulated as: (a) Lower Hy import prices do
not reduce overall system costs in all scenarios and (b) lower Hs import prices do not
over-proportionally reduce system costs in scenarios with Hy-based iron making than in
scenarios with electricity-based iron making.

4 Methods and Data

4.1 Adapting the Power System Model medea

The power system medea (Wehrle et al., 2021) was chosen for the purpose of this study as it
can endogenously optimize installed energy generation, storage and exchange capacities under
given restrictions with the goal to minimize overall system costs. Thus, it allows to explore the
optimal energy system set-up under exogenously determinable restrictions such as constraints
on energy demands or generation capacities. medea operates in discrete time steps, in each of
which it balances energy supply and demand and thereby mimics functioning energy markets.
This allows to simulate the interactions of intermittent electricity generation and thereby to
capture short-term dynamics of an electricity system. Furthermore, medea allows to integrate
exogenous demands of different energy carriers into the modelled system, which can be coupled
through co-generation units or through technologies that convert one energy carrier into an-
other. Consequently, medea can simulate highly coupled energy systems, where the supply of
different final energy carrier demands can be endogenously optimized through different possi-
ble technologies. Finally, medea also includes a requirement that sufficient flexible technologies
must be active in the electricity system at all time steps to ensure that essential grid supporting
services such as frequency control or voltage support are available in the system at all times.
This allows medea to approximate real operating conditions of an electricity grid and to qualify
its results as a base for realistic recommendations on policies to design a functioning electricity
system in the future. Further details and a mathematical description of medea can be found in
Wehrle et al. (2021).

For the purpose of this study, medea was amended in several aspects compared to the
study by Wehrle et al. (2021). First, Hs was included as an additional energy carrier that
can be produced and stored endogenously in the system to meet the exogenously defined Hy
demand. Second, an import option was implemented that allows medea to obtain Hs from
outside the model for a fixed price. To prevent unrealistic peaks in Hs imports that might
occur from the attempt of the optimization algorithm to minimize Hs storage costs, hourly Hy
import capacity was fixed to a 1/8760 part of annual Hs imports, which were endogenously
determined by medea. Third, the equations governing the content of energy storage units were
changed so that medea could endogenously and freely determine the ideal storage content at the
beginning of the simulation. This prevents that externally determined initial storage capacity
and content affect the simulation results. To avoid an energy imbalance in the simulation, the
storage content of the first hour of the simulation was fixed to match the storage content of
the last hour of the simulation. Fourth, hot water tanks were added as a possible technology
to store heat energy to introduce the possibility of a flexible heat production through heat
pumps at times where intermittent electricity is abundant. Fifth, energy losses over time were
implemented for battery and heat energy storage units as such time losses considerably affect
their efficiency for long-term energy storage. Sixth, ancillary services were optimized so that the
same unit of a technology could not feed and draw electricity from the grid at the same time,
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which was important to realistically represent ancillary services by electricity storage units in
the model.

4.2 Modelling Approach

In order to account for short-term and long-term variations in intermittent renewable genera-
tion, the model was simulated with a 1-hour time resolution over the course of a full year to
capture intra-daily and seasonal dynamics of intermittent electricity generation. The year 2040
was chosen as a reference year for this study as it represents a time where AT intends to achieve
climate neutrality (OSterreichischer Nationalrat, 2021) and when DE wants to have largely de-
carbonized its energy sector (Deutscher Bundestag, 2022a). Therefore, it can be assumed that
”hard-to-decarbonize” sectors such as the steel industry represent some of the last sectors that
need to be decarbonized in 2040. This is in line with the goal to compare the effects of a direct
and indirect electrification of iron making on "mature” renewable electricity systems. Even
though it is uncertain to what extent the Austro-German I & S industry can actually be decar-
bonized in 2040 due to the long investment cycles and the current immaturity of near-zero iron
making technologies (IEA, 2020), this study thereby represents a what-if analysis that explores
the impacts of an ambitious decarbonization of the Austro-German I & S industry.

For the simulation, medea was allowed to use all already installed renewable technologies in
AT and DE and further renewable technologies, which ensure that all considered energy carriers
(electricity, heat and Hs) could be produced by at least three different technologies and stored
in at least one type of storage unit. Altogether, medea could use 20 different energy generation
or storage technologies as well as He imports to meet exogenous energy demands. Figure 6
summarizes the energy carriers that were considered in this study and indicates the resulting
possible connections between energy carriers in the modelled system.

To ensure that medea simulates electricity systems that also resemble the politically declared
grid expansion goals in AT and DE, medea was fed with initial input capacities that represent
technology-specific political expansion targets in AT and DE. Accordingly, this study did not
pursue a greenfield modelling approach. Table 1 indicates the initial capacities that were used
as an input for the model and which are further described in the Section 4.3.1. They are relevant
to the model approach as initial capacities do not induce investment costs but only add costs
from operations and maintenance (O & M) and fuel (imports) to the system costs. The system
costs, therefore, do not represent the overall system costs for building and maintaining a 100 %
renewable electricity system in AT and DE from scratch but represent the additional system
costs from expanding the given system.

To prevent an unrealistic expansion of installed capacities during the simulation, the actual
use of some technologies was limited to a maximum capacity according to given technical or
geographical constraints. First, ror capacities could not be expanded beyond the initially
installed capacities as it is unlikely that more ror power plants can be realized beyond the
already ambitious expansion target in AT (45 TWh generation from ror in 2030) and beyond
an estimated ror potential in DE (see Section 4.3.1). Second, hydro storage capacities were fixed
to the initially defined storage capacities as both pumped hydro and hydro reservoir storage have
large area requirements, which will very likely impede a considerable expansion of hydro storage
technologies. Third, electricity production from biomass was capped as the overall amount of
biomass that can be sustainably used is limited by the available agricultural and forest areas.
Furthermore, using biomass for electricity generation reduces the biomass that is available as
a renewable resource in other sectors such as the construction sector. In AT biomass power
plants were limited to 6.7 TWh/year as this represents the maximum estimated electricity
production from biomass according to Krutzler et al. (2016) and far exceeds the 4.4 TWh
electricity generated from biomass in 2021 (E-Control, 2022). In DE, biomass power plants
were limited to 56 TWh electricity output per year, which represents electricity generation
from biomass in 2020 (Umweltbundesamt, 2022) plus a margin of 10 % to account for a possible
increase in electricity generation from biomass in the future. Fourth, hourly Hs imports were
capped to a 1/8760th of annual Hs imports to simulate an Hs import capacity imposed by
the available technical Hs import infrastructure (pipelines or ship terminals). This prevents
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Figure 6: Schematic representation of the modelled system. Several different generation and
storage technologies could be used in the model in order to meet the fixed external demand for
electricity, heat and Hs. As various technologies allow a conversion or co-generation between
the energy carriers, the used model represents a highly coupled energy system.

unrealistic Hy import peaks to satisfy Hy demand when domestic Hs generation is low. A cap on
hourly Hs imports, therefore prevents that Ho storage capacities are underestimated. Fifth, the
offshore wind capacity in DE was capped to 70 GW to account for zones along the German coast
that cannot be used for offshore wind parks, for example to preserve environmental protection
areas. Lastly, the electricity exchange capacity between AT and DE was set to 5.4 GW (Wehrle
et al., 2021) to prevent extreme electricity imports or exports in AT that could incentivize the
model to install wind or PV capacities only in the region with the respectively better production
conditions.

To systematically investigate the behaviour of the Austro-German energy system under
different constraints as defined through the research questions, this study calculated a total
of 42 scenarios, in which energy demand and supply were modelled hourly in both AT and
DE. From these 42 scenarios, half of the scenarios assumed that iron making was completely
based on H2DR (” Hy scenarios”) and the other half that iron making was based on iron ore
electrolysis (el scenarios”). The Hy and el scenarios, therefore, only differed in their hourly
and overall electricity and H, demands as will be discussed in Chapter 4.3.3. For each iron
making technology, the following possible capacity constraints were assumed in different scenario
groups: (1) no constraints; (2) wind constraint: onshore wind capacities in AT and DE were
limited to the initial capacities and could not be expanded; and (3) wind and PV constraint:
onshore wind and PV capacities could both not exceed the initial defined capacities. For each
combination of el/Hs scenario and capacity expansion constraint, one scenario was calculated
that assumed a different Hy import price with seven Hs prices ranging from 30 €/MWh Hs to
90 €/MWh H, in 10 € steps. All data were prepared with Python 3.9.7, while model constraints
and the model were formulated in GAMS 38.2.1. The code used for this project is available on
the GitHub repository simobu/medea_decarbonizing steel_industry (Biittner, 2023).

Since medea provides a wide range of data on the modelled system, this study focused on
selected model variables to answer the above mentioned research questions. Firstly, data on
system costs were analyzed by country and cost type (e.g. investment cost, fuel costs, O & M,...)
to identify the main economic differences between the economically ideal electricity systems in
the modelled scenarios. Secondly, the scenarios were analyzed according to their gross electricity
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consumption (GCE), which represents the electricity that is originally needed to meet the energy
consumption in each country. This was calculated for each country by subtracting electricity
exports (and vise versa adding electricity imports) from gross electricity generation and by
adding the electricity entailed in Hs imports (assuming a conversion efficiency of 71.5 %).
GCE, therefore, combined both the electricity that is directly and indirectly consumed in a
country, regardless of where the electricity was generated, and thereby allows to compare the
energy consumption of scenarios with different shares of direct and indirect electrification.*
Thirdly, Hy production and import data were further analyzed to evaluate the relevance of
domestic green Hy production in 100 % renewable electricity systems in AT and DE.

4.3 Data

The following section describes the input data that was used to parameterize the model used
in this study.

4.3.1 Initial Capacities

In DE, PV, onshore wind, and electricity generation capacities from biomass were taken from
§4 of the Renewable Energy Act 2023 (Deutscher Bundestag, 2022a). Similarly, the initial Ho
cavern storage output capacity and Hy gas power plant capacities were derived from the goals
for 7 Hy-based electricity storage” (§28f) and for ”electricity generation from green Hs” (§28g).
The initial offshore wind capacity of 55 GW represents the average of the 40 GW (2035) and
70 GW (2045) expansion goals defined in the German ” Wind-at-sea-law” (Deutscher Bundestag,
2022b). For run-of-river (ror) power plants, the initial 6.2 GW capacity was derived from the
maximum realizable ror potential in DE described in Keuneke (2019). All initial output and
energy storage capacities for biomass combined heat and power (CHP) plants and hydro storage
technologies in DE and AT were taken from Wehrle et al. (2021).

In AT, the target capacities for onshore wind, PV, and ror were calculated based on the elec-
tricity generation goals as defined in the Austrian " Renewable Expansion Act” (Osterreichischer
Nationalrat, 2021). Since the Renewable Expansion Act only defines targets for additional en-
ergy generation compared to 2020, these energy targets were converted into generation capacities
based on the assumed full-load hours of onshore wind, PV and ror in AT as provided by Wehrle
et al. (2021). Subsequently, these estimated additional capacities were added to the installed
capacities in 2020 provided by ENTSO-E (n.d.) (onshore wind and ror) and by Biermayr et al.
(2022) (PV). Biomass capacities were adopted from Wehrle et al. (2021). In both AT and DE,
the initial electrolyzer capacities were taken from the respective national Hy strategies (BMK,
2022; BMWK, 2020). In both countries, the initial capacities for all other technologies were set
to zero.

4.3.2 Base Energy Demands

Hourly electricity demands for 2040 in AT and DE were taken from the electricity load time
series of the climatic year 2009 in the Distributed Energy Scenario in the ten-year network
development plan (TYNDP) published by ENTSO-E (2022). The dataset includes electricity
demands from residential, industrial and tertiary consumers and already considers an advanced
electrification of the transport and heat sectors. It explicitly includes additional energy demands
from electric vehicles and from domestic and district heating (DH) heat pumps (HPs). As
DH represents an essential part of medea, the annual electricity demand from DH HPs was

4GEC differs from the exogenous gross electricity demand as it includes the endogenous energy demand as
well as the energy losses during energy conversions, which were both determined by medea. Differences in GEC
can therefore, be considered as variations in the energy efficiency between scenarios. Since exogenous energy
demand was in this study assumed to be slightly higher in Ha scenarios than in el scenarios, Ha scenarios should
exhibit a slightly higher GEC if the respective energy systems had the same overall energy efficiency. Please
note that heat production from biomass as well as Ho transport losses (e.g. during liquefaction or conversion
to ammonia) are not included into GEC in this study. Therefore, GEC does not represent the gross energy
consumption of the entire energy system modelled in this study.
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Table 1: Initial capacities that were used as an input into the model.

AT | DE
unit H GW I GW
PV 12.4 | 400
Run-of-river 6.8 6.2
Wind Onshore 7.1 160
Wind Offshore - 55
Biomass 0.7 4.2
Biomass CHP 0.4 4.2
Biomass Boiler 0.8 2.6
Heatpump Compression 0 0
Heatpump Absorption 0 0
Electric Boiler 0 0
Battery (Li-Ion) 0 0

Hydro - Reservoir Storage || 3.5 0.2
Hydro - Pumped Storage 5.2 7
SOEC Electrolyzer 0
AEC Electrolyzer 1
H2 - Cavern Storage 0
Fuel Cell 0 0
0
0
0

H2 Power Plant
H2 CHP Power Plant
Hot Water Tank

subtracted from the overall electricity demand in the TYNDP to prevent a double counting of
DH energy demands. As a result, annual electricity consumption in AT was 105.1 TWh and
809.4 TWh in DE.

Similarly, annual Hy demands from the industry and transportation sectors in AT and
DE were also taken from the Distributed Energy Scenario in the TYNDP 2022 (ENTSO-E &
ENTSOG, 2022). Since the TYNDP does not provide hourly Hs load data, the Hy demand
was assumed to be perfectly flat. Altogether, annual Hy demand was 17 TWh Hy (1.94 GW
Hy) in AT and 251.2 TWh H, (28.67 GW Hy) in DE. Hy demands from the residential and
tertiary sectors were not considered in this study.

The annual DH heat demand in DE was taken from Prognos, Oko-Institut and Wuppertal
Institut (2021), which estimate that 158 TWh of heat energy must be provided to district
heating networks in 2040. For AT, Baumann, Martin and Pauritsch, Giinter and Rohrer,
Michael and Schweitzer, Marcel (2022) estimate that about 31.4 TWh heat energy must be
provided to DH networks in AT in 2040. As this study did not model all DH technologies
that will likely provide heat energy to DH networks such as geothermal heat power plants or
industrial waste heat, only 75 % of the above-mentioned DH demands entered medea as heat
input demand. These heat energy demands of 23.6 TWh in AT and 118.5 TWh in DE were
subsequently translated into hourly heat energy demand time series based on 2018 daily average
temperature and standard NG load profiles as described in Wehrle et al. (2021).

4.3.3 Energy Demand from Iron Making

To accurately represent energy demands from different iron making processes, scenario specific
hourly electricity and Hs demands from iron making were added to the respective demand
time series described above. As I & S production facilities typically seek to maximize plant
utilization rates (Pimm et al., 2021), electricity and Hs demand from steel production were
added as a perfectly flat time series, which assumes that all steel production facilities run all
year around at the same capacity. In a first step, specific energy demands for iron making were
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derived as average values from selected literature values on the expected energy consumption for
Hs-based DR and EW/MOE. Table 3 provides a summary of the expected energy consumption
from H2DR and EW/MOE and the range found in the literature. It indicates that electricity-
based iron making is expected to be more energy efficient than Hs - based iron making. Either
way, Hy or electricity-based iron making are expected to consume less energy than a typical BF
(3.68 MWh/t steel according to Vogl et al. (2018)). The energy demands in Table 3 represent
energy demands solely for the iron making process and do not include energy consumption from
other processes involved in near-zero carbon steel production such as energy consumption from
EAFs. Electricity demand from EAFs was explicitly not considered in this study as it remains
constant across all scenarios in this study and is already partially included in the TYNDP
electricity demand (see scenario assumption of the TYNDP in ENTSO-E and ENTSOG (2022)).
Total hourly energy demands for iron making were
then estimated using technology specific iron making en- Table 2: Crude Steel Production
ergy demands and the average steel production quantity 92017 - 2021 in AT and DE in mil-
in AT and DE over the past five years (Table 3). The cal- lions tons per year. From: World
culation further assumed that primary steel production Steel Association (2022)
represents 50 % of overall steel production with the other

half of steel production originating from secondary steel Year | AT | DE

production. This translates into an annual reduced Fe 2017 | 8.14 | 43.30
demand of 3.71 Mt in AT and 20.11 Mt in DE. Multiplied 2018 | 6.89 | 42.44
with technology specific iron making demands, H2DR 2019 | 7.42 | 49.63
therefore increased hourly Hs consumption by 0.83 GW 2020 | 6.77 | 35.68
and hourly electricity load by 0.25 GW in AT while 2021 | 7.88 | 40.01
electricity-based iron making raised the hourly electricity average | 7.42 | 40.22

load by 1.27 GW. In Germany, Hs-based steel production
constantly required 1.37 GW of electricity and 4.51 GW
H, while iron oxide electrolysis technology increased electricity load by 6.89 GW.

Table 3: Energy demands to produce one ton of reduced F'e through iron oxide electrolysis
or H2DR. Values assumed in this study represent averages of the considered literature values.
Note that it requires 1.40 MWh electricity to produce 1 MWh H, at an electrolyzer efficiency
of 71.5 %

Technology H Energy Carrier L This Study L Range in Literature L Literature
MWh MWh
Electricity 0.60 0.60 1
H2DR m2 1.o7 1.7-2.35 -1
Electrolysis || Electricity 3.00 2.72 - 3.50 3], [8] - [12]

Literature: [1] Bhaskar et al. (2020), [2] Bailera et al. (2021), [3] Fan and Friedmann (2021),
[4] Venkataraman et al. (2022), [5] Vogl et al. (2018), [6] Mayer et al. (2019), [7] Victoria et al.
(2022), [8] Cavaliere (2019), [9] West (2020), [10] Lechtenbohmer et al. (2016), [11] Allanore
et al. (2010), [12] Barberousse et al. (2020)

4.3.4 Costs and Prices

Table 4 shows the assumed costs for investments and operation and maintenance (O & M) of
the technologies considered in this study as well as the assumed lifetime. Technology specific
lifetimes were used to calculate investment and O & M cost annuities at a discount rate of 5 %.
For PV, it was assumed that free field PV parks and roof mounted system provide equal shares
of all considered capacities. All price data were converted to 2020 € using the producer price
index (total market) for the Euro area from OECD (2022).
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5 Results

5.1 System Costs

Total System Cost
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Figure 7: Total annual energy system costs of all modelled scenarios. Note: the costs shown
in this plot do not entail all costs associated with the modelled energy systems. For example,
investment costs for initially installed generation capacities or costs for the internal electricity
grid were not included in the cost optimization of medea. Therefore, the system cost values
cannot be taken as the real annualized costs of the respective energy system.

Figure 7 shows the annualized system costs of all 42 energy systems modelled in this study.
As can be seen, the system costs vary considerably between scenarios and across different
hydrogen import prices. First, system costs of all scenarios with electricity-based iron making (el
scenarios, blue lines) were always higher than system costs in scenarios with H2DR-based iron
making (Hs scenarios, red lines). Second, total system costs rose considerably as constraints
were imposed on the maximum installed onshore wind and PV capacities. At a Hs import
price of 90 €/MWh, limiting onshore wind capacities to the announced capacity goals increased
annual system costs by 12.1 - 12.3 % while an additional limit on PV capacities increased total
system costs by 18.0 - 19.2 % compared to the no constraint scenarios. Third, Hy import
prices did not affect system costs above 40 €/MWh in the no constraint scenarios and not
above 60 €/MWh in the wind constraint scenarios. In scenarios with wind and PV constraints,
higher H, import costs increased system costs across all considered Hs prices.

To understand why system costs differed between el and Hs scenarios, system costs were
further disaggregated into individual cost components in Figure 8. It displays the cost differ-
ences of various cost components (colored bars) between el and Hy scenarios as well as the
overall system cost differences between the respective el and Hs scenarios (black lines). All el
scenarios were characterized by higher costs from (1) investments into new generation capaci-
ties (blue), (2) from O & M costs for the installed capacities (orange), and (3) from investments
into additional energy storage capacities (grey). Fuel costs for biomass (green), on the other
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hand, did not strongly differ between el and Hy scenarios except in constraint scenarios at a
H, import price of 50 €/MWHh. In these cases, el scenarios used considerably more biomass for
energy generation than Hy scenarios. Surprisingly, Hs scenarios did not consistently import
more Hs than el scenarios as the cost difference for Hy imports shows. In contrast, el scenarios
imported more Hy than the respective Ho scenarios in most wind and PV capacity constraint
scenarios.

System Cost Differences between Electricity and Hydrogen Scenarios by Cost Types
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Figure 8: System cost differences disaggregated into five cost types. The bars show the difference
between the respective costs in the el scenario and the related Ho scenario. Positive values
indicate higher costs in the el scenario while negative values represent higher costs in the
respective Hy scenario. The black bar indicates the sum of the cost differences between the Ho
and el scenarios. Note that the shown values do not represent the total costs from a cost type
and are also not representative for the relative costs of each cost type to the total system costs.
Te. the absence of a bar for "Fuel Costs (Biomass)” simply indicates that the fuel costs for
biomass are identical in both scenarios even though they might actually represent a considerable
share of the total system costs.

Since investment costs into new generation capacities and the associated O & M costs rep-
resented a major cost differences between el and Hs scenarios, investment cost differences were
further analyzed in Figure 9. It displays the investment cost differences between el and Hs
scenartos by technology and shows that el scenarios consistently invested into larger Hs gas
power plant capacities than Hs scenarios, which in turn consistently invested more into elec-
trolyzer capacities. The investments into Hs gas power plants thereby constituted the largest
investment cost difference between el and Ho scenarios in almost all considered cases. FEl sce-
narios also almost consistently required larger electricity storage output capacities except under
high H, import prices in the wind and PV constraint scenarios. Like in Figure 8, el scenarios
invested exceptionally more into biomass capacities at a Hy import price of 50 €/MWh in the
constraint scenarios, which indicates a pronounced difference between el and Hy scenarios at
this Hy import price. Interestingly, investments into wind or PV capacities differed only in a
few scenarios and did not represented a major investment cost difference between el and Hy
scenarios.

Looking at the electricity system of each country individually (see Figure A.1) revealed
marked differences between AT and DE. In DE, system costs were very similar to overall
system costs, which is not surprising as the German electricity system contributed 85 - 92 %
of the overall system costs in all scenarios. Like in the overall system, el scenarios were in
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Cost Differences between Electricity and Hydrogen Scenarios
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Figure 9: Investment cost differences by technologies. The bars show the difference between
the respective costs in the el scenario and the related Hy scenario. Positive values indicate
higher costs in the el scenario while negative values represent higher costs in the respective
Hs scenario. The black bar indicates the sum of the investment cost differences between the
Hs and el scenarios. Note that the shown values do not represent the total investment costs
per technology and are also not representative for the relative costs of each technology to the
total system costs. I.e. the absence of a bar for "Wind onshore” simply indicates that the
investment costs for onshore wind power plants are identical in both scenarios even though
they might actually represent a considerable share of the total system costs.

all cases more expensive than Hs scenarios in DE as the German electricity system required
relatively more flexible electricity generation technologies in the el scenarios, primarily in the
form of expensive Hs gas power plants. In the wind constraint scenarios, however, system costs
in both AT and DE showed an unexpected behavior. While system costs almost doubled in
AT in the wind constraint scenarios as Hs import prices rose above 40 €/MWh, system costs
in DE decreased as Hy import prices increased from 40 to 60 €/MWh. While such a cost
distribution might optimize overall system costs, it indicates that AT built overproportionally
more energy infrastructure in these scenarios, which would have been installed in DE when both
countries would have been analyzed individually. And indeed, the wind constraint scenarios
showed an extreme peak in installed PV and battery storage capacities in AT with almost
7 times (72.5 GW) more PV capacity installed than declared in the expansion target goals and
almost 10 times (50.5 GWh) more battery storage capacity installed than in the wind and PV
constraint scenarios. Consequently, the wind constraint scenarios represent outlier scenarios
and should be interpreted with care.

In contrast to DE, flexible electricity generation capacities such as Hy power plants or battery
storages were not an important distinguishing factor between el and Hy scenarios in AT (Figure
A.2). Conversely, Hy imports were the main factor that distinguished el scenarios from Ho
scenarios in the Austrian electricity system. As Hs scenarios consistently imported more Ho
than the respective el scenarios, the Austrian electricity system showed a very different behavior
than the German electricity system. In particular, the wind and PV constraint scenarios show
considerably increased system costs from H, imports in the $H'2$ scenarios. Investment
and O & M costs, on the other hand, only differed between el and Hs scenarios in the wind
constraint scenarios where exceptionally large PV capacities were installed in AT. As described
above, these scenarios represent outlier scenarios and cannot be seen as a reliable representation
of a realistic electricity system in AT.
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In summary, electricity-based iron making did not decrease the overall system costs com-
pared to Hs-based iron making as expected by hypothesis 1. In contrast, electricity-based iron
making even increased overall system costs as more expensive flexible electricity generation
capacities were required in DE to bridge the gap between a iron oxide electrolysis induced
higher direct electricity demand and intermittent electricity generation. Hy fired gas power
plants thereby represented the largest individual cost component that distinguished el and Hs
scenarios. This effect could, however, only be observed in the German electricity system, which
strongly affected the results of the overall system due to its relative size compared to the Aus-
trian electricity system. In AT, electricity-based iron making reduced the electricity system
costs at least in the wind and PV constraint scenarios. In these scenarios, Ho imports increased
the costs for the Hy scenarios as AT did practically not produce Hs on its own. In scenarios
where wind and PV capacities could be expanded without restrictions, the costs of the Austrian
electricity system did not significantly differ between el and Hy scenarios.

5.2 Gross Electricity Consumption
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Figure 10: Gross electricity consumption in AT and DE. This metric includes all electricity
that is directly or indirectly consumed in each country regardless of where the electricity was
produced. In particular, it includes the electricity that was necessary to produce the green Hy
that is consumed in each country.

Figure 10 shows the GEC of all scenarios in AT and DE.

In DE, the GEC shows (1) that el scenarios consistently consumed more electricity than
Hy scenarios despite their lower exogenous energy demand and (2) that gross electricity con-
sumption strongly increased in scenarios with capacity constraints below Hs import prices of
60 €/MWh. Both phenomena were closely connected to electricity production from Hs gas
power plants (Figure 11) as Hy gas power plants produced between 17.7 - 61.0 TWh of elec-
tricity in all scenarios in DE. Furthermore, el scenarios always required more electricity from
Hy power plants than the corresponding Hy scenarios. Considering that electricity generation
from green Hs has a very low efficiency®, producing the above mentioned quantities of elec-
tricity from Hs gas power plants resulted in energy losses of 22.2 - 76.6 TWh electricity that
needed to be additionally produced to supply the same final electricity demand. Compared to
the Hy scenarios, producing electricity from green Hj still resulted in higher energy losses in

5this study assumes 44.3 %, excluding energy losses during Hs storage or transport
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the el scenarios as converting Hs into electricity involves higher losses than the gross energy
difference between Hs-based iron making and electricity-based iron making. Figures 10 and 11
show that the additional losses from Hs-based electricity generation in the el scenarios were
able to offset the gross energy efficiency gains from electrolysis-based iron making. Besides high
energy losses from inefficient Ho power plants, the energy efficiency of the el scnearios was fur-
ther undermined by additional energy losses in electricity storages. Similarly, falling Hs prices
incentivized the use of inefficient Ho power plants, which explains the increasing GEC below
60 €/MWh Hj in scenarios with capacity constraints. This raise of GEC at low Hs prices was
further enhanced by a substitution of biomass-based heat generation, which does not count into
GEC, with electricity-based heating technologies, which counts into GEC.
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Figure 11: Electricity generation from Hs gas power plants in AT and DE. While Hy gas power
plants were present in all scenarios in DE, they were only sparsely used in a few scenario in AT.

In AT, GEC strongly differed between scenarios with different constraint assumptions. The
main differences between these scenario groups were: (1) dissimilar DH technologies, (2) varying
energy losses in storage units, and (3) different levels of electricity curtailment. In contrast to
DE, Hs-based electricity generation (see Figure 11) did considerably affect GEC in AT except
in a few el scenarios at low Hsy import prices. Above 60 €/MWh, wind constraint scenarios
consumed almost 10 TWh (about 7 %) more electricity than scenarios with wind and PV
capacity constraints, while no constraint scenarios had an intermediate GEC. The wind and
PV constraint scenarios were characterized by a low GEC primarily due to a substitution of
about 5.4 TWh electricity with biomass for DH compared to the no constraint scenarios. Since
biomass-based DH did not count into GEC, this decreased GEC. The high GEC observed in
the wind constraint scenarios, on the other hand, resulted from a mix of additional energy
losses in batteries (+ 2.6 - 3.1 TWh compared to no constraint scenarios) that were required
to buffer the extraordinarily large PV generation capacities and additionally from increased
curtailment of energy (+ 2.6 - 2.7 TWh compared to no constraint scenarios). Even though
these energy losses were partly compensated by a more electrified DH sector (+ 1.7 - 2.0 TWh),
GEC in wind constraint scenarios still was about 3.6 - 4.0 TWh higher than in the no constraint
scenarios. As described above, the wind constraint scenarios must however be interpreted with
care. All differences between scenarios largely vanished at very low Hs import prices so that
AT consumed between 149.6 - 152.0 TWh of gross electricity.
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5.3 H; Production and Imports

Domestic Hydrogen Production in AT Domestic Hydrogen Production in DE
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Figure 12: Annual domestic Hy production in AT and DE by Hs import prices in all considered
scenarios. While DE produced more than 183 TWh Hs in all scenarios, AT did in some scenarios
not produce any Hs.

Figure 12 shows the annual Hs production in AT and DE. While at least 183 TWh Hy were
produced in the German electricity system in all scenarios, AT produced only considerable
quantities of Hyin the wind constraint and no constraint scenarios. Fittingly, Hs imports into
AT and DE were low in scenarios with a high domestic Hs production (Figure A.6). In par-
ticular, both AT and DE did not import any H> in no constraint scenarios above 30 €/MWh
H; and in wind constraint scenarios not above 70 €/MWh H,. Consequently, AT and DE
were completely self-sufficient in their electricity and green Hs supply in these scenarios. Inter-
estingly, domestic Hs production exceeded Hs imports in all scenarios in DE, indicating that
domestic Hy production was economically feasible in DE. And indeed, electrolyzers achieved
more than 4000 full load hours® (FLH) in all scenarios in DE and more than 4500 FLH in 33
out of 42 scenarios. In contrast, Austrian electrolyzers reached a much wider range of FLH
from below 1000 to more than 7800 FLH. This indicates that electrolyzers were used as regular
part-time electricity consumers in all scenarios in DE, whereas they were used very differently
in AT. In particular, all scenarios in DE showed a distinct Hs production pattern over the
course of one day with a peak in Hs production around noon and with lower production during
night hours (7 pm to 6 am, Figure refA.7). In constrast, only the wind constraint scenarios
with exceptionally high PV capacities displayed a similar pattern in Hy production in AT. In
all other scenarios, Austrian electrolyzers produced Hs with almost flat profiles over the course
of an average day. Over the course of a year, no distinct seasonal Hs production patterns were
recognizable in either country.

H, import data further show that 60 €/MWh marked a threshold below which imports
into the 100 % renewable Austro-German electricity system became increasingly competitive.
While Hy imports were only competitive with domestic Hy production in a few scenarios at
90 €/MWh, H, imports were strongly expanded below 60 €/MWh in all scenarios with capacity
constraints in both AT and DE. In these scenarios, Ho imports distinctively differed between
el and Hs scenarios at 50 €/MWh Hy indicating that Ho scenarios could import more Hy in
an economically viable way than el scenarios. Due to these higher Hy imports, Hy scenarios
required relatively less electricity for domestic Ho production while at the same time relatively

SFull load hours describe how much a technology is used over the course of a year. They are calculated by
dividing the annual output by the number of hours in a year (8,760)
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more Hy could be used for flexible electricity generation. In sum, both effects strongly reduced
the overall demand for electricity generation from biomass (- 13.5 TWh electricity generation
from biomass in DE in wind constraint scenario) as was already noted above.

6 Discussion

This study shows that different approaches to decarbonize the steel industry can considerably
influence the set-up of the electricity systems in AT and DE. In particular, the findings highlight
that measures to decarbonize steel production through Hs or electricity should be analyzed not
only by their individual energetic and economical performance but also by their effects on the
underlying electricity system. Even though iron ore electrolysis was expected to increase the
gross energy efficiency of the energy system (hypothesis 2), the results show that electricity-
based iron making can actually decrease overall energy efficiency as was observed in this study.
Furthermore, electricity-based iron making also translated into 2.1 - 3.5 % higher annual costs
for the Austro-German electricity system. Accordingly, decarbonizing steel production consid-
erably affects the electricity system of AT and DE and should therefore be carefully considered
in future plans to decarbonize the I & S industry.

6.1 Differences between AT and DE

The results of this study further show that a decarbonized steel production differently affected
completely renewable electricity systems in DE and AT. While electricity-based iron making
increased the costs and GEC of the German electricity system in all scenarios, it reduced costs
and GEC in most scenarios in AT. The main difference between the Austrian and German
electricity systems could be observed in the required capacities of flexible storage and electricity
generation units. While in AT only little new electricity storage capacities had to be added
in the form of batteries, the German electricity system required large new battery and Ho gas
power plant capacities to obtain a well-functioning renewable electricity system. Furthermore,
electrolyzers appeared to play an important role as flexible electricity consumers in the German
electricity system. In AT, electrolyzers were on the other hand no relevant flexible electricity
consumers.

The results for the Austrian electricity system can be explained by its large existing hydro
storage capacities (3.279 GWh), which are capable of long-term electricity storage and can
therefore provide high flexibility to the Austrian electricity system. Even though the Austrian
electricity system also required between 1.1 and 13.6 GWh of battery storage capacity, it
required little to no expensive Hy gas power plants at Hs prices above 60 €/MWH. Since Hj
gas power plants were the main driver of additional system costs in the el scenarios, el scenarios
did therefore not increase system costs in AT compared to the respective Hy scenarios except
in a few outlier scenarios. In fact, the existing long-term storage capacities were sufficient to
buffer variations in electricity generation and demand over longer time periods. Furthermore,
they were also able to bridge the higher gaps between electricity generation and demand even
when electricity demand was elevated from electricity-based iron making.

The German electricity system, on the other side, required large battery storage and Hs gas
power plant capacities in all scenarios as only little renewable storage capacities are currently
installed in DE. With only about 238 GWh of hydro storage capacity, the current German
electricity system is not able to cope with the large differences between intermittent electricity
generation and electricity consumption in a completely renewable system. As expanding hydro
storage capacities was assumed to be infeasible, additional long-term electricity storage could
only be realized through an intermediate storage of electricity as Ho, which could be reconverted
to electricity in Hy gas power plants. Accordingly, Hs gas power plants were in DE essentially
required to replace the missing long-term electricity storage capacities in the system. This also
holds for Hs that was imported into DE and subsequently used in Hs power plants as importing

"Excluding outlier wind constraint scenarios, where battery storage capacities climb to 56.3 GWh
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green Hs essentially represents indirect electricity imports. Besides long-term storage capacity,
large battery storage capacities were required in the German electricity system in all scenarios.

Interestingly, these additional storage capacities were the most important drivers of elec-
tricity system costs in DE. As Figures 8 and 9 show, additional storage capacity and additional
H, gas power plants represented in most cases the largest extra cost in the el scenarios. Even
though H; power plants produced only little extra electricity, they nevertheless increased sys-
tem costs noticeably. In the wind and PV constraint scenario at 90 €/MWh for example, Hy
gas power plants in DE produced only 8.5 TWh more electricity than in the respective Hy
scenario. While this might appear small compared to the 1309.6 TWh of electricity generated®
in DE in this scenario, these additional 8.5 TWh (0.6 % of annual electricity generation) raised
annual system costs by 1.29 billion €(plus 3.6 % compared to the overall system costs in the
Hy scenario) only through investments into Hy gas power plants, higher O & M costs for Hy
power plants and additional Hs imports. This corresponded to additional costs of 151.76 €for
every additional MWh electricity that was generated from Hs.

6.2 The Role of Flexibility in DE

While Hy gas power plants and battery storages added considerable flexibility to balance elec-
tricity generation and demand in the German electricity system, electrolyzers were another
main source of flexibility in DE. To evaluate the relevance of flexible electricity generation and
flexible electricity consumption, Figure 13 displays (1) the share of electricity that was fed into
the grid by flexible generation units (electricity storage units, biomass power plants, Hy power
plants) in DE, (2) the share of electricity in the grid that was used by flexible consumers (elec-
tricity storage units, electrolyzers) in DE and (3) both shares aggregated as a metric to indicate
the overall flexibility of the German electricity system. While all el scenarios produced more
electricity from flexible generators, all Ho scenarios were characterized by a higher combined
flexibility. Most importantly, this extra flexibility was introduced into the system through the
additional Hs production from electrolyzers in the Hy scenarios. In all cases, electrolyzers in
the Hs scenarios consumed 1.7 - 3.6 % more of grid electricity than in the respective el scenar-
10s. While electricity consumption itself does not necessarily indicate that electrolyzers were
used as flexible electricity consumers, the consistently medium FLH of electrolyzers clearly show
that electrolyzers were selectively used in the German electricity system. And indeed, looking
at the temporal production pattern of electrolyzers in DE shows a distinct diurnal Hy produc-
tion pattern with a strong peak in Hs production during noon where PV electricity output is
highest.

Interestingly, investing into additional electrolyzers in the Hy scemario also resulted into
much lower costs for the German electricity system than adding a similar flexibility to the
system through H, gas power plants as in the el scenarios. This represents an important
insight to explain why domestic Hs production was still very high in the wind and PV constraint
scenarios in DE, where electricity is a presumably scarce resource. Even in these scenarios, at
least 16.8 % of the annual grid electricity was used for domestic Hs production. The temporal
production pattern of electrolyzers (Figure A.7) in DE further underlines this finding as average
hourly Hs production in DE followed a clear diurnal pattern in all scenarios with a strong peak
in H, production during noon where PV electricity output is highest. Conversely, average
Hs production in AT only showed a distinct diurnal variation in the outlier scenarios, where
exceptionally large PV capacities were installed. Altogether, this indicates that electrolyzers
were important sources of demand-side flexibility in the German electricity system.

As another benefit, large electrolyzer capacities could also reduce grid expansion costs as
they can provide more efficient and controllable demand-side management for the electricity
system than other demand-side management options. Firstly, large-scale electrolyzers must be
connected to high grid levels (i.e. large transmission lines with high voltage systems) and can
therefore provide substantial demand-side flexibility at these levels.

8excluding output from battery and hydro storages
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Figure 13: Calculated electricity system flexibilities in DE. Top: Share of flexible electric-
ity generation from overall electricity fed into the grid; Middle: Share of flexible electricity
consumption from overall electricity fed into the grid; Bottom: Aggregated shares of flexible
electricity generation and consumption as an indicator of overall flexibility.
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This potentially reduces the requirement to expand mid and low level grid infrastructure
(like medium voltage transmission lines and distribution grids) to prepare the electricity grid
for very high shares of intermittent renewable generation. In contrast, relying on large-scale
demand-side management on low grid levels, for example through electric vehicles on a house-
hold scale, might require larger investments into mid and low grid level structures to transport
intermittent renewable electricity from large generation plants (such as free-field PV plants
and wind farms with typically more than 10 MW) to the consumer. Secondly, commercially
operated electrolyzers are very likely easier to control as flexible consumers than private house-
holds since they better react to market incentives than the average private person. Accordingly,
adequately designed market structure can allow to guide commercial electrolyzers to operate
beneficially for the entire electricity system. In this way, electrolyzers might represent a way
to easily control large-scale demand-side management and to reduce the required capacities
of expensive and inefficient flexible electricity generators. Exploring the benefits of large-scale
demand-side flexibility through electrolyzers could therefore represent an important field for
future research to optimize grid expansion plans.

The benefits of electrolyzers as a source for flexibility in the electricity system are, however,
limited to providing demand-side flexibility as they cannot stabilize the system at times of
low renewable electricity generation. As this study further shows, batteries and Hs gas power
plants were needed in all scenarios in DE. While electrolyzers can ”shave” large electricity peaks,
batteries and Ho power plants are indispensable to provide additional electricity at times when
intermittent electricity generation is far too low to meet the base electricity demand. The
no constraints scenarios show that such flexible electricity generators were also needed in DE
even when wind and PV capacities could be expanded without limits. In AT, existing storage
capacities were in most scenarios sufficient to provide sufficient flexible electricity generation.

6.3 H,; Imports and Domestic H, Production

The results of this study further indicate that a Hy import price of 60 €/MWh marks a threshold
below which Hs imports and the use of Hy gas power plants become increasingly competitive
while the economic benefits of domestic Hy production diminish. Despite this economical
competitiveness of Hy imports below 60 €/MWHWh, it is highly uncertain whether Hy import
prices will actually fall below 60 €/MWh in the foreseeable future. Even though Bréandle et al.
(2021), for example, expect green Hy production costs to drop below 1 USD/kg Hs (approx.
28.2 €/MWh)? in some regions with particularly good conditions for RE generation by 2050,
they also estimate that Hs import into DE cannot be realized below approximately 58 €/MWh
10'in 2050. The reason for this large difference between local production costs and actual import
costs are the high transport costs from shipping Hs into Europe. As shipping typically adds
more than 1 USD/kg (approx. 28.2 €/MWHh) to the local Hy production costs (Brandle et al.,
2021), countries with ultra-low production costs for green Hy will likely not be able to offer
green Hs below 60 €/MWh. Bréndle et al. (2021) further expect that regions, from where Hy
could be imported via pipelines, will not be able to produce very cheap green Hs.

6.4 Limitations

Altogether, the results of this study lie in a similar range of other studies on 100 % renewable
electricity systems in AT and DE even though it is difficult to compare the results of this study
with other studies due to different assumptions on energy generation and energy consumption.
Compared to approx. 83 - 93 GW electrolyzer capacities, for example, Prognos, Oko-Institut
and Wuppertal Institut (2021) estimated that 50 GW electrolyzer capacities were necessary for
a climate neutral electricity system in DE, while a study by Stiftung Arbeit und Umwelt der
IG BCE (2021) expects even more than 120 GW electrolyzers might be necessary for a high Ho
use in the German industry. Similarly, Prognos, Oko-Institut and Wuppertal Institut (2021)
estimate over 70 GW of flexible generation capacity from renewable gases to be necessary in

9assuming 1 USD = 0.93 €, exchange rate on 13.02.2023
10assuming pipeline transport from Morocco
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a climate neutral German electricity system compared to the 45.1 - 62.5 GW of flexible Hy
gas power plants estimated in this study, which did not include flexible biogas power plants.
While Hansen et al. (2019) estimate between 1100 and 1300 TWh annual electricity generation
in a 100 % renewable German electricity system, DE produced 1233 - 1400 TWh of electricity
in this study. In AT, for example, Ramsebner and Haas (2021) estimate 4 GW electrolyzer
capacity and 4.5 GW flexible gas capacities to be installed in a possible renewable Austrian
electricity system. With 0 - 4.4 GW electrolyzers'! and 0 - 1.7 GW H, power plants, this study
even slightly underestimates the capacities from Ramsebner and Haas (2021). Only the outlier
scenarios in the wind constraint scenarios in AT diverged considerably from other studies and
the adjacent scenarios calculate din this study.

The electrolyzer capacities calculated in this study might, however, also overestimate the
economically ideal electrolyzer capacities as it did not consider the costs for necessary electric-
ity and gas grid expansions for the implementation of such large grid-connected electrolyzer
capacities. Furthermore, it ignores grid use fees that effectively increase the costs for grid con-
nected Hs production and impair the development of successful business cases for electrolyzer
projects. As a result, lower domestic electrolyzer capacities might in fact be economically most
efficient. In addition, the actually realized electrolyzer capacities might further be lower in a
100 % renewable electricity system than in an economically ideal system as system benefits (e.g.
benefits of flexible electricity consumption) of electrolyzers might not be sufficiently passed to
individual electrolyzers and therefore not be included into individual investment decisions. In
particular in the German electricity system, this could become an important factor to build
an economically efficient electricity system. Accordingly, market structures must ensure that
individual electrolyzer projects can sufficiently profit from the benefits they introduce into the
electricity system.

The results of this study are furthermore based on the assumption that iron making re-
quires a constant energy demand and cannot flexibly adapt its energy consumption. Moreover,
general electricity demand was assumed to be completely inelastic according to a given load
profile. Consequently, the ability of consumers to flexibly use electricity might fundamentally
change the results of this study depending on the degree of demand-side flexibility that can
actually be achieved by these consumers. The results of this study can therefore not be gen-
eralized to all applications where Hs and electricity compete as possible energy carriers. The
present results also do not represent a forecast of the actual energy system in AT and DE in
2040. In particular, the finding of this study cannot be used to judge the electricity system
effects of directly electrified applications that allow flexible electricity consumption, such as
battery electric vehicles. For I & S production, further research should evaluate the potential
system benefits of a large-scale demand-side management in steel production. This will in steel
production, however, be limited by economic considerations as steel plant operators typically
ensure that their plants run at highest possible capacity (Pimm et al., 2021). Therefore, another
aspect of further research could investigate the business cases of individual steel plants with
flexible energy consumption. In addition, the economic performance of iron ore electrolyzers
represents a huge uncertainty on whether electricity-based iron making can be widely adopted
in the industry at all. As this study shows, decisions on technically feasible steel production
technologies should however always consider their effects on the underlying electricity system
and grid infrastructure.

The findings of this study are further limited as the model results were based on only
one year of historic renewable electricity generation data. Even though this year was chosen
to represent an average or even below average year for renewable electricity generation, the
data used in this study might underestimate times with low intermittent electricity generation
(e.g. ”dunkelflaute”) and simultaneous high demand. In particular, if the mismatch between
intermittent generation and actual consumption might in reality occur over a considerably
longer time period than modelled in this study, blackouts are possible. Therefore, the results
should not be considered as a representation of ideal electricity systems for the future. In order
to plan safe electricity system for the future, further risk analysis must be conducted on extreme

Hexcluding outlier scenarios
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weather events that lead to a prolonged mismatch between intermittent electricity generation
and consumption.

Finally, this study regarded the Austro-German electricity systems as completely indepen-
dent from the European electricity grid. This limits the overall flexibility of the modelled
system as renewable resources are more diversely distributed over the European continent.
Consequently, a larger network of connected electricity systems is more stable at times where
individual regions experience very poor conditions for intermittent renewable electricity gener-
ation. Modelling a wider European electricity system, however, also needs to be approached
with care as the chosen modelling approach might also adversely influence the results. This
could be seen in the exceptionally high PV and battery storage capacities in AT in the wind
constraint scenario, where additional PV capacities from the overall system were solely installed
in AT and none in DE as this produce the solution with the least overall costs. Models that
include several subsystems and that are optimized for a global paramtere must therefore contain
appropriate restrictions to prevent such unrealistic outcomes.

7 Conclusion

This study investigated the effects of directly and indirectly decarbonizing iron making in steel
production through iron ore electrolysis or Hy direct reduction on completely renewable elec-
tricity systems in AT and DE. For this purpose, the connected Austrian and German electricity
systems were modelled with the power system model medea that allows to simulate tightly
coupled electricity, Ho and district heating systems. To evaluate the effects of different degrees
of wind and PV expansion, three scenario lines were developed for each iron making technology:
(1) the wind and PV constraint scenarios, where both wind an PV capacities were limited to the
officially declared capacity targets; (2) the wind constraint scenarios, where only wind capacity
was limited to the defined capacity target; and (3) the no constraint scenarios, where wind and
PV capacities could be freely expanded by the model the reach an economic optimum. For
each of these scenario lines, the full system was modelled assuming seven different Hy import
prices between 30 - 90 €/MWh to observe the effects different Hy import prices on the system.
Consequently, a total of 42 different scenarios were simulated in this study.

The results show marked differences between the Austrian and the German electricity sys-
tem. In DE, electricity-powered iron making considerably increased system costs and gross
energy consumption as the higher electricity demand from a directly electrified steel production
increased the demand for expensive and inefficient Hy gas power plants. In contrast, Hy-based
1ron making decreased system costs and system gross electricity consumption as domestic elec-
trolyzers could provide large-scale demand-side flexibility to the electricity system and thereby
reduce the demand for expensive and inefficient Hs gas power plants and other electricity
storage units. Besides Hy infrastructure, large short-term battery storage capacities were also
required in DE to stabilize the modelled renewable electricity system. In AT, on the other
hand, H, gas power plants and domestic electrolyzers were only deployed in some scenarios,
indicating that they will likely not become essential elements of a 100 % renewable Austrian
electricity system. The Austrian electricity system furthermore benefited from its large installed
hydro storage capacities that were able to buffer most differences between electricity generation
and demand. With these hydro storage capacities, a direct electrification of the Austrian steel
industry improved the economic and energetic energy efficiency of a completely renewable Aus-
trian electricity system. Even in scenarios with higher electricity demands, AT required only
moderate battery storage capacities.

In addition, the results indicate that expanding renewable generation capacities beyond
the already declared capacity targets will largely diminish the competitiveness of Hy imports.
While DE was able to domestically produce the majority of its Ho demand in all scenarios, it
did not import any Hy above 60 €/MWh H, in scenarios where wind or PV capacities could
be expanded beyond their capacity targets. Similarly, AT only imported Hs above 60 €/MWh
H, in the wind and PV constraint scenarios. Since it remains highly uncertain whether Hs can
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be imported for less than 60 €/MWh in the forseeable future, domestic green Hs production
will likely be economically competitive in both AT and DE.

While this study only represents an exploratory study and therefore does not represent a
forecast for the future electricity systems in AT and DE, it nevertheless provides valuable in-
sights into the importance of demand-side and generation-side flexibility that should be consid-
ered for expansion plans of the Austrian and German electricity grids. In particular, it provides
a strong argument for the importance of large-scale, flexibly-run electrolyzers for the German
electricity system. Since individual electrolyzers operate to maximize their individual profits
and not to minimize electricity system costs, future market designs for electrolyzers should en-
sure that the economic benefits of flexibly-run electrolyzer for the entire electricity system are
passed to individual electrolyzer units. Finally, this study shows that the most energy efficient
steel production technology does not necessarily represent the most energy efficient technology
for the entire energy system. Accordingly, the system effects of new technologies for energy-
intensive applications should always be considered for decisions on a sustainable transformation
of such energy-intensive applications such as steel production.
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Figure A.1: System costs in each country. Note that medea minimizes system costs for the
overall system and not for each individual country.
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Figure A.2: Cost differences between el scenarios and Hy scenarios in AT. The numbers solely
represent cost differences and not total costs. Positive values indicate higher costs in the el
scenarios while negative costs indicate higher costs in the Hy scenario.
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System Cost Differences between Electricity and Hydrogen Scenarios by Cost Types in DE
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Figure A.3: Cost differences between el scenarios and Hs scenarios in DE. The numbers solely
represent cost differences and not total costs. Positive values indicate higher costs in the el
scenarios while negative costs indicate higher costs in the Hy scenario.
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Figure A.4: Investment cost differences between el scenarios and Hs scenarios in AT. The
numbers solely represent cost differences and not total costs. Positive values indicate higher
costs in the el scenarios while negative costs indicate higher costs in the Hy scenario.
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Figure A.5: Investment cost differences between el scenarios and Hs scenarios in DE. The
numbers solely represent cost differences and not total costs. Positive values indicate higher
costs in the el scenarios while negative costs indicate higher costs in the Hy scenario.
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B Notes

Diese Masterarbeit wurde entsprechend der "Regeln der guten wissenschaftlichen Praxis” der
Universitdt Wien erstellt. Zudem hat der Autor sich bemiiht die Bildrechte sdmtlicher ver-
wendeter externer Quellen zu achten und die Zustimmung zur Verwendung der Bilder in dieser
Arbeit einzuholen. Sollte dennoch eine Urheberrechtsverletzung bekannt werden, ersuche ich
um Meldung bei mir.
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