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Abstract

ABSTRACT

Due to the lower energy consumption and carbon dioxide emissions, steel production via
electric arc furnaces represents a promising alternative to integrated steel production via blast
furnace and basic oxygen furnace. Nevertheless, steelmaking through the electric arc furnace
route consumes high amounts of electric energy, natural gas and oxygen. This thesis deals
with feasible ways to provide carbon dioxide neutral oxygen while also cutting back on natural

gas demands via the implementation of a power-to-gas plant.

Hydrogen produced by electrolysis could be used to substitute natural gas, either directly by
combusting hydrogen or by creating synthetic natural gas via methanation, whereas by-
product oxygen could be utilized in the steelmaking process. Moreover, electrolysis would
provide a flexibility option, enabling better integration of intermittent energies into the

electricity grid and the optimal exploitation of varying electricity prices.

Using an energy system model of a steel mill, different scenarios for the application of
electrolysis and subsequent methanation are studied. Then, the flexibility and the economic
feasibility of these scenarios are assessed. It turns out that economic performance mainly
depends on the utilization of hydrogen. Using technical parameters and prices from 2020, only
scenarios focusing on selling hydrogen are profitable, while scenarios focusing on substituting

natural gas are not viable under the specified conditions.



Kurzfassung

KURZFASSUNG

Aufgrund des geringeren Energieverbrauchs und CO,-Ausstoles stellt die Stahlproduktion
mittels Elektrolichtbogenofen eine vielversprechende Alternative zur Produktion in einem
integrierten Stahlwerk durch Hochofen und Konverter dar. Dennoch verursacht das
Elektrostahlverfahren nicht nur einen hohen Strombedarf, sondern auch einen hohen Bedarf
an Erdgas und Sauerstoff. Diese Arbeit untersucht verschiedene Methoden zur klimaneutralen
Bereitstellung von Sauerstoff bei gleichzeitiger Reduktion des Erdgasbedarfs mittels

Implementierung einer Power-to-Gas Anlage.

Durch Elektrolyse erzeugter Wasserstoff kann zur Substituierung von Erdgas genutzt werden,
entweder direkt durch die Verbrennung von Wasserstoff oder durch die Herstellung von
synthetischem Erdgas mittels Methanisierung. Dabei als Nebenprodukt anfallender Sauerstoff
kann zur Versorgung des Stahlwerks herangezogen werden. Zudem liefert die Elektrolyse eine
Flexibilitatsoption, wodurch eine bessere Integration von erneuerbaren Energiequellen ins

Stromnetz und eine optimalere Nutzung variierender Strompreise ermoglicht wird.

Mithilfe eines Modelles fir das Energiesystems eines Stahlwerks werden verschiedene
Szenarien flir den Einsatz von Elektrolyse und Methanisierung in der Stahlproduktion
untersucht. AnschlieBend werden die Flexibilitdt und die Wirtschaftlichkeit dieser Szenarien
analysiert. Wie sich herausstellt, hangt die Rentabilitdt hauptsachlich von der Nutzung des
Wasserstoffes ab. Unter Verwendung von technischen Daten und Preisen aus 2020 erzielen
nur solche Szenarien, die sich auf den Verkauf von Wasserstoff fokussieren, wirtschaftliche
Erfolge, wahrend sich Szenarien mit Fokus auf die Substituierung von Erdgas unter den

betrachteten Bedingungen als unrentabel erweisen.
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Nomenclature

NOMENCLATURE

Abbreviation

EAF Electric arc furnace

DR Direct reduction

BF Blast furnace

BOF Basic oxygen furnace

PEMEL Proton exchange membrane electrolysis
SNG Synthetic natural gas

PtG Power-to-gas

LOX Liquid oxygen

DRI Direct reduced iron

VD Vacuum degassing

VOD Vacuum oxygen decarburization

Cccu Carbon Capture and Utilization

ASU Air separation unit

PSA Pressure swing adsorption

SR Steam reforming

LHV Lower heating value

HHV Higher heating value

ms3 Standard cubic meter (using 273.15 K and 101 325 Pa)
AEL Alkaline electrolysis

SOEL Solid oxide electrolysis

EXAA Energy Exchange Austria

EIWOG Elektrizitatswirtschafts- und -organisationsgesetz
EEX European Energy Exchange AG

CEPCI Chemical engineering plant cost index



Nomenclature

PPI Production price index

Technical indices

NeLHHV Electrolyser efficiency based on HHV [kWhy, Hrv/kWel]
Vi, Hydrogen volume flow [ms3/h]

HHVYy, Higher heating value of hydrogen [kWh/m:?]
P, Electric power [kWel]

haa Specific adiabatic enthalpy [klJ/kg]

R Specific gas constant [kJ/(kg K)]

K Heat capacity ratio [-]

T, Compressor inlet temperature [K]

D1 Compressor inlet pressure [Pa]

D2 Compressor outlet pressure [Pa]

hpoty Specific polytropic enthalpy [kl/kg]

Nad Adiabatic efficiency [-]

Wei pEMEL Annual electric energy consumption for electrolysis [MWhe]



Nomenclature

Economic indices

Ctotal
Cenergy
Cinv

Cop

Cel

OPEX
OPEXy,
VA
Pel,PEMEL

Cel,PEMEL

Total annual energy cost [EUR]

Annual energy cost [EUR]

Annual investment cost [EUR]

Annual operational cost [EUR]

Annual electricity cost [EUR]

Annual oxygen cost [EUR]

Annual natural gas cost [EUR]

Annual emission allowance cost [EUR]
Annual revenue from selling hydrogen [EUR]
Equivalent annual cost [EUR]

Capital expenditure [EUR]

Useful asset lifetime [a]

Interest rate [-]

Annual operational expenditure [EUR]
Relative annual operational expenditure [%]
Cost capacity exponent [-]

Mean purchased electricity price [EUR/MWhe]

Annual electricity cost for electrolysis [EUR]
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Introduction

1 INTRODUCTION

In 2020, crude steel production in the EU contributed 7.6 % to worldwide production,
amounting to 139 million tonnes of steel. Surpassed only by China, this makes the EU the
second-largest steel producer in the world and shows the importance of the steel industry in
Europe. Steel production using an electric arc furnace (EAF) made up 42.6 % of the total crude
steel production in the EU, a share that has remained relatively unchanged since 2011 [1].
Increasing this portion represents a possible way to reduce CO, emissions and therefore the
environmental impact of the steel industry. Using an EAF for the direct reduction route
(DR/EAF), the possible cutback on CO, emissions lies in the range of 28-71 % when compared
to steel production via blast furnace (BF) and basic oxygen furnace (BOF). Additionally,
recycled steel scrap can be used for steel production in an EAF through the secondary process
route. In comparison to integrated production, this reduces CO, emissions by 63-73 % [2].
Because energy for the EAF process is mostly provided in form of electricity, these values

highly depend on the assumed specific CO, emissions for electricity generation [3].

Besides electricity, the EAF route also requires natural gas and oxygen as energy sources [2].
By using proton exchange membrane electrolysis (PEMEL) for hydrogen and oxygen
production, both demands could be fulfilled in a CO,-neutral way. While by-product oxygen
could be used directly for steel production, hydrogen could be utilized to substitute natural
gas or it could be compressed and sold, thus introducing a new source of revenue. As a third
option, hydrogen could also be used to produce synthetic natural gas (SNG) through a
subsequent methanation process. Moreover, flexible electrolyser operation would allow for
optimal utilization of electric energy depending on current electricity availability, electricity
prices and product gas demand. This concept, which is referred to as demand side
management, brings not only economic benefits but enables the optimal energy usage from
renewable and intermittent sources. In view of the upcoming energy transition, a drastic
increase in electricity generation from renewable sources is intended and therefore the

importance of such flexibility options will also increase [4].

Using the Python framework “oemof”, an energy system model of an EAF steel mill is created.
With the help of this model, different scenarios for implementing electrolysis or a combination
of electrolysis and methanation are investigated. Afterwards, the costs for providing oxygen
and direct fuel to the steel mill are calculated for these scenarios. The technical and economic

performance of these scenarios is evaluated by comparison of the results with the status quo.

PaGE | 1



Task assignment

2 TASK ASSIGNMENT

As mentioned before, the objective of this thesis is to define different scenarios for a more
environmentally sustainable provision of oxygen and direct fuel to an EAF steel mill. To
accomplish this, a PEMEL system will be implemented into the energy system model.
Electrolysis could fulfil the oxygen demand as well as the demand for direct fuel, while also
providing demand side flexibility. The following paragraphs describe the research questions
of this thesis as well as the applied methodology for answering these questions. Moreover,

they provide an overview of existing studies that deal with related tasks.

2.1 Research need

A lot of research has already been done concerning the application of water electrolysis. For
example, Gorre et al. [5] and Schiebahn et al. [6] assessed the economic viability of power-to-
gas (PtG) technologies, in which hydrogen from electrolysis is utilized either directly or for the
production of SNG. They assume different cases with respectively fixed electricity costs and
determined the production cost for hydrogen or SNG. An alternative path is shown by van
Leeuwen and Mulder [7]. In their work, the revenue from produced hydrogen was assumed
and the resulting willingness to pay for electricity was calculated. Kato et al. [8] discussed the
potential for reducing the production costs for hydrogen from electrolysis by effectively

utilizing by-product oxygen.

All mentioned studies deal with the production of hydrogen or SNG, but utilization potentials
for green gases and oxygen in industrial processes receive only a general description. In
contrast, the present study uses data from an industry partner to integrate the demand model
of an existing steel mill into an optimization model for a PtG-plant. Therefore, the scope of
this thesis includes not only the production of hydrogen, oxygen and SNG from electrolysis

and methanation but also their demand-actuated utilization in the considered steel mill.

2.2 Research objectives

This thesis focuses on answering the following research questions:

e How does the implementation of PEMEL and methanation technologies affect demand
side management and emission saving potentials of an EAF steel mill?

e What economic benefits arise from implementing these technologies and what are the
most cost-effective plant layouts and operational strategies?

e What variables have the strongest effects on economic viability?

PAGE | 2
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2.3 Methodology

As mentioned, the energy system used in this thesis consists of a demand model and an
optimization model. Dock et al. [9] described a time- and component-resolved energy system
of an EAF steel mill, which represents the demand model for this thesis. The optimization
model was created using the Python framework “oemof” and describes an energy system for
the provision of direct fuel and oxygen, as well as for the utilization and provision of CO,. A

I o

typical “oemof” energy system model consists of different components with specified
parameters. By using load profiles from the demand model as parameters for the
corresponding components, optimization of the energy system model aims to satisfy all

demands of the steel mill in a time-actuated way while minimizing costs.

Manipulation of certain parameters can be used to enable or disable individual components
in the energy system, therefore allowing for the definition of different scenarios. Optimization
of the energy system model determines then simultaneously the optimal capacities for PtG-
plants and storage as well as the optimal operational strategy. When time-resolved and
intermittent electricity prices are used as parameters, optimization also aims for efficient and

flexible electricity utilization.

The economic viability of the scenarios is assessed based on the total annual energy cost. This
value represents the cost for providing oxygen and direct fuel to the steel mill and it contains
the annual cost for electricity supplied to the electrolyser, liquid oxygen (LOX), natural gas and
CO2 emission allowances, capital and operational expenditures for implemented equipment
as well as revenues generated by hydrogen sales. Contrary to the time-dependent electricity
prices, the prices for natural gas, LOX, CO2 allowances and hydrogen are fixed. Chapter 4.4
describes in more detail how the total energy costs are calculated. The total annual energy
costs are then compared to the reference case. This reference case represents the status quo
for oxygen and direct fuel provision to the steel mill via purchasing LOX from an external
supplier and natural gas from the public gas grid. After listing the total energy costs for all
scenarios, the second part of the economic assessment studies the sensitivity of the
optimization model to varying parameters. Changes in future performance are identified by

altering selected parameters and recording the effect on the total energy costs.
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Theoretical Background

3 THEORETICAL BACKGROUND

The first part of this chapter deals with steelmaking processes and especially with the
production process in the investigated steel mill. Moreover, some state-of-research measures
for the reduction of direct carbon dioxide emissions of electric steel mills are discussed.
Secondly, a model for the energy demand of the investigated steel mill is presented. It is
shown that the steel mill consumes large amounts of oxygen, thus the next part of this chapter
focuses on oxygen production. Finally, the PtG-technologies studied in this thesis are outlined,

starting with electrolysis and proceeding with methanation.

3.1 Steel production via EAF

Steel production processes are distinguished according to the used raw material. Primary steel
production uses iron as feedstock, while secondary steel production uses recycled steel scrap
[10]. Figure 3-1 shows two possible routes for primary steel production and the process route

for secondary steel production via EAF.

Most of the primary steels are produced via the BF/BOF route, which consists of two parts: In
the first part, iron ore is reduced to iron in the BF by CO, which is obtained from partially
oxidizing coke. The resulting “pig iron” has a high carbon content and contains many
impurities. Therefore, iron production needs to be followed up by iron treatment in the BOF.
There, oxygen is blown into the melt to reduce the carbon content and to remove impurities,
thus transforming pig iron into steel. An alternative path for primary steel production is
provided via the DR/EAF route. Instead of coke, DR uses natural gas or coal as a reduction
agent, thereby creating direct reduced iron (DRI). Contrary to pig iron, which is not of high
enough purity, DRI can be processed to steel in the EAF. The third option for steel production
presented in the figure below is the secondary production route or scrap/EAF route. In this
process, the EAF is supplied with steel scrap instead of DRI, thus eliminating the need for a

reduction agent while also providing a way to recycle steel [10].
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Figure 3-1: Flow diagram on various routes of steel production, based on [11]

The EAF is primarily utilized for the scrap/EAF route, while DRI is mostly just used to
supplement steel scrap [10]. The steel mill investigated in the present thesis follows the
scrap/EAF route for steel production. Figure 3-2 depicts the processes included in steelmaking
for this steel mill. After the EAF is charged with steel scrap, high voltage is applied to the
graphite electrodes in the furnace to create an electric arc. At temperatures of up to 3 500 °C,
the electric arc is melting the content of the furnace [12]. Many EAFs use natural gas burners
for additional energy input, but the EAF in the studied steel mill does not [9]. However, the
furnace uses oxygen to obtain energy from chemical reactions and reduce the electric energy
demand in this way [13]. A requirement for oxygen also arises from steel refining, when
oxygen is blown into the molten steel to oxidize impurities [12]. Moreover, oxygen is injected
together with carbon via lances or burners to create CO gas for slag foaming, a process that is
important for the protection of the furnace lining but also for its positive effects on heat

transfer and arc stability [14].

After melting in the EAF, so-called ladles are used as transport and treatment vessels for the
liquid steel. Thus, the following secondary metallurgy processes are also referred to as ladle
metallurgy [15]. To remove humidity and avoid excessive temperature gradients, the ladles

are preheated to roughly 1 000 °C by natural gas burners before tapping the EAF. In the figure,
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Theoretical Background

this ladle heating process is presented as a supporting process, alongside the operation of the

dust extraction system of the steel mill and the process steam boiler [9].

Ladle metallurgy generally aims to remove oxygen, hydrogen, sulfur and undesirable
nonmetallic elements, while also enhancing the mechanical properties and improving the
microstructure of the steel [15]. The ladle furnace shown in the diagram below is used to
adjust the temperature of the steel throughout these processes. In the case of the investigated
steel mill, high-alloy and special steels need to be produced, therefore vacuum degassing (VD)
and vacuum oxygen decarburization (VOD) is required to remove dissolved gases and reduce
the remaining carbon content. Following the ladle metallurgy processes, steel is cast into
ingots. The properties of these ingots are then adjusted via heat treatment in an annealing

furnace, while empty ladles return to the ladle heaters before renewed deployment [9].

Electric arc

Vacuum oxygen Ladle Vacuum Ingot N Annealing
furnace

decarburization furnace degassing casting furnace

Dedusting | | I
fans ; '
Steam |
boiler :
: Liquid steel

Steel scrap —»| Deslagging > Produced steel

Steel

Ladles

Ladle Supporting
heaters processes

Figure 3-2: Steel production process in the investigated steel mill, based on [9]

To optimize the implementation and operation of PtG-technologies in the steel mill, it is
necessary to integrate time-actuated energy demands of the steelmaking process into the
energy system model. Some measures to increase energy efficiency and decrease direct CO;
emissions in the steel mill have already been investigated and are therefore also integrated

into the energy system model. Discussing these measures is the aim of the next chapter.

3.2 Energy efficiency and direct emission reduction measures

One measure to increase energy efficiency and decrease emissions in the steel mill is the
application of Oxyfuel burners for ladle preheating. The following paragraphs describe these
Oxyfuel burners in more detail and point out possible ways to utilize CO; obtained from

Oxyfuel combustion and subsequent Carbon Capture.
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More than half of the natural gas burners for ladle preheating have been replaced by Oxyfuel
burners. These Oxyfuel burners use high purity oxygen instead of air for combusting natural
gas. Therefore, unnecessary N3 is eliminated from the oxidizer, which brings many benefits.
One of these advantages is increased thermal efficiency because exhaust gas flow rates are
lower and thus losses from exhaust gases are reduced. For the same reason, higher flame
temperatures and therefore higher rates of heat radiation are achieved, allowing for faster
heating and thus increased processing rates. Further benefits include improved flame
characteristics due to Oxyfuel combustion [13]. Moreover, a rather big advantage arises from
the fact that the flue gas contains CO> in high concentrations. Thus, capturing CO2 from the
ladle heater exhaust gas is greatly simplified, introducing a potential for Carbon Capture and
Utilization (CCU) [16].

As suggested, CO-intensive flue gases, originating from the Oxyfuel ladle heaters in the
considered steel mill, are harnessed via CCU. Dong and Wang [17] list possible applications for
captured CO; in steel production processes. Another method is the utilization for water
treatment, which was investigated by Vansant [18]. Alkaline wastewaters from steelmaking
processes such as VD or VOD need to be neutralized before draining into the sewerage.
Treatment of such wastewaters with CO; is much safer than storing and handling
conventionally used acids like sulphuric acid. Moreover, less reagent, equipment, monitoring
devices and downtimes are needed while equipment lifetimes increase [18]. However, the
potential for water treatment using CO; lies not only within neutralizing alkaline wastewater.
Carbonation of water provides an inexpensive method for eliminating Ca?* and Mg?* ions,

therefore CO; can also be utilized to remove hardness from cooling water [19].

To integrate the energy demands of the steel mill as well as the above discussed efficiency
and direct emission reduction measures into the energy system model, an already existing
model for the steel mills time- and -component resolved energy demands is used. The

following chapter describes this demand model.

3.3 Energy demand of the investigated steel mill

In their study, Dock et al. [9] described an energy system model of the investigated EAF steel
mill. They identified different sub-components of the energy system and generated load
profiles for the time-resolved energy demands of these components by using data from an
existing steel mill. Thereby, they applied various modelling approaches depending on the
operation characteristics of the sub-components. For instance, they used stochastic modelling
to determine process parameters and Markov chains to generate synthetic load and

generation profiles. As a result, Dock et al. created a time- and component-resolved model of
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Theoretical Background

the overall energy system considering demand profiles for electricity, process steam, natural

gas, oxygen, CO; as well as waste heat and flue gas flows [9].

This thesis uses a slightly simplified version of the steel mill model which focuses only on
natural gas, oxygen and CO,. While the optimization model incorporates the electricity
demand for electrolysis and gas compression, the electricity demand of the steel mill itself is
disregarded because it is independent of the scenario selection. Waste heat flows are also not
considered because the treatment of heat flows lies outside of the scope of this thesis.
Figure 3-3 depicts the demand model and shows the different sub-components, which
represent the main process steps and auxiliary processes in the investigated steel mill. Oxygen
is used in the EAF and for vacuum treatment via VOD. Furthermore, Oxyfuel heaters are
supplied with oxygen. VOD and VD treatments require process steam generated by
combusting natural gas in the steam boiler. Instead of considering these steam demand
profiles, only the resulting natural gas demand of the steam boiler is regarded and translated
to a natural gas demand for vacuum treatments. Additional natural gas consumers are the
annealing furnace and the ladle heaters. Applying Oxyfuel burners for ladle heating enables
subsequent CCU, thus the respective ladle heaters represent a CO, source. According to
subchapter 3.2, CO; is then used for water treatment. Depending on the current load and

generation there can either be a CO; surplus or a CO; shortage.

Oxygen
Steam Steam
— R Natural gas
boiler
\ 4 \
. > —> > > —> .
Steel scrap —»| =il Deslagging VOD Laele VD lng_ot > Ainealing —>» Produced steel
furnace | furnace casting furnace
Ladle heaters

Ladles Ladles

Natural gas burner
(air)

Natural gas burner Natural gas

(Oxyfuel) Oxygen

Water

Carbon dioxide
treatment

Figure 3-3: Overview of the demand model, based on [9]

The time-resolved load and generation profiles for oxygen, natural gas and CO; all span four

weeks with a resolution of 15 min. For clear representation, Figure 3-4 shows only the first
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week of these profiles, beginning with Sunday and ending with Saturday. The actual load and
generation values in kg/min for oxygen and CO; or in kWng, nnv for natural gas are normalized
using the respective maximum load. Descriptions are added to the diagrams to declare which
sub-components of the demand model contribute to certain parts of the profiles. Starting with
oxygen, only a small load is needed to supply the ladle heaters during the weekend. These
values increase over the weekdays, creating an oxygen demand basis. Greater divergences
from this basis stem from the comparatively high EAF demands. Further oxygen consumers
are the sub-component for VOD treatment and a small non-assigned baseload, which
combines the remaining consumers. A certain baseload value also exists for natural gas,
depicted by the dotted line in the figure. Analogous to the oxygen load, ladle heating
generates a small natural gas demand during weekends. The overall curvature of the natural
gas load is due to the annealing furnace demand, while the natural gas demands for ladle
heating and vacuum treatments generate deviations from this curve. Contrary to the diagram
for oxygen and natural gas, there exist two flow profiles for CO,. The solid line represents the
CO2 demand for water treatment, while the dashed line portrays the possible CO, generation
from CCU after ladle heating via Oxyfuel combustion. Both profiles are normalized using the

maximum demand value for water treatment.
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Figure 3-4: Load and generation profiles from the demand model

As can be seen from Figure 3-4, steelmaking via EAF consumes large amounts of oxygen, while
a significant oxygen demand also arises from Oxyfuel ladle heating. The following chapter
deals therefore with different methods for providing the necessary oxygen. Firstly,
conventional methods for oxygen production are introduced. The energy demand for these
production methods is then compared to the energy demand for generating oxygen through
electrolysis.

3.4 Oxygen production

Currently, cryogenic air separation via air separation unit (ASU) is the conventional method
for large-scale and high purity oxygen production. After compression and pre-treatment, the
air is separated by fractional distillation, thereby producing oxygen, nitrogen and argon either
in liquid or in gaseous form. Cryogenic distillation is cost-effective when large quantities of
oxygen are needed but it is not suitable for smaller-scale production. Oxygen for plants with
smaller demands is usually provided by delivery from a centralized ASU or by on-site

production using an adsorption process. In adsorption processes, the ability of some
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materials, such as zeolites, to adsorb nitrogen is utilized to filter air, thus producing an oxygen
stream with purities typically in the range between 93-95 %... In comparison, an ASU
produces oxygen with purities higher than 99 %... Periodically, the adsorbent needs to be
regenerated. Pressure swing adsorption (PSA) accomplishes this by pressure reduction [8].
The specific energy consumption for oxygen production for both technologies, cryogenic
distillation and PSA, are about 0.5 kWhe/ms3 [8].

Implementing and operating an electrolyser provides an alternative oxygen source. In chapter
3.5.2, the electrolysis process is described, while typical efficiencies for PEMEL systems are
listed in Table 3-2. Using the efficiencies cited by Carmo et al. [20], the specific energy
consumption for generating oxygen from electricity is calculated to be in the range between
9.0 and 15 kWhe/ms3. This shows that oxygen production by electrolysis is much more energy-
intensive than conventional production. Electrolysis operation should therefore focus on cost-
effective hydrogen utilization, while oxygen represents a by-product. The production cost for

hydrogen could then be lowered by utilizing both hydrogen and oxygen [8].

Alongside the high oxygen demand, the energy demand model of the steel mill also includes
a large demand for natural gas. An electrolyser could partially supply this natural gas demand
either by using hydrogen as direct fuel or by producing SNG from hydrogen. Thus, a potential
for utilizing hydrogen alongside oxygen already exists in the steel mill. The following
paragraphs are therefore dedicated to hydrogen production and SNG production via PtG-

technologies.

3.5 PtG-technologies

For later comparison with electrolysis, the conventional hydrogen production process via
steam reforming (SR) is described and cited production costs for this method are listed.
Afterwards, the actual PtG-technologies are introduced, starting with common electrolysis

technologies. The last part of this chapter deals with the production of SNG via methanation.

3.5.1 Hydrogen production via steam reforming

Presently, SR represents the most developed technology for industrial-scale hydrogen
production. A variety of gases containing hydrocarbon can be used for feedstock, such as pure
methane or natural gas. SR produces hydrogen and carbon oxides through catalytic conversion
of hydrocarbons and steam. Following the reforming step, the product gas is supplied to a
water-gas shift reactor where CO reacts with steam to produce even more hydrogen, leaving
mainly hydrogen and CO; in the product gas. These gases are then separated from each other

through a CO,-removal process or by PSA, thus creating a high purity hydrogen stream [21].
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Table 3-1 lists cited costs for the production of hydrogen via SR. These production costs highly
depend on the costs for feedstock gases. Nikolaidis and Poullikkas [21] estimated specific costs
for hydrogen production with and without additional Carbon Capture and Sequestration for
2015. They assumed a natural gas price of 10 USD/MMBtu, corresponding to approximately
31 EUR/MWhng, nrv in 2020. The natural gas price and the resulting hydrogen production costs
are adjusted to 2020 EUR by using cost indices listed in section 9.1. Lemus and Duart [22]
showed linear dependencies of fossil fuel prices and SR hydrogen production costs. Using
again a natural gas price of 31 EUR/MWhyg, vnv, hydrogen production cost value about
2.00 EUR/kgH2. Because the SR process needs natural gas for feedstock, thereby generated
hydrogen is often referred to as “grey hydrogen”. In contrast, “green hydrogen” is produced

via electrolysis and by utilizing only CO;-neutral energy sources [23].

Table 3-1: Costs for hydrogen production via steam reforming

Specific production cost Unit Reference

with Carbon Capture

2.04 EUR/kgn2 Nikolaidis and Poullikkas [21]

without Carbon Capture

1.87 EUR/kgn2 Nikolaidis and Poullikkas [21]

2.00 EUR/kgn2 Lemus and Duart [22]

3.5.2 Electrolysis

An electrolyser produces hydrogen and oxygen by electrochemically splitting water molecules.
Due to the stoichiometry of this splitting reaction, the volume of by-product oxygen equals
half of the hydrogen volume. Equation (3-1) describes the overall reaction for water splitting
via electrolysis [24]:
H,0 ——— H, +102 &-1)
Electrolysis 2

Water splitting is a process that needs to be supplied with energy. This energy comes in the
form of electricity. However, a part of the energy can be substituted by providing thermal
energy. The efficiency of an electrolyser is calculated by dividing the enthalpy of the produced
hydrogen by the energy demand for electrolysis. When such efficiencies are stated, it is
important to mention if the hydrogen enthalpy is based on the lower heating value (LHV) or

the higher heating value (HHV) of hydrogen [24]. The optimization model uses the HHV
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efficiency for electrolysis, therefore Formula (3-2) shows how the adequate electrolyser
efficiency (Mg yyy ) is defined. VHZ is the volume flow of produced hydrogen assuming
standard physical conditions in ms3/h, HHVy, is the higher heating value of hydrogen in

kWh/mg and P,; is the electric power consumed by the electrolyser in kWe| [24].

Vi, HHVy, (3-2)
Nel,uyv = P—
el

Most water electrolysis is carried out by three main technologies: Alkaline electrolysis (AEL),
proton exchange membrane electrolysis (PEMEL) and solid oxide electrolysis (SOEL) [24]. The
mentioned electrolysis technologies are illustrated in the following section of the thesis.
Subsequently, some key performance indicators of AEL and PEMEL as well as cited costs for

the production of hydrogen via electrolysis are presented.

3.5.2.1 Alkaline electrolysis

In a discussion of electrolysis technologies, alkaline electrolysis (AEL) represents a good
starting point because of its technological maturity. Thanks to their availability for large-scale
implementation and their cost-effectiveness due to relatively cheap electrode materials,
alkaline electrolysers dominate the nowadays market for electrochemical hydrogen
production [25]. The electrolyser contains a liquid electrolyte, typically a 25-30 % aqueous
KOH solution. This electrolyte is circulated between the electrolyser, where it is brought into
contact with the electrodes, and two drums for storage of the liquid as well as for the removal
of the product gases, respectively hydrogen or oxygen. Meanwhile, a diaphragm guarantees
the separation of the two electrodes [24]. As mentioned, electrodes for AEL consist of non-

expensive materials, for instance, iron and nickel [25].

Although AEL is a mature technology, major issues remain. Firstly, product gases can diffuse
through the diaphragm. This means that oxygen can cross this barrier and react back to water
in the presence of hydrogen, thus reducing the efficiency. Moreover, diffusing hydrogen can
mix with the oxygen product flow. This issue intensifies at a low load of under 40 %nom of
nominal load when oxygen production rates decrease. Hydrogen concentrations could then
increase to potentially hazardous levels, which is why only low partial load changes can be
achieved with AEL [20]. The resulting minimum load for AEL operation of course heavily
restricts the usability as a flexibility option. Buttler and Spliethoff [24] cite a minimal load
between 10-40 %nom. However, according to them, minimal loads for most commercial
electrolysers fall in the range between 20 and 25 %nom. Other disadvantages of AEL are low

maximum current densities and the inability to function at high pressures [20].
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3.5.2.2 Proton exchange membrane electrolysis

Proton exchange membrane electrolysis or polymer electrolyte membrane electrolysis
(PEMEL) represents an alternative to alkaline electrolysis. The eponymous component for this
type of technology is the proton exchange membrane, consisting of a perfluorosulfonic acid
polymer [26]. Because this membrane creates a corrosive acidic environment, only a small
variety of expensive materials can be used for PEMEL. For instance, catalysts consist of noble
metals such as Pt, Ir and Ru, while titanium-based materials are used for current collectors

and separation plates [20].

Thanks to higher achievable maximum current densities, proton exchange membrane
electrolyser designs are more compact compared to alkaline electrolysers. Further advantages
concern the flexible operation of the electrolyser. PEMEL offers shorter cold start-up times
and the electrolyser load can be varied over the full load range. Although AEL is still regarded
as the more mature technology, PEMEL systems already range up to the MW scale [24].
Another benefit regarding PEMEL compared to AEL is a greater potential for cost reduction
with increasing capacity. Therefore, the gap between PEMEL and AEL investment costs is
shrinking for large scale production [27]. Due to the listed benefits, this thesis deals with the
implementation of PEMEL instead of AEL.

3.5.2.3 Solid oxide electrolysis

An electrolysis technology that has recently attracted more attention is solid oxide electrolysis
(SOEL). The operating temperatures for SOEL lie in the range between 700 and 900 °C. On the
one hand, SOEL exceeds both AEL and PEMEL in efficiency due to these high temperatures.
On the other hand, working with such temperatures provides a great challenge for material
stability. Preheated steam enters as feed into the SOEL stack, while oxygen and a mixture of
steam and hydrogen leave. Air can optionally be used to remove oxygen. This hurts the
efficiency of the electrolyser but averts potential problems from handling pure oxygen at high
temperatures. The hot steam-hydrogen product stream is utilized for preheating the feed
stream in a recuperator before hydrogen is separated via cooling and condensing of water. In
addition to preheating and evaporating in a recuperator, the input steam also needs to be
superheated by an external heat source or by an electric heater to reach the SOEL inlet

temperature [24].

SOEL shows some interesting advantages, especially for power-to-liquid or power-to-gas
applications. For instance, subsequent exothermic processes such as the production of
methanol or SNG can be utilized to provide SOEL with heat. Moreover, SOEL can electrolyze
CO> alongside steam, therefore creating a hydrogen and CO mixture which would simplify

potential downstream synthesis operations. Another important feature of SOEL is its ability to
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change flexibly from electrolysis mode to fuel cell mode. These listed advantages could allow
for interesting applications of SOEL in the future. But nowadays, this technology is still at the

research level, therefore it is not further regarded in this thesis [24].

3.5.2.4 Key performance indicators and hydrogen production costs

In Table 3-2, efficiencies and specific investment costs for AEL and PEMEL systems are listed.
All system efficiencies are based on the HHV of hydrogen and include energy consumption for
rectifiers and utilities but exclude external compression. The specific investment costs
represent the investment cost for an electrolyser per kW of electricity input capacity.
Therefore, specific investment costs are given in EUR/kWe. All monetary values are adjusted

to 2020 EUR by using the cost indices depicted in section 9.1.

Table 3-2: Key performance indicators of electrolysis technologies

KPI Unit AEL PEMEL Reference
system efficiency %oHnv 60-71 54-71 [24]
%oy 70-80 - 8]
%oy 75 - (5]
%y - 64 [27]
YorHv - 47-79 [20]
specific investment costs EUR/KWe 791-1 480 1480-2 470 [24]
EUR/kWq 558 >1120 (8]
EUR/kWe 650 - (5]

Table 3-3 shows different cost ranges for hydrogen production via electrolysis. Yu et al. [23]
cite production costs for Europe. Nikolaidis and Poullikkas [21] give hydrogen production costs
depending on different energy sources for electrolysis. Kuckshinrichs et al. [28] calculated
hydrogen costs for AEL sites in Germany, Austria and Spain. They give the German production
cost and state that the costs for Austria and Spain are about 15-18 % higher. Thus, hydrogen
production costs for Austria are calculated. Analogous to the SR production costs and the
specific electrolyser costs, all values are given in 2020 EUR by utilizing the cost indices from
section 9.1. When comparing the electrolysis hydrogen production costs and the SR
production costs from Table 3-1, it can be seen that the costs for hydrogen from SR are
generally lower. Therefore, SR is still regarded as the most cost-effective production method

for hydrogen [21].
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Table 3-3: Costs for hydrogen production via electrolysis

Specific production cost Unit Reference
1.96-6.86 EUR/kgn2 Yu et al. [23]
3.74-9.44 EUR/kgn2 Nikolaidis and Poullikkas [21]
4.30-4.42 EUR/kgn2 Kuckshinrichs et al. [28]

3.5.3 Methanation

One possibility to utilize hydrogen from electrolysis comes in the form of methanation.
Methanation is a chemical process that converts hydrogen and either CO or CO; to CH4 which
can then be used as SNG. Thus, CO-methanation and CO,-methanation can be distinguished
[29]. Due to the existing CCU potential of the steel mill described in section 3.2, this thesis
focuses on COz-methanation. Thereby, the two reactions stated below are of importance.
Equation (3-3) depicts the process of CO-methanation, which also contributes to CO»-
methanation. Equation (3-4) represents the reverse water-gas shift reaction. This reaction

allows for the conversion of CO; to CO, therefore enabling the methanation of CO; [29].
CO +3H, = CH, + H,0 (9) (3-3)

CO-methanation is an exothermic reaction, while the reverse water-gas shift reaction is
endothermic. Therefore, the combined reaction for CO>-methanation is less exothermic than
exclusive CO-methanation. Equation (3-5) shows the complete reaction for the methanation
of CO2 [29].

Mutz et al. [30] studied the methanation of CO, with a commercial Ni-based catalyst. They
found a CO> conversion rate of 81 % and a selectivity towards CHs of 99 % at 400 °C. Using
these values and the HHVs of hydrogen and CH4, the HHV based methanation efficiency can
be calculated. The resulting efficiency of 62 %x+v means that 62 % of the energy input in form
of hydrogen enthalpy is converted to CHs enthalpy. Gorre et al. [5] state investment costs for
methanation, depending on the HHV based CHs power output, with 450 EUR/kWcHa, nuv in
2020. Thereby, they assumed a maximum load change rate of 3 %nom/min in per cent of

nominal power to keep the quality of product gas constant. According to Specht et al. [31],

PAGE | 16



Theoretical Background

operation in a load range between 70 and 100 %nom also guarantees that there are no

significant influences on product gas quality.

After describing the processes for electrolysis and methanation as well as listing important
key performance indicators, adding these PtG-technologies to the energy system model
represents the next step towards a complete optimization model. Therefore, the following
chapter aims to develop different scenarios for integrating a PtG-plant into the investigated

steel mill.
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4 MODEL DESCRIPTION

The first objective of this chapter is to describe the different scenarios for the supply of energy
carriers and gases, including the status quo as well as the implementation of PtG-technologies.
To identify optimal plant layouts and operational strategies for these scenarios, an energy
system model is used. Thus, the modelling environment and the energy system model are
presented in the next part of this chapter. Finally, the cost model for the economic assessment

of all scenarios is presented.

4.1 Scenario development

Figure 4-1 depicts the current situation for the demand-actuated provision of oxygen and
natural gas. Oxygen for the steel mill is purchased from a centralized large-scale ASU and is
delivered in liquid form via tank trucks. In the figure, this is represented by the component
“LOX delivery”. It is assumed that thereby obtained LOX is then stored in a cryogenic tank.
Oxygen from LOX storage is then vaporized prior to its utilization in the steel mill. Costs for
delivery of LOX arise from purchasing the oxygen itself and from transportation. Due to its
proximity to a natural gas pipeline, the steel mill is easily supplied with natural gas. Purchase
of natural gas from the gas line is represented by the “gas grid” component and creates costs
depending on the natural gas price and the allowance price for resulting CO, emissions. The
CO; generation potential from CCU is assumed to be utilized for water treatment. Possible
surplus CO3 is not captured but rather exhausted as flue gas. For further utilization or storage
in a pressurized tank, captured CO; is compressed, resulting in electricity costs and investment
costs for the compressor. Moreover, investment costs for storage tanks for oxygen and CO;
are considered as well as expenditures for the storage operation. The described scenario

forms the reference scenario for the future scenarios.
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Figure 4-1: Current supply strategy for the steel mill

Four future scenarios for supplying the steel mill demands via PEMEL were selected for

subsequent optimization and investigation of their economic feasibility. Figure 4-2 shows

these scenarios. The first two scenarios only consider implementing PEMEL, while

scenarios SNG 1 and SNG 2 consider a combination of PEMEL and methanation.

Scenario PEMEL 1: In the first future scenario, some of the natural gas burners for ladle
heating are converted to hydrogen burners. Necessary hydrogen is then provided via
PEMEL, therefore reducing natural gas demand and CO; emissions. However, only part
of the ladle heaters can be converted because otherwise not enough CO; would be
generated by CCU to cover the water treatment demand. The amount of by-product
oxygen arising from hydrogen production via PEMEL is not high enough to supply the
steel mill demand all alone. Nevertheless, the demand for LOX from external suppliers
is reduced. As mentioned before, oxygen is stored in liquid form in the reference
scenario. However, in scenarios with additional provision of gaseous oxygen via
electrolysis, implementing a cryogenic storage for LOX would require either a
liquification process for on-site generated oxygen or two separate tanks for liquid and
gaseous storage. Thus, it is assumed that externally supplied LOX is vaporized before
storage in a pressurized gas tank.

Scenario PEMEL 2: In the first scenario, the electrolyser focuses on supplying a certain
hydrogen demand. Contrary, PEMEL is used in the second scenario to cover the
complete oxygen demand of the steel mill, thereby also generating large amounts of
hydrogen. Hydrogen is then compressed for subsequent transportation and sold off,

assuming a fixed and reasonable price for green hydrogen.
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e Scenario SNG 1: This scenario deals with a combination of electrolysis and

methanation. The complete CCU potential from Oxyfuel ladle heating is utilized, thus

generating more CO; than necessary for water treatment. This CO; surplus is then used

for SNG production via methanation. By combusting SNG, the natural gas demand of

the steel mill is reduced, while a hydrogen demand arises from methanation.

Analogous to the first scenario, an electrolyser is used for supplying hydrogen and for

generating by-product oxygen, thereby reducing the LOX demand.

e Scenario SNG 2: This scenario is similar to the previous one because again the complete

CCU potential of the steel mill is utilized for the production of SNG. However, in this

scenario PEMEL focuses on covering the oxygen demand of the steel mill, thus

producing more hydrogen than needed for methanation. Surplus hydrogen is then

compressed and sold off.

Scenario PEMEL 1

Scenario PEMEL 2

|

methanation <

Hoxe hydrogen |, ogen— PEMEL
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oxygen ox;fen
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Figure 4-2: Future scenarios for PEMEL implementation in the steel mill
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Table 4-1 summarizes the status quo or reference scenario and the considered future
scenarios. For every scenario the methods for oxygen provision and hydrogen utilization as
well as the necessary storage tanks and compressors are listed. In the reference scenario,
oxygen storage is referred to as LOX storage, indicating that oxygen is stored in a cryogenic

tank, while all the other storage units represent pressurized gas tanks.

Table 4-1: Summary of the reference scenario and the future scenarios

Reference PEMEL 1 PEMEL 2 SNG 1 SNG 2
oxygen suppl deliver delivery, electrolysis delivery, electrolysis
ve PPl y electrolysis y electrolysis ¥

methanation,

hydrogen utilization - direct fuel selling methanation .
selling
storage tanks LOX, CO oxygen, €Oy, oxygen, CO oxygen, CO oxygen, CO
g , 2 hydrogen ygen, 2 ygen, 2 ygen, 2
COZ; COZ/
compressors CO; CO; hydrogen CO; hydrogen

To model and optimize the presented scenarios, an energy system model is needed.
Therefore, the purpose of the next chapter is to introduce the Python toolbox used for
modelling. Subsequently, the actual model of the energy system and its components are

described.

4.2 Modelling environment

For creating the energy system model, the Python toolbox “oemof”, short for “Open Energy
Modelling Framework”, is used. Oemof provides a loose organisational framework for
different energy system modelling tools. Therefore, oemof consists of various projects, of

which “oemof-solph” or Solph is mainly used in the present thesis [32].

Solph together with an appropriate solver allows for modelling and optimization of energy
systems. The first step in creating an energy system model is commonly the generation of an
energy system object with a defined time range and a defined time resolution. An energy
system contains classes, which are further divided into nodes and edges. Nodes are used as
the main building blocks for the energy system, while edges connect these nodes and
represent flows, such as mass flows or energy flows. Figure 4-3 shows an exemplary energy

system model to better illustrate the thereby applied classes [33].

There are two different types of nodes, components and buses. Buses represent balanced

grids, for instance, an electricity grid or a grid for mass flows. All components which are part
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of a grid are connected to the respective bus object via flows. The overall sum of all outflows
and inflows of one bus object has then to equal zero for every time increment, thereby
guaranteeing grid balance. Figure 4-3 shows a bus for oxygen mass flows and a bus for electric
power. Flows are represented in this diagram by arrows which always connect one bus to one

component.

The depicted model uses four common component types included in Solph. The source class
can be used to originate defined inflows to the connected bus. For example, the source
“oxygen supply” in the diagram feeds an oxygen mass flow to the oxygen bus, thus simulating
an external oxygen source. In contrast to that, a sink object such as the “oxygen demand”

component in the diagram is used to define an outflow.

Transformers can have multiple input flows and multiple output flows and are therefore
connected to one or more buses. Predefined transformation factors determine how inflows
are converted to outflows. Transformers represent plants for energy conversion or
production. For instance, the transformer “pressure swing adsorption” is used to model a PSA
unit. This plant uses electric power from the electricity bus as input and converts it to an
oxygen mass outflow, while the chosen transformation factor represents the specific

electricity consumption for oxygen production via PSA.

The last component type depicted in the diagram is the generic storage class. A generic storage
is connected to just one bus, but this connection can either be an inflow or an outflow.
Depending on the current flow, an intrinsic capacity value of the generic storage is increased
or decreased. Therefore, this class can represent some sort of storage. The “oxygen storage”
object in the example simulates a storage tank, which can be used to store surplus oxygen
from the oxygen bus to feed it back later when there is higher demand. Generic storage
components are different from other components in that not only inflows and outflows but
also the storage itself is adjustable. Thereby, it is possible to define the capacity of storage
options as well as minimum and maximum storage levels in relative shares of the maximum
capacity. By selecting these parameters, the usable capacity range of the generic storage can
be changed. A minimum storage level of zero and a maximum storage level of one would

enable the utilization of the complete capacity range [33].
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Figure 4-3: Example of an energy system model generated via oemof-solph

In- and outflows of components are specified by giving a nominal value and fixed values. The
actual value of the flow for any time increment is then calculated by multiplying the nominal
value with the current fixed value. For instance, fixed values can represent load or flow profiles
while the nominal value is used to multiply these values. When setting the nominal value to
one, fixed values would equal actual values. It is also possible to define minimum and
maximum values for flows in relative shares of the nominal value. Analogous to the capacity
range of the generic storage, the available load range of a component can thus be limited.
Flow definitions can also include a maximum positive gradient and a maximum negative
gradient, given in relative share of the nominal value per time increment of the model. It is
thus possible to simulate load change limitations. Undefined flow parameters are subject to

the optimization of the energy system model [33].

Optimization of a generated energy system model typically aims to minimize costs. Therefore,
it is possible to assign variable costs to flows. For example, every kWh of electric energy or
every kg of oxygen is then increasing the total cost of the energy system. Furthermore, it is
possible to define investment costs for components but also flows. During optimization, these
investment costs are multiplied by the maximum capacity or the maximum flow rate of the
component or flow. For example, investment costs can be used to optimize the nominal
storage capacity of a generic storage or the nominal power of a transformer. Using this option

for flows disables the definition of a nominal value, but the definition of fixed values is still
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possible. Moreover, a maximum value for the investment flow or the investment component
can be defined to limit the possible maximum capacity or maximum flow rate [33]. With the
help of other Python libraries, such as “matplotlib” or “pandas”, results from optimization can

be stored in Excel files or used for the creation of plots.

4.3 Optimization model

The scenarios introduced in chapter 4.1 represent different combinations of parameters in the
Solph energy system model. The energy system model also includes the load and generation
profiles of the demand model (see section 3.3) as flow values for corresponding components.
Because the profiles from the demand model span four weeks with a resolution of 15 min, the
optimization model also uses these values for optimization time and time resolution. The
objective of the Solph model is to find optimal operational strategies for all included
components while also optimizing the size and capacity of storage tanks and plants by
minimizing costs. Figure 4-4 depicts the optimization model with all components and buses.
By changing parameters, it is possible to activate or deactivate components to model certain
scenarios. Thus, the model can depict and optimize different supply strategies for the steel

mill.
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Figure 4-4: Energy system model for optimization

The subsequent paragraphs deal with all buses and components shown in the above flow
scheme. Every section illustrates one energy carrier or process gas. The optimization model

includes electricity, oxygen, hydrogen and natural gas as well as low- and high-pressure CO..

4.3.1 Electric energy

The component “electricity grid” represents the power connection to the public grid. Variable
costs for the outflow of the component enable the assignment of electricity prices to the
purchased energy. The unit for all electric energy flows is kWe, therefore variable costs in

EUR/kWhe are given in the form of time-resolved electricity price profiles (see section 4.4.1).

Energy from the electric grid is then consumed by the electrolysis unit. The electrolyser is not
only connected to the electricity but also to the oxygen and hydrogen bus, reflecting the
electrolysis process. The capacity of the necessary electrolyser is optimized by changing the

electricity inflow to an investment flow and by applying a specific investment cost.
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In this model, electric energy is not only supplied to the electrolyser but also to the
compressors for hydrogen and CO,. The methods for implementing and optimizing the
compressor electricity demands are described in the following sections for hydrogen supply

and CO; supply.

4.3.2 Oxygen

Oxygen is either generated by electrolysis or supplied externally by a centralized ASU. The
delivery schedule for external supply is managed by an additional code that schedules the
deliveries based on the oxygen load profile and a defined delivery time table. Hence, the
fulfilment of the demand is guaranteed while inefficient deliveries are avoided. The delivery
schedule serves as input for the “oxygen supply” component, while the actual purchased
volumes of oxygen are dependent on the demand and additional plant-internal oxygen
production via electrolysis. The unit for oxygen flows is kgoz/h, therefore fixed variable costs

in EUR/kgo2 are assigned to the LOX outflow from this component.

The consumption of oxygen in the steel mill is represented by the “oxygen demand”
component. The time-resolved oxygen load profile from the demand model is used to define

the inflow of this component and thus the oxygen consumption.

For the future scenarios, it is assumed that PEMEL produces oxygen and hydrogen with
pressure levels in the range between 10 and 30 bar, similar to the approach of Gorre et al. [5].
Oxygen is then stored in a pressure tank and the mentioned pressure range is used to specify
the storage load range. Moreover, it is assumed that these pressure levels are always high
enough to supply the oxygen consumers. Therefore, no oxygen compressors are needed. By
using the investment mode and an investment cost, the maximum capacity of the oxygen

storage tank is subject to optimization.

4.3.3 Hydrogen

The only source of hydrogen is the electrolysis unit. Hydrogen produced via PEMEL is supplied
to different components depending on the current scenario. In this energy system model,

hydrogen loads are based on the mass flow. Thus, the unit for all hydrogen flows is kgnz/h.

The sink “hydrogen demand” represents the consumption of the steel mill when hydrogen
burners are partially used for ladle heating. This demand is derived from the natural gas load
profile. The natural gas demand for affected ladle heaters based on the HHV is converted to
the actual thermal power demand based on the LHV of natural gas or hydrogen. Subsequently,
this value is used to determine the necessary hydrogen mass flow. On the one hand, deploying
hydrogen burners and thereby creating a hydrogen demand decreases the natural gas

consumption. On the other hand, the potential for CO; generation is decreased if some of the
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Oxyfuel burners used for CCU are affected. The resulting hydrogen load profile defines the

“hydrogen demand” inflow of the hydrogen bus.

When hydrogen is not utilized in the steel mill but rather sold off to an external consumer, the
sink “hydrogen sale” is used. According to Gao and Krishnamurthy [34], typical pressure levels
for transporting gaseous hydrogen via tank truck lie in the range between 3 and 7 kpsi or about
207 and 483 bar. Therefore, it is assumed that hydrogen needs to be compressed to a pressure
level of 345 bar prior to transport. This compression process is modelled by changing the
inflow of the sink to an investment flow. The investment cost represents the cost for the
necessary compressor, whereas the electricity costs for compression are calculated by using
the electricity price data and the specific energy consumption for compression of hydrogen.
These values are used as variable costs for the flow, together with a fixed and negative cost

value representing revenue from selling hydrogen.

The third hydrogen consumer in the energy system model is the methanation plant. This
component uses inflows from the hydrogen bus and the carbon dioxide bus. The outflow of
the transformer is connected to the natural gas bus, thereby representing the production of
SNG by the methanation of CO». Contrary to the electrolyser, not one of the inflows but rather
the outflow is converted to an investment flow in order to optimize the capacity of the

methanation plant based on its investment cost.

Analogous to the oxygen bus, the hydrogen bus is connected to a generic storage representing
a pressurized gas tank. The storage level of this hydrogen storage depends on the hydrogen
pressure level after electrolysis. As with the oxygen storage, the minimum and maximum

storage level as well as the investment cost are given as parameters.

4.3.4 Natural gas

In some of the scenarios, natural gas is partially supplied in the form of SNG from the
methanation plant. However, the majority of natural gas consumed in the steel mill stems
from the public gas grid, represented by the respective source. All natural gas flows are
thereby based on the HHV of natural gas. When natural gas is purchased from the gas grid,
costs arise from buying the natural gas itself and from buying allowances for resulting CO;
emissions. Both cost factors are considered by applying fixed prices. The combined natural gas

price is then used as a variable cost for the outflow.

To represent the natural gas demand of the steel mill, the “natural gas demand” component
is used. The actual inflow values of this sink are defined with the help of the natural gas load
profile from the demand model. As mentioned above, if hydrogen is used for ladle heating,

the overall natural gas demand decreases.
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4.3.5 Carbon dioxide

There exist two different buses for CO,. The flows from the low-pressure carbon dioxide bus
represent the CO, exhaust flows after Oxyfuel ladle heating. Via CCU and subsequent
compression, the exhaust carbon dioxide bus is connected to the high-pressure carbon dioxide

bus. For both buses, all load and generation profiles are based on the mass flow in kgcoz/h.

4.3.5.1 Low-pressure carbon dioxide

CO2 production for any time increment is given by the CO; generation profile obtained from
the demand model. This time-resolved profile is implemented by defining the outflow of the
“carbon dioxide source”. By converting some of the Oxyfuel burners to hydrogen burners, the

exhaust gas available for CCU decreases.

A compressor connects the low-pressure and high-pressure carbon dioxide bus. The mass flow
remains unchanged. However, the pressure of the CO; is raised, represented by changing the
outflow to an investment flow. Analogous to oxygen and hydrogen, it is assumed that
pressures in the range between 10 and 30 bar are used for storage as well as for methanation.
Investment costs represent the cost for the compressor unit, while the electricity price data
and the specific energy consumption for compression of CO; are used to calculate the variable

electricity costs for operating the compressor.

The amount of CO; which can be captured and compressed is limited by the CO, demand in
the carbon dioxide bus. Unused CO; is then exhausted into the atmosphere. The sink
component “carbon dioxide excess” represents this exhaustion of surplus CO, and thereby
guarantees mass balance in the low-pressure carbon dioxide bus. By changing the inflow of
the sink to an investment flow with investment costs of zero and a defined maximum
investment, the excess mass flow can be limited. Thus, it is possible to completely disable the
excess flow and thus force complete compression and subsequent methanation of surplus
COa.

4.3.5.2 High-pressure carbon dioxide

CO; is supplied by the “carbon dioxide compression” component and consumed by the sink
“carbon dioxide demand” and the methanation plant. The “carbon dioxide demand”
component represents the CO; consumption for water treatment. Therefore, the respective

CO; load profile from the demand model is used to define the actual inflow values of this sink.

Another potential CO2 consumer or supplier connected to the carbon dioxide bus is the CO>
storage. Similar to the oxygen storage and hydrogen storage, this component represents a
pressurized gas tank. The parameters defining this storage tank are minimum storage level,

maximum storage level and investment cost.
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4.4 Model for cost calculation

Optimization of the described energy system model aims to minimize costs. Therefore, a cost
model is needed to determine these costs. Furthermore, this model serves for the economic
assessment of the different scenarios. Formula (4-1) shows how the total annual energy costs
(Ctotar) are calculated for each scenario. The annual energy cost (Cenergy) represents the cost
for supplying the demand model with oxygen and direct fuel. c;,, contains the annual
investment costs for necessary plants, storage tanks and compressors, while the resulting

costs from operating those are represented by c,,.
Ctotal = Cenergy T Cinv + Cop (4-1)

All costs for this model need to be adjusted to 2020 EUR. This is accomplished by using the
cost indices listed in section 9.1. Subsequently, the method for calculating these different
costs is described, starting with energy costs and continuing with investment and operational

costs.

4.4.1 Energy cost

Equation (4-2) shows how the annual energy cost (Cenergy) is calculated. ¢, is the annual cost
for oxygen, which consists of the purchase cost for LOX and the transportation cost. The LOX
cost is calculated by multiplying the specific LOX price, which matches the variable costs for
oxygen delivery in the optimization model, with the yearly supplied oxygen mass. To obtain
yearly values, the optimization results are simply extrapolated to one year. The transportation
cost depends on the cost per delivery and the number of deliveries during one year. In the
optimization model, a natural gas price and an emission allowance price are used to define
the variable costs for natural gas from the grid. Multiplying the natural gas price by the annual
thermal energy supply from the gas grid results in the annual cost for natural gas (cy¢). The
annual CO2 mass, which is released when combusting natural gas from the grid, is multiplied
by the allowance price to obtain the annual allowance cost (c¢g3). T2 is the annual revenue
from selling hydrogen to an external consumer. The amount of annual sold hydrogen is
multiplied by the hydrogen price. Selling hydrogen reduces the total cost for the respective
scenario, therefore 1y, is subtracted from the annual energy cost. The annual electricity cost

(cep) deserves a more detailed description during the next paragraphs.
Cenergy = Cet t Co2 + Cng + Ccoz — Th2 (4-2)

It is assumed that the prices for natural gas, allowances and hydrogen are fixed over the whole
optimization time. However, for electricity, varying prices are used. Firstly, these prices appear

in the optimization model to define variable costs for electricity flows. Secondly, the cost
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model uses these prices to calculate the annual electricity cost (c,;). Electricity prices for 2020
are obtained by adopting historical spot market prices from the Energy Exchange Austria
(EXAA) [35]. Because the load profiles of the demand model span only four weeks, the
electricity price profile should also include four weeks with a 15 min resolution. Thus, four
connected summer weeks are chosen from the 2020 day-ahead prices. The average day-ahead
price for 2020 was 33 EUR/MWhe with a standard deviation of 17 EUR/MWhe, while the four
weeks period for the cost model shows an average price of 21 EUR/MWhg with a standard
deviation of 14 EUR/MWhe,.

E-Control [36] published the average electricity prices for 2020. These prices are used to
determine the share of grid charges and taxes on the total electricity price. By multiplying
these shares with the average day-ahead price, absolute values for grid charges and taxes are
obtained. These values are then added to the spot market prices to give the gross electricity
prices. According to the Austrian “Elektrizitatswirtschafts- und -organisationsgesetz (EIWOG)
2010”, plants that produce hydrogen or SNG from renewable electricity sources and have a
capacity of more than 1 MWhe are exempt from grid charges [37]. Therefore, the reference
scenario uses the gross electricity prices including grid charges and taxes, while the future
scenarios only use energy prices plus taxes. In Figure 4-5, the four weeks spanning electricity
price profiles used in the optimization model and the original day-ahead energy prices are

depicted in form of price duration curves.

Price duration curves for electric energy

electricity prices after grid charges and taxes
—— electricity prices after taxes
--- day-ahead energy prices

80 -
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number of hours

Figure 4-5: Duration curves for varying electricity prices
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Potential electricity consumers in the model are the electrolyser and the compressors. To
calculate the electricity cost for one 15 min instance of the model, the total electricity
consumption during this time is multiplied by the current electricity price. By adding up these
cost values for the complete optimization time of four weeks and by extrapolating to a period

of one year, the annual electricity cost (c,;) is obtained.

4.4.2 Capital and operational expenditures

To calculate the annual investment cost (c;,,,), equation (4-3) is used to form the equivalent
annual costs (EAC) for all necessary investments. Using this equation, the capital expenditure
(CAPEX) for investment is distributed evenly over the complete lifetime (n) of the asset.

Moreover, the EAC also depends on the interest rate (i).

A+D)"=i (4-3)

EAC = CAPEX % ——2 "
A+ r—i

Instead of applying the actual CAPEX of an asset, it is also possible to use the specific CAPEX
per unit of asset capacity in equation (4-3). The resulting specific EAC can then be used to
define investment costs in the optimization model after adjusting to the optimization time.
Multiplication of the specific EAC by the capacity of the asset, for instance by a storage
capacity or by an electrolyser capacity, results in the EAC of the investment. The annual
investment cost (¢, ) is obtained by summing up the EAC values for electrolyser,

methanation plant, hydrogen burners, storage tanks and compressors.

Equation (4-4) shows how the annual operational expenditure (OPEX) of an asset is
calculated, when the CAPEX is known and the relative annual operational expenditure

(OPEXq,) is given as a percentage of the CAPEX.
OPEX = CAPEX * OPEX,, (4-4)

In this cost model, operational expenditures arise from electrolysis, methanation and gas
storage and represent costs for operation and maintenance, excluding electricity costs for

electrolysis. Summing up all OPEX-values gives the annual operational cost (c,p).
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5 MODEL PARAMETERS

The last chapter provided an overview of the optimization model and the cost model. Now,
the parameters used for optimizing and cost calculation are described and listed. Firstly, the
technical parameters for the optimization model components are depicted. The second part
of this chapter illustrates the economic parameters used for variable costs and investment

costs in the optimization model as well as for cost calculation in the cost model.

5.1 Technical parameters

Table 5-1 shows technical parameters for electrolyser, methanation plant and storage tanks.
In chapter 3.5.2, typical efficiencies for PEMEL systems are listed. After assessing these cited
values, a PEMEL system efficiency of 65 %unv is chosen for the optimization model. The specific
energy demands for hydrogen and oxygen production are then calculated from this efficiency.

For methanation, parameters are obtained from chapter 3.5.3.

As described in chapter 4.3, it is assumed that the storage level of gas tanks is varied by
changing the PEMEL output pressure for hydrogen and oxygen or by changing the output
pressure of the CO; compressor. Storage pressures range between 10 bar and 30 bar,
corresponding to 1 MPa and 3 MPa. Gorre et al. [5] used a maximum storage capacity of
3 000 kgnz for their hydrogen storage model. Thus, a maximum storage capacity of about
33 800 ms3 is used as investment maximum for gaseous hydrogen storage, oxygen storage and

CO; storage.
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Table 5-1: Technical parameters for production units and storage

Parameter Unit Value Reference
PEMEL

efficiency kWha, uiv/kWhe 0.65 [20, 24, 27]
specific energy demand H; kWhe/kgh2 61 own calculation
specific energy demand O, kWhe/kgo2 7.6 own calculation
load range Yonom 0-100 [24]
methanation

efficiency kWhcha, iv/kKWhia, kv 0.62 calculated from [30]
load range Yonom 70-100 [31]

load gradient Y%bnom/Min 3 [5]

gas storage

pressure range MPa 1-3 [5]

load range Yonom 33-100 [5]
maximum capacity ms3 33800 [5]

liquid storage

load range Yonom 10-100 own assumption
maximum capacity kgo2 38400 own assumption

(see section 5.2)

The technical model parameters for CO, and hydrogen compression are listed in Table 5-2.
Equation (5-1) is used to calculate the specific adiabatic enthalpy (h,4) for the compression of
different gases in ki/kg. R is the specific gas constant of the considered gas in kl/(kg K) and k
is the heat capacity ratio of the gas. T; and p; represent respectively the inlet temperature in

K and the inlet pressure in Pa, while p, is the outlet pressure in Pa.

e 5[
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To represent a more realistic compression, the specific adiabatic enthalpy (h,4) is then
converted to the specific polytropic enthalpy (h,,;,) by using equation (5-2). In this formula,

Naa is the adiabatic efficiency of the compressor.

hpoly = haa/Naa (5-2)

Peters et al. [38] listed typical values for 1,4 depending on the compressor type. The
compressors in the energy system model are assumed to be motor-driven and reciprocating
with an adiabatic efficiency of 0.7. Furthermore, it is assumed that the inlet temperature is
always 20 °C or 293.15 K. The optimization model can only handle linear equations, thus mean
pressures are used to deal with altering inlet and outlet pressure levels. For the low-pressure
CO; in the exhaust flow, a pressure of 1 bar or 0.1 MPa is assumed. CO; is then compressed to
the storage or methanation level of 1-3 MPa. Thus, a mean pressure of 2 MPa is used for p,.
Similarly, the hydrogen compressor is supplied from the electrolysis and storage pressure level
with 1-3 MPa, resulting in a mean pressure of 2 MPa for the inlet. Using these temperature
and pressure values as well as R and k respectively for CO; and hydrogen, it is possible to
calculate the specific adiabatic enthalpy (h,;) and subsequently the specific polytropic
enthalpy (hy,y) for compression. In the table below, the latter value is listed as specific energy

demand.

Table 5-2: Technical parameters for compressors

Parameter Unit Value Reference

CO, compression

mean inlet pressure MPa 0.1 own assumption
mean outlet pressure MPa 2 own assumption
specific energy demand kWhe/kgco2 0.094 own calculation

H, compression

mean inlet pressure MPa 2 own assumption
mean outlet pressure MPa 35 own assumption
specific energy demand kWhe/kgh2 2.142 own calculation
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5.2 Capital and operational expenditures

Table 5-3 lists specific investment costs, relative annual operational expenditures and
lifetimes for electrolyser, methanation unit, storage tanks and hydrogen burner. For the
electrolyser, a specific CAPEX exists for small-scale and large-scale applications. The small-
scale value is used in scenarios PEMEL 1 and SNG 1, where electrolysis is supplying only a
hydrogen demand. In scenarios PEMEL 2 and SNG 2, electrolysers with much higher capacities
are needed to supply the oxygen demand of the steel mill. Therefore, the large-scale specific
CAPEX is applied in these scenarios. The small-scale specific CAPEX of 2 000 EUR/kWe| is
chosen by assessing PEMEL investment costs cited in chapter 3.5.2.2. According to Nguyen et
al. [27], specific investment costs for electrolysers highly depend on the installed capacity.
Assuming a PEMEL capacity in the range of 10 MW, for complete oxygen provision, a large-
scale specific CAPEX of 1 000 EUR/kWe is chosen.

Gorre et al. [5] used 490 EUR/kgh2 as specific CAPEX for hydrogen storage, translating to about
43.5 EUR/ms3. In comparison, van Leeuwen and Mulder [7] used 60 EUR/ms3. Therefore, a
unit-CAPEX of 50 EUR/ms3 is applied for the hydrogen storage tank in this thesis. Analogous to
the maximum storage capacity, this value is then also used for oxygen storage and CO;

storage.

In their work, Hanak et al. [39] evaluated the techno-economic performance of cryogenic
oxygen storage. To calculate specific investment costs, they used a cryogenic storage tank
described by Hu et al. [40] as reference. For this storage tank, Hu et al. assumed a capacity of
2 500 m3 and, adjusted to 2020 EUR by using the cost indices from section 9.1, an equipment
cost of about 0.74 million EUR.

According to Peters et al. [38], specific equipment costs can be obtained from such reference
values by applying the so-called “six-tenths factor rule” shown in equation (5-3). Using the
purchase cost for a reference plant b (cost;) and the capacity of plant b (capacity,) as well
as the capacity for plant a (capacity,), the purchase cost for plant a (cost,) can be calculated.
As a rule of thumb, the cost capacity exponent (z) can be set to 0.6 when there is not enough

information for a more accurate assumption.

capacitya)z (5-3)

cost, = (cost < :
a = (costy) capacity,

It is thus possible to estimate investment costs for cryogenic oxygen storage depending on the
storage capacity. Figure 5-1 shows the resulting function for the storage investment cost over
the storage capacity in kgoz. Storage capacities are calculated by using the density of liquid
oxygen with 1 280 kgo2/m? [39].
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Figure 5-1: Investment costs for cryogenic storage tanks

However, this cost function is non-linear and the optimization model can only solve linear
equations. It is therefore necessary to piecewise linearize the storage cost function. After
some sample optimizations, it was estimated that the capacity of the cryogenic oxygen storage
is in the range between 20 and 30 m3, translating to 25 600 and 38 400 kgo>. Using the cost
function, some sample points within the mentioned capacity range were calculated and
plotted in Figure 5-2. The dashed line in this plot represents the linear regression, of which
the coefficients are also shown in the plot. The resulting investment costs for cryogenic
storage consist of a specific CAPEX, corresponding to the slope of the line, and the y-intercept,
which is referred to as fixed CAPEX.
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Figure 5-2: Linearized investment costs for cryogenic storage tanks
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By using information from our project partners concerning burner investment costs, the total
CAPEX for one hydrogen burner is estimated to value 80 000 EUR. In the cost model, this

parameter is then simply multiplied by the number of hydrogen burners.

Table 5-3: Economic parameters for production units, storage and hydrogen burners

Parameter Unit Value Reference
PEMEL

specific CAPEX (small-scale) EUR/kWe 2 000 [8, 24]
specific CAPEX (large-scale) EUR/kWe 1000 [27]
OPEXy %capex 2.75 [5]
lifetime a 20 [5]
methanation

specific CAPEX EUR/KWcha, hrv 450 [5]
OPEXy bcaPex 3 [5]
lifetime a 20 [5]

gas storage

specific CAPEX EUR/m;3 50 [5, 7]
OPEXy bcAPex 1 [5]
lifetime a 20 [5]

liquid storage

specific CAPEX EUR/kgo2 0.87 calculated from [39, 40]
fixed CAPEX EUR 18 400 calculated from [39, 40]
OPEXy bcaPex 1 [5]
lifetime a 20 [5]
hydrogen burner

CAPEX EUR/burner unit 80000 project partners
lifetime a 20 own assumption
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In their book, Peters et al. [38] estimated purchase costs of different compressor types
depending on the installed capacity in kWel by applying a modified version of the “six-tenths
factor rule”. Instead of 0.6, they used a cost capacity exponent of about 0.9 for a reciprocating
and motor-driven compressor. Typical compressor capacity ranges for the optimization model
were estimated to lie between 200 and 500 kW, for hydrogen compression and between 1
and 40 kWe| for CO2 compression. Thus, it is possible to piecewise linearize the cost function

for the compressors. The resulting specific CAPEXs and the fixed CAPEXs are listed in Table 5-4.

Table 5-4: Economic parameters for compressors

Parameter Unit Value Reference

CO; compression

specific CAPEX EUR/kWe 1390 calculated from [38]
fixed CAPEX EUR 1750 calculated from [38]
lifetime a 10 own assumption

H> compression

specific CAPEX EUR/kWe 1030 calculated from [38]
fixed CAPEX EUR 35800 calculated from [38]
lifetime a 10 own assumption

5.3 Energy costs

The following section deals with prices used in the optimization and cost model and with the
specified framework conditions. These model parameters are also shown in Table 5-5. As
described in chapter 4.4.1, varying prices based on historic spot market data from 2020 are
used for electricity. By adding absolute values for only taxes or grid charges and taxes, the
electricity costs for the future scenarios (mean price after taxes) or the reference scenario

(mean price after grid charges and taxes) are calculated.

The average natural gas price for 2020, including the energy price, grid charges and taxes, is
provided by E-Control [41]. In their market auction report, the European Energy Exchange AG
(EEX) [42] published CO;-emission allowance prices for 2020. A fixed allowance price is then
obtained by calculating the average price for the complete year. Sulc and Ditl [43] cite LOX
prices for the Czech Republic and Germany. Moreover, they give prices for the delivery of LOX,
assuming a transport distance of 150 km. In this thesis, the more expensive LOX price and

transport cost for Germany are used as model parameters.
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A hydrogen selling price of 3.5 EUR/kgn2 is chosen as model parameter. Thus, the assumed

price is lower than typical production costs for green hydrogen (see chapter 3.5.2.4).

Table 5-5: Prices and framework conditions

Parameter Unit Value Reference
electricity prices

mean energy price EUR/MWhg 21 [35]

mean price after taxes EUR/MWhe 40 calculated from [36]
mean price after grid charges EUR/MWhg 49 calculated from [36]
and taxes

standard deviation EUR/MWhe 14 [35]

fixed prices

natural gas energy price EUR/MWhng, hiv 15.17 [41]

grid charges for natural gas EUR/MWhng, hhv 2.56 [41]

taxes for natural gas EUR/MWhng, hiv 10.27 [41]

gross natural gas price EUR/MWhyg, Hhv 28.00 [41]
allowance price EUR/tcoz 24.5 [42]

LOX price EUR/to2 105 [43]

LOX transport cost EUR/delivery 50 [43]

H; selling price EUR/kghz 3.5 [21, 23, 28]

framework conditions

interest rate % 4 [44]
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6 RESULTS

By using the parameters presented in the previous chapter, optimization runs are carried out
for the reference scenario and the four future scenarios. Following, results from the
optimizations and cost calculations are presented and assessed. Thereby, this chapter aims to

answer the research questions of this thesis.

6.1 Optimized supply strategies

Optimization of the oemof models determines the optimal plant layouts and the optimal
operational strategies for supplying the demand model while minimizing costs and satisfying
all scenario restrictions. The optimized plant layouts proposed for the different scenarios are
represented via selected key indicators. These plant layout indicators are listed in Table 6-1
and include nominal capacities for implemented production plants and storage units as well

as annual production volumes for hydrogen and SNG.

A clear difference can be seen when comparing the hydrogen demand-driven scenarios
PEMEL 1 and SNG 1 with the oxygen demand-driven scenarios PEMEL 2 and SNG 2. This is
because the oxygen demand of the steel mill is much greater than possible hydrogen demands
from ladle heating or methanation. Therefore, electrolysers that only focus on supplying
hydrogen can be much smaller. On the other hand, electrolysis has to cover the oxygen
demand of the steel mill all alone in scenarios PEMEL 2 and SNG 2. Electrolyser capacities thus

need to be significantly higher in these cases.

Regular LOX deliveries are a necessity in scenarios PEMEL 1 and SNG 1. Storage capacities for
oxygen thus need to be higher compared to scenarios without LOX delivery. CO; storage is
needed in all scenarios to balance CO; generation from CCU and CO; demand for water
treatment. However, even greater storage capacities are needed for scenarios PEMEL 1, SNG 1
and SNG 2. This is because additional CO, demands arise from methanation in the SNG
scenarios while operating hydrogen burners instead of natural gas burners decreases the CO;
availability in scenario PEMEL 1. The maximum storage capacity in scenario SNG 1 is thereby
much higher than in scenario SNG 2. A possible explanation for this is that hydrogen

production is less flexible and thus less CO; availability-actuated in scenario SNG 1.
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Table 6-1: Indicators for optimized plant layouts

Plant layout indicator Unit PEMEL1 PEMEL?2 SNG 1 SNG 2
PEMEL

nominal capacity kWe 2 440 11 100 2450 10600
H, production t/a 310 1040 334 1040
methanation

nominal capacity kWecha, nuv - - 996 1070
SNG production MWhca, vnv/a - - 8290 8290

storage tanks

O, storage capacity kgoz 38 800 22 000 35800 23100
CO; storage capacity kgcoz 2250 281 6430 2700
H, storage capacity kgna 848 - - -

Following, the optimized operational strategies in the future scenarios are presented. Plots
are used to visualize oxygen mass flows, thermal power, hydrogen mass flows and CO, mass
flows in the optimized energy system model for every scenario. The flow values are
normalized using the respective maximum demand. Demand flows such as steel mill loads or
demands from production plants are plotted in the negative direction of the y-axis. The figures
show then how these demands are supplied using on-site production or storage outflows.
These supply flows are represented by positive values. Simultaneous flows, both negative or
positive ones, are added up to give the current total demand flow or total supply flow. All plots

show representatively only the first week of the optimization time.
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Starting with scenario PEMEL 1 and Figure 6-1, it can be seen that most of the oxygen demand
is covered by the storage tank, while only a comparatively small fraction is supplied by the
electrolyser. This is because oxygen is mostly provided in form of LOX purchases. After
delivery, LOX is vaporized and stored for future utilization in the steel mill. In this scenario, the
electrolyser operation focuses on supplying hydrogen burners for ladle heating. The resulting
hydrogen load profile is shown in the subplot “hydrogen supply”. Providing thermal energy by
combusting hydrogen would result in a decreased natural gas demand. In the respective
subplot “natural gas supply”, the natural gas demand is unchanged from the original load
profile. However, energy provision by hydrogen is represented as a supply flow, thus reducing

the natural gas need from the gas grid.

Scenario PEMEL 1

oxygen supply natural gas supply
2.0 2.0
B oxygen demand Bl natural gas demand
mm supply from storage mam supply from gas grid
1.5 4 = supply from PEMEL 1.5 B hydrogen burner supply
1'-5 °
S 1.0 T 1.0
o =
. x
: :
g 0.5 S 051
2
2 g
c ==
& 004 T 0.0
S £
S £
—0.5 A —0.5 A
—1.0 -1.0 A
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
hydrogen supply carbon dioxide supply
2.0 2.0
B hydrogen burner demand [ water treatment demand
I supply from storage B supply from storage
1.5 B supply from PEMEL 1.5 1 B supply from Carbon Capture
. o
. o
o o
E 1.0 % 1.0
. ©
F 051 el
= 3
c <
[
2 00 5 oo | ‘
S c 1l
| |
> 8 \ 1\1\“\ \’IH IU“
©
)HH H ‘
-1.0 A -1.0 A
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
time, days time, days

Figure 6-1: Supply strategies for scenario PEMEL 1
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Figure 6-2 depicts demand flows and supply flows for scenario PEMEL 2. Contrary to the
situation in the previous scenario, electrolysis produces now enough oxygen to supply the
steel mill without additional LOX deliveries. Oxygen storage is therefore only used to balance
PEMEL production and steel mill demand. As shown in the figure, hydrogen produced from
electrolysis is completely sold off. Because in this scenario hydrogen is not used to substitute

natural gas in any way, the natural gas demand is only covered by supply from the gas grid.
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Figure 6-2: Supply strategies for scenario PEMEL 2
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Analogous to scenario PEMEL 1, electrolysis focuses on covering a predefined hydrogen
demand in scenario SNG 1. Accordingly, LOX deliveries are necessary to compensate for
decreased oxygen production rates. The resulting oxygen and hydrogen flows are presented
in Figure 6-3. Hydrogen is utilized in a subsequent methanation process, where SNG is
produced from hydrogen and CO,. As depicted in the subplot “natural gas supply”, SNG is used
to supply the steel mill with thermal energy, thereby slightly reducing the natural gas need
from the gas grid. Regarding the “carbon dioxide supply” subplot, the potential for CO;
generation from CCU is completely exploited. Surplus CO;, which is not needed for water

treatment, is then fully utilized in the methanation plant.
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Figure 6-3: Supply strategies for scenario SNG 1
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As illustrated in Figure 6-4, oxygen for the steel mill is only provided via the electrolyser in
scenario SNG 2. The majority of thereby generated hydrogen is sold off, but a part of it is
utilized for the production of SNG via methanation. The “natural gas supply” subplot depicts
how SNG is then utilized in the steel mill to substitute natural gas from the gas grid. A part of
the CCU potential is utilized for water treatment, while the remaining potential is used to

provide the feedstock for methanation.
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Figure 6-4: Supply strategies for scenario SNG 2

According to the aim of this thesis, PEMEL should not only cover the oxygen and thermal
energy demands of the steel mill in a time-actuated manner. Rather, electrolysis should be
used to provide a flexibility option for better integration of intermittent energies into the
electricity grid. A potential indicator for surplus electricity in the grid due to intermittent
energy sources is the current electricity price. Therefore, cost optimization should also aim to

integrate such energy sources more efficiently. Representatively, Figure 6-5 depicts the
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electricity price for PEMEL operation and the power consumption for electrolysis in scenario
PEMEL 2 over one week. Looking at this figure, a connection between electricity price and
PEMEL operation can be seen. Electrolysis is avoided when electricity prices are high, while
low prices lead to maximum power consumption. Figures illustrating the electricity utilization

in the other future scenarios can be found in section 9.2.
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Figure 6-5: Electricity utilization in scenario PEMEL 2

Full load hours provide another way to indicate the flexibility and therefore the demand side
management potential. Less flexibility leads to higher full load hours, while a more flexible
operation strategy results in more frequent load changes, longer downtimes and thus lower
full load hours. Table 6-2 shows the annual PEMEL full load hours for all future scenarios.
Moreover, these full load hours are divided by the number of hours in one year, amounting to
8 760 h/a, to calculate the annual load factor of the electrolyser. Again, lower values indicate

more flexibility.

The suitability of the scenarios for demand side management is also shown by the mean
purchased electricity price (pe; peye1) Which is calculated based on equation (6-1). The annual
electricity cost for operating the electrolyser (c.; pgmer) is divided by the annual amount of
electric energy consumed by the electrolyser (W, pgme.). The mean purchased electricity
price can then be compared to the actual mean electricity price (mean price after taxes, see
Table 5-5). For an electrolyser with a load factor of 100 %, these two values would be identical.

Thus, lower mean purchased electricity prices indicate a higher demand side flexibility.
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_ Cel,PEMEL (6-1)
Pei,PEMEL = W —
el,PEMEL

Other indicators listed in Table 6-2 are the annual sold off hydrogen mass and CO, emission
savings. For the indicator “CO; savings from H; sales”, it is assumed that producing and selling
green hydrogen via PEMEL leads to an appropriate demand reduction for grey hydrogen.
Further, it is assumed that PEMEL is only utilizing electricity from zero CO, emission energy
sources thanks to flexible and electricity price-actuated operation. According to Muradov [45],
about 7.8 kgcoa/kgn2 are emitted when hydrogen is produced via SR. Using this value, the
annual CO; savings from hydrogen selling are calculated. To determine the other two emission
saving indicators, the amount of natural gas directly substituted via hydrogen or SNG is
assessed. Then, the annual CO; savings are calculated under the simplifying assumption that
natural gas contains only CHs. Adding up all values for emission savings gives the total CO;

savings for each scenario.

Table 6-2: Key performance indicators for optimized supply strategies

KPI Unit PEMEL1 PEMEL2 SNG 1 SNG 2
PEMEL full load hours h/a 7770 5680 8320 5960
PEMEL annual load factor % 88.7 64.8 95.0 68.0
actual mean electricity price EUR/MWhg 40 40 40 40
mean purchased electricity price EUR/MWhg 38 33 39 35
sold off H, tHo/a - 1040 - 701
CO; savings from H; sales tcoa/a - 8080 - 5480
CO; savings from H; utilization tco2/a 2 050 - - -
CO; savings from SNG utilization tco2/a - - 1480 1480
total CO; savings tcoz/a 2050 8 080 1480 6 960

6.2 Economic assessment

This chapter deals with the question if the future scenarios are not only ecologically but also
economically beneficial. The economic performance of the different scenarios is indicated by
the annual costs explained in chapter 4.4. Table 6-3 lists these costs for the future scenarios
as well as for the reference scenario. To assess how economically viable a scenario is, its total
annual energy costs need to be compared to the reference scenarios costs. Scenarios PEMEL 1

and SNG 1 are more expensive than the reference scenario. Therefore, these scenarios are
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not economically viable under the given framework conditions. Meanwhile, the total annual

energy costs for scenarios PEMEL 2 and SNG 2 are lower than for the reference scenario due

to high revenues from selling hydrogen.

Table 6-3: Annual costs for reference case and future scenarios

Cost component Unit Reference PEMEL1 PEMEL 2 SNG 1 SNG 2

annual electricity cost EUR 1910 713000 2170000 806 000 2240000
annual oxygen cost EUR 893 000 632 000 0 612 000 0
annual natural gas cost EUR 1770000 1450000 1770000 1540000 1540000
annual allowance cost EUR 306 000 251 000 306 000 266 000 266 000
annual hydrogen revenue  EUR 0 0 -3630000 0 -2460000
annual energy cost EUR 2970000 3050000 628 000 3220000 1590000
annual investment cost EUR 5170 546 000 931 000 503 000 929 000
annual operational cost EUR 447 153 000 314 000 162 000 314 000
total annual energy cost EUR 2980000 3750000 1870000 3890000 2830000

Figure 6-6 shows how different cost components contribute to the overall cost for each future

scenario. Cost values are divided by the total cost of the respective scenario, excluding

hydrogen revenues, to give relative cost shares. Therefore, the red cost-share bars for all cost

components always add up to 100 %, while the green bars show the ratio between hydrogen

revenue and total cost. Cost structures look quite similar for the hydrogen demand-driven
scenarios PEMEL 1 and SNG 1 and the oxygen demand-driven scenarios PEMEL 2 and SNG 2

respectively. For hydrogen demand-actuated scenarios, natural gas costs are predominant,

while electricity costs take over in scenarios PEMEL 2 and SNG 2. Generally, costs are much

higher for oxygen demand-actuated scenarios due to higher electricity and investment costs,

but the resulting total costs are then massively reduced when regarding revenues from

hydrogen selling.
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Cost structures

Scenario PEMEL 1 Scenario PEMEL 2

electricity cost
oxygen cost
natural gas cost
allowance cost
investment cost
operational cost

hydrogen revenue

T T T T r T T T T

O -
=
o
N
o
W
o
8

50 0 20 40 60 80 100
cost share, % cost share, %
Scenario SNG 1 Scenario SNG 2
electricity cost
oxygen cost
natural gas cost
allowance cost
investment cost
operational cost
hydrogen revenue
(I) llO 2'0 3|O 4|0 50 E) 2'0 4'0 610 8l0 100
cost share, % cost share, %

Figure 6-6: Cost structure for future scenarios

As shown in Table 6-3, some of the future scenarios are not profitable using model parameters
from 2020. Figure 6-7 illustrates how changes in selected parameters would affect total
annual energy costs, thereby possibly presenting a future outlook on scenario performances
while also investigating the sensitivity of the energy system model. The total annual energy
costs of each scenario are plotted over the currently investigated parameter. All total annual
energy costs are thereby given in per cent of the total annual energy cost for the reference
scenario. Thick markers represent the total annual energy costs when using the original
parameters, while thin markers represent costs calculated by using deviant model
parameters. These points were then used to fit the depicted curves. Investigated parameters
are the natural gas price, the LOX price, the price for CO, emission allowance, the price for

selling hydrogen, the electrolysers specific CAPEX and the electrolysers efficiency.

PAGE | 49



Results

Impact of selected parameters on economic performance
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Figure 6-7: Sensitivity of the energy system model to selected parameters
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6.3 Discussion

At the beginning of this thesis (see section 2.2), certain objectives were stated in the form of
research questions. Now, using the results presented in the above paragraphs, these
guestions are answered. Moreover, limitations of the applied energy system model are also

discussed in this chapter.

6.3.1 Demand side management and emission saving potentials

How does the implementation of PEMEL and methanation technologies affect demand side

management and emission saving potentials of an EAF steel mill?

The investigated future scenarios can generally be divided into hydrogen demand-actuated
scenarios with comparably low electrolyser capacities and a need for LOX from external
suppliers (scenarios PEMEL 1 and SNG 1) and into oxygen demand-actuated scenarios with
high electrolyser capacities in the range of 10 MW, and with production of surplus hydrogen
for sale (scenarios PEMEL 2 and SNG 2). According to Table 6-2, oxygen demand-actuated
scenarios seem to be more flexible and therefore better suited for demand side management,
indicated by lower full load hours, lower annual efficiencies and lower mean purchased
electricity prices. On the other hand, the hydrogen demand-actuated scenarios PEMEL 1 and
SNG 1 run at full load most of the time, thus they are less able to utilize varying electricity
prices cost-effectively. This is probably because electrolyser operation in these scenarios is
rather limited due to restrictive hydrogen demands. In scenario PEMEL 1, the hydrogen
demand is completely predefined and thus electrolysis would not be flexible at all. However,
this is countered somewhat by enabling hydrogen storage. In scenario SNG 1, electrolyser
operation is not limited by a predefined hydrogen demand, but rather by the inflexibility of

the subsequent methanation process.

For assessing the emission saving potentials for the future scenarios, it is assumed that
electrolysers only use electricity from CO;-neutral generation due to demand side
management. When only considering CO; emissions of the steel mill, scenario PEMEL 2
provides no benefit compared to the reference case, while scenarios PEMEL 1, SNG 1 and
SNG 2 substitute natural gas through hydrogen or SNG, thereby reducing the natural gas
demand and CO; emissions. However, it is assumed that hydrogen sales in scenarios PEMEL 2
and SNG 2 reduce the hydrogen demands of external consumers. Further, it is also assumed
that these demands would otherwise be supplied through grey hydrogen. When regarding
CO; emissions from hydrogen production via SR for such external consumers, scenarios
PEMEL 2 and SNG 2 provide a greater emission reduction potential than scenarios PEMEL 1
and SNG 1 (see Table 6-2).
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6.3.2 Economic benefits

What economic benefits arise from implementing these technologies and what are the most

cost-effective plant layouts and operational strategies?

Concerning the economic viability, the oxygen demand-actuated scenarios PEMEL 2 and
SNG 2 have the edge over the other scenarios but also over the reference scenario. In contrast,
hydrogen demand-actuated scenarios do not provide an economically feasible alternative to
the status quo. The results presented in Table 6-3 and Figure 6-6 seem to indicate that
hydrogen utilization is the predominant variable for cost-effective electrolyser operation.
Scenarios PEMEL 2 and SNG 2 are profitable mainly due to the high prices for selling hydrogen.
When planning the implementation and operation of an electrolyser, the focus should thus be
on finding a reliable customer for high-quality hydrogen. In contrast, scenarios PEMEL 1 and
SNG 1 use hydrogen only to substitute natural gas, either via hydrogen combustion or via SNG
production. Compared to the production costs for hydrogen, natural gas prices are quite low.
Therefore, natural gas substitution is not a cost-effective way of hydrogen utilization. This
explains also why the total costs in scenario SNG 2 are higher than in scenario PEMEL 2.
Valuable hydrogen, that would otherwise generate high revenue from selling, is partially
converted to SNG.

As described in chapter 3.4, oxygen from electrolysis should be only viewed as a by-product,
owing to the high specific energy demand when compared to conventional methods of oxygen
production. By also utilizing by-product oxygen in the steel mill, therefore avoiding or lowering
costs for purchasing and transporting LOX, electrolysis is more cost-effective than similar
hydrogen production plants where oxygen is wasted. The subplot “Economic impact of
hydrogen prices” in Figure 6-7 indicates how low the hydrogen selling price could be set for
scenarios PEMEL2 and SNG2 to still outperform the reference scenario thanks to

simultaneous oxygen and hydrogen utilization.

6.3.3 Sensitivity of the energy system model

What variables have the strongest effects on economic viability?

For scenarios PEMEL 2 and SNG 2, the hydrogen selling price mentioned above has a large
effect on the economic viability. However, this thesis also investigated the economic impact
of other variables. According to Figure 6-7, scenarios where natural gas is substituted
(PEMEL 1, SNG1 and SNG 2) benefit from increasing natural gas and allowance prices.
Scenarios where the complete oxygen demand is covered via electrolysis (PEMEL 2 and SNG 2)
are not affected by LOX prices. However, compared to the other scenarios and the reference
case, scenarios PEMEL 2 and SNG 2 perform better when LOX prices increase. Moreover, a

large cost reduction potential exists for scenarios PEMEL 2 and SNG 2 at decreasing specific
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CAPEX or increasing efficiencies for electrolysis units. Because of higher nominal electrolyser
capacities and higher hydrogen and oxygen production rates, scenarios PEMEL 2 and SNG 2

are much more affected by these parameters than scenarios PEMEL 1 and SNG 1.

6.3.4 Model limitations

When considering optimization results, it is also important to regard the limitations for the
energy system model. For instance, optimization gives the most cost-effective plant layout
and operational strategy under the assumption that operators have perfect foresight on
electricity price changes. Thus, the optimized operational strategies depicted in this thesis do

not represent actual plant operations but rather theoretical cost-saving potentials.

Another limitation is the fact that waste heat flows are not considered in the simplified
demand model used for this thesis. Consequently, heat flows are also disregarded in the
optimization model. Especially in scenarios SNG1 and SNG 2, where an exothermic
methanation process is implemented, economic benefits from waste heat utilization could be

quite significant.

In the present model, fixed prices are applied for natural gas and CO; emission allowances
throughout the complete optimization time. It would be possible to use variable prices
instead, analogous to the price profiles for electric energy. Optimization of the model would

then not only aim to minimize electricity costs, but also natural gas costs and allowance costs.

Moreover, an optimization time of only four weeks is used in the energy system model,
therefore it is necessary to also pick electricity prices for the same period. It is thus difficult to
depict seasonal electricity price changes. There are possible solutions for this problem, for
instance, using a mixture of incoherent weeks, each one representing one season. However,
for the sake of simplicity, it was decided to use four continuous summer weeks instead. For
further optimizations in the future, increasing the optimization time to one year might be of
interest. Thus, it would be possible to depict seasonal electricity price changes in the energy

system model.
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7 CONCLUSION AND OUTLOOK

In view of the upcoming energy transition, PtG-technologies and strategies for demand side
management will increase in importance. Implementing an electrolyser to an EAF steel mill
would provide demand side flexibility, thereby enabling better integration of CO»-neutral

energy sources into the future electricity grid.

However, only large-scale electrolysers for demand-actuated oxygen production (scenarios
PEMEL 2 and SNG 2) should be used. The higher investment costs for such plants are
counterbalanced by potential revenues from selling surplus hydrogen. Due to the utilization
of by-product oxygen, hydrogen production costs are thereby lower than for comparable

electrolysis plants where oxygen is wasted.

In contrast, the annual costs for hydrogen demand-actuated scenarios are higher than for the
reference case. These scenarios are thus not economically viable. Only a drastic change in
framework conditions (see Figure 6-7) would enable scenarios PEMEL1 and SNG1 to
outperform the reference scenario. Moreover, due to rather restrictive hydrogen demands,
these scenarios provide less demand side flexibility than the oxygen demand-actuated

scenarios.

Using prices from 2020, natural gas is much cheaper than hydrogen. Therefore, implementing
a methanation plant and converting hydrogen to SNG is not cost-effective when selling
hydrogen is an option. However, increasing prices for natural gas and emission allowance as

well as decreasing production costs for hydrogen could change this in the future.

After generating results for the year 2020 by using historical data, the next logical step would
be to model and optimize upcoming years. Forecasts could be used to generate parameters
for these future models, depicting the effect of future electricity price profiles would thereby

be of particular interest.

In future optimizations, different oxygen provision methods could be modelled and assessed
alongside the utilization of by-product oxygen from PEMEL, for instance, on-site oxygen
production via PSA. Because electric energy is necessary for PSA operation, generating oxygen

this way would also provide a potential for demand side management.

Regarding the high importance of optimal hydrogen utilization for economic electrolyser
operation, it would be also very interesting for the energy system model to include possible
hydrogen consumers in a more detailed manner. Instead of just considering hydrogen
compression and selling surplus hydrogen for a fixed price, future works could regard the

actual hydrogen demands of potential customers.
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Appendix

9 APPENDIX

The first part of the appendix describes the methodology for comparing monetary values from
different years. The second section contains the figures for electricity utilization in the future

scenarios.

9.1 Cost indices

Throughout this thesis, monetary values need to be adjusted to EUR in the year 2020 to make
them comparable. This is accomplished by using the cost indices shown in Table 9-1. For
investment costs, the chemical engineering plant cost index (CEPCI) is used, while hydrogen
production costs and natural gas prices are adjusted with the EU producer price index (PPI).
PPIs stem from [46] and CEPCls are obtained from [47] and [48].

Table 9-1: Cost indices for plant costs and production costs

Year 2005 2009 2013 2015 2017 2018 2020
CEPCI 468 521 567 557 567.5 603.1 596.2
PPI 83.7 93.3 105.1 100.0 101.7 105.3 102.8

Such indices show the cost at a given time relative to a defined base time. For instance, 2015
is the base time for the PPI, indicated by a value of 100. By using equation (9-1), original costs
obtained from some moment b in the past can be updated to represent costs at time a with
the help of the respective indices [38]. Cost values in USD are then converted to EUR using the
average exchange rate of 1.142 S/EUR for the year 2020 [49].

indexiime a ) (9-1)

coSty; = COSty; * (
time a time b lndextime b

9.2 Electricity utilization

As mentioned in chapter 6.1, all figures showing the electricity utilization in future scenarios
are presented below. The top subplots show the current electricity price for PEMEL operation
in EUR/MWhg, the bottom subplots illustrate the power consumption for electrolysis in kWel.
Electricity price and power consumption are both plotted over time in days. All plots depict

thereby the first week of the four weeks spanning optimization time.
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Figure 9-1: Electricity utilization in scenario PEMEL 1
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Figure 9-2: Electricity utilization in scenario PEMEL 2
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Power consumption SNG 1
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Figure 9-3: Electricity utilization in scenario SNG 1
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Figure 9-4: Electricity utilization in scenario SNG 2
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