e
TUDelft 5y DNV

ENERGY SYSTEM MODELING
OF A HYDROGEN-BASED STEEL

PLANT WITH FLEXIBLE
OPERATION

Shadi Badreldeen Mohamed Abdalla

A collaborative Master’s thesis project between
Delft University of Technology and DNV

Public defense: August 11", 2025

Location: LBO1 Snyderstaal
Time: 14:00



ii

Graduation Committee

Role Name

Affiliation and Position

Chair Laura Ramirez Elizondo

Core Member 2 Milos Cvetkovic

Core Member 3 Dennis van der Born

Advisor Manfredo Sartori

External Advisor Thijs Slot

DC Systems, Energy Conversion
& Storage — Associate Professor

Intelligent Electrical Power
Grids — Associate Professor

High Voltage Technology Group
— Assistant Professor

DC Systems, Energy Conversion
& Storage — PhD Student

DNV - Head of Section Energy
Markets & Strategy

MSc in Sustainable Energy Technology

Faculty of Electrical Engineering, Mathematics and Computer Science
Delft University of Technology

An electronic version of this dissertation is available at
http://repository.tudelft.nl/


http://repository.tudelft.nl/

ACKNOWLEDGEMENTS

Praise be to God, by whose grace good deeds are accomplished, by whose grace good
deeds and blessings descend, and by whose success goals and objectives are achieved.
First and foremost, I would like to extend my thanks and gratitude to my family and
friends for their support throughout this journey. This path was filled with ups and
downs that was bypassed with their insights and experience. I would also like to thank
my Thesis Supervisor Professor, Laura Ramirez Elizondo for supervising my project and
ensuring the research is up to academic standards, my Daily Supervisor, Manfredo Sar-
tori for supporting on the smallest hiccups throughout this journey, my Company Su-
pervisor Thijs Slot, for giving me a chance to build this thesis from scratch and ensuring
its relevancy in the industry, and the collegues at DNV for providing input to my the-
sis. Furthermore, I would also like to thank Professor Neslihan Dogan for reassuring my
thesis from a metallurgy perspective.

iii






CONTENTS

Acknowledgements iii
List of Figures ix
List of Tables xi
Summary XV
Preface xvii
1 Introduction 1

1.1 Introduction . . . . . . . . . . . . i i e e e e 1
2 Literature Review 3

2.1 Methodology to Address Research Questions . . . . . . ... ....... 5

2.1.1 Whatis a suitable energy model for an industrial steel plant? . . . . 5
2.1.2 How to optimally manage the energy consumption of a Hydrogen-

Based Steel plant under various price scenarios?. . . . . . . . . .. 5

2.1.3 How does the Hydrogen-based steel plant affect a High-Voltage trans-
missiongrid?. . . . ... oL Lo 5
3 Background 7
3.1 Steel ProductionRoutes. . . . . . . ... ... ... L. .. 7
3.1.1 BF-BOFRoute . . . . .. .. .. ... ... ... 8
3.1.2 DR-EAFRoute . . . . . . . . . it i it 9
3.1.3 DRShaft. . . ... o e 9
3.14 HD-RDRRoute . . ... ... ... ... ... 10
3.2 Post-TreatmentofSteel . . . . . . . . . . . ... ... .. ... 10
3.21 LadleFurnace . . . . . . . . . .. . o e 10
322 PrimaryCasting . . . . . . .. ... 0 e 11
323 Forming . . . . . . . ..o e e e e 12
3.24 HotStripRolling. . . . . . . ... oL Lo 12
325 ColdStripMill . . . . . ... L oo 13
4 Methodology 15
4.1 IndustrialLoads. . . . . . . . . . . ... Lo e 16
4.1.1 Industrial Unit. . . . . . . . ... 0 o s e 17
4.2 HydrogenPlant. . . . . . . . . . . . . . . e e 18
4.3 HD-RSteelProduction . . . . . .. ... ... ... ... ... ..., 19
4.3.1 UnitParameters . . . . . . . . . . . . ... e 20
4.3.2 Material Parameters . . . . . . . .. .00 o0 e s 21



CONTENTS

4.4 Mathematical Formulation . . . . . . . ... ... ... ... ...... 22
4.4.1 Batch Cycle’s Start and End Time Constraints . . . . . . . . .. .. 22
4.4.2 Batch Cycle’s Operational Constraints . . . . . . . . .. ... ... 22
4.4.3 Exclusive Operation and Variable-Length Batch Cycles Constraints . 23
4.4.4 Inputand Output Timing Constraints . . . . . . . . ... ... .. 23
4.4.5 Material Balance and Proportionality Constraints . . . . . . . . . . 24
4.4.6 MaterialStorage . . . . . . . . ... Lo Lo 24
4.4.7 Uninterruptible Units Constraint . . . . . . . .. ... ... ... 24
4.4.8 Electricity Consumption Constraint:Unit . . . . . . . ... .. .. 25
4.4.9 Electricity Consumption Constraint:Plant . . . . . . . ... .. .. 25
4.4.10 Electricity Consumption Constraint:Renewable Generation . . . . . 26
4.4.11 Electricity Consumption Constraint:Industrial Battery. . . . . . . . 26
4.4.12 Electricity Consumption Constraint:FuelCell . . . . . . . . . . .. 26
4.4.13 Electricity Consumption Constraint:Oxygen. . . . . . . . . . . .. 27
4.4.14 Objective Function. . . . . . . . . . ... ... .. .. ...... 28
4415 Flexibility . . . . o o e 28

4.5 Modeling Assumptions . . . . . . . .. .00 e e 30
4.5.1 Proportionality of Materials . . . . . .. ... ... ... ..., 30
4.5.2 Battery and Fuel Cell Parameters. . . . . . . ... .. ... .... 31
453 FuelCell . . . o o o 0o e 32
454 PriceProfile . . . . ... L 32
455 MaterialData . . . . . . ... Lo Lo oo s 32
45.6 Renewable Generation. . . . . . . ... .. ... ... ..., 33
457 HydrogenStorage . . . . . . . . ... ... .0 35
458 SetofFlexibleUnits . . . . . . .. ... .. ... 0. 35

4.6 PowerSystemModeling. . . . . ... ... .. L o o L. 36
4.6.1 Electrical Modeling of ProcessUnits. . . . . . ... ... ... .. 36
4.6.2 Electrical Modeling in Pandapower . . . . . . ... ... ... .. 37

Chapter 5: Results and Discussion 41

5.1 Model Validation and Fixed Price Scenario . . . . . . . . ... ... ... 42

52 LowPriceScenario . . . . . . ... .. oo s e 46

53 PeakPriceScenario. . . . . . .. ... L L oo 47

5.4 AveragePriceScenario . . . . . . ... ... oL 48

55 FuelCell . . .. . o o e 49

5.6 Battery . . . . ..o L e e e e e 51

5.7 Oxygen and EAF Energy Efficiency . . . . . . ... ... ... ...... 53

5.8 SensitivityAnalysis . . . . . . ... .. L e e 54
5.8.1 Initial Amount of Hydrogen in an Average Price Scenario . . . . . . 54
5.8.2 Fuel Cell Operationat Low Prices . . . . . ... ... ... .... 54
5.8.3 Flexibility Under Peak Prices. . . . . . ... ... ... ...... 55

5.9 TimeseriesPowerflow. . . . . . . . . . ... L o oL 57
5.9.1 Normal operation with all transformers inservice . . . . . . . . .. 58
59.2 TX-1OutofService . . ... ... ... ... ... ....... 59
5.9.3 TX-land TX-2OutofService . . .. .. ... ... ... ..... 60

5.10 Steel Plant Impact on High Voltage Grid. . . . . . . ... ... ... ... 61



CONTENTS

6 Conclusion
Epilogue

A Appendix
Al ALGithub. . . . . . . . e
A2 A2:Sharepoint. . . . . . . . . ..o e e e e e e e e
A3 A2:SummaryofResults . . . . . . ... L. L L oo






3.1
3.2

3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

LIST OF FIGURES

Production routes of steel [20] . . . . . . . ..
Simplified Cross Section of a Blast Furnace with three main zones: reduc-
tion, coking, and meltingzone [19] . . . . . . . ... .. ... ... ... ...
Simplified Cross Section of a three-phase electric arc furnace [19] . . . ..
MIDREXDR Shaft[24] . ... .. ... . i i
Cutaway section of a Ladle Furnace[19] . . . . ... ... ... ........
Continuous Steel Slab Caster[26] . . . . .. . .. ... ...
Forming through Rolling [19] . . . .. ... ... ... . ... .. ...,

Summary of Implemented Methodology . . ... ...............
Industrial Process [12] . . . . . .. . . o i
Unit 4 breakdown into smaller sub-units [12] . .. ... .. ... ......
Preliminary Hydrogen Process [15] . . . . . ... ... ... .. ... .....
Hydrogen Reduction Steel Process Diagram . . .. ... ...........
Electricity price profile under peak pricing conditions. . . . . ... ... ..
Electricity price profile under average pricing conditions. . . ... ... ..
Electricity price profile under low pricing conditions. . . . . . ... ... ..
Renewable generation profiles (Solar, Wind, Total) during average price pe-
TOAS. . . o e e

4.10 Renewable generation profiles (Solar, Wind, Total) during peak price peri-

0dS. . e e e e e

34

4.11 Renewable generation profiles (Solar, Wind, Total) during low price periods. 35
4.12 Proposed Radial Network Topology for a Hydrogen-Based Steel Plant . . .

5.1
5.2

5.3

5.4
5.5
5.6
5.7
5.8
5.9

Production Schedule Under a Fixed Price Scenario. . . . ... ... .....
Operational States, Energy Consumption, Material Input and Output, Start-
ing and Ending Batch Cycles for Unit4(Hot StripMill) . . ... ... .. ..
Operational States, Energy Consumption, Material Input and Output, Start-
ing and Ending Batch Cycles for Unit 9(Finishing Mill) . . ..........
Material storage profile forhomescrap. . . . . . ... .............
Material storage profile for annealedband. . . . . ... ... .........
Material storage profile for coldrolled (F). . ... ...............
Total Energy Consumption of the HD-R Steel Plant . . . . ... .......
Production Schedule Under a low Price Scenario . . .............
Total Energy Consumption of the HD-R Steel Plant Under a Negative Price
Scenario . .. ...

5.10 Production Schedule Under a Peak Price Scenario. . . ... .........

39



LiST OF FIGURES

5.11 Total Energy Consumption of the HD-R Steel Plant Under a Peak Price Sce-

NATiO . . o e e 48
5.12 Production Schedule Under an Average Price Scenario . . ... ... .. .. 49
5.13 Total Energy Consumption of the HD-R Steel Plant Under an Average Price

Scenario . ... .. 50
5.14 Fuel Cell: Electricity Generation and Hydrogen Consumption in Low Price

Scenario . .. ... 50
5.15 Average Prices: Battery Charging Rate (Top), Battery Discharging Rate (Mid-

dle), and Battery Capacity Over Time (Bottom) . ............... 51
5.16 Low Prices: Battery Charging Rate (Top), Battery Discharging Rate (Mid-

dle), and Battery Capacity Over Time (Bottom) . ............... 52
5.17 Peak Prices: Battery Charging Rate (Top), Battery Discharging Rate (Mid-

dle), and Battery Capacity Over Time (Bottom) . ............... 52
5.18 Oxygen Storage and Oxygen suppliedtothe EAF . . .. ... ..... ... 53
5.19 Average Price Scenario: Initial Amount of Hydrogen Sensitivity Analysis. . 54
5.20 Sensitivity Analysis of € Value to demonstrate energy offered by flexible units 56
5.21 Total Energy Consumption of Plant under flexible operation .. ... ... 57
5.22 TX-1,TX-2,TX-3 and TX-4 Loading Under Normal Operation .. ... ... 58
5.23 Bus Voltages Under Normal operation . . ... ... ............. 59
5.24 TX-1,TX-2,TX-3 and TX-4 Loading Under When Tx-1 is out of service . .. 59
5.25 Bus Voltages When Tx-1isoutofService . ................... 60

5.26 TX-1,TX-2,TX-3 and TX-4 Loading When TX-1 and TX-2 are out of service =~ 60
5.27 Bus Voltages When Tx-1 and TX-2 are out of Service . ............ 61



2.1

3.1

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

5.1
5.2

5.3
5.4

Al

LIST OF TABLES

Comparison of Literature Based on Flexibility and Decarbonization Attributes 4

Types of Hot Strips and Their Width Dimensions [19] . . . . . ... ... .. 12
Parameters for Electricity Consumption forallunits . . ... ........ 20
Material Storage Data including Initial Amount, Storage Capacity, and Costs 21
Input and Output Proportionality of Materials for All Units . . .. ... .. 31
Battery Parameters . . . .. ... o e 31
Fuel Cell Parameters . ... ... .. ... ... 32
Hydrogen storage technologies by typical duration and capacity [43] ... 35
Unit Flexibility of Process Units in an HD-R Steel Process . . ... ... .. 36
Electrical Load Parameters for Al Units . . . .. ... ............. 38

Impact of Fuel Cell Configuration on Profit, Energy Output, and Hydrogen

UseunderLowPrices. . . . . ... ... . . 55
Flexibility impact on plant performance under peak prices. . . .. ... .. 57
Line Loading (%) Across Different Bus Injection Scenarios . . . . . ... .. 61
Voltage Magnitude (p.u.) for Selected Buses under Different Steel Plant

Connection Scenarios . . ... ... ... ittt 62
Scenarios Generated and Main Results Summarized . ............ 76



xii L1ST OF TABLES
NOMENCLATURE
Symbol Definition Unit
Indices and sets
i Production unit index -
k Material index -
f Final-product index -
r Raw-material index -
t Time-step index, t=1...T -
14 Set of all production units -
X Mutually-exclusive units -
F Flexible-unit set -
Jin Units that consume material k -
ﬂ,?“‘ Units that produce material k -
Funt Uninterruptible units -
H Set of all materials -
Himd Non-storable materials -
F Final products -
Decision / state variables
silt] Start flag of batch in unit i -
e;il1] End flag of batch in unit i -
Xx;[t] On/Off state of unit i -
u;lt] Material input to unit i t
w;[t] Input reduction offered by flexible unit i t
yiltl Material output from unit i t
my[1] Inventory of material k t
;1] Electrical energy used by unit i kWh
M;[t] In-process material in unit i t
L[t Total plant energy demand kWh
Liex!?] Flexible-energy offer kWh
Rpex|1] Flexibility revenue €
Igg[t] Renewable generation kwWwh
len ] Battery charging power kw
lgchlt] Battery discharging power kw
blt] Battery mode (1 charge / 0 discharge) -
Ipc 1] Electricity from fuel cell kWh
Mmy,-rclt] H, fed to fuel cell t
mo,—gar(f] 0O, used in EAF t
lEAF-02[1] Power saved in EAF via O, kWh
hit] Heating flag (CBI — HBI) -
Ihbil] Electric heat for CBI kWh

Hydrogen-process symbols

J

Hydrogen fed to reduction shaft

mol (or kg)



L1ST OF TABLES Xiii
Symbol Definition Unit
Q Stoichiometric H, for reduction mol (or kg)
A Excess-hydrogen ratio, A = J/Q -
Parameters
a; Batch duration of unit i time steps
a; Minimum batch size t
Bi Maximum batch size t
Ci Specific electricity use kWh t!
d; Stand-by electricity kwh
€ Max. fractional input reduction -
Nk Storage capacity for material k t
piul Battery capacity kWh
Binit Initial battery charge kWh
I Max. charge rate kw
Lo Max. discharge rate kw
U Battery charge efficiency -
0 Battery discharge efficiency -
HHVy, Higher heating value of H, kWh t™1
Fceff Fuel-cell efficiency -
0 EAF saving per t Oz kWh t!
Linax Grid-import limit kW
Leool Cooling time HBI — CBI h
T Scheduling Horizon time h
o Production target for product f t
plzl electricity price € kwh™!
pr Price of product f €t
pr Price of raw material r €t!
Pco, Carbon price €1CO;!
Yk Storage cost of material k et!
Q, Q;i, Qpri Big- M constants -







SUMMARY

In this paper, a batch-based industrial load model is used to model the energy system of
a hydrogen-based steel plant. It is formulated in Gorubi as a profit-maximizing Mixed
Integer Linear Programming (MILP) problem. The addition of H2 units to the steel plant
introduces new operational aspects in steel production. This requires energy efficiency
constraints to optimize material usage, considering warm-up time for specific units, and
exploring the impact of a fuel cell system with the plant. The existing industrial load
model is modified and new constraints are added to obtain flexible behavior, where units
have the choice to consume electricity as part of their normal operation or sell the elec-
tricity back to the market. 40 scenarios are generated to optimally manage the energy
consumption of the plant. Sensitivity analysis reveals that a fuel cell has a low impact
on profit in low price periods, hydrogen storage is essential to overcome losses for the
assumed average price , and flexible operation achieves the highest profit when encoun-
tered with a peak price. After obtaining the energy consumption of the units, they are
modeled as loads in Pandapower assuming the worst-case scenario.Then, a time-series
load flow analysis is carried out to validate the rating of the main transformer for the
radial network. Finally, the peak active and reactive power of the plant is modeled as a
static load in a representative European high voltage grid, where load flow reveals that
bus voltages and line loadings depend on the location of the plant in the system.
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INTRODUCTION

1.1. INTRODUCTION

The energy transition is a collaborative platform where nations worldwide are working to
develop and implement sustainable,affordable and reliable solutions.It gained momen-
tum since the climate change agreement in 2015 in Paris, where 196 countries signed a
legally binding agreement to limit the increase in global temperature compared to pre-
industrial times [1]. To meet this target, global cooperation focused on reducing the
greenhouse emissions that contribute to the increase in temperature, and more impor-
tantly, eliminating carbon emissions. Nations are developing road maps to decarbonize
main sectors such as residential, transportation, and industry. While notable progress
can be seen in the residential and transportation sectors, industry fails to stay on track
for 2050 vision. In residential, consumers are opting to purchase electricity from re-
newable generators instead of fossil fuel generators. Mostly, because of cheap electricity
when weather conditions are abundant.In addition, contracting carbon-emitting elec-
tricity is accompanied by a tax that is usually absorbed by the consumer. In transporta-
tion, technological advances in electric vehicles have made it easier to mass-deploy elec-
tric cars worldwide. The International Energy Agency[2] reported that worldwide there
are almost 25 million Battery Electric Vehicles in 2022, greater by almost 9 million cars
compared to 2021. Industry, in particular hard-to-abate sectors such as iron and steel
which is usually faced with risk aversion from investors to address their carbon emis-
sions [3].

Hard-to-abate industrial sectors are Iron and Steel; Chemicals; Heavy-Duty Trucks;
Shipping; Aviation and Others[4]. Their difficulty in decarbonization arises from the
strict requirements in their operation. The challenges associated with industry elec-
trification include electric supply infrastructure costs and constraints, intermittency in
renewable sources that do not align with production hours which could increase the op-
erating prices, and risk aversion from industrial companies [3]. Furthermore, the Inter-
national Renewable Agency (IRENA) [4] has identified technological pathways to decar-
bonize sectors, these pathways include the use of reduced demand and improved energy
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efficiency; direct use of clean electricity; direct use of renewable heat and biomass; indi-
rect use of clean electricity via synthetic fuels; and carbon-dioxide capture, and removal.
These pathways are mapped for each sector and classified based on relevance and readi-
ness. Accordingly, utilizing demand-response and clean electricity can potentially map
a clear decarbonization pathway for the highest emitting sector, Iron and Steel [4].

Iron and steel are global commodities that are employed in almost every sector. Their
demand is expected to increase with increasing quality of life. Accounting for 7% of the
global emissions with 2.6 Gt CO, emissions[5], the current trajectory of the industry in
2050 is 1.1 tCO,/steel when it should be 0.6 tCO,/steel [6].0ne of the most promising
technological pathways to decarbonize iron and steel is to reduce Iron (II) Oxide using
hydrogen [7], known as a Hydrogen based Direct Reduction (HD-R). To realize this route,
it is essential to model the energy and power system of the HD-R steel plant. Further-
more, operational practices such as flexibility and demand response are introduced to
consider electricity prices, which raises the following research questions:

1. What is a suitable model for an industrial steel plant?

2. How can the energy consumption of a hydrogen-based steel plant be optimally
managed?

3. How does the Hydrogen-based steel plant affect a High-Voltage transmission grid
?

The rest of the paper is organized as follows. Chapter 2 reviews recent literature in
flexible operation of steel plants. Chapter 3 background information for the reader re-
garding traditional steel-making. Chapter 4 highlights the implemented methodology
for the energy and power system modeling. Chapter 5 draws on the result discussion
and Chapter 6 concludes the findings of the research.



LITERATURE REVIEW

In this paper, flexibility is defined as the ability of an industrial plant to reduce its energy
consumption to sell it in the electricity market. The response to demand is the ability of
the plant to respond to electricity prices by adjusting its energy consumption schedule.
Therefore, it is important to understand how to model the energy system of a steel plant
and how flexibilty and demand response are deployed in steel plants. In [8], a basic and
flexible Resource Task Network (RTN) was formulated as an MILP was used to evaluate
the flexible operation of a Ladle Furance (LF) in a Blast Oxygen Furnace (BOF) steel pro-
duction route. Flexibility demonstrated production schedules can be met while saving
12000 yuan compared to basic operations. Researchers in [9] developed an MILP that
couples energy scheduling and production process to explore the dispatching potential
of a steel plant. Flexibility was demonstrated by applying load reduction, interruption
and starting times for processes such as the electric arc furnace, air separation system
and the steel rolling line. A resource task network was deployed to efficiently sched-
ule the operation of the EAFs as a form of demand response [10]. The authors in [11]
formulated an optimization model that identifies sources of flexibility based on renew-
able generation, On-site generation, steel process and electricity price. They were able
to quantify the black starting block and determine the appropriate demand response
windows for a 90 MW steel plant in UK. Gholian et al [12], developed a batch-based
smart industrial load model that responds to electricity prices and applied to a steel
plant based in Iran. In terms of employing hydrogen based steel production, authors
in [13] developed an hourly linear cost-minimizing optimization model is implemented
in a hydrogen-based steel production plant to determine cost-optimal operation. Re-
sults demonstrated that the steel production costs reduced by 17% and 23% when the
plant operates in a price-following manner compared to continuous operation. Further-
more, operational costs depend on the electricity mix in the grid. In [14],an open-source
mass and energy flow model to investigate the viability of hydrogen in steel production.
Combining a hydrogen production plant with a direct reduction shaft and an electric
arc furnace, they found that energy consumption in a Hydrogen reduction process is
3.72 MWh/tIS compared to 3.48 MWh/tls from a blast furnace route. More importantly,
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the sensitivity analysis indicated that the efficiency of the electrolyzer has a significant
impact on the energy consumption profile.Vogl et Al [15]. proposed a hydrogen based
steel production plant that is suitable with Alkaline and PEM electrolyzers.The element
of flexibility was demonstrated by varying the hydrogen supply to the reduction shaft
and varying the scarp and Direct Reduced Iron (DRI) ratio in the EAE Authors in [16],
adopted a minute Resource Task Network formulation to model a cost-effective sched-
ule for a Hydrogen based steel plant. This was used to depict the operation based on a
DR Shaft, EAE transportation, Hydrogen production and storage. Powered by a mixed
resource grid, flexibility is investigated in the batch starting time for an electric arc fur-
nace and the scalability of the Proton Exchange Membrane (PEM). Optimal schedule was
determined by employing an MILP model that minimizes cost or production time. The
previous literature highlights operational characteristics for both hydrogen-based and
coke or natural gas powered steel plants.However, they either suffer from at least one of
the following limitations. While The papers in [8]-[12] depict operational characteris-
tics by up to final production units, they assume a coke-based steel plant in their case
study that is not fully dependent clean energy supply. In the other hand, the operation
for Hydrogen-Based steel plants is depicted only until the EAF [13]-[16] without consid-
ering units that further process steel into final products.In addition, only [16], is focused
on capturing the flexibility of the operation, while the rest of the papers are focused on
developing process plants for Hydrogen-based steel production plants.In general, flex-
ible operation can be presented in various forms, it can be in the form managing the
production schedule in response to electricity prices [9], [13], [16], or to incentive black
start capability in downed grids [11]. It can also be a process ability to reduce its con-
sumption responding to high prices [12]. In this paper, flexibility is defined as a process
unit’s ability to have two operation modes in a production horizon. Normal operation
that is based on the traits of any given unit, and flexible operation that carries the same
traits a normal operation, but reduces material consumption as an incentive of selling
back electricity to the grid. A summary of the main differences between the previous
paper and this work can be seen in Table 2.1

Table 2.1: Comparison of Literature Based on Flexibility and Decarbonization Attributes

Sources Demand

Optimal Scheduli All Process Units Hydrogen-Based Steel Battery Fuel Cell

ANANE -2 N N N N NN
AN N N N B N Y
SAxxxx <%\ &
NAX SSSSSSNN
N % X% % NN X% N %
AN N N N N )
W% % X X N % X X X
N % X X % % X X X

This Work

Therefore,the research objectives of the paper are listed below:

* Formulating an optimization model that considers the operational constraints as-
sociated with each process block, and developing the new constraints associated
with integrating the hydrogen plant into the process.
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* Analyze the interactions of clean energy supply, hydrogen production as energy
storage or input to the steel making process, demand from the steel-making pro-
cess block and the consumption from the EV actors based on steel logistics.

* Determining the operational flexibilities for the new process that can offer profit
in the electricity market

2.1. METHODOLOGY TO ADDRESS RESEARCH QUESTIONS

2.1.1. WHAT IS A SUITABLE ENERGY MODEL FOR AN INDUSTRIAL STEEL
PLANT?

The first step is to distinguish between the traits of an industrial load from a residential
load [12]. In residential loads, the design factors include peak load shaving, time-shift
for the loads, pricing tariffs, renewable generation, energy storage, interruptible and un-
interruptible loads. The same traits are found in an industrial load, with the addition of
sequential operation, load dependency, size of the batch cycle, number of batch cycle for
a process unit, material flow into the process unit, material balance between units, ma-
terial storage, final product produced, and by-products. By adopting the industrial load
framework in [12], a steel plant can be modeled as a smart industrial load. This question
is first validated by investigated the scheduled energy consumption of the plant, and en-
suring that each unit behaves according to the definition of an industrial load and their
is a sequential operation in the steel plant.

2.1.2. HOW TO OPTIMALLY MANAGE THE ENERGY CONSUMPTION OF A HYDROGEN-

BASED STEEL PLANT UNDER VARIOUS PRICE SCENARIOS?

Integrating a H, plant to a steel process introduced new operational constraints and new
ways to explore energy management. The H, plant modeled in this paper is from the
works of [15]. Accordingly, a fuel cell is adopted to convert stored Hydrogen to elec-
tricity.Which requires mathematical constraints such as production rate, efficiency, and
capacity. The parameters will be selected from existing manufactured fuel cells. The H;
plant will adopt the same framework in [12], and specified according to energy efficiency
techniques adopted from literature [15], [17]. Furthermore, O, supply to the Arc Furnace
to reduce the energy consumption is modeled according to the works of [17] . After the
Hydrogen-Based steel model is modeled, pricing scenarios are addressed by considering
three profiles. They are profiles that each include low, average and peak prices, which are
used to answer how a Hj steel plant owner can optimally manage their energy consump-
tion.

2.1.3. HOwW DOES THE HYDROGEN-BASED STEEL PLANT AFFECT A HIGH-
VOLTAGE TRANSMISSION GRID?

The profit maximization- produces an energy consumption schedule based on electric-

ity prices. Furthermore, it produces the energy production of the battery and fuel cell.

These values are converted to power and modeled in pandapower. Its important to un-
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derstand the electrical elements of each of the units. Therefore, a review on the electrical
model is conducted by referring to literature and manufacturer datasheet of the process
units. A network topology is proposed for the steel plant and static power flow analysis
based on the rated power of each unit is carried out. This is carried out to ensure that
in the worst case scenario, the main transformer is not overloaded and the bus voltages
are operating within acceptable limits. After this is verified, the active and reactive peak
power is modeled as a load in a typical European high voltage grid, to understand the
impact of the plant on line loadings and bus voltage magnitude.



BACKGROUND

3.1. STEEL PRODUCTION ROUTES

Steel is a crucial material that is traded globally with a practical use in every sector. The
consumption of steel can be found in car manufacturing, construction, machinery, ap-
pliances, infrastructure, and almost every aspect of our lives. The latest report from the
World Steel Association reports that in 2022,to produce one tonne of crude steel cast,
20.99 GJ of energy was consumed, which emitted 1.99 tonnes of CO; [18]. Its produc-
tion is a high capital energy intensive process that is failing to avoid carbon emissions.
This is mainly because of risk aversion from steel investors, since the overall process of
producing steel has more or less remained the same since its discovery.

Steel is an iron-carbon compound that has less than 2.06 % of carbon content [19].
The primary constituent in producing steel is iron, which naturally exists as iron ore
(Fe»O3).Nowadays, steel is mainly produced from iron ore through reduction or smelt-
ing in a Blast Furnace(BF-BOF). Another common way of producing steel is through the
Electric Furnace (DR-EAF), which reuses scrap steel or inputs DRI and produces liquid
steel. The EAF method is usually adopted by smaller steel plants that produce less quan-
tities of steel compared to BEThis route uses a DR Shaft and natural gas a reducing agent
which makes it less emission intensive compared to the BF-BOF route. The DR Shaft is
also applicable in Hydrogen based steel, where Hydrogen is used as a reducing agent to
produce DRI, this route is known as the Hydrogen Direct Reduced (HD-R DR) route [20].
Figure 3.1 presents a brief overview of steel production routes and known materials.

7
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Figure 3.1: Production routes of steel [20]

3.1.1. BF-BOF ROUTE

In the BF route,the first step is to extract iron from iron ore to produce pig iron. As shown
in Figure 3.2, this takes place by inserting iron ore pellets, coke and limestone from the
top of the blast furnace [19]. The coke acts as a reducing agent that reacts with the oxygen
in the ore to produce carbon monoxide and pig iron. The pigiron settles at the bottom of
the blast furnace with the impure constituents forming on top of the pig iron, because it
has a lower density. The impurities are removed by the limestone and leave the furnace
in the form of liquid slag.

ElaSt Ore, coke, limestone
urnace
Blast 14 U4 Blast
Furnace Furnace
Gas Gas
Reducing zone

Carbonization Zone

1800 °C

F N Y

Blowing ===p 2000 °C «===Blowing

Slag
Pig iron

Figure 3.2: Simplified Cross Section of a Blast Furnace with three main zones: reduction, coking, and melting
zone [19]

Melting zone
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The pig iron steel contains carbon content that is higher than 2%, which requires
further processing [19]. This is carried out in the blast converter, where oxygen is blown
into the pig iron (liquid) to oxidize the carbon. The output is now raw liquid steel, and
once again limestone is added to remove impurities.

3.1.2. DR-EAF ROUTE

[18]. The EAF melts steel melting raw material such as steel scrap, Direct Reduced Iron(DRI)
or both [15], [21].Melting takes place by producing an arc at High current and low volt-
ages [22]. There are various types of furnaces such the arc furnace, induction furnace,
resistance furnaces, electron beam furnace, or plasma furnace [23]. Nowadays, more
than 90% of steel mills utilize the arc furnace to produce steel batches up to 200 t [19]
. Fig. 3.3 shows a closed cross section of a three-phase electric arc furnace. Steel scrap
carried in baskets is loaded (charging) into the furnace from the top, the top lid is then
closed. Graphite-electrodes begin to move down and generate an arc between the steel
scrap and the electrode, which is used to melt the scrap at 1800°C. The length of the arc
depends on the input voltage which requires tap-changing [22]. The graphite- electrode
is either carrying an AC or DC current, which takes 30 to 70 minutes to melt the steel
scrap completely. The liquid steel is then discharged from the enclosure into a ladle
where the next stage of processing begins.

Almost 28% of steel production of took place in 2022 via the Electric Arc Furnace route -

Electrodes

Bottom
discharge

Slay
\ g

Crude steel

casting Oven vessel,

tiltable

Three-phase electric arc furnace

Figure 3.3: Simplified Cross Section of a three-phase electric arc furnace [19]

3.1.3. DR SHAFT

A steel manufacturer may opt to purchase DRI or produce it in-house when they are pro-
ducing steel via the EAF route. To produce DRI, naturally mined iron-ore is supplied to
the DR Shaft along with a reducing agent to produce DRI. The reducing agent is usu-
ally natural gas, but cleaner routes are identified through Hydrogen [21]. Furthermore,
the iron-ore feed in this process should be classified as high-grade. Figure 3.4 shows a
MIDREX DR Shaft process design.
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Figure 3.4: MIDREX DR Shaft [24]

3.1.4. HD-R DR ROUTE

Steel produced with hydrogen is identified as one of the most promising routes in de-
carbonizing the steel industry [14], [15]. In the production of DRI, hydrogen replaces
natural gas as a reducing agent and produces water as a by-product instead of CO» com-
pared to the DR-EAF route. The carbon emission intensity of this route depends in the
electricity supply in the electrolysis process. This route is yet to be seen on a commercial
level. However, the Hybrit project in Sweden is currently operating in a pilot stage and is
expected to produce green steel commercially in 2026 [25].

3.2. POST-TREATMENT OF STEEL

3.2.1. LADLE FURNACE

Whether it is liquid raw steel coming from the blast furnace or the electric furnace, the
ladle furnace is required to post-treat the steel. After liquid steel is produced, its poured
into a ladle as shown at the bottom left of Figure 3.3. The post-treatment of this pro-
cess begins in a ladle stand where the temperature of the liquid steel is maintained and
carbon content is set [19]. A more detailed diagram of the ladle furnace is shown in Fig-
ure ?2, the three bars are electrodes that produce the arc that is used to maintain the
temperature of the melt.
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Ladle furnace

Figure 3.5: Cutaway section of a Ladle Furnace[19]

3.2.2. PRIMARY CASTING

Primary casting or "primary shaping" is a process that shapes the liquid steel by crys-
tallizing the liquid metal to its solid state. There are mainly two ways of casting metals,
which are ingot or continuous casting. Currently, more than 90% of steel products are
made through continuous casting, and one of the most common shape that is produced
is steel slab [19]. Figure 3.6 shows a continuous steel slab caster that operates in batches
[26]. Its liquid steel capacity is bounded by the casting limit which sets the processing
requirements for molten liquid.

Molten steel carrier
Molten steel
poured into’
the tundish

Heat-resistant material

Tundish

Molten steel cooled down to become

Nozzle solid steel piece called slab

under the tundish

Siab

L

Figure 3.6: Continuous Steel Slab Caster[26]
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3.2.3. FORMING

In general, forming is practically deforming, which takes advantage of metals and alloys
ability to temporarily deform elastically due to external forces[19]. Its to intentionally
tailor a geometric shape from an existing form to a new one. Various methods of forming
exist, a few common ones are forging, flow pressing, extrusion, rolling and deep drawing.
Particular focus is given to rolling, which produces steel that serves industries such as
the maritime, automotive, railway, water infrastructure, and many more applications.
Rolling is a pressure forming process that has two or more rolls that rotate in opposite
directions. The rotating smooth rolls accepts a steel to narrow its cross-section. The
basis of forming through rolling can be seen in Figure 3.7.

Figure 3.7: Forming through Rolling [19]

3.2.4. HOT STRIP ROLLING

As the name suggests, in hot strip rolling, the alloy or metal has to reach a temperature
higher than the recrystallization phase.Hot strip is produced with a thickness of 0.8-25
mm [19]. Considering the width, narrow, medium, or wide strip can be produced. The
requirements for each strip are shown in Table 3.1. In general, the process accepts cast
and rolled slabs and iterates multiple times to produce hot strips. There is an option of
connecting a hot rolling line directly to the casting plant, which allows low expenditure
production of hot band steel from a continuous casting plant with approximately 70 mm
thickness. By connecting the output process to a skin pass mill, it is possible to obtain
a flat perfect strip and unify the yield points [27].As a result, a completed product, Hot
Band is produced [12].

Type of Strip Width Dimension (mm)

Narrow Strip < 100 mm

Medium Strip 100 mm - 600 mm
Wide Strip 600 mm — 2300 mm

Table 3.1: Types of Hot Strips and Their Width Dimensions [19]
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3.2.5. COLD STRIP MILL

To produce cold strip, the produced hot strip can be further processed by industrial
units. For most cold rolled products, the first step is to pass the hot strip through a pickle
line to eliminate impurities and rust from the metal surface [28][12]. Then, the semi-
finished steel is processed through a cold rolling mill to produce steel with a thickness
below 1 mm. After the cold rolling mill, the next step is to anneal the steel, which is a
heat process that makes it easier to work with the metal [29][12]. It alters the physical
and sometimes the chemical traits of a metal to increase its ductility and minimize the
hardness. At this stage, the output material is called an annealed band, it undergoes one
last process before a finished product is ready, which is the finishing mill. This process is
to adjust the final product based on geometry, material and delivery condition[19]. It in-
volves steps such as cutting, surface treatment, machining the edges, straightening and
quality control sampling. The finished product is called Cold Rolled [12].

In general, both hot-band and cold-rolled steel serve multiple industries. One of
these industries that relies on products is the automotive industry. Hot Band or Hot
Rolled is used in car parts such as wheel rims and frames [30] [31]. On the other hand,
Cold Rolled is used to design structural and body parts [32] [33].







METHODOLOGY

The methodology implemented in this paper is briefly summarized in Figure 4.1. The
energy system model for the HD-R Steel process is formulated as a Mixed-Integer Lin-
ear Programming optimization problem in Python 3.11.10 solved using Gorubi [V12.0.0]
on a university PC. Dashed arrows are variable while whole arrows are fixed. Unit pa-
rameters consists of batch cycle, energy consumption, maximum and minimum capac-
ities.Material proportionalities are fixed values that determine the input and output of
materials in a unit. Fuel cell and battery parameters are assumed to be installed in the
plant location with a known rating. Solar and wind generation profiles are obtained
from [34], [35]. A solar/wind park with a known installed capacity is assumed, but be-
cause of weather dependency, the input is variable. The energy system model accepts
the above input and produces the optimal production schedule for the steel plant for a
known schedule horizon. Then, a power flow analysis is conducted in PandaPower to
validate the proposed network topology [36]. This is possible when the known solar and
wind generation profiles are inputted into Pandapower as well. After optimization, the
battery and fuel cell output within the schedule horizon are modeled as generators in
PandaPower. The energy profile of all the steel units within the plant are modeled as
loads, and the known solar and wind profiles are modeled as generators in Pandapower.
The proposed network is validated by ensuring that the bus voltages are within accept-
able limits and that the transformers are not overloaded. Then, the peak consumption of
the plant (worst-case scenario) is modeled as a load on a representative European high-
voltage grid.Consequently, load flow analysis is carried out to investigate how the peak
consumption affects the bus voltages and line loadings on the grid.

15
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Figure 4.1: Summary of Implemented Methodology

The HD-R energy system model is created by adopting the batch-based industrial
process model in [12]. This is an existing model for a steel plant operating in a batch-
based process. The H; plant is adopted from [15] and integrated into the industrial steel
model. The model is also specified for steel production by introducing more constraints
related to the effects of integrating the H, plant. A flexibility model that is applicable
to batch-based processes is introduced to highlight that grid-friendly behavior does not
compromise production.

4.1. INDUSTRIAL LOADS

A steel plant operation is a batch process operation where industrial units where work
collectively to produce a final product [12],[19]. To model the behavior of such an in-
dustrial load, its characteristics must be understood and captured accurately. To achieve
this, the electrical operation for a steel plant is modeled according to the industrial smart
load in [12]. This load is designed according to the following factors, peak load shaving;
time-shift for the loads; pricing tariffs; renewable generation; energy storage; interrupt-
ible and uninterruptible loads; sequential operation; load dependency; size of the batch
cycle; number of batch cycle for a process unit; material flow into the process unit; ma-
terial balance between units; material storage; final product produced; and by-products.
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4.1.1. INDUSTRIAL UNIT

An industrial unit is the building block of a plant operation that operate collectively to
produce products. These units work together in a batch processing manner by consum-
ing materials and energy to process materials further or deliver a final product. While
processing, they also release energy to the environment and emissions. In figure 4.2, an
industrial process is working collectively to produce materials mg and mg.A unit can be
represented by a rectangle or a circle, which means its uninterruptible or interruptible,
respectively. Materials m;, m; and my are raw materials that are fed into a unit to pro-
cess the materials further, they are represented by a dotted line to highlight that they can
be stored at anytime. Unlike material ms, which is represented by a bold line, because
of characteristics such as temperature or pressure or other process engineering factors,
material ms cannot be stored and has to be processed as soon as it is produced. The
number inside the bracket for each unit is the time it takes to complete a batch cycle
(i.e. to process input material(s) and output material(s)). For example, unit 2 requires
two time slots to produce materials ms; and my. Material m3 is used as an input to units
4 and 2 which means that the units can work at the same time or not. Material m, is a
byproduct from unit 2 that can be reused as a feed to unit 1.
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Loss. z __
m_9 .
S g ==sm_B--P Final Prod.
I (2] L m_8 .
m_9 s — —
L “m_3-deea 2 —m_5—P__ 2) }-m_6% Final Prod.
-=-m_2-- ===-m_4--p (2] Fem_2- N - _n'l_ﬁ_ —
A - l il A

Figure 4.2: Industrial Process [12]

Without compromising quality, a unit can be broken into a small subunit to unlock
new operational capabilities. For example, in figure 4.3, the unit is broken down into two
sub-units 4a and 4b. If unit 4a is operational, it assumes the role of unit 4, and operates
at full capacity and two time slots to produce material mg. If unit 4b is operational,
it can work at half capacity to produce material mg in one time-slot. The dotted line
between the units highlights that they are mutually exclusive. When a unit is broken
down, it is presumed that that unit can exhibit demand response by reducing its material
consumption, which leads to a decrease in electricity consumption.
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Figure 4.3: Unit 4 breakdown into smaller sub-units [12]

4.2. HYDROGEN PLANT

In [15], a preliminary Steel Making Process through Hydrogen is highlighted in Figure
4.4.This process depicts the production route of Direct Reduced Iron (DRI) or Hot Bri-
quette Iron (HBI), which is fed into the Electric Arc Furnace (EAF). The process is com-
parable to the blast furnace production route, whereas in this process hydrogen is the
reducing agent.

ron ore pellets
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Figure 4.4: Preliminary Hydrogen Process [15]
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To determine the amount of hydrogen required for the reduction process, the sim-
plified chemical reactions in 4.3 for the preliminary hydrogen process is implemented
[15].

1 k
Hzo(g) — Hy + —02 AHp =+242 —I 4.1)
2 mol
kJ
Fe, O3+ 3H, — 2Fe + 3H20(g) AHp =+499.5 —1 4.2)
mo
Fe, 03 +H, — 2FeO + HZO(g) (4.3)

The reaction is endothermic which it means energy needs to be supplied to carry out
the reduction. The reaction enthalpies are shown for the main reactions. The first reac-
tion is takes place in the electrolyzer, which is the amount of energy required to break-
down the water into hydrogen and oxygen molecules. The second reaction takes place in
the reduction shaft, where iron (II) oxide is reduced iron. To produce 1 ton of Direct Re-
duced Iron (DRI), almost 54.16 kg of Hydrogen is required. If excess hydrogen is supplied
to the DR shaft, thermal requirements are minimized, which improves the efficiency of
the process, which can be represented by equation 4.4 [14], [15]. Where ] is the H, feed
to shaft and Q is the amount of H required to complete the reduction of iron ore.

mol

mol

(4.4)

z
Q

4.3. HD-R STEEL PRODUCTION

The HD-R steel process for cold rolled and hot band steel can be seen in figure 4.4. Losses
from units are stored in red blocks. Green blocks represent the storage for final products,
and yellow blocks represents materials that can be used as a final product or a feed to any
of the other units. Table 4.1 shows the minimum and maximum capacities and electrical
energy consumption parameters for each unit. Units 1-9 are standard units that are used
to produce steel, while units 10-13 are the main blocks of the hydrogen plant that is used
to produce DRI. @; and S; represent the minimum and maximum capacity for each unit.
The electricity consumption parameters c; and d; are in kWh/tonne and kWh, respec-
tively. d; is the stand-by electricity consumption for each unit.
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Figure 4.5: Hydrogen Reduction Steel Process Diagram
4.3.1. UNIT PARAMETERS

Energy consumption parameters for each unit assumes heat energy is electrified and
part of the ¢; and §; parameters in Table 4.1. Note that these units are not rated/sized,
rather they are represented by their tonne production value and a standby electricity
consumption.

i | Unit Name a; (tonne) | B; (tonne) | ¢; (kWh/tonne) | d; (kWh) | References
1 | Arc Furnace 10 100 494.000 24.7 [12], [13]
2 | Ladle Furnace 8 80 37.500 0.278 [12]

3 | Slab Caster 30 300 55.000 0.278 [12]

4 Hot Strip Mill 100 1000 284.167 0.278 [12]

5 | Skin Pass Mill 4 40 13.056 0.278 [12]

6 Pickle Line 40 400 63.333 0.278 [12]

7 Cold Mill 40 400 94.444 0.278 [12]

8 | Annealing Line 60 600 38.889 0.278 [12]

9 | Finishing Mill 40 400 50.278 0.278 [12]
10 | DR Shaft 20 100 322.000 16.1 [14], [15]
11 | PEM 0.5 2,7 56760.000 1187.5 [14], [15]
12 | Condenser 0.5 10 86.29 1 [14], [15]
13 | Electric Heater 0.5 2.7 216.75 10 [14], [15]

Table 4.1: Parameters for Electricity Consumption for all units
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4.3.2. MATERIAL PARAMETERS

Table 4.2 presents the initial amount of material at t=0, the storage capacity associated
with each material in tonnes, its cost of storage (€/tonne), and the cost of consuming
raw materials.Materials that cannot be stored are set to have a capacity of 0.For all sce-
narios, Cold Rolled (F) and Hot Band (F) are final product materials that constitute the
main revenue stream.Oxygen(k=26) is a byproduct of electrolyzing water which can be
used to reduce energy consumption at the Electric Arc Furnace, or as a revenue material
that can be sold to combustion-based processes, fishery or the medical industry [14],
[15], [37].Furthermore, Within the steel plant, oxygen can be supplied to the EAF to re-
duce its energy consumption. Which requires approximately 40 tonnes to reduce the en-
ergy consumption of an EAF by 22% [17]. If oxygen were to be set as a revenue material,
its price can be assumed to be €60.8/t.If Oxygen was to be defined as a revenue material,
its necessary to address its storage costs. Assuming liquid storage, the Levelized Cost of
Liquefying Oxygen (LCOLO) is €0.04-0.334/kg. This explores the economic viability of
liquefaction units and electrolyzers. In this study, the cost of storing Oxygen is assumed
to be €0.04/kg since the maximum energy consumption from the PEM is around 153
MWh.With respect to water, Purification is essential to carry out electrolysis. The cost of
water storage at $0.004/ Hokg is incorporated in the the cost of storing Hydrogen [38].

k | Material Name Initial Amount | Storage Capac- | Storage Cost | Material Cost | References
(tonnes) ity (tonnes) (Euro/tonne) (Euro/tonne)

1 | Home Scrap 10000 20000 0 0 [12]

2 | Purchased Scrap 20000 20000 0 180 (121, [15]

3 | Direct Reduced Iron 0 20000 276 0 [12]

4 | Lime 20000 20000 0 100 [12]

5 | Alloys 20000 20000 0 1777 [12], [13], [15]
6 | Refractory 20000 20000 0 9.1 [12]

7 | Electrode 20000 20000 0 4000 [12], [13], [15]
8 | Liquid Steel 0 0 0 0 [12]

9 | Carbon 20000 20000 0 10 [12], [15]
10 | Treated Steel 0 0 0 0 [12]

11 | Cast Steel 0 20000 0 0 [12]

12 | HotBand 0 20000 0 0 [12]

13 | Hot Band (F) 0 20000 0 600 [12], [39]
14 | Pickled Band 0 20000 0 0 (2]

15 | Cold Rolled 0 20000 0 0 [12], [40]
16 | Annealed Band 0 20000 0 0 [12]

17 | Cold Rolled (F) 0 20000 0 750 [12]

18 | Losses 0 20000 0 0 [12]

19 | Losses 0 20000 0 0 [12]
20 | Losses 0 20000 0 0 [12]
21 | Losses 0 20000 0 0 [12]

22 | Losses 0 20000 0 0 [12]
23 | Hydrogen 0 20000 1888 0 [14], [15]
24 | Heated Hydrogen 0 0 0 0 [14], [15]
25 | Water Vapor 0 0 0 0 [14], [15]
26 | Oxygen 0 20000 40 60.8 [14], [15], [37]
27 | Iron Ore 10000 20000 0 100 [13]-[15]
28 | Water 10000 20000 0 4.2 [14], [15]
29 | Losses from SF 0 20000 0 0 [14]

Table 4.2: Material Storage Data including Initial Amount, Storage Capacity, and Costs
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4.4, MATHEMATICAL FORMULATION

The decision variables,parameter along with the set of variables are listed in the nomen-
clature .

4.4.1. BATCH CYCLE’S START AND END TIME CONSTRAINTS
To keep track of the starting and ending time for a batch cycle in a unit i, constraints 4.5
and 4.6 are introduced, with s; [0]=e;[0]=0 as an initial condition for each unit i.

0=s;t]—-s;[t—=1]1<1, ViVt (4.5)

O<e;ltl—eilt—1]=<1, ViVt (4.6)

When s;[f]- s;[£-1] =1, a new batch cycle begins for unit i and when e;[t]- e;[#-1] =1,
unit i finished batch cycle. To ensure that unit does not begin a new cycle when it has an
ongoing cycle,constraint 4.7 must hold.

0<s;[f]—ei[t—1]<1, ViVt 4.7)

When s;[f]-e ;[f] =1, a unit’s batch cycle is still in progress. When s;[t]-e ;[f] =0, the
unit’s batch cycle have finished before or at time t.It is also important to that all batch
cycles end and do not start at the scheduling horizon T, which is ensured by constraint
4.8.

si[Tl =e;[T], Vi. (4.8)

Consequently, the last time slot in the scheduling horizon T is used for finalizing and
delivering the steel products, which means that no unit shall operate at the end of the
horizon.This is enforced by constraint 4.9 is implemented.

X [T =0, Vi. 4.9)

4.4.2. BATCH CYCLE’S OPERATIONAL CONSTRAINTS

Throughout the production horizon, a unit may or not operate , which is denoted by
variable x;[t], which has to be related to variables s;[#] and e;[f]. Therefore, let parameter
a; be the number of time slots required to complete a batch cycle for unit i. For any unit
i, its batch cycle operation can be depicted using constraints 4.11 and 4.10.

t

(siltl-Da;+1=< ) x[jl<s;[t]-a;, ViVt (4.10)
j=1
t
eiltl-a; <) x[jl< (e[l +Da;—1, Vi Vr (4.11)
j=1

Constraints 4.10 and 4.11 ensure that when a unit is switched on at time t, it remains
on for the duration of its batch cycle, while respecting the starting and ending time for a
unit.
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4.4.3. EXCLUSIVE OPERATION AND VARIABLE-LENGTH BATCH CYCLES CON-

STRAINTS
In an industrial process, some units are mutually exclusive (i.e they cannot operate at
the same time) which belong to the set X, which is depicted in constraint 4.12.

Y xlil=1, VX,V 4.12)
ieX
Constraint 4.12 can be broken down further by considering the maximum (8;) and
minimum (a;) capacity of a unit. Recall from Figure 4.3, when a unit is broken down
into smaller units, sometimes new operations are unlocked.To enable a variable-length
batch cycle for unit i, constraint 4.12 is applied to unit 4, which is shown in inequality
4.13.

Xaalfl +Xgplf] =1, VI (4.13)

To elaborate further, when unit 4a is operating, its the same as unit 4 is operating
(a4, P4, and a4 remain the same). When unit 4b is On, ay4, B4, and a4 are halved. This
relationship is can described using equation 4.14.

Baa=Pa, Papr=1/2P4, aza=a4, ag, =1/2a4. (4.14)

4.4.4. INPUT AND OUTPUT TIMING CONSTRAINTS

A unit may accept material if and only if it begins its batch cycle. In addition, it can only
output material if and only if its batch cycle has ended. It was previously mentioned
that a unit begins a new batch cycle only when s;[f]-s;[f — 1] = 1 and finishes a batch
only when e;[¢]-e;[f — 1] = 1. Accordingly, constraints 4.15 and 4.16 are implemented to
comply with the input timing when a unit begins a new batch cycle and output timing
when it finishes its batch cycle. It also incorporates maximum and minimum capacity to
ensure that for unit capacities are not breached.

u;lt] = (s;[t]—s;[t—-11) B;, Vi, V¢ (4.15)

u; [t = (siltl=silt=1Da;, Vi, Vit (4.16)

Furthermore, to satisfy the right timing of output for any unit i, constraints 4.17 and
4.18 are adopted, where Q4 is a number that should be greater than the largest maxi-
mum capacity (f;) of all units.

yilt+1]=0, Vi Vi<T. (4.17)

Vilt+ 11 < Qeap (ei[1] —e;[t—11), Vi, Vi<T. (4.18)

It is also important that any unit i does not produce material at the beginning of the
scheduling horizon,i.e at time slot t=1. Which is represented in constraint 4.19.

yill]=0, Vi. (4.19)
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4.4.5. MATERIAL BALANCE AND PROPORTIONALITY CONSTRAINTS

In general, material balance means that the amount of material entering a unit i must be
equal to the amount of material that leaves a unit i in a batch cycle. This also includes
the losses when materials are processed. It should stand for a uniti, and among all units
in the plant. Constraint 4.20 ensures that the total amount of material that enters a unit
i is equivalent to the total amount of material that leaves unit i.

13 3
0= wljl-) vilj+1=QQ-eilt]l+elt—1]), Vi,Vt<T. (4.20)
j=1 j=1

To ensure that material balance is valid across all the units, constraint 4.21 must hold.

melf] =mele-11+ Y qfyilel - Y rFuila, v ve (4.21)

i e out ;o 7in
el el

Constraint 4.21 is applicable to all materials, whether they can be stored or not.
Varaible m[0] is initial amount of storage for all materials k at the beginning of the pro-
duction process. In the second expression, qf yilt] is the proportionality of material k

that is produced from the set of units I,?’” that output material k. Similarly, r{c is the pro-
portionality of material k that is fed into the set of units I]"C” that output material k. It is
important to note that for each uniti, }_jc ri.c =land Y jcn qf =1.

4.4.6. MATERIAL STORAGE

For any material k that can be stored, its maximum capacity cannot be exceeded. Ac-
cordingly, constraint 4.22 is implemented to ensure that storage capacities are not voided.
Where 7 is the maximum storage capacity for material k.

0=mlt]l<ng, Vk Vi (4.22)

Previously, it was mentioned that some materials cannot be stored and have to be
processed immediately. As a result, constraint 4.23 is introduced to address such mate-
rials that belong to set #jnq.

Nk=0, YkEHimnd. (4.23)

Finally, to set a production requirement such that final products are produced at the
end of the scheduling horizon (T), constraint 4.24 is implemented. Where ¢ ¢ is the min-
imum production requirement and % is the set of materials are final products.

ms[T] =, VfeF. (4.24)

4.4.7. UNINTERRUPTIBLE UNITS CONSTRAINT

As mentioned in section 4.1.1, the operation of units that are represented by a rectan-
gle cannot be stopped once their batch cycle has started, while a circled unit’s operation
can interrupted and resumed at a later time. Since a unit’s batch cycle can only start if
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and only if s;[t]-s;[t-1] =1, it should ensure that x;[t]=x; [t+1]=...x;[t+a;-1]=1 for all unin-
terruptible units. Additionally, this constraint should be bounded between t=1 and t=T-
a;+1 such that all batch cycles finish before the scheduling horizon. The mathematical
representation for this constraint is in equation 4.25.

siltl—si[t—1<x;[t+j], Vi€ Iy, Vi€l T—jl. (4.25)

Where j=0,1,2,...a; — 1 for all uninterruptible units.
4.4.8. ELECTRICITY CONSUMPTION CONSTRAINT:UNIT
The electricity consumption of a unit depends on the amount of material it processes

in a batch cycle. Any unit i consumes raw or semi-processed material(s) and produces
semi-processed or output material (s), as shown in equation 4.26.

t t
Miltl =) uiljl - ) viljl, Vi Vt. (4.26)
j=1 j=1

Relating the equation 4.26 to electricity consumption, constraints 4.27 and 4.28 are

introduced, where parameter c; is an electricity consumption parameter that is in [kWh/tonne],

and parameter d; is a standby electricity consumption parameter in [kWh], it represents
the standby electricity consumption for all parameters.In this constraint, Q; is a large
enough number that is selected to be slightly greater than the value of the greatest prod-
uct between the maximum capacity of a unit and its electricity consumption parameters.
Mathematically, when x; [t] = 0, Q. has to be larger than the term c; M;[t] + d; to activate
constraint 4.27. When x; [t] = 1, constraint 4.28 is activated and the energy consumption
of a unit depends on the amount of material that is processed in its batch cycle.

L;[t1=d;, Vi, Vt (4.27)

Li[t] =c; -M;[t] +d; — Qe - (1 —x;[£]), Vi, Vt. (4.28)

4.4.9. ELECTRICITY CONSUMPTION CONSTRAINT:PLANT

Equation 4.29 is the demand profile of the plant operation, which is represented by the
summation of the electricity consumption for all units at time t and the background load
(Ipack(2]) of the plant. The background load represents lighting, sockets, office loads...
etc.

Ll = ) L8] +1packlt], V2. (4.29)
i€V
Equation 4.29 can be reformulated to include an industrial battery (o1, [#] & 141,21,
renewable on-site generation (Ige[]), and a fuel cell(/f.[]) as shown in equation 4.30.
The subsequent sections explain the origin of these variables.

Lit) =Y Lile] +lpack[#] = IRg[£] = lacn (] = lec[ 2] +1enle], V2. (4.30)
eV



26 4. METHODOLOGY

Furthermore, at any time t, the plant consumption should not exceed the maximum
grid connection imposed by the grid operator. This is ensured by constraint 4.31.

L[#] =Lmax, VL. (4.31)

4.4.10. ELECTRICITY CONSUMPTION CONSTRAINT:RENEWABLE GENERA-
TION

Ige(t] is the summation of the solar lg,;,,[f] and wind generation [,,;,4[¢] at time t as

shown in equation 4.32.

Ire(#] = Isolar [£] +lwinal£] (4.32)

4.4.11. ELECTRICITY CONSUMPTION CONSTRAINT:INDUSTRIAL BATTERY

Lo, [t] and 14,5 [¢] are decision variables that represent the charging and discharging rate
for the industrial battery at any time t, respectfully. To ensure that charging and discharg-
ing does not occur simultaneously, constraints 4.33 and 4.34 are introduced. Where b|[¢]
is a binary decision variable that indicates whether a battery is charging or discharging,
if b[#] = 1, it charging up to it maximum charging capacity (I3;*™). If b[#] = 0, the battery

is discharging up to its maximum discharging capacity (I35

0<len[f] <sb[s]- 1}, Vit (4.33)

0 <lgen(t] < (1=blD 155, V. (4.34)

Furthermore, charging cannot take place when the battery is full and the battery can-
not discharge when its empty. Accordingly, constraint 4.35 is implemented where y and
6 are the charging and discharging efficiencies, respectfully. B/*// is full charge capacity
and B! is the initial battery capacity.

i t
0<BM 4 Z - len 1 -6 lgenlj1) < BML v, (4.35)

4.4.12. ELECTRICITY CONSUMPTION CONSTRAINT:FUEL CELL

In a fuel cell,Hydrogen and Oxygen react to produce electricity and water. This means
that the material proportionality constraint 4.21 should be specified for Hydrogen, Oxy-
gen and water. Constraints 4.36, 4.37 and 4.38 capture the material consumption and
production for a fuel cell. Where myy»_pc(?] is a decision variable that tracks the amount
of Hydrogen used to generate electricity at any time t. In constraint 4.37, the term 8-
myp-rc is the amount of oxygen used in a fuel cell in terms of hydrogen consumption,
which needs to be subtracted from the oxygen storage. The same is applicable to the wa-
ter produced from the cell in constraint 4.38, the term 9 - myj2-rc is the amount of water
produced in a fuel cell in terms of hydrogen consumption that is circulated back to stor-
age. The values 8 and 9 can be verified by means of stoichiometric calculations for the
fuel cell reaction. It is assumed that the water circled back to storage does not require
any purification.
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mppltl =mp(t—11+ Y. qi%-yiltl— Y 1% ult] —muppclt], Yt (4.36)
ey el

moz[f] =mop[t—11+ Y. qP2-yi[t]— Y 192 w;lt] - 8-muprclt], Vi  (4.37)
1'6183t ze[‘“

mypolf] = mpolt -1+ ) qH20 yiltl = Y IHZO ilt1+9-mpppclt], Vi (4.38)

out in
i€lio i€lipg

The generated electricity (Izc [£]) from a fuel cell can be calculated by using equation
4.39. Where HHVyy, is the Higher Heating Value of Hydrogen and FC® is the fuel cell
efficiency. Since Hydrogen is the energy content reactant and needs Oxygen to produce
electricity, it is assumed that oxygen is not a limiting reactant in the fuel cell operation.

lrc[f] = mpp_pclt] - HHVy, -FCH, v 1, (4.39)

4.4.13. ELECTRICITY CONSUMPTION CONSTRAINT:OXYGEN

Oxygen can be used to reduce the energy consumption for combustion based units such
as the EAE For 40 tonnes of oxygen supply, the energy consumption of the EAF can be
reduced by 22% [17]. The energy parameters of the EAF in this model has a maximum
consumption of 49424.7 kWh when its fully loaded [12]. Consuming 40 tonnes of oxygen
reduces the energy consumption by 9884.4 kWh, which is equivalent to 247.1235 kWh
for each tonne Oxygen. The constant 247.1235[kWh] is referred to as O. Therefore, a new
decision variable moy-par[f] tracks the oxygen consumption for the EAE Note that the
term x; [#] is the operational binary decision variable for the Electric Arc Furnace, oxygen
consumption should not be triggered while the unit is on standby-mode.The constraint
4.37 is reformulated to incorporate oxygen consumption in the EAF in the constraint
4.40.

moa[f] =mozlt -1+ Y. q92p-yearlt]
NS
02 (4.40)
— Y Tpap-upar(t] — 8- muo.pclf] — Xpar(f] - mop-parlt], V1.
EAFe ],

The amount of energy saved by oxygen supply (Igap-02[]) at any time t can be simply
calculated using equation 4.41.Furthermore, At any time t, the consumption of oxygen
at the EAF cannot exceed 40 tonnes, which is depicted in constraint 4.42.

lgar-02[f] = moz-pap(f]-O, Vit (4.41)

mo2-garlf] <40, V. (4.42)
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To consider the energy reduction for the EAF Igar.o2 has to be reflected at the energy
consumption of the EAE Therefore, constraint 4.28 is further detailed for unit 1(i.e EAF)
as shown in constraint 22.

1;[2] = 1Igar-0202] = c; -M;[t] +d; = Qele - (1 —x;[2]), V& (4.43)

4.4.14. OBJECTIVE FUNCTION

Usually, steel manufacturers set their objective function to maximize their production
[10]. By adopting this approach, steel owners risk exploring other revenue streams.Therefore,
a profit-maximization objective function is optimized in this model is equation 4.44. The
revenues are the final products sold at a given price and the amount of energy saved from
flexible operation. Costs include storage costs for any material k,cost of consuming raw
materials, fixed costs and variable costs from electricity consumption.

T
max Z ms[Tlpr— Z (mr[O]_mr[TDpr_z Z my[#] Yk —Cfixed — Cele — Clabour — Ccoz
feF rER t=1kex
(4.44)

Where vy is the cost of storing a material and Cgyeq are fixed costs that are used in
manpower, operation and maintenance.. etc. Ciapoyy is the cost of producing one tonne
ofliquid steel. The cost of electricity Cge is calculated based on the electricity consump-
tion of the plant. Which is defined in equation 4.45, where L[¢] is the total electrical en-
ergy consumption of the plant at a time slot t. The wholesale electricity price is p[f] and
the cost is summed over the scheduling Horizon T. & is the set of final products sold to
generate revenue and Z is the set of raw materials that are consumed in the production
schedule.

T
Cele = »_ Llt]pl1] (4.45)
=1

The cost of producing carbon is calculated using equation 4.46. Where pco2 is the
fixed price of emitting carbon. The term ¥ is the set of materials k that emit CO,. The
summation term represents the sum of all materials that are consumed over the schedul-
ing horizon T and emit CO,.It is assumed that half of these materials are processed and
other half react with oxygen to produce CO; [15].

Cco2 =Pcoz-0.5- ), (mg[0] —mg[T]) (4.46)
ke€

4.4.15. FLEXIBILITY
Units that can reduce their electricity consumption without compromising production
requirements are known as flexible units and belong to

Aflexible unitis a unit the has the option to reduce its electricity consumption by sell-
ing the reduced volume back to the market or resume normal operation as per schedul-
ing requirements. /. Such units have the option to schedule normal operation or an op-
eration with reduced electrical energy consumption where the reduced volume is sold
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back to the electricity market. To clarify, the sold electricity is not physically sent back
to the grid, rather it is a market transaction that takes place before the units process ma-
terial(s). The total volume of reduced energy for all the flexible units can be calculated
using equation 4.47.It should also be noted that there are multiple markets in the Nether-
lands which can accept the offered capacity, which can open further revenue streams.

Laex(t] = ) wiltle;, V. (4.47)
ief

Where Lgex[1] is the total amount of energy offered by the flexible units at time t.
w;[1] is a decision variable that represents the amount of mass that can be offered by
any flexible unit i at time t in [tonnes], and c;[f] is the same as previously defined which
is the parameter of electricity consumption for any unit i in [kWh/tonnes]. To incentivize
the units to offer electricity consumption, the objective function is re-formulated when
the model is operating in a flexible manner. The objective function in equation 4.44

becomes the profit maximization function including flexibility in equation 4.48.

T

T
max Z mf[T] pf+ZiRﬂex[t]_ Z (mr[o]_mr[T])pr_Z Z m[#]Y = Cixed—Cele —Clabour—Cco2
t=

feF TER t=1kex
(4.48)
Where R,y [7] is the revenue earned by the industrial consumer as a result of flexible
volume offered by the units. It is expressed in equation 4.49, where p[¢] is the wholesale

electricity price at time t.

Riex[f] = Laex[£]p(2], Yt (4.49)

It is important to note that decision variable w;[#] only impacts the material input
for a unit. The difference between u;[f] and w; [f] is the actual amount of material that
enters a unit. Therefore, when the model is operating in flexible mode, the following op-
erational constraints must take into account decision variable w;[t] .Equation 4.26 de-
termines the amount of material that processed in a batch cycle in unit i fo its electricity
consumption. It is re-formulated to consider w;[#] in equation 4.50.

t t t
Miltl = ) uiljl = ) yilil = ) wiljl, i€F, Vvt (4.50)
j=1 j=1 j=1

Equation 4.50 only accounts for material processed in a batch cycle for electricity
consumption. Therefore, constraints 4.15,v 4.16 have to adjust to decision variable w; ]
the amount of material entering a unit is still bounded by its minimum and maximum
capacities.Accordingly, this is reflected in constraints 4.51 and 4.52.

u;lt] —w;ltl = (s;lt] —s;lt—1Da;, VieF, V. (4.51)

u;lt] —w;lf] < (si[t] —s;[t—11)B;, VieF,Vt. (4.52)

Furthermore, to ensure that material balance still holds across all units, constraint
4.20 is re-formulated as constraint 4.53. In this manner, when a unit completes its batch
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cycle, the actual amount of material that enters a unitiis the difference between u; [t]and
w;[t] equivalent to y;[], the amount of material that leaves a unit i.

t 13 t
0= wljl=> wiljl-) yilj+11=Q—e;lel +e;[t—1]), Vief,Vt<T. (4.53)
j=1 j=1 j=1

By considering the re-formulated constraints 4.50, 4.51, 4.52 and 4.53, the model can
now demonstrate flexible mode and respect the operational constraints in smart control
mode. However, decision variable w;[#] must be bounded by realistic assumptions that
reflect the nature of the model.At ¢=T, all the units are switched off and are used to de-
liver final products. Therefore, no electricity volume should be offered to the electricity
market. This is seen in constraint 4.54.

wilTl1=T, ViefF. (4.54)

w;[T]1=0, VieF. (4.55)

At £=0, units are also switched off since its the beginning of the schedule horizon.
Constraint 4.55 enforces this behavior.

w;[0]=0, ViefF. (4.56)

Finally, the actual reduction in the unit input cannot exceed the maximum capacity
of the unit. Therefore, constraint 4.57 is introduced to maintain the input unit loading
within the capacity for any unit i.

w;ltl < Bie, VieF, V. (4.57)

Where € is a continuous parameter that sets the maximum material capacity that
can be reduced by any unit i. Its maximum value is 1 and will later be used to conduct
sensitivity analysis.

4.5. MODELING ASSUMPTIONS

4.5.1. PROPORTIONALITY OF MATERIALS

In some cases, the proportionality of material that enters or leaves a unit is not directly
available from open literature.In such cases, the proportionality of materials entering a
unit is calculated using equations 4.58. where Uy ; is the amount of material k that is
entering a unit i, and Y; is the total amount of material that enters unit i. When material
leaves a unit, equation 4.59 is used to calculate the proportionality of output for material
k that leaves a unit i. Where Ay ; is the amount of material k that leaves a unitiand N; is
the total amount of material that leaves a unit i.For Units 1-9, these values are obtained
from [12]. For units 10-13, the values are calculated using equation 4.58. The calculated
proportionalities for every material that leaves or enters a unit is in appendix ?2.

U j

k k,i

r ; - 4.58
! Y; ( )



4.5. MODELING ASSUMPTIONS 31

Table 4.3: Input and Output Proportionality of Materials for All Units

Unit Name Material Input Proportion Material Output Proportion
Unit 1: Electric Arc Furnace Home Scrap 0.125 Liquid Steel 0.79
Purchased Scrap 0.376
DRI 0.442
Lime 0.036 Home Scrap 0.02
Alloys 0.005
Refractory 0.014 Losses 0.19
Electrode 0.002
Unit 2: Ladle Furnace Carbon 0.0004 Treated Steel 0.965
Liquid Steel 0.9996 Home Scrap 0.021
Losses 0.014
Unit 3: Slab Caster Treated Steel 1 Cast Steel 0.965
Home Scrap 0.049
Losses 0.01
Unit 4: Hot Strip Mill Cast Steel 1 Hot Band 0.965
Home Scrap 0.025
Losses 0.01
Unit 5: Skin Pass Mill Hot Band 1 Home Scrap 0.01
Hot Band (F) 0.99
Unit 6: Pickle Line Hot Band 1 Pickled Band 0.99
Home Scrap 0.01
Unit 7: Cold Mill Pickled Band 1 Cold Rolled 1
Unit 8: Annealing Line Cold Rolled 1 Annealed Band 1
Unit 9: Finishing Mill Annealed Band 1 Home Scrap 0.05
Cold Rolled (F) 0.95
Unit 10: DR Shaft Iron Ore 0.962 Water Vapor 0.3105
Heated Hydrogen 0.038 Direct Reduced Iron 0.68911
Losses from SF 0.00039
Unit 11: PEM Water 1 Oxygen 0.89
Hydrogen 0.11
Unit 12: Condenser Water Vapour 1 Hydrogen 0.001
Water 0.999
Unit 13: Electric Heater Hydrogen 1 Heated Hydrogen 1
Ak
qQF=—" (4.59)
N;

4.5.2. BATTERY AND FUEL CELL PARAMETERS

BATTERY

An industrial battery with parameters in Table 4.4 is introduced as a form of short-term
energy storage [12].

Table 4.4: Battery Parameters

Parameter Description Value
Binitial Initial battery energy [kWh] 1500
Br Battery capacity [kWh] 5000
b Maximum charging power [kW] 2500
¢dch Maximum discharging power kW] 2500
U Charging efficiency [-] 0.95

0 Discharging efficiency [-] 0.90
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4.5.3. FUEL CELL

Mainly, Hydrogen production is intended for reducing Iron (II) Oxide. However, given
its energy storage qualities, a fuel cell may operate to reduce the energy consumption of
the plant. The parameters of the fuel cell is in Table 4.5.

Table 4.5: Fuel Cell Parameters

Parameter Description Value
e Maximum fuel cell output [kWh] 50
EfMV Hydrogen energy content (HHV) [kWh/kg] ~ 33.3
Nfc Fuel cell efficiency 0.60

4.5.4. PRICE PROFILE

If steel consumer were to procure electricity from the market, a 48h price profile is se-
lected as input for pele[?] is selected from the Day-Ahead market in the Netherlands in
the year 2023.Three price profile will be selected from that period. The first profile will
contain peak prices relative to the yearly profile, while the second profile is low price. In
case of a fixed price scenario, its assumed that the steel consumer secured a bi-lateral
contract from a generation company. In that case, pele is the average of the Day-Ahead
price of electricity in the Netherlands in 2023, which is 0.097 €/MWh [41]. Price profiles
are obtained from the Day-Ahead Market in 2023 in the Netherlands [42].Three profiles
are selected, they represent scenarios where prices low, average and peak prices. Figures
4.6,4.7, and 4.8 show the profiles for peak,average and low prices, respectively.

Peak Electricity Price Over Time

—e— Electricity Price
=== Average Price = 0.14 €/kWh
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Figure 4.6: Electricity price profile under peak pricing conditions.

Crixea is selected to be zero, the cost of emitting carbon Cco, is assumed to be
€86.68/tCO,, and the labor cost is is €53.2/tLS [15],which considers the hydrogen plant,
DR Shaft and the EAF without assuming downstream units.

4.5.5. MATERIAL DATA

Unless stated otherwise,the minimum production requirement is selected to be 100 tonnes
for Hot Band (F) and 700 tonnes for Cold Rolled (F) through constraint 4.24. The is pro-
duction requirement is applicable to all scenarios except when flexibility is considered.



4.5. MODELING ASSUMPTIONS 33
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Figure 4.7: Electricity price profile under average pricing conditions.
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Figure 4.8: Electricity price profile under low pricing conditions.

Oxygen(k=26) is a byproduct of electrolyzing water which can be used to reduce energy
consumption at the Electric Arc Furnace, or as a revenue material that can be sold to
combustion-based processes, fishery or the medical industry [14], [15], [37].It can also
be supplied to the EAF to reduce its energy consumption. Which requires approximately
40 tonnes to reduce the energy consumption of an EAF by 22% [17]. If oxygen were to
be set as a revenue material, its price can be assumed to be €60.8/t.If Oxygen was to be
defined as a revenue material, its necessary to address its storage costs. Assuming liq-
uid storage, the Levelized Cost of Liquefying Oxygen (LCOLO) is €0.04-0.334/kg and is
assumed to be [37] €0.04/kg in this study. Water is also stored and requires purification
for electrolysis, which has an a storage cost at $0.004/ H>kg [38].

4.5.6. RENEWABLE GENERATION

The solar and wind energy profiles are obtained from Renwableninja with a capacity of
1 MW Delft, Netherlands[34], [35]. Since there are three prices profiles that each corre-
spond to different time periods, the solar and wind profiles will based for each of these
time periods. Figures 4.10, 4.9, 4.11 show the solar, wind and total renewable generation
for the peak, average and low price durations,respectively.
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Figure 4.9: Renewable generation profiles (Solar, Wind, Total) during average price periods.
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Figure 4.10: Renewable generation profiles (Solar, Wind, Total) during peak price periods.
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Figure 4.11: Renewable generation profiles (Solar, Wind, Total) during low price periods.

4.5.7. HYDROGEN STORAGE

The cost of Hydrogen storage depends on the technology and the location. Common
technologies for Hydrogen storage are line packing, salt caverns, pressurized and liq-
uid cryogenic storage.The capacities and duration of the each technology can be found
in Table 4.6. All technologies besides salt caverns, are independent of their location. Ac-
cordingly, the model adopts a large scale liquid cryogenic storage at 10 tonnes with a cost
of storage at €1.88/ H2kg (in addition to cost of storing purified water at €0.04/ H2kg ,
which is translated to tonnes in the model [43].

Table 4.6: Hydrogen storage technologies by typical duration and capacity [43]

Storage Technology Typical Duration of Storage | Tonnes of Hy Typically Stored
Line packing 1 day or less 100-300

Salt cavern 2-4 months 500-1000

Above ground pressurized 1-2 days 0.3-1.0

tank (GH»)

Above ground liquid tank 1-2 weeks 5-10

(LHp)

4.5.8. SET OF FLEXIBLE UNITS

Unlocking the potential for flexibility involves a deeper understanding of the electrical
behavior and industrial traits of each unit.Table 4.7 shows which units can assume flex-
ible operation throughout the production horizon. The reasons for the assumptions are
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highlighted as follows for each unit. Units such as EAF, LESlab Caster, Electric Heater,
DR Shaft, and the Condenser interact with materials that cannot be stored.Therefore,
they are not considered in the set of flexible units, as they could potentially severely af-
fect the production requirements. The PEM is known to be robust against degradation
because of its switching capabilities [44], which makes it suitable for flexible operation.
The Hot Strip Mill offers high potential for flexible operation because of its capacity and
energy intensity. However, this comes with a greater risk of delaying the steel produc-
tion line[11]. Units such as Skin Pass Mill, Pickle Line, Cold Mill, Annealing Line and
Finishing Line are part of the impurity and further product detailing units, which are all
assumed to be part of the set of flexible units.

Table 4.7: Unit Flexibility of Process Units in an HD-R Steel Process

Unit ‘ Flexible Operation
Electric Arc Furnace (EAF) No
Ladle Furnace (LF) No
Hot Strip Mill No
Slab Caster No
Skin Pass Mill Yes
Pickle Line Yes
Cold Mill Yes
Annealing Line Yes
Finishing Mill Yes
Electrolyzer Yes
Electric Heater No
Direct Reduction Shaft No
Condenser No

4.6. POWER SYSTEM MODELING

Power flow (or load flow) analysis is a fundamental tool in power system engineering. Its
objective is to determine the steady-state operating conditions of an electrical network,
specifically the distribution of active and reactive power flows, voltages, and currents.
The information is essential to ensure safe operation by respecting voltage and current
limits, verifying supply-demand balance, and detecting line overloads. AC Powerflow
is the default pandapower load flow analysis tool and is used to ensure that the plant
operates in safe and secure manner.

4.6.1. ELECTRICAL MODELING OF PROCESS UNITS

To develop a network topology for the Hydrogen-based steel plant, it is important to un-
derstand the steady-state characteristics of each unit. In general, most of the units in
the steel process are driven by motors. Therefore, it is important to select motors that
are easier to control for the steel plant. Within the plant, most of the loads within the
plant are modeled as synchronous motors because it can adjust to fluctuating load con-
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ditions and has accurate speed control [45]. Which makes them suitable for mill appli-
cations and processing lines that require precise sizes to ensure high-quality products.
The Electric Arc Furnace and Ladle Furnace are lumped as low voltage loads supplied
by dedicated furnace transformers.A mill will at least have one stand, and each stand
can be driven by one or two motors [46]. In this study, the Slab Caster, Hot Strip Mill,
Skin Pass Mill, Cold Mill, and Finishing Mills are modeled as synchronous motors, along
with processing lines such as the Annealing Line and Pickle Line [47]. The DR Shaft’s pri-
mary energy consumption is met by burning fossil fuels [48]. Its electrical consumption
consists of air blowers and compressors. However, in a Hydrogen based-route, electric
heating substitutes the thermal reaction that usually supplies heat [49]. Unit 13, the Elec-
tric Heater is placed in the energy model to supply heating for the DR Shaft. The Electric
Heater is modeled as a resistive load and the DR Shaft is a lumped induction motor. Note
that the power factor of the PEM and Electric Heater is equal to 1 to because they are DC
loads.

Table 4.8 contains the load list for all process units in the steel plant. The Load
Type presents how each unit is modeled electrically in the power flow analysis. IM and
SM represent induction and synchronous motors, respectively. The Voltage Level is the
node voltage that is connected for each load. The Peak Consumption of each unit is
calculated up to two decimal places by assuming the upper bound in constraint 22 and
the values in Table 4.1. For example, at an hourly timestep,the parameters for the EAF
c; =494kWh/tonne, §; = 100tonne and d; = 24.7kW h has a peak consumption at 49.42
MW. Where applicable, load ratings are selected based on manufacturer datasheets that
designed motors intended for each process unit. The first digit is the number of motors
required to supply the process unit multiplied by the motors nominal rating in MW Note
that the selected motor ratings are higher that than rated energy consumption for each
motor-driven unit. The higher selection is justified by taking into account any losses
in energy conversion process. DC loads such as the PEM and Electric Heater are rated
according to the rectifier that supplies them.

4.6.2. ELECTRICAL MODELING IN PANDAPOWER

A review in the literature indicates that steel manufacturers tend to operate in a radial
network [50], [56]. Which is also confirmed after discussions with a Power System Expert
in DNV. Based on voltage levels and power ratings, an N-1 radial network is proposed for
the time series power flow analysis in Figure 4.12. This topology is validated by assuming
a load flow scenario where the plant is required to produce at least 750 tonnes of cold-
rolled, 150 tonnes of Hot Band and 1 tonne of hydrogen by the end of the production
schedule. The results of the Gurobi optimization model are used as input for the panda-
power power-flow timeseries simulation. This includes the consumption data for the
units, and the generation data for the solar,wind, battery and fuel cell. Reactive power is
calculated by assuming the power factor values of each load from Table 4.8. Since each
load is supplied by its own transformer, the rating of the transformer is sized by assuming
a 10% increase from the peak consumption of load. In pandapower, solar,wind, fuel cell
and the battery are modeled as static generators. Note that the charging and discharging
of the battery is controlled externally in the optimization which is why its not modeled as
a storage element. Furthermore, it is assumed that static generators operate at the rated
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Table 4.8: Electrical Load Parameters for All Units

Peak
Load Voltage Consumption Load Power

Unit Type Level (V) (MW) Rating (MW) Factor Reference
Arc Furnace AC 415 49.42 - 0.78 [501, [51]
Ladle Furnace AC 415 3.00 - 0.80 [50]
Slab Caster SM 3300 16.50 1x17.2 0.85 [52]
Hot Strip Mill SM 3100 284.17 14x20.3 0.80 [52]
Skin Pass Mill SM 3300 0.52 1x0.56 0.85 [53]
Pickle Line SM 3300 25.33 1x25.8 0.85 [52]
Cold Mill SM 3100 37.78 8x4.8 0.85 [52]
Annealing Line SM 3300 23.33 1x25.8 0.85 [52]
Finishing Mill SM 3100 20.11 1x20.3 0.85 [52]
DR Shaft M 3300 32.22 2x18 0.85 [52]
PEM DC 6000-36000 283.85 - 1.00 [54]
Condenser M 3300 0.86 1x0.9 0.85 [53]
Electric Heater DC 450V (DC) 2.18 - 1.00 [55]

voltage of their respective connection buses, as defined by the radial network model.

Units with the same voltage levels are supplied from the same bus. Both main trans-
formers (TX-1 and TX-2) should be able to supply the entire network when the other
transformer is out of service. The network is supplied by an external grid that is modeled
as an infinite bus. The rating of each main transformer is selected to be 300 MVA where
the high voltage is rated 150 kV and the low voltage side is 33 kV[57].The transformer rat-
ing is selected after iterating multiple load flow scenarios, where one main transformer
can supply the network without exceeding 80% of its loading. Except for the EAF and LE
the voltage drop across all transformers in the network is selected to be 10%. To capture
the chaotic nature of the EAF and LE it is selected to be 21% and 18% [51].
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5.1. MODEL VALIDATION AND FIXED PRICE SCENARIO

A steel manufacturer can secure a fixed electricity price by entering a bilateral agreement
with a generator. This scenario is assumed to illustrate the behavior of such a manufac-
turer. Figure 5.1 shows the operational states of the Gantt chart for the units within the
scheduling horizon. In this scenario, the plant operates with a rather sequential op-
eration that aligns with the process design in Figure 4.5. Unit 11 (PEM) produces and
stores hydrogen(k=23) until t = 14. Before any hydrogen is supplied to the DR Shaft,the
Electric Heater heats up hydrogen and outputs heated hydrogen (k=24) in 1 batch cycle.
Which then forces the operation of the DR shaft in the subsequent hour after the Elec-
tric Heater is switched on, because heated hydrogen cannot be stored. This behavior is
depicted when materials that cannot be stored (k=8,9,24,25) are produced.It can be seen
by observing the operational states of the units that produce such materials, which are
the sequential operation for the combination of Units 1 and 2; 2 and 3 ; 10 and 12; and
13 and 10. Furthermore, the sequential operation between all of the units is validated by
comparing it with the process design in figure 4.5. Each unit is operating when its input
material is produced. Furthermore, the batch-cycle constraint is validated. When a unit
is switched on, it has to operate for a minimum number of hours. For example, unit 8
(Annealing Line) has a batch cycle of a=6 hrs. At times t=32 and t=38, the unit switches
on and remains on for 6 consecutive hours.

Gantt Chart of Unit - Fixed Price

.............

Figure 5.1: Production Schedule Under a Fixed Price Scenario.

The model is further validated by investigating the decision variables associated with
each unit and material. Figure 5.2 shows the operational state,energy use , material flow
and starting and ending times for the batch cycle of Unit 4 (Hot Strip Mill). There are
two batch-cycle operation for this unit, at t= 18 and t=41 which aligns with the produc-
tion schedule in figure 5.1.As mentioned in subsection 4.4.1, decision variables s;[t] and
ej[t] are created to keep track of the batch cycle time. A unit will only start a batch cy-
cle when s;[t]-si[t-1]=1 , which can be observed at t =18 . Furthermore, it will respect
the operational constraints in subsection 4.4.2 and remain ON (x;[t]=1) according to its
batch-cycle duration(as=4). The batch cycle will only end when e;[t]-ej[t-1]=1 which is
observed at t=22. When the batch cycle begins, the unit will accept material accord-
ing to the defined minimum (a4=100 tonne) and maximum (B,=100 tonne) capacities
enforced by the constraints in subsection 4.4.4. When the batch cycle ends (t=22), the
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same amount of material that entered the unit leaves the unit based on the capacity
boundaries defined for the unit. When material is present inside the unit, it is processed
to create new materials, which consumes electrical energy according to the constraints
defined in 4.4.8.
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Figure 5.2: Operational States, Energy Consumption, Material Input and Output, Starting and Ending Batch
Cycles for Unit 4(Hot Strip Mill)

Unit 9 (Finishing Mill) has a batch-cycle of 4 hours and a minimum and maximum
capacities of 40 and 400 tonnes. Its operational state, energy use, material flow and start-
ing and ending time for the batch cycle is in figure 5.3. This unit accepts Annealed Band
(k=16) and produces Home Scrap (k=1), and Cold Rolled (F) (k=17).When interacting
with Unit 9, the proportionality value for Annealed band is 1'51)1 =1, qé = 0.05 for Home
Scrap, and q})7 = 0.95 for Cold Rolled. figure 5.3 is the operational state, energy con-
sumption, starting and ending time for the batch cycles for Unit 9. Whereas, figures 5.4,
5.5 and 5.6 track the storage profile for Home Scrap, Annealed band, and Cold Rolled
(F) throughout the production schedule.At t=40, 360 tonnes of Annealed band are taken
from storage and loaded into Unit 9 and is processed until t=44. As a result, 342 tonnes
of Cold Rolled (F) are produced (i.e. 0.95 x 360 tonnes). To ensure the material balance
and proportionality constraints in 4.4.5, the remaining 18 tonnes must be produced as
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Home Scrap (i.e. 0.05 x 360 tonnes) and this is supported by the increase Home Scrap
storage from 10019,75 to tonnes 10038,08 Note that at t=44,Unit 9 accepts 380 tonnes of
Annealed band because it is produced and supplied directly without storing the mate-

rial.
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Figure 5.3: Operational States, Energy Consumption, Material Input and Output, Starting and Ending Batch
Cycles for Unit 9(Finishing Mill)
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Figure 5.4: Material storage profile for home scrap.
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Figure 5.5: Material storage profile for annealed band.
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Figure 5.6: Material storage profile for cold rolled (F).

In the Fixed Price scenario, the steel plant generates a profit of € 211.078,43 by pro-
ducing 722 tonnes of Cold Rolled (F) and 100 tonnes of Hot Band (F) throughout the
production horizon. The carbon emissions are 0.0245 tonnes and the model is solved in
444,09s.

The total electrical energy consumption of the steel plant is shown in Figure 5.7. The
plant depicts an energy profile that remains close to 150 MWh in the initial hours, which
is associated with the operation of Unit 1 (PEM), the a highly energy intensive unit op-
erating at full load approximately around 145.9 MW while the rest of the units are on
standby consumption. At t=11, while the PEM is still operating at full load the Electric
Heater operates and consumes 275 kWh of electrical energy. At t=13, the small energy
rise is due to the DR Shaft consuming close 10 MWh of electricity. Peak consumption is
at t= 14 when the PEM, Condenser, Electric Heater, DR Shaft and the EAF are operating
and consuming close to 200 MWh of electricity. The rest of the plant’s electricity con-
sumption is dictated by the material loading of each unit and its batch cycle duration,
which can be traced by linking the operational operational schedule of each from figure
5.1.
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Plant Energy Consumption - Fixed Price
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Figure 5.7: Total Energy Consumption of the HD-R Steel Plant

5.2. LOw PRICE SCENARIO

Figure 5.8 is the production schedule for the steel plant when exposed to low prices.
When exposed to such a price profile, the steel plant produces 722 tonnes of Cold Rolled
and 100 tonnes of Hot Band steel. The plant achieves a profit of € 262 185,20 with 0.0235
of CO, emissions. The initial operational of the units remain the same compared to the
fixed price scenario, but in the low price duration from t = 22 to t = 29, the Skin Pass Mill
operates at full load (40 tonnes) for two batch cycles and half load for one batch cycle
at t = 25,26 and 27. In the fixed price scenario, it operates 9 batch cycles with varying
capacities consisting of mostly the minimum capacity at 4 tonnes. Low prices shift the
operating hour of the Skin Pass Mill under low price hours to meet the production re-
quirement. Not only does the model demonstrate operational shifts, material loading is
maximized at a low prices to maximize profit.

Gantt Chart of Unit - Low Prices
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Figure 5.8: Production Schedule Under a low Price Scenario
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The total energy consumption profile for the low price scenario is also shown in Fig-
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ure 5.9. Compared to the fixed price scenario, there is a noticeable jump in electricity
consumption at t =27 from 26.6 MWh to 62.7 MWh. Units 5,6 and 7 take advantage of
the low price timeslot and operate compared to only unit 5 operating in the base case.
The behavior of the model does not maximize production at low price periods. It opts
to deliver on an optimal schedule with the focus on meeting production goal set in the
production horizon.
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Figure 5.9: Total Energy Consumption of the HD-R Steel Plant Under a Negative Price Scenario

5.3. PEAK PRICE SCENARIO

The production schedule under a peak price scenario is in figure 5.10. In this scenario,
the steel plant generates a profit of € 181,097.27 over the production horizon with Cold
Rolled and Hot Band amounting to 722 and 100 tonnes, respectfully. This price profile
introduces peak prices at t=18 and 19 for prices close to 0.45€/kWh. When compared to
the fixed and low price scenarios,the Hot Strip Mill Does not schedule a batch cycle at
t=19. Avoiding the peak price at t=19 and delays it till t= 20 where the price is approxi-
mately 0.22 €/kWh. Furthermore, the Cold Mill delays its second batch cycle to t = 34
where the cost of electricity is 0.1 €/kWh compared to the higher prices of 0.22 €/kWh
and 0.26 €/kWh at t= 32 and t=33, respectfully.The Skin Pass Mill operates similarly to
the low price scenario by operating two full and one half batch cycles. The only dif-
ference is the starting in the peak price scenario where the unit operates at the lowest
price timeslot. Demand response demonstrates how the production schedule can work
its way around a peak price without compromising production quota and attaining a
profitable outcome.
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Gantt Chart of Unit Operations - Peak Prices
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Figure 5.10
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The Energy consumption profile for this scenario can be seen in Figure 5.11. At t=186,
the PEM schedules lower energy consumption for a price approximately at 0.18 €/kWh.
This is highest price encountered by the PEM during its operational hours for this price
profile. In addition, the plants energy consumption reduces to standby mode for the
peak prices hours, where all units switched to standby mode at t=19.
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Figure 5.11: Total Energy Consumption of the HD-R Steel Plant Under a Peak Price Scenario

5.4. AVERAGE PRICE SCENARIO

Figure 5.12 presents the production schedule of the steel plant responding to the de-
fined average price profile. In this scenario, the steel plant suffers from losses close to
€97,795.70 to deliver 722 and 100 tonnes of Cold Rolled and Hot Band steel. The price
profile has an average price of 0.2 €/kWh, where the higher price period coincides with
the initial PEM operational hours. The plant takes a reserved approach to delivering the
production requirement to minimize the losses encountered by the price profile.
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Compared to the fixed price scenario, there is a shift in the starting time of the batch
cycle for units such as the Skin Pass Mill, Cold Mill, Annealing Line, and the Finishing
Mill. Furthermore, the EAF switches its second batch cycle from t=13 to t=14, which
forces the LF and Slab Caster to also adjust their second batch cycle. There is a noticeable
change in the batch cycle and material loading for the Skin Pass Mill. Originally, the unit
had 9 batch cycles with full capacity at t=40, 33 tonnes at t=43, and the rest operating at
a minimum capacity of 4 tonnes. In response to this price profile, it reduces the number
of batch cycles to 3, operating at t=25, t=26, and t=47, when the prices are lowest in the
profile (approx. 0.14 €/kWh).

Gantt Chart of Unit Operations - Average Prices
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Figure 5.12: Production Schedule Under an Average Price Scenario

The energy consumption profile for this scenario is shown in Figure 5.13. There is a
sharp decrease in energy consumption at t=8, associated with PEM reducing hydrogen
production by 0.5 tonnes due to the highest electricity price of 0.27 €/kWh. In most
scenarios, at least 33 tonnes of hydrogen are produced to meet the production quota at
the end of the scheduling horizon.

The hydrogen reduction at t=8 is compensated by operating at full capacity at t=13,
which justifies the peak consumption of 213 MWh at this hour. At this point, the PEM,
DR Shaft, Condenser, Electric Heater, and EAF are operating. Beyond t=13, the plant
resumes responsive operation by varying the starting time and material loading of batch
units, shaping the overall energy consumption profile.

5.5. FUEL CELL

Figure 5.14 shows the energy and hydrogen consumption of the fuel cell in the low price
scenario, which is the exact fuel cell profile for the rest of the pricing scenarios.It can
be seen that when 2.5 kg of H» is supplied to the fuel cell, and the fuel reaches its rated
electricity production at 50 kWh. Under all price scenarios, the fuel cell will switch on
after the PEM produces enough hydrogen to meet the production requirement by the
end of the schedule horizon.
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Plant Energy Consumption - Average Prices
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Figure 5.13: Total Energy Consumption of the HD-R Steel Plant Under an Average Price Scenario
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Figure 5.14: Fuel Cell: Electricity Generation and Hydrogen Consumption in Low Price Scenario
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5.6. BATTERY

Figure 5.15, 5.17 and 5.16 show the battery capacity throughout the production sched-
ule for the average, peak and low price scenarios.In the average price scenario, the bat-
tery is frequently charging and discharging in response to the constant high electric-
ity prices. Consistent exposure to such a profile can decrease the state-of-health of the
battery since its cyclic between full and zero capacities. In the peak price scenario, the
battery remains charged before it encounters the peak price at t=18, and begins to dis-
charge at the same instant to reduce the import of electricity from the network. In the low
price scenario, the battery starts charging from t=24 to full capacity at t= 27 and remains
full charged until t =32, surpassing the low price period and discharging momentarily
at t=33. The charging and discharging times of the battery respond to electricity prices.
For each price profile, the battery demonstrates a different behavior in response to the
electricity prices. Which illustrates energy management without deploying advanced al-
gorithms specific to the battery.
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Figure 5.15: Average Prices: Battery Charging Rate (Top), Battery Discharging Rate (Middle), and Battery Ca-
pacity Over Time (Bottom)
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5.7. OXYGEN AND EAF ENERGY EFFICIENCY

Figure 5.18 is the amount of oxygen in storage and when is it supplied to the EAFE It
should be noted that from t=3 till t=13 , the PEM is operating and also produces oxygen
as a by product. At t=14, 29.05 tonnes of Oxygen is supplied to reduce the energy con-
sumption of the EAF by 7179 kWh. Note that oxygen assimilates in storage up to 26.9
tonnes and the rest of the oxygen intake is supplied directly from the PEM at t=14.
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Figure 5.18: Oxygen Storage and Oxygen supplied to the EAF
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5.8. SENSITIVITY ANALYSIS

5.8.1. INITIAL AMOUNT OF HYDROGEN IN AN AVERAGE PRICE SCENARIO
In the average price scenario, its insightful to understand what is the least amount of Hy-
drogen required such that the plant abstains from losses. Therefore, sensitivity analysis
is carried out at the initial amount of Hydrogen during the production schedule while
maintaining the original production quotas. Starting from 100kg of H, and increasing in
steps of 100kg to uncover how much hydrogen is required to mitigate the losses of the
plant. The results of the analysis are in figure 5.19.To avoid incurring any losses for this
price profile, at least 700.8 kg of H, should be available at the beginning of the produc-
tion schedule.If the steel plant has access price predictions, such analysis can reveal the
how much H; should be in storage to avoid losses. It is also important to note that stor-
age of H, is not the only way to address such a scenario.Purchasing DRI or replacing its
proportionality input in the EAF with scrap steel can remove the need the initial amount
of Hy [15].
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Figure 5.19: Average Price Scenario: Initial Amount of Hydrogen Sensitivity Analysis

5.8.2. FUEL CELL OPERATION AT LOW PRICES

Adding a fuel cell to the energy system requires further analysis. At low prices, when
hydrogen is produced cheaply, sensitivity analysis is conducted in the fuel cell by varying
its efficiency and rated power. The combination of varying both variables. First, the
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Table 5.1: Impact of Fuel Cell Configuration on Profit, Energy Output, and Hydrogen Use under Low Prices

FuelE(;glli:eﬁi;u(l; and Profit [€] Operating
Hours Total Energy | Total Hydrogen
Produced [kWh| Supplied [kg]

1 = 0.6, Rating = 100 kWh €262,364.60 4 391.16 0.02
1 = 0.6, Rating = 150 kWh €262,409.85 3 391.16 19.58
1 = 0.6, Rating = 200 kWh €262,409.85 3 391.16 19.58
n = 0.7, Rating = 200 kWh €262,416.27 3 456.35 19.58
1 = 0.8, Rating = 200 kWh €262,422.70 3 521.54 19.58
1 = 0.9, Rating = 200 kWh €262,426.90 3 586.74 19.58
n = 0.9, Rating = 250 kWh €262,429.10 3 651.93 19.58
1 = 1.0, Rating = 250 kWh €262,435.50 3 651.93 19.58

rating of the fuel cell is increased in steps of 50 kWh maintain the original 60% efficiency.
There is no restriction on the hydrogen flow for the fuel cell. The results of the sensitivity
analysis are in Table 5.1. Increasing the rating of the fuel cell reduces the operating hours
of the fuel cell up to three hours only while the total volume of energy produced by the
fuel cell remains the same. Efficiency is varied in steps of 10% to investigate its impact.
This increases the total volume of energy until 586 kWh for a 200 kWh fuel cell with 90%
efficiency. Beyond this point, the rating is increased to 250 kWh which increases the total
volume energy produced to 651,9 kWh. Furthermore, even when assuming the a 100%
efficiency fuel cell with no restriction on the hydrogen consumption, the fuel cell sees
that it should only operate for three hours producing 651,9 kWh of electricity. For all the
sensitivity analysis cases, the production quota remains the same at 722 and 100 tonnes
for Cold Rolled and Hot Band steel.Note that increasing the efficiency and energy rating
has a minor increase in profit compared to the low price scenario. Without considering
operating and maintenance costs for the fuel cell, it may be useful to omit the fuel cell
for the steel plant. Under favorable low price conditions, sensitivity analysis reveals that
even when using a 100% efficiency fuel cell rated at 250 kW, without restricting hydrogen
intake, increases the profit of the steel plant by only €250,3 when compared to a 50 kW
fuel cell with 50% efficiency.

5.8.3. FLEXIBILITY UNDER PEAK PRICES

Flexibility is investigated under a peak price scenario to sell electricity when prices are
high. While investigating the flexibility, the production quota is unbounded at first and
then sensitivity analysis is carried out. It takes place by varying the value of € from 0.0 to
1.0 in steps of 0.1, the total energy offered to the wholesale market can be seen at Figure
5.20. It can be noted, for each value of ¢, the plant offers its energy at t=18 for a peak
price around 0.45€/kWh, by selling electricity at the highest price. This contribution is
associated with the PEM offering its almost 140 MWh of electricity, which is translated
to €63,000 of profit for e = 1.0. The
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Figure 5.20: Sensitivity Analysis of € Value to demonstrate energy offered by flexible units

Table 5.2 summarized the results of the sensitivity analysis for . The base scenario
for this case is for € = 0.0. When unbounded by production requirements, the model opts
to produce 722 and 90,79 tonnes of Cold Rolled and Hot Band steel, respectfully. Which
generates a profit of € 213.819,24 in this scenario. Increasing the value of € reduces the
amount of Hot Band steel.When given the freedom, the model sees it more profitable
to reduce Hot Band steel and favoring the offering its capacity to the wholesale market.
The most notable increase in profit is when € = 0.1 achieving a profit of€ 231,859.70.
At this value, the plant reduces it energy volume by 70.35 kWh and adjusts its energy
profile compared to the peak base scenario. While incrementing the value of ¢, the profit
increases at a much lower rate compared to € = 0.1. This rate keeps on decreasing with
more energy offered to the market until € = 0.4. Beyond this point, Hot Band output
remains at 67.95 tonnes, while the profit increases by small margins.The small increases
in profit suggests that the plant can trade electricity in by redistributing the same volume
of energy of the flexible units more efficiently. At € = 1.0, the profit margin compared to
the base peak scenario is close to €76,000, with €63,000 generated by the PEM, and the
rest of the flexible units contribute accordingly. The increase in profit when € increases
is not only justified by the offered flexibility and volume of energy reduced, there is a
noticeable shift in the plants energy consumption for ¢ = 0.5 and € = 0 as seen in figure
5.21. The shift is a result of the steel plant selling electricity and adjusting the profile to
meet production requirements by the end of the schedule.
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Table 5.2: Flexibility impact on plant performance under peak prices.

Energy Reduction Compared
£ Hot Band Profit [€] toglzleak Scenario [kWPih]
[tonnes]
0.0 (Peak Scenario) 90.79 €194,171.20 0
0.1 85.46 €231,859.70 70.35
0.2 80.12 €244,134.95 140.70
0.3 72.33 € 252,203.70 243.80
0.4 67.95 €259,208.10 301.48
0.5 67.95 €265,142.66 301.48
0.6 67.95 €266,489.72 301.48
0.7 67.95 €267,714.87 301.48
0.8 67.95 € 268,874.40 301.48
0.9 67.95 €270,047.30 301.48
1.0 67.95 €271,072.65 301.48

Total Energy Consumption of Plant under flexible operation
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Figure 5.21: Total Energy Consumption of Plant under flexible operation

5.9. TIMESERIES POWERFLOW

To assess the electrical performance and reliability of the plant network, a time-series
power flow analysis is conducted under different transformer operating scenarios. The
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primary focus is on evaluating transformer loading, voltage levels at critical buses, and
identifying violations of operational limits. Three operating conditions are considered,Normal
operation with all transformers in service,TX-1 out of service and TX-1 and TX-2 out of
service.These scenarios reflect common maintenance or contingency situations. The
results are used to validate the robustness of the network, explain transformer loading
behavior, and justify voltage fluctuations caused by key industrial units such as the Elec-

tric Arc Furnace (EAF) and Ladle Furnace (LF).

5.9.1. NORMAL OPERATION WITH ALL TRANSFORMERS IN SERVICE

Suppose a plant operation where all main transformers operate, the percentage of load-
ing for each transformer is shown in Figure 5.22. It can be seen that all 4 transformers
share their load capacity equally and none of the transformers exceeds 80% load capac-
ity, which is the standard practice in industry. The slight variations in the transformer
loadings are because of the network topology and production schedule. For example,
TX-4 is slightly loaded than the other transformers from t=0to t = 12 and from t = 20 to
t =28, because these are the operating times of the PEM which is supplied by TX-4 from
Bus-Coupler D. Figure 5.23 shows how the bus voltages vary throughout the production
schedule for this operation mode. Most of the buses operate with acceptable limits ex-
cept for Bus 33 kV B and the buses that supply the EAE LE and CM-FM. The EAF and
LF violate the limits because of their low power factors(0.78 and 0.80) and higher trans-
former voltage drops(21% and 18% ) for the voltage transformers. At t=29, the EAF has a
bus voltage of 0.92, which causes Bus-33 B and its connected loads to violate its opera-
tional limits. Furthermore, the dip distorts the voltage stability of the other buses within
the plant. Note that for all transformer scenarios, none of the downstream transformers
exceeds 80% of its loading capacity.

Main Transformer Loadings

—— TX1150/33 kV

TX2 150/33 kV
—— TX3150/33 k¥
30 4 —— TX4 150/33 kV

354

25+

20+

Loading (%)
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10 4
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Time step

Figure 5.22: TX-1,TX-2,TX-3 and TX-4 Loading Under Normal Operation
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Bus Voltages with Acceptable Range Highlighted
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Figure 5.23: Bus Voltages Under Normal operation

5.9.2. TX-1 OUT OF SERVICE

Now, assume that TX-1 is out of service for maintenance for the same production sched-
ule. Figure 5.24 shows the transformer

loading for TX-2,Tx-3, and Tx-4. They adapt to the plantload requirements by breach-
ing 80% at t = 29, to provide peak consumption. In general, loading a transformer above
80% is permissible but not recommended. In this scenario, bus voltages follow the same
trend as normal operation, with the exception of Bus AL-DR-C-SPM-PL 3.3, which also
breached the limits at t=29.
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Figure 5.24: TX-1,TX-2,TX-3 and TX-4 Loading Under When Tx-1 is out of service
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Bus Voltages with Acceptable Range Highlighted
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Figure 5.25: Bus Voltages When Tx-1 is out of Service

5.9.3. TX-1 AND TX-2 OUT OF SERVICE

Finally, assume that TX-1 and TX-2 are out of service for the same production schedule.
As shown in Figure5.26, from t=26 to t=29, TX-3 and TX-4 are overloaded and reach a
loading capacity up to 158.4% at t=29. Which is equivalent to an active and reactive
power consumption of 139.5 MW and 75.2 MVAr, per transformer. Operating at a 0.88

lagging power factor, which is considered acceptable subject to the agreement with the
grid connection provider.

Furthermore, as per IEEE Std C57.91 [58], transformers can be loaded up to 200%,
which could be either planned or emergency operation. Since steel plants are usually
private networks, the plant operator can plan overloading. However, this should be
carried out after identifying the limitations of the power transformers, which comes
with operator experience and identifying thermal spots in the transformers. Figure 5.27
shows the bus voltages when TX-1 and TX-2 are out of service. Similarly to only TX-1
out of service, the same buses that are within acceptable and unacceptable limits. Its
observed that the EAF operates at 0.875 p.u at t=29, compared to 0.9 p.u.

Main Transformer Loadings
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Figure 5.26: TX-1,TX-2,TX-3 and TX-4 Loading When TX-1 and TX-2 are out of service
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Figure 5.27: Bus Voltages When Tx-1 and TX-2 are out of Service

5.10. STEEL PLANT IMPACT ON HIGH VOLTAGE GRID

When independent plant operation is established and considered acceptable in the worst-
case scenario, the peak active and reactive power consumption of the plant is modeled
as a static load in the European High-Voltage Case89Pegase grid [59], [60]. The network
only available in data format, has 89 buses, 12 generators, 210 branches that operate at
380,220 and 150 kV. The data used in this grid are not from an actual grid, but is actu-
ally created to capture the size and complexity of an actual high-voltage grid in Europe.
There are 34 150 kV buses where 22 loads are connected. In its worst case scenario, the
plant is consuming 278.5 MW and 150.9 MVAr, which is used to model a load connected
to a vacant 150 kV bus. Note that the data is used in the case file is for a single instant,
and the steel plant impact is considered for that moment. There are 13 150 kV vacant
buses and the steel plant is separately connected to each bus as a scenario. Accordingly,
power-flow analysis is conducted to see the impact of the plant on the line loadings and
bus voltages. Table 5.3 shows the lines that exceed an 80% loading limit for at least one
scenario, where the column headings are the buses where the steel plant is connected
for each scenario. When compared to the base case, 6 lines are exceeding an 80% capac-
ity without the steel plant connection. while Line 86( below 80% in base case) shows a
4% increase in loading to when the plant is connected to bus 1530, which may apply line
upgrades depending on the TSO requirements. It should be noted that Line 94 is over-
loaded which can be acceptable for short durations and is usually well accounted for by
operator experience.

Table 5.3: Line Loading (%) Across Different Bus Injection Scenarios

Line# Line (From —To) BaseCase Bus227 Bus1530 Bus3278 Bus3505 Bus4013 Bus4422 Bus4585 Bus5096 Bus5586 Bus7278 Bus8228 Bus8419
From Bus To Bus

13 1967 8963 93.91 93.04 93.73 93.02 98.00 93.79 93.55 93.24 94.00 93.43 93.79 89.08 94.10
33 3492 5586 85.45 82.34 87.32 85.45 88.38 87.00 84.90 71.36 87.26 36.30 87.00 85.63 88.68
72 954 3505 85.34 85.73 85.37 85.66 58.69 85.21 85.16 85.40 84.96 85.26 85.21 90.71 84.60
86 791 3278 79.65 78.98 83.61 36.84 79.56 81.67 79.55 7917 80.34 79.46 81.67 78.36 80.20
94 5415 7636 100.92 100.92 100.92 100.92 100.92 100.92 100.92 100.92 100.92 100.92 100.92 100.92 100.92
95 8963 2167 81.25 81.97 81.53 81.78 89.55 81.42 81.76 81.73 81.31 81.85 81.42 85.87 81.50
159 1610 8419 81.98 82.93 83.90 83.07 82.64 85.07 83.46 82.98 88.16 83.38 85.07 82.41 42.27

The impact of the steel plant on other bus voltages is in Table 5.4. These are the
buses that operate outside of acceptable limits in at least one scenario.When the plant
is connected to bus 1530, voltage magnitude decreases for the listed buses, where all of



62

5. CHAPTER 5: RESULTS AND DISCUSSION

the buses except 791 and 3278 operate outside of the acceptable limits. Furthermore,
buses 954,6832 and 7179 undergo greater voltage drops which could damage the lines
and reduce its lifespan. The voltage decrease can be mitigated by introducing capacitor
banks that can supply reactive power by restoring the buses to acceptable limits.In real-
ity, the grid impact of the plant will depend on its geographical location and the feeder
availability from the TSO. These results are used to illustrate how geography can play
a role by considering the peak consumption of the plant on an illustrative high voltage

European grid.

Table 5.4: Voltage Magnitude (p.u.) for Selected Buses under Different Steel Plant Connection Scenarios

Bus Base | Bus227 | Bus 1530 | Bus3278 | Bus3505 | Bus 4013 | Bus4422 | Bus4585 | Bus 5096 | Bus 5586 | Bus 7278 | Bus 8228 | Bus 8419
791 | 0.9853 | 0.9853 0.9789 0.9476 0.9850 0.9847 0.9849 0.9854 0.9851 0.9850 0.9847 0.9854 0.9850
954 | 0.9568 | 0.9559 0.9557 0.9566 0.8948 0.9564 0.9551 0.9565 0.9566 0.9551 0.9564 0.9509 0.9549
1967 | 0.9778 | 0.9766 0.9768 0.9778 0.9489 0.9774 0.9764 0.9775 0.9776 0.9763 0.9774 0.9678 0.9765
2167 | 0.9703 | 0.9692 0.9693 0.9703 0.9405 0.9699 0.9689 0.9700 0.9701 0.9688 0.9699 0.9614 0.9690
2267 | 0.9552 | 0.9542 0.9537 0.9547 0.9435 0.9546 0.9536 0.9546 0.9548 0.9536 0.9546 0.9521 0.9539
2440 | 0.9501 | 0.9494 0.9494 0.9499 0.9279 0.9499 0.9491 0.9498 0.9501 0.9491 0.9499 0.9459 0.9493
3278 | 0.9853 | 0.9854 0.9790 0.9475 0.9851 0.9848 0.9849 0.9854 0.9851 0.9850 0.9848 0.9854 0.9851
3505 | 0.9571 | 0.9562 0.9559 0.9569 0.8949 0.9567 0.9554 0.9568 0.9569 0.9553 0.9567 0.9512 0.9552
6068 | 0.9368 | 0.9359 0.9358 0.9365 0.9167 0.9364 0.9355 0.9364 0.9366 0.9355 0.9364 0.9310 0.9358
6292 | 0.9537 | 0.9530 0.9530 0.9534 0.9345 0.9534 0.9527 0.9533 0.9536 0.9527 0.9534 0.9496 0.9529
6832 | 0.9277 | 0.9267 0.9266 0.9274 0.9064 0.9273 0.9263 0.9272 0.9275 0.9263 0.9273 0.9214 0.9266
7179 | 0.9301 | 0.9291 0.9291 0.9298 0.9087 0.9297 0.9288 0.9297 0.9299 0.9287 0.9297 0.9238 0.9290
8963 | 0.9702 | 0.9691 0.9691 0.9701 0.9403 0.9698 0.9688 0.9699 0.9700 0.9687 0.9698 0.9612 0.9689

The results of all assumed scenarios, along with the codes and a summary of the
results can be found in the Appendix.




CONCLUSION

An energy system for a hydrogen based steel plant is modeled using a smart industrial
load for batch-based processes. The model is extended with energy efficiency factors
such as oxygen supply to the EAE DR Shaft warm up time, and flexible units that can of-
fer energy capacity to the electricity market. The model depicts unit behavior according
to its sequential relationship with other units, and the proportionality of the materials
that enter and leave a unit. Energy consumption is based on the amount of material pro-
cessed by a unit bounded by the minimum and maximum capacity of the unit. Starting
and ending times are respected according to the batch cycle duration of each unit. Un-
interruptibility of units is captured based on their process design. The model responds
to electricity prices by adjusting the energy profile of the plant and varying the material
loading to maximize profit.

To optimally manage the energy consumption of a Hydrogen-Based steel plant under
various price scenarios, sensitivity analysis is carried out to further increase profit under
each price profile assumed. In the low price profile,when using a 100% efficiency fuel
cell rated at 250 kW, and without restricting hydrogen intake, the profit of the steel plant
only increases by €250,3 when compared to a 50 kW fuel cell with 50% efficiency. This
is without considering operating costs of the fuel cell, which suggests that a fuel cell is
not necessarily profitable to operate in a Hydrogen based steel plant.To overcome losses
in the average price scenario, Hydrogen storage is essential. At least 700 kg of hydro-
gen should be available at the beginning of the production schedule to ensure positive
profit. Flexibility is investigated for the peak price profile, which achieves the highest
profit at € 271.072,65 for all the assumed scenarios. The plant reduces its consumption
from 90 to 67.5 tonnes. Flexible operation displays profit margins up to €76,000 when
assuming full capacity (e = 1) offered by the set of the flexible units. As € increases, the
plant reduces its total energy volume and shapes its consumption profile to maximize
profit. The PEM offers the highest capacity, utilizing the peak price hour to sell its capac-
ity.Under all price scenarios,the battery responds to electricity prices by charging at low
prices and discharging at high prices to maximize profit for the industrial consumer. Fur-

63
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thermore, demand response can be seen in various forms, such as changing the starting
time of a batch cycle, increasing or decreasing the number of batch cycles, and varying
the material loading for units depending on the price profiles.

The energy consumption data from Gurobi is used to model the units of the steel
plant as time series loads to verify a radial network for the plant. These include the
consumption of the units, and generation from fuel cell, battery, solar and wind.A ra-
dial network is proposed based on literature and discussion with DNV. Four 100 MVA
transformers are proposed and contingency scenarios are generated until transformers
supply the network. Thus, the main transformer ratings in the network are verified for
the worst-case scenario (peak consumption) to ensure acceptable and safe operation
within the steel plant. Results revealed that when two main transformers are taken out
of service, the other two main transformers can reach 158.4% of their loading capacity
in one timestep, which is acceptable for short-term durations. To analyze the impact of
the steel plant on a transmission grid, the peak consumption value is modeled as a static
load in a representative European high-voltage grid to carry out powerflow analysis. It
reveals that the impact of the steel plant on the load capacity of the line and the voltage
of the bus of the network depends on the location of the bus.



FUTURE WORKS

Future works for the thesis can be addressed in the following areas.In energy system
modeling, using a smaller and more accurate resolution for the batch cycle duration of
the units can provide a better representation of the production schedule and improve
the quality of the objective function,which is possibly obtained when the model is ap-
plied to an existing steel plant. In power system modeling, representing the units using
detailed steady state load models that include the converters can provide better insights
on the plants behavior can a high voltage.For example, modeling the PEM electrolyzer
similarly to the steady state load model of an electrolyzer with non-linear and opera-
tional constraints in [61].
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APPENDIX

A.1. A1:GITHUB

This GitHub repository contains the codes used to run the simulations, a summary of
the main results for each scenario, the calculations for the H2.

A.2. A2:SHAREPOINT

Inside the sharepoint link are all of the results of the optimization of all 40 scenarios,that
include energy consumption, material storage, optimal schedule, decision variable in
excel, pkl files for pandapower,battery capacity, fuel cell, and oxygen supply to EAE the
folders that represent each scenario.

A.3. A2:SUMMARY OF RESULTS

Table A.1 highlights the main results of the 40 scenarios generated for the energy system
modeling. Carbon emissions depend on the final amount of steel produced which for a
total steel production of 860 tonnes amount to 0.0236 tCO,.Highest profit is achieved at
€271,072.65 for the Peak Price Scenario with a flexibility of £=1.0. All simulations con-
verged with an MIGAP of 0.1%.
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A. APPENDIX

Table A.1: Scenarios Generated and Main Results Summarized

Operation Mode CR[t] HB [t] Profit CO; Emissions [t] Solve Time [s]
Fixed Price 722 100 €204,136.70 0.0235 444.09
Fixed Price (Renewables 1 MW) 722 100 €208,175.70 0.0235 466.64
Fixed Price (Renewables + Battery 1 MW) 722 100 €208,889.80 0.0235 337.54
Fixed Price (Renewables + Fuel Cell 1 MW) 722 100 €210,364.40 0.0235 503.13
Fixed Price (Renewables + Battery + Fuel 722 100 €211,078.43 0.0235 430.82
Cell 1 MW)

Low Prices 722 100 €262,185.20 0.0235 367.90
Low Prices (Fuel Cell = 100 kWh) 722 100 €262,364.60 0.0235 354.86
Low Prices (Fuel Cell = 150 kWh) 722 100 €262,409.85 0.0235 394.60
Low Prices (Fuel Cell = 200 kWh) 722 100 €262,409.85 0.0235 1863.35
Low Prices (Fuel Cell eff = 0.7, Fuel Cell = 722 100 €262,416.27 0.0235 386.00
200 kWh)

Low Prices (Fuel Cell eff = 0.8, Fuel Cell = 722 100 €262,422.70 0.0235 543.71
200 kWh)

Low Prices (Fuel Cell eff = 0.9, Fuel Cell = 722 100 €262,426.90 0.0235 557.64
200 kWh)

Low Prices (Fuel Cell eff = 0.9, Fuel Cell = 722 100 €262,429.10 0.0235 611.58
250 kWh)

Low Prices (Fuel Cell eff = 1.0, Fuel Cell = 722 100 €262,435.50 0.0235 197.63
250 kWh)

Average Prices 722 100 -€97,795.70 0.0235 519.46
Average Prices (Hp=0.1) 741 100 -€75,069.23 0.0235 413.04
Average Prices (H2=0.2) 741 100 -€64,786.20 0.0235 519.07
Average Prices (H2=0.3) 741 100 -€54,503.14 0.0235 374.37
Average Prices (H2=0.4) 741 100 -€41,142.00 0.0235 544.23
Average Prices (H»=0.5) 741 100 -€30,921.87 0.0235 503.52
Average Prices (H»=0.6) 741 100 -€20,701.70 0.0235 582.65
Average Prices (H2=0.7) 760 100 -€154.30 0.0236 765.03
Average Prices (H2=0.8) 760 100 €10,021.70 0.0236 959.23
Average Prices (H2=0.9) 760 100 €20,197.57 0.0236 1089.70
Average Prices (Hy=1.0) 760 100 €37,870.50 0.0236 1784.30
Peak Prices 722 100 €166,602.10 0.0235 461.09
Peak Prices (Unbounded) 722 90.79 €194,171.20 0.0215 441.82
Peak Prices-Flexibility (¢=0.1) 722 85.46 €231,859.70 0.0215 632.75
Peak Prices-Flexibility (¢=0.2) 722 80.12 €244,134.95 0.0215 500.18
Peak Prices-Flexibility (¢=0.3) 722 72.33 €252,203.70 0.0215 473.71
Peak Prices-Flexibility (¢=0.4) 722 67.95 €259,208.10 0.0215 466.98
Peak Prices-Flexibility (¢=0.5) 722 67.95 €265,142.66 0.0215 520.50
Peak Prices-Flexibility (¢=0.6) 722 67.95 €266,489.72 0.0215 525.46
Peak Prices-Flexibility (¢=0.7) 722 67.95 €267,714.87 0.0215 423.79
Peak Prices-Flexibility (¢=0.8) 722 67.95 €268,874.40 0.0215 498.96
Peak Prices-Flexibility (¢=0.9) 722 67.95 €270,047.30 0.0215 507.32
Peak Prices-Flexibility (¢=1.0) 722 67.95 €271,072.65 0.0215 524.75
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