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1 Introduction

Steel industry is a major carbon dioxide emitter, as it accounts for 9% of the global, and 4% of

Germany’s total greenhouse gas emissions (Fischedick et al. 2014; Nuss and Eckelman 2014;

Wang et al. 2021). In the 2020s, the steel industry is at a cross-road as around 70% of the world’s

coal-based blast furnace capacity will reach the end of its operating lifetime before 2030 (Agora

2021). The upcoming refurbishments and reinvestments are an optimal opportunity for decarbon-

isation of steel production and electrifying it to meet the German climate goals of climate neutrality

at 2045 (Federal Office of Justice 2019). This massive electrification of steel production processes

is enabled through utilising hydrogen fromwater electrolysis for direct reduction of iron and produc-

ing afterwards steel in electric arc furnaces (EAF). The added demand of the additional electrified

steel making sector can put more pressure on the energy transition and be a part of solving its

problems at the same time.

In Germany 2024 54.4% of electricity was already produced by renewables (UBA 2025). However

a large share of processes in industry, transport and heat generation are still running on fossils,

reducing the share of renewables at general primary energy carriers to 20%. Many of these pro-

cesses are going to be electrified in the future requiring further additional renewable generation

capacities. The issue is that energy systems reliant on significant proportions of renewable tech-

nologies require consistent, efficient, and sustainable control of generation fluctuations to main-

tain the grid. Two main management strategies are consumption flexibility, also called demand

response (DR) and deployment of storage systems (IEA 2023b). An electrified steel sector in Ger-

many provides opportunities for both, as the incorporation of electrolysis and melting processes in

steel production offers flexibility potential and allows produced hydrogen to be stored in gas cav-

erns for later use and re-electrification. Therefore this thesis is assessing the potential of hydrogen

based steel production to contribute to the balancing of fluctuating renewable energy generation

integrating flexible loads and storage systems.

Multiple technologies and possibilities are available in other sectors to manage flexibility and stor-

age demand (Apata 2023; Bakare et al. 2023), raising the question why should the steel sector

make the effort. Especially residential decentralised DR behaviour for heat provision and vehi-

cle loading is discussed to have a have a significantly higher capacity and stabilising effect (Gils

2014). This issue has been extensively explored; yet, the effectiveness of methods for a decen-

tralised rollout remains ambiguous, resulting in inconsistent outcomes (Shabha et al. 2023). The

application of DR in industrial settings exhibits several deficiencies, which will be elaborated fur-

ther in the thesis. Nevertheless, given that the industrial sector accounted for 41% of electricity

consumption in Germany in 2023 (UBA auf Basis AGEB 2024), the substantial electricity usage

indicates significant technical DR potential, appealing due to rapid implementation and cost effi-

ciency. Consequently, its potential need more sector- and process-specific study (Heitkoetter et al.

2021; Stanelyte et al. 2022). Addressing the potential of direct reduction (DR) in future hydrogen-

based steel production involves not only technical aspects but also necessitates an examination

of sector- and region-specific future developments in global trading strategies and interactions,
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allowing for a concentration on individual technologies or production processes. For this study,

northern Germany is used as a case study since it has substantial offshore wind capacities but

lacks the capacity to handle fluctuating generation and is in the process of decarbonising a steel

industry in Bremen, which has the potential for future flexibility. To find an ideal transition pathway,

several actor viewpoints must be considered determining not only techno-economic barriers.

To determine DR potentials in hydrogen-based steel manufacturing, this thesis identifies and re-

solves research issues by first providing an overview of the current state of research in the topic.

Relevant research areas include energy transition and demand response (Section 2.1), steel in-

dustry transformation (Section 2.2), and sustainability research as a lens for problem assess-

ment (Section 2.3). Section 2.4 presents pertinent research gaps and objectives, emphasising

the study’s background and contributions.

Section 3 explains the various methods and materials used in this investigation. Section 3.1

presents scenarios for producing hydrogen-based steel in northern Germany using wind elec-

tricity. These scenarios are modelled in a mixed integer linear programming (MILP) optimisation

to evaluate economic, operational, and grid stabilising factors (Section 3.2). In addition, the man-

ufacturing life cycle is modelled for a prospective life cycle assessment (Section 3.3) to evaluate

environmental implications. The purpose of these methods is to evaluate essential information for

managing sustainable development at the intersection of the power and steel production systems.

An information system for sustainable development is therefore generated in Section 3.4.

Section 4 presents the outcomes for each approach individually. The discussion in Section 5 sum-

marises the findings and examines their implications, limitations, and uncertainties.

2 Current State of Research

The energy system and steel industry are critical parts within a sustainable development, providing

essential resources and materials. However while being critical parts, transformation within them-

selves is needed at the same time, changing not only production practice but their own structure

and how they are organised. Additionally to individual challenges, the interfaces and interaction

of both sectors become more significant for efficient system functioning. This intersection forms

the primary focus of this thesis. In order to provide a comprehensive foundation for the analysis,

this section will examine the developments unfolding in each of these sectors and describe the

system level perspective from which transition in electricity and steel sector is approached and

researched in this thesis.

2.1 Electricity System Transformation and Demand Response

The ”Energiewende”, the energy transition, is supposed to be Germany’s path to a secure, envi-

ronmentally friendly and economically successful future. The federal Climate Action Act sets the
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goal to deplete green house gas emissions in 2045 (Federal Office of Justice 2019). This requires

massive capacity expansion of renewables, instalment of storage systems to manage fluctuating

generation as well as a changeover of production pathways and adapting consumption.

In order to achieve these ambitious goals, it is crucial to consider the role of markets organising

and facilitating the energy transition. Because market design is founded on policy decisions, it

is critical to consider not only technical and economic potentials but to look at problems from a

variety of perspectives including policy maker objectives.

To effectively facilitate the transformation of energy system, a reform of market design is indis-

pensable ensuring an efficient integration of renewable energy sources into the grid (IEA 2025).

The energy transition will lower the total cost of power generation; nevertheless, grid charges and

other incidental costs are projected to increase with increasing effort to ensure resilient supply and

enhanced grid expansion (Cevik and Ninomiya 2023).

The transition affects not only generation technologies, prices and their behaviour, but also how

the market is built, who participates in it, and how the actors communicate. With fluctuating re-

newables the importance of balancing measures rises, which are summarised in the term an-

cillary services (Cozzolino and Bella 2024). The services aggregate several measures such as

congestion management, frequency and voltage control, oscillation damping, loss compensation

and black start capabilities. Currently especially grid congestion management and frequency bal-

ancing demand for new market mechanism and implementation of new modes of communication

as in Germany congestion costs tripled from 2019 to 2022 due to higher wind availability and

high oil and gas prices (Bundesnetzagentur and Bundeskartellamt 2019; Bundesnetzagentur and

Bundeskartellamt 2023), reducing just slowly till 2025 (Bundesnetzagentur and Bundeskartellamt

2025). A grid management system that is based on real-time pricing and DR mechanisms can

allocate resources and manage peak periods and reduce stress on the transmission infrastruc-

ture (Vardakas et al. 2015). Current market design with time-independent prices, taxation and

grid charge structure hinders the implementation by decreasing the incentives to adopt (Blaschke

2022). However as storage technologies can offer similar services and significantly decrease in

their prices they are in competition with DR measures (Müller and Brunner 2015). The downside

of storage technologies are costs and impacts of additionally required materials and rare metals

and the losses in the storage process (Al Shaqsi et al. 2020).

According to IEA (2023b), DR plays a crucial role in providing short-duration flexibility and in their

Net-Zero Scenario they project DR capacities provided globally in 2030 to be 275 GW from build-

ings, 50 GW from transport sector, 25 GW from industry and 150 GW from hydrogen production

(IEA 2021; IEA 2023a). These capacities are realised by different methods for adapting loads as

described by Macedo et al. (2015):

3



a Peak clipping: Reduce peak demand through direct load control, shutdowns, or distributed

generation.

b Valley filling: Encourage off-peak consumption through incentives like discounts to increase

non-peak periods and reduce average prices.

c Strategic conservation: Reduce seasonal energy consumption by increasing efficiency and

reducing waste through technological changes and incentives.

d Strategic load growth: Control seasonal energy consumption growth using intelligent sys-

tems, efficient equipment, and competitive energy sources.

e Load shifting: Shift peak period loads to off-peak periods without changing total consumption,

possible with distributed generation.

f Flexible load shape: Implement integrated planning between utilities and consumers to

model loads, limit power usage at certain times, and install load-limiting devices.

It becomes evident that various DR strategies operate on different time scales between seconds

and years. DR contribution to long-duration flexibility is expected to be significantly lower (IEA

2023b). However, when combined with long-term energy storage solutions, DR’s services can

be extended to longer timescales, enhancing its overall flexibility potential. This underscores the

need for a comprehensive understanding of the strengths and limitations of different DR strategies

and technologies, as well as their interactions with other flexibility options. As DR works best

in interplay with energy storage systems an optimal selection and management of the available

options is essential for achieving an efficient energy system especially with increasing flexibility

requirements (Koolen et al. 2023). DR can be offered by several electricity consumers, either more

centralised in flexibilisation of large loads in energy intensive industrial processes, or decentralised

through managing multiple smaller loads like air conditioning, ventilation, heat pumps, or charging

of electric vehicles (Bauknecht et al. 2024). Bakare et al. (2023) lists residential, commercial,

industrial, and transportation sectors as capable of providing DR behaviour, each with unique

challenges. Due to its high and rising electricity consumption this work focuses on assessing DR

potential in the industrial sector, namely the steel industry.

2.2 Steel Industry Transformation

In Germany steel industry with a turnover of around 50.6 billion euros and 90,000 employed peo-

ple 2023 (Wirtschaftsvereiningung Stahl 2023) is within a large transformation process. A quick

decarbonisation and electrification of steel production has far reaching potentials, decreasing en-

vironmental impacts throughout the entire production chain in Germany. Steel serves as a critical

material in the manufacturing of numerous products, including construction materials, automotive

parts, machinery, and consumer goods (Bender et al. 2008). However German steel industry

turnover and employment has decreased in the last years in light of this transformation and other

factors, mostly referred to be high electricity prices and grid charges, as well as missing political
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Figure 1: Contemporary and prospective Steel Production Methods, including Production Facili-

ties, Energy Carriers, and Iron Sources

guidance and subsidies (Wirtschaftsvereiningung Stahl 2023). This highlights the strong connec-

tions of the steel and energy sector, and the demand for a strategy, which enables the actors to

manage this transformation successfully.

The transformation in the steel sector alters not just the fuels utilised but also the entire production

processes. Figure 1 illustrates the pathways currently employed and those anticipated for future

use. These routes have multiple steps which can be roughly divided in three units: iron making

unit, which is either producing pig iron or direct reduced iron (DRI); steel making unit, which is

melting the iron in an electric arc furnaces (EAF) and producing liquid steel; and the finishing unit

where the steel is cast and rolled into the desired form.

In Germany the largest share of produced steel with 70% is currently coming from the Blast Fur-

nace - Basic Oxygen Furnace route (BF-BOF) (World Steel Association 2024b). The first step of

this route is processing mined and sintered or pelletised iron ore to pig iron in a blast furnace. For

steel making pig iron is molten in a Basic Oxygen Furnace into crude steel, which is processed

further by casting and rolling practices. This route has especially high CO2 emissions with the

global average of 2.33 tons CO2 per ton of cast steel, compared to 0.67 tons of Scrap-EAF and

1.36 tons of DRI-EAF production routes (World Steel Association 2024a). The large emissions

are the result of the use of coal or coke as energy supply and chemical reactant. Implementing
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post-combustion carbon capture and storage to BF-BOF can cut emissions by as much as 60%

(IEAGHG et al. 2013), but this is not sufficient to meet the long-term climate goals and still de-

pended on fossil fuels, which are depleting.

The second most utilised steel production route is secondary, or recycled steel accounting for 30%

of German steel. Scrap steel is melted in EAF through high electric currents. Decarbonisation of

this route can be reached with higher shares of renewable electricity in the supplied mix. However

recycling rate is already high as it surpassed 80% in 2017 (IRENA 2020). Nevertheless if the steel

demand is higher as available recyclable steel, decarbonisation of primary steel production is still

essential.

The furthest developed primary steel production route with potential independency on fossil en-

ergy sources is utilising hydrogen based direct reduced iron (H2-DRI) and making it into steel in

an EAF. As natural gas and coal gas can also be utilised in this process route, direct reduction of

pelletised iron ore is a production practice already applied in industrial scale worldwide. Especially

India and Iran have large DRI production capacities (World Steel Association 2024b) using coal

gas. Changing the gas source to natural gas (NG-DRI) can reduce the process related specific

emissions to 0.82 tons CO2 per ton of cast steel, whereas utilisation H2-DRI can result in 0.042

tons CO2 per ton of cast steel (Hölling et al. 2021). A small fraction of process related emissions

can not be prevented as the steel making process requires injection of foaming coal for increasing

the carbon content in steel. For independence of fossil fuels charcoal can replace fossil coal at

this step.

By processing mined iron ore directly rather than using treated pellets, electrowinning (EW) tech-

nology offers a more direct method of producing iron while preserving the same steel-making

procedure as an EAF. Iron ore is dissolved in a solvent and the iron is separated from other ma-

terials by electrolysis. While EW is deployed already in aluminium production (Haraldsson and

Johansson 2018), for steel it is considered a prospective potential technology and only realised in

laboratory scope. Further technological maturity is required to fully realise its benefits (Tokushige

et al. 2022) of higher efficiencies and lower capital as well as operational expenditure compared

to H2-DRI (Humbert et al. 2024).

Today only carbon capture and storage technology and hydrogen based direct reduction offer car-

bon neutral steel production (IEA 2020) with EW requiring further development. Until EW reaching

an industry deployable readiness level, H2-DRI route is the only technology enabling steel produc-

tion independent of depleting fossil resources. With H2-DRI being the mainly proposed production

route of primary green steel a large question remains uncertain in German steel industry: How

much hydrogen and direct reduced iron is imported from other countries like Morocco or Australia?

Morocco can produce hydrogen based on photovoltaic in larger quantity (Lopez et al. 2023) and

Australia as the biggest iron ore exporter today (World Steel Association 2024a) is largely invest-

ing in green iron infrastructure (Wang et al. 2023; Department of Industry Science and Resources

2025). This question has also high implications for the German electricity system because the

production of hydrogen through electrolysis requires large amounts of renewable electricity. If a
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substantial portion of hydrogen is produced in Germany, the demand of electricity will rise, neces-

sitating accelerated deployment of renewable energy sources and grid expansion. At the same

time electrolysis plants with a high flexibility and potential of demand response in combination

with H2 storage tanks are an important part in maintaining grid stability and reducing congestion.

If hydrogen or DRI is mainly imported, this would leave only EAF steel making production step in

Germany and ancillary services need to be realised through other measures. At the same time

Germany’s reliance on international energy markets and supply chains will grow, potentially ex-

posing the system to price volatility, geopolitical risks, and challenges in meeting sustainability

criteria for imported hydrogen as well as grid balancing technology.

EAFs, which are already in use and electrified in the steel making phase, are employed as available

potential for load shedding on balancing markets for extreme events, with an estimated potential

of 931 MW in Germany (Gils 2014). However, strategic conservation or load growth techniques,

particularly flexible capacity utilisation of EAFs, are not used, and understanding of the DR poten-

tial of future routes is limited. Research on industrial DR potential in Germany is scarce because

implementation in industry faces multiple barriers. Scharnhorst et al. (2024, p. 11) identified as

largest impediments: “(i) the lack of profitability, (ii) the fear of reduced product quality, (iii) multiple

aspects regarding personnel planning ranging from additional expenditures to consolidation with

the labour union, (iv) an overall missing acceptance and (v) the technical interdependencies with

upstream and downstream processes”. These barriers in addition to current policy and market

frameworks make an increase of DR in the steel industry really difficult and need to be addressed,

as DR offers low losses and high resource efficiency from system level perspective and future

developments and policies will enhance DR viability further (Weng 2019).

2.3 Sustainability as Multi-Level and Dynamic Process

To meet contemporary global challenges such as climate change, biodiversity loss, depleted re-

sources and those to come, coordinated action across various societal sectors is essential. Under

the concept of sustainability, a broad range of research has sought to provide theoretical frame-

works and practical guidance for such long-term, systemic transformations (Lang et al. 2014).

This thesis is assessing specific aspects of the transformation in electricity and steel sector but

requires a framework to analyse and discuss the meaning of the results. Therefore it uses sus-

tainability as a conceptual and methodological approach to evaluate systems with respect to their

contribution to sustainable development and transition (Ness et al. 2007). At first this requires to

determine what is meant by the term sustainability and later how contributions to a sustainable

development theoretically can be assessed and measured.

The diverging understanding of sustainability continues to challenge standardised assessment

practices. While the triple bottom line approach (Elkington 1997) remains widely used for its sim-

plicity, categorising the effect of measures into environmental, economic, and social dimensions,
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it fails to capture the complexity and interconnectivity of transforming systems (Wexler 2009; Sri-

vastava et al. 2022). Therefore this work applies a systems thinking approach, understanding

sustainability as a property emerging from the dynamic interactions of system components. This

concept is summaries by Meadows (2009, p. 85) in the following words:

”Resilience, self-organization, and hierarchy are three of the reasons dynamic systems

can work so well. Promoting or managing for these properties of a system can improve

its ability to function well over the long term - to be sustainable.”

To render a more detailed definition of resilience, self-organisation and hierarchy would be inter-

esting but surpass the requirements of this thesis. However this citation shows the demand for

understanding the analysed systems, in this case steel industry as embedded in, dependent on

and interacting with higher level systems such as the energy infrastructure, natural ecosystems,

and economic structures.

When sustainability or contributions to a sustainable development is assessed Lindfors et al.

(2025) argues for an integration with sustainability transitions research, criticising predominant

narrow, technology-centric applications in sustainability assessment and its practices. The latter,

which is more strongly rooted in the social sciences, emphasises the dynamics of systemic change

and the role of societal actors. A mutual relationship between the two approaches can be ben-

eficial as assessment of transitioning systems gains deeper integration of stakeholders and how

their capacities and capabilities could be increased, while sustainability transition studies benefit

from the quantitative proof of its theories. Therefore a comprehensive assessment should account

for multiple stakeholder perspectives across system levels (Mathur et al. 2008). While theoretical

approaches to stakeholder identification and categorisation are well-developed (Silva et al. 2019),

their integration into practical sustainability assessments remains limited (Lodhia and Martin 2014;

Gadenne et al. 2012).

To structure the analysis of dynamic interrelations and stakeholder perspectives in the researched

transition processes, this thesis draws on the Multi-Level Perspective developed by Geels and

Schot (2007). The multi-level perspectice provides a dynamic but structured analytical frame-

work for understanding technological transformation processes, integrating systems thinking with

actor-based perspectives. This socio-technical perspective on transformation provides a robust

understanding of the interconnections among system levels, which will be the focus of my thesis.

The multi-level perspectice distinguishes three levels: First the Niche Level as the sites of innova-

tion and experimentation. Second the Regime Level aggregating the dominant structures, institu-

tions, and infrastructures that maintain the status quo. The last and highest level is the Landscape

depicting exogenous macro-trends like climate change or shifting geopolitical paradigms putting

pressure on the regime and opening up windows for change.

This thesis views the electrical system as the central regime-level system undergoing a transfor-

mation. This system requires transformation due to pressures from the landscape level, as climate

change is increasing its impacts, while fossil resources, the primary energy source, are diminish-
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ing. The steel industry is adopting innovative technologies at a niche level, incorporating hydrogen

based steel manufacturing practices, through the installation of electrolysers, hydrogen storage

systems, and fuel cells. However innovation can also be attained through the plant’s scheduling

of production to accommodate demand response.

To assess the performance of available options indicators are used to measure and aggregate

information. Indicators are essential to understand the world and to make decisions which op-

tions to choose. Bossel (1999) describes how an indicator’s purpose defines and narrows down

what is looked at and what information is used in the decision making process. For sustainable

development the UN (1993) emphasises the necessity of having the appropriate information for

decision-makers, when determining next steps for systems and their sustainable development.

Meadows (1998) emphasises both, the necessity and difficulty of using indicators for managing

sustainable development. She highlights the inherent challenge of simplifying complex systems,

while advocating for the use of comprehensive information systems integrating multiple indicators

into sorted and hierarchical structures. Therefore in this thesis multi-level perspective helps to

organise such an information system and provides guidance to select relevant indicators for re-

spective stakeholders in Section 3.4.

2.4 Research Gaps and Objectives

As described in the sections above there is a need for a comprehensive assessment of the pos-

sible deployment scenarios of hydrogen based steel production practices through the lens of sus-

tainable development. To narrow the research field on a more focussed area this thesis applies

hydrogen based steel production scenarios in a German context and assesses potential of de-

mand response and economic and environmental impacts.

Hölling et al. (2021) developed multiple hydrogen based steel production plant setups and as-

sessed costs for German hydrogen based steel production sites, while Lopez et al. (2023) evalu-

ated the costs and resulting steel prices for different import and trading scenarios for the prospec-

tive German steel industry. However these regional specific assessments were leaving out the

impacts of demand response and bidirectional interaction of steel production with the energy sys-

tem. By deeply integrating DR into future steel production scenarios and examining its effects,

research can assist to build interactions between the steel and energy sectors.

DR in a H2-DRI production plant is enabled by several units with multiple techniques. The largest

potential show the electrolysers of the reduction unit as they offer a flexible load shape and large

capacities. Boldrini et al. (2022) explored the demand response potential of various setups of

hydrogen-based steel manufacturing plants. Boldrini et al. (2024) also considered the future en-

ergy system implications of highly variable pricing. However the assessment of the demand re-

sponse potential was solely focussed on economic gains from varying energy prices and addi-
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tionally missing out steel making, respectively EAF as a production step able to conduct demand

response. Fraizzoli et al. (2020) modelled flexible EAF usage in a mixed integer linear program

(MILP) however did not integrate that into a hydrogen based steel production site. Boldrini et al.

(2024) emphasises the need to ”quantify the DR potential of EAFswithin the context of future power

systems”. Therefore this thesis tries to depict flexible EAF capacity utilisation within prospective

integrated hydrogen based steel production sites and assess the DR potential.

As Scharnhorst et al. (2024) identified deploying DR in industrial applications is not only questions

on the profitability, but also operational issues impacting workforce planning, product quality and

upstream and downstream processes are hindering DR in steel production. Research on oper-

ational complexity including all these aspects was not found. This thesis incorporates elements

of operational planning into the evaluation of future steel production and seeks to determine the

operational complexity of various steel production scenarios.

In the steelmaking unit of hydrogen-based steel production, particularly the EAF, DR can be

achieved by adjusting the beginning time of single batches for load shifting. This can be sup-

plemented by utilising different shares of the steel making unit, which is enabled by adjusting

production conditions (Castro et al. 2020), such as varying the furnace filling degree (Dock et al.

2021), leaving a residual amount of molten steel and slag from a previous batch in the furnace

(Taji Eshkaftaki et al. 2024), or conducting fast or slow melting practices (Weng 2019). This en-

ables more flexible load shapes of processes in the steel making unit and their application for

DR and stabilising services. According to Bakare et al. (2023) industrial sector applications have

the largest limiting factors in applying DR practices due to missing data on load behaviour and

time dependencies inside production processes. Therefore this work investigates the utilisation of

available data on load profiles and production processes in future hydrogen based steel production

and analyses its DR potential for the energy system. This flexibilisation of production can influence

not only energy pricing for production but also assist grid operators in balancing the variable nature

of renewable energies at the grid level. Gao et al. (2023) developed therefore a method to assess

the potential to stabilise the grid of DR by measuring the ability of a technology to match a given

load profile. For hydrogen based steel production DR potential was assessed as described above

for economic indicators but not for this methodology on grid stability level. Therefore this research

assesses the potential to provide stability and tries to determine optimal production scenarios

With the perspective of sustainable development and as electricity and steel production systems

are integrated in environmental systems, impacts on the environment are also important to evalu-

ate. When assessing the environmental impacts of hydrogen based steel production most found

research focussed on the comparison of NG-DRI and H2-DRI production routes (Hu et al. 2025),

some even assessed the impacts prospectively with implemented future scenarios (Weckenborg

et al. 2024; Nurdiawati et al. 2025; Azimi and van der Spek 2025). However detailed assessment

of possible scenarios and uncertainty on how H2-DRI production would be organised and which

technology would be utilised at what regions was not conducted so far. For assessing the effects
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of different technologies and production steps Taji Eshkaftaki et al. (2024) conducted a contribution

analysis of a hydrogen based steel production plant. Nevertheless it was carried out for the pro-

duction in Iran and based on Photovoltaic as primary energy source, so research for the German

context and electricity and steel systems is missing.

Additionally research on prospective hydrogen based steel production did not include the integra-

tion of future steel production practice into the background and thereby leaving out the effect green

steel production would have on the production system to produce itself. Given how much steel

and other metals are used in steel manufacturing facilities, particularly in steel production facilities

that are powered by renewable energy, this is noteworthy and interesting to include.

Therefore this research is aimed to address the shown knowledge gaps in environmental impact

assessment of hydrogen based steel production by conducting a comprehensive assessment of

the environmental impacts, taking into account the integration of future steel production practices

into the background system itself. Additionally this work is expanded by considering a broader

range of hydrogen based steel production scenarios, including storage technology and demand

response practice to model the interaction with the energy system as well as import strategies.

To summarise, this thesis examines hydrogen based steel production scenarios and how they can

contribute to a sustainable development in steel and energy sector. The performance is evaluated

across several aspects of a sustainable development from a multi-level perspective of important

actors. As these indicators are assessed through different methods and perspectives two research

questions separate the assessment of production process scheduling and environmental assess-

ment. The first research question focusses on the technical assessment of steel plant scenarios

and the effect DR operation can have on electricity cost, operational complexity and grid stabilising

potential. The second question focusses on the prospectiveness of the scenarios and is interested

in the environmental effects this future possibilities to produce hydrogen based steel will have:

1. To what extent can hydrogen-based steel production plant scenarios in Germany influence

economic performance, operational complexity and grid stability through demand response?

2. How will hydrogen-based steel production plant scenarios impact the environment prospec-

tively?

2.5 Thesis Structure

The thesis structure is designed to provide a nuanced understanding of the relations between

the researched aspects of hydrogen based steel production in the transformation processes and

sector coupling between electricity and steel production systems, ultimately contributing to a sus-

tainable development. This is achieved by integrating operational and economic aspects of DR, as

well as electricity grid stability and environmental aspects into the assessment of steel plants. Fig-

ure 2 shows how the research context and developed research objectives are approached in the

following sections. This thesis adopts a multi-level perspective, combining dynamic understand-

ing and assessment of systems in a sustainability transition process through two primary research
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Figure 2: Visualised methodological structure explaining the research context, research objec-

tives and the methodological parts for assessing the objectives through the lens of an information

system for sustainable development of hydrogen base steel production scenarios; Acid = Acidifi-

cation, ADP = Abiotic Depletion Potential, GWP = Global Warming Potential, PMF = Particulate

Matter Formation

objectives. The first objective focussing on effects of DR, is addressed using a MILP optimisation

that simulates processes within a hydrogen-based steel production plant. In contrast, the second

objective is evaluated via a prospective Life Cycle Assessment methodology, measuring environ-

mental impacts from 2023 to 2050 across the three distinct steel plant scenarios. These scenarios

represent different strategies for maximising renewable energy usage in steel production through

DR, storage, or importing DRI from abroad. The results of both research objectives and methods

are aggregated into a comprehensive information system that covers various levels and aspects

of sustainable development. This comprehensive approach enables a holistic assessment of the

situations, as shown in Section 4. Section 5 contextualises the findings, acknowledges limits and

assumptions, and provides recommendations based on the outcomes.

3 Methods

3.1 Steel Plant Scenarios

In order to constitute possible pathways of transformation towards a hydrogen based steel indus-

try sector, this study employs a case study approach. It develops three exemplary scenarios of

hydrogen based steel production plants located in Bremen with a high potential for renewable en-

ergy integration. The scenarios try to integrate current discussions from steel and energy industry

considering the future transformation and how to manage it. To develop a perspective for sustain-

able development these three scenarios are assessed for their performance in several relevant

indicators which are developed and described in Section 3.4.
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A research project by ArcelorMittal Hamburg GmbH, named ”Wind Steel from Northern Germany”,

investigated eight hydrogen based steel production plant setups that primarily rely on offshore wind

electricity (Hölling et al. 2021). Two variants of this study were chosen for more detailed exami-

nation in this study, providing detailed data on steel plant setups for the scenarios: ”Variante 2”,

which presents a steel production scenario with high flexibility and DR utilisation, and ”Variante

3.2”, which balances fluctuating electricity generation through DR electrolysis in combination with

a large hydrogen storage system. These two scenarios rely on 100% renewable electricity supply

and depict two strategies to handle the fluctuating renewable electricity generation in the future,

either by high DR with small storages or building large storage solutions which enable constant

operation and high capacity utilisation rates. The scenarios are supplemented by a third, deduced

scenario that omits hydrogen reduction facilities in Bremen’s facilities and imports H2-DRI from

Australia as the globally largest iron exporter. As energy demand is reduced this means also less

renewables need to be integrated in the region. However as the reduced wind park does not pro-

vide sufficient power for long enough this scenario requires a backup source of electricity which is

in this case the electricity grid. At the same time water electrolysis can not be used as a regional

DR option. The scenarios are explained in the following paragraphs, detailing their respective

system configurations, energy sources, and operational strategies.

Table 1: Installed Equipment Capacities, Demand Response Potential and Grid Exchange be-

haviour in Bremen of Steel Plant Scenarios

Steel Making

DR

Steel Making

Constant

Import

H2-DRI

Offshore Wind Park Capacity 852 MW 828 MW 288 MW

R
ed
uc
tio
n

U
ni
t

Rated Power 501 MW 500 MW -

Minimum Power 100 MW 100 MW -

Maximum Power 555 MW 563 MW -

Hydrogen Tank Capacity 0.4 GWh 24 GWh -

Fuel Cell Capacity - 171 MW -

St
ee
lM

ak
in
g

U
ni
t

Battery Capacity 7.5 MWh - 7.5 MWh

Max hourly rated Power 108 MW 80 MW 108 MW

Min hourly rated Power 65 MW - 65 MW

Rolling hourly Rated Power 69 MW 54 MW 69 MW

Grid Exchange Feed-In only Feed-In only Bi-Directional
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Figure 3: Characteristics of Steel Plant Scenarios

Steel plants can be segregated into three parts: the reduction unit producing direct reduced iron

by utilising hydrogen from integrated electrolysers; the steel making unit, melting iron in an EAF,

a ladle oven and equipment to cast it in slabs or billets; and a rolling unit for finishing the produced

steel into end use products. In hydrogen based steel production practice all these equipments

are powered by electricity and can be used for DR measures. The most flexible equipment are

electrolysers, making the reduction unit the main factor of DR potential in steel plants, which can

be seen in the large difference of minimum and maximum utilisable power in Table 1. The steel

making unit is less flexible as it not only has less utilisation flexibility but it also melts steel in

batches. When a batch is started it can not be stopped without major energy losses and runs for

usually 40 minutes. However it can start batches with varying capacity utilisation degrees result-

ing in different load patterns, which are described with the model input data in Section 3.2.1.1. As

also depicted in Figure 3 each steel plant scenario bears its own setup of equipment, units and

operation behaviour:

Demand Response Steel Making: This steel plant scenario has the largest wind park and totally

relies on its provided power. It has a large capacity steel making unit and uses flexible levels of

capacity utilisation in electric arc furnaces, or the steel making unit in total as DR potential. Ad-

ditionally to that flexibility it allows DR utilisation of electrolysers in the reduction unit. Residual

electricity is fed into the grid to make profits. To buffer large load jumps when turning the EAF on

or off a 7.5 MWh lithium iron phosphate battery is installed. For storing the hydrogen within the

production process a small hydrogen tank is installed. This scenario was developed by Hölling

et al. (2021) as ”Variante 2”.

Constant Steel Making: In this steel plant scenario, a slightly smaller though still substantial

wind park supplies the necessary energy. To manage the variability in provided wind power, a
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large hydrogen storage tank and a fuel cell system are installed. These components store surplus

hydrogen during periods of high wind generation and convert it back into electricity when wind

availability is low. This setup allows the wind park, steel making and rolling unit to reduce the

installed capacity and get rid of the requirement to run steel making unit flexible and enable a con-

stant production schedule. However reduction unit and electrolysers can still be operated flexible

as well as the timing and batch scheduling in the steel making unit. Importantly, the plant remains

energy self-sufficient, feeding excess electricity into the grid to generate profits but drawing no

electricity from the grid. This scenario was developed by Hölling et al. (2021) as ”Variante 3.2”.

H2-DRI Import: In this steel plant scenario hydrogen based direct reduced iron is imported from

the largest iron exporting port in Australia ”Port Hedgeland” to Bremen. The transport is done by

ship and the distance is 28,136 km. Flexibility of electrolysers is therefore not available for DR in

Germany. This regionally installed equipment is basically that of Demand Response Steel Making

scenario without a reduction unit and solely evaluating the effect of flexible steel making capacity

utilisation as it could also be executed in today scrap-EAF production. However to buffer large load

jumps when turning the EAF on or off a 7.5 MWh lithium iron phosphate battery is installed. A small

wind park supplies electricity for the plant and residual electricity is fed into the grid. However, this

configuration introduces a new requirement as electricity must be drawn from the grid to meet the

remaining energy needs of the steel making process. This requirement arises as the connected

offshore wind park does not generate enough electricity to reliably power the entire plant for the

required amount of time steps to produce 1Mt of steel. While technically possible, scaling the

wind park to meet peak demand, this would result in over-sizing the park tremendously and an

inefficient use of installed capacity. Therefore, the grid as an additional energy source is added

to ensure sufficient uninterrupted operation. This reflects current practices in conventional EAF-

based steel recycling plants and gives a glimpse how flexible steel plants would behave relying

on the electricity grid market as electricity drawn from the grid is subject to market prices.

3.2 Mixed Integer Linear Optimisation of Steel Plant Scenarios

Harjunkoski et al. (2014) rates MILP as most capable tool for modelling integrated production pro-

cesses. A MILP model of a steel plant works by first gathering data on production processes,

energy consumption, and resource availability. The model then uses this data to formulate a

mathematical representation of the plant’s operations, including constraints such as equipment

capacity, material availability, and maintenance requirements. To determine the most efficient

production plan an optimisation algorithm is applied to this model, taking into account factors like

energy costs, load behaviour and production rates. Multiple researchers already implemented

metal production processes for the analysis of DR measures in the process (Ramin et al. 2018;

Fraizzoli et al. 2020; Boldrini et al. 2022; Boldrini et al. 2024; Zhao et al. 2024) showing its ability to

assess flexibility potentials of metal batch production. Therefore this method is selected to assess

the first research objective.
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In this study steel plant scenarios are modelled in a MILP optimisation model developed in pyomo

(Bynum et al. 2021; Hart et al. 2011). The following subsections describe first the methodological

setup including required data, taken assumptions as well as the objective and constraining func-

tions of the model. The second subsection depicts how steel plant scenarios are modelled and

assessed for performance evaluation.

3.2.1 Setup of MILP Optimisation Model

3.2.1.1 Input Data

Figure 4: Capacity Factors of Wind Generation Profiles from FINO1 and ERA5 data filling mea-

surement gaps in 2012 to 2024

The most important input for the model is the time series of renewable wind generation of the

modelled time period. This data was generated as described by Hölling et al. (2021) in the devel-

opment of steel plant scenarios. Wind speed data at height 102 m, temperature and air pressure

data at 101 m was obtained from FINO1 offshore research platform1. Data gaps larger than one

hour were filled by wind speed data at 100 m of the global atmospheric reanalysis ERA5 (C3S

2023). This data, in combination with a power curve for a Haliade X-12MW wind power plant

depicted in Figure 26 in the appendix, was used to calculate a generation profile of a scenario

specific wind park with the python module windpowerlib (Haas et al. 2024). The steel plant sce-

narios were originally developed by Hölling et al. (2021) with a wind generation capacity factor of

62.8%. Given this value, 2012 data was selected for model calculation, as it is the only year that

offers the required threshold for wind energy production to support 1 million tons of steel. The
1This data was collected and made freely available by the BSH’s marine environmental monitoring network (MARNET),

the RAVE project (www.rave-offshore.de), the FINO project (www.fino-offshore.de) and the BSH’s co-operation part-

ners.
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estimated capacity factors of offshore wind power plants in the vicinity of the FINO1 platform from

2012 to 2024 are shown in Figure 4. It indicates that 2012 is the sole year exceeding the projected

capacity factor of the underlying model. The wind park generation profile is referred to in the model

with the parameter Gt.

Profits from feeding in and selling residual electricity must be calculated using electricity pricing

data. The Agorameter (Agora Energiewende 2023) provided hourly day-ahead prices for the year

2012. In the model, time-dependent electricity prices are represented by the parameter p€t .

Steel plants must manufacture 1,000,000 tonnes of steel annually, as specified by the parameter

mtotal. Technical information on the plant, its equipment, and electricity consumption patterns are

gathered from Hölling et al. (2021) and Dock et al. (2021). The values of all parameters for each

steel plant scenario are depicted in Table 11 in the Appendix. In the Demand Response Steel

Making and H2-DRI Import scenarios, three rates of capacity utilisation are provided to adjust the

load profile of EAF batch production. For Constant Steel Making, this is offered for one rate of ca-

pacity utilisation because steel making in this scenario is constant. Different capacity utilisation is

achieved as described in Section 2.4 by varying filling degree of the EAF, leaving residual molten

steel or slag, or conducting fast or slow melting practice. To evaluate the research gap of lacking

EAF flexibilisation in each scenario, the steel manufacturing unit u has a virtual equipment v 2 Vu

for each capacity utilisation rate. (Liu et al. 2022) created virtual equipments, which represent var-

ious equipment settings. Each virtual equipment has its own load profile, denoted by the symbol

LST M
u;v;z , where z is one of the time steps Zu;v in a batch. Load profiles of these virtual equipments

are depicted in Figure 5 and result for 100% utilisation in 107 MW hourly rated power, for 80%

utilisation in 86 MW, 60% utilisation 65 MW and for the constant profile in 80 MW rated power.

The load profile of Constant Steel Making scenario shows a direct load jump as EAF is turned on

or off, between base load and maximum load. Load profiles of the other two scenarios show a

linear increase or decrease of power demand on turn on and -off as the 7.5 MWh battery buffers

the load jumps.

Figure 5: Electric Load Profiles for Batch Production of Virtual Equipments in Steel Making Unit in

three Steel Plant Scenarios
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3.2.1.2 Assumptions

While the linear model provides a simplified representation of the steel plant’s operations, it relies

on several assumptions that need to be considered. One assumption is that energy consumption

of all equipments in the reduction unit additional to electrolyser, such as shaft furnace, conveyor

belts and heating is aggregated into one flexible energy demand, even if in reality the consumption

of the equipment like shaft furnace and conveyor belts would be more constant. This results in

slightly unrealistic load profile of the reduction unit and additional losses due to electrolyser effi-

ciency. But as these inflexible equipments are contributing under 10% of total energy demand for

generating DRI, this effect is omitted to keep the model simple.

Another assumption of this model is that DRI is removed from storage once per batch, with no

continuous addition of DRI material to the EAF. While this simplification neglects the reality of

continuous material inflow, it reduces the number of constraints without information loss as the

focus of this model lies on electric profiles and only total amounts of required materials. At the

same time DRI storage capacity is assumed to be unlimited, as calculating the required capacity

is interesting for further steel plant planning.

A quite big assumption compared to a real steel production plant is the omission of detailed mod-

elling the process of compressing hydrogen to pressures above 30 bar. This would only influences

the Constant Steel Making Scenario as it employs a large hydrogen storage with up to 300 bar

and hydrogen compression at this pressure can take up to 15% of required energy for electrolysis.

This energy is included in the assumed energy demand per H2 unit but as compression can also

be operated in a matter of DR this potential therefore is left out of the model.

As data sources on flexibility behaviour of EAFs, steel making unit and also rolling unit equipment

are limited, assumptions about virtual equipment behaviour had to be made. The load profile of

steel making processes are assumed for a fixed 10-minute resolution time period. In reality, the

load of an EAF and also rolling units fluctuates more due to the nature of sequential process steps

and achieving the assumed load profiles would require additional technical equipment to smooth

out spikes in a matter of minutes or seconds. Another simplification in energy consumption is the

exclusion of temperature management in the steel making unit, omitting differences of required

loads between utilising hot DRI directly from reduction unit and cold DRI from imports or stored

DRI. Nonetheless, the behaviour of loads in flexible steel making processes and the utilisation of

hot DRI require further scientific investigation, and additional primary data sources must be ac-

cessible for their integration in this model.

In the economic structure of the model, grid charges are not included, neither for electricity con-

sumed directly from the wind park nor for power drawn from the grid. Although an initial attempt

was made to incorporate the current German grid charge system, which includes both energy-

based and power-based components, this significantly increased the model’s computational time.
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���� �&�R�Q�V�W�U�D�L�Q�W�V �R�I �5�H�G�X�F�W�L�R�Q �8�Q�L�W �D�Q�G �+�\�G�U�R�J�H�Q �6�W�R�U�D�J�H

�,�I �P�R�G�H�O�O�H�G �V�W�H�H�O �S�U�R�G�X�F�W�L�R�Q �S�O�D�Q�W �L�Q�F�O�X�G�H�V �D �U�H�G�X�F�W�L�R�Q �X�Q�L�W �W�R �S�U�R�G�X�F�H �L�U�R�Q �V�S�R�Q�J�H�V �Y�L�D �K�\��

�G�U�R�J�H�Q �G�L�U�H�F�W �U�H�G�X�F�W�L�R�Q �W�K�H �I�R�O�O�R�Z�L�Q�J �F�R�Q�V�W�U�D�L�Q�W�V �P�X�V�W �E�H �P�H�W��

���D���0�D�[�L�P�X�P �O�R�D�G �R�I �U�H�G�X�F�W�L�R�Q �X�Q�L�W

�7�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W�� �H�V�S�H�F�L�D�O�O�\ �W�K�H �Z�D�W�H�U �H�O�H�F�W�U�R�O�\�V�H�U�V ���:�(�/�� �D�U�H �F�R�Q�V�X�P�L�Q�J �Y�D�U�\�L�Q�J

�H�O�H�F�W�U�L�F�L�W�\ �O�R�D�G�V �I�R�U �S�U�R�G�X�F�L�Q�J �K�\�G�U�R�J�H�Q �R�Y�H�U �W�L�P�H�� �U�H�S�U�H�V�H�Q�W�H�G �E�\ �W�K�H �G�H�F�L�V�L�R�Q �Y�D�U�L�D�E�O�H

L W EL
t �� �7�K�H �P�D�[�L�P�X�P �S�R�Z�H�U �X�V�D�J�H �L�V �J�L�Y�H�Q �E�\ �D �S�D�U�D�P�H�W�H�U �I�R�U �W�K�H �L�Q�V�W�D�O�O�H�G �F�D�S�D�F�L�W�\ �R�I

�W�K�H �X�Q�L�WCW EL;max �� �,�Q �W�K�H �0�,�/�3 �R�S�W�L�P�L�V�D�W�L�R�Q �S�U�R�E�O�H�P�� �S�R�Z�H�U �G�H�P�D�Q�G �R�I �W�K�H �U�H�G�X�F�W�L�R�Q

�X�Q�L�W �L�V �D �V�H�P�L���F�R�Q�W�L�Q�X�R�X�V �Y�D�U�L�D�E�O�H�� �D�V �L�W �L�V �H�L�W�K�H�U �]�H�U�R �R�U �E�H�W�Z�H�H�Q �W�K�H �U�D�Q�J�H �R�I �L�Q�V�W�D�O�O�H�G

�F�D�S�D�F�L�W�\ �D�Q�G �P�L�Q�L�P�X�P �S�R�Z�H�UCW EL;min �� �$�V �W�K�H �R�S�W�L�P�L�V�D�W�L�R�Q �W�R�R�O �X�V�H�G �I�R�U �W�K�L�V �S�U�R�E�O�H�P

�L�V �Q�R�W �D�E�O�H �W�R �P�D�S �V�H�P�L���F�R�Q�W�L�Q�X�R�X�V �Y�D�U�L�D�E�O�H�V �W�K�L�V �L�V �U�H�D�O�L�V�H�G �W�K�U�R�X�J�K �L�P�S�O�H�P�H�Q�W�L�Q�J �D�Q

�D�G�G�L�W�L�R�Q�D�O �E�L�Q�D�U�\ �G�H�F�L�V�L�R�Q �Y�D�U�L�D�E�O�H� W EL
t �G�H�S�L�F�W�L�Q�J �L�I �W�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W �L�V �W�X�U�Q�H�G �R�Q �R�U

�Q�R�W��

L W EL
t � CW EL;max � � W EL

t 8t 2 T ������

���E���0�L�Q�L�P�X�P �O�R�D�G �R�I �W�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W

�7�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W �R�I �W�K�H �S�O�D�Q�W �Q�H�H�G�V �D �P�L�Q�L�P�X�P �S�R�Z�H�U �Z�K�L�F�K �L�V �J�L�Y�H�Q �E�\ �W�K�H �S�D�U�D�P�H�W�H�U

CW EL;min �� �,�I �W�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W �L�V �W�X�U�Q�H�G �R�I�I� W EL
t �H�T�X�D�O�V �]�H�U�R �D�V �Z�H�O�O �D�V �W�K�H �O�R�D�G

L W EL
t ��

L W EL
t � CW EL;min � � W EL

t 8t 2 T ������

���F���)�O�R�Z �R�I �S�U�R�G�X�F�H�G �K�\�G�U�R�J�H�Q

�+�\�G�U�R�J�H�Q �S�U�R�G�X�F�H�G �E�\ �W�K�H �H�O�H�F�W�U�R�O�\�V�H�U�V �F�D�Q �H�L�W�K�H�U �E�H �G�L�U�H�F�W�O�\ �X�V�H�G �I�R�U �'�5�, �S�U�R�G�X�F�W�L�R�Q��

�R�U �E�H �V�W�R�U�H�G �L�Q �D �W�D�Q�N �I�R�U �O�D�W�H�U �X�V�H �L�Q �U�H�G�X�F�W�L�R�Q �R�U �I�X�H�O �F�H�O�O�� �,�Q �W�K�H �S�U�R�F�H�V�V �H�O�H�F�W�U�R�O�\�V�H�U

�O�R�R�V�H �D �F�H�U�W�D�L�Q �D�P�R�X�Q�W �R�I �F�R�Q�V�X�P�H�G �H�Q�H�U�J�\ �J�L�Y�H�Q �E�\ �S�D�U�D�P�H�W�H�U� W EL �� �Z�K�H�U�H�D�V �W�K�H

�S�D�U�D�P�H�W�H�U� t �L�V �L�P�S�R�U�W�D�Q�W �I�R�U �W�K�H �F�R�Q�Y�H�U�V�L�R�Q �I�U�R�P �S�R�Z�H�U �L�Q �0�: �W�R �H�Q�H�U�J�\ �L�Q �0�:�K��

�U�H�S�U�H�V�H�Q�W�L�Q�J �W�K�H �D�P�R�X�Q�W �R�I �D�Q �K�R�X�U �S�D�V�V�H�G �L�Q �R�Q�H �W�L�P�H �V�W�H�S�� �3�U�R�G�X�F�H�G �K�\�G�U�R�J�H�Q �L�W �L�V

�V�H�S�D�U�D�W�H�G �E�\ �W�Z�R �G�H�F�L�V�L�R�Q �Y�D�U�L�D�E�O�H�V �L�Q �D �K�\�G�U�R�J�H�Q �I�O�R�Z �G�L�U�H�F�W�O�\ �X�W�L�O�L�V�H�G �L�Q �'�5�, �S�U�R�G�X�F�W�L�R�Q

QH 2 ! DRI
t �D�Q�G �R�Q�H �I�R�U �V�W�R�U�D�J�HQH 2 $ tank

t �� �+�\�G�U�R�J�H�Q �F�D�Q �D�O�V�R �I�O�R�Z �R�X�W �R�I �W�K�H �V�W�R�U�D�J�H �I�R�U

�'�5�, �S�U�R�G�X�F�W�L�R�Q �L�Q �W�L�P�H�V �R�I �O�R�Z �H�O�H�F�W�U�R�O�\�V�H�U �X�W�L�O�L�V�D�W�L�R�Q �Z�L�W�K �D �Q�H�J�D�W�L�Y�HQH 2 $ tank
t ��

L W EL
t � � W EL � � t = QH 2 ! DRI

t + QH 2 $ tank
t 8t 2 T ������

���G���0�D�[�L�P�X�P �X�W�L�O�L�V�D�W�L�R�Q �R�I �U�H�G�X�F�W�L�R�Q �X�Q�L�W

�7�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W �K�D�V �W�K�H �F�D�S�D�F�L�W�\ �W�R �S�U�R�F�H�V�V �D�W �P�D�[�L�P�X�P �X�W�L�O�L�V�D�W�L�R�Q �W�K�H �D�P�R�X�Q�W �R�I

�K�\�G�U�R�J�H�Q �Z�K�L�F�K �L�V �S�U�R�G�X�F�H�G �E�\ �W�K�H �H�O�H�F�W�U�R�O�\�V�H�U�V �D�W �P�D�[ �X�W�L�O�L�V�D�W�L�R�Q �Z�L�W�K�L�Q �R�Q�H �K�R�X�U��

QH 2 ! DRI
t � CW EL;max � W EL � � t 8t 2 T ������

���H���&�R�Q�W�H�Q�W �R�I �'�5�, �V�W�R�U�D�J�H

�,�Q �W�K�H �V�K�D�I�W �I�X�U�Q�D�F�H �R�I �W�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W�� �K�\�G�U�R�J�H�Q �I�U�R�P �H�O�H�F�W�U�R�O�\�V�H�U�V �D�Q�G �S�R�V�V�L�E�O�\ �K�\��

�G�U�R�J�H�Q �I�U�R�P �V�W�R�U�D�J�H �D�W �W�L�P�H �V�W�H�St QH 2 ! DRI
t �U�H�G�X�F�H�V �L�U�R�Q �R�U�H �W�R �L�U�R�Q �V�S�R�Q�J�H�V�� �R�U �V�R

����



�F�D�O�O�H�G �G�L�U�H�F�W �U�H�G�X�F�H�G �L�U�R�Q�� �7�K�L�V �'�5�, �L�V �V�W�R�U�H�G �L�Q �D �F�R�U�U�H�V�S�R�Q�G�L�Q�J �V�W�R�U�D�J�H�� �Z�K�L�F�K �F�R�Q��

�W�H�Q�W �D�W �W�L�P�H �V�W�H�St �L�V �G�H�V�F�U�L�E�H�G �E�\SDRI
t �� �7�K�H �V�W�R�U�D�J�H �L�V �L�Q�L�W�L�D�O�L�V�H�G �Z�L�W�K �D�Q �D�P�R�X�Q�W �R�I

�'�5�, �D�O�U�H�D�G�\ �V�W�R�U�H�G�� �J�L�Y�H�Q �E�\ �W�K�H �S�D�U�D�P�H�W�H�USDRI
init �� �Z�K�L�F�K �L�V �]�H�U�R �L�Q �D�O�O �V�F�H�Q�D�U�L�R�V�� �7�K�H

�U�H�G�X�F�W�L�R�Q �S�U�R�F�H�V�V �U�H�T�X�L�U�H�VQH 2 ! DRI �X�Q�L�W�V �R�I �K�\�G�U�R�J�H�Q �I�R�U �S�U�R�G�X�F�W�L�R�Q �R�I �R�Q�H �X�Q�L�W �'�5�,

�D�Q�G �V�W�R�U�L�Q�J �L�W�� �7�K�L�V �L�V �D �J�L�Y�H�Q �S�D�U�D�P�H�W�H�U �D�Q�G �Q�R�W �W�R �P�L�[ �X�S �Z�L�W�K �W�K�H �W�L�P�H �G�H�S�H�Q�G�H�Q�W

�G�H�F�L�V�L�R�Q �Y�D�U�L�D�E�O�HQH 2 ! DRI
t �� �7�R�J�H�W�K�H�U �Z�L�W�K �V�F�U�D�S �V�W�H�H�O�� �'�5�, �L�V �X�V�H�G �L�Q �W�K�H �O�D�W�H�U �S�U�R�F�H�V�V

�R�I �V�W�H�H�O �P�D�N�L�Q�J�� �W�K�L�V �P�H�D�Q�V �V�W�R�U�D�J�H �F�R�Q�W�H�Q�W �L�V �U�H�G�X�F�H�G �E�\ �W�K�H �J�L�Y�H�Q �S�D�U�D�P�H�W�H�U �I�R�U �U�H��

�T�X�L�U�H�G �T�X�D�Q�W�L�W�\ �R�I �'�5�,QDRI ! ST M
u;v �I�R�U �D �V�W�D�U�W�L�Q�J �E�D�W�F�K �S�U�R�F�H�V�V �R�I �V�W�H�H�O �P�D�N�L�Q�J �Y�L�U�W�X�D�O

�H�T�X�L�S�P�H�Q�Wv �R�I �V�W�H�H�O �P�D�N�L�Q�J �X�Q�L�Wu�� �7�K�H �E�L�Q�D�U�\ �G�H�F�L�V�L�R�Q �Y�D�U�L�D�E�O�H� ST M
u;v;t �G�H�V�F�U�L�E�H�V �L�I

�V�W�H�H�O �P�D�N�L�Q�J �Y�L�U�W�X�D�O �H�T�X�L�S�P�H�Q�W �Z�D�V �W�X�U�Q�H�G �R�Q �D�W �W�L�P�H �V�W�H�St�� �7�K�H �F�R�Q�W�H�Q�W �R�I �W�K�H �'�5�,

�V�W�R�U�D�J�H �L�V �F�R�Q�V�W�U�D�L�Q�H�G �D�Q�G �F�D�O�F�X�O�D�W�H�G �W�K�U�R�X�J�K �W�K�H �I�R�O�O�R�Z�L�Q�J �W�Z�R �H�T�X�D�W�L�R�Q�V��

SDRI
0 = SDRI

init + QH 2 ! DRI
0 � QH 2 ! DRI �

X

u2 U

X

v2 Vu

� ST M
u;v; 0 � QDRI ! ST M

u;v ������

SDRI
t = SDRI

t � 1 + QH 2 ! DRI
t �QH 2 ! DRI �

X

u2 U

X

v2 Vu

� ST M
u;v;t �QDRI ! ST M

u;v 8t 2 T [ t > 0 ������

���I���&�R�Q�W�H�Q�W �R�I �K�\�G�U�R�J�H�Q �V�W�R�U�D�J�H �W�D�Q�N

�7�K�H �K�\�G�U�R�J�H�Q �W�D�Q�N �Z�L�W�K �W�K�H �J�L�Y�H�Q �Q�R�P�L�Q�D�O �F�D�S�D�F�L�W�\ �R�ISH 2
t �L�V �I�L�O�O�H�G �D�W �W�K�H �V�W�D�U�W �R�I �W�K�H

�P�R�G�H�O �Z�L�W�K �D�Q �L�Q�L�W�L�D�O �I�L�O�O�L�Q�J �V�K�D�U�H �E�H�W�Z�H�H�Q �� �D�Q�G �������� �J�L�Y�H�Q �E�\ �W�K�H �S�D�U�D�P�H�W�H�USH 2
init ��

�7�K�H �F�R�Q�W�H�Q�W �R�I �W�K�H �W�D�Q�N �L�V �L�Q�I�O�X�H�Q�F�H�G �E�\ �K�\�G�U�R�J�H�Q �I�O�R�ZQH 2 $ tank
t �D�G�G�L�Q�J �R�Y�H�U�S�U�R�G�X�F�H�G

�K�\�G�U�R�J�H�Q �I�U�R�P �H�O�H�F�W�U�R�O�\�V�H�U�V �Q�R�W �G�L�U�H�F�W�O�\ �U�H�T�X�L�U�H�G �I�R�U �G�L�U�H�F�W �U�H�G�X�F�W�L�R�Q�� �R�U �W�D�N�L�Q�J �R�X�W �K�\��

�G�U�R�J�H�Q �I�R�U �G�L�U�H�F�W �U�H�G�X�F�W�L�R�Q �L�Q �W�L�P�H�V �R�I �O�R�Z �H�O�H�F�W�U�R�O�\�V�H�U �X�W�L�O�L�V�D�W�L�R�Q�� �$�O�V�R �W�K�H �I�X�H�O �F�H�O�O �F�D�Q

�U�H�G�X�F�H �W�K�H �K�\�G�U�R�J�H�Q �W�D�Q�N �F�R�Q�W�H�Q�W �E�\ �J�H�Q�H�U�D�W�L�Q�J �H�O�H�F�W�U�L�F�L�W�\GF C
t �Z�L�W�K �D�Q �H�I�I�L�F�L�H�Q�F�\ �R�I

� F C �� �Z�K�H�U�H�E�\GF C
t �L�V �D �G�H�F�L�V�L�R�Q �Y�D�U�L�D�E�O�H��

SH 2
0 = CSH 2 � SH 2

init + QH 2 $ tank
t �

GF C
t � � t
� F C ������

SH 2
t = SH 2

t � 1 + QH 2 $ tank
t �

GF C
t � � t
� F C 8t 2 T [ t > 0 ��������

���J���5�D�Q�J�H �R�I �K�\�G�U�R�J�H�Q �W�D�Q�N �F�R�Q�W�H�Q�W

�7�K�H �F�R�Q�W�H�Q�W �L�Q �W�K�H �K�\�G�U�R�J�H�Q �W�D�Q�N �F�D�Q �Q�R�W �V�X�U�S�D�V�V �W�K�H �J�L�Y�H�Q �Q�R�P�L�Q�D�O �F�D�S�D�F�L�W�\CH 2 �R�U

�I�D�O�O �E�H�O�R�Z ����

0 � SH 2
t � CSH 2 8t 2 T ��������

���� �&�R�Q�V�W�U�D�L�Q�W �R�I �)�X�H�O �&�H�O�O

�7�K�H �R�Q�O�\ �F�R�Q�V�W�U�D�L�Q�W �R�I �W�K�H �I�X�H�O �F�H�O�O �S�R�Z�H�U �J�H�Q�H�U�D�W�L�R�QGF C
t �G�H�F�L�V�L�R�Q �Y�D�U�L�D�E�O�H �L�V�� �W�K�D�W �L�W �F�D�Q �Q�R�W

�V�X�U�S�D�V�V �L�W�V �L�Q�V�W�D�O�O�H�G �F�D�S�D�F�L�W�\CF C �D�W �H�D�F�K �W�L�P�H �V�W�H�St��

GF C
t � CF C 8t 2 T ��������

����



���� �&�R�Q�V�W�U�D�L�Q�W�V �R�I �6�W�H�H�O �0�D�N�L�Q�J �8�Q�L�W

���D���2�S�H�U�D�W�L�Q�J �R�Q�H �H�T�X�L�S�P�H�Q�W �D�W �D �W�L�P�H �I�R�U �D �J�L�Y�H�Q �G�X�U�D�W�L�R�Q
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�I�R�U �L�P�P�H�G�L�D�W�H �G�R�Z�Q�V�W�U�H�D�P �X�V�H �L�Q �W�K�H �U�R�O�O�L�Q�J �S�U�R�F�H�V�V��

�7�R �R�E�V�H�U�Y�H �O�R�Q�J�H�U���W�H�U�P �W�U�H�Q�G�V�� �)�L�J�X�U�H���� �S�U�H�V�H�Q�W�V �W�K�H �V�D�P�H �V�F�H�Q�D�U�L�R �D�J�J�U�H�J�D�W�H�G �W�R �K�R�X�U�O�\ �P�H�D�Q�V

�I�R�U �W�K�H �Z�H�H�N �R�I �0�D�U�F�K �����W�K �W�R �0�D�U�F�K �����W�K�� �'�X�H �W�R �W�K�H �D�J�J�U�H�J�D�W�L�R�Q �P�H�W�K�R�G �W�K�H �K�R�X�U�O�\ �V�X�P�P�D�U�L�V�H�G

�(�$�) �S�U�R�I�L�O�H �D�S�S�H�D�U�V �D�V �D �V�W�H�D�G�\ �O�R�D�G ���L�Q �W�K�L�V �F�D�V�H ������ �0�:���� �V�P�R�R�W�K�L�Q�J �R�X�W �W�K�H �U�H�V�S�H�F�W�L�Y�H �O�R�D�G

�S�U�R�I�L�O�H�V �Z�L�W�K �������P�L�Q�X�W�H �L�Q�W�H�U�U�X�S�W�L�R�Q�V �D�Q�G �O�R�D�G �L�Q�� �R�U �G�H�F�U�H�D�V�H�V�� �+�R�Z�H�Y�H�U �W�K�H �S�U�R�G�X�F�W�L�R�Q �G�R�Z�Q�W�L�P�H

�G�X�H �W�R �K�L�J�K �S�U�L�F�H�V �R�Q �0�R�Q�G�D�\ �W�K�H �����W�K�0�D�U�F�K �F�D�Q �V�W�L�O�O �E�H �R�E�V�H�U�Y�H�G �F�O�H�D�U�O�\ �D�V �Z�H�O�O �D�V �D �V�L�P�L�O�D�U �E�X�W

�V�K�R�U�W�H�U �H�Y�H�Q�W �R�Q �7�X�H�V�G�D�\�� �2�Q �:�H�G�Q�H�V�G�D�\�� �0�D�U�F�K �����V�W�� �Z�L�Q�G �J�H�Q�H�U�D�W�L�R�Q �G�U�R�S�V �W�R �Q�H�D�U �]�H�U�R �D�Q�G
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�)�L�J�X�U�H ������ �2�Q�H���K�R�X�U �U�H�V�R�O�X�W�L�R�Q �2�S�W�L�P�L�V�D�W�L�R�Q �5�H�V�X�O�W�V �I�R�U �0�R�Q�G�D�\ �����W�K �W�L�O�O �6�X�Q�G�D�\ �����W�K �0�D�U�F�K ��������

�R�I�'�H�P�D�Q�G �5�H�V�S�R�Q�V�H �6�W�H�H�O �0�D�N�L�Q�J�6�W�H�H�O �3�O�D�Q�W �6�F�H�Q�D�U�L�R �Z�L�W�K �W�K�H �2�E�M�H�F�W�L�Y�H �R�I �0�D�[�L�P�L�V�L�Q�J �3�U�R�I�L�W

�U�H�P�D�L�Q�V �O�R�Z �X�Q�W�L�O �6�X�Q�G�D�\�� �'�X�U�L�Q�J �W�K�L�V �S�H�U�L�R�G�� �W�K�H �S�O�D�Q�W �R�S�H�U�D�W�H�V �R�Q�O�\ �L�Q�W�H�U�P�L�W�W�H�Q�W�O�\ �D�Q�G �X�W�L�O�L�V�H�V

�O�R�Z�H�U �F�D�S�D�F�L�W�L�H�V �W�K�U�R�X�J�K �Y�L�U�W�X�D�O �H�T�X�L�S�P�H�Q�W�V �W�R �D�O�L�J�Q �Z�L�W�K �O�L�P�L�W�H�G �U�H�Q�H�Z�D�E�O�H �D�Y�D�L�O�D�E�L�O�L�W�\�� �7�K�H �P�R�G�H�O

�V�W�D�J�J�H�U�V �W�K�H �R�S�H�U�D�W�L�R�Q �R�I �W�K�H �V�W�H�H�O �P�D�N�L�Q�J �D�Q�G �U�R�O�O�L�Q�J �X�Q�L�W �D�Q�G �D�Y�R�L�G�V �R�Y�H�U�O�D�S�S�L�Q�J �S�R�Z�H�U �G�H�P�D�Q�G�V

�R�I �E�R�W�K �X�Q�L�W�V�� �(�O�H�F�W�U�R�O�\�V�H�U�V �D�U�H �X�V�H�G �P�L�Q�L�P�D�O�O�\ �D�Q�G �L�Q�W�H�U�P�L�W�W�H�Q�W�O�\�� �S�U�R�G�X�F�L�Q�J �K�\�G�U�R�J�H�Q �I�R�U �V�W�R�U�D�J�H

�Z�K�H�Q �H�Q�R�X�J�K �U�H�Q�H�Z�D�E�O�H �S�R�Z�H�U�� �D�E�R�Y�H �W�K�H �P�L�Q�L�P�X�P �R�S�H�U�D�W�L�R�Q �F�D�S�D�F�L�W�\ �S�D�U�D�P�H�W�H�U�� �E�U�L�H�I�O�\ �E�H��

�F�R�P�H�V �D�Y�D�L�O�D�E�O�H�� �2�Y�H�U �W�K�L�V �W�L�P�H �W�K�H �K�\�G�U�R�J�H�Q �W�D�Q�N �V�W�D�\�V �T�X�L�W�H �I�X�O�O �Z�L�W�K �R�Q�H �H�Y�H�Q�W �R�I �V�L�J�Q�L�I�L�F�D�Q�W

�X�V�D�J�H �I�R�U �'�5�, �S�U�R�G�X�F�W�L�R�Q �D�I�W�H�U �W�K�H �D�Q ������ �X�W�L�O�L�V�D�W�L�R�Q �V�W�H�H�O �P�D�N�L�Q�J �E�D�W�F�K�� �$�W �6�D�W�X�U�G�D�\ �����W�K�0�D�U�F�K

�W�K�H �W�D�Q�N �H�P�S�W�L�H�V �I�R�U �D�Q�R�W�K�H�U �L�Q�F�U�H�D�V�H �R�I �'�5�, �V�W�R�U�D�J�H �E�H�I�R�U�H �W�K�H �S�O�D�Q�W �L�V �J�R�L�Q�J �E�D�F�N �W�R �F�R�Q�W�L�Q�X�R�V

�S�U�R�G�X�F�W�L�R�Q �D�V �F�D�Q �E�H �V�H�H�Q �E�\ �W�K�H �L�Q�F�U�H�D�V�L�Q�J �D�P�R�X�Q�W �R�I �S�U�R�G�X�F�H�G �V�W�H�H�O �D�Q�G �H�T�X�L�S�P�H�Q�W �O�R�D�G�V �L�Q

�W�K�H �I�L�U�V�W �V�X�E�S�O�R�W��
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���������� �6�W�H�H�O �3�O�D�Q�W �6�F�H�Q�D�U�L�R �0�R�G�H�O �5�H�V�X�O�W�V �+�R�X�U�O�\ �6�R�U�W�H�G

�,�Q �W�K�H �I�R�O�O�R�Z�L�Q�J �Y�L�V�X�D�O�L�V�D�W�L�R�Q�V �G�D�W�D �L�V �D�J�J�U�H�J�D�W�H�G �W�R �K�R�X�U�O�\ �U�H�V�R�O�X�W�L�R�Q �D�Q�G �V�R�U�W�H�G �E�\ �H�[�W�H�U�Q�D�O �U�H��

�Q�H�Z�D�E�O�H �S�R�Z�H�U �J�H�Q�H�U�D�W�L�R�Q �D�V �L�Q �G�X�U�D�W�L�R�Q �F�X�U�Y�H�V �W�R �U�H�Y�H�D�O �N�H�\ �W�U�H�Q�G�V �R�Y�H�U �W�K�H �Z�K�R�O�H �R�S�W�L�P�L�V�D�W�L�R�Q

�S�H�U�L�R�G �R�I �R�Q�H �\�H�D�U�� �)�L�J�X�U�H���� �L�O�O�X�V�W�U�D�W�H�V �W�K�H �D�Q�Q�X�D�O �S�H�U�I�R�U�P�D�Q�F�H �R�I �W�K�H�'�H�P�D�Q�G �5�H�V�S�R�Q�V�H �6�W�H�H�O

�0�D�N�L�Q�J�V�F�H�Q�D�U�L�R �X�Q�G�H�U �D �S�U�R�I�L�W���P�D�[�L�P�L�V�L�Q�J �R�E�M�H�F�W�L�Y�H�� �7�K�H �U�H�V�X�O�W�V �V�K�R�Z �D �K�L�J�K�O�\ �G�\�Q�D�P�L�F �R�S�H�U�D��

�W�L�R�Q�D�O �S�D�W�W�H�U�Q �Z�K�H�U�H �H�T�X�L�S�P�H�Q�W �X�V�H �D�Q�G �S�R�Z�H�U �I�O�R�Z�V �D�G�D�S�W �W�R �H�[�W�H�U�Q�D�O �U�H�Q�H�Z�D�E�O�H �J�H�Q�H�U�D�W�L�R�Q �D�Q�G

�H�O�H�F�W�U�L�F�L�W�\ �P�D�U�N�H�W �V�L�J�Q�D�O�V��

�)�L�J�X�U�H ������ �6�R�U�W�H�G �K�R�X�U�O�\ �*�H�Q�H�U�D�W�L�R�Q�� �&�R�Q�V�X�P�S�W�L�R�Q�� �9�L�U�W�X�D�O �(�T�X�L�S�P�H�Q�W �8�V�H�� �3�R�Z�H�U �(�[�F�K�D�Q�J�H �D�Q�G

�(�F�R�Q�R�P�L�F �'�D�W�D �I�R�U �R�Q�H �\�H�D�U �I�R�U �W�K�H�'�H�P�D�Q�G �5�H�V�S�R�Q�V�H �6�W�H�H�O �0�D�N�L�Q�J�6�W�H�H�O �3�O�D�Q�W �6�F�H�Q�D�U�L�R �Z�L�W�K

�W�K�H �2�E�M�H�F�W�L�Y�H �R�I �P�D�[�L�P�L�V�L�Q�J �3�U�R�I�L�W�V

�7�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W�� �L�Q �S�D�U�W�L�F�X�O�D�U�� �G�H�P�R�Q�V�W�U�D�W�H�V �V�L�J�Q�L�I�L�F�D�Q�W �R�S�H�U�D�W�L�R�Q�D�O �I�O�H�[�L�E�L�O�L�W�\�� �'�X�U�L�Q�J �S�H�U�L�R�G�V �R�I

�K�L�J�K �Z�L�Q�G �J�H�Q�H�U�D�W�L�R�Q�� �L�W �R�S�H�U�D�W�H�V �H�L�W�K�H�U �D�W �I�X�O�O �F�D�S�D�F�L�W�\ �R�U �Q�R�W �D�W �D�O�O�� �7�K�L�V �S�D�W�W�H�U�Q �D�O�O�R�Z�V �W�K�H �V�\�V�W�H�P

�W�R �I�H�H�G �L�Q �H�[�F�H�V�V �S�R�Z�H�U �Z�K�H�Q �H�O�H�F�W�U�L�F�L�W�\ �S�U�L�F�H�V �D�U�H �K�L�J�K�� �J�H�Q�H�U�D�W�L�Q�J �S�U�R�I�L�W �W�K�U�R�X�J�K �P�D�U�N�H�W �V�D�O�H�V��

�6�W�H�H�O �P�D�N�L�Q�J �D�Q�G �U�R�O�O�L�Q�J �X�Q�L�W �P�R�V�W�O�\ �F�R�Q�W�L�Q�X�H �R�S�H�U�D�W�L�Q�J �D�W �W�K�H�V�H �W�L�P�H�V �X�W�L�O�L�V�L�Q�J �'�5�, �I�U�R�P �V�W�R�U�D�J�H��

�$�W �W�L�P�H�V �R�I �U�H�G�X�F�H�G �U�H�Q�H�Z�D�E�O�H �J�H�Q�H�U�D�W�L�R�Q�� �W�K�H �U�H�G�X�F�W�L�R�Q �X�Q�L�W �V�F�D�O�H�V �G�R�Z�Q �L�W�V �R�S�H�U�D�W�L�R�Q �W�R �P�D�W�F�K
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�D�Y�D�L�O�D�E�O�H �V�X�S�S�O�\ �D�Q�G �N�H�H�S�V �V�K�X�W�W�L�Q�J �G�R�Z�Q �H�Q�W�L�U�H�O�\ �G�X�U�L�Q�J �S�U�L�F�H �S�H�D�N�V�� �,�Q �W�K�L�V �W�L�P�H�V �R�I �U�H�G�X�F�H�G

�U�H�Q�H�Z�D�E�O�H �S�R�Z�H�U �J�H�Q�H�U�D�W�L�R�Q �V�W�H�H�O �P�D�N�L�Q�J �X�Q�L�W �D�O�V�R �H�[�K�L�E�L�W�V �D�G�D�S�W�L�Y�H �E�H�K�D�Y�L�R�X�U�� �,�W �U�X�Q�V �P�R�U�H �R�U

�O�H�V�V �F�R�Q�W�L�Q�X�R�X�V�O�\ �G�X�U�L�Q�J �K�L�J�K �U�H�Q�H�Z�D�E�O�H �D�Y�D�L�O�D�E�L�O�L�W�\�� �D�V �V�H�H�Q �L�Q �W�K�H �O�H�I�W �S�D�U�W �R�I �W�K�H �V�H�F�R�Q�G �V�X�E�S�O�R�W

�Z�L�W�K �D �I�H�Z �S�H�U�L�R�G�V �R�I �W�X�U�Q�H�G �R�I�I �V�W�H�H�O �P�D�N�L�Q�J �X�Q�L�W�� �+�R�Z�H�Y�H�U�� �D�V �U�H�Q�H�Z�D�E�O�H �J�H�Q�H�U�D�W�L�R�Q �G�U�R�S�V�� �W�K�H

�X�Q�L�W �E�H�J�L�Q�V �W�R �F�\�F�O�H �P�R�U�H �I�U�H�T�X�H�Q�W�O�\�� �V�Z�L�W�F�K�L�Q�J �E�H�W�Z�H�H�Q �D�F�W�L�Y�H �D�Q�G �L�Q�D�F�W�L�Y�H �V�W�D�W�H�V�� �7�K�L�V �I�U�H�T�X�H�Q�W

�V�Z�L�W�F�K�L�Q�J �L�V �Y�L�V�X�D�O�L�V�H�G �D�V �G�H�Q�V�H �J�U�H�H�Q �S�D�W�W�H�U�Q�V �L�Q �W�K�H �Y�L�U�W�X�D�O �H�T�X�L�S�P�H�Q�W �X�V�H �S�O�R�W�� �L�Q�G�L�F�D�W�L�Q�J �R�Q���R�I�I

�W�U�D�Q�V�L�W�L�R�Q�V�� �2�F�F�D�V�L�R�Q�D�O�O�\ �D�W �W�L�P�H�V �R�I �U�H�D�O�O�\ �O�R�Z �J�H�Q�H�U�D�W�L�R�Q�� �E�D�W�F�K�H�V �D�U�H �S�U�R�F�H�V�V�H�G �D�W �U�H�G�X�F�H�G �F�D��

�S�D�F�L�W�L�H�V ���H���J���� ������ �R�U ���������� �D�O�W�K�R�X�J�K �W�K�H�V�H �D�U�H �U�H�O�D�W�L�Y�H�O�\ �U�D�U�H�� �(�F�R�Q�R�P�L�F �U�H�V�X�O�W�V �L�Q�G�L�F�D�W�H �W�K�D�W �W�K�H

�K�L�J�K�H�V�W �S�U�R�I�L�W�V �D�U�H �D�F�K�L�H�Y�H�G �G�X�U�L�Q�J �S�H�U�L�R�G�V �R�I �P�R�G�H�U�D�W�H �W�R �K�L�J�K �Z�L�Q�G �J�H�Q�H�U�D�W�L�R�Q�� �:�L�W�K �G�U�R�S�S�L�Q�J

�Z�L�Q�G �J�H�Q�H�U�D�W�L�R�Q�� �V�W�H�H�O �P�D�N�L�Q�J �D�Q�G �U�R�O�O�L�Q�J �X�Q�L�W �D�U�H �L�Q�F�U�H�D�V�L�Q�J�O�\ �W�X�U�Q�H�G �R�I�I �D�O�V�R �W�R �L�Q�F�U�H�D�V�H �H�O�H�F�W�U�L�F�L�W�\

�I�H�H�G �L�Q �D�W �W�L�P�H�V �R�I �K�L�J�K �F�R�V�W�V�� �'�\�Q�D�P�L�F �R�S�H�U�D�W�L�R�Q �R�I �D�O�O �W�K�U�H�H �X�Q�L�W�V �H�Q�D�E�O�H�V �W�K�H �S�O�D�Q�W �W�R �P�D�N�H �K�L�J�K

�S�U�R�I�L�W�V �Z�K�L�O�H �P�D�L�Q�W�D�L�Q�L�Q�J �S�U�R�G�X�F�W�L�R�Q �U�H�T�X�L�U�H�P�H�Q�W�V��

�7�R �H�Y�D�O�X�D�W�H �W�K�H�&�R�Q�V�W�D�Q�W �6�W�H�H�O �0�D�N�L�Q�J�V�F�H�Q�D�U�L�R �Z�L�W�K �W�K�H �R�E�M�H�F�W�L�Y�H �R�I �P�D�[�L�P�L�V�L�Q�J �S�U�R�I�L�W�V �E�H�K�D�Y�L�R�X�U

�W�K�U�R�X�J�K�R�X�W �W�K�H �\�H�D�U�� �)�L�J�X�U�H���� �S�U�H�V�H�Q�W�V �W�K�H �U�H�V�X�O�W�V �R�I �W�K�H �R�S�W�L�P�L�V�D�W�L�R�Q �D�J�J�U�H�J�D�W�H�G �K�R�X�U�O�\ �D�Q�G
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