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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 from water 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,



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



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 (Miiller 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 Shagsi 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):



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.

¢ 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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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 CO, emissions with the
global average of 2.33 tons CO,, 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



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 (H,-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 CO; per ton of cast steel, whereas utilisation H,-DRI can result in 0.042
tons CO, per ton of cast steel (Holling 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 Ho-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, Ho-DRI route is the only technology enabling steel produc-
tion independent of depleting fossil resources. With H,-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



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 Hy 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,



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-



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.

Holling 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-



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 EAFs within 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

10



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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2. Research 2.1 Energy Transition & 2.2 Sector Intersection 2.3 Multi-Level & Dynamic
Context Demand Response (DR) Electricity - Steel Sustainability Perspective

2.4 Research Objectives

RO1: DR effects on operation and grid stability in RO2: Prospective environmental impacts hydrogen
hydrogen based steel production based steel production
3. Methods 3.1 Hydrogen based steel production scenarios in northern Germany for DR, storage and import strategies
3.2 Scenarios modelled in MILP 3.3 prospective Life Cycle
Optimisation Assessment of scenarios
Electricity Operational Potential of Prospective environmental impacts of
costs & benefits complexity matching goal load steel production scenarios:
through DR through DR through DR Acid, Fossil ADP, GWP, Metal ADP, PMF, Water Use
L J
T

3.4 Indicators for Information System for
decision making support

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.

12



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 (Holling 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 H,-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

DR Constant H,-DRI

Steel Making | Steel Making | Import
Offshore Wind Park Capacity 852 MW 828 MW 288 MW
< Rated Power 501 MW 500 MW -
%g 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 -
_g Battery Capacity 7.5 MWh - 7.5 MWh
% g Max hourly rated Power | 108 MW 80 MW 108 MW
]
Z Min hourly rated Power | 65 MW - 65 MW
Rolling hourly Rated Power 69 MW 54 MW 69 MW
Grid Exchange Feed-Inonly | Feed-Inonly | 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 Hélling
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 Hdlling et al. (2021) as "Variante 3.2”.

H,-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.

15



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

Wind Capacity Factor of Weather Years at FINO1 Station

Given capacity factor
in Holling et al. (2021)
Capacity factor
of measured data
Percentage of nan
mm values in FINO1

wind speed data

24 N .
P37 00:§60% 199fag0 P1%]
/] o

Capacity Factor

2012 2014 2016 2018 2020 2022 2024
Year

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 Holling 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 platform’. 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 Hdlling 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

"This 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
201210 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 Gq.

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 pf.

Steel plants must manufacture 1,000,000 tonnes of steel annually, as specified by the parameter
mt°tal Technical information on the plant, its equipment, and electricity consumption patterns are
gathered from Hdlling 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 H,-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 equipmentv 2 V,,
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
L5LM, where z is one of the time steps Z,,., 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.

160 A

Load Jump Buffer . o
60% EAF Capacity Utilisation
by Battery Charge —— in DR Steel Making and
H2-DRI Import Scenarios
80% EAF Capacity Utilisation
in DR Steel Making and
H2-DRI Import Scenarios
100% EAF Capacity Utilisation
Load Jump Buffer —— in DR Steel Making and
by Battery Discharge H2-DRI Import Scenarios
Steel Making Batch in
Constant Steel Making Scenario

/ Virtual Equipment Load Profiles

80 1

Electricity Load [MW]
3

40 A
Baseload

20 A

EAF Turn On EAF Turn Off
0 10 20 30 40 50 60
Minutes

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 H, 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.

18



JXUWKHUPRUH WKHLQWHJUDWLRQ RI SRWHQWLDO IXWXUH UHIRUPV WR
VWDWLF SRZHU FKDUJHV WR PRUH IOH[LEOH UHQHZDEOH JHQHUDWLRQ
FHUWDLQWLHV $QRWKHU XQUHVROYHG LVVXH ZDV WR ZKDW H[WHQW H
ZLQG SDUN ZRXOG EH VXEMHFW WR JULG IHHV *LYHQ WKDW WKH SULPD
IOH[LELOLW\ EHKDYLRXU UDWKHU WKDQ WR VLPXODWH D IXOO\GHWDLO
DQGRWKHUHOHFWULFLW\SULFLQJHOHPHQWVVXFKDVWD[HVZHUHLQW

2EMHFWLYH )XQFWLRQV

,QSXW GDWD LV XVHG IRU WKH LQLWLDO SDUDPHWHUV IRU WKH 0,/3 RS’
EURXJKW WR OLIH E\ WKH YDULDEOHV LQWURGXFHG LQ WKH IROORZLQ.
LWV VHWY DUH GHVFULEHG PXWXDOO\ ZLWK WKH HTXDWLRQV DQ FRPSU
VIPEROV FDQ EH IRXQG LQ WKH 7DEOH RO6\PEWU\FDQW BH FRR@®Q VY 7DEOH
RI SDUDPHW HDUWGLW@KH RYHUYLHZ Rl YDULDEOHV LV GLYLGBW®GQ GHFLVLI
GHULYHG YDULDEOHV LQ 7DEOH

7KH PRVW SURPLQHQW HTXDWLRQ LV WKH REMHFWLYH IXQFWLRQ ZKLFF
WZR GLVWLQFW RSWLPLVDWLRQ REMHFWLYHV DUHLPSOHPHQWHG GHVF
SODQW DQG UHSUHVHQWLQJ D SHUVSHFWLYH DQG LQG 7KW RUVDAW HD G H
SHUVSHFWLYHLVGHVFULELQJVWHHO SODQWRSHUDWRUTVDQG WKH VHF
7KH REMHFWLYH LV HLWKHU PD[LPLVLQJ SURILWY DQG RSWLPLVLQJ WKt
WULFLW\EDFN LQWR WKH JULG IURP RSHUDWRU SHUVSHFWLYH RU ILWW
E\PLQLPLVLQJGHYLDWLRQVIURPLWIRUPHDVXULQJWKHVWDELOLW)\ SR

OD[LPLVLQJ3URILWYV

7KLV REMHFWLYH DLPV IRU UHDFKLQJ WKH EHVW HFRQRPLF SHUIRUPDQ!
DKHDG HOHFWULFLW\ PDUNHW DQG SURYLGLQJ VWDELOLW\WKURXJK RII
GHPDQG DQG XVLQJ KLIJK DPRXQWV RI SRZHU LQ WLPHV Rl KLIJIK HOHFWU
FRPELQHV WKH SURILWYV RI VHOOLQJ UHVLGXDO HOHFWULFLW\ IURP WK
SUIMH DW HDFK WLPIQBWRSWV RI EX\LQJ HOHFWULFLW\MBPEIWKH GD\ D¢
HOHFWULFLWYDWQRWHNXWHILHQW WR SURGXFH HQRXJK VWHHO DQG WK
HOHFWULFLW\IURP WKHJULG $LPSRUWDQW PRGHOOLQJDVVXPSWLRQ
DUH LQFOXGHG RQO\ WKH GD\ DKHDG PDUNHW SULFHV DUH FRQVLGHUF
HITHFW RI SULFH GULYHQ RSHUDWLRQDO IOH[LELOLW\RQ HFRQRPLF RX!
RIUHJXODWRU\ FRVW VWUXFWXUHV $GGLWLRQDOO\ LWLV LPSRUWDQYV
HOHFWULFLW\ SULFHV SXUFKDVLQJHOHFWULFLW\FDQ UHVXOW LQ ILQI
WULFLWV\JHQHUDWHY FRVWY DGGLQJD VWUDWHILF GLPHQVLRQ WR JUL

X sell buy
PD[ M; M,
t2T



OLQLPLVLQJ 'HYLDWLRQ IURPDJLYHQ *RDO /RDG

,Q HVYVHQFH WKLV REMHFWLYH SXVKHV WKH PRGHO WR VPRRWK WKH L
VRXUFHVY LQWR WKH JULG ZLWK WKH KHOS RI '5 WKURXJK IOH[LEOH VWH
DQG WKHLU DFFRPSDQ\LQJ ORDG SURILOHY DUH RSHUDWHG IOH[LEO\ LQ
HUJ\ JHQHUDWLRQ SURILOHV IURP UHQHZDEOHV 7KLV LV DFKLHYHG E\F
DFWXDO SRZHU H[FKDQJHIURPDJLYHQ ORDG SURILOH )RUVLPSOLFLW\
WKH PHDQ SRZHU H[FKDQJH EHWZHHQ JULG DQG VWHHO SODQW WR SURP
JULG 7KLV REMHFWLYHV WULHVWRHYDOXDWHWKHJHQHUDO DELOLW\ R
WULFLW\ ORDG SURILOHLQWR D SUHVFULEHG IRUP ZKLFK GRHV QRW QH]|
SURILOHEXW FRXOGEHDQ\VKDSH OHDQ GHYLDWLRQLV FDOFXODWHG E
HDFK YDOXHRID YHFWRUDQG LWV JRDO YDOXH GLYLGHG E\WKH QXPEHL
RSWLPLVDWLRQ FDQ QRW FDOFXODWH DEVROXWH YDOXHV WKH GHYLDW
YDULDEOHV RQH GHVFULELQJ WKH GD¥V DG FDEHR EH OWRZHW R B O FOIRD G R
Dbelow |RU HDFK WLPHKHWHSHULYHG YDULDEOHY DUH FIKOHFUXO B WHI @& K& HT X
REMHFWLYH IXQFWLRQ LV UHSUHVHQWHG DV

above below
Df + Dy

PL QtZT

Tend

(DFK VWHHO SODQW VFHQDULR LV HYDOXDWHG IRU ERWK REMHFWLYHV
WKH RSWLPDO REMHFWLYH YDOXH EXW DOVR PHDQ SURILW JHQHUDWHG
XQGHU HDFK RI WKH RSWLPLVDWLRQ REMHFWLYHV SURYLGLQJD FRPSUI
FLDO LPSOLFDWLRQV RI WKH GLIITIHUHQW RSHUDWLRQDO PRGHV $GGLWL
LQFOXGLQJ DQDO\WLQJ WKH SDWWHUQ RI HOHFWURO\VHU DQG VWHHO F
TXHQF\RIEUHDNV EHWZHHQ ($) EDWFKHY DQG WKH UDWHV RI FDSDFLW\ ]
DOVR HYDOXDWHV WKH VWDELOLVLQJ HIITHFW VWHHO SODQW IOH[LELOL
DQDO\VWHG E\WKHPHDQ GHYLDWLRQ IURP WKH JRDO ORDG EXW DOVR WKH
DQG LWV YDULDQFH

&RQVWUDLQWYV

7KLV VHFWLRQ ZLOO HIDPLQH WKH OLQHDU PRGHOTV FRQVWUDLQWYV ZK
OLVKHG +HUHLWLVLPSRUWDQW WR GLVWLQIJXLVKEHWZHHQ GHFLVLRQ
YDULDEOHVY DUH WKRVH WKDW FDQ EH FRQWUROOHG DQG GHULYHG YDUI
LQJGHFLVLRQ YDULDEOHYV 7KHFRQVWUDLQWY VHFWLRQLV RUJDQLVHG
SODQW 7KLV XQLW ZLVH VWUXFWXUHHQVXUHV WKDW DVSHFWYV RI UHGX
PDNLQJDQG UROOLQJDUH FRQVLGHUHG VHSDUDWHO\ )RUWKHJHQHUD
RI WKH PRGHO FRQVWUDLQWYV RQ WRWDO VWHHO SURGXFWLRQ HOHFW
YLDELOLW\DUHDOVR DGGHG



&RQVWUDLQWY RIS HGXFWLRQ 8QLWDQG +\GURJHQ 6WRUDJH

, /I PRGHOOHG VWHHO SURGXFWLRQ SODQW LQFOXGHV DUHGXFWLRQ
GURJHQ GLUHFW UHGXFWLRQ WKHIROORZLQJFRQVWUDLQWY PXVW E

D OD[LPXP ORDG RI UHGXFWLRQ XQLW

7KH UHGXFWLRQ XQLW HVSHFLDOO\ WKH ZDWHU HOHFWURO\VHL
HOHFWULFLW\ORDGV IRUSURGXFLQJK\GURJHQRYHU WLPH UHSL
LWEL  7KH PD[LPXP SRZHU XVDJHLVJLYHQE\D SDUDPHWHU IRU WKt
WKH R¥FEW  Q WKH 0,/3 RSWLPLVDWLRQ SUREOHP SRZHU GHPDQ
XQLW LV D VHPL FRQWLQXRXV YDULDEOH DV LW LV HLWKHU JHUR |
FDSDFLW\DQG PLQ@YXP SRBAZHWKH RSWLPLVDWLRQ WRRO XVHG IRU
LV QRW DEOH WR PDS VHPL FRQWLQXRXV YDULDEOHY WKLV LV UH

DGGLWLRQDO ELQDU\ HFGWISREWDQLDEWKH UHGXFWLRQ XQLW L
QRW
LWEL CWEL;max YVEL 8t2T

EOLQLPXP ORDG RIWKHUHGXFWLRQ XQLW
7TKHUHGXFWLRQ XQLW RIWKHSODQW QHHGV DPLQLPXP SRZHU ZKI

CWELmin I WKH UHGXFWLRQ X@FEWHWVXWRVQHGRRDIY ZHOO DV WKH (
LWEL

L:NEL CWEL;min YVEL 8t2T

F)ORZRISURGXFHG K\GURJHQ
+\GURJHQ SURGXFHG E\WKH HOHFWURO\VHUV FDQ HLWKHU EH GL!|
RUEH VWRUHGLQ D WDQN IRU ODWHU XVHLQ UHGXFWLRQ RU IXHC
ORRVH D FHUWDLQ DPRXQW RI FRQVXPHG"WOHDKHUHCHQWKISDUDF
SDUDPHWHULPSRUWDQW IRU WKH FRQYHUVLRQ IURP SRZHU LQ 0:
UHSUHVHQWLQJ WKH DPRXQW RIDQ KRXU SDVVHG LQ RQH WLPH V
VHSDUDWHG E\WZR GHFLVLRQ YDULDEOHVLQDK\GURJHQIORZGL
Hat DR DQG RQH IRUYWHRUDSWGURIHQ FDQ DOVR IORZ RXW RI WKH V!
'5, SURGXFWLRQ LQ WLPHV RIORZHOHFWURIBI¥HU XWLOLVDWLRQ

L}:NEL WEL t= Q{-'Z! DRI + Qr2$ tank 8t 2 T

GOD[LPXP XWLOLVDWLRQ RIUHGXFWLRQ XQLW
7TKH UHGXFWLRQ XQLW KDV WKH FDSDFLW\ WR SURFHVV DW PDJ[LF
K\GURJHQ ZKLFK LY SURGXFHG E\WKHHOHFWURO\VHUV DW PDJ[ XV

Q:-lz! DRI CWEL;maX WEL t 8t2T

H&RQWHQW RI'5, VWRUDJH
,Q WKH VKDIW IXUQDFH RI WKH UHGXFWLRQ XQLW K\GURJHQ IURP
GURJHQ IURP VWRUDI@"B WWUPIB XMHVSLURQ RUH WR LURQ VSRQJ!I



FDOOHG GLUHFW UHGXFHG LURQ 7KLV '5, LV VWRUHG LQ D FRUUF
WHQW DW WLY k6 MWHSSEHG BdH VWRUDJH LV LQLWLDOLVHG ZLWK [
'5, DOUHDG\ VWRUHG JLYHGPR\ WZKH S0 UWD PHWRHILQ DOO VFHQDULR
UHGXFWLRQ SURBMVRRUKMOQKWWYHR/I K\GURJHQ IRU SURGXFWLRQ RI F
DQG VWRULQJ LW 7KLV LV DJLYHQ SDUDPHWHU DQG QRW WR PL]
GHFLVLRQQOD'PEDEMRIHWKHU ZLWK VFUDS VWHHO '5,LV XVHG LQ W
RIVWHHO PDNLQJ WKLV PHDQV VWRUDJH FRQWHQW LV UHGXFHG
TXLUHG TXDQWIW\SRM 1"RU D VWDUWLQJ EDWFK SURFHVV RI VWHHC
HTXLSRHRQWWHHO PDWLQKHKBL@DU\ GHFLV ER'QGHWRWDLEMHY LI

VWHHO PDNLQJ YLUWXDO HTXLSPHQW ZTKHW RIQQHE RVQRD W/ MH. P5H \
VWRUDJH LV FRQVWUDLQHG DQG FDOFXODWHG WKURXJK WKH IRO

X X
DRI _— DRI H,! DRI H,! DRI STM DRI'! STM
SO - Sinit + QO Q uyv; 0 uv

u2U v2Vv,

SIDRl - DRJI- +Q{'|2! DRI QHZ! DRI X X STM DRI'! STM 8t2T[t> 0

uyv;t uv
u2U v2Vv,

| &RQWHQW RI K\GURJHQ VWRUDJH WDQN
7KH K\GURJHQ WDQN ZLWK WKH JLSHQ QRPQAQBG BWSWKHWWIUW |
PRGHO ZLWK DQ LQLWLDO ILOOLQJ VKDUH EHWZHIff DQG JLY
7KH FRQWHQW RI WKH WDQN LV LQOQ3x i mHGE QK\BYIRUBQRGREH G
K\GURJHQ IURP HOHFWURO\VHUV QRW GLUHFWO\ UHTXLUHG IRU G
GURJHQ IRUGLUHFW UHGXFWLRQ LQ WLPHV RIORZHOHFWURO\VH
UHGXFH WKH K\GURJHQ WDQN FRQW HGW EL WK Q@HU B WLLFLHIQ® M RW L
FC ZKHUGME\LV D GHFLVLRQ YDULDEOH

H» _ ~SH2 oH» Ho$ tank O C  t
Sp2=C Snit + Q¢ —Fc —

GF¢ t

S(Hz — S’[HZJ_ + Q::'|2$ tank —

8t2T[t>0

J5DQJHRIK\GURJHQ WDQN FRQWHQW
7KH FRQWHQW LQ WKH K\GURJHQ WDQN FDQ QRW X (RIDVV WKH JL
IDOO EHORZ

0 sfz cs" st2T

&RQVWUDLQW RI)XHO &HOO

7KHRQO\FRQVWUDLQW RI WKH I 6fFOGHIFL/ BRQN WD UHQBOB WY RQKDW L
VXUSDVV LWV LQV &6 ®WHIGDAKSWERWVWH S

GF¢ CF¢ st2T



&ERQVWUDLQWYV RI6WHHO ODNLQJ 8QLW

D2SHUDWLQJRQH HTXLSPHQW DW D WLPHIRUD JLYHQ GXUDWLRQ
(YHU\ VWHHO PONL QQ X\KIHASODQW LV VHSDUDWHG LQWR VHYHUDO
2QH VWHHO PDNLQJ XQLW FRQVLVWYV RI DQ HOHFWULF DUF IXUQD
FDVWLQJ HTXLSPHQW (DFKvR2LWWHBQ HYNDSWPHR WDSDFLW\ XWLC
UDWH UHVXOWLQJLQ GLYHUJLQJ ORDG SURILOHY DQG RXWSXWYV
HTXLSREH@WXUQHG RQ ZKLFK LV GE¥LGWGKQADIRIDEDH HQ GXUD V
SDUDPHWMHU )RU WKLV GXUDWLRQ WKH GEIWLKB'G Q@MW Y\DRILDE C
DW WKH FRUUHVSRQGL@EI"WLPBIQAWHBEWRRG HTXLSPHQW LQ VWH
XQLIDWUH UXQQLQJ $VORQJDV RQHHTXLSPHQW LV UXQQLQJ HYHL
RI WKH FRUUHVSRQGL QAR HIRMDAR QN XQHK MU H IR UH

Xt
o = SN Buvit2 UV T

max (0;t ToM +1)
STM _— STM . .
ot = vt Suit2 U T
v2Vy

aM1 sut2UuT

E &RQVWUDLQW RI EDWFK VWDUWLQJ WLPH
7TKHILQDO EDWFK PXVWEH LQLWLDWHG DW D WLPH VWHS ZKLFK H
VWLOO FRPSOHWHG EHIRUH WKH ODVW WLPH VWHS RI

toS T TEM TR 41 suvit2 UV

F&RQVWUDLQW RIPLQLPXP GRZQWLPHDIWHU EDWFK SURGXFWLRQ
(DFK VWHHO PDIRIUQKDWQRWLQLP XP GREQWKPMW PXVW HODSVH DIWt
D EDWFK KDV EHHQ SURGXFHG $IWHU WKLV GRZQWLPH D QH[W &
HTXLSREQWI WKH HTXL BB @W VWDUWHG 7KLV LV GHSLFWHG E\V
FRQVWUDLQWYV

min (57 4 )
Gvr TS Tpase St o1 suvit2 UV T
t1=1

G &RQVWUDLQW RI VWHHO PDNLQJ XQLW ORDG
LS™ GHSLFWV WKH ORDG SURILQ@HD R WWRHH QWP KIR RD XIQLHW WK H
ORDG SURILOHV RI HDFk/2 VU VG & K AX¥IRSPHOQWMB RQGLQJ EDWFKHYV
SURILOH RI D VLQJIOHIED WG E L@ KHLSYU ZKHWHY D WLPH VWHS
ZLWKLQ D VLQJOH EDWFK

min (ST it)
LS = SV e LSTY But2UT
v2Vy z=1

H&RQWHQW RILQWHUPHGLDWH VWHHO PDNLQJ SURGXFWV VWRUDJ
'KHQ D EDWFK RI'YLUWXD® WHXIOSPBIQMQL RQ VWHG DIWHU JLYHQ



WLPH VWHSVY D FHUWDLQ DPRXQW RI VWHHO VODEV RU ELOOHWYV |
LV JILYHQ LQ ZHLJKW EO§J'K H SIBWHIPBI WIWVKHG EDWFK WKLV LV DC
VWRUDJH YDULDEOH RI LQWHBEM G I RMWHL\QMHUP BGRBWHWW R G X F
GLUHFWO\SURFHVVHG IXUWKHU LQ WKH UROOLQJ XQLW EXW LQ W
UHGXFHG ZKHQ WKH UROOLQJEDWFKLVILQLVKHG DIWHU WKH GXU
WHYL 7KLV OHDGV WR D GHFUHDVH LQ VWRUDJH FRQWHQW HTXLY
LQ WKH EDWFK WKDW LQLWLDWHG WKH UROOLQJ SURFHVV 7KLV
SURGXFW VWRUDJH GRHV QRW DFFXUDWHO\ UHIOHFW WKH UHDOL
LV QRW GLUHFWO\ FRQWLQJHQW XSRQ VWHHO PDNLQJ RSHUDWLR
DQ\ XQLW RU YLUWXDO HTXLSPHQW DV UHSUHVHQWHG LQ WKLV PI
WHUPHGLDWH VWHHO SURGXFWV DV D FRQYHUVLRQ VWHS EHWZHF
DQLQWHUIDFHIRULQFRUSRUDWLRQ RIPRUHUHDOLVWLFPRGHOV

8
% 0 t<TSTMu
STM _ STM STM STM STM
Su;v;t - § Su;v:t 1 + uvit  TSIM Ou-v t<T u'v
STM STM STM STM STM STM ROL
Suvtt 1t Gt T Ouy wvit TEM o TRO Ol t<To ™ + T,

8u;v;t2 U;V,; T

&RQVWUDLQWYV RI5RO0OLQJ (TXLSPHQW

$IWHU D EDWFK LQ D Y WRWXIVGI HO PLCENINIWQQRVMHG SURGXFHG VWHH
WR EH UROOHG LQ WKH ILQDO IRUP ,Q WKLV PRGHO UROOLQJ KDSSH
DQG WKLV SURFHVV LV QRW REMHFW RI D GHFLVLRQ YDULDEOH EXW (
LIDYLUWXDO HTXLSPHQW ZDV WXUQHG RQ 7KH SURFHVV RI UROOLC
PDNLQJ LV GRH WIMWPHWWHSY $ UROOLQJ SURFHYY WIDWHRY WKH DPR
HWHU WLPH VWHSVt O DROOLRH BWRBEHVV LV UXQQLQJ DQG FRQVXPL
GHULYHG DQG ELQRY\HTXDIOODER@H LI LW LV RII LW HTXDOV IRDG F|
WKH UROOLQJ XQLW LV GHVFUWEEHSHEN W HRHDKGNEHD W IKBIEOF-R Q VW D Q W
FRQVXPLQJ WKH DPRXQW RISRZHUDV WKHLQVWDOOHG FDSDFLW\ $
RIPRGHOOLQJ UROOLQJ GRHV QRW DFFXUDWHO\ UHIOHFW WKH UHD(
GLUHFWO\ FRQWLQJHQW XSRQ VWHHO PDNLQJ RSHUDWLRQV )RU Wi
UHGXFWLRQDQG VWHHO PDNLQJ XQLW
min (6T 0 + T )

ROL _ STM ) )
ut wvit 1 Sut2 Ui

vav, =TS
LESY = &2% LEO 8ut2UiT

&RQVWUDLQWYV RI6WHHO 3URGXFWLRQ

$VDUROOLQJ XQLW SURFHVV LV UXQQLQJ ILQLVKHG VWHHO LV DGG
R WKHS%@LV\KLOH WKLY SURFHVV VWHHO LQWHUPHGLDWH SURGXFW



RIROL  $W WKH HQG RI WKH PRGHOOHG WLPH SHULRG VXP RI SURGXFH!
DJLYHQ SURGXFWLRQWRDGISDWDRWYWOWY LQ WKH IROORZLQJ WZR FR

8
2 0 t=0

steel _— . .
BT s e U ossy oo o MR
v2Vy

total X teel

otal stee

m SU;T end
u2U

&RQVWUDLQWV RI (OHFWULFDO 3RZHU ODQDJHPHQW

7KHJRDO RI WKLY RSWLPLVDWLRQ PRGHO LV WR PDSIOH[LELOLW\ SR
DJUHHQ VWHHO SURGXFWLRQ SODQW (OHFWULFDO SRZHU LQ D PR

IROORZLQJ

D(QHUJ\ %DODQFH

(OHFWULFDO SRZHU LV JHQH& DWHKB EX\E[AEMEDIEWKN VFHQDULR
LQFOXGHV WKLV FDQ EH G UD ZAg" U RRHAVSREZ SIRIZIWUFRUQ\GX PHG E\ HOH
WUROMAHUMDFK VWHHO RENLRQ & QIR OLR-J XEHMLE XDO SRZHU

LV IHG LQWR W KRf5 REZBIO WKIHG/H VXP XS WR JHUR

0= G+ GFC + pPW LWEL s (Lg™ +Lget) P 8t2T
u2u
3RZHU ([FKDQJH EHWZHHQ *ULG DQG 30DQW
7KH SRZHU H[FKDQJH EHWZHHQ WA H \8 @/XK®IVE D QB QWKIHRI WIGH GHF L
YDULDEOH IRU SRZHU PR%X DIQ/E NR® G WIRSW IDWIWLBH VWHS
SRZHULV IHG L@WR/ \SRMUWLBH LI GUDZQIURP WKHJULG LW LV QH.
ZKHUH SRZHU FDQ QRW EH GUDZQ IURP WKH JULG H[FKDQJH RQO\

P =P P 8t2T

OHDQ RI3RZHU ([FKDQJH

$V WKH PHDQ RI WKH SRZHU H[FKDQJH VHUYHV DV WKH JRDO ORDC
MHFWLYH WR PD[LPLVH SURILWYV LW LY FDOFXODWHG E\ WKH IRO
YDOXHIRUWKH SURILW PD[LPLVLQJ REMHFWLYH WKHQ LV XVHG D

JRDO ORDG LQ PRGHOV PLQLPLVLQJGHYLDWLRQIURP JRDO ORDG
P

Py
&RQVWUDLQW RIVSOLWWLQJ SRZHU H[FKDQJH WR FDOFXODWHG L
7KHPHDQ GHYLDWLRQ LQ WKH REMHFWLYH IRUILWWLQJ SRZHU F|
DEVROXWH RI GLIIHUHQFH EHWZHHQ HDFK YDOXH RI D YHFWRU DC
RSWLPLVDWLRQ FDQ QRW FDOFXODWH DEVROXWH YDOXHV WKH ¢
WKH YDOXHV DERYH LWV PHDQ DQG EHIR'Z DQW*P'HOGRSIZRKWY PHDQ)\

WKH GLVWDQFH EHWZHHQ D FPWXW OVS REBUUGHEHKHD OLIYH Q SDUDPHW H



RI JRDOP®RDGRGHOV ZLWK WKH REMHFWLYH WR PD[LPLVH SURILW
HIFKDQJH FDOFXODWHGHWYHXDWWXMH JRDO ORDG 7KH GHULYHG®
FDOFXODWHG WKURXJK WKH IROORZLQJHTXDWLRQ

Dtabove Dtbelow — Pt Pgoal 8t2T

&RQVWUDLQWYV RI (FRQRPLFV

7TKHJUHHQ VWHHO SURGXFWLRQ SODQW FDQ PDNHHFRQRPLF SURILW
HOHFWULFLW\DW WKH GD\DKHDG PDUNHW 7KHVH DUH FRQVWUDLQH

D (OHFWULFLW\ODUNHW 3URILWYV
6HOOLQJ HOHFWULFDO HQHUJ\ DW WKH HGHRWVUS FR W WP B D)W HIGV X
WKH JLYHQ S WS 8 BIRIKLOH XQLW DQG WKH DP RX'QDMRWVY.REBG HOHF
VWHS KH VROG HQHUJ\ FRQWHQW LV FDOF X O DM ® BA W/IKRHHH O H F W |
VWHBQ WKH OHQJWK RI WKH WLPH VWHS LQ UHODWLRQ WR DQ KRX |

Mtsell — Ptsell t pt%

E(OHFWULFDO ODUNHW &RVWYV
% X\LQJHOHFWULFDO HQHUJ\ DW W K Ht HFGRHWS\HLL E R W.J R W BINQHHW D\W W
X QRN

buy _ buy Y,
M = Py t p”

$VVHVVPHQW RI 0,/32SWLPLVDWLRQ

7KH 0,/3 RSWLPLVDWLRQ LQ WKLV ZRUN LV IRUPXODWHG XVLQJ WKH 3\R
HW DO DQG UHSUHVHQWY WKHRSHUDWLRQDO EHKDYLRXU RIDVWHHO S
QDULRYV 7KHPRGHOLVVROYHG XVLQJWKH *XUREL RSW HRLVEWL®YIUREL :
HIILFLHQW FRPSXWDWLRQ HYHQ ZLWK KLJK WHPSRUDO UHVROXWLRQ RY
FRGHLV SXEOLFO\DYDLODEOHIRUWUDQVSDUHQF\DQG UHSURGXFLELO
VLV PHWKRGY DW WKH IRBO/RZI\DJ UHBRYEWRP\JRP OHZLO GHPDQG UHYV
SODQW

JRUHDFK VWHHO SODQW VFHQDULR SBEVBBHEHG VR GIHPRWHRLQY GHYHORS
PRGHOLVHYDOXDWHGIRUERWKREMHFWLYHY PD[LPLVLQJSURILWDQG
JRDOORDG 7KHPRGHORSWLPLVHVWKHRSHUDWLRQ VFKHGXOHRYHUD
PLOQXWHVWHSVDQGIRFXVVHVRQHOHFWULF ORDGV RIHTXLSPHQW DQG
DV ZHOO DV SURILWY E\ VHOOLQJ UHVLGXDO HOHFWULFLW\ RU ORVVHYV
RSWLPLVDWLRQ DOJRULWKP UXQV IRU D PD[LPXP RI' VHYHQ GD\V DQG WEK
WKDW WLPH LV VHOHFWHG

$VSHFWV RI WKH HYDOXDWLRQ DUH WKH G\QDPLFV RI VWHHO SURGXFW
LQFOXGLQJDQDO\WLQJ WKH SDWWHUQ RI UHGXFWLRQ XQLW VWHHO PDI



($) FDSDFLW\ XWLOLVDWLRQ SRZHU H[FKDQJH DQG SURILWYV DQG ORVV}
DUH DQDO\WHG RYHU WKH ZKROH \HDU $VVHVVLQJ VWHHO SODQW GRZ
LQGXFLQJVXFK GRZQWLPHV LVRIFRQVLGHUDEOH LPSRUWDQFH 7KHVH
RI RSHUDWLRQV PDQDJHPHQW LQ DQWLFLSDWLQJ DQG DGDSWLQJ WR QI
DPRXQW RI HOHFWULFLW\ GUDZQ IURP DQG VXSSOLHG EDFN LQWR WKH J
LQWR RSHUDWLRQDO HIILFLHQF\DQG WKH HI[WHQW RIUHQHZDEOH HQHU
7KH DELOLW\ WR PDWFK HOHFWULFLW\ FRQVXPSWLRQ WR WLPH GHSHQG
ODWLQJ WKH PHDQ SURILW SHU VROG 0:K ZKLOH IHHGLQJ HOHFWULFLW\
RSWLPLVDWLRQ REMHFWLYHV WKLV SURYLGHV D FRPSUHKHQVLYH XQGt
RIWKH GLIIHUHQW RSHUDWLRQDO PRGHV DQG SODQW VHWXSYV
)XUWKHUPRUH WKLV VWXG\ DVVHVVHV WKH VWDELOLVLQJ HIIHFW VWHF
HUJ\ VIVWHP 7KLV LV H[DPLQHG XVLQJ WKH PHDQ GHYLDWLRQ IURP WKH
VWDQGDUG GHYLDWLRQ DQG YDULDQFH RI WKLY GHYLDWLRQ WR DVVHV
PHW

7TKHVHIDFWRUV DUH WKRURXJKO\HYDOXDWHG E\DQDO\WLQJ WKH RXWEFF
ObDWHU DJJUHJDWHG LQ D FRPSDUDWLYH IUDPHZRUN DFURVV WKH WKU
VAVWHP

SBURVSHFWLYH /LIH &\FOH $VVHVVPHQW RI 6WHHO 30DQW

/LIHF\FOH DVVHVVPHQW /&% RUOLIH F\FOH DQDO\VLVY LV D PHWKRGR(
OLQNHG WR DOO VWDJHV RIWKHOLIHRIDFRPPHUFLDO SURGXFW SURFF
JRUH[DPSOH LQ WKH FRQWH[W RI D SURGXFHG SURGXFW HQYLURQPHQ
I[IURP UDZ PDWHULDO HIWUDFWLRQ DQG SURFHVVLQJ WKURXJK WKH SU
DQG XWLOLVDWLRQ WR WKHUHF\FOLQJ RUXOWLPDWH GLVSRVDO RI WK|
$ ODUJH VKDUH RI OLIH F\FOHDVVHVVPHQW VWXGLHVY DUH GHWHUPLQLQ
RJ\DV LW FXUUHQWO\LVY RUUHWURVSHFWLYHO\KRZ LW ZDV SURGXFHG
RQ VXVWDLQDELOLW\DQG HQYLURQPHQWDO HYDOXDWLRQ RI IXWXUH W
WKH GHYHORSPHQW RI SURVSHFWLYH /LIH &\FOH $VVHVVPHQW S/&$ PH
HQDEOH WKH HYDOXDWLRQ RI SRWHQWLDO IXWXUH HQYLURQPHQWDO L
QRORJLHV LQ IXWXUH SURGXFWLRQ V\VWKRV WUMLGRY KBHWRAUDDBHY ZK\
PHWKRGRORJ\ ZDV VHOHFWHG DQG LWV VXEVHFWLRQV KRZ LW LV FRQGC
+HUHLQ LWLV LPSRUWDQW WR GLVWLQJXLVKEHWZHHQ WZR NH\ VA\VWHP

$+%DFNJURXQG VIVWHP ZKLFK UHIHUV WR WKH EURDGHU HFRQRPLF V
WH[W LQ ZKLFK WKH SURGXFW RU SURFHVV RSHUDWHV ,W HQFRPSD)
SURFHVVHV DQG V\WVWHPV WKDW DUH FRQQHFWHG WR WKH IRUHJUR
DQG HQG RI OLIH Rl WKH SURGXFW 0HQ:&RIOLE HOKNHUBDIF N WURX QG V\
WHP IXWXUHHQHUJ\DQG VWHHO SURGXFWLRQ VFHQDULRV DV ZHOO L
LQFRUSRUDWHG WR PRGHO D SURVSHFWLYH SURGXFWLRQ VI\VWHP



$)RUHJURXQG V\VWHP ZKLFK GHVFULEH WKH VSHFLILF DVVHVVHG SU
WKH VWHHO SODQW VFHQDULRV ZLWK YDU\LQJ VHWXSV RI WHFKQROR
DVHPDQG 5HVSRQVH 6 W&RI@VODDQ Y6 WBE6 0DNPSRUW

7KLY VWXG\ HPSOR\V ,62 D JOREDO VWDQGDUG IRU /&% WR FRQVWUXFV
VI\VWHP 7KLV VWDQGDUG GHILQHV IRXU VWHSVY WR FRQGXFW D /&% JRD
LQYHQWRU\ /&, DQDO\VLV OLIH F\FOHLPSDFWDVVHVVPHQW DQG UHVX
ZRUN LV XVHG WR DVVHVV WKH LQSXWV RXWSXWV DQG SRWHQWLDO H(
HDFKVWHHO SODQW VFHQDULR $V VWHHO SURGXFWLRQ UHOLHV RQPDQ
EHPRGHOOHG DOOLQ GHWDLO WKLV DQDO\WVLY HPSOR\V HFRLQYHQW W
/&,V :HUQHW HW B®RUH GHWDLOHG GHVFULSWLRQ RI WKHFRQGXFWHG
WKHIRUHJURXQG VI\VWHP DUH GHVBPV ZHID® LDQ/OMEMXRIYG GDWD LQ 6HFWL
7TRDFFRPPRGDWHWKHSURVSHFWLYHQDWXUHRIWKLVYDQDO\VLV DVXSt
'H.RQLQJ LV XVHGWRJIHQHUDWH SURVSHFWLYHHFRLQYHQW EDFNJURX
\HDUV DQG LQWHJUDWH EDFNJURXQG VFHQDULRV LQWR WKH H[LVWLQJE
35(0,6( ZKLFKLQWHJUDWHV DQG DOLJQV SURFHVVHV LQ DVWDQGDUGLYV
LVGHSLFWHG DQULGKVHULEHG LQ IXUWKHU GHWDLO LQ WKHIROORZLQJ

6HWXS RI %DFNJURXQG 6\VWHP

JRUFRQVWUXFWLRQ RI D SURVSHFWLYH VHWWLQJDQG EDFNJURXQG GD
6DFFKLHWDRDQDJHVY VFHQDULR GDWDDQG LWV LQWHJUDWLRQLQWR HJ[
VIVWHP LAWK OD\V WKH UHTXLUHG GDWD DQG KRZ LW LV LPSOHPHQW
WHUQDO VFHQDULR GDWD WRIJHWKHU ZLWK QHZ /&, GDWD FRQVWUXFW Ql
7KHVH PDUNHWYVY DUH PDQDJHG LQ WKH FRQILIXUDWLRQ \DPO ILOHDQG L
YHQW ZLWK WKH SDUDPHWULVHG SURVSHFWLYH VFHQDULR GDWD $0¢
YHUVLRQ RIHFRLQYHQW ZKLFK LV XWLOLVHG WKURXJK EULIJKWZD\DQG
WDO LPSDFW DVVHVVPHQW ZKLFK LY H[SODLQHG LQ 6HFWLRQ

JLIXUH '‘DWD DQG :RUNIORZIRU SURVSHFWLYH /LIH &\FOH $VVHVVE



7R DVVHVV WKH HQYLURQPHQWDO LPSDFWV RI VWHHO SODQWYVY DQG VWI
LQIXWXUH FRQGLWLRQV WKUHH EDFNJURXQG VFHQDULRY DUH LQFOXG
VA\VWHP FKDQJHVY GHVFULEHG E\ ,0$*( ,$0 RI 6KDUHG 6RFLR HFRQRPLF 3L
FDSWXULQJ VKLIWV LQ JOREDO SURGXFWLRQ FRQGLWLRQV DQG FKDLQV
LQWHJUDWH JUHHQ SULPDU\ VWHHO SURGXFWLRQ SUDFWLFHV DQG GRH
VWHHODQG HOHFWULFLW\VHFWRULQ WKH*HUPDQ FRQWH[W WZRDGGL)
2Q WKHRQH KDQG D *HUPDQ HOHFWULFLW\PL[ VFHQDULR ZKLFK GHVFU
WKH*HUPDQ HOHFWULFLW\ V\V\DIQRE BRIV KN RWKHUJ KDQG D *HUPDQ VWH
WLRQ VFHQDULR ZKLFKLQFOXGHV QHZ SDWKZD\VIRUVWHHO SURGXFW|
VKDUHV IRU *HUPDQ\ +DUSSUHFKW HW DO

*OREDO EDFNJURXQG V\VWHP FKDQJHV DUH DGDSWHG YLD WKH ,0%$*( 66
KIHVW HW D@QKLFK LV DOUHDG\LQWHIJUDWHG LQ SUHPLVH 7KH 663 "0OLGG
LV FKDUDFWHULVHG E\ FRQWLQXDWLRQ RI FXUUHQW WUHQGYV DFFRPSD
JURZWK XQHYHQ GHYHORSPHQW EHWZHHQ FRXQWULHY DQGVORZ SURJ
GHYHORSPHQW JRDOV 5DBKGLHWDWLRQV RIWKHG663 DUHLQIOXHQFLQJ W
WHFKQRORJLFDO HIILFLHQFLHVDQG VWHHO SURGXFWLRQ SDWKZD\ VKD
$*(,$0 PRGHOV JOREDO GHMHVRIPEHRAHIRU IRXU\HDUV RI WKH 663 VFHQ

DQG 6WHHO SURGXFWLRQLQHFRLQYHQWKRZHYHURQO\PRGHEH
SDWKZD\VDQGLQUDUHFDVHY FRDO EDRVH B LGAMLHREAUM KB X MWW RRY C&PH D F |
E\LQFUHDVLQJ VKDUHV RI VHFRQGDU\ VWHHO SURGXFWLRQ 7KLV UDLV!
+DXSWHWDOZLWK WKH SULPDU\ FRQFHUQ EHLQJ ZKHWKHU WKH QHFHVV
PDWHULDO LVDYDLODEOHDQG QRW ORFNHG LQ XVH 7R SRWHQWLDOO\ U
SURVSHFWLYH WHFKQRORJLHV VXFK DV K\GURJHQ EDVHG GLUHFW UHG X
LVGRQH E\WKHIROORZLQJVFHQDULR

7KHVH QHZ VWHHO SURGXFWLRQ URXWHYV DUH LQWHJUDWHG WKURXJK
JURXQG VFHQDULR GHULYHG IURP +EHRSBHPKWIHMWHBONVKUHH GHFDUER
VFHQDULRV DLPLQJDW UHSODFLQJIRVVLO IXHO EDVHG IXUQDFHV DQG \
VWHHO SURGXFWLRQLQ *HUPDQ\ E\ 7KH VFHQDULRV VLPXODWH WKH
IXUQDFHV LQ *HUPDQ\ E\ FDUERQ FDSWXUH WHFKQRORJ\ QDWXUDO JDV
GLUHFW UHGXFWLRQ DQG HOHFWUR ZLQQLQJ 7KH (OHFWULILFDWLRQ
DOLJQV ZLWK WKH QDUUDWLYH RI663 5&3 DQG FRUUHVSRQGLQJSURG
JLIXUBQG 7DEQE WKH $SSHQGL[ 7KH PDWHULDO IORZV ZLWKLQ WKH UH\
ZHUH DOVR GHSLFWHG LQ GHWDLO LQ )LJXUH

/LIHF\FOHLQYHQWRULHV IRU 1* '5, ($) + '5, ($) DQG (: ($) VWHHO SURG
+DUSSUHFKW HWWDR® LQFRUSRUDWHG LQWR D SURVSHFWLYH YHUVLRQ R

$VVFHQDULR VSHFLILFFKDQJHVDUHDSSOLHGRYHUD ODUJH YDULHW\RIUHJLRQV FKD!
VWHHO DUH GLIILFXOW WR GHSLFW LQ WKLV WKHVLV )RU IXUWWHWDEQWH Y W IGIDWKIERR@ UGW F
SUHPLVH /DVW YLVLWHG RQ WK -XQH



JLIXUH 6WHHO 3URGXFWLRQ 3DWKZD\ 6KDUHV LQ *HUPDQ 6WHHO 3URC
QDULR” E\ +DUSSUHFKW BMAVDYCDOXHV VKR ZIQLWKB BOSHQG L[

UHOHYDQW PDUNHMW ¥KDBUH¥) SURGXFWLRQ URXWH DSSOLHG LQ *HUPDQ
JURXQG VFHQDULR JULG BV[HQRP JLYX$ISO\ LV QRW RQO\ XVHG LQ WKH E
DOVR ODWHU LQ WKH S/&$ DV D FRPSDUDWLYH FDVH WR WKH IRUHJURXQ
7KLV VFHQDULRVXEVWLWXWHY ERWKWKH*HUPDQ PDUNHW DQG WKH JOR
LPSOHPHQWDWLRQRIWKHDQWLFLSDWHG VWHHO PDUNHW ZLWKLQ WKH |
*HUPDQ PDUNHW LV QRW DSSOLHG WR LWHPV RI WKH EDFNJURXQG V\VW
WKH UHJLRQDO FRQWH[W GHVSLWH WKHLU RSHUDWLRQV LQ WKLV FDVH

J)LIXUH 3RZHU*HQHUDWLRQ 7HFKQRORJ\6KDUHVLQ *HUPDQ (OHFWULF
BFHQDULRLQ "% (QL9HU  S$SLUQRW NWDMOHV VKRZIQLWKBDBESSHQGL]

7KH /&, GDWD IRU WKH SURGXFWLRQ URXWHYV FDQ EHIRXQG LQ WKLV]J]HQRGR UHSRVLWRI



7KH XVH Rl "'"LUHFW (OHFWULILFDWLRQ " *HUPDQ HOHFWULFLW\ PL[ VFHQ
DVGHVFULEHG DERYH WKH :HVWHUQ (XURSHDQ :(8 HOHFWULFLW\PL[V
*HUPDQ\ HQVXULQJ WKDW *HUPDQ FRQGLWLRQV DRK WDEMEQ LQWR DFF
WKH $SSHQGL[ JHQHUDWLRQ WHFKQRORJ\ VKDUHV IRU WKH VFHQDULR |
YHORSPHQWY DUH WKH QXFOHDU SKDVH RXW LQ GUDVWLF UHGXFWL
LQFUHPHQWY LQ 39 DQG ZLQG FDSDFLWLHV $V DOO XWLOLVHG WHEKQ!
HFRLQYHQW EDFNJURXQG V\VWHP QR QHZ /&,V QHHG WR EH LQWHJUDWH

/LIH &\FOH $VVHVVPHQW
*RDODQG 6FRSH

7KLY VWXG\DLPV WR SURYLGH GHFLVLRQ VXSSRUW IRU VHOHFWLQJ VW]
JUDWH WKHP LOQWR WKHHOHFWULFLW\ V\VWHP ,QDGGLWLRQ WR WKH RE¢
HFRQRPLF DVSHFWV WKH S/&$ HVWLPDWHY HQYLURQPHQWDO LPSDFWYV
LWV SURGXFWLRQLQ IXWXUH VXUURXQGLQJY 7KHLQWHQGHG DXGLHQF
RSHUDWRUV DQG JULG RSHUDWRUYV DV ZHOO DV D VFLHQWLILF DXGLHQF
RQH NLORJUDP RI KRW UROOHG VWHHO SURGXFHG LQ WKH VWHHO SODC
ZLWK D \HDU OLIHWLPH $GGLWLRQDOO\WR WKHVH WKUHH VFHQDULR\
WLRQ DUHHYDOXDWHG WR SURYLGH FRQWH[W IRU WKH VWHHO SODQW \
LV VWHHO SURGXFWLRQ DV FRQGXFWHG LQ FXUUHQW FRDO EDVHG %) ¢
UHIHUHQFH FDVH DVVHVVHV + '5, EDVHG VWHHO SURGXFWLRQ WKDW U|
I[IURP WKH*HUPDQ JULG WKHUHE\UHIOHFWLQJWKHHQYLURQPHQWDO LF
HOHFWULFLW\JULG PL[ 7KHVH EHQFKPDUNYV VHUYH WR FRQWUDVW WKFE
SURGXFWLRQ VFHQDULRY DIJDLQVW PRUH FRQYHQWLRQDO RUEURDGO\ |
ZD\V 7KLVDOORZVIRUFRPSDULVRQRIHQYLURQPHQWDOLPSDFWYVY EHW 7
ZLWK WKH HITHFWV IURP EDFNJURXQG VFHQDULRV IURP WR

7R HYDOXDWH WKH GLITHUHQFHVY EHWZHHQ VWHHO SODQW VFHQDULRYV |
HTXLSPHQW WR WKH WRWDO HQYLURQPHQWDO LPSDFW LV DQDO\VHG ZL\
\WLVIRFXVVHVRQ WKHLQVWDOOHG LQIUDVWUXFWXUHDQG XWLOLVHV W
WLRQV RIRQH VWHHO SURGXFWLRQ SODQW IRU OW RIVWHHO SHU\HDU
HIFOXGHV LPSDFWV IURP PLQLQJDQG RWKHU PDWHULDOV OLNH OLPHVYV
FHVVDVZHOODV HPLVVLRQVLQWKHSURGXFWLRQ SURFHVVHV LWVHOID

7KH VFRSH Rl WKLV S/&$ LV FUDGOH WR JDWH ZKLFK PHDQV SURGXFWL!
OHDYLQJ WKH JDWH IURP WKH VWHHO SURGXFWLRQ SODQW DUH FRQVLG
SURGXFHG VWHHODUHQRWUHIOHFWHG GXHWR ODUJH XVDJH YDULHW\ Z
RIVWHHO 7KH V\WVWHP ERXQGDULHVIRUHDFKVWHHWEQDIXWMFHQDULR
'LWKLQ WKHGDVKHG ERUGHU WKHIRUHJURXQG V\VWHP LV GHVFULEHG Z
UHVSHFWLYHFDSDFLWLHYV &DSDFLWLHV SULQWHGLQ EROGLQGLFDWH |



DVVHVVPHQW IRFXVVHV RQ WKH LQVWDOODWLRQ WKH PD[LPXP YDOXH L
UHTXLUHG IRUWKHFRQVWUXFWLRQ RI WKH XQLWV LQ WKHIRUHJURXQG
VAIVWHP ,Q WKHFRQWULEXWLRQDQDO\WVLY WKHPDWHULDO IORZV ZLWKI
XDWHG VR WKHDUURZVY GHSLFWLQJ WKHVH PDWHULDO IORZV DUH QRW 1

JLIXUH )RUHJURXQG 6\WWHP %RXQGDULHV 5HVRXHUFMQIEQEH(QHUJ\ )0
VSRQVH 6WH HWHHOLRIDQW 6FHQDULR ZLWK 8QLW ,QVWDOODWLRQ &DSD

YLIXUH JRUHJURXQG 6\WWHP %RXQGDULHV 5H YV RRXRUFHADIQBM 6 WHHO O |
ODNLWHHO 30DQW 6FHQDULR ZLWK 8QLW ,QVWDOODWLRQ &DSDFLWLHYV

$V WKH FXW RIIDSSURDFKIRUDJJUHIJDWLRQ LV XWLOLVHG WKH VHOHFW
IXQGDPHQWDO SULQFLSOH WKDW WKHLQLWLDO PDQXIDFWXULQJRIPDW
PDU\ SURGXFW :KHQ D FRPPRGLW\ LV UHF\FOHG RUUHXVHG WKH RULJ
IRUP RILPSDFWUHGXFWLRQ IRUVXSSO\LQJUHF\FODEOH UHVRXUFHV 71
OLNH UHF\FOHG VWHHO VROHO\ UHIOHFW WKH SURFHVVHV RI UHF\FOLQ.
VFUDS ($) VWHHO VROHO\UHIOHFWV WKHHIITHFWV RILWVRZQ FROOHFWL
HIFOXGLQJ WKRVH RI SULPDU\ VWHHO ZKLFK PD\EH FRPLQJIURP IURP F
GXULQJ LWV LQLWLDO XWLOLVDWLRQ



J)LIXUH JRUHIJURXQG 6\VWHP %RXQGDULHV 5HVRXUFH PRRKUWHUJI\ )OI
6WHHO SODQW 6FHQDULR ZLWK 8QLW ,QVWDOODWLRQ &DSDFLWLHV IURF

&RYHULQJ HQYLURQPHQWDO LQGLFDWRUV WR HYDOXDWH DQG FRPSDUH
GHYHORSPHQWYV WKLV VWXG\DVVHVVHV VL[ LPSDFW FDWHJRULHV ZKLF¥
YLURQPHQW )RRWSULQW () YHUVLRQ7KHVIH-PYD[QLQH PIOWRUV DUH VHO'}
GHSLFW VWHHO SODQW VFHQDULR LPSDFWV RQ FOLPDWH FKDQJH GHS(
KHDOWK LPSHGLPHQW E\ SDUWLFXODWH PDWWHU DQG LQIOXHQFHV RQ G

IT$FLGLILFDWLRQ IURP DLU ZDWHU DQG VRLO HPLVVLRQV SULPDULO\
EXVWLRQ SURFHVVHV LQ HOHFWULFLWA\JHQHUDWLRQ KHDWLQJ DQC(

F$SELRWLF GHSOHWLRQ SRWHQWLDO $'3 RIIRVVLOIXHOV GHVFULELC
IRVVLO HQHUJV\UHVRXUFHV DQG GHSULYDWLRQ IRU IXWXUH JHQHUD\

$f*OREDO ZDUPLQJ SRWHQWLDO *:3 PHDVXULQJWKHLQFUHDVHLQ WI
UHVXOWLQJIURPJUHHQKRXVH JDV HPLVVLRQV

$t$'3 RI PHWDO DQG PLQHUDO UHVRXUFHVY LQGLFDWLQJ WKH GHSOHW
VRXUFHV DQG GHSULYDWLRQ IRUIXWXUHJHQHUDWLRQV

$f3IDUWLFXODWH PDWWHU IRUPDWLRQ 30) DVDQLQGLFDWRU IRU WK
E\30 HPLVVLRQVDQG LWV SUHFXUVRUV DV VXOSKXUDQG QLWURJHQ

$+:DWHU XVH PHDVXULQJ WKH GHSOHWLRQ RIDYDLODEOH ZDWHU IRU
LQWHJULW\

,QVHOHFWLRQRI /&, GDWD VHYHUDO UHTXLUHPHQWY QHHG WR EH FRQV|
RI GbwbD DV WHFKQRORJLHY OLNH EDWWHULHY RUIXHO FHOOV DQG HO
$GGLWLRQDOO\ XSFRPLQJ GHYHORSPHQWY VXFK DV WKH LQFRUSRUDW
PD\EH WDNHQ LOQOWR DFFRXQW 6HFRQGO\ WKH JHRJUDSKLFDO FRYHUDJ
LQFOXGHG 7KLV UHTXLUHV DIRFXV RQ (XURSHDQ SURGXFWLRQ ZLWK D
LI SRVVLEOH +RZHYHU *HUPDQ SURGXFWLRQ DOVR UHOLHV RQ SURGXF
FHVVLWDWHV LOQFOXVLRQ RIZRUOG PDUNHW FRQGLWLRQV H J KLJK UH



7TKLUGO\ GDWD UHTXLUHPHQW RI WHFKQRORJLFDO FRYHUDJH LV FRQVLC
GXVWULDO VFDOHDSSOLFDWLRQ RI WHFKQRORJLHV DV DIXHO FHOO RU

UHIOHFW RQ WKH FRUUHVSRQGLQJ VFDOH LQ VLIHDQG VSHFLILF VHOHF
SULPDULO\ VRXUFHG IURP VFLHQWLILF VRXUFHVY WKDW RSHQO\ VKDUH W
'LUHFWLQSXWIURPLQGXVWU\LVY SUHIHUUHG ZKHUHLW LVDYDLODEOH

GDWD QHHGV WR EH DVVHVVHG WKURXJK TXDOLWDWLYH UHVHDUFK ZLW
OLPLWDWLRQDQG PLVVLQJGDWD GDWD UHTXLUHPHQWY RQ SUHFLVLRQ
GXFLELOLWAN\DUH QRW FRYHUHG LQ WKLV VWXG\

/LIH &\FOH ,QYHQWRULHYV

$/&, SURYLGHYV D OLVWRIUHTXLUHG PDWHULDO HPLVVLRQVDQGZDVWH
LQWKHVWHHO SODQW VFHQDULR ,WUHSUHVHQWYV WKH EDVLV GDWD IR
VHOHFWHG WHFKQRORJLHV ZLWKLQ VWHHO SODQW VFHQDULRYV DQG WKI
LQ 7DEOK, GDWD QRW XVHG IURP SURSULHWDU\ /&, GDWDEDVH HFRLQYH
6HFWWR/XH IROORZLQJ SDUDJUDSKV LQWURGXFH DQG MXVWLI\WKH VHO
VSROQGLQJLQYHQWRULHV IRUVWHHO SODQW VFHQDULRYV

7DEOH
S8QLWLQ $XVWUDOLD 5R:
SDUDPHWHU

2YHUYLHZ RIDFWLYLWLHVLQ PRGHOOHG /LIH &\FOH ,QYHQWRU
5HVWRI:RUOG ORFDWLRQ SDUDPHWHU LQH

6WHHO 30DQW 6FHQD|
$FWLYLW\ B6RXUFH 7THFKQRORJ\ /LIHWLPH L|Q5HD0 &RQVWDQW, P
670 SRUW
2IIVKRUH :LQIBHQLWH] HW 0DO 0: 0: 0:
7XUELQH '( 7XUELQHYV
2IIVKRUH HFRLQYHQW  O: 7:K
(QHUJ\ 5R: 7XUELQHYV
‘DWHU *HUORII 6ROLG 2[LGH %DODQFH RI ®0DQW O: 0:
(OHFWURO\VHU 6WDFN
+\GURJHQ 7DQN  $JRVWI7Q3H HW DO £ K *: K * K
EDU
)XHO &HOO %LFHU DQG 6ROILIGG2[LGH %DODQFH RD3ODQW 0 0:
6WDFN
%DWWHU\ +DQHWDO /LWKLXP %W®Q &RQWDLQHU 0:K| 0:K 0:K
/L HW D OE 3KRVSKDWHOOV
5HGXFWLRQ 8QLW HERLQYHQW 0: 0: 0:
BWHHO ODNLQJ8QLW HFRLQYHQW 0: 0: 0:
5ROOLQJ8QIHFRLQYHQW 0: 0: 0:




21 ITVKRUH :LOG@RBWBRNIVKRUH ZLQG SDUN LV D FULWLFDO FRPSRQHQW RI W
SURYLGLQJ WKH PDLQ VRXUFH RI HOHFWULFLW\ WR SRZHU SURGXFWLR!
WXUELQH WHFKQRORJ\LVY UDSLGO\HYROYLQJDQG LQFUHD&HQJLQ SRZFE
YHORSHGD UHIHUHQFH WXUELQHLQYHQWRU\DGDSWDEOH WR SODQW VL
LQILEUH WHFKQRORJ\ZLWK WKH LQLWLDO SRAGGRWLRQBEBVFUQFHQ WR
RIZLQG SDUNLQIUDVWUXFWXUHVXFKDV N9 PHGLXP YRNDMIOLIKWUDQVP
YROWDJH WUDQVPLVVLRQ OLQW MROWKRWY B VZIOEOW DWW IGRW U DIMB/CGHR UW R |

WXUELQHVY DUH PRGHOOHGDQG DSSOLHG WR WKHVWHHO SODQW VFHQD
R WUDQVPLVVLRQJULGDQG VXEVWDWLRQ \HDUV $VWKHUHVHDL
LV \HDUV WKHHQYLURQPHQWDO LPSDFW VDYLQJHIIHFWY RIORQJHU C

:DWHU (OHFWWKRIOAVWMHU HOHFWURO\VLYV XQLWY DUH WKH ODUJHVW HOH
GLUHFW UHGXFWLRQ VWHHO SURGXFWLRQ 7KH\DUH JHQHUDWLQJ K\GU
HOHFWULFLW\ JHQHU D V&IRRXY W® Q WXGVOMAFHEQUDINQR) J 7KLYV VWXG\ HPSOR\V
GDWD IURP *HUGRIQFHUQLQJ WKH VWDRDBENEDDEPQHH RI SORQUW RDQEOH

PHIDZDWW VROLG R[LGH ZDWHU HOHFWURO\VHU 62(& 7KLV WHFKQROI
WKH DSSOLFDWLRQ LQ VWHHO SURGXFWLRQ VFHQDULRY GXH WR KLJK H
UHTXLUHPHQWY *XRKWRBGF EDQ EH IXUWKHU LPSURYHG WKURXJK XWLOL
IURP RWKHU SURGXFWLRQ SURFHRVHY HX WWHRLIK WHPSHUDWXUH FRQ
TXLUHDGGLWLRQDO KHDW PDQDJHPHQW HITRUWYV DV ZHOO DV UHGXFH V

+\GURJHQ #D®WRJHQ FDQ EH VWRUHG XVLQJD YDULHW\RIWHFKQRORJLH\
PHWKRG LV FUXFLDO IRUHQVXULQJHIILFLHQW SURGXFWLRQ IORZDQG F
WKLV VWXG\ D ODUJH K\GURJHQ WDQN LV XWLOLVHG DV D EDFNXS HQH U
ZLWKLQRQW D QW 6 WWHHHOQIIDINLIRQDQG D VPDOO WDQN LQ RWKHU VFHQDULR
7KH VHOHFWHG VWRUDJH WHFKQRORJ\LV D 7\SH,,, WDQN DV LW PHHWV
E\ +/OOLQJ HW D®RQVLGHULQJ WKH VL]HE&RIQV KHD QW RWDH FHEIQEDNLLID J
DOVR D VDOW FDYHUQ FRXOG DOVR EH XVHG DV D VWRUDJH KRZHYHU D\
LQ %UHPHQ ZLWKRXW WKH UHTXLUHG FDYHU FDSDFLW\ PHWDO WDQNV Z
ZRXOG UHTXLUHG DGGLWLRQDO SLSHOLQHV IURP QHDUE\ ORFDWLRQV F
7\SH,,, WDQNV FRQVLVWRIDQLQWHUQDO PHWDOOLFOLQHUHQFDVHG LG
SURYLGHV VWUXFWXUDO LQWHJULW\DQG HIITHFWLYHO\SUHEHQWYV K\GU|
GDWD RQ 7\SH ,,, WDQNV UHPDLQV VFDUFH DV PRVW /&$ VWXGLHV RQ K\C
PRWLYH DSSOLFDWLRQV ZKLFK SUHGRPLQDQWO\ X\GHMISERSM® QRV $J
/&, IRUVPDOO 7\SH,,, WDQNV IRUDX[LOLDU\SRZHU XQLWV ZLWK D PD[LP X
)RUPRGHOOLQJRI D ODUJHU K\GURJHQ VWRUDJH WDQN LW LV VFDOHG W
DQ DVVXPHG PDWHULDO UHGXFWLRQ IDFWRU RKLOBRNUKY W R VY WEPEBMWLIRK |
FRQVHUYDWLYHVLQFH VWRUDJH YROXPHVFDOHV PXFKIDVWHU WKDQ VX
WXELQJDQG ZLULQJQHFHVVDU\LQ WKH H[WHQVLY H&RG VR DHAVVEWRIHIN H
ODNLQBHQDULR ZKLFKUHTXLUHV D WRWDO VWRUDJH YROXPH RI



)XHO & HOWERQVWDQW 6WMHARQ@DWLRID IXHO FHOO VA\VWHP LV LPSOHPHC
EDFNXS HOHFWULFLW\JHQHUDWLRQ GXULQJ SHULRGVY RIORZ ZLQG DYD
IXHO FHOO 62)& WHFKQRORJ\LVY EDVHG RQ LWV FRPSDWLELOLW\ ZLWK
HWDOD DQG LWV VXLWDELOLW\IRULQWHJUDWLRQLQWR D K\EULG KHDY
7KH/&, IRUWKHIXHO FHOO V\VWHP LVEDVHG RQ GDWDRIJURYLGHG E
N:IXHO FHOODQG LQFOXGHV D GHWDLOHG GLIITHUHQWLDWGRQ EHWZH
VIVWHP LQVWDOODWQRVKHIVNBXKEEN D IXHO FHOO VWDFN LV SURMHFWHG W
\HDUV XQGHU FRQWLQXRXV RSHUDWLRQ IRU KRXUV SHU \HDU 6LQF]I
VFHQDULR RSHUDWHY RQO\DV D EDFNXS VI\VWHP ZLWK D PD[LPXP RI
LQ WKLV VWXG\H[SHFWHG WR H[FHHG WKH \HDU REVHUYDWLRQ SHULR

%DWWERMHRPDQG 5HVSRQVH 6 WoHHE '®GD NE®RMUIWHHO SODQW VFHQDULRV D
EDWWHU\ EXIITHUV SRZHU ORDG MXPSV IURP WXUQLQJ ($)VRQ RURIIRYF
LURQ SKRVSKDWH EDWWHULHY ZDV VHOHFWHG DV ILWWLQJ WHFKQRORJ
EHQHILWY &KHQ HWAEXQAVWLUD HWKDLY VWXG\ LPSOHPHQWYV /&,V IURP RQ
PDQDJHPHQW V\VWHPNMQGGDEGRQWDLQHWRMEDY HW DDV ZHOO DV
DQG FHOO FRPSRQHEGWN. HWHXHEH IRUD JULG VFDOH EDWWHU\ VWRUDJH V\
'"XHWR LWV LQWHQVLYH XVH ZLWK XS WR F\FOHV SHU GD\LQ VWHHC(
D SURMHFWHG OLIHVSDQ RI MXVW \HDUV ZKHUHDV WKH EDWWHU\ PDQL
DVVXPHG WR RSHUDWH \HDUV

6WHHO 3& VQRN UHGXFWLRQ XQLW VWHHO PDNLQJ XQLW DQG UROOLQJF
SURGXFW UHTXLUHPHQWYV IRU FRQVWUXFWLQJ EXLOGLQJV DQG HTXLSP
GDWD IRUWKH /&,VLVVRXUFHGIURP HFRLQYHQW DQG DGMXVWHG WR FR
OWRIVWHHO SHU\HDU 7KHLQYHQWRULHV DUH GHY D@QRBESHVAHB\ 5@ W KD X
DODUJHQXPEHURIOLIHF\FOHDVVHVVPHQWY DV D EDFNJURXQG VA\VWHF
VWDOOHG FDSDFLWN\ YDULHV DFURVV GLITHUHQW VWHHO SODQW VFHQDU
7KHOLIHWLPH RI WKHVH IDFLOLWLHV LVDVVXPHG WR EH \HDUV

YRUHDFK VWHHO SODQW VFHQDULRV DQ /&, LV FRPSLOHG ZLWK WKH WHF
FRUUHVSRQGLQJ VL]H DQG OLIHWLPH 7KHRUHPDEGSEMS SR QG L6QV HIHED +
ODNLQX 7DEOREBRQVWDQW 6WBBG UDEORY '5, , PSRWAHQDULR LQ WKH
$SSHQGL]

/ILIH &\FOH ,PSDFW $VVHVVPHQW

JRUWKHDVVHVVPHQWRIHQYLURQPHQWDO LPSDFWV RIWKHPRGHOOHG/
ZD\ OXWHO D ZLGHO\ XVHG /&% VRIWZDUH %ULJKWZD\ RIITHUV ZLWK W
LOWHUIDFH FDSDEOH RI LQWHJUDWLQJ WKH GHYHORSHG VXSHUVWUXFYV
VHVVLQIJ HQYLURQPHQWDO LPSDFWV ZLWKLQ DOO PRGHOOHG SURVSHFV



7KLY LPSDFW DVVHVVPHQW LV FRQGXFWHG ZLWKLQ WKH DFWLYLW\ EUF
NLORJUDP RI VWHHO IRUHDFK VWHHO SODQW VFHQDULR DQG WKH VL[ LF
DQG 6FRSH DV ZHOO DV IRU HDFK RI WKH SURVSHFWLYH PRGHOOHG \H|
PDWHULDOV DQG HPLVVLRQV ZLWKLQ WKH SURGXFWLRQ SURFHVV

7KH VDPH LY GRQH IRUWKH ODWWHU DV D VHFRQG IXQFWLRQDO XQLW L
DVGHVFULEHGLQWKH*RDODQG6FRSH 1HYHUWKHOHVYVY WKLV QHFHVVI
ZLWKLQ WKH /&,V ZKLFKDUHLQWHQGHG WR EH FRQVLGHUHG D VLQJOH |
SHUIRUPHG IRUWKHDFWLYLWLHY DVVRFLDWHG ZLWK WKH SURGXFWLRC
LQFOXGHG LQ WKH VWHHO SODQW VFHQDULRYV :KHQ FRPSDULQJ WKH F
LPSDFW FDWHJRULHV WKHHQYLURQPHQWDO LPSDFWV FDQ EH FRPSDU
FROQOWULEXWLRQ 7KHDSSURSULDWH DSSURDFK LQ RUGHU WR REVHUYH
GLITHUHQFHVY EHWZHHQ WKH VFHQDULRVY LVWR FRPSDUH WKH WRWDO FR

7TKHFRGHDQG /&, GDWD XVHG IRU WKL @ WHD QDIOCO*D BVAIHMEQUWARLK EYA XNGRHI
SURSULHWDU\ /&, GDWD

,QGLFDWRU 6HOHFWLRQ IRU ,QIRUPDWLRQ 6\VWHP

7KHHYDOXDWHG UHVHDUFK REMHFWLYHV DUH H[DPLQHG IURP WKH SHUYV
VXVWDLQDELOLW\ XQGHUVWDQGLQJ DLPLQJWR HQKDQFH VXVWDLQDEC
HUJ\ DQG VWHHO SURGXFWLRQ VIVWHPV 7KLV VHFWLRQ GUDZV RQ WK
RXWOLQHG LQ ®HFGVGERQHORSV DQ ,QIRUPDWLRQ 6\WVWHP WKDW LQWHJUD
GLFDWRUV LQWR VWDNHKROGHU SHUVSHFWLYHV WR DJJUHJDWH SHUW L
VXVWDLQDEOH GHYHORSPHQW

TR DVVHVV WKH SRVVLEOH FRQWULEXWLRQ WR VXVWDLQDELOLW\ GHYH!
QDULRVLQ *HUPDQ\ PXOWLSOHLQGLFDWRUV DUH UHTXLUHG 7KHVHLQ
FRYHULQJ GLIIHUHQW DVSHFWV RU OHYHOV RI WKH VA\VWHP ZKLFK LV DV
VWDNHKROGHU SHUVSHFWLYHVY UHSUHVHQWLQJ HDFK D OHYHO RI WKH F
WKHPLQWRDLQIRUPDWLRQ VA\VWHP ZKLFKFDQ KHOSWRGHWHUPLQH SD\
7TKHVH GHYHORSHG LQGLFDWRUW WK PR DO XDMMCEHIQI RVEHCH- K K\GURJHQ EL
SURGXFWLRQ VFHQDULR DQG FRPSDUHG WR GLVFXVV WKH SHUIRUPDQFI
WUDGH RIIV

6WHHO 30DQW 2SHUDWRUV DV 1LFKH DFWRUV GHYHORSLQJDQG UHDOLYV
WRUV ZLWKLQ WKHS5HJLPH PDLOQWDLQLQJIXQFWLRQLQJRIWKHHOHFWU|
$QDO\WWYV 3ROLF\ODNHUVIURP WKH/DQGVFDSH SHUVSHFWLYHUHVHDU
GHYHORSPHQWY 7KHVH SHUVSHFWLYHYVY ZHUH GHULYHG WKURXJK D QRC
VXPSWLRQV ZHUH PDGH EDVHG RQ WKH OLWR BD 3\XX U HWXHHZRIQF B RW L
SULRULWLHV RI HDFK VWDNHKROGHU RYHUDUFKLQJLQGLFDWRU DUHD\



7TDEOH /IHYHOV 6WDNHKROGHU $UHDV DQG ,QGLFDWRUV RI WKH ,QIRU
+\GURJHQ EDVHG 6WHHO BURGXFWLRQ 6FHQDULRYV

/JHYHBWDNHKROGEBGLFDWRU,QWGHEFEDWRUYV
i (FRQRPLF| OHDQ SULFHIRU VHOOLQJ EX\LQJHOHFW
LL
6WHHO 30D QW
_ UIRUPDQEH
WDO HOHFWULFLW\ XVDJH RI RGXFWL
- 2SHUDWRU O HO v ) J SURG
2SHUDWLRQDO
$PRXQW DQG OHQJWK RI VWHHO SODQW GF
T FRPSOH[LW\
|
- (OHFWULFLW\ 3SRWIBQWLBYLWR/LRQ IURP JRDO ORDG [PHDQ VWDQ
T
10 2SHUDWRU PDWFK JRDO'ORWGRQ DQG YDULDQFH
$FLGLILFDWLRQ
T
n
o YRVVLO (QHUJ\ $ELRWLF '"HSOHWLRQ 3RWH
LL
> WRO\CS
o (QYLURQPH® HFWL%TREDO:DUPLQJsRWHQmuDo
o $QDO\WWV| HQYLURQPHQWDO
e 3ROLE\ ODNMESDEWY | OHWDO 5HVRXUFH $ELRWLF '"HSOHWLRQ 3F
3DUWLFXODWH ODWWHU )RURDWLRQ
‘DWHU 8VH

PXOWLSOHLQGLFDWRUYV LQFRUSRUDWLQJWKHNH\UDWLRQDOHV DQGF
WLYH RQ WKH WUDQVLWLRQ SURFHVV 7KH GHYHORSPHQW RI WKHVH PL{
EULHIHIIRUW DV WKHVFRSHRIWKLVUHVHDUFKHPSKDVLVHV WKHHYDO:
DQLQ GHSWKHYDOXDWLRQ RIHDFKVWDNHKROGHUYVY FRPSOH[ QHHGV D

YRUWKH 6WHHO 30DQW 2SHUDWRUV WKHHFRQRPLFJDLQV RIWKHLU VWH
WLRQ $QHFRQRPLFDQDO\WLVRQWKHFDSLWDOLQYHVWPHQWDQG EUREL
VFHQDULRV ZDV DOUHDG\ FRQG XFW HK E\D-QDOL QUHRM BAVVLEOH HFRQRF
LQJV DQG UHVSHFWLYHO\ SURILWY WKURXJK IOH[LELOLVDWLRQ RI HOHF
WKH H[WHQW RI HFRQRPLF VDYLQJV DV IRUPXODWHG LQ WKH ILUVW UHV}
DSSURDFK XVHG E\ %ROGDRGL®WROBOLQL HRW BBPDQG UHVSRQVH HOHFEW
\WHUDQG EDWFK VFKHGXOLQJVWHHO PDNLQJ 7KHVH VWXGLHV DUH IRF)
VDYLQJ RI IOH[LEOH VWHHO SURGXFWLRQ VFHQDULRV ZKHQ EX\LQJ HOH
PDUNHW +RZHYHU WKLV VWXG\HYDOXDWHVY WKH GHPDQG UHVSRQVH HI
E\LQWHJUDWLQJD ZLQG SDUNV DV D SDUW Rl WKH VWHHO SURGXFWLRQ
WKH PHDQ VHOOLQJ SULFH SHU HQHUJ\ XQLW WR GHWHUPLQH KRZ ZHOO
'5 SRWHQWLDO $W WKH VDPH WLPH WKH HQHUJ\ QHFHVVDU\ WR PDNH F
FRPSDULVRQ WR DVVHVV SRWHQWLDO HQHUJ\ ORVVHV IURP VWRUDJH RU
ZKLFK ZRXOG UHVXOW DOVR LQ KLJKHU FRVWYV



$V'5LQLQGXVWU\DQG WKHUHIRUHDOVR VWHHO VHFWRU LV QRW RQO\ K
LW\ EXW DOVR RSHUDWLRQ SODQQLQJ DV VKREQ\ED DDV RKROVR HYF D
WKH DVVHVVPHQW RI RSHUDWLRQDO FRPSOH[LW\LQ IRUP RI DQDO\VLQJ
VKXW GRZQ FRPSOHWHO\ $PRXQW DQG OHQJWK RI VKXWGRZQ WLPHV FL
DWLRQDO FRPSOH[LW\ DV WKH FRPSOHWH VKXWGRZQ RI WKH SODQW HQ
QXPHURXV SODQQLQJ FKDOOHQJHVY UHODWHG WR WHPSHUDWXUH UHJX
DQG ZRUNIRUFH PDQDJHPHQW

2QH RIWKH ELJJHVW WDVNV RIJULG RSHUDWRUV LQ WKHHQHUJ\WUDQVI
WXDWLRQV LQ WKH HOHFWULFLW\JULG 7KHUHIRUH WKH LQGLFDWRU IL
WKHDELOLW\RI K\GURJHQ EDVHG VWHHO SURGXFWLRQ WR VWDELOLVH !
WULFLWA\JHQHUDWLRQ +RZWKLVDELOLW\FDQ EHPHDVXWH&GDQG PRGH
KHQ DQ RIIVKRUH ZLQG SDUN LV FRQVLGHUHG DV DQ LQWHJUDO FRF
SODQW LW FDQ VHUYH D GXDO SXUSRVH PHHWLQJ WKH HQHUJ\GHPDQG
DOVR VXSSO\LQJ H[FHVV HQHUJ\ WR WKH JULG ,Q WKLV FRQWH[W WKH I
RSWLPLVHG WR PDWFK D VSHFLILF ORDG OHYHO RU SURILOH 7R HYDOX
IHHG LQ SURILOH LQ FRQIRUPLQJ WR D GHVLUHG VKDSH WKHPHDQ GHYL
WKHWDUJHW ORDG FDQ EH FDOFXODWHG DORQJZLWKLWY VWDQGDUG (
PHDVXUHY SURYLGH DQ HVWLPDWH RI WKH DELOLW\ WR DOWHU YDULDE
DWWULEXWHY WKH\DUH XVHG WR FRPSDUH WKH VFHQDULRYV

$QDO\WWV DQG SROLF\PDNHUY ZHUH VHOHFWHG UHSUHVHQWLQJ WKH H
QH[WWR RWKHU IDFWRUVY DOVR DVVHVVHG KHUH SULRULWLVH WKH PLW
URQPHQWDO GHJUDGDWLRQ DQG ELRGLYHUVLW\ ORVV DQG DSSURDEFK
WLYH 7KHUHIRUH HYDOXDWHG LQGLFDWRUV FDSWXUH WKH FRPSUHKHC
SURGXFWLRQ RYHU LWV SURGXFWLRQ DQG RQ D JOREDO VFDOH *LYHQ
WKH SURGXFWLRQ VI\VWHP WKHDVVHVVPHQW FRQVLGHUV VL[ SRWHQWL
LRXV IXWXUH VFHQDULRY HQDEOLQJD IRUZDUG ORRNLQJHYDOXDWLRC(
LPSDFWV RI LQWHUHVW DUH JOREDO ZDUPLQJ SRWHQWLDO IRVVLO DV .
DOVR ZDWHU XVH DFLGLILFDWLRQ RI WKHHQYLURQPHQW DQG HPLVVLR(
FDWHJRULHY FRYHU D UHOHYDQW VSHFWUXP RIHQYLURQPHQWDO LVVX]
DUHFRPSDUHG IRUWKH ZKROH SURGXFWLRQ SURFHVV RI K\GURJHQ EDYV

W LV HYVHQWLDO WR DFNQRZOHGJH WKDW WKH LQSXW LQIRUPDWLRQ |
LV RIWHQ DVVRFLDWHG ZLWK XQFHUWDLQWLHY DQG GLIILFXOWLHV LQ |
PHWKRGV WR DVVHVV XQFHUWDLQW)\ LQ WKH F R QECAVLAM®R BRWER'G D Q-X (
'X D DQG HQDEOH FRPSDULVRQ RIGLYHUVH LQGHRZWRHY 6 MH WERV N L
WLPH FRQVWUDLQWY D FRPSUHKHQVLYH XQFHUWDLQW\DQG VHQVLWLYL
WKLV ZRUN DSSOLHV D UHGXFHG IUDPHZRUN IRULQGLFDWRU GHYHORSF
ZLWKRXW ZHLJKWLQJ WKHP DJDLQVW HDFK RWKHU EXW RUJDQLVLQJ WK
FDQ EH XVHG LQ GHFLVLRQ PDNLQJ SURFHVVHV DQG HQKDQFH FXUUHQW



SHVXOWYV

0,/32SWLPLVDWLRQ

YRUD YDULHW\ RI GHFLVLRQ YDULDEOHV DQG LQGLFDWRUV WKH 0,/3 RSV
WLPHVHULHV 7KLV LQFOXGHV SRZHU FRQVXPSWLRQRIVWHHO SODQW X
DQG PDUNHW LQWHUDFWLRQV $ WRWDO RI WLPHVWHSV IRUHDFK VI
UHVHQW WKH RSWLPDO IRXQG RSHUDWLRQ VFKHGXOH RYHU D IXOO FDO
Rl PLQXWHLQWHUYDOV 7KHPRGHO GHSOR\V G\QDPLF EHKDYLRXU RI |
WKHLU LQWHUDFWLRQ ZLWK FKDQJLQJ UHQHZDEOH HQHUJ\ VXSSO\ DQG
QLILFDQW DPRXQW RI RXWSXW GDWD FDOOV IRU DJJUHJDWLRQ DQG IRF)
LQVLIKWYV %XW WR XQGHUVWDQG KRZ WKH 0,/3 RSWLPLVDWLRQ ZRUNV
VDWLRQ UHVXOWYVY XVLQJ D KLJK UHVROXWLRQ SORW RI RQH GD\ DQG IR
WR VKRZ PRGHO G\QDPLFV )RU KLJKHU OHYHO DQDO\VLV WKH WLPH VF
QHZDEOH JHQHUDWLRQ DQG GLVSOD\HG ZLWK WKLV GXUDWLRQ FXUYH I
VHFWLR®LJKOLJKW WUHQGV XVH SDWWHUQV DQG RYHUDOO V\VWHP El
WXUH RlI KRZ WKH RSWLPLVDWLRQ IUDPHZRUN EDODQFHV HQHUJ\ DYDLC
SULFHY DQG IOH[LELOLW\ UHVWRRBWLRQWVNBHFNVURMDEOHY SHUWLQHQW
KRZWKHREMHFWLYHV RI SURILW PD[LPLVDWLRQ DQG JRDO ORDG PDWFk
LRV 7R GHPRQVWUDWH RXWFRPHV LQ VWHHO SODQW PDQDJHPHQW LWV
LQSXW YDULDEOHV VXFK DV ZLQG HQHUJ\ SURGXF®RRQ DQ 6 GREMLWDU
RIGRZQWLPHDQG WKH VWRUDJH VI\VWHPV

7R XQGHUVWDQG WKH VWUXFWXUH DQG RSHQO XMW QORV MAK W IRIR GXH®O \) UF
UHVXOWV IRUD VLQJOH GDYE@RQGD\ OWRFK 7KLV H[DPSOH GHPRQVWU
KRZWKHPRGHO EHKDYHY ZKHQ HOHFWULFLW\ SULFHV VSLNH ZLWK WKH
ILUVW VXESORW VKRZV WKH UHQHZDEOH ZLQG JHQHUDWLRQ LQ JUHHQ Z
FDOFXODWHG SRZHU FRQVXPSWLRQ RI WKH XQLWV ZLWKLQ WKH VWHHC
E\IOH[LEOH HOHFWURO\VHUV OLJKW EOXH JHQHUDOO\FRPSHQVDWHYV
PDLQWDLQ SRZHUEDODQFH +RZHYHU EULHIPLVPDWFKHV RFFXU ZKHQ L
DQG WKH VWHHO PDNLQJ XQLW GDUN EOXH LV LQ D SDXVH EHWZHHQ EC
FKDUJHG 7KLV OHDGV WR VKRUW LQWHUYDOV RI FXUWDLOHG HQHUJ\
%BHWZHHQ DQG HOHFWULFLW\ PDUNHW SULFHV H[FHHG % 0:K
QRPLFV VXESORW DW WKH ERWWRP 'XULQJ WKLV SHULRG WKH PRGHO ¥
DQGHYHQ VWHHO PDNLQJDQG UROOLQJXQLWV FDSLWDOLVLQJRQ WKH |
VWUDWHJILF IHHG LQ UHVXOWV LQ VLIJQLILFDQW GHYLDWLRQV IURP WKH
FKDQJHRYHU WKH ZKROH \HDU DV VKRZQ LQ WKH IRXUWK VXESORW 6LQ
GRHV QRW SHQDOLVH ORDG GHYLDWLRQ VXFK KLJK GHYLDWLRQV RFFX
TXHQWO\QR QHZ VWHHO LV SURGXFHG DQG WKH FXPXODWLYH VWHHO SU
HQWHUV D SODWHDX SKDVH

$VLQGLFDWHG LQ WKH VHFRQG VXESORW RQO\ DQG QR SDUWLDO FD



JLIXUH 7THQ PLQXWHUHVROXWLRQ 2SWLPLVDWLRQHPHDVHEOWY ORQGD\
VSRQVH 6 WHHEONIDHNAQODQW 6FHQDULR ZLWK WKH 2EMHFWLYH RI PD[LPL"

LQJXQLWLVHPSOR\HG 7KHWKLUG VXESORW LOOXVWUDWHY KRZ K\GUR
FROWHQW LQFUHDVHY DKHDG RI VKXWGRZQ SHULRGY DQG LV ODWHU X\
'5, ZKLFK LV VWRUHG WHPSRUDULO\ OHDQZKLOH VWHHO VODEV ELOO
IRULPPHGLDWH GRZQVWUHDP XVHLQ WKHUROOLQJ SURFHVYV

7RREVHUYH ORQJHU WH UBWHMHIGWY WEKWHDPH VFHQDULR DJJUHJDWHG
IRUWKH ZHHN RI ODUFK WK WR ODUFK WK 'XHWR WKH DJJUHJDWLRQ P|
($) SURILOH DSSHDUV DV D VWHDG\ ORDG LQ WKLV FDVH 0: VPRRWK
SURILOHV ZLWK PLQXWHLQWHUUXSWLRQVDQG ORDGLQ RUGHFUHDV
GXH WR KLJK SULFHV RYORQFOFMKHWLOO EH REVHUYHG FOHDUO\ DV ZH
VKRUWHU HYHQW RQ 7XHVGD\ 2Q :HGQHVGD\ ODUFK VW ZLQG JHQHUD



JLIXUH 2QH KRXUUHVROXWLRQ 2SWLPLVDWLRQ5HVXOWV IRUORQGD\
RIHPDQG 5HVSRQVH 6 WoWHTH@DNALQAW 6FHQDULR ZLWK WKH 2EMHFWLYH F

UHPDLQV ORZ XQWLO 6XQGD\ 'XULQJ WKLV SHULRG WKH SODQW RSHUI
ORZHU FDSDFLWLHV WKURXJK YLUWXDO HTXLSPHQWV WR DOLJQ ZLWK Ol
VWDJJHUV WKHRSHUDWLRQ RI WKHVWHHO PDNLQJDQGUROOLQJXQLWD
RIERWK XQLWY (OHFWURO\WHUV DUH XVHG PLQLPDOO\DQG LQWHUPLW!
ZKHQ HQRXJK UHQHZDEOH SRZHU DERYH WKH PLQLPXP RSHUDWLRQ FD
FRPHY DYDLODEOH 2YHU WKLV WLPH WKH K\GURJHQ WDQN VWD\V TXLW
XVDJHIRU '5, SURGXFWLRQ DIWHU WKH DQ XWLOLVDWORQNKWHHO PDN
WKH WDQN HPSWLHV IRUDQRWKHU LQFUHDVH RI'5, VWRUDJH EHIRUH WK
SURGXFWLRQ DV FDQ EH VHHQ E\ WKH LQFUHDVLQJ DPRXQW RI SURGXFF
WKH ILUVW VXESORW



6WHHO 30ODQW 6FHQDULR ORGHO 5HVXOWY +RXUO\6RUWHG

,Q WKH IROORZLQJ YLVXDOLVDWLRQV GDWD LV DJJUHJDWHG WR KRXUO\
QHZDEOH SRZHU JHQHUDWLRQ DV LQ GXUDWLRQ FXUYHV WR UHYHDO NH)\
SHULRG RI RQH \HDIWO QIXMWHDWHY WKH DQQ X Bl® B® 6 FRHVSIRMPHH FBIWHKHD
ODNLQBHQDULR XQGHU D SURILW PD[LPLVLQJ REMHFWLYH 7KH UHVXOW
WLRQDO SDWWHUQ ZKHUH HTXLSPHQW XVH DQG SRZHU IORZV DGDSW WR
HOHEWULFLW\PDUNHW VLJQDOV

YLIXUH 6RUWHG KRXUO\*HQHUDWLRQ &RQVXPSWLRQ 9LUWXDO (TXLS
(FRQRPLF 'DWD IRU RQHH\MDQG B H WS V H 6 WBHHIHOHEIDNQ RQW 6 FHQDULR Zl1
WKH 2EMHFEWLYH RI PD[LPLVLQJ 3URILWV

7TKHUHGXFWLRQ XQLW LQ SDUWLFXODU GHPRQVWUDWHY VLIQLILFDQW
KLIKZLQG JHQHUDWLRQ LWRSHUDWHVY HLWKHUDW IXOO FDSDFLW\RU Q
WR IHHG LQ H[FHVV SRZHU ZKHQ HOHFWULFLW\ SULFHVY DUH KLJK JHQHL
6WHHO PDNLQJDQG UROOLQJ XQLW  PRVWO\FRQWLQXHRSHUDWLQJDW \
$WWLPHVY R UHGXFHG UHQHZDEOH JHQHUDWLRQ WKH UHGXFWLRQ XQL



DYDLODEOH VXSSO\ DQG NHHSV VKXWWLQJ GRZQ HQWLUHO\ GXULQJ SU
UHQHZDEOH SRZHU JHQHUDWLRQ VWHHO PDNLQJ XQLW DOVR H[KLELWV
OHVV FRQWLQXRXVO\GXULQJKLJKUHQHZDEOHDYDLODELOLW\ DV VHH(
ZLWK D IHZ SHULRGV RI WXUQHG RIl VWHHO PDNLQJ XQLW +RZHYHU DV
XQLW EHJLQV WR F\FOH PRUH IUHTXHQWO\ VZLWFKLQJ EHWZHHQ DFWLY
VZLWFKLQJLV YLVXDOLVHG DV GHQVH JUHHQ SDWWHUQV LQ WKH YLUWX
WUDQVLWLRQV 2FFDVLRQDOO\DW WLPHV RIUHDOO\ORZ JHQHUDWLRQ
SDFLWLHV H J RU DOWKRXJK WKHVH DUHUHODWLYHO\UDUH (FI
KLJKHVW SURILWY DUH DFKLHYHG GXULQJ SHULRGV RI PRGHUDWH WR K1
ZLQG JHQHUDWLRQ VWHHO PDNLQJDQGUROOLQJXQLWDUHLQFUHDVLQ
IHHG LQ DW WLPHV RI KLJK FRVWY '"\QDPLF RSHUDWLRQ RIDOO WKUHH X
SURILWYV ZKLOH PDLQWDLQLQJ SURGXFWLRQ UHTXLUHPHQWV

7R HYD O X BW 8 WKDBIQ W 6 WHFHHOQIDINIRQZLWK WKH REMHFWLYH RI PD[LPLVLQ.
WKURXJKRXW WKH \BDHVHQWWHWKH UHVXOWY Rl WKH RSWLPLVDWLRQ I
VRUWHG ,Q WKLV VFHQDULR WKH VWHHO PDNLQJ DQG UROOLQJ SURFH
ORQJDV VXIILFLHQWUHQHZDEOH SRZHULVDYDLODEOH ZLWK RQO\RQH V
PD[LPXP ZLQG JHQHUDWLRQ 7KHUHGXFWLRQ XQLW LV RQO\VKXW GRZQ
ZKHQ VXIILFLHQW '5, LV VWRUHG DQG WKHUH LV QR LPPHGLDWH QHHG W
ZLQG JHQHUDWLRQ EHFRPHV LQVXIILFLHQW WKH SODQW HLWKHU VKXW
FHOO WR JHQHUDWH HOHFWULFLW\IURP VWRUHG K\GURJHQ HQVXULQJF
DQG UROOLQJ XQLW

7KH VHFRQG VXESORW FRQILUPV WKLY FRQVWDQW RSHUDWLRQ H[FHSW
LV RIIOLQH 7KHVH LQWHUUXSWLRQV KDSSHQ QHDUO\ RQO\DW WLPHV R
XWLOLVDWLRQ SDWWHUQ LV LQ FRQWUDVW ZLW'K AKX RHWHSIPGYHE OH R
BWHHO ODMRHQDULR 6LQFH WKLV VFHQDULR SHUPLWV RQO\ YLUWXDO H
FDSDFLW\ XWLOLVDWLRQ DQG GRHV QRW DOORZ SDUWLDO RSHUDWLRQ
YLUWXDO HTXLSPHQW YLVXDOLVHG LQ WKH VXESORW

3RZHU H[FKDQJH ZLWK WKH JULG UHPDLQV ORZ IRU PRVW RI WKH WLPH I
UHFWO\ FRQVXPH DOO JHQHUDWHG SRZHU 2FFDVLRQDO VPDOO IHHG LC
SHULRGY %XW IURP DQ HFRQRPLF SHUVSHFWLYHPD/®E SHRSRQVIDUH PF
BWHHO OBNHQDULR WKLV VHWXS VHHPV QRW DEOH WR FDSLWDOLVH RQ
LQJH[FHVV HOHFWULFLW\ DV PXFK

7KH '5, PSRUAMQDULR VKRZQ IGL)LHMXVHXQGDPHQWDOO\IURP WKH RWKH
GXHWR LWV SRVVLELOLW\WR GUDZ HOHFWULFLW\IURP WKHJULG DQG D
WLRQ VI\VWHP 7KLV GHFRXSOHV WKHVWHHO SODQWIVRSHUDWLRQ IURP
VWHHO PDNLQJ XQLW RSHUDWHY LQGHSHQGHQWO\ IURP WKH ZLQG JHQH
H[FHHGLQJ WKH DYDLODEOH UHQHZDEOH SRZHU 7KH SODQW WHQGV WR
LQJ SHULRGV RI H{IWUHPHO\ ORZ HOHFWULFLW\ SULFHV QRWDEO\ DW KR
VWUDWHJ\ 2XWVLGH WKHVH ZLQGRZV WKH VWHHO PDNLQJ XQLW F\FOH'



JLIXUH 6RUWHG KRXUO\*HQHUDWLRQ &RQVXPSWLRQ 9LUWXDO (TXLSE
(FRQRPLF'DWD IRU R Q&R & DWW DRUMSKMWWVAIDHI® BIOQOW 6 FHQDULR ZLWK WKH
RIPD[LPLVLQJ 3URILWYV

WKH VHFRQG VXESORW 7KLV DOVR VKRZV WKDW QHDUO\RQO\WKH YLUW
LW\ Rl WKH VWHHO PDNLQJ XQLW LV XVHG 8QOLNHLQ RWKHU VFHQDULR
IOXFWXDWHV VKDUSO\ WKURXJKRXW WKHHQWLUH\HDU :KHQ WKH SODQ
WKH UHQHZDEOH SDUN RFEXUV :KHQ WKH VWHHO PDNLQJDQG UROOLQJ
RISRZHU LV FRQVXPHG LQWHUQDOO\ 7KLV LVHYLGHQFHG E\WKH FRQVV
RITHHG LQ RUUHOLDQFHRQ WKHJULG 7KHDEVHQFHRID UHGXFWLRQ »
KHOSV VWDELOLVH RUDEVRUE VXUSOXV SRZHU GXULQJLGOH SHULRGV
SURILOH &RQVHTXHQWO\ ODUJH SRUWLRQV RIWKH ZLQG JHQHUDWLRQ
EHVHHQ E\WKH ODUJHJDS EHWZHHQ ZLQG JHQHUDWLRQ DQG FRQVXPSW
KLJKJHQHUDWLRQ :KHQ SRZHULVGUDZQIURP WKHJULG GHSLFWHG E\ |
FRVW RI SXUFKDVLQJ HOHFWULFLW\LV VKRZQLQ UHG LQ WKH HFRQRPLF
PDUNHW SULFHV WKHVHFRVWY FDQ EH SRVLWLYH LQFRPH KRZHYHU LQ
RIORZHQRXJK ZLQG JHQHUDWLRQ WR VXEVWDQWLDOO\ GUDZ HOHFWULI
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