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Abstract

Purpose i The purpose of the study was to investigate the thermo-reactive behaviour of the MnOi
Al system and to develop a scalable reaction vessel capable of sustaining the thermal conditions
required for complete aluminothermic reduction of manganese oxide and effective metali slag sep-
aration, while enabling circular utilisation of the resulting slag.

Methodology i This quasi-experimental study combined three complementary approaches. Three
laboratory-scale reaction trials were conducted in different vessel configurations with a fixed re-
actant charge, and thermophysical properties of the vessel material and slag were characterised
by DSC and LFA. A finite-element model in COMSOL Multiphysics, coupling Heat Transfer in
Solids and Fluids under the Boussinesq approximation, was validated against the experimental
temperaturei time profiles and applied to a scaled-up vessel size. An analytical circularity model
linked vessel geometry to a slag-derived material balance.

Findings1 The thermal response of the MnOT1 Al reaction depended strongly on vessel configuration
rather than on reactant chemistry alone. Peak inner temperatures ranged from 1849 C in the thin-
walled quartz vessel to above 2315 C inthe custom alumina vessel, with the time above the 1500 C
separation threshold ranging from 22 to 38 s. The scale-up simulation predicted a separation window
of approximately 23 min above 1500 C at the 100 kg scale, and the circularity model showed that
a self-sustaining slag-to-vessel loop is governed primarily by vessel geometry and fractional vessel
loss per run.

Implications T The study extends the engineering understanding of metallothermic reactor design
by integrating thermo-reactive, geometric, and material-circularity perspectives, and shows how
surface-to-volume ratio governs the trade-off between peak temperature and separation duration
in aluminothermic systems. The findings provide structured guidance for the design of reaction
vessels in aluminothermic manganese production, offering a foundation that can be used to balance
thermal stability, operational safety and slag reuse when scaling such processes toward low-carbon
manganese production.

Limitations i Only one trial was performed per vessel configuration, so statistical uncertainty
could not be quantified. Thermocouple range and instrumentation issues limited validation of
the FEM-predicted gradients and DSC/LFA data covered only restricted temperature ranges, high-
temperature properties were taken from Thermo-Calc. The FEM model captures the cooling phase
with a prescribed initial condition and the circularity model relied on an assumed fractional loss
parameter. Pilot- and production-scale validation remain pending.

Keywords 7 Aluminothermic reduction, manganese, MnO-Al system, vessel design, thermal sta-
bility, finite-element simulation, slag reuse, circularity, low-carbon metallurgy.



Foreword

We wish to express our sincere appreciation to everyone who has contributed to the completion of
this thesis. Above all, we are grateful for the opportunity to carry out this work in close collaboration
with Polestar - Mission 0 House. The trust, openness, and commitment shown by the organisation
and its employees have been invaluable.

We would like to extend our particular thanks to:

A Anders Wollmar Jarfors, our thesis supervisor at J° nk® ping University

A Taishi Matsushita, at J° nk® ping University

A Johan Dahlstrom, at H° gskolan Vast

A Marco Carlson, our industrial supervisor at Polestar - Mission 0 House

A Jacob Steggo, at J°nke ping University

A Everyone at Polestar - Mission 0 House, for making us feel part of the team and supporting

our work along the way

Finally, we extend our thanks to everyone who, in ways both large and small, has supported us along
the way, academically, professionally and personally.

Jonke ping, May 2026

Anton Waller Evertsson Jonatan Holmstrom

This final project work has been carried out at the School of Engineering at J° nk® ping University in
the subject area Industrial Product Realisation. The work is carried out within the Master of Science
in Engineering, Industrial Product Realisation. The authors take full responsibility for opinions,
conclusions and findings presented.

Examiner: Marco Ferreira Rodrigues Nogueira Santos, J° nk® ping University
Supervisor: Anders Wollmar Jarfors, J° nk° ping University

Scope: 30 credits (second cycle)




Contents

1

2

Introduction 1
1.1 Metalsinmodernsociety . . . . . . . . .. e 1
1.2 Metal extractionand processing . . . . . . . . ..o 2
121 Pyrometallurgy . . . . . . . . . 2
122 Hydrometallurgy . . . . . . . . . . . . 2
123 Electrometallurgy . . . . . . . . . . . e 3
1.3 Environmental impacts of metal production . . . . . ... ... ... ....... 3
1.3.1 Manganese productionand challenges . . . . . . .. ... ... ... .... 3
132 Circularity . . . . . . 4
1.4 Problemdescription. . . . . . . . ... 4
1.5 Purpose and ResearchQuestions . . . . . . . . . . . . . ... ... ... 5
1.6 ScopeandDelimitations . . . . . ... .. ... ... .. 6
1.7 Outlineofthe Thesis . . . . . . . . . . . .. . . . 7
Theoretical Framework 9
2.1 Thermodynamics of Metallothermic Reduction . . . . .. ... ... ... .... 9
2.1.1 Fundamental Thermodynamic Principles . . . . . . . . . .. ... ... ... 9
212  Ellingham Analysis and Reductant Selection . . . . . . . ... ... ... .. 10
2.1.3 Thermodynamics of the MnO-Al System . . . . . . . . .. ... .. ... .. 10
2.2 Reaction Kinetics and Thermal Feedback . . . . .. ... .. ... ... ..... 11
2.2.1 Kinetics of Metallothermic Reactions . . . . . . . ... ... ... ...... 12
2.2.2 Temperature Dependence and Heat Generation . . . . . . . . ... ... ... 13
23 Thermal Model . . . . . . . . .. . . 14
2.3.1 General Energy Balance for a Reactive System . . . . . .. ... .. ... .. 14
2.3.2 Heat Transfer Mechanisms . . . . . . . . . .. . ... ... ... ... ... 16
2.3.3 Coupled Thermal Resistance Model . . . . . . .. ... ... ... ...... 19
2.34  Geometric scaling and thermal stability . . . . . . ... ... ... ...... 20
235 Measurement of thermophysical properties . . . . . . . . . ... .. ... .. 20
2.4 Metal-Slag Behaviour and Phase Separation . . . . . . ... ... ... ...... 21
24.1 Phase Formationand Temperature Window . . . . . . . . . ... ... .... 22
2.4.2 Slag Compositionand Viscosity Effects . . . . . . ... .. .. ... ... .. 22



243 Density-Driven Separation Mechanism . . . . . . . . ... ... ... .. .. 22

25 Reuse of Metallurgical Slags . . . . . . . . .. ... .. 23
2.6 Vessel Integrityand Design . . . . . . . . .. .. 23
261 Thermal Stress . . . . . . . . . 23
2.6.2 Thermal shock for refractory materials . . . . . . ... ... ... ...... 24
2.6.3  Biot Number and Temperature Distribution . . . . . . .. ... ... ... .. 25
2.6.4 Refractory wall erosionand material loss . . . . . . ... ... ... ..... 26
2.7 Theoretical Framework Summary . . . . . . . . .. ... . ... 26
Methodology 31
3.1 Research ApproachandDesign. . . . . . . . . . ... . ... . . .. ... .... 31
311 Literature Review Process . . . . . . . . . . 32
3.1.2 Ethical Considerations . . . . . . . . . . . . ... 32
3.2 Analytical and Numerical Thermal Modelling . . . . . ... ... ... ... ... 33
321 Charge and Vessel Geometry Calculations . . . . . . . . ... ... ...... 33
322 Circularity Modelling . . . . . . . . . . e 35
3.3 Experimental Design . . . . . . .. 37
3.4 Experimental Procedure . . . . . . . .. 39
34.1 Reactant Selection and Mixture Preparation . . . . . . ... ... ... .... 39
342 MakingofVessel . . . . . . . e e 40
343 ReactionVessel Setup . . . . . . . .. 41
34.4 Ignitionand Reaction Monitoring . . . . . . . .. ... Lo 41
35 Analysisof SlagandVessel . . . . ... ... ... ... .. .. ... 42
3.6 Finite Element Method Simulation . . . . . . . ... ... ... ... .. ... 42
3.6.1 Usedinthis project- Heattransfer . . . . .. .. ... ... ... ...... 43
3.6.2 Usedinthis project - Natural Convection . . . . .. . ... ... ....... 45
3.6.3 Calibrationof FEM . . . . . . . . . ... 46
3.64 Scale-upvessel geometry . . . . . . .. 48
3.7 ValidityandReliability . . . . . ... ... ... . . ... 49
3.8 Use of Artificial Intelligence . . . . . . . .. .. ... ... .. ... ... 50
Results and Analysis 53
4.1 Charge and Vessel Geometry Calculations . . . . . .. ... ... ... .. .... 53
4.2 Experimental Results . . . . . . . . . . ... . ... 54
4.2.1 Experiment 1- Commercial Quartz Vessel (Q95F) . . . . . . . . ... ... .. 55
4.2.2 Experiment 2 - Commercial Ceramic Fibre Vessel . . . . . . . . ... ... .. 56
423 Experiment 3- Home-made Alumina Vessel . . . . .. .. .. ... ... .. 57
424 Summary of Experiments . . . . . . . . ... 57
4.3 Analysis of Thermal Behaviour . . . . . . . ... ... .. ... .......... 60



4.4

4.5

4.6

431 Effect of Vessel Configuration on Heat Retention . . . . . . . .. ... .. ..
4.3.2 Reaction Initiationand Propagation . . . . . . . . . . . .. ... ... ...
4.3.3 Secondary Temperature Increase . . . . . . . . . . .o
4.3.4  Peak Temperature Reliability in Experiment3 . . . . . . . .. ... ... ...
435 Metal-Slag SeparationWindow . . . . . . . .. ... oo
Thermophysical Property Measurements . . . . . . . .. ... ... .. ......
441 DSCofSlag . . . . . . . .
442 LFAofSlag . . . . . . . e
443 DSCofVessel Material . . . . . . . ... .. ..
444 LFAof Vessel Material . . . . . . . . . . . . ..
445 Analysisof DSC/LFA . . . . . . . .
FEM Simulation. . . . . . . . . . . .
451 Temperature dependent Material Properties . . . . . . . ... ... ......
45.2  Analysis of material propertieschosen . . . . . . . ...
453  Comparison of Simulated and Measured Temperature Curves . . . . . . . . ..
454  Analysis of Comparison of simulated and measured temperature curves . . . . .
455 Home-made Vessel Scale-Up . . . . . . . . . . .. .. . ... .
456 Analysisofscale-upresults . . . . . . . . . . e
Circularity Modelling . . . . . . . . . . . ..
4.6.1 Effectof Wall Thickness . . . . . . . . . . . . ... . . ... ...
4.6.2 Effectof Fractional Loss ™ . . . . . . . . . . . ...
4.6.3 Scale-up Circularity Analysis . . . . . . . . . e e e

5 Discussion

5.1
5.2
5.3
5.4

Thermo-Reactive Limitations of the MnO-Al System (RQ1) . ... ... ... ..
Vessel Design and Thermal Stability (RQ2) . . . . ... ... ... ... .....
Practical Process Implications . . . . . . . . ... ... .. .. .. ... . ...,
Discussionof Method . . . . . . . . . . . . ...

6 Conclusion

6.1
6.2

Conclusionofthe Study . . . . . . . . . . .. . . ... .
Future Research . . . . . . . . . . . . . e

References

Appendix

Al
A2
A3
A4

Python Script i Charge and Vessel Geometry Calculations . . . . . ... ... ..
Python Script - Circularity Modelling . . . . . ... ... ... ... .......
Fabrication of the Home-made Vessel . . . . . . . ... ... ... .. ......
Material Properties . . . . . . . . . ..



A.41 High-Alumina Castable Refractory (MAG90024) . . . . . . . . . . ... ...

A.4.2 Quartz crucible (Q95F, GTS)

Vi



List of Figures

10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25

Simplified illustration of a metallothermic reduction reaction, adopted from [17].

Thermal resistance network representing heat transfer from the reaction core to the
SUMTOUNDINGS. . . . . . o o

The three vessels used inexperiments . . . . . . . . . . .. .. ... . ......
Prepared reaction mixture. . . . . . . . . . . ...
COMSOL geometry of the home-made vessel . . . . ... ... .. ... .....

Raw temperature-time profile for Experiment 1 (Commercial Quartz Q95F) . . . .
Adjusted temperature-time profile for Experiment 1 (Commercial Quartz Q95F) . .
Raw temperature-time profile for Experiment 2 (Commercial Ceramic fibre, Al-
silicate) . . . . .. e
Adjusted temperature-time profile for Experiment 2 (Commercial Ceramic fibre,
Al-silicate) . . . . . ..
Raw temperature-time profile for Experiment 3 (home-made alumina vessel, 95%
AlbO3) . .
Adjusted temperature-time profile for Experiment 3 (home-made-fabricated alu-
mina, 95% AlL,O3) . . . . .
Comparison of temperature-time profiles for all three experiments . . . . . . . ..
Time above 1500 Cfor Experimentl . . . . . . . . . . . .. ... ... .....
Time above 1500 C for Experiment2 . . . . . . . . ... .. .. ... ......
Time above 1500 C for Experiment3 . . . . . . . . . . ... .. .. .. .....
Specific heat capacity ¢, of the reaction slag as a function of temperature . . . . . .
DSC of the Al,Ogslagsample . . . . . . . . . ... ... ..
LFA of the Al,Ozslagsample . . . . . . . . . ..
Specific heat capacity of the home-made vessel as a function of temperature . . . .
DSC of vessel sample material . . . . ... ... ... ... ... ... ......
LFA of vessel sample material . . . . ... ... ... ... ... .. .....
Temperature comparison between simulation and experiment3 . . . . . . . .. ..
Temperature-time simulation of home-made vessel scale-up. . . . . . .. ... ..
Temperature-time simulation of home-made vessel scale-up with 20% less k and
Fluid Flow of scaled-upvessel . . . . ... ... ... ... ... ... ......

vii



26

27

28

29

30

31

32

33

Numerical root-finding for the baseline vessel geometry (Experiment 3). No feasi-

ble operatingwindow exists. . . . . . . ... 81
Numerical root-finding for t,, = 20 mm at ~ = 0:10. No feasible operating window
BXISES. . . 82

Numerical root-finding for t,, = 10 mm at ~ = 0:10. Feasible window: 77.2-138.1 9. 82
Numerical root-finding for t,, = 10 mm at = = 0:05. Feasible window: 38.6-138.1g. 83
Numerical root-finding for t,, = 10 mm at ~ = 0:20. No feasible operating window

BXISES. . . . 84
Numerical root-finding for the scale-up vessel at full density ( = 2:60 gcm 3,
© = 0:20). Feasible window: 76947-210280Q. . . . .. .. ... ... ... ... 85
Numerical root-finding for the scale-up vessel at reduced density ( = 2:08 gcm 3,
© = 0:20). Feasible window: 61557-210280Q. . . . ... ... .. ... ..... 85
Proposed process route for manganese production through ATR . . . . . . .. .. 91

viii



List of Tables

21

31
3.2
3.3
34

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
411

Thermo-reactive constraints for Mn-Al vessel design . . . . . . .. ... ... .. 27
Molar masses used in stoichiometric calculations. . . . . . .. ... ... ... .. 33
Density values used in charge and volume calculations. . . . . ... ... ... .. 34
Overview of experimental configurations. . . . . . . ... ... ... ....... 37
Quality criteria and their applicationinthisstudy . . ... ... ... ....... 50
Expected stoichiometric charge and product masses . . . . . .. .. ... ... .. 53
Fill level . . . . . . . e 54
Layerheights . . . . . . . . . . . . 55
Summary of key thermal milestones across all three experiments . . . . . . .. .. 59
Material properties of castable refractory Al,O3 as a function of temperature. . . . 71
Material properties of slag as a function of temperature. . . . . . . . ... ... .. 72
Material properties of liquid Mn as a function of temperature. . . . . . .. ... .. 72
Geometric dimensions of the scaled-upwvessel . . . . . ... ... ... ...... 75
Baseline input parameters for the circularity model . . . . .. ... ... ..... 80
Sensitivity results for the circularity model . . . . . . . ... ... ... 84
Scale-up circularity results for the production-scale vessel . . . . ... ... ... 86
Sintering schedule for the home-made vessel. . . . . . . ... ... ... ..... 108
Selected material properties of the high-alumina castable refractory (MAG90024,

Calderys) used for fabrication of the custom crucible in Experiment3. . . . . . .. 109

Selected material properties of the quartz crucible (Q95F, GTS) used in Experiment 1.110



1 Introduction

In December 2015, the United Nations (UN) agreed on a long-term goal of restricting the increase in
global average temperature. Intotal, 160 states participated with the aim of limiting the temperature
increase to less than 2 C, known as the Paris Agreement. One key contributor to the increasing
global temperature is carbon dioxide (CO,). The largest contributors, accounting for approximately
68% of global CO, emissions, are the USA, India, Russia, Japan, Germany, South Korea, Iran, Saudi
Arabia, Indonesia and China [1].

Carbon dioxide contributes to global warming through a physical process known as the greenhouse
effect, which traps heat in Earthis atmosphere. When sunlight reaches Earth, the surface absorbs
the sunds energy and re-emits it as infrared radiation. Under normal conditions, most of this heat
would escape back into space. However, CO, and other greenhouse gas molecules absorb part
of this infrared radiation due to their molecular structure, which allows interaction with infrared
wavelengths. After absorption, the energy is re-emitted in all directions, including back towards
Earthés surface. This mechanism acts like a thermal blanket around the planet, slowing heat loss
and increasing the temperature of the Earthis surface and lower atmosphere [2].

1.1 Metals in modern society

Metals are essential to modern society and are used in nearly all products relied upon in everyday
life. They are fundamental components of buildings, roads, vehicles, machinery and electronic
devices. Due to their strength, durability and ability to conduct electricity and heat, metals play a
critical role in construction, transportation and energy systems [3].

In daily life, metals are present in products such as smartphones, household appliances, vehicles,
medical equipment and packaging. Steel is commonly used to ensure strength and safety in build-
ings and infrastructure, aluminium (Al) is preferred where low weight is required and copper is
extensively used for electrical wiring and electronics [3]. Without these metals, modern technolog-
ical development and societal comfort would be difficult to achieve.

Metals are also crucial for emerging technologies and the transition towards a more sustainable soci-
ety. Renewable energy systems, including wind turbines, solar panels and electric vehicles, depend
heavily on metals for both structural and functional purposes. As society continues to electrify and
digitalise, the demand for metals is expected to increase further [4].

Ensuring a reliable and sustainable supply of metals is therefore vital for economic growth, techno-
logical advancement and long-term societal well-being [4].



Manganese is primarily used in steel and iron production (approximately 85-90%) to improve
strength, toughness and wear resistance. It is also used in batteries, including alkaline batteries
(such as AA batteries) and lithium-ion batteries used in electric vehicles and portable electronics

[5].

1.2 Metal extraction and processing

Mineral deposits and metals are found in the Earthés crust and are located using geological models
and knowledge of past tectonic, magmatic and climatic processes. Once identified, these miner-
als are extracted through mining. After extraction, the metals are refined using different methods
depending on their chemical and physical properties [6].

1.2.1 Pyrometallurgy

Pyrometallurgy is a metallurgical process used to extract and refine metals through the application
of high temperatures. It is commonly referred to as a dry process, as it does not involve agqueous
solutions. Instead, materials are processed in solid, molten, or gaseous states. High temperatures
enable melting, separation of metal from slag and chemical reactions that are otherwise thermody-
namically unfavourable.

Before extraction, ores are prepared to optimise their composition and physical properties. Smelting
is then performed in furnaces, where metal compounds are chemically reduced to produce crude met-
als or intermediate products such as matte or speiss. Impurities and gangue materials are removed
and collected as slag.

The resulting crude metal is further refined to remove remaining impurities by exploiting differences
in melting point, vapour pressure, or chemical affinity for elements such as oxygen, sulphur, or
chlorine [7]. Common metals produced using pyrometallurgy include iron, copper, lead, nickel and
zinc.

1.2.2 Hydrometallurgy

Hydrometallurgy is a metal extraction method based on aqueous chemical processes. Metals are
first dissolved from ores into water-based solutions and subsequently recovered. Unlike high-
temperature methods, hydrometallurgy relies on chemical and electrochemical reactions in liquids.

The process begins with leaching, where metals are dissolved using water and reagents such as
dilute sulphuric acid. The solution is then separated from solid residues and purified. Metal recov-
ery is achieved through chemical precipitation or electrolysis, yielding either pure metal or metal
compounds.



Hydrometallurgy has been used since the sixteenth century but became widely developed in the
twentieth century, particularly for gold extraction from low-grade ores. Advances in techniques
such as solvent extraction and ion exchange have expanded its industrial application. Today, hy-
drometallurgy is widely used to produce metals such as gold, silver, copper and zinc [8].

1.2.3 Electrometallurgy

Electrometallurgy is a method used to produce and refine metals through the application of electrical
energy. Unlike pyrometallurgy and hydrometallurgy, electrometallurgy is based on electrochemical
reactions driven by an electric current.

In electrometallurgical processes, metals are present in an electrolyte, either as dissolved ions in
aqueous solutions or in molten salts. The process occurs in an electrolytic cell containing an anode
and a cathode. When an electric current is applied, metal ions migrate towards the cathode, where
they gain electrons and are deposited as solid metal. Oxidation reactions occur at the anode.

Electrometallurgy includes two main processes: electrowinning and electrorefining. Electrowin-
ning is used to recover metals from solutions or molten salts, while electrorefining is used to purify
crude metals. Metals such as copper, zinc and nickel are commonly processed in aqueous elec-
trolytes, whereas highly reactive metals such as Al and magnesium must be extracted from molten
salts [9].

1.3 Environmental impacts of metal production

Metal production is associated with significant environmental impacts, primarily due to high en-
ergy demand, the use of chemical reductants and the generation of emissions and waste streams.
Although pyrometallurgical, hydrometallurgical and electrometallurgical processes differ in oper-
ating principles, all primary metal production routes contribute to greenhouse gas emissions and
resource inefficiencies to varying degrees.

Pyrometallurgical processes generally have a high environmental impact due to their energy-intensive
nature and reliance on carbon-based fuels. The use of coal, coke and natural gas results in signif-

icant CO, emissions and other pollutants [10], [11]. For example, blast furnace ironmaking emits

approximately 1.85 tonnes of CO, per tonne of crude iron produced [12].

1.3.1 Manganese production and challenges

Today, manganese (Mn) is primarily produced for use in ferrous metallurgy, where it is added to
iron and steel as alloys such as ferromanganese and silicomanganese. These alloys function both
as refining agents and alloying elements. Since manganese naturally occurs as oxides and carbon

3



LV WKH PRVW HFRQRPLFDO UHGXFWDQW PDQJDQHVH SURGXFW
KLJK WHPSHUDWXUH IXUQDFHV 'XULQJVPHOWLQJ PDQJDQHVH
SRVLWLRQ IURP PDQJD,QWRHPOIQRLCGHVBQ2 BOGRMDOQIDQHVH ,, ,
R[LGH;20Q IROORZHG E\ UHGXFWLRQ WR PDQJDQHVH R[LGH 0Q2
JDQHVH :KLOH WKLV SURFHVV UHVHPEOHYV LURQ R[LGH UHGXF\
VLIQLILFDQWO\KLJKHU WHPSHUDWXUHYV

$ PDMRU FKDOOHQJH LY WKH YRODWLOLW\RIPDQJDQHVH DW WK
YDSRULVDWLRQ $GGLWLRQDOO\ PDQJDQHVH UHDFW¥WV ZLWK FI
FRPSOLFDWLQJWKHSURGXFWLRQRISXUHPDQJDQHVHPHWDO
LVVXHVUHQGHU GLUHFW UHG®FWLRQ URXWHV LPSUDFWLFDO >

&LUFXODULW\

%H\RQG UHGXFLQJ GLUHFW HPLVVLRQV WKH WUDQVLWLRQ WR.
EURDGHU VKLIW LQ KRZ PDWHULDOV DQG SURFHVV E\ SURGXFW
HFRQRP\IRFXVHVRQ WKHXWLOLVDWLRQRIZDVWHVWUHDPYV IUF
RWKHU WKHUHE\UHGXFLQJUHVRXUFHFRQVXPSWLRQDQG ZDV\
PLFPDQIJDQHVH SURG VAWKR/@QDVNKRWOHG GXULQJUHGXFWLRQ P/
VHFRQGDU\PDWHULDO UDWKHU WKDQ D ZD¥%WHRQWH{DP D'QE WHI
WRU\ SURSHUWLHYVY VXFKVODJV PD\KDYH SRWH2Q S/URGXFBIOR F L
UHIUDFWRU\ PDWHULDOV RURWKHUKLJ® WHPSHUDWXUH LQGX

SUREOHP GHVFULSWLRQ

OHWDOORWKHUPLF UHGXFWLRQLV D SURFHVV LQ ZKLFK D UHDF\
SRXQG PRVWFRPPRQO\DQ R[LGH 7KHGULYLQJIRUFHLV WKH IF
UHGXFLQJPHWDO VKLIWLQJWKHUHDFWLRQ@TXLOLEULXP WRZ

7TKHVHUHDFWLRQVDUHW\SLFDOO\KLJKO\H[RWKHUPLFDQG FDC
ZLWKRXW HIWHUQDO HQHUJ\LQSXW SURYLGHG KHDW ORVVHYV |
LOWHQVH KHDWUHOHDVH SRVHFKDOOHQJHVUHODWHG WR UHDF

7KHIHDVLELOLW\RI PHWDOORWKHUPLF UHGXFWLRQ GHSHQGV F
DFWLRQ SURGXFWYV ZKLFKFDQ EHHYDOXDWHG XVLQJ WKHUPRC(
8QGHUVWDQGLQIJWKHVHUHODWLRQVKLSV LV  FUXFL@®O ZKHQ VH

7KHRQJRLQJWUDQVLWLRQWRZDUGVORZ FDUERQPHWDOOXUJ\
PHWKRGY WKDW FDQ UHGXFH UHOLDQFH RQ FDUERQ EDVHG SUR
PLFUHGXFWLRQ $75 ZKLFKLVWKHUPRG\QDPLFDOO\IDYRXUDE
VWURQJDIILQLW\ EHW Z H® Q@ O DQEHR [LIB3HD® DGLDEDWLF FRQG!
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IRUFRQWUROOHG DQG HIILFLHQW RSHUDWLRQ %\DGGUHVVLOQ.
JHRPHWULF VFDOLQJHIIHFWV WKH ZRUN FRQWULEXWHV WR WK
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VXLWDEOH UHDFWLRQ YHVVHO FDQ EH GHVLJQHG W LV QHFHV
VXVWDLQ WHPSHUDWXUHV DERYH WKHPHOWLQJ WKUHVKROGYV L
VHSDUDWLRQ 7KHUHIRUH WKHILUVW UHVHDUFK TXHVWLRQ LV

54 KDWWKHUPR UHDFWLYHDQG NLQHWLF OLPLWDWLRQVDIIHI
SURGXFWLRQ WKURXJK $75R10Q2"

$GGUHVVLQJ 54 SURYLGHV WKH QHFHVVDU\ XQGHUVWDQGLQJ F
UHDFWLRQ VA\VWHP %XLOGLQJRQWKHVHLQVLIJKWY WKHVHFRC
LGHQWLILHG FRQVWUDLQWYV LQWR DVFDODEOH VROXWLRQ $FF

54 +RZFDQDVFDODEOHUHDFWLRQ YHVVHO EHGHVLIQHG WR P
IRUVWDEOHDQG HIILFLHQW 0Q2+$0 UHGXFWLRQ ZKLOH HQDEOL

6FRSHDQG '"HOLPLWDWLRQV

7KLV VWXG\LV OLPLWHG WR WKH $75R10Q2 VSHFLILFDOO\WKH
WHUQDWLYH UK GXEQRIONVEH®QQ WKH UHDFWDQW PL[WXUH DV D W
IRFXVHV RQ WKH UHGXFWLRQ RI0Q2 WR PHWDOOLF PDQJDQHVH
EHKDYLRXURIWKH UHDFWLRQ DQG WKHGHVLJQ RI WKHUHDFWL
FKHPLFDO FRPSRVLWLRQ RIWKH PDQJDQHVH SURGXFW DUH QRV
RQO\ZLWK UHVSHFW WR LWV SRWHQWLDO UHXVH DV D UHIUDFWF

7KHH[SHULPHQWDO ZRUN LV UHVWULFWHG WR ODERUDWRU\ VED
SHULPHQW SHUIRUPHG SHU YHVVHO FRQILJXUDWLRQ &KDUJH FF
GLIIHUHQFHV LQ WKHUPDO UHVSRQVH FDQ EH DWWULEXWHG SUL
DQGIXOOIDFWRULDO H[SHULPHQWDWLRQ ZHUH QRW IHDVLEOH Z
EH\RQG ODERUDWRU\ VEDOH LV WKHUHIRUHDGGUHVVHG WKURX
WLRQ

7KH)LQLWH (OHPHQW OHWKRG )(0 FDSWXUHV WKH FRROLQJ SK
FRPSOHWHG 7KHUHDFWLRQLWVHOILVY QRWPRGHOOHGLQ GHW
LV SUHVFULEHG DV DQ LQLWLDO FRQGLWLRQDQG FRXSOHG FKH
HYROXWLRQDQGHOHFWURPDIQHWLFHIITHFWVIDOO RXWVLGH W
VLGHUV D YHVVHO VLIHG IRU SURGXFWLRQRIPDQJDQHVHDQG W
JHRPHWU\WR D VODJ GHULYHG PDWHULDO EDODQFH XQGHU DQ
VFDOH YDOLGDWLRQLYVY SHUIRUPHG (FRQRPLFIHDVLELOLW\ OL
WKHYHVVHO EH\RQG LWV WKHUPDO SHUIRUPDQFHDUH QRW DGG



2XWOLQH RI WKH 7KHVLYV

&KDSWHU
, QWURGXFWLR

&KDSWHU
TKHRUHWLFDO

&KDSWHU
OHWKRGRORJ\

&KDSWHU
SHVXOWYV

&KDSWHU
'LVFXVVLRQ

&KDSWHU
&RQFOXVLRQ

, QWURGXFHVWKHUHVHDUFKDUHD RIDOXPLQR\

QRXWOLQHV WKH UHVHDUFKJDS FRQFHUQLQJ YH

GHILQHV WKH SUREOHP 7KLV FKDSWHUDOVR S|
TXHVWLRQV VFRSHDQG GHOLPLWDWLRQV

'"HILQHVY WKH NH\FRQFHSWV DQG WKHRULHV WK

JUDFOXRURYI WKH WKHUPRG\QDPLFV RI PHWDOO

NLQHWLFV KHDW WUDQVIHU PHFKDQLVPV WKFE
FLUFXODULW\ 3URYLGHV WKH IRXQGDWLRQ IR
DQGDQDO\WLV FKDSWHUV

'"HVFULEHV WKH VWXG\fVPHWKRGRORJ\ FRYHU
H[SHULPHQWDO SURFHGXUH IRU WKH WKUHH UH
LFDO FKDUDFWHULVDWLRQ E\'6& DQG /)$ WKH
DQDO\WLFDO FLUFXODULW\ PRGHO 9DOLGLW\
HUDWLRQV DUHDOVRDGGUHVVHG

3UHVHQWY WKH HPSLULFDO ILQGLQJV LQFOXG
ILOHV IURP WKH H[SHULPHQWDO WULDOV WKH |
HUWLHV WKH)(0 VLPXODWLRQ RXWSXWV DQG \
VXOWV RIWKH FLUFXODULW\PRGHOOLQJ

$QDO\WHV WKHHPSLULFDO ILQGLQJV LQ UHODW
DGGUHVVLQI WKHWKHUPR UHDFWLYH OLPLWD\
LPSOLFDWLRQVIRUYHVVHOGHVLIQDQG WKHU!
FRQVLGHUDWLRQVDQG PHWKRGRORJLFDO UH It

6 XPPDULVHV WKH VWXG\TV NH\ ILQGLQJV E\ SUF
VHDUFK TXHVWLRQVDQG RXWOLQHYVY GLUHFWLR






/[KHRUHWLFDO )UDPHZRUN

7KLV FKDSWHU SUHVHQWYVY WKH WKHRUHWLFDO IUDPHZRUN XQGlH
7TKHWRSLFVFRYHUHG SURJUHVVIURP WKHUPRG\QDPLFIHDVLEL
PRGHOOLQJDQG KHDW WUDQVIHUWR YHVVHO LQWHJULW\DQG P

TKHUPRG\QDPLFV RIOHWDOORWKHUPLF 5HG

7TKHIHDVLELOLW\RIPHWDOORWKHUPLFUHGXFWLRQLVIXQGDPH
%HIRUH NLQHWLF OLPLWDWLRQV KHDW ORVVHV RUUHDFWRU (
ILUVWEHHVWDEOLVKHG ZKHWKHU WKHUHGXFWLRQUHDFWLRQ L
UHOHDVH VXIILFLHQW HQHUJ\WR UHDFK WKH WHPSHUDWXUHV U

7KLVVHFWLRQ WKHUHIRUHHVWDEOLVKHVY WKHWKHUPRG\QDPLF
VSHFLILFIRFXVRQWKHO0Q2 $O V\VWHP

)XQGDPHQWDO 7KHUPRG\QDPLF 3ULQFLSOHYV

OHWDOORWKHUPLF SURFHVVHV DUHJHQHUDOO\H[SUHVVHG DV

AX + B! A+ BX

ZKHUMWHSUHVHQWY R[\JHQ FK @ FUBEDH HRPH O/ ORWLQMWIXQEL I THUH
DIILQLWLH®IBWFKDUDFWHULVWLF IHDWXUHRIPHWDOORWKHUPL
QDWXUH 2QFHLQLWLDWHG PDQ\VXFKUHDFWLRQV DUH FDSDEC
ZLWKRXW H[WHUQDO HQHUJ\LQSXW SURYLG®G KHDW ORVVHV D

7KH WKHUPRG\QDPLF GULYLQJIRUFHRIPHWDOORWKHUPLF UHG
HQHUJ\FKDQJHRIUHDFWLRQ

G= H T S

ZKHUHLY WKH HQW K DSOS\ WKIHQH@IW U RB LV KDIQH B BYQREO XWH WHP ST

$ UHDFWLRQ SURFHHGV VSRQWDQHRXG® 0L @ RNV KHH IRKUEZMUF® G LHJTHX
ULXP LV UHDFEHG 2JQRWQUHDFWLQJ VI\VWHPV WKDW DUH QRW LQ W
I[UHH HQHUJ\ LV UHODWHGQMER WKHUHDFWLRQ TXRWLHQW



G= G +RT O@

$WHTXL@QU=EKDQRG WKHUHIRUH

G = RT OKQ

IDUJHHTXLOLEULXP FRQVWDQW YV FRU WH\GLAED &/ WRIVIVRREXFOU (T
DFWLRQV

,QPHWDOOXUJLFDO UHGXFWLRQ V\VWHPV WKLV IUDPHZRUN LV
WUDQVIHU WHQGHQFLHVY FDQ EHDQDO\WVHG LQ WHUPV RI UHODW
> @ Q@

(OOLQJKDP $QDO\VLV DQG 5SHGXFWDQW 6HOHFWLRQ

$ SUDFWLFDOJUDSKLFDO UHSUHVHQWDWLRQ RIR[LGHVWDELOL
SORWV WKH VWDQGDUG *LEEVIUHH HQHUJ\ FKDQJH IRU R[LGDW
%\ H[SUHVVLQJ WKHUPRG\QDPLF GDWD SHUPROHRIR[\JHQ WKF
VWDELOLW\DFURVV GLIIHUH@W®HWDO R[\JHQ V\VWHPYV >

$ UHGXFWDQW LV WKHUPRG\QDPLFDOO\FDSDEOHRIUHGXFLQJD
ORZWKDWRIWKHR[LGHDWWKHRSHUDWLQJWHPSHUDWXUH 7K
UHGXFWLRQ SURFHVVHV XVHGLQLQGXWNULDODQG ODERUDWR

7KH (OOLQJKDP GLDJUDP DOVR LOOXVWUDWHY WKDW HOHPHQW
DV UHGXFWDQWY ZKHQ WKH\ IRUP PRUH VWDEOH R[LGHV WKDQ "
D KLIJKO\ VWDE2H RHWHOWQQJ LQ D ODUJH QHIJDWLYH *LEEV IUH
VWURQJR[\JHQDIILQLW\PDNHV $OD VXLWDEOHUHGXF@WDQW IR

7TKHUPRG\QDPLFV RIWKHO0Q2 $0O0 6\VWHP

7KH $75RI0Q2FDQ EH UHSUHVHQWHG DV

30Q223$0 30Q+ $2

7KHUHDFWLRQLV KLIJKO\H[RWKHUPLF 5HSRUWHG WKHUPRG\Q
SUR[LPDWHO\

Hys g= 520N- PRO



> @ ZKLOHFDOFXODWLRQV DW BOHHDWH®OW KPS DURWRGHV

> @

7KH PDJQLWXGH Rl WKH QHJDWLYH UHDFWLRQ HQWKDOS\ FRQIL
IRUR[\JHQ WUDQVIHU IURP 0Q2 WR $0

8QGHULGHDODGLDEDWLFFRQGLWLRQV DOXPLQRWKHUPLF UHI
WHPSHUDWXUHYV GXH Y2RDQIGHWRNHDED S L &/ URIOHD \éaH Rl UHOH WLR
WKHRUHWLFDO DGLDEDWLF W& PRSUIWRPAHAFDVWHFIDGURDFK R
&> @

JRU WKH 0Q2 $O V\VWHP WKLV LPSOLHVY WKDW WKH UHDFWLRQ
PHOWLQJ SRLQWYV RI ERWK PDQJDQH¥ H)DREB WV\SHEFBO\RVKG H R/
SRLOQWRIYLHZ WKHUHDFWLRQ WKHUHIRUHFRQWDLQV HQRXJK

ftOHOW WKHPHWDOOLF SKDVH
+FOHOW WKH VODJ SKDVH

F(QDEOHOLTXLG OLTXLG SKDVHVHSDUDWLRQ

+RZHYHU WKHDGLDEDWLFWHPSHUDWXUHUHSUHVHQWVDQLGH
DGLDEDWLFDQG ORVHKHDW WKURXJK FRQ@RGXKMWDRQ XFPROQW H P @/it
DFKLHYHG WKHUHIRUHGHSHQGV RQWKHEDODQFHEHWZHHQ LQ)

> @

7TKHUPRG\QDPLFV WKXVHVWDEOLVKHVY WKDW WKHO0Q2 $O UHDF\
+RZHYHU WKHUPRG\QDPLF IDYRXUDELOLW\ DORQH GRHV QRW .
UDSLGO\RU VXVWDLQ WKH WHPSHUDWXUH UHTXLUHG IRU FRP S(
TRHYDOXDWHWKHVHDVSHFWY NLQHWLF EHKDYLRXUPXVW EH |

5 HDFWLRQ .LQHWLFV DQG 7TKHUPDO JHHGEDF

KLOH WKHUPRG\QDPLFVGHWHUPLQHY ZKHWKHU D UHDFWLRQ L
UHDFWLRQ SURFHHGV RUZKHWKHUWKHJIJHQHUDWHG KHDW FDQ V
FRQGLWLRQV ,Q PHWDOORWKHUPLF V\VWHPYVY UHDFWLRQ NLQH
DQG WKHUDWHRIWHPSHUDWXUHULVHGHSHQGVY GLUHFWO\RQ

7KLV VHFWLRQ WKHUHIRUH HIDPLQHV WKH NLQHWLF EHKDYLRXI
WKHUPDO IHHGEDFN PHFKDQLVPYV



.LQHWLFV RIOHWDOORWKHUPLF 5HDFWLRQV

$OWKRXJKWKHUPRG\QDPLFDQDO\VLVVKRZVWKDW $OFDQ UHG
QRW RFFXULQVWDQWDQHRXVO\ (YHQ ZKHQ D UHDFWLRQ LV WK
HUQHG E\NLQHWLFPHFKDQLVPVLQFOXGLQJVXUIDFHUHDFWLRC
ZLWKLQ WKH UHDF& LQJ PHGLXP >

"KHQDUHDFWLRQRFFXUVEHWZHHQD OLTXLG SKDVHDQGD VRO
HYHU\ZKHUH DW RQFH ,QVWHDG LWRFFXUVDW WKHLQWHUIDF
FRQWDFW $V WKH UHDFWLRQ SURFHHGYVY D QHZ VROLG SURGXF
7KLY OD\HU JUDGXDOO\ WKLFNHQV DQG FDQ DFW DV D EDUULHU
UHDFWLRQ LOQWHUIDFH $V D UHVXOW WKH UHDFWLRQ UDWH PL
GLIIXVLRQ WKURXJK WKH SURGXFW OD\HU RUKHDW WUDQVSRU\

,QDOXPLQRWKHUPLF VA\VWHPV LQYROYLQJPDQJDQHVH R[LGHV
DSSUR[LPDWHO\ N- PRO WR N- PROGHSHQGLQJ RQ UKRDWVWWLR
ZLGHUDQJHLOOXVWUDWHYVY WKDW WKHNLQHWLF EHKDYLRXU LV

SDUWLFOH G6L]H (ITHFWV

SDUWLFOH VL]H SOD\VDQ LPSRUWDQW UROHLQ GHWHUPLQLQJ
V\VWHPVY 6PDOOHU SDUWLFOH VL]HV LQFUHDVH WKHLQWHUIDF
GLIIXVLRQGLVWDQFHVIRUPDVVWUDQVSRUW $VDUHVXOW VPI
> @ ZKHUHDVODUJHU SDUWLFOHVY PD\OHDG WR VORZHU UHDFW
OLPLWDWLRQV

S3RZGHU OL[LQJDQG ,QWHUIDFLDO &&RQWDFW

,QDGGLWLRQWRSDUWLFOHVL]H WKHGHJUHHRIPL[LQJEHWZHI
HITHFW RQ WKHNLQHWLFV RIDOXPLQRWKHUPLF UHDFWLRQV $ z
$O SDUWLFOHVWREHGLVWULEXWHG PRUH XQLIRUPO\WKURXJK
FRQWDFW SRLOQWV EHWZHHQWKHUHDFWDQWY ZKLFKPDNHV LW
WKURXJK WKH@DWHULDO >

, ] WKH SRZGHUV DUH SRRUO\ PLIHG VRPH UHJLRQV PD\ FRQWD
PRVWO\$0 6XFKLQKRPRIJHQHRXV PLIWXUHV UHGXFH WKH QXPE
GRZQWKHRYHUDO@UHDFWLRQ UDWH >



2[LGH )LOP DQG 5HDFWLRQ ,QLWLDWLRQ

JRUDOXPLQRWKHUPLFUHDFWLRQVWRVWDUW R[LGHSDUWLFOF}
+RZHYHU $0 SRZGHU SDUWLFOHV DUHQRUPDOO\FRYHUHG E\D \
ZKHQ $O LV H[SRVHG WR DLU 7KLV R[LGHILOP DFWV DV D SURWF
EHWZHHQ WKH PHWDOOLF $0DQG WKH R[LGH UHDFWDQW $V D |
LQLWLDWH XQWLO WKLV RLGH OD\HU LV GLVUXSWHG >

7KH $O FRUHDQG WKH VXUURXQGLQJR[LGHILOP H[SDQG ZKHQ K
H[SDQVLRQFRHIILFLHQW WKDQ $O R[LGH WKHR[LGHOD\HUFDQ |
2QFH WKH R[LGHILOP EUHDNV PROWHQ $O FDQ FRPHLQWR FRQV
UHGXFWLRQ UHDFWLRQ WR VWDUW 7KHWHPSHUDWXUHDW ZKLF
VLIHDQG WKH WKLFNQHV® RI WKH R[LGH OD\HU >

OHFKDQLFDODFWLYDWLRQPHWKRGVVXFKDVEDOOPLOOLQJFDC(
PLFV\VWHPV 'XULQJEDOOPLOOLQJ UHSHDWHGLPSDFWV EHWZ
FOHVFDQEUHDNR[LGHILOPVDQG SURPRWHPRUHLQWLPDWH PL
LQFUHDVHV WKH QXPEHU RIUHDFWLYH LQWHUIDFHV DQG FDQ VL
WXUHDQG WKHDFWLYDWLRQHQHUJ\UBTXLUHG IRUWKHUHDFW

7HPSHUDWXUH '"HSHQGHQFH DQG +HDW *HQHUDWLRQ

5SHDFWLRQ UDWHV LQ PHWDOORWKHUPLF VI\IVWHPV DUH KLJKO\ V
SHQGHQFH RI WKH UHR EW RRW U@ & HVFRQ\EW B EWWKH $SUUKHQLXV

k:AeF%a

ZKHEJH V WKH DFW L YRDIWLRIQHDQAHLYIN UV D D I B WKRIQDENRQW\D Y @/ H P
> @

7KLVUHODWLRQVKLS VKRZVY WKDW HYHQ VPDOO LQFUHDVHV LQ
DFWLRQUDWH ,Q KLIKO\H[RWKHUPLF V\VWHPV WKLV OHDGV W

+LJKHU WHP SHUWHKW X WH D' F WQLRWHWDDI/W B KHID WXIHWQKKHD WHRQHUD
LQFUHDVH

7TKHUDWHRILQWHUQDO KHDW JHQHUDWLRQLQDUHDFWLYHV\V

Q—JHE( HU[)dV



ZKHUH;;dV WKH UHDFW LR/QMKMHWKHDFFW L R Q U D WHLSHW KHQW M/DYFRACLX
YROXP®@& >

6LQFHWKHUHDFWLRQUDWHGHSHQGVRQWHPSHUDWXUH WKH K
EHKDYHV WKHUPDOO\ ,IPRUHKHDWLVY SURGXFHG WKDQ FDQ EH
WR WKHUPDO UXQDZD\ 2Q WKHRWKHU KDQG LIWRRPXFKKHDW
FDQ FDXVHLQFRPSOHWHUHGXFWLRQRUHYHQ VWRS WKHUHDFV

7TKLVLQWHUDFWLRQEHWZHHQUHDFWLRQVSHHGDQG KHDWUHO
OLPLWV RIWKHO0Q2 $O VA\VWHP

/TKHUPDO ORGHO

$OWKRXJK WKHUPRG\QDPLF DQDO\VLY HVYWDEOLVKHY WKH WKH
UHDFWLRQ DV VKR D®IGANGHAHMWLIRFFQD QDO\VLY GHVFULEHV WKH UD'
DVVKRZQLQ 6 WFHWDRMHWDOORWKHUPLF V\VWHPV DUHQRQ DGLD
LQJVDQG WKHDFWXDO WHPSHUDWXUH FKDQJH LV WKHUHIRUH K
JHQHUDWLRQ DQG KHDW UHPRYDO

7TRDQDO\WH ZKHWKHU WKH UHDFWLRQ FDQ VXVWDLQ WKH WHPSH
HITHFWLYH PHWDO VODJVHSDUDWLRQ DFRXSOHG HQHUJ\EDOL

*HQHUDO (QHUJ\ %DODQFH IRUD 5HDFWLYH 6\VWHP

,Q QRQ LVRWKHUPDO UHDFWRU DQDO\VLVY WHPSHUDWXUH LV W
vwbQw ORVW FKHPLFDO UHDFWLRQV HLWKHU UHOHDVH KHDW
WKH V\VWHP WHPSHUDWXUH WKHUH®RUH HYROYHV GXULQJRSHL

7KHJIJHQHUDO HQHUJ\EDODQFHIRUDQ RSHQ UHDFWLQJ V\VWHP
G\QDPLFYV

dE X X
dtV\V: Q W+ Fld Lo Friwrxw

ZKHUH

1QLVWKHUDWHRIKHDW WUDQVIHULQWR WKH V\VWHP
W LVWKHUDWHRIVKDIW ZRUN
tF GHQRWHYVY PRODUIORZUDWHYV

tH GHQRWHYV PRODU HQWKDOS\



> @
,QFRQWLQXRXV VA\VWHPV RSHUDWLQJDW VWHDG\VWDWH

dEv\v
=0
dt

+RZHYHU DOXPLQRWKHUPLF O0Q2 $O UHGXFWLRQLQ D UHDFWLR
DVDWUDQVLHQWEDWFKW\SHV\VWHP 1RFRQWLQXRXVPDVVIO
WLPHDV WKHUHDFWLRQ SURJUHVVHYV

([SUHVVLQIJWKHHQWKDOS\LQ WHUPV RI KHDW FDSDFLWLHV DQ
EHZULWWHQ DV

X
Q Wi+ Fao Cp(T To)+ Hpre(T)FaoX =0

> @
7TKLVHTXDWLRQ VKRZV WKDW WHPSHUDWXUHHYROXWLRQ GHSH

+t6HQVLEOH KHDW HIIHFWV KHDW FDSDFLW\WHUP

f+HDW RIUHDFWLRQ

JRUDEDWFKPHWDOORWKHUPLF VA\VWHP WKHWHPSHUDWXUH H)

daT
CW%YV: Qino Qorvy

ZKHUH

$+Cwdw WKH WRWDO KHDW FDSDFLW\RI WKH UHDFWLQJ V\VWHP
$QindV WKH LQWHUQDO KHDW JHQHUDWLRQ UDWH

1QorlW WKH WRWDO KHDW ORVV WR WKH VXUURXQGLQJV

7TKLVIRUPXODWLRQ GLUHFWO\FRXSOHV UHDFWLRQ NLQHWLFYV Z

7KH LQWHUQDO J@hQRHV DRAMROQMIGUEA WKH UHDFWLRQ NLQHWLFV
ZKLOH WK HQQ RIMW WHMUP\ WKH KHDW WUDQVIHU PHFKDQLVPV WUH



+HDW 7UDQVIHU OHFKDQLVPV

+HDW LV UHPRYHG IURP WKH UHDFWLRQ VA\VWHP SULPDULO\ WK
IROORZHG E\FRQYHFWLRQDQGUDGLDWLRQIURP WKHRXWHU V X

$OO0 WKUHH PHFKDQLVPV PXVWEHFRQVLGHUHG WRREWDLQ UHL

RFRQW%
1DWXUDO FRQYHFWLRQ
TeruUH 1 L
SHDFWLRQ JRQM | Reredwp o RFRGG (1
PROWHQ PHWDO VODDWXUDO FRQY W LERRRQ G XFW
Cwrw LQVLGH YHVVHO| WKURXJK YHVVHO

URXQGLQUV
_ 1
7TKHUPDO UDGLDWLRQ
)LJ 7TKHUPDO UHVLVWDQFH QHWZRUN UHSUHVHQWLQJKHDV
VXUURXQGLQJV

&RQGXFWLRQ 7TKURXJK WKH 9HVVHO :DOO

+HDW FRQGXFWLRQ WKURXJK VROLG PDWHULDOV LV VHHQLQ )R

= kr T
JRUVWHDG\RQH GLPHQVLRQDO FRQGXFWLRQ WKURXJK D zZDOO

— kA(TF RU HTS)

Q L
> @

/TKHFRUUHVSRQGLQJWKHUPDO UHVLVWDQFH LV

L
RFRQFG@

$QG IURP WKLY WKHKHDW WUDQVIHU UDWHFDQEHZULWWHQ LC
Q_FRQ__GTFRUHTS

Rrroc

JRU VA\VWHPVY PDGH RI PXOWLSOH PDWHULDO OD\HUV WKH RYH!
DGGLQJ XS WKHLQGLYLGXDO UHVLWWDQFHV RIHDFK OD\HULQ V



,QWHUQDO 1DWXUDO &RQYHFWLRQ

'XULQJ $75 WKHUHDFWLRQ]RQHFRQVLVWYV RIPROWHQ PHWDOC L
WKHPHOW WKHUHDFWLRQ FRUHLV KRWWHU WKDQ WKH VXUURX
7KLV WHPSHUDWXUH GLITHUHQFH FUHDWHY GHQVLW\ JUDGLHQV
IOXLG ULVHV ZKLOH FRROHU GHQVHU IOXLG PRYHV GRZQZDUG
ZLWKLQ WKHPROWHQ YROXPH

7TKHVWUHQJWK RI WKLVLQWHUQDO FRQYHFWLRQ LV FKDUDFWH
WKHUDWLR RIEXR\DQF\IRUBHV WR YLVFRXV IRUFHYV >

TLS
GrL = —g

2

ZKHQWH JUDYLWDWLRQDWOWKHFNG@BXDWWRQF WKHUPDO H[SDQVLR
TLVYWKHWHPSHUDWXUH GLITHUH QRN ZLKHKKBLWKW RROWH @ N
LQQHU FUXFLEIOWHWRI® ®IDZHPDWLF YLVFRVLW\

7KH5D\OHLIJK QXPEHULVIRUPHG DV WKH SURGXFW® RIWKH *UDV

TLS
Ra, = Gr. Pr= s =

ZKHUHV WKH WKHUPDO GLIIXVLYLW\ )OXLG SURSHUWEHYV DUH F
(Thot+ Tcold)/2

7KH1XVVHOW QXPEHULVJLYHQ E\WKH &KXUFKLOODQG &KX FRU
ZKLFK FDQ EH XVHG RRUDPB>Y@O XHV RI

0 1,

0:387Ra;°
0iag2 16

Pr

Nu, = B0:825 +

1+

JRUD YHUWLFDO F\OLQGHU WKLV FRUUHODWLRQDSSOLHV DV O
UHODWLYH WR WKHF\OLQGHU UDGLXV 7KHFXUXDWXUHFRUUHF

L _ 1/4
= < 0:08Gr|

TKHLQWHUQDO FRQYHFWLYH KHDW WUDQVIHU FRHIILFLHQW LV \



Nu, k
L

DQG WKHKHDWWUDQVIHUIURP WKHPROWHQ UHDFWLRQ ]JRQH W

hine =

Qint = Nint Aint (Touk ~ Twan)

ZKHAJHLVY WKH LQQHU ZDOO VXUIDFH DK DV QV KRIGEWX D NVWALP/S Kl WD
WKHPROWHQ UHLGWVRVMKXIROYHPRKEUDW XUH RIWKHPHOW LQ WKH |
ZDOO

IDWXUDO &RQYHFWLRQ IURP WKH 2XWHU 6 XUIDFH

+HDWLVDOVRORVWIURPWKHUHDFWRU WKURXJK QDWXUDO FR(
LQJDLU 7KHRXWHUZDOO RIWKHFUXFLEOHWUDQVIHUV KHDW W
OHVV GHQVH $V D UHVXOW WKH ZDUPHU DLU ULVHV ZKLOH FRF
UHSODFH LW 7KLV FUHDWHYV D EXR\DQF\ GULYHQ IORZ DURXQG
IURP WKH VWWHP >

$V ZLWK WKH LQWHUQDO FRQYHFWLRQ WUHDWHG DERYH WKH V
JRYHUQHG E\ WKH *UDVKRIDQG 5D\OHLJK QXPEHUV KHUH HYDO
VXUIDFH WHPBRGDWXHUMHPELHQW WKIR FRQDXWRKWHYH KHDW WUDQ®
hLVREWDLQHG IURP WKH NIWNVHQWHUXPE IBHWHUPLQHG IURP HF
FRUUHODWLRQVDVDIXQFWLRQ RIWKHS5S5D\OHR2JK@QXPEHU IRU W]

7TKHFRQYHFWLYH KHDW ORVV IURP WKH VXUIDFHFDQ WKHQ EH Z

QrravhA(Ts T1)
ZLWKWKHFRUUHVSRQGLQJWKHUPDO UHVLVWDQFH

1
RFRQ_'YM

7KLVH[SUHVVLRQLV XVHGLQWKHWKHUPDOPRGHO RIWKH SUHYV
IURP WKH FUXFLEOH VXUIDFHWR WKH VXUURXQGLQJDLU

TKHUPDO 5DGLDWLRQ

7TKHUPDO UDGLDWLRQ LV D W\SHRIKHDW WUDQVIHU WKDW KDS S
ZDYHV PDNLQJ LW KDUG WR YLVXDOLVH 5DGLDWLRQ GRHV QRW



DOVR RFFXU LQ YDFXXP XQOLNH FRaD GX F $WL K Q IKI® FR-OPYSHFUNDLVRX
WLYH KHDW WUDQVIHU SOD\V D ELJ URO®& P& QWRIMRIDO/ KAHKCDAW O/R\
JDVHV DUH WUDQVSDUHQW WR WKHUPDO UDGLDWLRQ ZKLOH VR
LQJ VXUIDFHV 5DGLDWLYH KHDW H[FKDQJH LV WKHUHIRUH GRP
5DGLDWLYH ORVVHV LQFUHDVH UDSLGO\ ZLWK WHPSHUDWXUH
VXUIDFH DUHD VLJQLILFDQWO\LQIOXHQFH WKHUPDO HIILFLHQF
SURFHVV PHDQLQJWKDW JHRPHWULF FRQILJ@®UDWLRQ GLUHFW

7TKHHPLWWHG UDGLDWLYHKHDW IOX[IURP D UHDO VXUIDFH IROC
WKHVXUIDFH WRLD/WRERX@QW IRUGHYLDWLRQV IURPLGHDO EODFN

q="T*

ZKHU+b6:6704 108 :P . LV WKH 6WHIDQ +% RD W\ RADKHQ DFERVRVON DVGH/
WHPSHUDWXWHKHMXUIDFH HPLVVLYLW\ WDNQQ@YDOXHV EHWZFE

,QHQIJLQHHULQJDSSOLFDWLRQVY UDGLDWLYHKHDW WUDQVIHU
WR 1IHZWRQIV ODZ RIFRROLQJ

Quos h/A (Ts T )

ZKHUHWKHUDGLDWLYH KHDW WUDQVIHU FRHIILFLHQW LV JLYHC
hy =" (Ts+ Ty )(T2+ T2)

1

h A’

Ruoe

TKLVIRUPXODWLRQDOORZVUDGLDWLRQ WR EHWUHDWHG LQ D |
ODUO\ XVHIXO ZKHQ HVWLPDWLQJ FRPELQHG KHD& ORVVHV IURF

&RXSOHG 7TKHUPDO SHVLVWDQFH ORGHO

&RQGXFWLRQ WKURXJK WKH YHVVHO ZDOO DFWV LQ VHULHV ZLYV
UDGLDWLRQIURP WKHRXWHU VXUIDFHDFWLQ SDUDOOHO

7KHFRPELQHG HIWHUQ@®»O UHVLVWDQFH LV >

1 1 !
+

I:\)FRQYRUDG

R r x3wv



7TKHWRWDO WKHUPDO UHVLVWDQFH EHFRPHYV

RwrwRerdcRrxw

7TKHWRWDO KHDW ORVV IURP WKHUHDFWLRQ FRUHLV WKHQ

_ TFRUHTl
ORVV o~
RWRW

6XEVWLWXWLQJLOQWR WKHWUDQVLHQWHQHUJ\EDODQFH

dT T 1
CWW: Quno FRUHI1

RWRW

*HRPHWULF VFDOLQJDQG WKHUPDO VWDELOLW\

(TXDWLRQV DQG VKRZWKDWKHDWJHQHUDWLRQDQGKHDW O
WKHUHDFWRU V\VWHP ,QWHUQDO KHDW JHQHUDWLRQ GHSHQG\
ZKHUHDV FRQYHFWLYHDQG UDGLDWLYH KHDW ORVVHV RFFXU W
GHSHQG RQ WKHH[SRVHG VXUIDFHDUBRGOVVE®RZQ LQ (TXDWLR«

%HFDXVH KHDW JHQHUDWLRQ VFDOHV ZLWK UHDFWLQJ YROXPH
WKHUPDO EHKDYLRXU RI WKH V\VWHP GHSHQGV VWURQJO\RQ WI
V\VWHPVKDYHUHODWLYHO\ODUJHVXUIDFHDUHDV UHODWLYH W
SURSRUWLRQDOO\ODUJHU KHDW ORVVHV /DUJHU VA\VWHPV LQ
VXUIDFHDUHDDQG PD\WKHUHIRUH @QHWDLQ KHDW PRUH HIITHFWI

7TKLVLQWHUSUHWDWLRQLVDOVR  FRQVLVWHQW ZLXWKHW KHVRNYH L
WHPSHUDWXUH HYROXWLRQ GHSHQGV RQ WKH FRPSHWLWLRQ E
KHDW OR®&VHVRP D UHDFWRU GHVLJQ SHUVSHFWLYH WKLV PHD
ZKHWKHU WKH 0Q2 $O0 UHDFWLRQ FDQ VXVWDLQ WKH WHPSHUD\
HITHFWLYH PHWDO+*VODJ VHSDUDWLRQ XQGHU UHDOLVWLF RSHL

OHDVXUHPHQW RI WKHUPRSK\VLFDO SURSHUWLHYV

7RDFFXUDWHO\GHVFULEHWKHWKHUPDOEHKDYLRXURIWKH V\V
,Q SDUWLFXODU SURSHUWLHYV VXFK DV KHDW FDSDFLW\ WKHUF
NH\UROHLQWKHHQHUJ\EDODQFH DQG KHDWAKY N & \BIWHRISFHRIGMLOHC
EH GHWHUPLQHG H[SHULPHQWDOO\ XVLQJ WHFKQLTXHV VXFK D
DQG /DVHU )ODVK $QDO\VLV /)$



'LITHUHQWLDO 6FDQQLQJ &DORULPHWU\ '6&

'6&LVDWKHUPDODQDO\WLVWHFKQLTXHXVHGWRPHDVXUHKHD!
LQDPDWHULDO 7KHPHWKRGLVEDVHGRQFRPSDULQJWKHKHD
XQGHUD FRQWUROOHG WHB@SHUDWXUH SURJUDPPH >

JURP WKHVH PHDVXUHPHQWYV WKRMWMWSKAWIFADWKNHDWC-BBQ FEIHNG H
IXQFWLRQRIWHPSHUDWXUH 7KLV SURSHUW\LVLPSRUWDQW IR
KRZ WKH PDWHULDO UHVSRQGV WR KHDW LQSXW LQ WKH HQHUJ!
WKHUPDOWUDQVLWLRQVVXFKDVPHOWLQJRUSKDVHFKDQJHYV
RIDV\VW@ P >

/IDVHU )ODVK $QDO\VLV /)$

[)$LVDWUDQVLHQW PHWKRG XVHG WR GHWHUPLQH WKH WKHUPL
RQHVLGHRIDVDPSOH LV VXEMHFWHG WR D VKRUW KHDW SXOVI
WHPSHUDWXUHULVHRQ WKHRSSRVLWHV@®GHLV UHFRUGHG DV I

7KH WKHUPDO GEDRWRNH®EH GHWHUPLQHG IURP WKH WLPH GHS
EDVHGRQKHDW FRQGXFWLRQ WKURXJKWKHVDPSOHWKLFNQHV
IORZDQG QHJOLJLEOHKHDWORVVHV GXULQJWKHPHDVXUHPHQV
PD\LQWURGXFH X@FHUWDLQWLHV >

7TKHUPDO GLIIXVLYLWN\LY UHODWHG WR RWKHU WKHUPRSK\VLFD:

k

Cp

ZKHUIHY WKH WKHUP D OWRHGEKGEWIMKHIWASG FLILF KHDW FDSDFLW)\
PHDVXUHPHQWYVY DUH RIWHQ FRPELQHG ZLWK DGGLWLRQDO WHF
VHW RI WKHUPDO SURSHUWLHYV

OHWDO 60DJ %HKDYLRXUDQG 3KDVH 6HSDUL

:KLOH WKHUPRG\QDPLFV HVYWDEOLVKHVY WKDW WKH 0Q2 $O UHD
RIJHQHUDWLQJ KLIJK WHP SHUDWKH M\K BBHHFFIML RRGHO GHWHUPLC
WHP WHPSHUDW X UK FoFHFWWULU RQ PDQJDQHVH UHFRYHU\ IXUWKHU L
EHWZHHQ WKH PHWDOOLFDQG VODJ SKDVHV

OHWDO VODJ VHSDUDWLRQ LVJRYHUQHG QRW RQO\ E\ GHQVLW\
YLVFRVLW\ WHPSHUDWXUHDQG SKDVHVWDELOLW\



3KDVH )RUPDWLRQDQG 7THPSHUDWXUH :LQGRZ

7KH $75RI10Q2 SURGXFHV PHWDL2OLF PDQJDQHVHDQG $0

30Q223%$0 30Q+ $2

TRREWDLQHIILFLHQW SKDVHVHSDUDWLRQ ERWK WKHPHWDOO
WR WKHKLIJKPHOWBLYOBRE®RWRRIVGWU\ PXVWEHFDUHIXOO\GHVLJ
IOXLGl@v\ >

7TKHUPRG\QDPLF PRGHOGO,29 & R2MI22V &\DV¥ HFOV VKRZV WKDW PDQJD
WLRQ HIILLLUYPFKHY DSSUR[LPDWHO\ DW WHP&HUDWXUHYV
7KLV WHPSHUDWXUH LQWHUYDO WKHUHIRUH UHSUHVHQWYV D FU
WLRQDQG HITHFWLYH PHWDO VODJVHSDUDWLRQ FDQ SURFHHG

$GLDEDWLF WHPSHUDW X& #\@P WWKH SHUDEFWLFDOO\ UHOHYDQW W
VWDEOH VHSDUDWLRQ LV VLIQLILFDQWO\ORZHUDQG GHSHQGV

60DJ &RPSRVLWLRQDQG 9LVFRVLW\ (ITHFWV

7KH FRPSRVLWLRQ RI WKHVODJ VWURQJO\LQIOXHQFHV LWV YL\
VHSDUDWLRQ

&DOFXODWLRQVE\.XG\@OLDGGRBDWHMRDW LQFUHDVLQJ &D2 FRQ
LW\ SDUWLFXODUO\DW HOHYDWHG WHPSHUDWXUHY 7KHOLTXL
OLHV ZLWKLQ DSSUR[LPDWHO\ ODLQWDLQLQJVODJFRPSRYV
VODJVHSDUDWLRQ

60ODJEHKDYLRXUPD\DOVREHGHVFULEHGLQWHUPVRIEDVLFLW
&D2 GU2DWLRV RIDSSUR[LE@DWW®BLIKHUXEDVLFLW\ OIRVYRPOW I&HDQ ¢
R1&D DOXPLQRVLOLFDWH SKDVHV PD\LQFUHDVH VOD@ YLVFRVL

6LQFHYLVFRVLW\GHFUHDVHV ZLWKLQFUHDVLQJWHPSHUDWXU|
WDLQ ORZVODJUHVLVWDQFHWR GURSOHW PRWLRQ

'"HQVLW\ '"ULYHQ 6HSDUDWLRQ OHFKDQLVP

KHQ WZR LPPLVFLEOHOLTXLG SKDVHV DUH SUHVHQW VHSDUDYV
PHWDOOLF PDQJDQHVH SKDVH EHLQJ GHQVHU WKDQ WKH R[LGF
JUDYL@\ >

8QGHU VXLWDEOH WKHUPDO FRQGLWLRQV WKLV GHQVLW\ GLII



HYHU WKHUDWHRIVHSDUDWLRQ GHSHQGV RQVODJYLVFRVLW\

8QGHU ODPLQDU IORZ FRQGLWLRQV DQG DVVXPLQJ VSKHULFDO
GURSOHWLQDYLVFRXVVODJPD\EHDS®UR[LPDWHG XVLQJG6WR

_2(m  $gr?

V79

ZKHYUH QGDUH WKH GHQVLWLHYV RI WKH P MVKBIGDR S &/MW OB KD XA
YLVFRVE W DQ@YLWDWLRQDO DFFHOHUDWLRQ

7KLV H[SUHVVLRQ VKRZV WKDW VHSDUDWLRQ HIITLFLHQF\ LQFUH
GURSOHW VL]IHDQG GHFUHDVHV ZLWK LQFUHDVLQJ YLVFRVLW\

6LQFH YLVFRVLW\LVWHPSHUDWXUHGHSHQGHQW WKHVHSDUD'
WKHUPDO EHKDYLRXU RI WKH V\VWHP

, IKHDWORVVHVUHGXFHWKHV\VWHP WHPSHUDWXUHEHORZ WKH
VLIQLILFDQWO\DQG PHWDO HQWUDLQPHQW LQ VODJ PD\ RFFXU
SURPRWHORZYLVFRVLW\DQG UDSLG SKDVHVHSDUDWLRQ

OHWDO VODJ VHSDUDWLRQ LV WKHUHIRUHWKHUPDOO\FRQWUR
KHDW JHQHUDWLRQDQG KHDW ORVVHV GHVFULEHG LQ6HFWLRQ

SHXVH RIOHWDOOXUJLFDO 60DJV

OHWDOOXUJLFDO VODJV DUHJHQHUDWHG LQ ODUJH TXDQWLWLH
GLWLRQDOO\ PDQ\VODJVZHUHGLVSRVHGRILQODQGILOOV +R.
WRZDUG WKHLU UHXVH GXHWRWKHLUR[LGH ULFKFRPSBVLWLRC
6ODJV FRXOG EH XWLOLVHGLQD UDQJHRILQGXVWULDO DSSOLF
PHQW SURGXFWLRQ

JURP D EURDGHU SHUVSHFWLYH WKH FLUFXODU HFRQRP\ FRQF
PDWHULDOVLQRUGHUWRUHGXFH ZDVWHJIJHQ®UDWLRQDQG FR1

9HVVHO ,QWHJULW\DQG 'HVLJQ

7TKHUPDO 6WUHVYV

SHIUDFWRU\OLQLQJV XVHGLQKLIJK WHPSHUDWXUHYHVVHOV XC
GXULQJ RSHUDWLRQ 7HPSHUDWXUH JUDGLHQWY FRPELQHG ZL
UHIUDFWRU\ PDWHULDOVDQG VXUURXQGLQJPHWDOOLF VWUXF



ZLWKLQ WKHUHIU®@FWRU\OLQLQJ >

7TKHUPDO VWUHVVHV DULVH EHFDXVH QRQ XQLIRUP WHPSHUDW)
WKH PDWHULDO :KHQ D ERG\LV VXEMHFWHG WR DVXGGHQ WHTI
WHPSHUDWXUH JUDGLHQWY GHYHORS LQVLGH WKH PDWHULDO
HYROYHZLWK WLPHDV KHDW GLIIXVHV WKURXJK WKHPDWHULDC
WKHUPRHODVWLFSURSHUWLHV R RIWKHPDWHULDODV ZHOODV W
> @

7TKHVH WKHUPDOO\LQGXFHG VWUHVVHV FDQOHDG WRFUDFNLQJ
,Q SDUWLFXODU WHPSHUDWXUH JUDGLHQWY DFURVV UHIUDFW
DFFXPXODWHGXULQJUHSHDWHG WKHUPDO ORDGLQJ 6XFKGDP
LQGXVWULDO KLJK WHPSHUDWXUH YHVVHOV LQF®@ XGLQJ VWHHC

7TKHUPRPHFKDQLFDO DQDO\VLV LV WKHUHIRUH FRPPRQO\ XVHG
UHIUDFWRU\OLQLQJVDQG WR SUHGLFW GDPDJHIRUPDWLRQ XQ
HOOLQJDSSURDFKHVDUHRIWHQDSSOLHGWRVLPXODWH VWUH\
WRU\PDWHULDOV H[SRVHG@VR WKHUPDO JUDGLHQWYV >

7TKHUPDO VKRFN IRUUHIUDFWRU\ PDWHULDOV

7TKHUPDO VKRFNUHVLVWDQFH 765 LQUHIUDFWRU\PDWHULDOV
GHULYHGIURP WKHUPRHODVWLF VWUHVVDQDO\VLVDQGIUDFW.
VRPH SDUDPHWNHDVWKVHAUWMBMWROWHW®RI FUDFNLQJWEKKIU®H RW K
VKRFN GDFPDDJHN SURSDJIJDWLRQ DQG UHWD L @H G KMWIGE IO W IKQDF W1
SDUWLFXODUO\UHOHYDQW IRUUHIUDFWRULHYVY ZKLFKPD\H[KLE
EXW VWLOO PDLQWDLQ VXEVWDQWLDO UHWDLQHG VWUHQJWK C
> @

'XULQJ IDVW WHPSHUDWXUH FKDQJHV WKHUHVXOWLQJ WKHUP|
PDWHULDO LV VXEMHFWHG WR UDSLG FRROLQJ RU KHDWLQJ ,C
GHYHORSDWWKHFHQWUH RIWKHPDWHULDO GXHWR WKH WUDQ

7KHDSSOLFDELOLW\RILQLWLDWLRQ EDVHG SDUDPHWHUV GHSH
ZKLFKDUHFRQWUROOHG E\WKH %LRW PRGXOXV RU%LRW QXPEH}
WR LQWHUQDO KH@W FRQGXFWLRQ >

S5SHFHQW H[SHULPHQWDO DQG WKHRUHWLFDO VWXGLHV RILQVXC
FODVVLFDO 765 SDUDPHWHUYV UHPD @Q WACKH-YQDVPRHI R N ¥ P R N O\DV
PDWLRQ WKHFULWLFDO WHPSHUDWXUH GLITHUHQFH IRU FUDFN

ol )

R =
Eo



ZKHYHVY WKH LQLVELDOQO YRIKUHQVW RG IRXWYV R Q TV DWKIHRFIRGIGILFLH
RIWKHUPDO H@D O WKRE IV XUHYV UHVLVWDQFH WR FUDFN LQLYV
GRHV QRWQHFHVVDULO\LPSO\KLJKUHVLVWDQFH WR IDLOXUH
RQFHIUDFWXU®& L@LWLDWHYV >

TR EHWWHU GHVFULEH FUDFN SURSDJDWLRQ EHKDYLRXU IUDF
GXFHG 2QHH[DPSOHLYV

2
R 0000 Kic
0

ZKHYHLY WKH IUDFW X U@ V$ PRIKQDHVFSUHKHQVLYH GDPDJH UHVL

1/2
WOF

RSt = EO 2

ZKHWYb: LV WKH ZRUN RIQUDPRMHMXIWR QWD O U HY XXQ&RW V H Q B WHDMPH
FORVHO\ZLWKREVHUYHGWKHUPDOVKRFNSHUIRUPDQFHLQ SRU
SDUDPHWHU& DORQH >

7TKHVH ILQGLQJY GHPRQVWUDWH WKDW 765 FDQQRW EH HYDOXD
SURSHUWLHY PLFURVWUXFWXUH SRURVLW\GLVWULEXWLRQ D
GHFLVLYHUROHVLQ WKHUP®O&KRFN SHUIRUPDQFH >

%XLOGLQJRQ WKLV RQH SUDFWLFDO ZD\WR LPSURYH WKHUPDC
WKHUHIUDFWRU\PDWHULDO 3RUHV PDNHWKHPDWHULDO OHVV
PHDQV OHVV VWUHVV EXLOGV XS ZKHQ WKH WHPSHUDWXUH FKD¢
FUDFNV VR WKH PDWHULDO IDLOV PRUH VORZO\LQVWHDG RI EU
SRUHV DOVR PDNH WKH PDWHULDO ZHDNHU RYHUDOO )RU WKLV
LV UHDFKHG QRW MXVW E\DGGLQJ SRUHV EXW E\FDUHIX0OO\ FKR
WR SODFHLW L@WKH OLQLQJ >

%LRW 1XPEHUDQG THPSHUDWXUH 'LVWULEXWLRQ

7KH WHPSHUDWXUH GLVWULEXWLRQ LQ D VROLG VXEMHFWHG W
EDODQFH EHWZHHQ LQWHUQDO KHDW FRQGXFWLRQDQG KHDW W
PRQO\GHVFULEHG E\ WKH %LRW QXPEHU GHILQHG DV

ZKHUIHY WKH KHDW WUDQVIHU HRIHV IR F K@\ HWHW K M W X EkKIDH-G1J W K



LVWKHWKHUPDO FRQGXFWLYLW\RIWKHPDWHULDO 7KH %LRW
HIWHUQDO KHDW WUDQVIHUDQ@® LQWHUQDO KHDW FRQGXFWLRC

"KHQ DERG\LVVXGGHQO\H[SRVHG WRDQ HQYLURQPHQW ZLWK I
WKH VXUIDFH FDXVHV WKH WHPSHUDWXUH LQVLGH WKH PDWHUL
WXUH JUDGLHQWYV ZLWKLQ WKH PDWHULDO 7KHVH JUDGLHQWYV
KHDW JUDGXDOO\VSUHDGY WKURXJK WKH ERG\ $QDO\WLFDO V
KHDW WUDQVIHU VKRZ WKDW ERWK WKH WHPSHUDWXUH GLVWUL
VWURQJO\RQ WKH@LRW QXPEHU >

JRUWKH SUHVHQW V\VWH P HWKHDFSKSDURD ERAVOIHW H G WD IV FAGKHHQW WIKF N Q F
ZDOO WKURXJK ZKLFK KHDW LV FRQGXFWHG

7TKHUHIRUH WKH WKHUPDO UHVSRQVH RI WKH PDWHULDO FDQQF
HUWLHV 7KH %LRW QXPEHU ZKLFK GHSHQGV RQ WKH KHDW WUL
DQG WKHVL]HRIWKHFRPSRQHQW SOD\WDQLPSRUWDQW UROH |
VWUHVVHVY WK@W GHYHORS >

SHIUDFWRU\ZDOO HURVLRQ DQG PDWHULDO ORVV

KHQ D UHIUDFWRU\ LV H[SRVHG WR D OLTXLG SKDVH DW HOHYD
ZDOO GLVVROYHVLQWR WKHPHOW I WKHGLVVROXWLRQ SURG)>
FRQWLQXHVY DW WKH LQWHUIDFH XQ&/ LOKWKH WHILWEFWRAHMWW LR
GLIIXVLRQRIUHIUDFWRU\FRQVWLWXHQWY DFURVV WKHERXQG
SKDVH

, QV\VWHPVZKHUHWKHUHIUDFWRU\DQGWKHVODJVKDUH WKH V]I
PDWHULDO EHFRPHV LQFRUSRUDWHG L@ \G R RARKHVWOUIDIWSHK® WHK DA/
FRQVWLWXHQWY GLVVROYHLQWR WKH VODJ GXULQJ KLJK WHPS
RIERWKWKHVODIJDQG WKHDGMDFHQW PHWDO SKDVH ZLWK UHI

7TKHRUHWLFDO )UDPHZRUN 6 XPPDU\

TKHWKHRUHWLFDOIUDPHZRUN SUHVHQWHG LQ WKLV FKDSWHU L
IOXHQFH WKHEHKDYLRXURIWKHO0Q2+t$3O UHGXFWLRQ V\VWHP 7
WKHUHDFWLRQ XQGHU QRQ DGLDEDWLFFRQGLWLRQVDQG WKH
UHDFWLRQ YHVVHO 7KHNH\UHODWLRQVKLSVDUHVXPPDULVHC



7TDEOH 7TKHUPR UHDFWLYH FRQVWUDLQWV IRUOQ $

7TKHRUHWLADQVIKDHFR UHWH GIBDYD QFHSWRBHYDQFHSWRHIUHQFHYV
WRU LQVLIKW 54 54

7KHUPRG\GDPL[KLELW&ZQILUPV W,IQEEW FDRAHH V6V KIDWL W & H
GULYLQJ IRWFBHRQJ DIIDQRVESOIRBDBWDR®WLRQ SRVVHV, LDV
RNHQDQGLRWPKHUPRGEYQIDLFLHQWHW DO
WKH KLJKO\RDXDIDE OBY RKKBEDFHDO HEEDYFKHZVNL
R[LGH$O DQGFDSDE®WRRBIRWHQWLDO®DFRFN
UHVXOWLQUHDBIDVLQJIVXVWDLQ KLJK
ODUJH QHJDMILPHILFD QWHPHSBHW DW XUHV LI

*LEEV IUHH HQHUJ\ KHDW ORVVHV DUH
IRUWKH UHGXFWLRQ OLPLWHG
RI0Q2
SHDFWLRQOMWOQBWRWKHUHLUPFLQHVYHIRZVR U G HR1LO AU
LFV UHDFWLRQ UDWIHV® WKHHMXWMV/DOOREZRHWVHH GH

VWURQJO\ JHQHUDWHGERQWUROOPK®E XLQ
WHPSHUDWXKHWKHU WKHKHDFWLRQ OHU]JKDQRY
GHSHQGHQWHHIMNLRQ SD@SDJDWLRRURYLQVND\D
IROORZ $UUKKMEYQ WRHGHU WR DYRLG
EHKDYLRXUWHPSHUDWMKUARHVVLYH

PHDQLQJ WHKMDWXLUHG IRHPSHUDWXUH

VPDOO WHPERP®WHWH JUDGLHQWYV RU
LQFUHDVHVUHDGEXFWLRQ@KHUPDO
VLIQLILFDQWO\ LQVWDELOLW\
DFFHOHUDWH WKH

UHDFWLRQ UDWH

L, QWHUQDO7KHKKBBW UHOHDUALE® HAD UJH U U H DR DRIQ
JHQHUDWLIRIRP WKH UERAWKR®@ V X IROKPHMP I\DK B O 5D Q
LV SURSR U VKHRPMWDPODWREMDLQWDLQ
WKH UHDFW1LRQ@HIIDMWH®WRSHUDWXUH GXH
DQG WKH UHIDAVQMOD L Q MRROMWHQWHU LQWHUQDO
YROXPHLQ SKDVHV XQ&HDW JHQHUDWLRQ
H[RWKHUPLBRQ DGLDEDMWQ@BWLYH WR KHDW
VIVWHPV FRQGLWLR@RVVHV

&RQWLQXHG RQ QH[W ¢



7TDEOH FROQWLQXHG IURP SUHYLRXV SDJH

TKHRUHWLADOWKHRUHWLGIBDYDQFHSWRHYDQFHSWRIUHQFHYV

WRU

LQVLIKW 54 54

+HDW ORVVHYV , QUHBBWIYWHBNDWWRU /LHQKDUG

KHDW LV OR®RVVHYV P D\LWOWGOMPHN LRQHREO O G
WKURXJK WKHV\WWHRVKLEFNQHVWIHUGPDQ HW DO
FRQGXFWLROHPSHUDWXMRPHWU\ PXVW

WKURXJK YHEHORZ WKHPLQLPLVH KHDW

ZDOOV FRQWKBWYRRO®BHWMVKVUHRGPDLQWDLQ

WR VXUURXQRALER DI QHWKHUPDO VWDELOLW\

DQG WKHUPDBGXFWLRQ DQG

UDGLDWLRG@GKDRM VHSDUDWLRQ

H[SRVHG VXUIDFHV

*HRPHWULFHDARDOHQHBEPWOQRY\VWIHIMVWRU VIAHDIP®®Q HW DO

LQJ

VEDOHV ZLWK\ H[SHULHEGRRHWU\ PXVW EH/LHQ

UHDFWLQJ SRIGRSRH WL REQD/QA0QHG WRUG /LHQKDUG

ZKHUHDV KHKRWKH U K HDWMQ® R VYW HV

ORVVHV VFIDAWZWW®J IDYRXUDEOH

H[SRVHG VXWAREHYDEOWROXPH WR

DUHD UHDFWLRQ VXUIDFHUDWLR IRU
WHPSHUDWWWKHWPDO VWDELOLW\

OHWDO VODULFHEQW ,| WKH WHP SHHIDFWRWH . XG\ED HW DO

UDWLRQ

VHSDUDWLRSURSY EHORRYEHWLRQV PXVAHVVHQ
GHSHQGV RRSWLPDO UPQIBWDLQ JDOL\HY HW DO
GHQVLW\ VODJYLVFRWHWSHUDWXUHV KLIKQ
GLIIHUHQFHWFUHDVHVHQRXJK WR KRVGUH. HQKDUG
EHWZHHQ SREWH\O GURGRHEWODJ YLVFRVLW\

DQG WKH YLVYERWON\QJ BERBRPHYFWLYH
RIWKHVODL@KLERLHQ$WKDVH VHSDUDWLRQ

LV VWURQJO\

WHPSHUDWXUH

GHSHQGHQW

&RQWLQXHG RQ QH[W ¢



7TDEOH FROQWLQXHG IURP SUHYLRXV SDJH

TKHRUHWLADOWKHRUHWLGIBDYDQFHSWRHYDQFHSWRIUHQFHYV
WRU LQVLIKW 54 54

9HVVHO LQWHJULW\ #BIWKXFWXUDOWHULDO YX¥ OH FVOUHFN
WHPSHUDWRUP VDL DGAGPYCHVVHO GHVENQHO
VWHHS WKHURDWULFW P R K WHZYLDAEKOVBAUDIGH®)
JUDGLHQW\WBSHYDWLQWKHUPDO VORFALDHNR HW DO
LQGXFH WK MHPE® UDW XKHYHDBIELQWDLQLQJ
VWUHVVHV DY@ EOH UHDRWLRLHQW WKHUPDO
WKHUPDO VRREOSBLWLRQWVXODWLRQ
UHIUDFWRU\

PDWHULDOYV

&LUFXODUWHWIVBEBGXUIRWGCGLUHFWROSSRUWYV BLODMXBODUHW DO
VODJV VODJV FRQWBIOQPWHG WR/HHDO SWRR@ VYV
R[LGH ULFKIEBRNMYBNOLWN SURGXFWV DQG
WKDWHQDEOH UHXVH SRWHQWLDO UHXVH RI
DVVHFRQGDU\ VODJ GHULYHG
PDWHULDOYV PDWHULDOV LQ
UHDFWRU V\VWHPV

$VVXPPDULVHG VM YHEOKW WKHUPR UHDFWLYHIDFWRUV LQIOXH(
UHGXFWLRQ V\VWHP 7KHVHLQFOXGH WKHWKHUPRG\QDPLF GUI
WKH WHPSHUDWXUH GHSHQGHQFH RI WKH UHDFWLRQ NLQHWLFYV
DQGH[WHUQDO KHDWORVVHVDQG WKHWHPSHUDWXUH GHSHQG
DVSHFWV LOOXVWUDWH WKH LQWHUDFWLRQ EHWZHHQ FKHPLFI
PHWDOORWKHUPLF VI\VWHPV 8QGHUVWDQGLQJ WKHVH UHODWL
WKH UHDFWLRQ FDQ VXVWDLQ WKH WKHUPDO FRQGLWLRQV UHT
UHDOLVWLF RSHUDWLQJ FRQGLWLRQV 7KH WKHRUHWLFDO IUDF
WKH EDVLV IRUWKH DQDO\VLV LQ WKHIROORZLQJ FKDSWHUV Z
0Q2+$0 VA\IVWHP DQG WKHLULPSOLFDWLRQVIRUVFDODEOH UHDF






OHWKRGRORJ\

S5SHVHDUFK $SSURDFK DQG 'HVLJQ

7KLVFKDSWHUGHVFULEHVWKHPHWKRGRORJLFDOIUDPHZRUND
UHDFWLYH EHKDYLRXU RI WKH 0Q2 $O VIVWHP DQG WR GHYHOR ¢
UHVHDUFK LQWHJUDWHY WKUHH FRPSOHPHQWDU\DSSURDFKHYV
HISHULPHQWDOUHDFWLRQWULDOVDQGILQLWH HOHPHQW VLPX
RIWKHRYHUDOO SUREOHPDQG WKHUHVXOWY DUH XVHG LWHUD

7TR DGGUHVV 54 FRQFHUQLQJ WKH WKHUPR UHDFWLYH DQG NL
HI[SHULPHQWDO UHDFWLRQ WULDOV DQG )(0 VLPXODWLRQ DUH X
VIVWHP XQGHUUHDOLVWLFRSHUDWLQJFRQGLWLRQV 7R DGGUEF
FLUFXODU XWLOLVDWLRQRIVODJ DQDO\WLFDO FKDUJHDQG JHI
PRGHO SURYLGH WKHEDVLVIRUHYDOXDWLQJJHRPHWULF IHDVI
XODWLRQDGGLWLRQDOO\FRQWULEXWHVY WR 54 E\HQDEOLQJL
UDQJH DFFHVVLEOH H[SHULPHQWDOO\

7TKHVWXG\LV SULPDULO\RIDTXDQWLWDWLYHDQGHQJLQHHULQ
JHQHUDO WKHRUHWLFDO NQRZOHGJH EXW WR VROYH D VSHFLIL
FRQVWUDLQWY 7KLV LV FRQVLVWHQW ZLWK DQ DSSOLHG UHVH
DUH XVHG WR IRUPXODWH PRGHOV ZKHUH WKH PRGHOV DUH FD!
YDOLGDWHG PRGHOV DUH WKHQ XVHG@YR HYDOXDWH GHVLJQ DO

7KH H[SHULPHQWDO SDUW RI WKLV VWXG\ FDQ EHVW EH GHVFUL
GHVLJQV DUH W\SLFDOO\ FDUULHG RXW LQ HQYLURQPHQWYV ZKH
LV QRW SR@VLBDOK:Y ZRUN VHYHUDO IDFWRUV FRXOG QRW EH V
WKHUPDO FRQGLWLRQV ZLWKLQ WKH UHDFWLRQ JRQH WHPSHUL
LJQLWLRQ EHKDYLRXU Rl WKH UHDFWDQW PL[WXUH 7KHVH DV
UHSURGXFHZLWK KLJK SUHFLVLRQ XQGHUWKHJLYHQH[SHULPH:H
IURPDWUXHODERUDWRU\H[SHULPHQW ZKHUHDOOLQIOXHQFLC
LQGHSHQG® QWO\ >

'LWKLQ WKLV TXDVL H[SHULPHQWDO IUDPHZRUN DFRPSDUDWLY
WDO WULDOVDUHFRQGXFWHG XQGHU GLITHUHQW YHVVHO FRQG
YHVVHO W\SH JHRPHWU\DQG PDWHULDO ZKLOH WKH GHSHQGH
RYHUWLPH UHFRUGHG FRQWLQXRXVO\GXULQJHDFK UHDFWLRC
FKLRPHWULFUDWLRDUHKHOGFRQVWDQWDFURVVDOOWULDOV
SDUDPHWHU YDULDWLRQ LQZKLFKVHOHFWHG YDULDEOHYV DUH



ILIHGLQ RUGHUWRLVRODVWH RGP XQQU BAODVWDLR QVKYLWWPYV H[SHL
DSSURDFKLVGHVFULEHGDVFRQWUROOLQJIRUQXLVDQFHIDFW
GLITIHUHQFHVLQ WKHUHVSRQVHFDQEHDWWUREXWHG WR WKH C

7KH QXPEHU RIWULDOV ZDV OLPLWHG E\ WKH QDWXUH RI WKH S|
WHPSHUDWXUHY LQYROYH PRO®WEBQ&®GKBVYHXNVUWH AHBHFILQDLVHG U
PHQWDQG VWULFWVDIHW\SURFHGXUHYVY SHUWULDO PDNLQJOD
ZLWKLQ WKHVFRSHRIDVI@QRQIJOH WKHVLVY SURMHFW >

%\ NHHSLQJ WKH UHDFWDQW FKDUJH FRQVLVWHQW DFURVYV WU|
GHYHORSPHQWFDQ SULPDULO\EHDWWULEXWHG WR YHVVHO UH
FRPSRVLWLRQ 7KHH[SHULPHQWDO UHVXOWVDUHXVHGWRFDO
PRGHO ZKLFKLV WKHQDSSOLHGWRLQYHVWLIJDWH WKHLQIOXFHE
WKHUPDO VWDELOLW\DQG VFDODELOLW\

,QFRPSXWDWLRQDO HQJLQHHULQJ VWXGLHV WKHFUHGLELOLMW
FRUUHFWQHVV RI WKH PRGHO EXWDOVR RQ VIVWHPDWLF SURFF
PRGHO FUHGLELOLW\ 2E®@ GNMRAIIQIXGWREHWZHHQ YHULILFDWL
LQJ WKDW WKH HTXDWLRQV DUH VROYHG FRUUHFWO\DQG YDOL
HTXDWLRQV DUH EHLQJ VROYHG ,Q WKLV ZRUN YHULILFDWLRQ
62/ PRGHO VHWXS DQG FRPSDULVRQ DJDLQVW DQDO\WLFDO KHD
DGGUHVVHG E\FRPSDULQJVLPXODWHG WHPSHUDWXUH+WLPH S

ILWHUDWXUHS5HYLHZ 3URFHVYV

7KH OLWHUDWXUH UHYLHZ ZDV FRQGXFWHG XVLQJ WKH XQLYHU
JUHIJDWHV UHVXOWYV IURP VHYHUDO DFDGHPLF GDWDEDVHV LQF
*RRJOH 6 FKRODU ZDV XVHG DV D VXSSOHPHQWDU\ VHDUFK WRR
WKURXJK OLEUDU\ FDWDORJXH VHDUFKHV DQG UHIHUHQFH WUD
LHGLWHUDWLYHO\EXWW\SLFD}OORFEQ@PHWIBDOG RKQR\S KH DWW K G K |
PLWH UHDIFQWIIRHVH SWREXPWOR/QVD EL OD QIGHUKN DFWRWU GYHHALM R O
6RXUFHVZHUH VHOHFWHG EDVHG RQUHOHYDQFHWR WKH WKHU|
0Q2 $0 V\VWHP 3ULRULW\ ZDV JLYHQ WR SHHU UHYLHZHG MRX
ZKLOVW JUH\OLWHUDWXUH ZDV XVHG RQO\ ZKHUH SHHU UHYLHZ

(WKLFDO &RQVLGHUDWLRQV

7TKHH[SHULPHQWDO ZRUN ZDV FRQGXFWHG LQD GHVLJQDWHG OL
VXSHUYLVLRQ RIH[SHULHQFHG ODERUDWRU\ SHUVRQQHO 3ULR
UHFHLYHG LQVWUXFWLRQ DQG JXLGDQFH RQ WKH VDIH XVH RI C
WHQ VDIHW\ GRFXPHQWDWLRQJRYHUQLQJ WKH XVHRIHTXLSPH



DQG IROORZHG WKURXJKRXW WKH H[SHULPHQWDO ZRUN *LYHQ
UHDFWLRQV ZKLFKLQYROYHKLJKO\H[RWKHUPLFSURFHVVHYV D

& DSSURSULDWHSHUVRQDO SURWHFWLYHHTXLSPHQW ZDV )
GXFWHGLQDFFRUGDQFH ZLWK WKH ODERUDWRU\ VDIHW\ UHJXO
VHQVLWLYH RUFRQILGHQWLDO GDWD ZHUH FROOHFWHG RU SUF

$QDO\WLFDODQG 1XPHULFDO 7TKHUPDO ORGH

&KDUJHDQG 9HVVHO *HRPHWU\ &DOFXODWLRQV

7R HQVXUH DSSURSULDWH YHVVHO GLPHQVLRQLQJDQG YHULI\
FRYHUWKHYHVVHO EDVHZKLOHDYRLGLQJRYHUILOOLQJ D 3\Wt
GHYHORSHG 7KHVFULSW ZDV XVHG DV DQ DQDO\WLFDO SUH HJ!
YHVVHO JHRPHWULHV EHIRUH SK\WLFDO WULDOV ZHUH FRQGXFV
$SSHQ@GL]

7KH WRRO FDOFXODWHV WKH VWRLFKLRPHWULHR$® GHHP D RIGRBGG
LQJ WR WKH UHGXFWLRQ UHDFWLRD@QMG HVKHM PRKD® U@ DIVAIHWV LRWQ
DOO VWRLFKLRPHWULF FDOFX @OM\VELWR RN GH g \OLLW\WH® X @ V7 XE/ ® &
FDOFXODWLRQVDUHOLVWHGLQ 7DEOH

7TDEOH ORODUPDVVHV XVHG LQ VWRLFKLRPHWULF

(OHPHQW JRUPXOD ORODUPDVV JPRO

$OXPLQLXP $0O
ODQJDQHVH 00Q
2[\JHQ 2

9DOXHV WDNHQ IUBRP +D\QHV >

7KH WRWDO $O UHTXLUHPHQW ZDV FDOFXODWHG IURP WKH FRPI
VSHFLHVY HQVXULQJDIXOO\VWRLFKLRPHWULFFKDUJH O0ODVV FF
LQSXWPDVVDIJDLQVW WRWDO SURGXFWPDVV 9ROXPHWULF FDC
OLTXLG SKDVHGHQVLWLHV OLVWHG LQ 7DEOH

_ VeHaqvH
VsprvHe——

$ FHQWUDO FRQVWUDLQW RI WKHFDOFXODWLRQLV WKDW WKH F
VWDIJHRIWKHSURFHVY 7KUHHYROXPHWULFVWDWHY ZHUH WKH



7TDEOH '"HQVLW\N\YDOXHVY XVHG LQ FKDUJHDQG YROXF

ODWHULDO 3KDVH *'HQYHW\UBHRFH

0Q 6ROLG a >+D\QH®@ @
0Q ILTXLG a >+D\QH® @
0Q2 6ROLG a >+D\QH® @
0Q2 6ROLG a >+D\QH® @
$0 6ROLG a >+D\QH@ @
$52; 6ROLG a >+D\QH® @
$0; /LTXLG a >6XQ HWD® >

a$SSUR[LPDWH YDOXH

WKHLQLWLDO SRZGHUPL[WXUHEHIRUHLJQLWLRQ WKHPROWHC(
VROLGLILHG SURGXFWV DIWHU FRROLQJ 7KLV WKUHH VWDWH F
ZRXOG FRYHU WKH YHVVHO EDVH XQLIRUPO\ WKDW WKH PROWF
GXULQJUHDFWLRQDQG WKDW VROLGLILHG SURGXFWYV ZRXOG ElI

TKHLQLWLDO SRZGHU YROXPHZDV HVWLPDWHG XVLQJAMKMWHKYVROL
DSDFNLQJDBSWRHG WRDFFRXQW IRUWKHLQWHU SDUWLFOH YF
PLIWXUHYVY DV GHILQHGLQ (TXDWLRQ

1
VsrzdHo moQZ"‘ mOQ2+m$O
002V 00Q2s $0 Vv
$SDFNLQJ IDFFMARIDRM XVHG LQ DOO FDOFXODWLRQV UHSUHVHQYV
SDFNLQJRIILQHR[LGHDQG PHWDO SRZGHUYV 7KHVDPHYDOXHL

LQ 6HFWLWR PDLQWDLQ FRQVLVWHQF\EHWZHHQ WKHWZR DQDO

7TKHYROXPHV RI WKHPROWHQDQG VROLGLILHG SURGXFWYV ZHU'
FRUUHVSRQGLQJSKDVHGHQVLWLE® DVJILYHQE\(TXDWLRQV

m0Q+ M g o2,
0Q O $92

Vo=

m m
Vy g 00, Msoz
0oQ Vv $92s

JRUHDFK ILOO VWDWH WKH FRUUHVSRQGLQJILOO OHYHO ZDV |
WKHDYDLODEOHFDYLW\YROXPH 8QGHU WKHDVVXPSWLRQRIF
LQGLYLGXDO OD\HU KHLJKWYV RI WKH PA2YWDCC00]LFKAEDVGHI DHQUHH H LK



IURP WKH FURVV VHFWLRQDO DUHD RI WKH FDYLW\ XVLQJ (TXDW

h= \Y

AF\OLQGHU

ZKHAKb dJeWWKH FURVY VHFEFWLRQDO IUHDAMK BNKRHO-PHY RIIOAMROHY & KL
FRQVLGHUDWLRQ 7KH OD\HU KHLJKNMMGHWHG'WE MHRPFA (TEDWH R
WKHODERUDWRU\ VFDOH H[SHULPHQWYV

&LUFXODULW\ORGHOOLQJ

TRHYDOXDWHWKH SRWHQWLDO IRUPDWHULDO FLUFXODULW\LC
WDWLRQDO PRGHO ZzDV GHYHORSHG LQ 3\WKRQ WR GHWHUPLQH
DQG TXDQWLI\WKH GHJ2J NI WWRSAKRGE KFPHICHLEOHDFK UXQ FRXOG FF
ZHDU 7KHUHDFWLRQ FRQVLGHUHG LV

30Q22$0 30Qr $£2

$V GLVFXVVHG LQWHFHWOQRMHUPRVW OD\HU RI WKH YHVVHO ZDOO |
LV VXEMHFW WR GLVVROXWLRQDQG FDQQRW EH UHFRYHUHG DIW
UHWDLQV LWV RULJLQDO FRPSRVLWLRQ DQG FDQ EH PHFKDQLFI
IDEULEFDWLRQRIDQHZYHVVHO 7RDEFRXQW IRU WK IS\HIUDUX®MFR Q
LVLQWURGXFHGLQWKHPRGHO $VQRH[SHULPHQWDO GDWD RQ
DYDLODEOH DW WKH WLPH RI PRGHO @30ZD \D \D\OXFHEH WRH UV S |
WR D ORVV RI RIWKHYHVVHO PDVV SHU H[SHULPHQWDO UXC
DVLPSOLILFDWLRQ DQG WKH VHQVLWLYLW\RIWKHPRGHO WR W
RQFH H[SHULPHQWDO REVHUYDWLRQV EHFRPHDYDLODEOH

6WRLFKLRPHWULF &DOFXODWLRQ

7KH FDOFXODWLRQ LV GULYHQ E\D VLQJOHMMHULBHGL@QRGITRB X
WLRQE\WKUHH ZLOO VKRZWKH SHU PROH RI 0Q2 VWRLFKLRPHW
GHULYHG

MoQ2

_ _ 2 . _ . _1
Nog2= Ngo= 3N0Q2 Noo= Noo2 Ngp2 = 3MN0Q2

M OQ2’

OXOWLSO\LQJHDFKPROHDPRXQW E\ WKH FRUUHVSRQGLQJPRO
WKHH[SHFWHG SURGXFW PDVYVHZRIGCPDI DDYN VR BNW D 0 DVQLCR$O:
EVFRQILUPLQJ WKDW WhiKyld iR W 1D OXLDOSVX WY KPHD W RV HONMRs X0 S XW P D\



O9HVVHO *HRPHWU\DQG &DYLW\ 9ROXPH

7KH YHVVHO LV PRGHOOHG DV D KROORZ F\OLQGHU ZLWK D VRO
SDUDPHWHUV mPXxWAD @A VR \RENRQMHW R P\t KOLQFGI QVHRWWHD O 7KKHHL J K W
LQQHU GLDPHWHUDQG IUHH FDYLW\ KHLJKW DUHJLYHQ E\

D.& Drxw2tu; Heps H  tp

7TKHDYDLODEOH FDYLW\ YROXPH ZKLFKFRQVWUDLQV WKH PDIJLI

D, o2
VEp¥ 7LQ Hepy

7TKHPDVYRFRQVWLWXWLQJWKHYHVVHO ERG\2ZDOOV DQG EDVI
(", # )

D D D
M FuUXFEE O8D23:s TRXW TLQ H + > ty

7TKUHH 6WDJH 9ROXPH $QDO\VLV

$VLQ WKH FKDUJH DQG JHRPHW U\ FADKOUHKHD DRV RRH \WHIE W VRVD W H \
IRUHDFK FKDUJH FRQILJX U DWAREH WRKH & DG NW GRS 2ZVBEHRR/R O W H (
SHDNWHPSHUDWXUH D Q &WXMHRIFIRROLIPG SURQX VB WLRQV
7KH FULWLFDO YROWPRH POGHIADMG QG WKH FKDUJH LV FRQVL
PHWULFDOO\ IHDVHsE WHoRQO\ ZKHQ

I1XPHULFDO 5RRW )LQGLQJ ZLWK %UHQWTV OHWKRG

7ZRFULWLFDO FKDUJHOLPLWV ZHUH GHWHUP I@ H® XIR PId Q AWIHIX
b+BTVXQTIiBKBX2R#AWKRQ ZKLFKIOREOWHW OLOQREREMUDFNHWHG L

7KH XSSHU}EQDFSZ(KD\GIRXQG E\VROYLQJ

f1(m) = Vepy Vpp(m) =0

ZKLFKLGHQWLILHVY WKHH[DFW FKDUJH PDVV DW ZKLFK WKH FUL)\
ORZHU EIRL?)?QIIBV IRXQG E\VROYLQJ

fo(m) = Mgpp, (M)~ Meuxetdbn



ZKLFK LGHQWLILHY WKH PLQLPXP FKDUJH DW ZKLFK WKH VODJ R
ORVV

60DJ5HF\FOLQJ %DODQFH

6LQFH WKH YHVVHO L) DEGELWBR W H &8 DB RR2KRQCEUIRRE XL ISHAWQMOL FD O F
VLWLRQ WKH SRVVLELOLW\RIXVLQJWKHVODJWRFRPSHQVDW!|
EDODQFHFRQGLWLRQ UHTXLUHV WKDW WKH VODJPDVV SURGXF
ULDO ORVW IURP WKH YHVVHO

Mgp2,; vopd MEUXFLEOH

$ VHOI VXVWDLQLQJUHF\FOLQJ S thBfSHmMYSL WP HHDYLLE DW K HIPQ G RR,
FKDUJH UHTXLUHG IRU VODJ EDODQFH PXVW ILW ZLWKLQ WKH FI
WKHPRGHO FRPSXWHV WKH PLQLPXP DGMXVWPHQW WR HLWKHU
UHVWRUH EDODQFH SURYLGLQJGLUHFW JXLGDQFHIRUJHRPHW

+RZHYHU WKHIXOO0O 3\WKRQLPSOHPH®WDRWRRQUADDURHLCHIE \ &
XVLQJ WKLV PRGHOIRUWKHH[SHULPHQWDO FRQILJXUDWLRQVUL

([SHULPHQWDO '"HVLJQ

7TKUHH H[SHULPHQWDO WULDOV ZHUH FRQGXFWHG WR LQYHVWL.
WLHVLQIOXHQFHWKHWKHUPDOUHVSRQVHGXULQJDOXPLQRWK
WRHQDEOHDGLUHFWFRPSDULVRQEHWZHHQWZRFRPPHUFLDO((
WHULDOVDQG D KRPH PDGHUHIUDFWRU\ YHVVHO ZKLOH NHHSL
DOO H[SHULPHQWV $QRYHUYLHZRIWKHH[SHULPHQWDO FRQIL.,

7TDEOH 2YHUYLHZ RIH[SHULPHQWDO FRQILJXUD"'

(IS 9HVVHO W\SH ODWHULD@QHU GLDP PP :DOOWKLFNQHVV PP ,QQHUKHLIKW PP %

&RPPHUFLDO 4XDUWI[L2 )
&RPPHUFLDO &HUDPLFILEUH $O VLOLFDWH
+RPH PDGH $OXPL®D $0

I+

7KH WKUHH YHVVHO W\SHVY UHSUHVHQW GLVWLQFWO\ BKHHUHQ'
TXDUW] YHVVHO ([SHULPHQW LVDGHQVH FDVW YHVVHO ZLW
VKRFNUHVLVWDQFH UDWHG IRUWKR UXNOWHDRVAWUH RO WRHFLILFL
YHVVHO LV SURYLGHG LTK$HSSHWQALF ILEUH YHVVHO ([SHULPHQ
YHVVHO ZLWK ORZ KHDW FDSDFLW\DQG ORZ WKHUPDO FRQGXFW
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