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Preface

In front of you lies my masterts thesis: 0High-strength steel: the ultimate material or expensive alter-
native?0 This thesis was written at HSM Offshore Energy in collaboration with Enersea and aimed to
show the potential of utilizing high-strength steels on topsides. The objective of the companies was to
investigate the feasibility of utilizing high-strength steel on offshore topsides and to see if the use of
high-strength steel could make them more appealing to potential clients in the future and to compete
better in the ever-changing offshore market.

During my masteris program in Offshore and Dredging Engineering, | didnit have many courses in struc-
tural engineering. However, while working on my thesis from February to December 2023, | had the
opportunity to explore the world of structural engineering and steel design. Ever since | was a young
boy, | have been fascinated with steel structures and the offshore industry, and | thoroughly enjoyed
diving into this topic for my thesis. My grandfather, who used to work for HSM Offshore Energy for a
major part of his life, played a significant role in my admiration for this industry. He shared many of his
past projects and experiences with me, and it has been an amazing experience to follow in his footsteps
during my graduation period by writing this thesis at HSM Offshore Energy. Although | cannot share
my experiences with him due to COVID-19, | am confident that he would have been proud and overly
enthusiastic to hear about my work. Therefore, | want to express my gratitude to HSM for giving me this
opportunity and to my colleagues who supported me throughout this research. | have gained valuable
knowledge about high-strength steel and steel structures in general, and | want to extend my thanks
to Enersea for providing me with the theoretical background and to Hans Driessen for his support and
expertise during the many brainstorming sessions. Finally, | would like to thank my thesis committee,
consisting of Jeroen Hoving, Andre van der Stap, and Trayana Tankova, for seeing the potential of this
research and for their guidance and thoughts about my project. | have learned a lot throughout this
journey and am excited about the possibilities that lie ahead.

| hope that my insights on high-strength steel on offshore topsides will be helpful to offshore engineers
and anyone interested in the subject. It is my sincere wish that this thesis will inspire you to recognize
the potential of high-strength steel in topsides and that the screening tool constructed in this research
can be expanded into a more accurate tool in the future to quickly estimate the expected weight and
cost reductions for every engineer. | hope you find this thesis informative and enjoyable to read.

Wout Dekkers
Schiedam, January 2024



summary

Steel is a widely used material in construction because of its availability, high strength-to-weight ratio,
and recyclability. However, steel manufacturing consumes a lot of energy, and there is an increas-
ing demand for more environmentally friendly building materials. Consequently, high-strength steel is
becoming more popular as it reduces the mass of a structure, requiring less material and easier fabrica-
tion, transport, and welding, leading to a lower carbon footprint. Although high-strength steel has been
available for many years, its use in offshore topsides is limited due to stability and deflection issues.
Recent research, mostly based on the use of steel structures in buildings, suggests that high-strength
steel can significantly reduce costs, weight, and carbon emissions. It is uncertain whether the same
benefits can be expected for offshore topsides. Additionally, engineers need an easy-to-use screening
tool in the early design stage to implement high-strength steel in their designs when the exact loadings
are still unknown.

This research aims to assess the feasibility of utilizing high-strength structural steel in offshore topsides,
and investigates how the use of high-strength steel can be optimized in topside design. First, the sit-
uations where the use of high-strength steel can be advantageous in topsides are analysed and the
components that typically makeup topsides, including their sizes, lengths, and weights, are listed. Sub-
sequently, these insights are applied to compare the feasibility of using high-strength steel to topside
structural components for seven different topsides. It is concluded that specifically beams, columns,
and bracings are worth further investigation in the context of this research.

To evaluate the beams, columns and bracings, situations from an existing topside were assessed to
see if high-strength steel is beneficial. It was concluded that high-strength steel is advantageous for
beams, especially for deck beams and main beams, while for deck stringers and cantilever beams,
it depends on the situation. For columns, it was concluded that high-strength steel shows significant
potential within the typical slenderness range of columns and bracings, but the extent of the benefits
depends on the slenderness value of the columns and bracings.

Two different screening tools were constructed to assess the feasibility of high-strength steel within an
entire topside. For beams, this method mainly relies on determining the ULS/SLS-ratio to find the tran-
sition point of a beam from strength governing towards deflection governing. For columns and bracings,
the method assumed only axial loading and used a loop in which the diameter of a high-strength steel
column was reduced until the same buckling resistance was found. It was concluded that the length of a
particular beam can tell an engineer if it is worth further investigating the potential of high-strength steel,
while columns showed potential in all cases. The methods were tested with a case study in which an
entire topside was assessed for its feasibility of utilizing high-strength steel beams and columns. Only
hot-rolled primary and secondary beams combined with the columns and bracings were considered
for this topside. When S460M steel was used for strength-governing beams and seamless tubulars,
in combination with S690Q steel for welded tubular columns, the highest benefits were found and a
maximum steel weight reduction of 15% was found for the considered components. At the same time,
the material costs were reduced by 10%, the welding costs by 13% and the embodied carbon savings
equalled 14%. When comparing these results with the total topside steel weight, 5% of the topside
steel weight was reduced by using a combination of S460 and S690 steels. It was concluded that high-
strength steel is feasible for offshore topsides and is more environmentally friendly and cost-effective,
providing a promising alternative to conventional steels within certain components on offshore topsides.

This research presents a screening tool that is simple to use and assesses the feasibility of high-strength
steel. Other engineers can easily extend this tool. As more detailed calculations are included in the
screening tool, it is expected that additional cost reductions and embodied carbon savings can be
found. Furthermore, including additional steel components in the assessment, such as plate girders,
may result in finding much higher total weight reductions.
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Introduction

000 OOfihooogg

Over the past few decades, significant progress has been made in developing various steel grades
worldwide. As of 2022, the steel industry can produce nearly 3500 different steel grades, which can be
used in various engineering applications that require specific material properties [1]. Due to its ability
to be fully recycled, its availability, and its high strength-to-weight ratio, steel remains one of the most
commonly used building materials today. However, the manufacturing of steel is very energy-intensive.
According to the European Union, by the annual global production of approximately 180 million tons of
crude steel [2], the steel industry is responsible for 7% of the global CO, emissions [3]. Therefore, the
demand for more environmentally friendly building materials is increasing.

Consequently, high-strength steels are becoming increasingly popular in the construction industry. Us-
ing high-strength steel reduces a structureis mass, requiring less material, easier fabrication, lighter
transport equipment and less welding volume. This leads to a lower carbon footprint in a structureis
construction and recycling phases, making the project more climate-friendly [4]. Additionally, high-
strength steel could reduce overall project costs as less material is required while also allowing for
smaller weld lengths. Nonetheless, despite being used for years in the automotive industry and other
industries where weight reduction is crucial in combination with an applied tensile force, such as in
the legs of offshore drilling rigs and bridge cables, high-strength steels are not yet widely used in the
construction industry. The main reason is that the increased strength leads to smaller cross-sections,
which result in more susceptibility to stability and deflection issues for the beams and columns [5].

Nevertheless, the European-funded research project 0Stronger steels in the built environmento (STROBE)
recently concluded that designing steel structures with high-strength steel up to 700M P a can be bene-
ficial within the building industry [6]. The study analyzed the performance of multiple high-strength steel
members for the ultimate and serviceability limit states and concluded that some current Eurocode 3
rules regarding high-strength steels are conservative. Amendments were made, which will be included
in the next version of Eurocode 3. According to STROBE, designing structures with high-strength steel
can lead to cost savings between 5 and 14%, weight reduction of 49%, and embodied carbon savings
up to 45%. These results demonstrate that high-strength steel has great potential for use in buildings.

00 000000000 bo0boooooy

This research is being carried out for two companies located in Schiedam that operate in the offshore
industry - HSM Offshore Energy and Enersea. HSM Offshore Energy is an integrated solution provider
for multi-disciplinary offshore projects and has been building offshore structures for over 60 years. En-
ersea, on the other hand, is an offshore engineering company that provides consultancy, production
system design and structural design. Together, they have developed a scalable range of offshore green
hydrogen platforms that are ready to be built. Both companies believe that innovation is vital for the
challenging offshore industry and are investigating ways to build more environmentally friendly and
cost-effective offshore structures. The majority of their offshore projects are located in the southern

1



4VSFPIQ HIhRMXMSR

1RUWK 6HD DQG FRQVLVW Rl ERWWRP IRXQGHG MDFNHW SODWIRUPV 7K
FDQ ZHLJK VHYHUDO WKRXVDQG WRQV DQG FRVW PLOOLRQV RI (XURV WR
(XURSH FRQVWUXFWLRQ FRPSDQLHV LQ (XURSH QHHG WR ILQG VPDUW ZC
IRUHLJQ FRPSDQLHV $GGLWLRQDOO\ (XURSHDQ JRYHUQPHQWYV UHTXLUI
ERQIRRWSULQWY ZKLFKPHDQVWKHRIIVKRUHLQGXVWU\QHHGY WR FRQW
UHVHDUFK GHPRQVWUDWHY WKH FRPSDQLHVY GHGLFDWLRQ WRLQYHVWL.
WKLV UHVHDUFK LV WR HYDOXDWH LI KLIJK VWUHQJWK VWHHO FRXOG EH D
GHWHUPLQHLIKLIJK VWUHQJWK VWHHO FRXOG PDNHWKHFRQVWUXFWLRQ
IULHQGO\DQG FRVW HIIHFWLYH ,Q WKLV ZD\ WKH\FDQ LQFUHDVH WKHLU
(XURSHDQ IDEULFDWLRQ DQG HQJLQHHULQJ RI TXDOLW\

4AVSFPIQHIhRMXMSR

+LJK VWUHQJIJWK VWHHO KDV SURYHQ IHDVLEOH DQG FRVW HIILFLHQW LQ
ZKHUH D WHQVLOH IRUFH LV DSSOLHG 7\SLFDOO\ KLJK VWUHQJWK VWHH
EHWZHHWPa DQG MPa >@ )LIJXUMOXVWUDWHY WKH GLITHUHQFHV LQ ZHLJK)
FRQYHQWLRQDO DQG KLJK VWUHQJWK VWHHOV IRUD VWHHO FRPSRQHQV
7KHILIXUH GHPRQVWUDWHY WKDW GHVSLWH WKH KLJKHU\LHOG VWUHVVH
VLIQHG ZLWK KLJK VWUHQJWK VWHHO PD\VWLOO EH FKHDSHU GXH WR WK F
XVLQJ KLIJK VWUHQJWK VWHHO UHVXOWYV LQ GHFUHDVHG ZHOGLQJ FRVW\
EH QRWHG WKDW IRU6 VWHHO SUH ZHOGLQJ KHDWLQJPXVW EH SHUIR!
WKHVH FRVW® WKH FDVH RI RQO\ D WHQVLOH IRUFH RQO\ VWUHQJWK LV F
LQFUHDVHVY WKH FURVV VHFWLRQ FDQ EH UHGXFHG FDXVLQJD UHGXFWL
FRPSRQHQWV ZLWKLQ DQ RIIVKRUH SODWIRUP GRQRW RQO\H[SHULHQFHD
IRUVWDELOLW\DQG GHIOHFWLRQV ,Q WKHVH FDVHV D UHGXFWLRQ LQ F!
GHUDQG FDXVHV OHVV UHVLOLHQFH DJDLQVW VWDELOLW\ SODVWLFLW\
LQFUHDVLQJ WKH\LHOG VWUHQJWK ZLOO QRW DXWRPDWLFDOO\UHVXOW
KLJK VWUHQJWK VWHHO VKRXOG EH DQDO\WHG FDUHIXOO\

JLIXUH &RVWYV ZHLJKWV DQG ZHOGLQJFRPSDULVRQ EHWZHHQ GLIIHUHQW VWH

7TKHUHVXOWV RI@ VIR WKDW HYHQ ZKHQ WKHVH SUREOHPV DULVH KXJH I
ZKHQ XVLQJ KLJK VWUHQIJWK VWHHO 7KH UHVHDUFK RI6752%( IRFXVVHG
WKH\FRQFOXGHG WKDW VRPH VWUXFWXUDO FRPSRQHQWYV ZLWKLQ D EXL(
KLIK VWUHQIJWK VWHHO VXFKDVKHDYLO\ORDGHG FROXPQV ORQJ VSDQ
WLRQ WUDQVIHU EHDPV DQG EHDPV ZLWK ODUJH ZHE RSHQLQJV 7KH 67!
EHDP OLNHFURVV VHFWLRQV VXFKDVVWDQGDUG + EHDPV |, EHDPV RU SC
RXVUHVHDUFKDOUHDG\SURYHG WKDW WKH\FRXOG HFRQRP@F EX®A UHSO
WKDW WKLV LV UHVWULFWHG E\ZHE EXFNOLQJ SDUWO\FDXVH@®E\ FRQVH!
+RZHYHU RIIVKRUHVWUXFWXUHY FRQVLVW RIQRWRQO\EHDP OLNH VWU X
FRPSRQHQWY 7XEXODU FRPSRQHQWV DOORZIRUOLJKWHU  VWUXFWXUHYV
LQFUHDVH LQ WKH UDG®@ X VHR/ISIM WHWMIKRHNYH WASHYV RI PHPEHUV EHLQJ PRUH |
LQFUHPHQW LV WDFNOHG E\ WKH UHGXFWLRQ LQ ZHLJKW RQ WKH WRSVLG
KDYHDOVR SURYHQ EHQHILFLDO IRU YHU\ VWRFN\ FR O Xa QG/HAKSH WHHBEX Ik D\
WKH FXUUHQW GHVLJQ UXOHV DOVR VKRZH@ WRKHN NV RRQFFROXWH. &R QI WILKYRYZ



6IWIEVGLWGSTIERHEMQ

XVLQJ KLJK VWUHQJIJWK VWHHO LQ VWHHO VWUXFWXUHV KDV UHDO SRWH
IRFXVHG RQ FDVH VWXGLHV LQ EXLOGLQJV UDWKHU WKDQ KRZ PXFK FRXO
FRPSRQHQWY )RURIIVKRUH HQJLQHHUV LW LV XQFOHDU LI WKH\FDQ H[S

)XUWKHUPRUH RIIVKRUH SODWIRUPV DUH GHVLJQHG WR DFFRPPRGDWH V
WKH VL]H DQG OHQJWK RI WKH EHDPV 7KH SURFHVV RI VWUXFWXUDO HQJ|
RQ H[SHULHQFH ZLWK FRPSDUDEOH GHVLJQV RIWHQ XVHG DV D VWDUWLG
QRW D VWDQGDUG SURFHVV DQG YDULHV IURP HQJLQHHU WR HQJLQHHU G
HQFH® 7KLV PHDQV WKDW FRQFHSWXDO RIIVKRUH VWUXFWXUHV DUH LQL
FURVV VHFWLRQV DQG OHQJWKV EDVHG RQ H[SHULHQFH EHIRUH NQRZLQJ
ZKHWKHU KLJK VWUHQJWK VWHHO LV VXLWDEOH IRUVXFK D GHVLJQ DSSU
LWV IHDVLELOLW\EDVHG RQO\RQ WKH FURVV VHFWLRQDQG OHQJWK RIDF
RQDPHPEHU 6XFKDPHWKRG KDV QRW EHHQ IRXQG LQ SUHYLRXV OLWHUL

6IWIEVGLWGSTI ERHEMQ

7KLV UHVHDUFK DLPV WR LQYHVWLIJDWH ZKHWKHU XVLQJ KLIK VWUHQJWk
IHDVLEOH HYHQ ZLWKRXW NQRZLQJ WKH H[DFW ORDGLQJ 7\SLFDOO\ IDW
GLDPHWHU RI WKH VXEVWUXFWXUHTVY VWUXFWXUDO FRPSRQHQWY ZKLFK
EH VLIQLILFDQW EHQHILWY RQ RITVKRUH VXEVWUXFWXUHVY 7KHUHIRUH \
VFRSHRIWKHWRSVLGH 7KHSXUSRVHRIWKLVUHSRUWLVWRSURYLGH HC
RI WKH SRWHQWLDO DGYDQWDJHV RI XVLQJ KLIJK VWUHQJWK VWHHO RQ R
WKHIROORZLQJUHVHDUFK  TXHVWLRQ

, VLWIHDVLEOH WR XVH KLJK VWUHQJWK VWUXFWXUDO VWHHO LQ RIIVKRL
KLIK VWUHQIJWK VWUXFWXUDO VWHHO LQ WRSVLGH GHVLJQ EH

J)LIXUHDVKRZV DQ H[DPSOH WRSVLGH EXLOW E\ +60 2IIVKRUH (QHUJ\ 6WI
DSSUR[LPDWH WKH ZHLJKW GLVWULEXWLRQ DQG WKLV GLVWUEEXWLRQ L
$V WKLV UHVHDUFK RQO\ IRFXVHVY RQ WKH VWUXFWXUDO VWHHO VFRSH RI
GLDJUDP WKDW WKLV UHVHDUFK IREXVHY RQ ZH LRIKWKWHHVE X W\ DRS® IIRWI R U P
$VVXPLQJ WKH PD[LPXP ZHLJKW UHGXFWLRQ SHUFHQWDJH FRQFOXGHG E\
UHGXFWLRQRIDSSUR[LPDWHO\ WRQQHV DWRWDOWRSVLGHZHLJKW UF
DPRXQW LWLV QRWH[SHFWHG DVPDQ\VWHHO FRPSRQHQWVY FDQ QRW EH
WR GHIOHFWLRQ OLPLWDWLRQV

D%RUNXP 5LITJUXQG EXLOW E\ +60 2I1IVKRUH (QHUJ\ ZHLJKLQJ
WRQQHV LQ WRWDO E6DQNH\GLDJUDP RI ZHLJKW >WRQQHV@ GLVWULEXWLRQ EDVH

JLIXUH 7\SLFDO ZHLJKW IORZFKDUW IRU RIIVKRUH SODWIRUPYV



6IWIEVGL QIXLSHSPSK]

6HYHUDO VXE TXHVWLRQVDULVHIURP WKLV :KHUHDQG ZKHQ HI[DFWO\ LV
DUH WASLFDO PHPEHUV VSDQVDQG FURVV VHFWLRQV ZLWKLQ WKH GHVLJ
FRQFOXGHG ZLWKRXW NQRZLQJWKH H[DFW ORDGLQJRQ VWUXFWXUDO FR
WKHRYHUDOO WRSVLGH ZHLJKW FRVWV DQG HPERGLHG FDUERQ VDYLQJ\

6IWIEVGL QIXLSHSPSK]

,QRUGHU WR DQVZHU WKH PDLQ UHVHDUFK TXHVWLRQ DQG LWV VXE TXH)
QHHGHG )LUVWO\ D GHVN VWXG\LV UHTXLUHG WR HYDOXDWH WKH VLWX
DGYDQWDJHRXV RU GLVDGYDQWDJHRXV IRU VWUXFWXUDO FRPSRQHQWYV
DQDO\]HWKH SUHYLRXV UHVHDUFK GRQH LQ WKLY DUHD $GGLWLRQDOO\
ZKLFK VWUXFWXUDO FRPSRQHQWYV DUH FRPPRQO\ XVHG LQ WRSVLGHV DQ!
FRPSRQHQWV DUH 6HFRQGO\ VLQFH WKH VL]JHVDQG OHQJWKV RIVWUXFW
DFRPSDULVRQ VWXG\ LV UHTXLUHG WR FRPSDUH WKH H[LVWLQJ OLWHUD
IRUPV SUHYLRXVO\EXLOWDW +60 7KHREVHUYDWLRQVDUHFRQGXFWHG Z
EXLOWRQ +60DQG WKHLU ZHLJKW UHSRUWY )J)URP WKLV FRPSDULVRQ WKHI
DPRXQWV RIFRPSRQHQWV FDQ EHFRQFOXGHG 2QFH WKHW\SLFDO UDQJH
EHFRQVWUXFWHG WRDVVHVV WKHIHDVLELOLW\RIXVLQJKLIJK VWUHQJIWI
DFKLHYH WKLV D ORDG UD WILRGHHLLIQHBURGXFHG DQG VPDOO FDVH VWXG
HOHPHQW DQDO\WVLV RUQXPHULFDO FDOFXODWLRQV ZLOO EH XVHG WR WH
WKHILQLWH HOHPHQW DQDO\VHV LV 5)(0 DQG 3\WKRQ LV XVHG IRU WKH (
WKHFRQVWUXFWHG PHWKRG ZLWK WKH WA\SLFDOUDQJHV FDQ GHWHUPLQF
IRUWKH W\SLFDO UDQJHV RI WRSVLGH VWUXFWXUDO FRPSRQHQWYV /DVW
FDVH VWXG\ ZLOO EH SHUIRUPHG IRUDQ H[LVWLQJ WRSVLGH WR LQYHVWI
VWHHOLQDQHQWLUH WRSVLGHDQG WR VHH ZKDW WKH HIITHFWV DUHRQ W

IHYHUWKHOHVY WKLV UHVHDUFK ZLOO KDYH VRPH OLPLWDWLRQV 7KH Q
WRSVLGHPDNHLWFKDOOHQJLQIJWRPDNHIHQHUDOL]DWLRQVDERXWDOO
FRPPRQO\VIRXQG FRPSRQHQWYV FDQ EHDVVHVVHG ZKLOHVSHFLILF VWUXF
SHGHVWDO DUH QRW LQFOXGHG LQ WKLV UHVHDUFK $W WKH VDPH WLPH
DOVR EHUHSODFHG ZLWK KLJK VWUHQJIJWK VWHHO 7KXV WKH UHVXOWYV F
DOO FRPSRQHQWYV DUH FRQVLGHUHG ORUHRYHU DV JHQHUDOL]DWLRQ L
WRSVLGHH[DPSOHVDUHDVVXPHGWREHGHVLIQHGIRUWKHLUIXOOFDSDI
JXUWKHUPRUH LWLV ZRUWK QRWLQJ WKDW GHWDLOV VXFKDV FRQQHFWL
XVHG +RZHYHU WKLV UHVHDUFKRQO\SURYLGHV JHQHUDOL]HG FRQFOXYV
SHUIRUPHG IRUWKHVH FRQQHFWLRQV /DVWO\ LWLV LPSRUWDQW WR W|
DVWUDQVSRUWDWLRQ LQVWDOODWLRQ DQG MDFNHW GHVLJQ ZKHQ XVL
FRVWDQG ZHLIJKW UHGXFWLRQ 7KHVH IDFWRUV DUH RQO\LQFOXGHG DV
WKLV UHVHDUFK

6ITSVX SYXPMRI

7KLV UHSRUW LV RUJDQL]HG LQWR VHYHUDO FKDSWHUV VHIOH K ZW WHKQDW S
VWDWHRIWKHDUW RIKLJK VWUHQJWK VWHHO ZLOO EH GLVFXVVHG DQG V
DOUHDG\EHHQ GRQHRQKLJK VWUHQJWK VWHHO LWVEHQHILWYV DQG WKF
E\SHUIRUPLQJ D OLWHUDW XUW® O HYLIVHFX V&KW SSLADO WRSVLGH FRPSRQHQ\
LQWR WKH OLWHUDWXUH IRU NH\ ILJXUHV DQG VHFRQGO\ E\DVVHVVLQJ
2IIVKRUH (QHUJ\ 7KLV FKDSWHU ZLOO FRQFOXGH E\ GLVEXVVLQJ ZKLFK
IXUWKHU UHVHDUFK DQG ZLOO SURYLGH W\SLFDO VL]HV | W QMK HRAXNFRP SF
RQ WKH LQGLYLGXDO VWUXFWXUDO FRPSRQHQWY DQG ZLOO H[SODLQ KR2Z
VWHHO ZLWKRXW NQRZLQJ WKHZH[ODEWRRQ GYS @BEDSWRIZ D JHQHUDOL]HG
FDQ EH XVHG WR DVVHVV DQ HQWLUH WRSVLGH IRU LWV IHDVLELOLW\ RI X
ZLOO XVH WKLY PHWKRGRORJ\ WR SHUIRUP D FDVH VWXG\ WR HYDOXDW
VWUHQJIJWK VWHHO )ZRDO GL \BAXDOSMMKH DVVXPSWLRQV DQG UHVXOWYV RI V
DFRQFOXVLRQ E\DQVZHULQJWKH UHVHDUFK TXHVWLRQ



, MKL WXVIRKXL WXIIP WXE)X

7KLV FKDSWHU SUHVHQWYV D OLWHUDWXUH UHYLHZ RQ WKH FXUUHQW VWD

H[SODLQV WKH PHWKRGV XVHG WR SURGXFH KLJK VWUHQJWK VWHHO D
GHYHORSPHQWYV SSWHEEYWIGRHY D EULHI GLVFXVVLRQ DQG VXPPDU\ RI WKH PF
FDO SURSHUWLHV RI VWHHO D QG M- E.RIUDDIWHHFWR/Q BWKRHWVHLR@QVLGHUDWLRQ
FRQVLGHUHG ZKHQ GHVLIJQLQJ VWUXFWXUHYV ZLWK KLJK VWUHQJWK VWHF
XVLQJKLIK VWUHQJIJWK VWHHO 16Q V RXNAVWHWXW KN DerHDRVW DREEQ OL W\ FXUUHQW
PHQWDO LPSDFW RI KLJK VWUHQJW K XMHHO ] HVOWIOKW P RAHWWRBRUWDQW F
IURP WKH OLWHUDWXUH UHYLHZ

AVSHYGXMSR TVSGIWWIW

+LJK VWUHQJWK VWHHO KDV EHHQ ZLGHO\ XVHG LQ WKH RIITVKRUH LQGXV\
OHJV RI D MDFN XS VXEPDULQHVY HWF DUHDOO JRRG H[DPSOHV RI VSH|
KLIK VWUHQIJWK VWHHO 1RQHWKHOHVV KLIJK VWUHQJWK VWHHO LV QRYV
2 TVKRUH VWUXFWXUHV WA\SLFDOO\UHTXLUH VWHHOV ZLWK KLJK\LHOG VYV
HUWLHYV DQG JRRG ZHOGDELOLW\ 7KDQNV WR PRGHUQ IDEULFDWLRQ SU
YHORSHG ZLWK WKHVH UHTXLUHG SURSHUWLHYVY %\ DGGLQJ DOOR\HOHP
SURFHVVHVY QHDUO\ GLITHUHQW W\SHV RI VWHHO FDQ EHPDQXIDFWXU
SURSHUWLHWRZBGD\V ZHOGDEOH KLJK VWUHQJWK VWHHO LVDYDLODEOH
RQ WKHLU KHDW WUHDWPHQW SURFHVYV QRUPDOL]JHG UROOHG 1 WKHU
DQG WHPSHUH® 4)LJXUWHKRZV WKH KLVWRULFDO GHYHORSPHQW RI WKHYV
FHVVHV DQG WKH FRUUHVSRQGLQJ VWHHO JUDGHYV PDQXIDFWXUHG ZLWK
FDQ EH VHHQ IURP WKH ILJXUH KLJK VWUHQJWK VWHHO ¥ X0W Z BDOGHPL\ D
WKHVH YHU\KLJK VWUMRaWMKHVI{HHBY FRPSOLFDWHG ZHOGLQJ SURFHGXU
LQFUHDVHVY WKH IDEU@FDWHRIQIRRWWW KLY UHVHDUFK IRFXVHV RQO\RQ VV

JLIXUH +LVWRULFDO GHYHORSPHQW RI@ROOHG VWHHO SURGXFWYV >



I1IGLERMGEP TVSTIVXMIW

JLIXUHVKRZV WKH SULQFLSOHV RI WKH GLITHUHQW SRVW KHDWLQJ SURFH
PDOLIJHGUROOLQJSURFHVV ZKLFKLQYROYHV KRW URCO.®QE WEH VWHHO D
DQG WKHQ FRROLQJ LW ZLWK DLU 7KLV SURFHVV SURGXFHY VWHHOV ZLW|
UHTXLUHPHQWY DQG D PD[LPXMRaAaHO@Q VWWILHRDWORON EHA@ FKREMWEHOHVV
WKH LQFUHDVH LQ VWUHQJIJWK LV DFKLHYHG WKURXJK KLIJIKHU DOOR\ SHL
ZHOGDELOLW\IRU KLIKH&® \LHOG VWUHVVHYV >

,WLVDOVRSRVVLEOHWRPDQXIDFWXUHVWHHOV XSWR®6 XVLQJWKHUPR
SURFHVVLQYROYHV FRQWUROOHG KRW UROOLQJIROORZHG E\FRQWUROC
FURVWUXFWXUH 7KHILQH JUDLQHG PLFURVWUXFWXUHLQFUHDVHV WRXJ
DOOR\LQJ HOHPHQWYV VXFK DV YDQDGLXP DQG QLRELXP FDQ EH DGGHG W
VWUHQJWK 8VLQJWKH 70&3 SURFHVV VWHHO WHQGV WR KDYH ORZHU DC
ZHOGDEL@O@LWUVWKHUPRUH SUHKHDWLQJ WKLFNHU SODWHYV FDQ EH UHGX
DOOR\LQJ FR@WHQWYV >

J)LQDOO\ TXHQFKHG DQG WHPSHUHG VWHHOV KDYH WKH DELOLW\WR DFKL
WRGD\fV PDUNHW FRPPHUFLDOO\DYDLODEOH TXHQFKHG DQG WHPSHUH(
WR MPa 7KLV KHDW WUHDWPHQW SURFHVV DLPV WR SURGXFH D PLFURVW
PDUWHQVLWH 7R SUHYHQW WKH IRUPDWLRQ RI VRIWHU PLFURVWUXFW X1
GHJUHHV WR OHVV WKDQ GHIJUHHV ZLGVKLQY KIXVWIBHOAZ VHRERD GRROHG
ZRXOG EH YHU\VWURQJ EXWDOVR YHU\EULWWOH 7R UHJDLQ WRXJKQHV\
WHPSHUDWXUHDQG WKHQ FRROHG DW D VORZHU UDWH $OWKRXJK WKHVH
VWURQJ WKH\DUH PRUH FKDOOHQJLQJ WR ZHOG GXH WR WKHLU KLJKHU |

WHQWw >

JLIXUH 6 FKHPDWLF VLPSOLILFDWLRQ RI V& HHOPDNLQJ SURFHVVHYV >

1IGLERMGEP TVSTIVXMIW

7KHFRPELQDWLRQ RIWKHFKHPLFDO FRPSRVLWLRQRIVWHHO DQG WKH DS
GLITHUHQW VWUHVYV VWUDLQ FKDUDFWHULVWLFV IFRRPBWHH®Y W KHWRVYJTHUA
VWUDLQ FXUYHV RI FRQYHQWLRQDO 6 DQG 6 VWHHO ZLWK WKRVH RIt
6 7KH VWUHVY VWUDLQ FXUYHVY FDQ EH GLYLGHG LOQWR WKUHH VWDJF
GHILQHG E\ WKH <RXQJTV PRGXOXV LQ WKH HODVWLF UDQJH XS WR WKH \
SODVWLF UHJLRQ ZKHUH VWUDLQ KDUGHQLQJRFFXUV XS WR WKH XOWLPD
QHFNLQJRFFXUV XQWLO WKHPDWHULDO XOWLPDWHO\IUDFWXUHV $0WK
\HDUV IRU VWUXFWXUDO VWHHOV DQG UHDOLVWLF PRGHOV WR UHSUHVHC
WKH\HDUV PRVWH[SHULPHQWDO GDWD LV REWDLQHG IUWMFPFRWHMAMWGDWD |1
GDWD IRU KLIKHU VWUHQJWK VW KH X WVUHH O QWLY HWOH DUPKWHGIRUPHG E
> @DQG :DQJH®W DDPHG WR ILOO WKLV JIJDSLQ WKHOLWHUDWXUH



I1IGLERMGEP TVSTIVXMIW

JLIXUH 6WUHVV VWUDLQ FXUYHV IRUGRIIHUHQW VWHHO JUDGHYV >

7TKHUHJXODWLRQV SUHVFULEHPLQLPDOUHTXLUHG\LHOG VWUHQJWKYV IRL
QRWH WKDW WKHUHTXLUHG\LHOG VWUHQJIJWK UHGXFHV ZLWK WKLFNQHV\
HOHPHQWYV TOHDEXWWUDWHY KRZ WKHPLQLPXP UHTXLUHG\LHOG VWUHQJW
WKLFNQHVV IRU QRUPDOLIHGDQG WKHUPRPHFKDQLFDOO\UROOHG VWHH!
WKH ZHOGDELOLW@RI WKH VWHHO >

7TDEOHOLQLPDO UHTXLUHG\LHOG VWUHQJWK DW URRP WHPSHUDWXUH RI QRUPDOL]JHG DQGV
VWUXFWXUDO VWHH@VD QIG (1 > @

OLQLPXP UHTXLUHG\LHOG VWUHIQJWK
6WHHO JUDGH >03D@
> > > > > > >
1 0
6 1
6 O
6 1
6 O

JURP ILJXUHW LV FOHDU WKDW KLJKHU VWUHQJWK VWHHOV KDYH D ORZH
ZKHUH WKH IUDFWXUH RFFXUV GHFUHDVHV 'XFWLOLW\ LV LPSRUWDQW |
XQH[SHFWHG SODVWLF VWUDLQV $FFRUGLQJWR WKH PHWKRG XVHG E\ W
IRUGXFWLOH IDLOXUH PRGHY @KRBX¥EUQWMWRBHUDFWXUH LV QRW DOORZF
FLUFXPVWDQFH FHUWDLQ GXFWLOLW\UHTXLUHPHQWY IRUPDWHULDOV D
LQFOXGHG LQ WKH PDWHULDO SURSHUWLHV UHTXLUHPHQWY 'HVSLWH WK
GXFWLOLW\ WKHVWUXFWXUDO GHVLJQ RIVWUXFWXUHV ZLWK KLJK VWUH
WR 6752%® >

JLIXUH %ULWWOH IUDFWXUH D@G GXFWLOH IDLOXUH >



JRKMRIITIVMRK GSRWMHIVEXMSRW

I1HYHUWKHOHVV WKH VWUHVYVY VWUDLQ FXUYHV DUH DIITHFWHG E\ WHPSHL
WHULDO FDQ IDLO DEUXSWO\ EHIRUH UHDFKLQJ WKH \LHOG VWUHVV GXH
FRQVLGHUDWLRQ IRU WKH RIITVKRUH LQGXVWU\ ZKLFK RSHUDWHYV LQ YHI
PHDVXUH RID PDWHULDOTYV UHVLVWDQFH WR FUDFN SURSDJDWLRQDQG L
EULWWOH IUDFWXUH DW VSHFLIL®®XWVPWHD WX UVHWVH YIDDXIUHWLRQ LQ W\SL|
HOHUJ\ ZLWK WHPSHUDWXUH IRU GLITHUHQW VWHHOV 7KH JUDSK GHPRQ)
6 VWHHO KDVVXSHULRUIUDFWXUHWRXJKQHVV SURSHUWLHV FRPSDUHG
DQG WHPSHUHG VWHHOV WKH IUDFWXUH WRXJKQHVV LV VRPHZKDW ORZ}F
LPSURYHV DW ORZHU WHPSHUDWXUHV

JLIXUH &KDUS\9 WHPSHUDWXUH WUDQVLWLR@FXUYHV IRU GLITHUHQW VWH

$V SUHYLRXVO\GLVFXVVHG WKHSURSHUWLHV RIWKHPDWHULDO FDQ EH
VWHHO DQG WZHDNLQJ WKH SURGXFWLRQ SURFHVY 7R JXDUDQWHH VDIH
UHTXLUHPDWHULDO FHUWLILFDWHV WKDWGHWHUPLQHWKHPLQLPXPYDO
WKHQ XVH VWHHO WKDW KDV WKH QHFHVVDU\ SURSHUWLHV IRU WKHLU SU
YDOXHV LV WKDW WKH\JXDUDQWHH ZHOGDELOLW\DQG VDIHW\ DOORZLQ.
VWHHO VWUXFWXUHY ,QFRQFOXVLRQ VWHHO ZLWK KLIKHU VWUHQJWK F
DQG GXFWLOLWN\UHTXLUHPHQWY $OWKRXJK GXFWLOLW\LVY OHVV FRPSDU
GRHV QRW OLPLW WKH GHVLJQ RI KLIK VWUHQJIJWK VWHHO VWUXFWXUHYV

VWHHO LV WKDW LW PD\ OHDG WR GHIOHFWLRQ LVVXHVY DV WKH <RXQJTV |
\LHOG VWUHVYV

JRKMRIITVMRK GSRWMHIVEXMSRW

7KLVVHFWLRQ VXPPDULVHVY HVVHQWLDO IDFWRUV WR FRQVLGHU ZKHQ XV
GHVLJIJQV )LUVW WKH GHVLJQ UXOHV DFFRUGLQJ WR (XURFRGH IRU EH
SDUDJUDSKD/QG UHVSHFWLYHO\ 7KHVH SDUDJUDSKV DOVR FRYHU UHO
ILQGLQJV KLIJKOLIJKWLQJWKH GLIITHUHQFHY EHWZHHQ FRQYHQWLRQDO V
WKH ZHOGLQJ RI KLJIK VWUHQJWK VWHHO LV GLVFXVVHG DQG FRPSDUHG

JXUWKHUPRUH VKRUW GLVFXVVLRQV RI KLJK VWUHQJWK VWHHO IDW
GLVFXVVHG LQ SDUDJUD®KsY UHVSHFWLYHO\

7TXEXMG FIEQ VIWMWXERGI
6WDWLFDOO\ORDGHG EHDPV DUH QRUPDOO\ FKHFNHG IRUWZR GLITHUHQV
WKHVHUYLFHDELOLW\OLPLW VWDWH 7KHVHOLPLWVWDWHYV YHULI\LID YV
SKHQRPHQD 8/6 DQG WKDW LW SHUIRUPVY SURSHUO\ WKURXJKRXW LWV O
GHIOHFWLRQ 6/6 7\SLFDOO\ WKH FKHFN IRU WKH 8/6 FRQVLVWYV RI D URW
FODVVLILFDWLRQ DVKHDUIRUFHFKHFNDQG D EHQGLQJ PRPHQW UHVLVW



JRKMRIITIVMRK GSRWMHIVEXMSRW

7R FKHFN LI VWDWLFDOO\ ORDGHG EHDPVY KDYH HQRXJK URWDWLRQ FDSD
GLITHUHQW FURVV VHFWLRQ FODVVHV ZEOBKDUHRYVKRZ Y HRWLERQYVHKDYH
URWDWLRQ FDSDFLW\ ZKLOH ORFDO EXFNOLQJ ZLOO RQO\ RFFXU DIWHU
FURVV VHFWLRQV FDQ IRUP SODVWLF KLQJHV ZLWKRXW UHGXFWLRQ RI WK
FDQ EH XVHG WR FDOFXODWH WKH EHQGLQJ PRPHQW UHVLVWDQFH &OD\
SODVWLF PRPHQW UHVLVWDQFH EXW FDQQRW IRUP SODVWLF KLQJHV GXI
EXFNOLQJZLOO RFFXUPXFKVRRQHU &0DVV FURVV VHFWLRQV ZLOO H[S
GHYHORS SODVWLF PRPHQW UHVLVWDQFH )RU WKLV FURVV VHFWLRQ FO
)LQDOO\ FURVV VHFWLRQLQFODVV GRQRWKDYHHQRXJKUHVLVWDQFHTI
WKH\LHOG VWUHVV LV UHDFKHG 7KLV ODVW FURVV VHFWLRQ FODVV LV V
DSSOLFDWLRQYV

JLIXUH &URVV VHFWLRQ EHKDYLRXU LQ EHQGLQJDFFRUGLQJWR (XURFRGH

JRU KLIKHU VWUHQJIJWK VWHHOV WKH VXVFHSWLEIR IGHHWHR PIRFHD O EX RN
VHFWLRQYVDELOLW\WR UHVLVW ORFDO EXRKNPK ©D Q( EH FFPROGE O 0WHVGDZILD/
WLRQ+RZHYHU WKLVIDFWRUFDQRQO\EHFDOFXODWHGIRUVWHHOJUDGF
VWDQGDUGY SURKLELW SODVWLF GHVLJQ IRU KLJK VWUHQJWK VWHHOV J
VHDUFK SURYHG WKDW SODVWLF GHVLJQ LV DOVR | KD \$LCEFOMK R UGK WG V ¥V U
VXIJIJHVWY FKDQJHV WR WKH FXUUHQW FURVYV VHFWLRQ FODVVLILFDWLRQ
VWXG\FRQFOXGHV WKDW WKH FODVV OLPLWV I IRUWRK B QCDWKHVY MERAP®G E
LWV VKRXOG EH FKDWBH®MIRPVXIILFLHQW URWDWLRQ FDSDFLWLHV RFFXU
OLPLWV IRU FODVV 7KH OLPLWV IRURWKHU FODVVLILFDWLRQV DUH VXI
DQG FDQ EH HIWHQGHG IRU XVH XS WR 6 VWHHO 7KHVH QHZ OLPLWDWL
WKHQHZHVW YHUVLRQ@ IRPNRRRGODY¥WLF DQDO\VLY SRVVLEOH IRU KLJK

$FFRUGLQJWR (XURFRGH ODWHUDOO\UHVWUDLQHG EHDPVFDQEHDVVH
DQG GHIOHFWLRQ FKHFN RQO\ I VKHDU IRUFHY DUH DVVXPHG WR EH QH
VXEMHFWHG WR XQLD[LDOO\ EHQGLQJ WKkl GRIVWKMH FHRGE VQWHFRHMLR/QV P
GHWHUPLQHG E\ RIKDAHFHOGLQJ RQ WKH FURVVY VHFWLRQ FODVVLILFDWIL

Wpl;min 1:y
M 0

Wel;min fy
M0

7KH PHPEHU QHHGV WR VDW.IQVRUGHKWD WRRP YH VXIILFLHQW UHVLVWDQFH
HTXDWLRVR KDYH VXIILFLHQW UHVLVWDQFH DJDL QMW GHSOHFWQ RQYW K B
GHVLJQ YDOXH RI WKH EHQGLQJ PRPHQWSIUH& HQ WMV X\DKHLEBIOHFWLRQ Z|
FDOFXODWHG ZLWK VWDQGDUG GHIOHFWLRQ IRUPXODV RU ZLWK ILQLWH F

Mc;Rd

M c;Rd
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MEq

1.0
M c;Rd

1.0
max
1RQHWKHOHVY WKHVKHDUIRUFHFDQQRWDOZD\VWVEHQHJOHFWHG DQG W
LW ZKLFKLV GRQH ZLMWXWRNXPWYR®I DQ HODVWLF DQERO\W MK H @ WKILYQH T X
YDOXH RI WKH ORFDO VKHDUxYWDRWH CGKWMDOXBHG IRU, DQG + EHDPV ZL
,Q WKLV HVXDWMRKH GHVLJQ YDOXH RI WK B & HDUWHIWKAMDDAOG RI WKH ZH
DQGIODQJH UHVSHFWLYHO\

7KH LQWHUDFWLRQ EHWZHHQ EHQGLQJ DQG WKH VKHDU IRUFH LV DQ LPS
DQDO\VLV LV XVHG D FULWHULRQ IRUD VWDWH RI SODQH VWUHVV IURP 9
HODVWLF DQDO\VLV LV VKRZQLQ HTXDWLRQ

fy

M 0

"KHQ WKH SODVWLF DQDO\VLV LV XVHG DQG VKHDU DQG EHQGLQJ DUH ER"
VKRXOG EH UHGXFHG WR DOORZ IRU WKH SUHVHQFH Rl WKH VKHDU IRUFH
IRUORZYDOXHV RI WKH VKHDU IRUFH DQG WKHUHIRUH WKHEHQGLQJUH
Veq > 05Vpra 7KH SODVWLF VKHWDUHFDIQVEMDRFGIFXODWHG QWK ARKQW LR Q
QHFHVVDU\ WKH UHGXFHG GHVLJQ PRPHQW UHVLVWRQFRUWNEWDYLRYE |
LQ ZKLF®Veq/ Voirg  1)2

von mises — 2+3 2

_ A" 3)
MO0
A2 f
Moveq = W w Y
y;V;rd phy 4tw 0
,IEHDPV ZRXOG EH ODWHUDOO\ XQUHVWUDLQHG WKHEHQGLQJPRPHQW U
WLRQ S5SHFHQW UHVHDUFK SURYHG WKDW WKHVH FXUUHQW GHVLJQ UXOHV
DUH FRQVHUYDWLYH IRU KL&K VWIUHIQI WEKL\QONIBEW WR WKH UHGXFWLRQ R
WKDW RFFXU ZLWK LQFUHDVLQJ VWHHO VWUHQJWK 7KHUHVHDUFK KDV FF
ODWHUDO WRUVLRQDO EXFNOLQJKDYH WKH SRWHQWLDO IRULPSURYHPH
8 s 9
2g|, < k 21w, (KL)*Gl, =

= C-——2 — + 2 2L (Cpzg)® C
YKDZ 2 ke 1, 2gr, T(Cem) Cong

Vpi:rd

Mer

+\EULG SODWH JLUGHUY DUH DQRWKHU LQWHUHVWLQJ GHYHORSPHQW LC
UHVHDU®KKDYV VKRZQ WKDW E\ XVLQJ KLJK VWUHQJIJWK VWHHO IODQJHV

ZHEV WKHFRVWV FDQEHUHGXFHG E\ XS WR 1 H @HRONDKL P 6l G \DVV R B IR Z\KKCHA
OHVVHU FRVW EHQHILW RI RQO\ IRUK\EULGJLUGHUV ZLWK 6 EXW FF
ZLWK IODQJHV RI1 6 $GGLWLRQDOO\ WKHVH 6 DQG 6 KV\EULG SODW &
VDYLQJV RI DQG UHVSHFWLYHO\ DORQJZLWK HPERGLHG FDUERQ VD

,WLVHYLGHQW WKDW XVLQJ KLIJIK VWUHQJWK VWHHO FDQ EH DGYDQWDJt
EHFRPHV D VLIJQLILFDQW LVVXHDQG DIITHFWV EHDP GHVLIJQ HDUOLHU 7KF
EHDPV UHTXLUHV D FDUBIX®FBRYGRDBKVR 6752 %@L WHACHDIREKQS WKDW O
VSDQ URRI WUXVVHYV WUDQVIHU EHDPV DQG EHDPV ZLWK ODUJH ZHE RSt
XVLQJ KLIJK VWUHQIJWK VWHHO SURYLGHG WKH\DUH QRW OLPLWHG E\ GH|
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TXEXMG GSPYQR VIWMWXERGI
.l D PHPEHU LV VXEMHFWHG WR D[LDO FRPSUHVVLRQ VXFK DV D FROXPQ
DFFRUGLQJWR HT,XQDWHKIRQH N LW MRKH GHVLJQ YDOXH RIWKH D[LDO FRPSUF
Ners LV WKH GHVLIQ UHVLVWDQFH RI WKH FWRY WL W B FWIHR@ALRUHBGRRS UH VV L
IRUFURVV VHFWLRQ FODVV DQG +RZHYHU PHPEHUVLQFRPSUHVVLR!
EXFNOLQJDFFRUGLQJ WR HRKERMIRWKH GHVLIQ EXFNOLQJ UHVLVWDQFH
LV WKHJRYHUQLQJIDLOXUH PHFKDQLVP IRUVWHHO PHPEHUV XQGHU FRP

NEg
1:.0
Nc;Rd
NEg
1:.0
Nb:Rrd

7TKH IOH[XUDO EXFNOLQJUHVLVWDQFH LV DIOIFKKDPUMHYVE @ WWTWRW ER@NO L
GXFWLRQ IDFWRU 7KH EXFNOLQJ UHGXFWLRQ IDAVQRAKLEW DOBKOBRWHG -
ZKLFK LV FDOFXODWHG AKX GHIXDAMERQQ WZRZKDL B KOFRWHMVSRQGYV ZLWK
DVVRFLDWHG EXFNOLQJ FXUYHV WKDW FD @B GWHWHIURPQ GH.G HIQR/P. RIQIXW N
QHVV FRHIILFLHQW

Af
Nprd = Y
M1
1
= 4q7
+ 2 *

=051+ (( 02+

JLIXUH 6HOHFWLRQ RIIOH[XUDQ@@EXFNOLQJ FXUYH >

+LJK VWUHQJWK VWHHO FROXPQV FDQ EHQHILW IURP UHGXFHG LPSDFW R
WRUVLRQDO EXFNOLQJRIEHDPV $FFRUGLQJWR (XURFRGH KRW UROOHC
OLQJ FXUYHV 5HFHQW UHVHDUFK LQGLFDWHY WKDW ZHOGHG , VHFWLRQ
RPPHQGDWLRQV ZHUH SURSRVHG WR XVH PRUH EHQHILFLDG@E XYRNUOLQJ F X
RINZVKRUH VWUXFWXUHY FROXPQV DUH DOPRVW DOZD\V PDGH IURP FLUFX
UHTXLUH WKH XVH RI EXFNOLQJ FXMKaH IR URW KWHA/HHHWDWS ¥ 8 WIRFURVY VHFWL
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VWXG\LQWR WKH VWUXFWXUDO SHUIRUPDQFHRIFROG IRUPHG KLJK VWU
WKDW FRQVHUYDWLYHUHVXOWY ZHUH REWDLQHG ZLWK WEAHYERWHKHHHQW |
VWXG\FRQFOXGHG WKDW WKH FXUUHQW GHVLJQ UXOHV DUH FRQVHUYDW
IRUPHG WXEXODU KROORZ VHFWLRQ EHDP FROXPQV W VWDWHV WKDW E
WKDQ WKHFXUUHQW MFYf OHDGLQJWR KLJKHU EHQHILWYV R®XVLQJ KLJK V

7KH QRQ GLPHQVLRQDO VOHQGHUQHVYV FRHIILFLHQW FIKXQ\E A RRHEIW.DFIL® )GV E
LV GHSHQGHQW RQ WKH FURVV VHFWLRQDO DUHD RI WKH PDWHULDO LW\
Ne ,Q RUGHU WR FDOFXODWH WKH (XOHUfV FULWLFDO ORDG ZKLFK LV
HTXDWLRRDQ EH XVHG 7KLV HTXDWLRQ UHTXLUHV WKH <RXQJJV PRGXOXV
HITHFWLYH OHQJWK RI WKH FROXPQ

- 49—
= Afy/Ncr

2E|

L2

KHQ FROXPQVDUHPDGHRIKLIJK VWUHQJWK VWHHO WZR IDFWRUV DIIHFV
WLRQ LQ FURVV VHFWLRQDO DUHD DQG DUHD PRPHQW RILQHUWLD GXH W
WKH LQFUHDVH LQ \LHO GL\VOWOXNWW DWIHMWKH HITHFW RI XVLQJ GLITHUHQW
WDO EXFNOLQJUHVLVWDQFH ,WYVHYLGHQW WKDW VKRUW VWRFN\FRO X
6752%( VWXG\H[DPLQHG WKH XVH RI KLJK VWUHQJWK VWHHO FROXPQV RI
WLRQV LQ EXQAOTGHHUWHY¥YHDUFK DQDO\]JHG WZR FDVH VWXGLHV RQHRI D

D VWRU\EXLOGLQJ 7KH VWXG\FRQFOXGHG WKDW DUHGXFWLRQ RI L
VHFWLRQV DQG WR IRUIDEULFDWHG , VHFWLRQV LQD VWRU\ EXLOC
ZKDW KLJKHU LI IDEULFDWHG , VHFWLRQV ZHUH PDGH RI1 6 EXW UHGXFH
PDGH RI1 6 JRUUROOHG VHFWLRQV WKH FRVWY ZHUH UHGXFHG LQ ERW
FRQFOXGHG WKDW WKH XVHRI KLJK VWUHQJWK VWHHO EHFRPHV PRUH EH

Ner =

JLIXUH 5HSUHVHQWDWLRQ RI WKH EXFNOLQJFXU&HV IRUGLIITHUHQW VWHHO

IHYHUWKHOHVV UROOHGDQG ZHOGHG, VHFWLRQ FROXPQV DUH W\SLFDO
LQVWHDG PDNH XVH RI FLUFXODU KROORZ VHFWLRQV 5HVHDUFK KDV DOV
VLGHUDEO\HFRQRPLFDOO\EHQHILFLDO IRU F@ OXWRLQAN LR/DSIHU RV LFDUFX DD\
VLPSOH FROXPQV HVSHFLDOO\ WKRVH ZKLFK DUH VWRFEN\ EXW WKH EHQ
VDPH UHVHDUFK KDV DOVR LQYHVWLIJDWHG WKH XVH RI FROXPQV LQ IUDPF
VWUHQJWK VWHHO LQ IUDPHV FDQ OHDG WR VLJQLILFDQW HFRQRPLF EHC
EHFRPHV WKH JRYHUQLQJ IDFWRU ZKLFK UHGXFHV WKH HFRQRPLF DGYD
7KHUHIRUH WKH UHVHDUFK FRQFOXGHG WKDW WKHUH LV QR EHQHILW LQ
ZKHUH WKH UDWLR Rl WKH WSRSWWKH G OIRW IGED © BRYD & KD Q
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5HFHQW UHVHDUFK KDV DOVR H[SORUHG WKH SRWHQWLDO RI K\EULG FROX
WR LPSURYH ORDG EHDULQJ FDSDFLW\DQG HQHU@\ BPEWHRIDB RO R @ LW K/IWH.
VKRZQ LQ ILJXKHUH SODWHV RI 6 DUHZHOGHG EHWZHHQ WXEXODU KRW L
%\ XVLQIJWKHVH K\EULG FROXPQV LWLV SRVVLEOHWRDYRLG WKHEULWW
VWHHO $FFRUGLQJWR UHVHDUFK WKH ORDG EHDULQJ OLPLW LQFUHDVF

PRUHHQHUJ\IRU KLJK VWUHQIJWK VWHHO ZLWKHYHQ EHWWHU UHVXOYV
VWHHOMPa KLOH WKHVH W\A\SHV RI FROXPQV DUH FXUUHQWO\ QRW XVHG
GHPRQVWUDWH WKH SRWHQWLDO RI KLIK VWUHQIJWK VWHHO IRU IXWXUH '

JLIXUH ([DPSOH RI K\EULG FRPSUHV&LYH PHPEHU >

 IPHEFMPMX]

7KH FXUUHQW SURGXFWLRQ PHWKRGV IRU KLJK VWUHQJWK VWHHO DOOR
VWUHQIJWKDQG VXIILFLHQW WRXJKQHVY PDNLQJLWKLJKO\ZHOGDEOH +
YDU\VOLIJKWO\GHSHQGLQJRQ WKH SURGXFWLRQ URXWHDQG LQGLYLGXD
JUDGH@®>$OWKRXJK WKH VDPHZHOGLQJRSHUDWLRQV FDQ EHSHUIRUPHG
RSHUDWLRQV VKRXOG EHFDUULHGRXW ZLWKJUHDWHU FDUHE\H[SHULHQ
IRUKLIJKHU VWUHQJWK VWHHOV 7R HQVXUH JRRG ZHOGLQJ GHIHFWV LQ
PXVW EH PLQLPL]JHG 7KH DELOLW\RI D VWHHO WR EH ZHOGDEOH FDQ EH |
&( ZKLFKFDQEHFDOFXODWHAWXRRQ@U HTXDWLRQ

CE:C+M?H+CU+NI +Cr+Mo+V

15 5
$FFRUGLQJWR 2PDMAH QHVWHWM OO ZEWK D & ( OHVV WKDQ KDYHH[FHOOHQW
6WHHOV ZLWK D & EHWZHHQ DQG DOVR KDYHJRRG ZHOGDELOLW\
ORZ K\GURJHQ HOHFWURGHV 6WHHOV ZLWK &( EHWZHHQ DQG KL

LPSRUWDQW WR FRQWURO WKHLQWHUSDVV WHPSHUDWXUH )LQDOO\ VW
ZHOGDELOLW\ DQG SRVW ZHOG KHDW WUHDWPHQW LV QHFHVVDU\ ,Q DO
WKHZHOGLQJ SURFHGXUH WR PLQLPLIJHWKHULVNRIK\GURJHQ FUDFNLQJ
WKH SODWH WKLFNQHWRZVWKHMHHFRPPHQGHG SUHKHDWLQJWHPSHUDW X
WKHUPRPHFKDQLFDO UROOHG VWHHOV DJDLQVW YDU\LQJ SODWH WKLFNC

JLIXUH 3UHKHDW WHPSHUDWXUH YV SODWH WKLFNQHVVIRU@LIIHUHQW QRUPDOL:
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$V VKRZQ LQ ILIJXWKH SUHKHDWLQJ WHPSHUDWXUH UHTXLUHG IRU FRQYH(
VKRUH VWHHO LV KLJKHU FRPSDUHG WR KLJK VWUHQJWK 6 WKHUPRPHFI
VHFWLRWKHUPRPHFKDQLFDO UROOHG VWHHO KDV ORZHU DOOR\FRQWHQ\
IRUH WKHUPRPHFKDQLFDO UROOHG VWHHO KDV OHVV FKDQFH Rl H[SHULI
UHFRPPHQGHG SUHKHDWLQJWHPSHUDWXUHYV /LPLWV RQWKHKHDW LQSX
VXVFHSWLEOH WR VRIWHQLQJ LQ W K H@ HD\W @A KHFGATHEG] RIGIHP S#H8EHS VW H H
VKRZQLQ ILIXBXW WKHLU & WHQGV WR EHPXFK KLJKHU IRUWKLENHU SODV
SRVLWLRQV JURZ WR HQVXUH VXIILEFLHQW KDUGHQLQJLQ WKHFRUH 7KHL
LQFUHDVHYV DQG KLJKHU SUHKHDW WHPSHUDWXUHY BUH UHTXLUHG WR S|

.l SURSHU ZHOGLQJ WHFKQLTXHV DUH DSSOLHG DQG WKH DSSURSULDWH ¥
ZHOGVFDQEHUHDFKHG DQGRSWLPDOVWUHQJWK WRXJKQHVVDQG GXUD
VWHHO 1HYHUWKHOHVV SUHKHDWLQJLV D YHU\WLPH FRQVXPLQJIDEUL
FRVWV $FFRUGLQJWR +60 2@ VIKIRWUID(WHPKH\RI DSSUR[LPDWHO\ LV RIWHC
KHDW VWHHO )XUWKHUPRUH SUHKHDWLQJLV DOVR GHVLUHG WR EH DYRI
DUHRIWHQLQ FORVHGRUVPDOOVSDFHV 5HGXFLQJWKHSUHKHDW WHPSH
FRQGLWLRQV KLJKHU HIILFLHQF\® Q $VEHWMWHHB QG U KVXIOWO HVYV SUHKH
DWXUH HFRQRPLFDODQG ZRUNLQJEHQHILWY FDQ XVXDOO\EH REWDLQH

'"HVSLWH TXHQFKHG DQG WHPSHUHG VWHHOV UHTXLULQJ D KLJKHU SUHKH
WKLFNQHVY SDUWRIWKLVY SUREOHP FDQ EHUHGXFHG EHFDXVH RIWKH DC
VWUHQIJWK FDQ UHVXOW LQ VPDOOHU DQG WKLQQHU VWUXFWXUDO FRPSHF
WHPSHUDWXUHZLOO DOVRIGHEXWHWDIVBWHYXNWKH UHODWLRQVKLSEHWZHHQ
UHTXLUHG SODWHWKLFNQHVY DQGZHOGLQJYROXPHIRUDWHQVLOH ORELC
XVHG DUHGXFWLRQRIDSSUR[LPDWHO\ LQWKLFNQHVVDQG LQZHOG
FRXOG SRWHQWLDOO\OHDGWRDORZHUUHTXLUHG SUHKHDWLQJWHPSHU
6 VWHHO 1RQHWKHOHVYV LWLV LPSRUWDQW WR\QRVYHDWKHDQW WEH B ROX
SODWH :KHQ D KLJK VWUHQIJWK VWHHO FRPSRQHQW VXEMHFWHG WR EHQ((
UHGXFWLRQ FDQ E®@ H[SHFWHG >

JLIXUH 'LPHQVLRQLQJRIWHQVLRQ EDUV ZLWK GLITHUHQW VWHHE®D JUDGHV DQG FRUL

$QRWKHU LPSRUWDQW IDFWRU DFFRUGLQ@ WR ZIHCHGK QB IFR QD/FWDRWD RV 2
TXHQFKHG DQG WHPSHUHG VWHHOV 3UDFWLVH KDV VKRZQ WKDW SURMH
FRQWURO DQG FDUHIXO ZHOGLQJ SUDFWLFH EHFDXVH KXPDQV GLG QRW |
FDQHDVLO\EHDYRLGHG E\IROORZLQJSURSHU ZHOGLQJSURFHGXUHV WK
ORZHU IRU QRUPDOL]HG DQG WKHUPRPHFKDQLFDO UROOHG VWHHOV 7KH
DUH SUHIHUUHG DW +60 2IIVKRUH
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*EXMKYI
BWUXFWXUHV ZKHUH IDWLJXH LV JRYHUQLQJ GR W\SLFDOO\@RW EHQHIL\
WLIJXH FRQVLVWVY Rl WZR GLIIHUHQW SURFHVVHV FUDFN LQLWLDWLRQ D
ZHOGHG VWHHO FRPSRQHQWYV WKHLU IDWLJXH OLIH LV XVXDOO\ GHWHU
FUDFN LQLWLDWLRQ JHQHUDOO\ LQFUHDVHV Z®W R KK WRHUGHV LKA H K/ WW H 8
VWHHO ZRXOG EH EHQHILFLDO IRU XQZHOGHG FRPSRQHQWY WR LPSURYH
VWUXFWXUHV WKLQJV DUH GLIIHUHQW DV WKH\ DFW PRUH OLNH QRWFKF
FDOO\JRYHUQHG E\ FUDFN SURSDJDWLRQ DV WKH\ KDYH SUH H[LVWLQJ Zt
VWUHVV@ V&QIRUWXQDWHO\ IDWLJXH FUDEFN SURSDJDWLRQ LV LQGHSHQ
MRLQWY FUHDWHG XVLQJ WKLQQHU KLJK VWUHQJWK VWHHO SODWHV UHV
SDFWLQJWKH FUDFN SURSDJDWLRQ DQG WKXV WKHVWUXFWXUHYV IDWL
JRYHUQLQJUHTXLUH FDUHIXO DQDO\VLV ZOHQ XVLQJ KLJK VWUHQJWK VW

21 ITVKRUH MDFNHWV DUH KLJKO\ V& VF KISRKLEDHONV RMBODWM. XM @ J KLIJK VWUH
RQ WKHP LY QRW H[SHFWHG WR SURYLGH VLJQLILFDQW EHQHILWY 2Q WK}
IHFWHG E\ IDWLIJXHDQG KLJK VWUHQIJWK VWHHO FRXOG EH SRVVLEO\EHQ!
IDWLIJXH ZKHQ GHVLIJQLQJD WRSVLGH ZLWK KLJK VWUHQJWK VWHHO

,PSURYLQJWKHIDWLIXHUHVLVWDQFHRIDPDWHULDO FDQEHDFKLHYHG
ORFDO VWUHVV FRQFHQWUDWLRQV WKURXJK JRRG JHRPHWU\ W LV HVV
WR PLQLPL]JH LPSHUIHFWLRQV LQ WKH ZHOGV $GGLWLRQDOO\ XOWUDVR
UHGXFH ORFDO UHVLGXDO VWUHVVHYV ZKLFKFDQLQFUH®VH WKH IDWLJXE

'SVVSWMSR

KHQLWFRPHVWRFRUURVLRQ WKHUHLY QR VLIJQLILFDQW GLIITHUHQFH LC
VWUHQIJWK VWHHO FRPSDUHG WR PLOGHU VWHHO 7KH VDPH PHWKRGYV RI
LWLV LPSRUWDQW WR QRWH WKDW VWUHVY FRUURVLRQ FUDFNLQJ LV PRI
VWHHO GXH WR WKH KLIKHU OHYBWOVR UWWGXHAM WIKHWKWNRILDQWUHVYV FRUL
XOWUDVRQLF LPSDFW WUHDWPHQW FDQ EH XVHG $GGLWLRQDOO\ ZKHQ
VWHHO LWLVLPSRUWDQW WR FKHFNDQG GHVLJQ IRUJDOYDQLF FRUURVL
WKHVWUHQJWK RI KLIWVWUHQJIJWK VWHHO >

*MVIVIWMWXERG

7KHILQDO HQJLQHHULQJ FRQVLGHUDWLRQ WKDW ZLOO EH GLVFXVVHG LQ
RI'DQ DFFLGHQW D VWUXFWXUH VKRXOG UHPDLQ FDSDEOHVRRUHVLVWLQ
ILUH UHVLVWDQFH FDQ EHDVVXPHG WR EH WKH V@ PEXON GR U IF B B @ WQVID MR-
SURSHUWLHV PD\RFFXU ZKHQ KLJK VWUHQIJWK VWHHO VWUXFWXUHY FRRC

GHJUHHV &HOVLXV ,WLVLPSRUWDQWWRQRWHWKDW WKHIRFXV RIWKL
DQG WKXV ILUH 7KHUHIRUH WKHILUHUHVLVWDQFH RIKLJK VWUHQJWK
LWLVDGYLVHG WR NHHSLQPLQG WKDW PDWHULDO SURSHUWLHV FDQ FKD

'SWXWERHIRZMVSRQIRXEP MQTEGX

7KLV VHFWLRQ VWDUWYV ZLWK SURYLGLQJLQIRUPDWLRQ RQ WKHDYDLODE
SDUDJUDSKGGLWLRQDOO\ GLIITHUHQWPHWKRGV RISURGXFLQJKLJK VWU
FOLPDWHFKDQJH 3DH/BORFKW WKHLPSDFWRIFOLPDWHFKDQJHRQGLIIHL
RQ UHVHDUFK SHUIRUPHG B\ 6\ QRO P EQ@Q BRPSOPKHY WKH RIITVKRUH LQG
ZLWK WKHRQVKRUH FRQVWUXFWLRQLQGXVWU\LQ WHUPV RI SRWHQWLDO

'SWXW SJLMKL WXVIRKXL WXIIPW
+LJK VWUHQJWK VWHHOV DUH RQ WKH PDUNHW IRU GHFHQQLD DV WKH LC
LVJIJURZLQJUDSLGO\ $VDQ HQHUPRXV DPRXQW RI GLITHUHQW VWHHOV Z
QRZDGD\V D VHOHFWLRQ RI RQO\ WZR KLJK VWUHQJWK VWHHO JUDGHV L
6 7TRSVLGHV DUH PDLQO\IDEULFDWHG IURP WZR VWDUW SURGXFWV GLU
RIVWHHO LQ VWHHO SODQWYV SODWLQJDQG VWUXFWXUDO VKDSHV 7KH |
EDVHG RQLQIRUPDWLRQ SURYLGHG E\ WKH SXUFKDVLQJ GHSDUWPHQW RI
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9DULRXV WA\SHV RI VWUXFWXUDO VWHHO SODWHV ZLWK GLITHUHQW WRXJK
PXPDYDLODEOHWKLFNQHVVHVRIWKHFRQVLGHUPBG VRUHH@QIWDRGHY DUH V
JLIXUHLOOXVWUDWHYV WKHGLITHUHQFHV LQ SULFHY RIKDWIHHLHR W K W S H 10
GLITHUHQFH EHWZHHQ FRQYHQWLRQDO VWHHO RI1 6 DQG KLIJK VWUHQJW
LPDWHO\ DQG UHVSHFWLYHO\ +RZHYHU RQO\D ZHLJKW UHGXFWLRC
FUHDWH HFRQRPLF EHQHILWY ,I RQO\D WHQVLOH IRUFH LV DSSOLHG RQ

VWURQJHU WKDQ 6 UHVSHFWLYHO\ 7KHUHIRUH WKHVH ZHLJKW UHG
RQO\D WHQVLOH IRUFHLV DSSOLHG EXW WKLV LV QRW RIWHQ WKH FDVH I

7DEOH $YDLODEOH VWUXFWXUDO VWHHO SODWHV DFFRUGLQJ WR (1 C

6WHHO JUDMGHHHO TXDOLBWWHHO WOMBH SODWH WKLFENQHVYV >PP@

1RQ DOOR\ - - .

6 1RUPDOLVHG1 1/

7TKHUPRPHFKDQLBDO
1RUPDOLVHG1 1/

6 7KHUPRPHFKDQLBDO
47 4 47 47
6 4 7 4 47 4]

JLIXUH (FRQRPLFHIILFLHQF\RIKHDY\ SODWHYV LIRQO\WKHPDWH@LDO SULFH LV WD!

IHYHUWKHOHVY VHYHUDO (XURSHDQ VWHHO VXSSOLHUV ZHUH DVNHG IRL
ZDVIRXQG WKDW WKHUH ZHUH GLIITHUHQFHV LQ SULFHV FRPEDINMKR& OMR WK
EHQRWHG WKDW VWHHO SULFHVIOXFWXDWHGDLO\DQG WKDW GLITHUHQW
LQGLITHUHQW SULFHVY 7KHUHIRUH PXOWLSOH SULFHV ZHUH DVVHVVHG |
6 1FRVWDURXQ®d ZKLOH6 O0FRVMWW ODRQ\ FRQVWUXFWLRQ FRPSDQLH
70 VWHHO GXHWR LWV EHWWHU ZHOGLQJ SURSHUWLHYV ZKLOH 1 VWHHO L
WLV RIWHQ FKHDSHU WR XVHPRUH H[SHQVLYH6 O0VWHHODV LW UHGXF
VWHHO SULFHV LQFUHDKRZVO Y&KMWHEIOAH GLITHUHQFHY EHWZHHQ6 1 6
FRPSDUHG WR 6 VWHHO W FDQ EHVHHQ WKDW WKLY SULFH GLITHUHQF
6 O

7TDEOH 3ULFH GLIITHUHQFHV IRU GLITHUHQW KLJK VWUHQJWK VWHHO JUDG|

ULFH FRPSBUHGEH FRP$DUHG
6WHHOJU%§_L K6 1 ZLWK 6 (0
6 1
6 O
6 4

8QWLO QRZ RQO\SULFHGLIITHUHQFHYV FDXVHG E\PDWHULDO FRVWV DQG G
KLIKOLJKWHG WLV ZRUWK QRWLQJ WKDW WRROV XVHG WR SURFHVV KL
UHGXFWLRQLQ WKHLU OLIHWLPH ZKLFKFDQ OHDG WR DGGLWLRQDO FRVYV
DUHQHJOL@LEBH *DEULFDWLRQ FRVWV VLIQLILFDQWO\LQFUHDVHRQO\ Z¥



'SWXWERHIRZMVSRQIRXEP MQTEGX

LQWR FLUFXODU KRODORKAVFKEWIRYWO UHTXLUHG WR PDQXIDFWXUH FROX
VKRUH WRSVLGHV %HQGLQJ KLJK VWUHQJWK VWHHO UHTXLUHYV PRUH FF
FRVWY GR QRW VLIJQLILFDQWO\LQFUHDVH RUDUHHYHQ WKH VDPH )RU 6
FUHDVH VLIJQLILFDQWO\ GXH WR WKH LQFUHDVH LQ VWUHQJWK DQG WKH
EHQG WKH VWHHO SODWHV LQWR WKH FRUUHFW IRUP $V D UHVXOW KLJK
FRVW& 3FFRUGLQJ WR +60 2IIVKRUH (QHUJ\ WKLV ULVHLQ PDQXIDFWXUL(
DQG EUDFLQJV LV DSSUR[LRDWHO\HTXDO WR Ya

$SDUW IURP XVLQJ SODWLQJLQLWV RULIJLQDO IRUP RUFROG IRUPHG FRO
FRQVWUXFWHG ZLWK YDULRXV VWUXFWXUDO VKDSHV 'LIITHUHQW VWDQG
YDULRXV VHFWLRQSURLYIDGHYV H[IDPSOHV RI WKH GLITHUHQW VWUXFWXUDC
$PRQJWKHVH VKDSHV + VKDSH , VKDSH DQG FLUFXODU KROORZ VHFWLR
WRSVLGBV,W PXVWEHQRWHG WKDW WKHVH VWUXFWXUDO VKDSHVDUHRQ
LFDOO\UROOHG OLPLWLQJWKHVWUHQJIJWK WR 6 VWHHO 6 ZLOO WKH
VWUXFWXUDO VKDSHV VXFK DV EHDPV

JLIXUH ([DPSOHV RIGLITHUHQW VW@ XFWXUDO VKDSHYV >

7TKHFRVWRIVWUXFWXUDO VHFWLRQVLVIJHQHUDOO\KLJKHUWKDQ WKDW R
SURFHVVHV UHTXLUHG WR DFKLHYH WKH FRUUHFW VKDSHDQG JHRPHWU\
IRU 6 LV DSSUR[LPMDOWHLOALOH/MWKH SULFH IRU 6 VWHHO LV KLIKHU 7
DQG, VKDSHVHFWLRQV DUHVRPHZKDW ORZHUDQG FDQ EHIRXQG LQ WDE

7DEOH 3ULFH IRU GLIITHUHQW VWHHO JUDGHV IRU + DQG, VKDSHVHFWLRQ

6WHHO JUDUWHH >(XUR WRQ@
6 1
6 O
6 1
6 O

1RzZzDGD\V WKHUH LV DQ LQFUHDVLQJ DPRXQW RI UHVHDUFK EHLQJ FRQG
VWHHO LQ FRPSOLDQFH ZLWK UHJXODWLRQV VXFK DV WKH (XURFRGHV {
ODWHVW ILQGLQJV KLIJK VWUHQJIJWK VWUXFWXUDO VWHHOV FDQ EH XWLO
LQ GHPDQG IRU KLIK VWUHQIJWK VWHHO ZKLFK LQ WXUQ FRXOG UHVXOW
VWUHQIJWK VWHHO LQ WKH IXWXUH

JRZMVSRQIRXEP GSRWMHIVEXMSRW JSV LMKL WXVIRKXL V
7KH GHPDQG IRU KLJK VWUHQJWK VWHHO LV LQFUHDVLQJ DV HQJLQHHUV
DQG ORZHU WKH WRWDO HPERGLHG FDUERQ HPLVVLRQV +RZHYHU GLIIH!
GLIIHUHQW PHWKRGV ZKLFK PHDQV WKDW UHGXFLQJ ZHLJKW GRHV QRW C
VDYLQJV B6WURBWRDBXPWHG UHVHDUFK RQ WKH HQYLURQPHQWDO LPS
JLIXUH LOOXVWUDWHY WKHFXPXODWLYHHQHUJ\GHPDQG &(' IRUGLIIHU!
DQG LQGLUHFW HQHUJ\ UHTXLUHG WR SURGXFH D VWHHO 7KH ILIXUH VKR
IRU FRQWLQXRXV FDVWLQJ WKH SXVKHU IXUQDFH DQG FUXGH VWHHO E
DUHUHTXLUHG DQGLW FDQ EHVHHQ IURP WKH ILJXUH WKDW WKLV UHTXL



'SWXWERHIRZMVSRQIRXEP MQTEGX

UROOLQJPLOODQG KHDW WUHDWPHQW UHTXLUHPRUHHQHUJ\ EXW OHVYV
KLIJKHU VWUHQJWK VWHHO KDVDQLQFUHDVHG FXPXODWLYHHQHUJ\ GHPI

JLIXUH &XPXODWLYHHQHUJ\GHPDQG &(' IRUKHDY\ SODWHWPDGH RI YDULRXV VW

IHYHUWKHOHVWV QOYXWKHRZHG WKHFXPXODWLYHHQHUJ\GHPDQGIRU®G6 6
EDVHG RQ 6WURBWRDRQWKRZY WKH WRWDO &(* WKHJOREDO ZDUPLQJ SR\
WKHDFLGLILFDWLRQ SRWHQWLDO $3 RIGLIIHUHQW VWHHO JUDGHV $V S
FDUERQHTXLYDOHQW UHVXOWLQJLQ OHVVHQHUJ\UHTXLUHG WR SURGX|
LQ WKH &(' ZKHQ ORRNLQJDW 70 VWHHOV ,WFDQ EHFRQFOXGHG WKDW 6
WKHFRQYHQWLRQDOO\ XVHG6 - VWHHO ZKLOHWKH*:3DQG $3 DUH FRP
6 4 WKHFDUERQHTXLYDOHQW LV KLIJKHU UHVXOWLQJLQKLJKHUHQHUJ)\
WKH ULVHIRU4 7 VWHHOV )URP WKLV ILJXUH LW FDQ EHFRQFOXGHG WK
DGYDQWDJH RYHU6 - VWHHO HYHQ ZLWKRXW D UHGXFWLRQ LQ PDVV +
ZHLIKW UHGXFWLRQ WR DFKLHYH VXFK D@ DXGAYDKHNVUDWUKR BMG WKW BRQFO )
ILIXUHLQ ZKLFK WKHUHTXLUHG ZHLIJKW VDYLQJVLQ SHUFHQWDJH DUH JL"®
JHQHUDO LWFRQFOXGHV WKDWLIHQRXJKZHLJKW VDYLQJVDUHDFKLHYH
DSSOLHG WR GHFUHDVH WKH LPSDFWRIHQYLURQPHQWDO DQG FOLPDWH I

JLIXUH 5HODWLRQRI &(" *:3DQG $3 RI KHDY\ SODWHV IRU YDULRXV VWHHO JUDGHV FRP

JLIXUH 5HTXLUHG ZHLJKW VDYLQJVLQ > @ F®PSDUHG ZLWK 6 - >



'SRGPYWMSR SJ XLIPMXIVEXYVIVIZMI|

3JIJWLSVIGSRWMHIVEXMSRW JSV LMKL WXVIRKXL WXIIP
7TKHOLWHUDWXUH UHVHD U KX D\QG KDYV FHB/ A (@@ XDWHG WKHHQYLURQPHC
RIKLIK VWUHQIJWKVWHHOLQRQVKRUHFRQVWUXFWLRQ 2IIVKRUHVWUXF
WXUHVY HVSHFLDOO\LQWHUPV RIWUDQVSRUWDWLRQDQGLQVWDOODWLF
EDUJHDQG WUDQVSRUWHG WR WKH VHD ZKHUH D KHDY\OLIW VKLSLQVWD
MDFNHW I KLJK VWUHQJWK VWHHO LV XVHG DQG WKH WRSVLGHYV PDVV L
PD\FKDQJH HLIJKWUHGXFWLRQFDQOHDGWROHVVWUDQVSRUWIXHO FR
ZHLIKW UHGXFWLRQ HYHQ D VPDOOHU KHDY\ OLIWLQJ VKLS FRXOG EH XV
UHGXFWLRQDV KHDY\ OLIWLQJVKLSVDUHH[SHQVLYH $GGLWLRQDOO\ X
ZRXOG UHGXFH WKHRYHUDOO HPERGLHG FDUERQ HPLVVLRQV RIDQ RIIVK]

JXUWKHUPRUH UHGXFLQJ WKH WRSVLGHYV ZHLJKW E\ XVLQJ KLJK VWUH (
IRUFHRQ WKH MDFNHW WLV SRVVLEOH WKDW D UHGXFWLRQLQ WRSVLGF
RI'WKHVWUXFWXUH UHVXOWLQJLQD MDFR®HW ZLWK VPDOOHU PHPEHU VL

'SRGPYWMSR SJ XLIPMXIVEXYVIVIZMI]

,QWKLVFKDSWHU DQH[WHQVLYHOLWHUDWXUHVWXG\ZDV FRQGXFWHG W
VWHHO 7KDQNV WR PRGHUQ IDEULFDWLRQ SURFHVVHV WKHUH DUH QR.
VWUHQJIJWKVMBaWRLIK VWUHQIJWK VWUXFWXUDO VWHHO ZLWK HIFHOOHQW
FRQGLWLRQV EDVHG RQ WKHLU KHDW WUHDWPHQW SURFHVV QRUPDOL]JI
TXHQFKHG DQG WHPSHUHG 7KLV UHVHDUFK IRFXVHV RQ KLJK VWUHQJW!
DQG 6 , W KDV EHHQ FRQFOXGHG WKDW DQ LQFUHDVH LQ \LHOG VWUHAQ.
GXFWLOLW\DQG WRXJKQHVV ZKLFKPDNHV ZHOGLQJPRUHFKDOOHQJLQJ
VWUHQJIJWK VWHHO LV WKDW WKH <RXQJTV PRGXOXV UHPDLQV WKH VDPH |
GHIOHFWLRQ RUVWDELOLW\SUREOHPV

,Q UHFHQW GHFDGHV PRUH UHVHDUFK KDV EHHQ FRQGXFWHG LQWR KLJ}
KLJK VWUHQJWK VWHHO EHDPV KDYH FRQFOXGHG WKDW GLIIHUHQW FURV
IRUFODVV GXHWR WKHOLPLWHG URWDWLRQ FDSDFLW\RIKLJK VWUHQJW
VWUHQJWK VWHHO IRUEHDPV LV PRVW EHQHILFLDO ZKHQ EHDPV DUH VKRU
E\GHIOHFWLRQ 6KRUW DQG KHDY\LV D YDJXH GHILQLWLRQ DQG LW LV Q
WRSVLGH LV VKRUW KHDYLO\ORDGHG DQG QRW JRYHUQHG E\GHIOHFWLF
DUHPDGHRIFRQYHQWLRQDO VWHHO DQG IODQJHV RI KLJK VWUHQJWK VW
SODWH JLUGHUV DQG KLJK EHQHILWY FDQ EH H[SHFWHG IRU SODWH JLUG
SURYHQ WR EH EHQHILFLDOO\UHSODFHG ZLWK KLJK VWUHQJWK VWHHO Z
ZKHQ WKH FROXPQV DUH EUDFHG $V UHVLGXDO VWUHVVHV KDYH OHVV LP
UHVHDUFK KDV FRQFOXGHG WKDW PRUH DGYDQWDJHRXV EXFNOLQJ FXUY|
WKDQ LV FXUUHQWO\ DOORZHG $OVR UHVHDUFK KDV SURYHG WKDW K\E
GXFWLRQ EXW WKH ZHOGLQJ OHQJWKV VLIJQLILFDQWO\LQFUHDVH DQG I
EHXVHG RQ RIIVKRUH WRSVLGHY VRRQ ORUH UHVHDUFK LV UHTXLUHG WR
VKRUW DQG VWRFN\DQG WKXV IHDVLEOH IRU KLJK VWUHQJWK VWHHO

"HOGLQJLVWKHPRVWLPSRUWDQW IDEULFDWLRQHOHPHQWIRUWRSVLGH
SURSHUWLHY PDNHV LW KDUGHU WR ZHOG &HUWDLQ KHDW WUHDWPHQW
TXHQFKHG DQG WHPSHULQJ FDQ LPSURYH WKH WRXJKQHVY SURSHUWLHYV
HTXLYDOHQW WKHLU WRXJKQHVYVY SURSHUWLHY WHQG WR EH EHWWHU WHK
ZHOGLQJ SURSHUWLHY 4 7VWHHOVWHQG WREHPRUHGLIILFXOW WR ZHO!
IHYHUWKHOHVY SUHKHDWLQJLVY RIWHQ QRW GHVLUHG DV LWLQFUHDVH
FKDOOHQJLQJZRUNHQYLURQPHQW 7KHUHIRUH LWLV HVVHQWLDO WR LC
FRPSDULQJ®6 DQG 6 JRU 6 LWFDQEHFRQFOXGHG WKDW WKLV VWHF
PRQH\WR ZHOG

%HFDXVH RI WKH GHFUHDVLQJ VL]HV E\ XVLQJ KLJK VWUHQJIJWK VWHHO ID
OHQJLQJ ,I KLIJK VWUHQJWK VWHHO LV DSSOLHG LWLV DGYLVHG WR PL(
JHRPHWULHV DQG SHUIRUP SRVW ZHOG WUHDWPHQW LI UHTXLUHG &RU



'SRGPYWMSR SJ XLIPMXIVEXYVIVIZMI|

PXFKIURP FRQYHQWLRQDO VWHHOV

"KHQLWFRPHV WRVWHHO SODWH SULFHVY WKHFRQYHQWLRQDO 1 VWHH

WR LWV H[FHOOHQW ZHOGLQJ SURSHUWLHY 70 VWHHO LV RIWHQ SUHIHUU

EH XVHG WKH PDWHULDO FRVWYVY IRU SODWHV ZRXOG LQFUHDVH E\ DQC

KROORZ FROXPQV DUHIRUPHG IURP SODWHV WKHUH DUH QR DGGLWLRQD

IRU6 4 VWHHO DQ DGGLWIoR PXOWRHWMRFOXXEHG PDLQO\ EHFDXVH RI W

KHDWLQJ WLPH )RUVWDQGDUG SURILOHVY WKHFRVWV DUH WKH ORZHVW
Yiton ZKLOH 6 OEHDPV FRVW/BDWRKQ@ EHB/PY GR QRW H[LVW

'LITHUHQW SURGXFWLRQ PHWKRGV DUH XVHG IRU GLITHUHQW VWHHO W\S|
GLITHUV ,WFDQEHFRQFOXGHG WKDW 70 VWHHO LV PRUH HQYLURQPHQW
6 - VWHHO ZLWKRXW PXFK ZHLJKW UHGXFWLRQ $V ZHLJKW UHGXFWLRQ
HILWV FDQ EHH[SHFWHGIRU6 OVWHHO )RU6 4VWHHO WKHLPSDFW RC
HYVSHFLDOO\EHFDXVH RI WKH UHTXLUHG DOOR\WLQ 4 7VWHHO 1HYHUWK
WKHHQYLURQPHQWDO LPSDFW FDQ VWLOO EHORZHU

"HLJKW UHGXFWLRQ IRURIIVKRUH WRSVLGHV KDV DGGLWLRQDO EHQHILW
SRUW $VRIIVKRUHWUDQVSRUWUHTXLUHVDORWRIIXHO DUHGXFWLRQ L
LQGLUHFWO\ FRQWULEXWLQJ WR OHVV FDUERQ GLR[LGH HPLVVLRQV ,IH
HYHQ VPDOOHU FUDQH VKLSV FRXOG EH XVHG ZKLFK ZRXOG OHDG WR HF
GXFWLRQ RI WRSVLGH ZHLJKW FRXOG DOVR OHDG WR D VPDOOHU MDFNHW
HQYLURQPHQWDO EHQHILWYV

$OWKRXIJK WKHUH KDV EHHQ FRQVLGHUDEOH UHVHDUFK FRQGXFWHG RQ
DUH FXUUHQWO\ QR FDVH VWXGLHY RUPHWKRGY DYDLODEOH WKDW GHPI
LQ WRSVLGHV $V D UHVXOW WKH UHVW RI WKLV UHVHDUFK DLPV WR DVV
VWUHQIJWK VWHHO LQ RII'VKRUH WRSVLGHV



WWWIWWQIRX SIWXVYGXYVE
MR XSTWMH

,QWKHSUHYLRXVFKDSWHU VHYHUDO FRQFOXVLRQVZHUHGUDZQDERXW I
ZKHWKHU KLJK VWUHQJWK VWHHO LV D YLDEOH RSWLRQ IRUWRSVLGHV L
FRPSRQHQWY WKDW PDNH XS D WRSVLGH WKHLU W\SLFDO OHQJWKYV VL]
FKDSWHU ZLOO EHIJLQ E\H[DPLQLQJWKHOLWHUDWXUHIRUVWDQGDUG GH
GHVLIQLQ VHRGGRLRQDOOX L\ OHOF®/HR@QH VSHFLILF GHILQLWLRQV WKDW
WKHUHPDLQGHU RI WKLV UHSREZWO 6 DAMR/UGVU\YBHERXRA[LVWLQIWRSVLGEH
DQG VHFRQGDU\ VWHHO REWDLQLQJ ZHLJKW GLVWULEXWLRQV W\SLFDC
ZKLOH FRPSDULQJ WKHVH YDOXHV ZLWK WKH OLWHWKW XURH BA X XORWQN R
WKHOLWHUDWXUHDQG WRSVLGHDVVHVVPHQW ZLOO EHGLVFXVVHG WR G
ZRUWK IXUWKHU UHVHDUFK

(IWMKR SJISJIWLVIXSTWMHIW OI]hKYVIW WXVY (

7KH PDLQ SXUSRVH RI D WRSVLGH LV WR SURYLGH VXSSRUW IRU WKH YDU
RLO DQG JDV SURFHVVHV RUHOHFWULFLW\ WUDQVIRUPDWLRQ 7KH RYHU
VL]H Rl WKH QHFHVVDU\ HTXLSPHQW IORRU DUHD DQG QXPEHU RI SURFH
UHPDUNDEOH KLVWRU\ ZKLFK LV EULSHIBVGLOEQY WHRG VOGBS HA@TGKLUHV D
SHULHQFH DQG DFFRUGLQJ WR +60 2IIVKRUH (QHUJ\ DQG (QHUVHD WKHL
RQ WKH H[SHULHQFHV JDLQHG LQ WKH SDVW (YHQ ZLWK DGYDQFHG FRP
FUXFLDO DQG UXOHV DQG VWDQGDUGY DUH EDVHG RQ HVWLPDWLRQV DQC
H[SHULHQFHV ZLWK GHVLJQLQJRIIVKRUH VWUXFWXUHVY DUH HVVHQWLDO |
XVHDVLPLODU GHVLJQDVDVWDUWLQJSRLQWDQGPDNHDGMXVWPHQWYV"
VHOHFWLRQ LV QRW D VWDQGDUG SURFHVV DQG YDULHV JUHDWO\ IURP H:
EDFNJURXQG H[SBULHQFH >

7TRSVLGHVFDQJHQHUDOO\EHGLYLGHGLQWR WZR W\SHV PRGXODUWRSVI
XODU WRSVLGHY FRQVLVW RI D PRGXOH VXSSRUW IUDPH ZLWK PXOWLSOH
LQGLYLGXDOO\ 7TKHPRGXODU WRSVLGHW\SHLV XVHG ZKHQ WKH ZHLJKW F
FUDQH FDSDFLW\DQG FDQ ZHLJK IURP V@R QVIXSDM/IRR ZV WMKRIQAUL W D Q
QLD WRSVLGH DQ H[DPSOH RI D PRGXODU WRSVLGH 7KH WRSVLGH KDV P:
OLIWLQJ RSHUDWLRQV ZHUH UHTXLUHG B\RKIRZWWIOH) VK.Y HMR IHVQ GRIWH.JII
GHFN WRSVLGH ZKLFKFDQ ZHLJKXSY WHRVH WRSBRQ8EHY RQO\VUHTXLUH RQH
RSHUDWLRQV RIIVKRUH ZKLOH WKH\ FDQ EH OLIWHG HQWLUHO\ RU LQVW
JUDWHG WRSVLGHV DUH WKH PRVW DEXQGDQW W\SHRIWRSVLGHV LQ WKH
IDEULFDWHG DV D VLQJOH XQLW WKLV UHVHDUFK ZLOO RQO\FRQVLGHU L



(IWMKR SJ SJIWLVIXSTWMHIW OI] hKYVIW WXVYGXYVEP GSQTSRIRXW

D([DPSOHRIPRGXODWWRSVLGH > E([DPSOHRILQWHJUDWHG WRSVLGH >&RXUWHV\RI +60 211"

JLJXUH ORGXODUDQG LQWHIJUDWHG WRSVLGH H[DPSOHV

7TKHUH DUH WZR VWUXFWXUDO FRQILIXUDWLRQV IRULQWHIU®WMHG GHFN
WUXVV W\SHWRSVLGH RUD SRUWDO IUDPH W\SH WRSVLGH DITXGHREZY XVV W
ORDGLQIJVWRGLVWULEXWH WKURXJKWKHEUDFLQJVWR WKHPDLQ FROXP
LQ WKH SRVVLELOLW\ RI FUHDWLQJ OLJKWHU VWUXFWXUHV EXW WKH EUI
FRQILIXUDWLRQLVQRWDOZD\VVXLWDEOH ,QD SRQWEODEFDPHVRES WG
WKH OD\RXW DQG WKH ZKROH GHFN DUHD FDQ EH XVHG EXW WKLV UHTXL
WRSVLGH KHLJKW $FFRUGLQJ WR@6D PRRERYBIWQRQ RISWKH WZR LV RIWH!
SODWH JLUGHU EHDPV DUH XVHG ZKHUH EUDFLQJY DUH QRW SUHIHUUHG |
DUH XVHG DW WKH IDU VLGHY ZKHUH QR HTXLSPHQW LV ORFDWHG

D([DPSOHRID WUXVV W\SH FRQILIXUDWLR@ ([DPSOHRID SRUWDO IUDPH W\SH FRQILJXUDWLRC

JLIXUH 7UXVV W\SHDQG SRUWDO IUDPH W\SH WRSVLGH

$V SUHOLPLQDU\ GHVLJQV RI RIIVKRUH WRSVLGHVY DUH RIWHQ FUHDWHG E
WKXPE DQG W\SLFDO QXPEHUV IRU WRSVLGH PHPEHUV O0DQ\ RI WKHVH W
E\WKH (XURSHDQ 6WHHO '"HVLJQ (GXFDWLRQ 80 WKRXBRHNKEVIVRXUFH LV L
RXWGDWHG PDQ\RIWKHVHQXPEHUVDUHVWLOO YDOLGDQGDUHWKHUHIRF
WR (6'(3 WKH VWHHO VWUXFWXUH RI D WRSVLGH FRQVLVWY RI WKH IROOR
DOVR VKRZQ LQ ILJXUH

$'HFN OHJV PDLQ FROXPQV
$3ULPDU\JLUGHUV PDLQ EHDPYV
$'HFN EHDPV

$'HFN VWULQJHUYV

$)ORRUV SODWLQJRU JUDWLQJ
$+%UDFLQJV DQG VHFRQGDU\ FROXPQV



(IWMKR SJ SJIWLVIXSTWMHIW OI] hKYVIW WXVYGXYVEP GSQTSRIRXW

JLIXUH 6 WUXFWXUDO FRPSRQHQWV RIDQ RIIVKRUH SODWIRUP

2IWHQ D WRSVLGH FRQVLVWYV RI PXOWLSOH GHFNV 7KHUH DUH PXOWLS
IRU+LJK YROWDJH RIIVKRUH VXEVWDWLRQV WKHIROORZLQJ GHFNV DUH
GHFN DQG URRI GHFN 6RPHWLPHV WKHUH DUH VPDOOHU GHFNV LQ EHW
GHFNV 7KHVH GHFNV DUH VKRY @ HQ \MLUXK@MG HDUOLHU WKH GHFNVY KHL
GHWHUPLQHG E\WKH IXQFWLRQDOLW\RIWKHWRSVLGH 7KHLQWHUPHGLTE
ZLWKLQ WKH 1RUWK 6HD W\SLFDOO\ GLIIHUV IURP DSSUR[LPDWHO\ WR
DERYH WKH PHDQ VHD OHYHO 06/ LVGHWHUPLQHG E\WKH PD[LPXP HOHYI
YDWLRQ EHFDXVH RI WLGHVY DQG VWRUP VZD\ DQG D PLQLPXP DLU JDS RI
6HD WKLV GLVWDQFH LV W\SLFDOO\ DE®RXW PHWUHV DERYH 06/ >

JLIXUH 'LITHUHQW GHFNV RQ RIIVKRUH SODWIRUPV QDPLQJDFFRUGLQJWR +



(IWMKR SJ SJIWLVIXSTWMHIW OI] hKYVIW WXVYGXYVEP GSQTSRIRXW

7TRSVLGHV XVXDOO\ FRQVLVW RI FLUFXODU KROORZ VHFWLRQV IRU WKH
FROXPQV DUH XVXDOO\ OLJKWHU WKDQ VWUXFWXUHYV ZLWK EHDP FROXPC
RI'J\UDWLBQWRZHYHU WKHVH W\SHV RI PHPEHUV DUH PRUH H[SHQVLYH
WDFNOHG E\WKH UHGXFWLRQLQ ZHLJKW RQ WKH WRSVLGHYV )RUD SUHOL
OHJGLDPHWHU FDQ EHDVVXPHG WR EH H®X B OLMPR WK B8 IG1LH 8 H BRHHUMDHUG>W
RI'WKHFHOODU GHFN WKH HIITHFWLYH OHQJWK FRXOG EH GHWHUPLQHG IL
GHFN ZLWK WKLV WKHWKLFNQHVV RIWKHGHFNOHJFRXOGEHFDOFXODW
WR DFFRUGLQIJWRS5HGG\@EQGBERBGGQYWR SGEDWHBHERODWP® VSDFLQ.
RI'WKHPDLQ GHFN OHJV IRUD IRXU OHJJHG SODWIRUP LQ WKH *XOI RI OHTI
FDQWLOHYHU EHDPV WASLFDOO\VSDQ KDOI WKHFROXPQ VSDQ 1RQHWKH!
SODWIRUPV RQ WKH1RUWK 6HD RIWHQ KDYHD FROXPQ EDVHRI [ PHWUFL

7KH GHFNV DUH FRQQHFWHG WR WKH GHFN OHJV DQG FRQVLVW PDLQO\ R
DURXQG PHWUH DQG WKH WKLFNQIHWYV FIOK FMORMHQRPKLWRQHVYV LV RIWFE
PLQHG E\ WKH ZKHHO IRRWSULQW R @ K HQGH\DLHI@QDI® UW B i W \D U K ANZR RSW
SODWHV VWHHO SODWHV RU JUDWLQJ 6WHHO SODWHYV FDQ KDQGOH PX|
WKURXJK WKHP ZKLOH JUDWLQJ FDQ EH XVHG LI ZHLJKW UHGXFWLRQ LV
VXSSRUW WKH IORRULQJ XVXDOO\KDYH D VSDQ RI PHWUHV DQG WKH P|
UDQJLQJ IURP W R RUDQ +($ UDQJLQJ IURP  WR + EHDPV UDQJL
RIWHQ XVHG DV GHFN EHDPV WR VXSSRUW WKH PDMRU HTXLSPHQW DQG GH
FRQQHFWHG WR WKH PDLQ EHDPV 7KHKHLJKW RIPDLQ EHDPV LV W\SLFDO
IURP WRmm DQG DUH RIWHQ EXLOW RI SODWH JLUGHUV EHDPV PDGH IUF
VWDQGDUG EHDP VL]HV GR QRWS®IVRI WR PHWUHV LV W\SLFDO IRU WK
)RUD SUHOLPLQDU\ GHVLJQ WKH EHDP VL]JHV DUH XVXDOO\ GHWHUPLQHG
OLYH ORDGY DQG WKH ZHLJKWV RI WKH KHDYLHVW HTXLSPHQW $Q LQLW
IURP WKR/m2 IRU WKH PDLQ GHFN DQG IRUWKH FHOODU URRIDQG PH]] Gl
KN/m2 FDQ EHDVVX@HGHYHUWKHOHVY WKLVLVFRQVLGHUHG WREH YHU\ |

$00 RI WKH VWUXFWXUDO FRPSRQHQWY ORFDWHG RQ WKH WRSVLGH RI R
FRQQHFWLRQV 7KHVHFRQQHFWLRQV DOVRNQRZQDV MRLQWYV DUH W\SL
EROWLQJ LV FKHDSHU LW UHTXLUHV PRUH PDLQWHQDQFH DV LW LV VXVF
WLPH $GGLWLRQDOO\ ZHOGLQJLV VWURQJHU WKDQ EROWLQJ GXH WR Wt
UHGXFHV WKH PDWHULDO VWUHQJWK 8QOLNH LQ WKH EXLOGLQJ LQGXV
SUHIHUUHG IRU RIIVKRUH VWUXFWXUHY DV WKH\ UHTXLUH YHU\ VWURQJ F
RQH OLIWLQJ RSHUDWLRQ 7\SLFDO ZHOGLQJ FRQQHFWLRQV RQ RIIVKRU
WKUHH GLITHUHQW W\SHYV

+fHOGHG EHDP WR EHDP FRQQHFWLRQ
+f:HOGHG EHDP WR FLUFXODU KROORZ VHFWLRQ FROXPQ FRQQHFWLRQ
I&LUFXODU KROORZ VHFWLRQ ZHOGHG MRLQWYV

7KH ZHOGHG EHDP WR EHDP FRQQHFWLRQ LV XVXDOO\ XVHG LQ WKH GHF!
'HSHQGLQJRQ WKH GHVLUHG VLWXDWLRQ WKHVHFRQQHFWLRQV FDQ EH "
RI VWULQJHUV WR WKH GHFN EHDP WKHUH DUH JHQHUDOO\ WZR RSWLRQ\
FRQFHSW DQG WKH IOXVK IORRU FRQFHSW 7KH VWDFN IORRU FRQFHSW
LOOXVWUDW HGB ,IQQWKIXUBRRULQJW\SH DVWULQJHULV SODFHG XSRQ WKH
ZHOGHG WR WKH GHFN EHDP +RZHYHU WKLY FRQFHSW FDQ VRPHWLPHV F
IRUPDLQWHQDQFH ZKLFK FRXOG HYHQWXDOO\LQFUHDVH WKH FRVWV VL
RI WKH WRSVLGH ZLOO LQFUHDVH ZKHQ WKH VWDFN IORRU FRQFHSW LV D¢
FRQQHFWLRQV DUH SUHIHUUHG D\@ +R0 2KIVKRDE HQBIRSOH LV VEKRZQ LQ IL
7KHVH FRQQHFWLRQV OHYHO WKH VWULQJHUV ZLWK WKH GHFN EHDP DQC
ERWK W\SH RI EHDPV ,W UHTXLUHV VRPH H[WUD SUHIDEULFDWLRQ EXW LV



(IWMKR SJ SJIWLVIXSTWMHIW OI] hKYVIW WXVYGXYVEP GSQTSRIRXW

D([DPSOHRIDVWDFNIORRU FRQFHSW > E([DPSOHRIDIOXVKIORRU FRQFHSW

JLIXUH 7UXVV W\SHDQG SRUWDO IUDPH W\SH WRSVLGH

2IlTVKRUH WRSVLGH FROXPQV DUH WASLFDOO\ PDGH XS RI FLUFXODU KROC
FROXPQVWRWKHPDLQ EHDPVDQGHQDEOH WKHPWRZLWKVWDQG VKHDU I
SODWHYVY DOVR NQRZQ DV GLDPRQG SODWHV DUH XVHG 7KHVH SODWHYV D
WKHFROXPQV WR FRQQHFW WKH EHDPV WR WKH FLUFXODU FROXPQV 7KH
GHPRQVWUDWHG LQ ILJXUH

D([DPSOHRID GLDPRQG SODWHERQBHOGWRRQ GLDPRQG SODWH FRQQHFWLRQ
JLIXUH ([DPSOHV RID GLDPRQG SODWH FRQQHFWLRQ
7KH ILQDO FRQQHFWLRQ ZKLFK LV RIWHQ DSSOLHG RQ RIIVKRUH VWUXEF)
KROORZ FRQQHFWLRQ $Q H[DPSOH RI VXFK O \PRH)XIDW EDQ R ¥ S WPWK\R BVQR LFX |

WKHVHMRLQWY DUH SODVWLILFDWLRQ RIWKHFKRUGDQG WKHSXQFKLQJ
FURVV VHFEWLRQV

JLIJXUH ([DPSOHRIDFLUFXODU KROORZVHFWLRQ FRQQHFWLRQ



'SQTEVEXMZIVIWIEVGL [MXLI\MWXMRK XSTWMHIW

KHQ FRQVLGHULQJ WKH WRWDO ZHLJKW RI D WRSVLGH LW FDQ EH GLYL
VWUXFWXUDO VWHHO ZHLJKW PHFKDQLFDO RUHTXLSPHQW ZHLJKW

ZHLIJKWYV "HLIKW UHGXFWLRQ RIWRSVLGHVY FDQ EHDFKLHYHG E\IRXU
LW\ VL]LQJ OD\RXW FRPSDFWQHVV DQG VWUXFWXUDO GHVLJQ )XQFWLF
UHGXFWLRQ 5HGXFLQJWKHDPRXQWRISURFHVVHV RQD WRSVLGH FRXOCG
RXWDUHDDQG WKXV WKHWRWDO ZHLJKW RI WKHWRSVLGH $QRWKHURS
DUHHYLGHQW LV WR PLQLPL]JH WKH VLIHV RI WKH UHTXLUHG HTXLSPHQW
DUHDDQG D GHFUHDVH LQ WRWDO ZHLJKW EXW WKLV LV RIWHQ QRW SRV\
FKRVHQWREHDVVPDOODV SRVVLEOH 7KHQ RSWLPL]JLQJWKHWRSVLGH !
E\PLQLPL]ILQIWKHUHTXLUHG DUHD 3URSHU EUDFLQJ GHVLJQ HIILFLHQV
FDQ KHOS WR RSWLPL]H WKH OD\RXW )LQDOO\ WKH ODVW RSWLRQ LV WHK
7TKHVWUXFWXUDO GHVLIJQ FDQ EH RSWLPL]J]HG XVLQJGLIIHUHQW PDWHULD
QHHULQJ WULFNV ZKLFK LV WKHW\SHRIZHLJKW UHGXFWLRQ WKDW WKLV

$FFRUGLQJWR +60 211VKRU W KHHWUNUXFWXUDO VFRSH RI WKH WRSVLGH W\S
RQH VL[WK Rl WKH WRWDO WRSVLGH FRVW 'HFUHDVLQJWKH ZHLJKW RI W
FHSWDEOHGHVLJQIRUIDEULFDWLRQ LQVWDOODWLRQ DQGPDLQWHQDQ!
IRUWKHRYHUDOO SURMHEW )URP WKLY VHFWLRQ LW FDQEHFRQFOXGHC
PDLQO\ FRQVLVWV RIILYH VWUXFWXUDO FRPSRQHQWY EHDPV FROXPQV
VWHHO UHTXLUHG IRU FRQQHFWLRQV $OWKRXJK WKHUH DUH PDQ\ PRUH
SHGHVWDOV SLSH VXSSRUWV HTXLSPHQW VXSSRUWV HWF WKHVH SDI
WKH DIRUHPHQWLRQHG FRPSRQHQWY DQG WKH VL]H RI WKHVH SDUWV LV
7KHUHIRUH KLJK VWUHQJWK VWHHO LV QRW H[SHFWHG WR EH IHDVLEOH
DPRXQW ZLOO FRQWULEXWH OLWWOH WR UHGXFLQJ FRVWV DQG ZHLJKW
VLGHUHG 1RQHWKHOHVV LW LV\HW WREHNQRZQKRZPXFKWKHILYH VW!
UHVHDUFK PDNH XS WKH WRWDO WRSVLGH ZHLJKW DQG IXUWKHU UHVHD!
LQYHVWLIDWLQJ WKHVH FRPSRQHQWYV IXUWKHU

'SQTEVEXMZI VIWIEVGL [MXLI\MWXMRK XSTWMHI

+60 2IIVKRUH (QHUJ\ KDV D ORQJ VWDQGLQJ H[SHULHQFH LQ FRQVWUXFW
UHVHDUFK ZDV DEOH WR XWLOL]H VHYHUDO SURMHFWV ZLWK FRUUHVSRQ
WRSVLGHV YDU\LQJLQ VL]HDQG IXQFWLRQDOLW\ ZHUH VHOHFOMHG IRU W
VHYHQ WRSVLGHV ZHUH FRPSDUHG IRU WKHLU JHQHUDO GLPHQVLRQV Gt
GLVWULEXWLRQ 7KH RQO\ SUHUHTXLVLWH ZDV WKDW WKH WRSVLGH VK
LV EHOLHYHG WKDW WKH GHIOHFWLRQ EHFRPHV PRUH VXEVWDQWLDO IR
DV FRPSDUHG WR WKH WRSVLGHY PRXQWHG RQ WRS RI D MDFNHW $GGLV
XVXDOO\KHDYLHU DQG PRUH FRPPRQO\ XVHG PDNLQJ WKHP PRUH VXLWD
KLJK VWUHQJWK VWHHO

7TDEOH *HQHUDO LQIRUPDWLRQ DERXW WKHDVVHVVHG WRSVLGHYV

2YHUDOO WRWBIVGEB'HFN OH XPEHUIRI

7RSVLUGHXKQFWLRQDGLWHQVLR@HLIJKWOD\R HEN OH 3V
I[:[+ >P@ >WRQQH\V® @

*DV SURGXFWLRQ [
HOOKHDG [ [ [

+LJK YROWDJ
VXEVWDNLDL{(S[‘ [
+LJK YROWDJ
VXEVWDNLDL{Q'—[| [
+LJK YROWDJ
VXEVWDNLDL{Q’—[| [
+LJK YROW

IH | [
VXEVWDWLRQ
*DV SURGXFWIRQ [

7TKHRIITVKRUHLQGXVWU\KDVEHHQDURXQGIRUVHYHUDO GHFDGHV DQG P
WRHVWLPDWHWKHVLIHRIWKHGHFNDQG WKHWRSVLGHZHLJKW ORVW RI\



'SQTEVEXMZIVIWIEVGL [MXLI\MWXMRK XSTWMHIW

WKHDPRXQWRIJDVRURLO SURGXFWLR®@ YXIFBKH@MWAYD\Y MISHEBYHQ WRS
ZHLIKWV YHUVXV WKHLUIORRUDUHD $OWKRXJKWKHU VTXDUHG YDOXHR
ORZDFFXUDF\RIWKHWUHQGOLQH LWFDQEHFRQFOXGHG WKDW WRSVLGH

DUHD %DVHGRQ WKHGDWD IURPWKHVHVHYHQ WRSVLGHY DQ HVWLPDWH
XVLQJ WKH WReligRtX:® DArea + 650

JLIXUH 7TRSVLGH ZHLJKW >W@ YV )ORRUDUHD EHWZHHQ GHFN OHJV >P @

$QRWKHU ZD\ WR ORRN DW LW LV E\ORRNLQJDW KRZPXFKVWHHO ZHLJKW
GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ RIWKHWRSVLGHYfV ZHLJKW FD
$FFRUGLQJWR +60 2I1IVKRUH (QHUJ\ DWRSVLGHYV ViHHGRBH MKW EBBIQ EH
PHWHU RI IORRUDUHD UHJDUGOHVYV RI WIKWHSW R 5W WEKHIWWHHO ZJHIXUMW RI
WRSVLGHV GLYLGHG E\ WKHLU IORRU D UHKgAM? 1R/HDIS. S ¥ B HL P @ G/LH-D\WAHKVHWPHK
EXW WKH VWHHO ZHLJKW SHU IORRU DUHD JHQHUDOO\ GHFUHDVHV DV WK
DUHDVKDYHDKLJKHUVWHHO ZHLJKWDQG SUREDEO\VKRUWHU EHDP OHQ.
DGYDQWDJHRXV IRUVPDOOHU IORRUDUHDYV ZKLOH GHIOHFWLRQ ZLOO EH
WUHQGOLQHYV DFFXUDF\LV ORZWRFRQFOXGH WKDW WKLV LV DOZD\V WK

JLIXUH 7TRSVLGH VWHHO ZHLJKW SHU IORRU DUHD EHWZHHQ GHFN OHJV >NJ



'SQTEVEXMZIVIWIEVGL [MXLI\MWXMRK XSTWMHIW

W ZDV REVHUYHG WKDW WKH GHFN OD\RXWV RI WKH VHYHQ WRSVLGHYV ZI
SULPDU\DQG VHFRQGDU\VWHHO $ W\SLFDO GHFN OD\RXW FRQVWUXFWH (
 WVKRXOGEHQRWHG WKDWQRQHRIWKHWRSVLGHVKDGDQH[DFW OD\RXYV
GLITHUHQW HTXLSPHQW DUHDV IXQFWLRQDOLWLHY DQG UHTXLUHPHQW
ILJIXUH UHSUHVHQWY WKDW D GHFN WA\SLFDOO\ FRQVLVWYV RI PDLQ FROXP
EHDPV VKRZQDVEOXHOLQHY GHFNEHDPV VKRZQDVRUDQJHOLQHYV DC
\HOORZ OLQHV

JLIXUH 7\SLFDO GHFN OD\RXW ODLQ EHDPVLQ EOXH GHFN EHDPVLQ RUDQJHDQG GHFN

:KLOH WKH OLWHUDWXUH GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ GHVFU|
GHFNOHJVDUH W\SLFDOO\ [ PHWUHVWR [ PHWUHV WKHWRSVLGHV I
ZLGHU YDULHW\ 7KHFROXPQVSDFLQJVRIWKHVHYHQWRSVLGHV YDU\IUR
WRSVLGHV DUH PRUH UHFWDQJXODU WKDQ VTXDUH EXW WKLV FDQ EH H[S
KDOO DW +60 LV ORQJHU WKDQ LWLV ZLGH 7KHREVHUYHG GLDPHWHUV RI

LQFKHVY EXW WKH W\SLFDO GLDPHWHUV ZHUH QRW IRXQG LQ WKHOLWHU
WKH VDPH UDQJH DV WKH OLWHUDWXUH EHWZHHQ WKH FHOODU PDLQ DQ
ZHUH LQFOXGHG WKH KHLJKW ZDV RIWHQ VPDOOHU UDQJLQJIURP WR P

JRUWKHPDLQ EHDPV SURILOHV YDU\LOQIMWKRPK SOEWERVWRHUV KDYH EHH
ZKLFK LV D ZLGHU UDQJH WKDQ ZKDW LV WA\SLFDOO\ PHQWLRQHG LQ WKH
WR + EHDPV ORUHRYHU WKH OHQJWK RI WKH PDLQ EHDPV LQ WKH WF
PHQWLRQHG LQ WKH OLWHUDWXUH ZKLOH WKH PDLQ FROXPQV KDYH ODUJ
EHWZHHQ WKHP 7KH PD[LPXP VSDQ REVHUYHG IRUD PDLQ EHDP LV PHW I

7KH GHFN EHDPV VKRZHG D ZLGH YDULHW\RIOHQJWKV RQ WKH GLITHUHQW
EHIRXQG 7KHGLVWDQFH EHWZHHQ WKH GHFN EHDPV YDULHG FRPSDUHG
7KHOLWHUDWXUH SURFODLPHG D GLVWDQFH EHWZHHQ WKH GHFN EHDPV
WR PHWUHVY KDYHEHHQ VSRWWHGLQ WKHVHYHQ WRSVLGHV 7KH SURIL

+ EHDPVDQG LQ VRPHVLWXDWLRQV HYHQ D SODWHJLUGHU W\SLFDO
DWWKDW ORFDWLRQ

$V WKH GHFN VWULQJHUV DUH ORFDWHG EHWZHHQ WKH GHFN EHDPV WKH
GLVWDQFH EHWZHHQ WKHGHFN VWULQJHUV YDULHV IURP WR PHWUF
WKH OLWHUDWXUH EXW WKH GHFN VWULQJHUV KDG D ZLGHU UDQJH WKD((
13(

'LITHUHQW YDOXHV ZHUH REWDLQHG IRU WKH OHQJWK RI FDQWLOHYHU EH
OLWHUDWXUH 7KH OHQJWK RI FDQWLOHYHU EHDPV DVVHVVHG LQ WKH W
LPSRUWDQW WR QRWH WKDW WR PLQLPL]HWKH GHIOHFWLRQ RIKDQJLQJ G
LVRIWHQ ZHOGHG WR WKHHQGV RIORQJHU FDQWLOHYHU EHDPV ,Q VXFK
QRUPDO GHFN EHDPV 7KH FURVV VHFWLRQV YDULHG |IU R + EHDPV WR

7KH WKLFNQHVYVY RI GHFN SODWLQJ RQ WKIHMVREVYEGK\VL UBQVYH® LUR®W OWIRJ |
OLWHUDWXUH WK D WmL Q#6L0F DIWHM UW RQH U J\ S UH I HnchY CQRMWWMWRRMXMHG HIR U
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PDWLRQV WKDW RFFXU GXULQJ ZHOGLQJ $V D UHVXOW WKH PLQLPXP S
WRSVLGHWV LV

,QDGGLWLRQ DQ DWWHPSW ZzDV PDGH WR FRPSDUH GLITHUHQW MRLQWYV
IHUHG WRR PXFK $V FROXPQV DQG EHDPV GLIIHU WKH SODWH WKLFNQH'
GLIIHU $VD UHVXOW QR JHQHUDOL]J]HG UHVXOWV IRUMRLQWY ZHUH DVVH

'"HVSLWH WKH VLIQLILFDQW YDULDWLRQV DPRQJDOO VHYHQ WRSVLGHV
RXWDQG WKH SURILOHYVY OHQJWKYV DQG W\SLFDO GLPHQVIRQWHRQIWWYV VW
JHQHUDOL]J]HG UDQJHV RI WASLFDO VWUXFWXUDO FRPSRQHQWYV ZLWKLQ D
LQ WKLV VHFWLRQDQG WKHOLWHUDWXUH GLVFXVVHG LQ WKH SUHYLRXV

7DEOH *HQHUDOL]J]HG UDQJHV RI VWUXFWXUDO FRPSRQHQWV IURP WRSVLGH DVVHVV|

HQIJWK/HQJIWK
&RPSRQHQW 3UR+I6LOOHUDQJH S%FT_IVbSUSJVBSL L{UDQJH UDQJH 2WKHU
+60 OLWHUDWXUH
LDPHWHU 'LDPHWHU 6SDFLQJ GHFN OHJV
ODLQ FROXPQV LQFK P P /ILWHUDWXUH P
1IRWIRXQG
P +60 P
HDP
0bLQ SUI'PDU\EHDOVEDWHJ_UG‘H-IEIMDPV SODWH|JLUGHUV P
'"HEN EHDP + EHDRV + EHDPV VSDFLQJ DSSUR|[ P
'"HFN VWULQJHUV 3 ( 3 ( +($ P P VSDFLQJDSSUR[ P
, HDPV
HFN FDQWLDHYngiDWHJ_UGHU\}I‘RWIRXQG P P
'"HFN SODWLQJ PP WKLFNQHVYV PP

JURP WKH ZHLJKW UHSRUWV RI WKH WRSVLGHV WKH VWUXFWXUDO ZHLJKYV
SRQHQWV EHDPV FROXPQV DQG EUDFLQJV SODWLQJDQG QRGHV %\ FF
WRSVLGHV WKH ZHLJKW SHUFHQWDJH RI HDFK FRPSRQHQW/ RBIQLEH REW D!
XUH UHYHDOV WKDW EHDPV PDNH XS WKH PDMRULW\ RI WKH ZHLJKW SHUF|I
E\FROXPQV DQG EUDFLQJV DSSUR[LPDWHO\ GHFN SODWLQJ DSSURJL
LPDWHO\ 7KH UHPDLQLQJ RI WKH WRWDO VWHHO ZHLJKW LV PDGH X
,WIVLPSRUWDQW WR QRWH WKDW WKH ZHLJKW RI WKH QRGHV LQFOXGHV E
QRGHV DUH FRQVWUXFWHG VHSDUDWHO\DQG WKHQ ZHOGHG WR WKH EHD
SHUFHQWDJHV DUH XVHG VERGHJWR QBAHBXIUWHFKDSWHU DQG WKH H[WHQG!
LVVKRZQLQ IL)YRIP WKLV GLDJUDP LWFDQEHFRQFOXGHG WKDW XVLQJ KL
FROXPQV EUDFLQJV SODWLQJ DQG QRGHV ZLOO RQO\DIIHFW DERXW

JLIXUH :HLJKW SHUFHQWDJH RI GLITHUHQW VWUXFWXUDO FRPSRQHQWV IRU GLI
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