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Abstract

In recent years, there has been growing interest in exploring the deployment of wave energy converters
(WECs) in remote and harsh environments. However, research in this area remains limited, particularly
concerning offshore environments with sea ice. This study focuses on investigating the energy production
and economic feasibility of a point absorber in the Baltic Sea, specifically off the coast of Aland, which
experiences seasonal ice cover. Four winter seasons with varying ice conditions are examined, ranging
from ice-free to severe ice conditions. Additionally, the study aims to assess the survivability of the WEC
under extreme level ice action and extreme wave conditions.

Based on literature review, a hexagonal slope-shaped buoy has shown promise in withstanding ice
conditions up to 15 cm thickness in the Baltic Sea and is selected as the WEC design in this study.
Metocean and sea ice data spanning from 2006 to 2021 are analysed from the NORAS3 database. Through
extreme value analysis, key parameters such as wave height, period, and ice thickness are determined.
Survivability analysis is conducted to understand the forces exerted on the WEC during extreme ice
load cases and extreme sea states. To evaluate energy production, hydrodynamic coefficients are
computed using the Boundary Element Method solver Capytaine in the frequency domain. Subsequently,
simulations are conducted using WEC-Sim to derive the power output of the WEC under varying sea states.
Optimisation of the Power Take-Off (PTO) damping is performed to enhance performance for the specific
site conditions. A comparison of power output is made among different WEC configurations with varying
translator sizes.

The survivability analysis reveals important design considerations, especially regarding extreme ice
conditions. When subjected to an extreme level ice thickness of 60 cm this results in calculated horizontal
and vertical forces of 615 kN and 315 kN, respectively. In extreme sea states, simulations in WEC-Sim
shows a maximum heave response of 4.16 m and a maximum heave force of 133 kN. Additionally, the
investigation reveals significant fluctuations in wave energy converter (WEC) power production across the
analysed winter seasons, characterised by varying ice conditions. During severe ice conditions (2009-
2010), energy output decreased by nearly 50% compared to ice-free periods (2019-2020), potentially
leading to a 95% increase in the levelised cost of energy (LCOE) if solely derived from that single season.
These findings give valuable insights into the optimal WEC configuration, the maximising of power output
and offer important considerations to WEC survivability for deployment in ice-covered regions.
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(&V DQG WKHLU ZRUNLQJ SULQFLSOHV DUH DOVR EULHIO\UHYLHZHG 6HFWI
PHWULFVY XVHG WR DVVHVV DQG FRPSDUH GLITHUHQW FRQFHSWV ZLWK HDF

7KHRU\RQ :DYH (QHUJ\
"KHQ WKH VXQ UDGLDWHVY RQ WKH HDUWKJV DWPRVSKHUH LW FDXVHV DLU F
FLUFXODWLRQ DOVR NQRZQ DV WKH ZLQG FDQ WUDQVIHUHQHUJ\RQWR W
7KH ZDYHOHQJWK DQG WKH SHULRG GHSHQG RQ WKH ZLQG VSHHG $ ORQJH!
JUHDWHU WKH IHWFK VXUIDFH DUHD ZKHUH WKH RFHDQ ZDYHV DUH JHQHU
ZLOOEH :DYHVFDQ WUDYHO RYHU YDVW GLVWDQFHV ZLWK RQO\PLQRU O
EORZ WKH ZDYHV FDQ VWLOO FDUU\HQHUJ\IRUVRPH WLPHEHIRUH VWRSSL(
DYDLODELOLW\RIZDYHHQHUJ\LV ODUJHU WKDQ ZLQG RUVRODU > @ :DY|
HQHUJ\FRQYHUWHU :(& E\WKH SUHVVXUH IOXFWXDWLRQV EHORZ WKH VHE
WKH ZDYHV 7KH SXUSRVH RIWKH :(& LV WR FRQYHUW WKH HQHUJ\ RI WKH Z

JLIXUH ORWLRQRID ZDWHU SDUWLFOHLQD ZDYH > @

$QRVFLOODWRU\ZDYHLQ GHHS ZDWHU ZKHUH WKH GHSWK LV PRUH WKD (
SDUWLFOHV DW WKH VXUIDFH WKDW PRYHLQ FLUFOHYV ZKLFK LV FDOOHG W
HTXDO WR WKHDPSOLWXGHRIWKHZDYHDQG GHFUHDVHY HISRQHQWLDOO\ Z
WKDQ KDOI WKH ZDYHOHQIJWK 7KHUHIRUH D :(& ORRNLQJWR H[SORLW WKH



&XUUHQW 6WDWH RI:DYH (QHUJ\ 7THFKQRORJ\

EHQHILWDW JUHDWHU GHSWKV DV ZHOO DQG VKRXOG GRVR FORVHU WR VW
VKDOORZ ZDWHU ZKHUH WKH GHSWK LV OHVV WKDQ RI WKHZDYHOHQJW
DIlIHFWHG E\ WKHLQWHUDFWLRQ ZLWK WKH VHDEHG 'XHWR WKLV LQWHUIHU
WR IRUPDQHOOLSWLFDO VKDSH 7KH KRUL]JRQWDO PRYHPHQW RIWKH SD
PRYHPHQW GHFUHDVHYV ZLWK WKH GHSWK DQG WKXV IODWWHQLQJ WKH HOGC
PRYHPHQW RI WKHZDWHU SDUWLFOHY GRPLQDWHV LQ QHDUVKRUH FRDVWLEL
IRURVFLOODWLQJZDYH VXUJH FRQYHUWHUV > @

‘DYHHQHUJ\FDQ EH FKDUDFWHULVHG E\ WKHZDYHHQHUJ\GHQVLW\ SHU
HQHUJ\IOX[ ZKLFK LV WKH ZDYH SRZHULQ N: PRI FUHVW OHQJWK $FFRUGL(
DYHUDJH ZDYHHQHUJ\GHQVLW\ LV

1
E=-gH?
g9

KHUHUHSUHVHQWYVY WKHGHQVLW\RIWKH VHD ZDWHU JLV WKHJUDYLWDWL
,QUHDOLW\ KRZHYHU WKH ZDYHV RI D VHD VWDWH GR QRW DOO VKDUH I
FKDUDFWHULVHG ZLWK WKH ML JDKHLV DX 2P DY WHADKMKHLIKW UHSUHVF
ZDYH KHLJKW RI WKH KLJKHVW RQH WKLUG RI WKH ZDYHVY ,WFDQDOVREH
VSHFLILF(HR:F4[9WH_R7Q(H YD uiOBVORDOOHG WKH JHURWK RUGHU PRPHQW DQC
SDUDPHWHU FKDUDFWHULVLQJ WKH ZDYH VSHFWUXP 8VLQJWKHZDYH HQF
WKH ZDYH HQHUJ\IOX[ 3 WKDW LV DOLJQHG ZLWK WKH ZDYH GLUHFWLRQ FD

P = Ecg

2FHDQ ZDYHV SURSDJDWH DV JURXSVDQG WUDYHO WLPHVY VKRXOG WKHUHIR
7Kgy LQWKHHTXDWLRQUHSUHVHQWY WKHJURXS YHORFLWARIWKHZDYHV ZK
ZDYH SHULRG 7KH %DOWLF 6HD LV UHODWLYHO\VKDOORZ > @ DQG GHHS zZD
IR FDOFXODWLRQV ZKHQ DQDO\WVLQJWKHZDYHHQHUJ\WKHUHIRUHLWLV Q
I = gk WDOKIK :LWK% EHLQJWKHUDGLDQ IUHTXHQF\ NWKHZDYHQXPEHU
7KHJURXS YHORFLW\RI WKH ZDYHV FDQ WKHQ EH ZULWWHQ DV

_ o, 2
“@= % V L @Kd)

$FFRUGLQJ WR @ LAKHYMNVVXPHG WR EH GHHSEZ DWHW DQ 6 ZKXRHNG WR E|
VKDOORZ ZzDWHU DQG HYHU\WKLQJLQ EHWZHHQ EHLQJLQWHUPHGLDWH ZI

6XEVWLWXWLRQ LQWR IRUZDYHHQHUJ\IOX[ EHFRPHV
2
b= gH ¢? 1+ 2kd o
16 VLQEKE) KkTe

7TKHPHDQ HQHU'Ue\:S%HlJLRIGH HISUHVVLRQ DERYHGRHV QRW WDNHLQWR DFFR X
SRQHQWYV RIQDWXUDO ZDYHILHOGY SURSDJDWHLQD FHUWDLQ UDQJH RI G|
WKHDFWXDO ZDYHHQHUJ\UHVRXUFHDYDLODEOHIRUD (&> @ > @
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6HD 6WDWHDQG 2FHDQ :DYHG6SHFWUD

J)LIXUH ([DPSOHV RIRFHDQ ZDYH VSHFWUD IRU GLITHUHQW ZLQG VSHHG

7TKHZDYH VSHFWUXP FDQ EHD XVHIXO WRRO IRU SUHGLFWLQJ WKHLPSDFW R
WKHIHDVLELOLW\RIZDYH HQHUJ\FRQYHUVLRQ WHFKQRORJLHYV DQG IRU
SDUDPHWHUV RI WKH VSHFWUD VXFK DV WKH VLIQLILFDQW ZDYH KHLJKV
FDQ EH XVHG WR FKDUDFWHUL]H WKH VHYHULW\DQG IUHTXHQF\RIVHD VW
DQG YHVVHOV WKDW FDQ ZLWKVWDQG WKHIRUFHV RI WKHRFHDQ 7KH -216
DUHWZR FRPPRQO\ XVHG PRGHOV IRUGHVFULELQJ WKH VWDWLVWLFDO G
IUHTXHQFLHV DQG ZDYH OHQJWKV > @

7KH 3LHUVRQ ORVNRZLW] VSHFWUXP LVDQ LGHDOLVHG WKHRUHWLFDO PR(
VSHFWUDO VKDSHRIDIXOO\GHYHORSHG VHD VWDWH ,WLVEDVHG RQ WK|
SHULRG RIWLPHRQD ODUJH HQRXJK VHD VXUIDFH ZRXOG OHDG WR IXOO\ GF
EHLQ HTXLOLEULXP ZLWK WKH ZDYHVY ,Q DGGLWLRQ WKHVSHFWUXP DVVXP
GHYHORSHG XQLIRUP ZLWK ZLQG EORZLQJIRUD VXIILFLHQW SHULRG 7KH
RI'ZDYH KHLIKWV DQG IUHTXHQFLHV EDVHG RQ WKH ZLQG VSHHG GXUDWL
XVHG LQ ZDYHIRUHFDVWLQJDQG GHVLIJQ RIPDULQH VWUXFWXUHY > @

$OPRVW D GHFDGH ODWHU DQ LPSURYHG YHUVLRQ RI WKH 3LHUVRQ ORV
WKH -216:$3 VSHFWUXP 7KLV VSHFWUXP DFFRXQWV IRUUHDO VHD VWDWH'
FRQGLWLRQV DVVXPHG LQ WKH 3LHUVRQ ORVNRZLW] VSHFWUXP ,W IRX
GHYHORSHG 7KH -216:$3 VSHFWUXP LQFOXGHV DQ DGGLWLRQDO SDUDPF
ZKLFK DFFRXQWYV IRU WKH HITHFWV RI ZDYH QRQOLQHDULWLHYV RQ WKH
FKDUDFWHUL]H VHD VWDWHY WKDW GLIITHUIURP WKHIXOO\GHYHORSHG VHD
ZDWHU DQG FRDVWDO UHJLRQV > @

'DYH (QHUJ\ &RQYHUWHUYV

‘DYHHQHUJ\FRQYHUWHUV KDYH EHHQ GHYHORSHG DQG H[SHULPHQWHG ZLW
*LUDUG SDWHQWHG D FRQFHSW IRUD ZDYH SRZHUHG GHYLFH 6LQFH F
KDYHEHHQ SDWHQWHG HDFK\HDU ZRUOGZLGH > @ 1HYHUWKHOHVV GHY!I
UHODWLYHO\HDUO\ VWDJHV FRPSDUHG WR ZLQG DQG VRODU HQHUJ\ 7KH R
GHYHORSPHQW RIUHQHZDEOH HQHUJ\ UHVRXUFHV DQG UDLVHG LQWHUHVW
\HDUV VRFLHW\ KDV VWDUWHG WR UHDOLVH WKDW WKHUH LV D VLJQLILF
ZRUOGYV RFHDQV $FFRUGLQJWR D UHSRUW RQ 5HQHZDEOH (QHUJ\ 6RXU
WKH WRWDO WKHRUHWLFDO ZDYH HQHUJ\ SRWHQWLDO LV HVYWLPDWHG WR E
HOHFWULFLW\ FRQVXPSWLRQ UHDFKHG 7:K> @ 7KLV PHDQV WKDW W
JOREDOO\FRX0OG PHHW WKH ZRUOGTV HOHFWULFLW\ GHPDQG ,Q SUDFWLFH
HQHUJ\WHFKQRORJ\ KDV QRW \HW UHDFKHG LWV PDWXULW\ > @

7TKHUH DUH VHYHUDO DGYDQWDJHV ZLWK ZDYH HQHUJ\ PDNLQJ LW D XVHI
$FFRUGLQJWR'UHZHWDO RQHRIWKHEHQHILWY ZKHQ LW FRPHV WR ZDY
VHD ZDYHV LV WKH KLIKHVW RIDOO UHQHZDEOH HQHUJ\ VRXUFHV > @ $GG
DKLIJIKDYDLODELOLW\FRPSDUHG WR RWKHU UHQHZDEOHV VXFKDV ZLQG
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JLIXUH *OREDO RIIVKRUHDQQXDO ZDYH SRZHU OHYHO GLVWULEXWLR

HOQHUJ\ LV VXLWDEOHIRUHOHFWULFLW\JHQHUDWLRQ ZKHUHDV VRODUDQG
$QRWKHU EHQHILW LV WKDW WKH QDWXUDO VHDVRQDO YDULDELOLW\LQ ZDY
LVOLWWOHHQHUJ\ORVYVY ZKHQ ZDYHV WUDYHO ORQJ GLVWDQFHV > @ )|
HOQOHUJ\KDV RQH RI WKH ORZHVW OHYHOV RI OLIH F\FOHJUHHQKRXVH JDV H
> @

6RPHRIWKHPDMRU FKDOOHQJHYVY ZKHQ LW FRPHV WR ZDYHHQHUJ\UHODWHV
FXUUHQW GHYHORSPHQW VWDWXV RI:(&V DQG WKH FDSDELOLW\WR ZLWKVYV
DUH LUUHJXODUDQG KDYHD ODUJH YDULDELOLW\LQ VHYHUDO WLPH VFD(
> @ 7KLV YDULDELOLW\LQ WKHZDYHV OHDGVY WR YDU\LQJSRZHU OHYHOV
VI\IVWHP IRUVWRULQJHQHUJ\ VR WKH SRZHU FDQ EHFRQYHUWHG LQWR VPR
KXUULFDQHVDQG VWRUPY SRVHH[WUHPH ORDGLQJFRQGLWLRQV WKDW L
WKH : (& $OVR WKH FRUURVLYHQHVV RI VHD ZDWHU SRVHV D ULVN WR WKH
RSHUDWLRQDQG PDLQWHQDQFH VWUDWHI\LVUHTXLUHG DW WKH GHVLJQ V\
ORUHRYHU LWLVLPSRUWDQW WR QRWH WKDW ZDYH HQHUJ\FRQYHUWHU
RWKHU PDWXUH UHQHZDEOH HQHUJ\WHFKQRORJLHV VXFK DV ZLQG DQG VR
ZDYHHQHUJ\KDYHEHHQ FRQVLGHUHG ZLWK RYHU D WKRXVDQG SDWHQW
ZDYHHQHUJ\WHFKQRORJ\KDV QRW\HW FRQYHUJHG > @
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JLIXUH (& FODVVLILFDWLRQ E\RULHQWDWLRQ

7KHUH H[LVWV VHYHUDO W\SHV RI ZDYH HQHUJ\ FRQYHUWHUV "LITHUHQW
RSHUDWLQJ SULQFLSOH RULHQWDWLRQ 372 DQG DSSOLFDWLRQ > @

GLPHQVLRQV DOG RULHOWDWLRQ DV HLWKHU D SRLQW DEVRUEHU DWWHC
LV RPQL GLUHFWLRQDO GHSHQGHQW PHDQLQJWKDW LW GRHVY QRW GHS
JHQHUDWHY HOHFWULFLW\ E\FRQYHUWLQJ WKH HQHUJ\ RI WKH KHDYH PRW
KRULJRQWDO GLPHQVLRQV LQ FRPSDULVRQ WR WKH ZDYH OHQJWK $Q H[L
DQG :DYHVWDU ZKLFK LV D PXOWLSOH SRLQW DEVRUEHU W\SH RI:(& 7KH DW
RULHQWHG SDUDOOHO WR WKH ZDYH UD\V IRULW WR ZRUN HIITHEWLYHO\ ,W
ZLWK HDFK RWKHU XVLQJ MRLQWY 2QH H[DPSOH RI WKLV W\SH RI :(& LV “7K
WKDW H[WHQG LQ WKH FURVYV ZDYH GLUHFWLRQ VR WKDW WKHLU SULQFLSDO
$FFRUGLQJWRD UHSRUW IURP WKH ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\
VKRZV WKDW DUH SRLQW DEVRUEHUYV DUHWHUPLQDWRUV DQG DU

:(&V FDQ EH GHVLIJQHG WR VXLW GLITHUHQW ZDYH FRQGLWLRQV DQG ORF|
VKDOORZHU ZDWHUV ZKLOH RWKHUV DUH GHVLIJQHG IRU XVH LQ GHHSHU
IHDWXUHV PD\ GLIIHU EDVHG RQ WKHLQWHQGHG VLWHDQG WKH VRUWYV RI Z|
FRQYHUWHUV DUH FDWHJRUL]HG LQ D YDULHW\RI ZD\VWR UHIOHFW WKH GLY
LWVLPSOHU WKLV VWXG\ FODVVLILHV :(&V SULPDULO\ EDVHG RQ WKHLU
(&V FDQ EH FDWHJRULVHG LQWR RVFLOODWLQJ ZDWHU FROXPQ RVFLOOD!
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JLIXUH 2YHUYLHZ RI : (& FODVVLILFDWLRQV > @

7TKH2VFLOODWLQJ :DWHU &ROXPQ

7TKHRVFLOODWLQJ ZDWHU FROXPQ 2:& FRQVLVWV RIDVXEPHUJHG VWU X
VXUIDFH OHYHO DOORZLQJDLU WR EHWUDSSHG LQVLGH D FKDPEHU 7KF
IOXFWXDWLRQVLQ WKHDLU SUHVVXUHDQG D UHFLSURFDWLQJDLUIORZYV
V\IVWHP 7KH SRZHU WDNH RIl VIVWHP XVHG WR FRQYHUW SRZHU LQ 2:&V DU
XVHG DLUWXUELQHLQ 2:&V LV WKH :HOOV WXUELQH 7KH:HOOV WXUELQHLV
UHDVRQ IRU WKLV LVWKDW WKHURWRU EODGHDLUIRLO JHRPHWU\IURP WK
HQDEOLQJ WKH URWDWLRQDO GLUHFWLRQ WR UHPDLQ XQFKDQJHG UHJDUGC
WXUELQH LV WKHVHOI UHFWLI\LQJLPSXOVH WXUELQH 7KLV WXUELQH XVH
RQWKHRSSRVLWH VLGHV RI WKHURWRU 7KHVHIL[HG YDQHV RQ WKH WXI|
GULYHV WKH URWRU EODGHV DQG DFKLHYHV VHOI UHFWLI\LQJ EHKDYLRXU >
RXWOHWDQJOHDV FDQ EH VHHQ LQ WKHVFKHPDWLF UHSUHVHQWDWLRQ E|

7KHUH DUH WZR GLIITHUHQW W\SHV RI 2:&V QDPHO\ IL[HG DQG IORDWLQJ ORV
ZKHUH WKH ZDWHU GHSWK LV QRW DQ LVVXH QR GHHS ZDWHU PRRULQJDQG ¢
LVDOVR HDVLHU WR LQVWDOO DQG PDLQWDLQ VKRUHOLQH 2:& SODQWV
EUHDNZDWHU VXFK DV WKH OXWULNX SODQW DW WKH FRDVW RI QRUWKHUQ
VXFK D GHYLFH LQWR D EUHDNZDWHU VI\VWHP PDNHV LW PXOWL SXUSRVFE
DJDLQVW FRDVWDO HURVLRQ DV ZHOO DV WLGHV EFXUUHQWY VWRUP VXUJHYV
7KLV KHOSV GLYLGH WKH FRQVWUXFWLRQ FRVWY DQG PDNHV LW PRUH DF
PDLQWHQDQFH

2QHRIWKHILUVW IORDWLQJ GHSOR\HG 2:& ZDV GHYHORSHG E\ <RVKLR 0DV>
ODVXGD GHYHORSHG WKHFRQFHSWRIDIORDWLQJEDFNZDUGY EHQW GXFW E
WKDW FDSWXUHV HQHUJV\IURP WKH KHDYH VXUJHDQG SLWFKPRWLRQ RI WK
UHIHUV WR WKH GXFW EDFNZDUGV IDFLQJ WKH LQFLGHQW ZDYH GLUHFWLR(
EHQW GXFW EXR\ZDV VWXGLHG DQG ODWHU FRPPHUFLDOLVHG DQG LQWHJL
IORDWLQJ 2:& FRQFHSW LV WKHOLJKW\:KDOH WKDW LV GHSOR\HG QHDU *}I
IORDWLQJ VWUXFWXUH WKDW FRQVLVWY RI EXR\DQF\WDQNV DQG WKUHH
FDSDEOHRIJHQHUDWLQJ D WRWDO UDWHG SRZHU RI N:> @
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JLIXUH :RUNLQJ SULQFLSOHRID 2:&

2VFLOODWLQJ %RGLHV

2VFLOODWLQJ ERGLHYV 2% UHIHU WR :(&V PRYLQJ ZLWK WKH PRWLRQ RIV
DWUDQVODWLRQDO VXFKDV VXUJHDQG KHDYH RUD URWDWLRQDO VXFK
(&Y WKH\H[SORLW WKH PRUH SRZHUIXO ZDYH UHJLPHV > @ 2QH RI WKH |
RVFLOODWLQJERGLHV LVDFFHVVLELOLW\IRUPDLQWHQDQFH PRRULQJDQ
> @ 2%V FDQDOVREHFODVVLILHGLQ GLITHUHQW FDWHJRULHV VXFK DV \
KHDYLQJ VA\VWHPV IXOO\VXEPHUJHG KHDYLQJ VA\VWHPYVY SLWFKLQJGHYLF
ERG\2% VA\VWHP $VLQJOH KHDYLQJEXR\LVDQRVFLOODWLQJERG\GHYLFH
DERWWRP ILIHG VWUXFWXUH 6XFK V\VWHPVY DUH FRPPRQO\NQRZQ DV S
GLPHQVLRQV RIWKH GHYLFHDUHPXFK VPDOOHU WKDQ WKHZDYHOHQJWK =
DUH GHVLIQHG WR FDSWXUH WKHHQHUJ\RIZDYHV LQ DOO GLUHFWLRQV
DWWDFKHG WR D PRRULQJ VA\VWHP ZKLFK NHHSVY WKH GHYLFHLQ SODFH 2
ZLWK WKH ZDYHV 7KHKHDYLQJPRWLRQ RI WKHEXR\GULYHV D SRZHU WD!I
ZKLFK FRQYHUWYV WKH PHFKDQLFDO HQHUJ\LQWR HOHFWULFDO HQHUJ\ 8V
DWFRQVLGHUDEOH ZDWHU GHSWKV ZKHUH WKH ZDYHV DUH PRUH SRZHU I X(

6RPHWLPHV WKHUH FDQ EH GLIILFXOWLHY GXH WR WKHORQJGLVWDQFH IUF
FRPELQHG ZLWK FKDQJLQJ WLGHYV $VDQDOWHUQDWLYH WZR ERG\ V\VV
UHOLHVRQ WKHUHODWLYHPRWLRQ EHWZHHQ WKHWZR ERGLHV DQG WKL
JHQHUDWRU 7KLV LV WKHFDVHRIWKH3RZHUEXR\ DIORDWLQJ :(& GHYH
LQWKH86% $IORDWLQJ GLVF VKDSHG EXR\RVFLOODWHY ZLWK WKH PRWL
LQHUWLD RI WKHVHFRQG ERG\ DVXEPHUJHG F\OLQGULFDO ERG\> @ $W
GDPSHU SODWH WKDW LQFUHDVHVY WKHLQHUWLD WKURXJK WKHDGGHG PD
HQHUJ\LVJHQHUDWHG E\ D K\GUDXOLF PRWRU GULYHQ E\ WKLV UHODWLYF
WKLV LV $TXD(QHUJ\TV $TXDEX2< 7KH $TXDEX2< FRQVLVWV RIDIORDWHL
DF\OLQGULFDO WXEH 7KH QDWXUDO IUHTXHQFLHY RI WKH SLVWRQDQG W
VLIQLILFDQW UHODWLYH PRWLRQVEHWZHHQ WKHWZR 7KURXJKWKH SLVWF
DQG XVHG WR GULYHD 3HOWRQ WXUELQHDV WKHIORDW RVFLOODWHYV ZLW
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JLIXUH 6LQJOH +HDYLQJ % XR\ZLWK OLQHDU JHQHUDWRU E\8SSVDC

7TKHQ WKHUH DUH : (& VIVWHPV XVLQJ PXOWLSOHERGLHY $Q H[DPSOH R\
'HQPDUN )Y)ORDWV DUHFRQQHFWHG YLD DUPV WR D ERWWRP IRXQGHG SOI
FDXVHG E\WKH ZDYHV WUDYHO YLD K\GUDXOLFVWRDQ HOHFWULFDO JHQHU
RI'WKLV LV 7KH3HODPLY DQDWWHQXDWRU W\SH :(& GHYHORSHG LQ WKH 8.
IRXU F\OLQGULFDO ERGLHY DWWDFKHG XVLQJ KLQJH MRLQWY 7KH SRZHU W|
DQG\DZPRWLRQLQ WKHMRLQWY FDXVHG E\WKH ZDYHVY 7KH MRLQWYV GUL
WKHHOHFWULFDO JHQHUDWRUV ,Q WKHILUVW JULG FRQQHFWHG ZD
WKUHH 3HODPLY GHYLFHV > @ 7KH VXUMLY DPODRRXGIHR LR:ID WHK BY8.H O XSBLWR. V
P> @

JLIXUH SKRWR RI 3HODPLV > @

7KH $UFKLPHGHV :DYH 6ZLQJ $:6 LVDIXOO\VXEPHUJHG KHDYLQJ VA\VWHP W
RI 3RUWXJDO LQ W FRQVLVWV RID ERWWRPIL[HG SDUWDQG DQ RVFL
VXEPHUJHG 7KH ZDYHV FUHDWH D SUHVVXUH GLITHUHQWLDO DERYH WKH |
SDUW WR RVFLOODWH 7KH XSSHU SDUW PRYHV GRZQ XQGHUD ZDYH FUHVW I
7KLY OLQHDU PRWLRQ LY FRQYHUWHG LQWR URWDU\ PRWLRQ ZKLFK LV W
FROQYHQWLRQDO JHQHUDWRU 7KH GHYLFH DOVR XVHV D FRQWURO V\VWHP
VI\IVWHP FDQ DGMXVW WKH EXR\TV SRVLWLRQ DQG WKHDQJOH RIWKH GULYH
RXWSXW DQG DOVR UHGXFH WKHVWUXFWXUDO ORDGY GXULQJH[WUHPH
$:6 KDV D VXUYLYH,O OLAPEW@R I
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JLIXUH ORGHO DQG ZRUNLQJ SULQFLSOH RI WKH RIIVKRUH 2\VWHL

%RWWRP KLQJHG RVFLOODWLQJ ZDYH VXUJH FRQYHUWHUY DUH EDVHG R
7TKHVH :(&V FRQVLVW RI D EXR\DQW RVFLOODWLQJIODS WKDW LV KLQJHG
WHUPLQDWRU FRQILIJXUDWLRQ PHDQLQJ WKDW LWLV RULHQWHG SHUSHQGL
WKHVH GHYLFHVY DUH GHSOR\HG QHDU VKRUHDQG LQ VKDOORZ ZDWHUV
WKH $TXDPDULQH 3RZHU 2\VWHU DQG :DYH5RO0OHU IURP $: (QHUJ\ 7KH 2\V
PHDQLQJWKDW WKHIODSIXOO\SHQHWUDWHY WKHZDWHU FROXPQ ZKLOH WK
%RWK GHYLFHV XVHGLIITHUHQW 372 VI\VWHPV DV ZHOO 7KH 2\VWHU XVHV D
WKH :DYH5ROOHU XVHVDQ RQ ERDUG JHQHUDWRU FRQQHFWHG WR D K\GUD

2YHUWRSSLQJ 'HYLFHV

$QRYHUWRSSLQJGHYLFH XVHV WKH ZDYH FUHVWY WR RYHUVSLOO LQWR D
HOHYDWLRQ WKDQ WKH IUHH VXUIDFH 7KLV SRWHQWLDO HQHUJ\FDQ EH
VWRUHG ZDWHU EDFNLQWR WKH VHD WKURXJK D FRQYHQWLRQDO ORZ KHDG
VKRUHOLQH RULQWHIJUDWHG LQWR D EUHDNZDWHU RUHYHQ IORDWLQJR
JHQHUDOO\PRUH SRZHUIXO > @

JLIXUH 6FKHPDWLFDQG ZRUNLQJ SULQFLSOH RIWKH :DYH 'UDJRG

2QHH[DPSOH RIVXFKD :(&LVWKH 7DSFKDQ ZKLFK XVHV D FROOHFWRU WR
EHIRUHHQWHULQJ WKH UHVHUYRLU 7KH ZDYHV HOQWHU WKH ZLGH HQG R/
UHVHUYRLU WKH FKDQQHO JHWV LQFUHDVLQJO\ QDUURZHU DQG WKH ZDY
KHLIKW WKH WRS RI WKH ZDYHVJR RYHU WKHHGJH RI WKH YHUWLFDO ZDOOV
ILOOHG LWKHQRXJKZDWHU WKH UHVHUYRLU FDQ SURYLGH D VWDEOH Z
IORDWLQJ RIITVKRUHRYHUWRSSLQJGHYLFHLVY WKH:DYH'UDJRQ DQRYHU
+HUH WKHLQFLGHQW ZDYHV DSSURDFK D VORSLQJ ZDOO RUUDPS 7KH VI
HIDPSOHEXWLQVWHDG WZR UHIOHFWRUV DUH XVHG WR FRQFHQWUDWH Wt
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SHUIRUPDQFH OHWULFV

7HFKQRORJ\5HDGLQHVV /HYHO

7KH 7THFKQRORJ\ 5HDGLQHVV /HYHO 75/ LVDQ LQGLFDWRU XVHG WR DVV
D WHFKQRORJ\ RQ D VFDOH IURP $ 75/ RI LV XVHG WR GHVFULEH W
WHFKQRORJ\ OHYHOV UHSUHVHQW WKH GHYHORSPHQW SKDVHDQG OH
WHVWLQJ SKDVH 7KH KLJKHVW OHYHO 75/ Rl PHDQV WKDW WKH WHFKQROR
DQG LV FRPPHUFLDOO\DYDLODEOH ,Q WHUPV RIUHQHZDEOH HQHUJLHV 2
UHDFKHG D 75/ PHDQLQJ WKDW WKH\DUH ZLGHO\ XVHG LQ FRPPHUFLDO
‘DYH HQHUJ\ FRQYHUWHUV RQ WKH RWKHU KDQG DUH SULPDULO\LQ WKH ¢
ZLWK PDQ\RWKHU FRQFHSWXDO GHVLJQV DWHYHQ ORZHU 75/V 7KHUH DL
ODUJH UDQJHRIZDYHHQHUJ\ WHFKQRORJLHY SURSRVHG DQG WKH DEVHQ
SODQQLQJDQG OLFHQVLQJPDULQHDFWLYLWLHY ,Q DGGLWLRQ XQZLOC
DQHZ FRPSHWLQJWHFKQRORJ\LVLQ SDUWEHFDXVH ZLQG DQG VRODU S
GHSOR\HG LQ FRPPHUFLDO JULG FRQQHFWHG DSSOLFDWLRQV ,Q UHFHC
ZDYH HQHUJ\ FRQYHUWHUV DV PRUH ZDYH HQHUJ\GHYLFHV KDYH EHHQ FRQ
IRUWKHWHFKQRORJ\ KDV LQFUHDVHG 7R DFKLHYHPDWXULW\LQ WKH LQ
IRUDGYDQFLQJWHFKQRORJ\DORQJWKH 75/ VFDOH $FFRUGLQJ WR -5& R
PRVW DGYDQFHG :(& GHYLFHV DUH WKH RVFLOODWLQJ ZDWHU FROXPQ DQG S
KDYLQJEHHQ WHVWHG ZLWK DQ 75/ Rl  7KH URWDWLQJPDVVDQGRVFLOODW
KLJK DQG H[SHFWHG WR IROORZ

$QQXDO (QHUJ\3URGXFWLRQ

,Q RUGHU WR DVVHVV D ZDYH HQHUJ\ SURMHFW{V WHFKQRORJLFDO DQG
SURGXFW3R® DQ HYVHQWLDO SRZHU SHUIRUPDQFH PHWULF 7KH VFDWWHU
RIRFFXUUHQFH RIHDFK VHD VWDWH LQ D$IB BWQ EX D E X 0D WEIGPOWLI J AWK KH
HTXDWLRQ WDNHQ IURP ' 1LQJHW DO > @

8760h/ year] X
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(Powermatrix [W] Scatterdiagram|[ ])
Hs:Tp

/I[HYHOLVHG &RVW RI (QHUJ\

7TKH/HYHOLVHG &RVW2RI (FIDQYILPSRUWDQW PHDVXUH XVHG WR DVVHVV WKH
DWHFKQRORJ\DQG LV GHILQHG E\WKH WRWDO FRVWV RYHU WKH LWV OLIHW|
LWV OLIHWLPH $FFRUGLQJWR WKH (8 6WUDW&ILR I(RBIYH \HHHKD RO RHI\SHFD
WR GHFUHDVH WR (85 N:K E\ DQG (85 N:K E\ > @

P
CAPEX + [, OPEX
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LCOE = P en

t=1 (1+r)t

7KH FDSLWDO HROHBEPUWRUHHY WKH WRWDO FDSLWDO FRVWV RI WKH ZDYH
WKH FRVWYVY RI PDQXIDFWXULQJ DQG LQVWDOODWLRQ RI WKH GHYLFH LW
GHYHORSPHQW SURMHFW PDQDJHPHQW SRZHU FDEOLQJDQRS(PRRULQJV
DUHDOO FRVWV UHODWHG WR WKH RSHUDWLRQ DQ @K XZIHDOHIMLQFHXRIIDVDK
IRUDOO HTXLSPHQWDQG UHQWLQJ WKH VHDEHG DW "M"LWHWFKHR & H Q FGRREKSIXAR UD
DQG QLVWKHH[SHFWHG OLIHWLPH RI( 8/IK\HD/QWNVNMNA PQ WHDRIVW KIKKHFHQH U J\ S U
WKHZDYH HQHUJ\FRQYHUWHU RYHU D RQH\HDU SHULR/&2,(Q\WRSHFHULWR PD
LQIRUPDWLRQ DERXW WKH ORFDWLRQDQG W\SHRIGHYLFHDUHQHFHVVDL
WKHGHYLFHDQG WKHVSHFLILF ORFDWLRQ ZKH&BR(LW @V GHSOR\HG FDQ DC



%DOWLF6HDDQG LWV &KDUDFWHULVWLFV

%“»DOWLF6HDDQG LWV &KDUDFWHULVWLFV

OHWRFHDQ &RQGLWLRQV

7KH %DOWLF 6HD LV WKH ZRUOGYV ODUJHVW EUDFNLVK ZDWHMR HD ZLWK
7KH VHD LV ERXQGHG E\)LQODQG 6ZHGHQ (VWRQLD /DWYLD /LWKXDQLE
UDQJHVIURP f1WR f1LQ ODWLWXGHDQG f(WR f(LQORQJLWXGH ,WL
ZLWK D PHDQ GHSWK RI PDQGDPD[LPXP GHSWKRI P DW WKH/DQGVRUW
ZHVWHUQ *RWODQG %DVLQ RIl WKH6ZHGLVK FRDVW > @ 7KH %DOWLF 6H
GHSHQGLQJRQ WKH VHD ERWWRP IRUP 7KHVH UHJLRQV LQFOXGH WKH *XOlI
WR WKH QRUWK WKH FHQWUDO %DOWLF 3URSHU WKH *XOI RI5LJD DQG WK
*GD VN WR WKH VRXWK > @ 7KHVRXQGV EHWZHHQ 6ZHGHQ DQG 'HQPDUN
RSHQ VHDV > @

J)LIXUH ODS RI WKH %DOWLF 6HD

+\GURJUDSK\
:DWHU HI[FKDQJH WR WKH %DOWLF 6HD DQG 1RUWK 6HD LV OLPLWHG GXH WR V
WKHWZR ZDWHU ERGLHY 6DOLQHZDWHU IURP WKH1RUWK6HD HQWHUV WKU
6HD $W WKHRSSRVLWHHQG D ODUJH VXSSO\RIIUHVKZDWHU LV FRQFHQW
DQGLQ WKHODUJHJXOIV> @ 7KHIORZUHVHPEOHVY DWZR OD\HUIORZ V\V)
OD\HU IORZV RXW RI WKH %DOWLFDQG GHQVHU VDOLQH ZDWHU HQWHUV Q
DUHIRXUPHFKDQLVPV WKDW LQGXFH FXUUHQWY ZLQG VWUHVYV DW WKH V
KRULIRQWDO JUDGLHQWY RI GHQVLW\DQG WLGDO IRUFHV $GGLWLRQDO
I[IULFWLRQ SOD\D UROHLQ WKHVWHHULQJRIWKHFXUUHQWY ,WLVIRXQC
LVDQWLFORFNZLVHLQ WKHPDLQ %DOWLF EDVLQV > @ 7KHFXUUHQWYV I
ZHDWKHU FRQGLWLRQVDQG WKHUHIRUH KLIJIKO\ YDULDEOH 7KH %DOWLF



%DOWLF6HDDQG LWV &KDUDFWHULVWLFV

7KH VXUIDFH FXUUHQWY JHQHUDWHG E\ ZLQGV DQG IUHVKZDWHU GULYH Vk
XSWR FP V 'HHS ZDWHU FXUUHQWY RQ WKH RWKHU KDQG DUH GULYHQ E\
DQG VHDZDWHU DQG JHQHUDOO\WUDYHO DW PXFK VORZHU VSHHGV > @

LQFUHDVHV IURP HDVW WR ZHVW DQG IURP WKH QRUWK WR VRXWK $ FOHDU
GLIIHUHQW UHJLRQV RI WKH %DOWLF 6HD 7KH *XOI RI %RWKQLD KDV D PHD
WKH QRUWKHUQ SDUW DQG SSWLQ WKHVRXWKHUQ SDUW )RU WKH %DO
FDQ EHVHHQ DQG .DWWHJDW SSW ZKLFK KDV VHDZDWHU IORZLQJ IURP
3URSHU KDV D SHUPDQHQWO\ VWUDWLILHG ZDWHU FROXPQ PHDQLQJ WKD
IURP WKH PRUH VDOLQH ZDUP GHHS ZDWHU 7KLV YDULHV LQ WKH VKDOORZ
ZHOO PL[HG DQG VWUDWLILFDWLRQ FRQGLWLRQV FDQ EH VHHQ > @

DYHV
,Q RUGHU WR ZRUN HIILFLHQWO\ ZDYHHQHUJ\FRQYHUWHUV QHHG WR EH I
LV ZK\NQRZOHGJHDQG XQGHUVWDQGLQJRIWKH ZDYH FOLPDWH LV RI LP¢
SRODU HDVWHUOLHV DQG ZDUPHU ZHVWHUOLHY FUHDWH D EHOW RI ORZ !
FRQVHTXHQFH D ODUJH YDULDWLRQ LQ WKH ZLQG ILHOG FDQ EH VHHQ 6HD\
GXULQJ ZLQWHU SHULRGY WKDQ WKH VXPPHU OHDG WR KLJKHU VLJQLILF
GLIITHUHQW UHJLRQV RI WKH %DOWLF 6HD 7KH ODUJHVW VHDVRQDO YDULDW
LV IRXQG DW *RWODQG 'HHS ZLWKD PDQG VGLIIHUHQFHEHWZHHQ WK}
,Q JHQHUDO ZDYH KHLJKWV LQ WKH %DOWLF 6HD DUH ODUJHU WKDQ WKR
RFHDQV> @ ,WLVHVWLPDWHG WKDW WKH %DOWLF RSHQ VHD RIIHUV D P
IURQW DQG WKH DQQXDO HQHUJ\ SRWHQWLDO WR EH EHWZHHQ 7:K> @

6HD ,FH

7KH GHYHORSPHQW RI ZLQWHU VKLSSLQJ KDV OHG WR PDQ\VWXGLHV UHOTL
QRUPDO ZLQWHUV LFH FRYHUYV RI WKH VHD DUHD LQ LWV QRUWKHD\
\HDUO\ LFH FRYHUDJHLY PRQWKVLQ WKH %RWKQLDQ %D\ PRQWKV L
WKH $UFKLSHODJR 6HD RYHU PRQWKV LQ WKH (DVWHUQ *XOI RI)LQODQG L
J)LQODQG ,Q WKH*RWODQG 6HD RQ WKH RWKHU KDQG LW RQO\ODVWV OHVV \
RIRSHQ ZDWHU SUHVHQW 7KLV FRXOG H[WHQG WR WKH ZKROH VHD GXULQ
> @

J)LIXUH 6HDLFHFRYHURIWKH %DOWLF 6HD IURP ,62 > @

$FFRUGLQIJWRDUHYLHZRQLFHLQ WKH %DOWLF 6HD VHD LFHFRYHUV D F
ZLWK WKH PHGLDQ PD[LPXP LFH H{IWHQW IURP WKHBHD U&v ,Q UH FEHLD YH D U
WKLV ZDV 2>N® ,FHIRUPDWLRQ W\SLFDOO\VWDUWYV LQ WKH PRC



%DOWLF6HDDQG LWV &KDUDFWHULVWLFV

QRUWK LQ WKH %RWKQLDQ %D\DQG LQ WKHHDVWHUQ SDUWV RI WKH *XOIRI)
LVUHODWLYHO\VKDOORZDQG FRQWDLQV D FRQVLGHUDEOH DPRXQW RI IU
SURYLGLQJJRRG FRQGLWLRQV IRUIUHH]LQJ ,QLWLDOO\ ODQG IDVW LFH
VKRDOV SUHYHQWLQJ EUHDN XS RIWKLQ LFHFRYHU E\ZLQGV RU ZDYHV 7K
DUHDV DURXQG WKH %RWKQLDQ 6HD WKH $UFKLSHODJR 6HD DQG WKH HQW |
WKH FHQWUDO SDUW RI WKH %RWKQLDQ 6HD DV ZHOO DV WKH 1RUWKHUQ ¢
LQIUHTXHQW FROG ZLQWHUV LFH FRYHUDJH PD\H[WHQG VRXWKZDUGV WR2Z
'DQLVK 6WUDLW > @ 7KHLFHLQ WKH %DOWLF 6HD FRQVLVWY PDLQO\RI OD
DW VKDOORZHU GHSWKV XSWR PDORQJFRDVWVDQGLVODQGY DQG GULIW
FDWHJRUL]JHG DV HLWKHU UDIWHG ULGJHG RUOHYHO LFH

6LQFH WKH QRUWKHUQ UHDFKHV RI WKH %DOWLF 6HD DUH IUHTXHQWO\ F|
\HDU ZDYH HQHUJ\GHYHORSPHQW LV OLPLWHG 6HDLFHGDPSHQV ZDYHV
DQG FRQVHTXHQWO\WKH SRWHQWLDO ZDYH HQHUJ\ ,Q DGGLWLRQ VXUYL
LFH PLJKW GDPDJH :(&V )RU VHDVRQDOO\LFH FRYHUHG RFHDQV VSHFLIL
7KH PDMRULW\ RI OLWHUDWXUH RQ WKLV WRSLF VXJJHVWY WKDW SRLQW DE
IRUGHSOR\PHQW LQ LFH DIIHFWHG UHJLRQV> @ 2QHUHVHDUFK SURMF
WKLV SUREOHP E\GHYHORSLQJD VLQJOH KHDYLQJ EXR\:(& RSHUDWLQJ D¢
H[SODLQHG LQ GHWDLO LQ VHFWLRQ



SHVHDUFK 3URS

&DVH 6WXG\ 3URMHFW :(6%

7KH:DYH (QHUJ\IRUD 6XVWDLQDEOH $UFKLSHODJR :(6% SURMHFW ZDV LQL!'
(& FDSDEOH RIRSHUDWLQJDQG VXUYLYLQJLFHLQWHUDFWLRQLQ WKH %DO
cODQG ,QQRYDWLRQ &0XVWHU WKH8QLYHUVLW\RI7XUNX 8SSVDOD 8QLYI
WR WKH  FUHDWLRQ RI D SRLQWDEVRUEHU W\SH : (& PDQXIDFWXUHG E\ 6HDE
VHD WULDOV GXULQJWZR ZLQWHU VHDVRQV DW WKH +DPPDUXGGD
RIl WKHVRXWKZHVW FRDVW RI cODQG 7KHVH WULDOV GRFXPHQWHG LQ *
EXR\V ERWK RI ZKLFK VXFFHVVIXOO\ ZLWKVWRRG WKH KDUVK ZLQWHU FRQC
LFHILHOGY PHDVXULQJ XS WR FPLQ WKLFENQHVYV

JLIXUH ODQXIDFWXUHG +667 EXR\RQ WKH OHIW :(& GHSOR\PHQW RQ

6HDEDVHGTV (& LV RIWKH SRLQW DEVRUEHU W\SH FRQVLVWLQJRI D VLQ.
DVWHHO ZLUH GULYLQJDQ HQFDSVXODWHG OLQHDU JHQHUDWRU WKDW L\
XVHV D GLUHFW GULYH SHUPDQHQW PDJQHW WR JHQHUDWH HOHFWULFLW\
ZLWKLQ WKH VWDWRU LW FRQYHUWYV NLQHWLFHQHUJ\LQWR HOHFWULF H!
WUDQVODWRULQGXFH D FKDQJHLQ WKHPDJQHWLF IOX[RIWKHFRLO ZLQ
DOWHUQDWLQJ FXUUHQW 7KHOLQHDU JHQHUDWRU LV RSWLPLVHG WR SUF
VRQRLOQWHUPHGLDWH PHFKDQLFDO JHDULQJLV QHHGHG 7KHOLQHDU J
N: 7KHFDSVXOH VHUYHV DV D ERXQGDU\EHWZHHQ WKH JHQHUDWRU I
DQG LV SUHVVXULVHG XVLQJ QLWURJIJHQ JDV WKDW LV HTXDO WR WKH DYHL
WKHFDSVXOHLVY WKHVXSHUVWUXFWXUH D FRQLFDO VKDSHG VWUXFWXUH
OLQHPRYHV WKURXJKDQG WUDQVPLWY WKHIRUFHV WR WKH FRQFUHWH IR
VHDEHG FRQGLWLRQV WKHFRQFUHWH IRXQGDWLRQ PHDVXUHY DURXQG
7KHVHDEHG GRHV QRW QHHG WR EH SUHSDUHG IRU WKLV FRQFHSW >



6LWHG6HOHFWLRQ

6LWHO6HOHFWLRQ

'HWHUPLQLQJ WKH SUHFLVH ORFDWLRQ LV RI XWPRVW LPSRUWDQFH LQ RII\
WKH SURMHFWYIV VXFFHVV DQG VHUYHV DV WKH IXQGDPHQWDO EDVLV IRL
VHYHUDO IDFWRUV ZKHQ GHFLGLQJRQ D ORFDWLRQ WKDW QHHGV WR EH WDN
FRQYHUWHU $VRXWOLQHGLQ> @ WKHPDLQ FRQWULEXWLQJIDFWRUV DL

ft6HDEHG VORSH

$t6HDEHG VHGLPHQW FRPSRVLWLRQ
F:DWHU GHSWK

F'LVWDQFH WR VKRUH
t8QGHUZDWHU REVWDFOHYV

7KH VHDEHG VORSH LV RI JUHDW LPSRUWDQFH VLQFH WKH :(& QHHGV WR EH
WKH FRQFUHWH IRXQGDWLRQ RI WKH : (& WR EH VWDEOH 7KH VHDEHG VHC
WDNHQ LQWR DFFRXQW ZKHQ GHFLGLQJRQ D GHSOR\PHQW VLWH DV LW FD
OLIHWLPH $QRWKHU IDFWRU WR FRQVLGHU LV WKH ZDWHU GHSWK $FFR!
WKLV VKRXOG EH EHWZHHQ PZKLFK WKH :(& LQ FKDSWHU LV GHVLJ
‘(& WR WKH VKRUH FDQYW EH WRR ODUJH HLWKHU VLQFH WKLV OHDGV WR
WR PRQLWRU DQG OHVV DFFHVVLEOH IRUPDLQWHQDQFH 7KHDFFHVVLEL
GLVWDQFH IURP VKRUH DQG VHD LFH FRQGLWLRQV 7KH VKHOWHUHG %DO\
DV LQIUDVWUXFWXUH LV GHVLJQHG IRU VLIJQLILFDQW ZDYH KHLJKWYV RI
SHULRGV DUH LQFUHDVHG LI FULWLFDO LFH FRQGLWLRQV DUH IRXQG > @
PDGHDVVHVVLQJ WKH VLWHDQG VHHNLQJ RXW DQ\ XQGHUZDWHU REVWDFO'
DUHPRWHRSHUDWHG YHKLFOH RU E\ D WHDP RI GLYHUV 2QH VWXG\HYD ¢
DQG RIIVKRUH PDULQH VLWHY EDVHG RQ ZDYHDQG LFH FRQGLWLRQV LQ V
> @ ,QWKHSDSHU D MRLQW DQDO\VLV LV PDGHRIDYHUDJHUHODWLYH YV
FRXOG EH XVHG LQ WKH VLWH VHOHFWLRQ SURFHVV 7KHVH DVSHFWV LQF
WKLENQHVV LFH ZLQG VSHHG VLJQLILFDQW ZDYH KHLJKW ZHDWKHU ZLQGF
LGHQWLILHG DUHDV RQ D FKDUW DQG FRPSDUHG WKHVH EDVHG RQ WKHLU UF
EHD XVHIXO WRRO IRUILQGLQJD VXLWDEOH ORFDWLRQ RI GHSOR\PHQW I}
SURMHFW :DYH (QHUJ\IRUD 6XVWDLQDEOH $UFKLSHODJR LQ cODQG )LC
UHVHDUFK VLWH IRUD IXO0O VFDOH GHPRQVWUDWLRQ RID ZDYH HQHUJ\ FR
FRQVLGHUDWLRQV )LUVWO\ WKH VLWHYV GLVWLQJXLVKLQJFKDUDFEWHU]
ZDYH SHULRG ZKLFK DUH FRPPRQO\REVHUYHG LQ WKH %DOWLF 6HD 6HF
OLNHOLKRRG RIHQFRXQWHULQJLFH GXULQJWKH ZLQWHU VHDVRQ D FUX
EHWZHHQ WKH EXR\DQG LFH /DVWO\ WKHVLWHRIIHUV FRQYHQLHQW DFFH\
ZKLFK JUHDWO\ IDFLOLWDWHY WKH H[HEXWLRQ RI WKH UHVHDUFK SURMHFW
+DPPDUXGGD UHVHDUFK VLWH HPHUJHV DV WKH RQH RI WKH PRVW ORJLFED
VHOHFWLRQ XVHG LQ WKLV VWXG\LV VKRZQLQ ILIXUHV DQG DQGLVC
f 1 "(ZKLFKLV DERXW NP IURP WKH QHDUHVW FRDVW OLQH 7KH VL\
RFFXUUHQFH WKDQ WKH +DPPDUXGD 5HVHDUFK 6LWH ORFDWHG DORQJ WKH
KDYLQJD VXEVWDQWLDO ZDYH HQHUJ\ SRWHQWLDO 7KLV PDNHV LW LGHI
ZDYHHQHUJ\DQG WKH VXUYLYDELOLW\GXULQJLFH VWUXFWXUHLQWHUDF



6LWHG6HOHFWLRQ

JLIXUH %DWK\PHWU\ Rl WKH %DOWLF 3URSHUDQG WKH cODQG 6HD :(

JLIXUH %DWK\PHWU\ SORW (& VWXG\VLWHLQ UHG



SHVHDUFK 4XHVWLRQV

$V WKH ZDYH HQHUJ\ SURMHFW GHVFULEHG LQ VHFWLRQ DOUHDG\IRFXVH(
LQVHDLFH RQHFRXOGIXUWKHU WKLY UHVHDUFKE\LQYHVWLJDWLQJDW KR
WKH : (& ,Q RWKHU ZRUGY GHVLJQLFHDFWLRQVRQ WKHVWUXFWXUH IRU LI
RU \HDUV $QRWKHUDVSHFW WR ORRNLQWR ZRXOG EHWR SURYLGH D VHD
FRYHUDJH IRUWKH VHOHFWHG ORFDWLRQ EDVHG RQ FXUUHQW VHD LFH GDYV
SRZHU RXWSXW YDULHVY WKURXJKRXW WKH VHDVRQV 7KLV OHDGV WR WKH

5HVHDUFK 4XHV|WLRQ

+RZ GRLFHIORHV DQG OHYHO LFH DIIHFW WKH :(& DQG ZKDW QUH WKH LF
LWADQG HQHUJ\ SURGXFWLRQ GXULQJ WKHVH SHULRGV"

a4 +tRZGRH[WUHPHOHYHO LFH ORDG FDVHV DIIHFW WKH :(& DQG ZKDW DUH
GHYLFH XQGHU WKHVH FRQGLWLRQV"

5HVHDUFK 4XHV|WLRQ

:KDW LV WKH VHDVRQDO SDWWHUQ RI GD\V ZLWK LFH FRYHUDJH DQG K
HOQHUJ\ RXWSXW DQG WKH HFRQRPLF YLDELOLW\A\RID (& LQYHNVWPHQW \
HQHUJ\ SURGXFWLRQ GXH WR ODFN RI ZDYHV"

a4 :KDWDUH WKHUDGLDWLRQ GDPSLQJ DGGHG PDVV DQG VWLIIQHVV FRF

& :KDW DUH WKH 5$2V 5HVSRQVH $PSOLWXGH 2SHUDWRUV RI WKH : (&
(&TV SRZHU RXWSXW XQGHU YDULRXV HQYLURQPHQWDO FRQGLWLRQV'



1B S

[ KHRUHWLFDO %D



6HD ,FH (& 6 XUYLYDELOLW)
SURGXFWL

7TR XQGHUVWDQG WKH LPSOLFDWLRQV RI VHD LFHRQ :(& VXUYLYDELOLW\DQ
WKHVH DVSHFWV VSHFLILFDOO\ZLWKLQ WKHFRQWH[W RI WKH %DOWLF 6HD
LQYHVWLIDWHY WKH HQHUJ\ SURGXFWLRQDQG GHVLJQLFHDFWLRQV RQ D
VXFK DV WKHRQH VKRZQLQ VHFWLRQ 7KH : (& FRQVLVWV RI D KH[DJRQD
EHFDSDEOHRIVXUYLYLQJLFHLQWHUDFWLRQV HLWKHU E\EUHDNLQJ WKH L
VKHHW 6HFWLRQ VKRZV WKH LFHIHDWXUHV WKDW FDQ EH H[SHFWHG LC
FRQVLGHUDWLRQVY 7KHHIIHFWV RI VHD LFHRQ ZDYHHQHUJ\ LV H[SORUHG L
WKHLPSDFW RIVHD LFHRQ ZDYHHQHUJ\ ZKLOH VHFWLRQV DQG DQDO\
DQRG SUHVFULEHD GHVLJQ PHWKRG IRULFH VKHHW EHQGLQJ UHVSHFWLYHC(
EXR\ZRXOG EHKDYH ZKHQ VXEMHFWHG WR WKLFNHU LFH IHDWXUHY VXFK D\
HQVXUH VXUYLYDELOLW\

,FH)HDWXUHYV

6HD LFH LQ WKH %DOWLF 6HD FRQVLVWY PDLQO\RIODQGIDVW LFHDQG GL
UHPDLQV DWWDFKHG WR D VKRUHOLQH LVODQG RUJURXQGHG LFH IHDWXUH
WR P DORQJFRDVWVDQGLVODQGV DQG GULIW LFHLV G\QDPLFE\QDWXUF
UDIWHG ULGJHG RUOHYHO LFH> @

/IDQGIDVW OHYHO LFH SDIWHG LFH ,FHULGJH
JLIXUH 'LITHUHQW IRUPV RI ODQGIDVW DQG GULIW LFH > @

'LITHUHQW LFH IHDWXUHV LQ WKH %DOWLF 6HD GHWHUPLQH WKH W\SH RI LFl
G\QDPLFV RI WKHLFH ORDGY /HYHOLFHLV GHILQHG DV DUHJLRQRILFH Z
7KLV WKLFNQHVV FDQ EH XS WR FPLQ WKHQRUWKHUQ SDUWYV RI WKH *XC
LVW\SLFDOO\JUDQXODU IROORZHG E\WKH WUDQVLWLRQ]JRQHDQG FRO)
5DIWHG LFHLVDQLFHIHDWXUHIRUPHG IURP WKH VXSHUSRVLWLRQ RI WZR F
EHWZHHQ WKLQLFH VKHHWY FDQ FDXVH WKH VXEPHUVLRQ RIRQHLFH VKHH
DFWLRQV IURP FXUUHQWYV ZLQGDQG ZDYHV 7KLV IRUFHV WKHLFHVKHHWYV
DQG XQGHUULGH HDFK RWKHU JUDGXDOO\IUHHILQJ WRJHWKHU WR IRUP



,FH)HDWXUHYV

VKHHWY XQGHU FRPSUHVVLRQ RUVKHDU IRUFHV LQLFHILHOGVY FDQ OHDG W
EXLOG XS RIUXEEOHDORQJWKHHGIJHVRIWKHLQWHUDFWLQJLFHVKHHWY |
DQG DLU $QLFHULGJHFDQEHGLYLGHGLQWRD 'VDLO" DERYH WKH ZDWHU
7KH VDLO PDLQO\FRQVLVWV RILFHEORFNV ZLWK DLUDQG VQRZLQ EHWZH|
LFHDV ZHOO DV D FRQVROLGDWHG OD\HU FRQVLVWLQJRILFHEORFNV DQG
RI WKHNHHO FRQWDLQV WKH FRQVROLGDWHG OD\HU ZKLFK FDQ JURZ RY'}
XQFRQVROLGDWHG OD\HU > @

7TKHVHYHULW\RILFHDQG ZHDWKHU FRQGLWLRQVIRUD SDUWLFXODU ORFDW
I[UHH]LQJ GHJCBH GBEK\W SDUDPHWHU JLYHV WKH WKH GDLO\WHPSHUDWXUH
SRLQW RI ZDWHU VXPPHG RYHU Wiggs WORWIXR DX B RH R D®/D.R/Q

X
Crpp = (Ts Te) =jave(Ts  Trr ) Ndays)

ZKHUHLY WKH PHDQ GDLO\ DLIC WARBSHY W KUHHIQ]LQJ SR CQ WKR IZDHHHILQLIQ
GHJUHHGSH\WDQ EH XVHG ZKHQ GHWHUPLQLQJ WKH WKLFNQHVV RI UHIUR]HC
FRQVROLGDWHG LFH $FFRUGLQJWR ,62 Crpp DISHURI[LRQ WM YRDMDXRIZVI R U
DUFWLF UHJLRQV IRUVXEDUFWLF UHJLRQV DQG IRUWHPSHUDWH LF
WKH H[DFW IUHH]LQG&HRUBE BDHD GXULQJD VLQJOH ZLQWHU LV NQRZQ WKH
IRUWKDW ZLQWHU FDQ EH FDOFXODWHG XVLQJ ZKDW LV NQRZQ DV 6WHIDQ
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ZKHKH LY WKH WKHUPDO FRQOIGWKWWHYADMWV ROQMWFKHDW R ;XML R/E R IGZDQWH W DR
LFH 6WHIDQYVY ODZJLYHV D UHODWLRQ EHWZHHQ WKHDLU WHPSHUDWXUH

7TKHPHFKDQLFDO SURSHUWLHV RIVHD LFHDUH QHFHVVDU\IRUHQJLQHHL
IOH[XUDO IDLOXUH JLYHQ WKLV ZRUNLQYROYHV D VORSHVKDSHGIORDWHU
7TKHIOH[XUDOiVIWWIHRUMFKRUWDQW SURSHUW\ WKDW LV XVHG IRUPRVW GHVL
LVDIXQFWLRQ RI WK ESULBDBHOARMOXPHLQH YROXPH PHDQV D VPDOOHU SRLU
VWURQJHU LFH VKHHW 7KHEULQH YROXPHLVJHQHUDOO\GHSHQGDQW RQ V
RIWKHLFH $FFRUGLQJWRDVWXG\RQ WKHIOH[XUDO VWUHQJWK RIVHD LFH
LQWKH %DOWLF 6HD LVVDIPGEWR OUHKBEHWHEKH@O VWUHQJIWK LV DVVXPHG WF
DSSUR[LPDWHOQG3D 7KHIOH[XUDO V@& WEHMKIHFWLYH PRGXOXVERI HODVWI
DUHFDOFXODWHG XVLQJ WKH IROORZLQJHTXDWLRQV DQG > @

f =1;76 H[S 5,88 vJ°

E=5:31 0436 \°
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, QWKLY UHVHDUFK LWLV FUXFLDO WR HIDPLQH QRW RQO\WKHLPSDFW RI
LQIOXHQFH RQ ZDYH UHVRXUFHDVVHVVPHQW JLYHQ WKHIRFXV RQZDYHH
LFHRQ ZDYH UHVRXUFHDVVHVVPHQW DUHFRPSOH[DQG UHJLRQDOO\ GHSH(
> @ > @ IRFXVLQIJRQGLIITHUHQW JHRJUDSKLFDO DUHDV 7KH ILUVW VW
LFHRQ ZDYHHQHUJ\IOX[ GLVWULEXWLRQ LQ WKH %RKDL 6HD ,W H[SODLC
GDPSHQLQJHIIHFW RQ WKHZDYHV DQG UHGXFHV WKH WUDQVIHUUHG PRPHC
7TKHVLPXODWLRQV UHYHDOHG WKDW GXULQJH[WUHPH ZLQWHU ZHDWKHU
VLIQLILFDQW UHGXFWLRQV LQ ZDYHHQHUJ\IOX[ SDUWLFXODUO\LQ/LDRG
UHGXFWLRQV RI XS WR DQG UHVSHFWLYHO\ ORUHRYHU HYHQ LC
LQHIITHFWLYH ZLQG IHWFK GXH WR LFH FRYHU LQ QHLJKERXULQJED\V UHV.
IOX[ VKRZLQJWKHLPSRUWDQFHRIFRQVLGHULQJ VHD LFHHIIHFWV LQ ZDY

6LPLODUO\ > @ IRFXVHG RQ $ODVNDYV  FRDVWOLQHDQG VKRZV WKH QHHG V
LQZDYHHQHUJ\DVVHVVPHQWY DV PDQ\ QXPHULFDO ZDYH PRGHOV KDYH I
RIDQDUHD E\QHJOHFWLQJ WKH SUHVHQFH RI VHD LFH 7KLV VWXG\ XVHG
GHPRQVWUDWHG VLIQLILFDQW UHGXFWLRQV LQ ZDYH SRZHU SDUWLFXO
RIORQWDJXH ,VODQG DQG WKH PRXWK RI 3ULQFH :LOOLDP 6RXQG 7KHVH
YDULDELOLW\LQ ZDYH SRZHU GXH WR VHD LFH SUHVHQFH )XWXUH UHVHDU
WRLPSURYH WKH SUHGLFWLRQV RIZDYH HQHUJ\IOX]

7KH NH\WDNHDZD\V IURP WKHVH VWXGLHY DUHOLVWHG EHORZ

4 ,FHFRYHUFDXVHV D GDPSHQLQJHIIHFWRQ WKH ZDYHV DQG FDQ FDXV
HQHUJ\ IOX]

,FHIUHH DUHDV H[SHULHQFH D UHGXFHG HIITHFWLYH ZLQG IHWFK GXH W
,FHFRYHU UHGXFHV WKHWUDQVIHUUHG PRPHQWXP IURP DLU WR WKH R
7KH SUHVHQFH RIVHD LFH FDQ FDXVH D VWURQJ VHDVRQDO YDULDELOL
6HD LFH FDQYW EH LIQRUHG LQ WKH GHSOR\PHQW ORFDWLRQV RI :(&V
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,FH)DLOXUH OHFKDQLVPV

,Q RUGHU WR GHWHUPLQH WKH LFH ORDGV DQG PRGHO WKH LFEH VWUXFW X
LFHIDLOXUH PRGH 7KHIDLOXUH PHFKDQLVP LY GHWHUPLQHG E\ YDULDE
WKH VSHHG DQG WKLFNQHVV RI WKHLFH 7KHIHDWXUH XVHG LQ WKH LFH
RIOHYHO LFH 7ZR PDLQ PHFKDQLVPV RIIDLOXUH DUH FUXVKLQJDQG EHQ
LQ VPDOOHU LFH ORDGVY 7KLV LV EHFDXVH WKH IOH[XUDO VWUHQJWK RI L
&UXVKLQJIDLOXUH LV PRVW OLNHO\ WR RFFXU DJDLQVW YHUWLFDO VWUXF
VORSHG VWUXFWXUHV 2WKHU PHFKDQLVPV WKDW FDQ EH LGHQWLILHG L
%HQGLQJ IDLOXUH DQG EXFNOLQJ FDQ EH FDWHJRULVHG DV RXW RI SOD
LQ SODQH PRGHV

&UHHS
JRUYHU\ORZLQGHQWDWLRQ YHORFLWLHY FUHHS LV REVHUYHG DV WKH P
DJDLQVW WKH VWUXFWXUH WKHLFH GHIRUPV LQ D GXFWLOH PDQQHU Z
GLVWULEXWLRQ FDQ EH REVHUYHG VLQFH IXOO FRQWDFW LV PDGH EHWZI
WKLV IDLOXUH PHFKDQLVP LV TXLWH XQXVXDODQG VKRUW OLYHG DQG QRYV
RIIT'VKRUH VWUXFWXUHV

%XFNOLQJ
%XFNOLQJLVDQLQVWDELOLW\PHFKDQLVP WKDW W\SLFDOO\RFFXUV IRU Y|
ZRUGV IRULFH LQWHUDFWLRQV ZLWK D KLIJIK DVSHFW UDWLRV %XFNOLQ
RXW Rl SODQHGHIRUPDWLRQ $VVRRQDVWKHVWUHVV FDXVHG E\EXFNOLQ
WKHLFH ZLOO IDLO 7KLV LV GLITHUHQW IURP EHQGLQJIDLOXUH ZKHUH RXYV
FDXVHRXW RI SODQH GHIRUPDWLRQV
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&UXVKLQJ YHUWLFDO VWUXFWHKXQBELQJ VORSHG VWUXFWXUH

JLIXUH &UXVKLQIJDQG EHQGLQJIDLOXUH PRGHYV

&UXVKLQJ )DLOXUH
&UXVKLQJIDLOXUH LV D PHFKDQLVP ZKHUH FUDFNV SURSDJDWHLQ UDQGRF
DQG IODNLQJRIWKHLFH 7KLVLV XVXDOO\WKHFDVHIRULQWHUDFWLRQV ZL
UDWLRVY UDWLRRIVWUXFWXUHZLGWK WR LFHWKLFNQHVYVY 7KHJOREDO
WKURXJK WKHIROORZLQJHTXDWLRQ
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7KHLFH SUHVVXUHDYHUDJHG RYHU WKH Q PR IDQBEOW R @Y B F MQ D WHTR IOWAID. Y \M
JLYH@QPV7KH LFH SUHVRXEBHOVBHIPDOFXODWHG XVLQIJHTXDWLRQ
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Pc = Cr
ZKHOHYVY WKH OHYHO LikH- W BLERMNMIHRNANQ FH W K Ww-NWQ WKWHBIURRMHFWHG ZLGW I
VWUXRWXUBDUH HPSLULFDO FRHIILFLHQWY FKXGO HIP HJIIOFHDFOWMBURU DV SHF
w/ h> 7KHLFH VWUHQJGRKK ERHIAIDFKBYWLIIHUHQW YDOXHV GHSHQGLQJRQ W
WR ,62 > @r WKWHDUFWLF UHJLRQV LV 03D IRUVXEDUFWLF UHJLRQ
WHPSHUDWHDUHDYV VXFK DV WKH %DOWLF 6HD WKLV LV 03D

%HQGLQJ)DLOXUH
$QRWKHU ZD\LFH FDQ IDLO LV WKURXJK EHQGLQJIDLOXUH 7KHLQWHUDFW
VKHHW LV PRUH OLNHO\WR IDLOLQ EHQGLQJIDLOXUHPRGHDOWKRXJK WKL
LFHDFWLRQVIRUVXFKDIDLOXUHPRGHWHQGV WR EH VLJQLILFDQWO\ORZH
ORWRIUHVHDUFK GRQHLQWR LFH LQWHUDFWLRQ RQ FRQLFDO VWUXFWXUH
RQHVY ZLWK IODW VORSLQJIDFHV '"HSHQGLQJRQ WKH VORSH RI WKH VWU
LFHVKHHW XSZDUGV RUGRZQZDUGV )RUDQ XSZDUG VORSHG VWUXFWXU
FRPSOH[ ZLWK PDQ\ YDULDEOHVY QHHGLQJWR EH WDNHQ LQWR DFFRXQW 1F
FDOFXODWHG EXWDOVR WKHDFFXPXODWLRQ RILFHUXEEOHRQ WRS RI Wk
WKHVWUXFWXUH 7KHEHQGLQJRIWKHLFHVKHHW FDQ EHPRGHOHG VLPLC
WKHFRQWDFW IRUFHV GXHWR OHYHO LFHDFWLQJRQDWZR GLPHQVLRQD(
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