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Abstract

The offshore renewable energy market is rapidly growing, particularly in wind and solar sectors. The
intermittent nature of these energy sources underscores the necessity for offshore energy storage
solutions. Among the techniques being explored, Marine Pumped Hydro-Energy Storage (MPHES)
emerges as a promising option. This innovative concept operates similarly to artificial lakes, where
water is stored and released to generate electricity. In the MPHES system, a seabed-based reservoir
is established, in which water flows, driving turbines to generate electricity. During periods of energy
surplus, the system is charged by pumping water out of the reservoir.

The available energy storage capacity increases with both depth and volume. Current designs pro-
posed in the literature discuss installation depths ranging from 600 to 1000 meters, while achieving
internal volumes of 9:000 to 12:000 cubic meters. These system adopt a spherical shape of the reser-
voir, with external diameters ranging from 30 to 34 meters. The material of choice for these structures
is concrete.

Through extensive interviews and a review of relevant literature, two significant challenges have been
identified in these designs. The spherical shape and large dimensions of the reservoir make construc-
tion highly complex. The most promising construction approach outlined in the literature, involves a
hybrid method of 3D Concrete Printing (3DCP) and conventional casting, where the formwork is con-
structed using 3DCP followed by concrete pouring. However, this method relies on unproven tech-
nigues that have never been implemented on this scale. Additionally, the draught of the structure is at
least 26 meters. Despite using pontoons to provide extra buoyancy, this considerable draught seems
too challenging for construction even in some of the worldis largest dry docks.

The aforementioned challenges have prompted questions regarding the suitability of a spherical reser-
voir. Initially chosen for its effectiveness in distributing hydrostatic forces associated with significant
depths, the spherical shape is now being reassessed. Investigations were undertaken to explore the
most optimal shape for an MPHES system, considering the viability of a cylinder or torus. These shapes,
identified through a literature review, maintain rounded features for efficient distribution of hydrostatic
load, while potentially being constructible with existing techniques and offering a lower draught. How-
ever, it is anticipated that the cylinder and torus may require more material. The key question here is
whether the ability to adopt simpler construction methods and achieve a lower draught outweighs the
increased material usage, while also factoring in considerations of transportation and installation.

To assess the efficiency of a shape, a novel parameter, the ClV-ratio \\’,‘72 is introduced. This quan-

tifies the correlation between costs, indicated by the volume of material used, and benefits, expressed
in internal volume. Through analytical methods and verified numerical simulations, the spherical reser-
voir has emerged as the most advantageous shape in terms of the ClV-ratio. With an internal volume
of 10:000 m® and a depth of 1000 meters, the sphere demonstrates a CIV-ratio of 0; 78, whereas the
cylinder exhibits a ClV-ratio of 1;09. At this volume, the cylinder and torus have a slenderness value
of 12. While the method to achieve these results has not been applied to the torus, it showed results
very similar to those obtained for the cylinder in other analyses. A neutral buoyant ClV-ratio is 0; 75.
Ultimately, the sphere exhibits a CIV-ratio that is 23% to 29% lower than that of the cylinder.

The slenderness values for the cylinder are defined as the ratio between its length and its internal radius,
while for the torus, it is the ratio between its major radius and its minor radius. An analytical examination
revealed that for both the cylinder and torus, a higher slenderness results in a lower CIV-ratio. However,
higher slenderness values lead to significantly larger external dimensions of the reservoir, presenting
challenges in terms of constructability and transportability. Drawing insights from reference projects
involving dry docks and immersed tunnel construction, a favorable slenderness range of 10 to 20 was
identified for the cylinder. A slenderness value of 12 in combination with an internal volume of 9:000
m? yields an external diameter of 12;92 meters and a length of 129;0 meters. However, applying a



similar methodology, no such favorable range was found for the torus. Its external dimensions become
impractically large, with a major diameter of approximately 100 meters for an internal volume of 9:000
m? and acceptable slenderness values. These substantial dimensions impose constraints on feasible
construction sites for the torus, contradicting the initial goal of avoiding such limitations. Consequently,
further consideration of the torus was discontinued.

After conducting a literature review of reference projects and examining general concrete construction
methods, five approaches for constructing a cylinder were identified and assessed. Through deductive
analysis, reasoned evaluation, and expert interviews, the horizontal jump-forming technique emerged
as the most practical method. This approach entails a semi-continuous process wherein the cylinder
is constructed gradually using ring elements. The production cycle of each ring element begins with
extending a launching girder, onto which inner formwork is affixed. Subsequently, the outer formwork
is positioned to facilitate the pouring of concrete.

In contrast to the construction method for the sphere, literature demonstrates that the horizontal jump-
forming technique has proven successful in tunnel construction, underscoring its reliability. Notably,
while the preferred construction method for the cylinder is not suitable for the sphere, the reverse is
not true. This observation suggests that constructing a cylinder is comparatively less complex than
constructing a sphere.

During transport, the cylinder would be submerged and suspended from two or more catamaran-like
pontoons, with tug boats facilitating the transportation process. This method, as evidenced in literature
and verified analytically, seems to pose no more pronounced complications than transporting a sphere,
which would also rely on tug boats for transportation and installation.

Furthermore, a review was conducted to assess the favorability of adopting a hemispherical cap design
for the cylinder compared to a flat one. Through analytical calculations, it was found that opting for
a hemispherical cap design can result in a significant reduction in material usage. Additionally, the
hemispherical design proves to distribute hydrostatic pressure more effectively than its flat counterpart,
with no significant additional stresses observed, as confirmed through finite element analysis.

A comparative analysis suggests that the cylindrical design presents a feasible option, especially for
larger internal volumes. Here, the additional costs associated with increased material usage may be
offset by the enhanced constructability of the cylindrical design, making it more desirable than the
spherical option. Potential investors should therefore carefully consider the trade-off between higher
material consumption and a simpler construction process. Nonetheless, for lower internal volumes, it
is evident that the sphere still stands out as the optimal choice.
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1XPEHU RILWHUDWLRQV LQ FIOLQGHU DQG WRUXV IRXQGDWLRQ GHV

6FKHPDWLF GLDJUDP RI D W\SLFDO VOLS IRUP VAI\VWHP > @
1RYHO KRUL]JRQWDO VOLS IRUP WHFKQLTXH IRUUHJHQHUDWLQJ H[L
&RQVWUXFWLRQ RI 6WHLQKDXV WXQQHO > @

6KRWFUHWH DSSOLFDWLRQ LQ WKH UHSDLU RID FRQFUHWH IDFH > ¢
OD[LPXP RYHUKDQJD @ OH

ODS RIIMRUGV > @
7TRZLQJRI7TUROO $ SODWIRUP WR LWV ILQDO ORFDWLRQ > @

&RPSUHVVLRQ VHDO > @
'"HW MRLQW > @

5HLQIRUFHPHQW FRQWLQXLWLHV IRUFROG MRLQWYV > @
‘:DWHU OHHNDJH SUHYHQWLRQ PHDVXUHV

2FWDQW VSKHUH '"PRGHO

2FWDQW VSKHUH PHVK

2FWDQW VSKHUH JOREDO GHIRUPDWLRQ

2FWDQW VSKHUH SULQFLSDO VWUHVVHV

2FWDQW VSKHUH SULQFL SOWRIBMOBBYVVHY UDQJH

2FWDQW VSKHUH SULQFLSDO VWUHVVHYVY JRRPHG LQ

4XDUWHU F\OLQGHU "PRGHO

4XDUWHU F\OLQGHU PHVK

4XDUWHU F\OLQGHU JOREDO GHIRUPDWLRQ

4XDUWHU F\OLQGHU SULQFLSDO VWUHVVHYV

4XDUWHU F\OLQGHU SULQRDS\DROVWWHVVHYV UDQJH

4XDUWHU F\OLQGHU SULQFLSDO VWUHVVHV J]RRPHG LQ

/HQIWK UHGXFHG IODW FDS PRGHOV IRUDQDO\LQJLQIOXHQFH OHQ
/HQIWK UHGXFHG KHPLVSKHUH FDS PRGHOV IRUDQDO\LQJLQIOXH(
OHVKHV RIOHQJWK UHGXFHG IODW FDS PRGHOV ZLWK QRGHV XVHG |



OMWX SJ *MKYVIW

, OHVKHV RI OHQJWK UHGXFHG KHPLVSKHUH FDS PRGHOV ZLWK QRGH
KLIKOLJKWHG

, 6WUHVVHV LQ WKH FURVV VHFWLRQ RI OHQJWK UHGXFHG IODW DQG

, ,QFRPSDWLEOH VXSSRUW FRQGLWLRQV LQ HGJH RIVOLFHG PRGHO

., &ZWKVOLFH RI KHPLVSHKHNHLARGKHZHL WK

., &WKVOLFH RI KHPLVSHKHNHZPRGHAZ LW K

, 6OLFH PRGHO PHVK

, 6WUHVVHV LQ WKH FURVYV VHFWLRQ RI VOLFH PRGHOV

, BULQFLSDO VWUHVVHV DW WKH VLQJXODULW\ RI WKH VOLFH

, 6FKHPDWLF UHSUHVHQWDWLRQ RI FURVV VHFWLRQ XVHG IRU HGJH

, 7KLQ VKHOO PRGHO IRU YDOLGDWLRQ

, OHVK RI WKLQ VKHOO PRGHO IRU YDOLGDWLRQ

, 2XWSXW RI WKLQ VKHOO PRGHO IRU YDOLGDWLRQ

, 2XWSXW RI WKLQ VKHOO PRGHO IRU YDOLGDWLRQ DGMXVWHG IRU V

, +HPLVSKHUH WKLEN®Qt#H VYV PRGHO

, +HPLVSKHUH WKLRN<0H6Y PRGHO

, +HPLVSKHUH WKLRN<OH5,Y PRGHO

, +HPLVSKHUH WKLRNOH4Y PRGHO

, $EUXSW WUDQWI=WIERQ PRGHO

, 7ULDQJXODU WUBGUYISWLRQ PRGHO

, &LUFXODU WUDQV¥QWLRQ PRGHO



$
$

%

&
&

OMWX SJ SBEFI

OHPEUDQH IRUFHV DFURVV VSKHUH F\OLQGHU DQGpWRUXV XQGHU G|

,OOXVWUDWLYH SDUDPHWHUV IRU 03+(6 VSKHUH
SRWHQWLDO ORFDWLRQV IRUO03+(6 > @

JUHTXHQWO\UHFXUULQJ SDUDPHWHUYV

6SKHUH GLPHQVLRQDO SDUDPHWHUYV

&\OLQGHU GLPHQVLRQDO SDUDPHWHUYV

7TRUXV GLPHQVLRQDO SDUDPHWHUYV

,OOXVWUDWLYH FRQILIXUDWLRQV IRU F\OLQGHU DQG WRUXYV

OHPEUDQH IRUFHVDQG YROXPHV IRUVSKHUH F\OLQGHU DQG WRUX

7UDGH RII HISORUDWLRQ F\AOLQGHU FRQVWUXFWLRQ PHWKRGV
'LPHQVLRQV RILOOXVWUDWLYH F\OLQGHU

&RQFUHWH FRQQHFWLRQ WA\SHV RI FAOLQGHU

6XPPDU\IHDWXUHVY SUHFDVW HOHPHQW PHWKRG DQG KRUL]JRQWDO |

ORGHOOHG KHPLVSKHUH WKLFNQHVVHV

OD[LPXP DEVROXWHPRPHQWV IRU YDULRXVY KHPLYVSKHUH WKLFNQHYV
6SDQ WKLFNQHVV UDWLRV RIVSKHUHDQG F\OLQGHU

'LDQD )($ PRGHO SDUDPHWHUV IRU YHULILFDWLRQ RI XQLIRUP VWUH
&RPSDULVRQ RIHVWDEOLVKHG VSKHULFDO GHVLJQ GLPHQVLRQV ZL

6XPPDU\RIUHVXOWYV

S3SDUDPHWHUV RI VSKHUH DV GHVFULEHG LQ 6HFWLRQ
SDUDPHWHUV RI FAOLQGHU DV GHVFULEHG LQ 6HFWLRQ

&RPSRQHQWV LQ +76 FRQVWUXFWLRQ WHFKQLTXH

OHPEUDQHIRUFHV RYHUYLHZ IRUVHYHUDO WKLQ ZDOOHG VKDSHYV
*HRPHWULFDO WRUXV SDUDPHWHUV > @

5HOHYDQW SDUDPHWHUV IRU VRLO VWUHVV DVVHVVPHQW LQ F\OLQG
&RPSDULVRQ RIYDULRXV IRUPZRUN VA\VWHPV > @
/LVW RI WKH ZRUOGVY ODUJHVW ODQG EDVHG GU\ GRFNV

'LDQD )($ PRGHO SDUDPHWHUV IRU YHULILFDWLRQ RI XQLIRUP VWUH
&\OLQGHU IODW FDSDQG KHPLVSKHUH PRGHO SDUDPHWHUV
&\OLQGHU KHPLé/tISK/IEDUlFIHFBBGHO SDUDPHWHUYV

7TKLQ VKHOO PRGHO SDUDPHWHUV

ORPHQWY FDXVHG E\HGJH GLVWXUEDQFH PRGHO SDUDPHWHUV
&\OLQGHU KHPLVSKHUH WUDQVLWLRQ PRGHO SDUDPHWHUYV



2SQIRGPEXYYV

WFFVIZMEXMSRW

$EEUHYLDWLRQ '"HILQLWLRQ

'& 3
&3$(6

"FRQFUHWH SULQWLQJ
&RPSUHVVHG $LU (QHUJ\ 6WRUDJH

&,9 UDWLR &RQFUHWH WR ,QWHUQDO 9ROXPH UDWLR

&6 &URVV VHFWLRQ
*. 6 *HRJUDSKLFDO ,QIRUPDWLRQ 6\VWHP
+76 +RFKWLHI 6ROXWLRQV $*
N: K NLORZDWW KRXU
0,7 ODVVDFKXVHWWYVY ,QVWLWXWH RI 7THFKQRORJ\
0: OHJDZDWW
0:K OHJDZDWW KRXU
03+(6 ODULQH 3XPSHG +\GUR (QHUJ\ 6WRUDJH
3+(6 3XPSHG +\GUR (QHUJ\ 6WRUDJH
5&$0 5HLQIRUFHG &RQFUHWH $GGLWLYH ODQXIDFWXULQJ
66 6HPL 6XEPHUVLEOH 9HVVHO
6: 6HDZDWHU
7T]QFSPW
6\PERO '"HILQLWLRQ 8QLW
a ,QWHUQDO UDGLXV >P@
b ODMRU UDGLXV WRUXYV >P@
C (OHWULFDO VWRUDJH FDSDFLW\ >0:K@
d "HSWK >P@
dsxps 3XPS GLDPHWHU >P@
F YRUFH >1@
hsxps 3XPS KHLJKW >P@
Kubs 5DGLDO VWLIIQHVV >1P@
L /HQJIWK >P@
n OHPEUDQH IRUFH >1P@
p +\GURVWDWLF SUHVVXUH >1P@
P (OHFWULFDO FDSDFLW\ >0:@
q 'LVWULEXWHG ORDG >1P@
t 7KLFNQHVYV >P@
te 7KLEFNQHVYV F\OLQGHU >P@
th 7KLFNQHVV KHPLVSKHUH >P@
v 9ROXPH >P@
w 'LGWK >P@
)DFWRU RI VDIHW\ > @
BWUDLQ > @
(IILFLHQF\ > @
"HQV LW\ >NJ R®

6WUHVV >03D@




-RXVSHYGXN

7KHZRUOG LV DWD FULWLFDO MXQFWXUH ZKHQ LW FRPHV WR PHHWLQJ LV
RYHU &2 HPLVVLRQV DQG WKH OLPLWHG DYDLODELOLW\RIIRVVLO IXHOV
KDV LQWHQVLILHG 1RWDEO\ ZLQG DQG VRODU HQHUJ\ KDYH HPHUJHG DV
DSSUR[LPDWHO\ DQG RI'WKHZRUOGTV HOHFWULFLW\ SURGXFWLRQ
XLQIWRLQFWHDMHTZHYHU WKHLULQWHUPLWWHQW QDWXUH SRVHV D VLJC
WKLY FRQWH[W HQHUJ\VWRUDJH HPHUJHV DV D FULWLFDO VROXWLRQ WR

$W SUHVHQW DSSUR[LPDWHO\ RI'WKH ZRUOGYVY HQHUJ\ VWRUDJH FDSD
VWRUDJH 3+(6 VI\VWHPV FROORTXLDOO\UHIHUUH@ WRKBV D UQQRY¥YDLWOY
VHWXSV KDUQHVV WKH KHLJKW GLITHUHQFH EHWZHHQ WZR UHVHUYRLUV
SHU UHVHUYRLU GXULQJ SHULRGV RI HQHUJ\ VXUSOXV :KHQ HQHUJ\ GHP
WKH ORZHU UHVHUYRLU JHQHUDWLQJ HOHFWULFLW\ WKURXJK WXUELQH"
UHTXLULQJD VSHFLILFJHRJUDSKLFDO OD\RXW IRUWKHFRQVWUXFWLRQ F

JLIXUH &RQFHSW RYHUYLHZ RI 03+(6

, Q DQRYHO GHHS VHD 3+(6 VI\VWHP ZDV SUHVHQWHG E\*HUPDQ SK\VLFL
%|FNLQJDQG'U *HUKQUGWAXWKRO¥HYVY D ORZHU UHVHUYRLU LQ WKH IRUP F
DWHG RQ WKHHXEH@PSHULRGV RIHQHUJ\VXUSOXVY WKHVSKHUH LV FKD
RI'LW :KHQ HQHUJ\GHPDQG LQFUHDVHV WKHRFHDQ ZDWHU LV UHOHDVH!



4VSFPIQ HIhRMXMSR

JHQHUDWLQJHOHFWULFLW\WKURXJKWXUELQHYV 7KLVLQQRYDWLYHLGH
IORRUIRUHQHUJ\VWRUDJH RIIHULQJD SURPLVLQJDOWHUQDWLYHWR WU

7KLV FRQFHSW LQOXYWVAVIMOWHEULQHG WR DV PDULQH SXPSHG K\GUR HQHUJ
:KLOH WKH VA\VWHP KDV QRW EHHQ LPSOHPHQWHG \HW FXUUHQW GHVLJQ\
ZLWKD GLDPHWHU RI XS WR PHWHUV 7KHFRQVWUXFWLRQDQG VFDODEL
FKDOOHQJHVDQG UDLVHTXHVWLRQV DERXW WKH VXLWDELOLW\RI D VSKFE

7TKLVWKHVLV XQGHUWDNHVDQLQ GHSWKH[SORUDWLRQDQGDVVHVVPHQ!
YRLU GHVLJQV IRU WKH 03+(6 VIVWHP 7KH FRUH TXHVWLRQ GULYLQJ WKL
VKDSH IRU D ODULQH 3XPSHG +\GUR (QHUJ\ 6WRUDJH VA\VWHP WDNLQJ LQ
WHULDO XVDJH FRQVWUXFWLRQ IHDVLELOLW\ DQG LQVWDOODWLRQ UHT
VWXG\DLPVWRPRYHWKHFRQFHSWRIGHHS VHDHQHUJ\VWRUDJH RQH VW
LPSOHPHQWDWLRQ 7KLV H[SORUDWLRQ ZLOO FRQWULEXWH WR RXU XQGHE
GHHS VHDHQHUJ\VWRUDJHDV D VXVWDLQDEOHDQG HIILFLHQW VROXWLF

4VSFPIQHIhRMXMSR

7KH FRQFHSW RI 03+(6 ZDV LQW R GXFHGYHQY GHVSLWH LQLWLDO SURPLYV
DQG LQYHVWLIJDWLRQV LQWR LWV WHFKQRORJLFDO IHDVLELOLW\ [IXOO |
VI\VWHP DUH\HW WR EH DFKLHYHG 7R SURSHO WKH WHFKQRORJLFDO SUR
LQYHVWRUV IXUWKHU UHVHDUFK LV LPSHUDWLYH 7KHFRQGXFWHG H[SHL
WKH SURRI RI FRQFHSW IRU 03+(6 bV D YLDEOH HQHUJ\ VWRUDJH VROXWL
JDWLRQV KDYH EHHQ FDUULHG RXW WR DVVHVV WKH WHFKQRORJLFDO IHI
FDWH WKDW XQGHUVXLWDEOHFRQGLWLRQV 03+(6 KROGV SURPLVLQJSR
+RZHYHU DW SUHVHQW WKHFRQVWUXFWLRQ SKDVH SRVHV DVLJQLILFDC
SURFHVYV

$V GHVFULEHG LQ WHHWULRRBRVHG VSKHULFDO VKDSH RI WKH 03+(6 V\VWFE
FKDOOHQJHVLQWKHFRQVWUXFWLRQ SKDVH $PRQROLWKLVIDYRUDEOH |
WKHIRUPZRUNLV FRPSOH[ $FRPSRQHQW PHWKRG RQ WKH RWKHU KDQG R
ZDWHUWLJKWQHVV DQG WKH ZHLJKW Rl WKH FRPSRQHQWY EHFRPH D FKDC
FRQVWUXFWLRQ PHWKRG LQYROYHV '&RQFUHWH 3ULQWLQJ +RZHYHU L
UHPDLQV XQFHUWDLQ

JXUWKHUPRUH WKH DPELWLRXV VFDOH RI WKH SURMHFW UHVXOWY LQ VL
WUDGLWLRQDO GU\GRFNV FDQQRW DFFRPPRGDWH

7KH FRPSOH[LWLHV DVVRFLDWHG ZLWK WKH VSKHULFDO GHVLJQ SURPSW
VKDSH $ VSKHUH LV WKHRUHWLFDOO\WKH RSWLPDO VKDSH IRU GLVWULE
FRQGLWLRQV +RZHYHU SUDFWLFDO FRQVWUXFWDELOLW\SRVHV VXEVW
VLGHUDWLRQ RI DOWHUQDWLYH VKDSHVY DV SRWHQWLDO VROXWLRQV ([S
IHDVLEOH DQG HIILFLHQW FRQVWUXFWLRQ SURFHVV IRU WKH 03+ (6 V\VWF
WDWLRQ DQG IXQFWLRQDOLW\DV DQ HIITHFWLYH HQHUJ\ VWRUDJH VROXW |
DUHFRQFUHWH WR LQWHUQDO YROXPH UDWLR ZDWHUWLJKWQHVV RI WKH
WKHIRXQGDWLRQ GHVLJQ

TLETITVSTSWEP

7TKHDVVXPSWLRQRIDVSKHULFDO GHVLIJQ DV WKHVWDUWLQJ SRLQW IRU I
DFULWLFDO UHDVVHVVPHQWRILWY VXLWDELOLW\ $OLWHUDWXUHJDS HJ
IRUWKHVH VA\VWHPV $OWKRXJK WKH VSKHULFDO VKDSH RIITHUV XQPDWFK
SORULQJ RWKHU VKDSHY EHFRPHY HVVHQWLDO WR RSWLPL]H WKH FRQV\
7ZR SDUWLFXODUO\SURPLVLQJ VKDSHVY WR FRQVLGHU DUH WKH F\OLQGHL

%RWKRIWKHVHVKDSHY VWLOO KDYHD FLUFXODU FURVV VHFWLRQ DQDG
DVWUXFWXUHDW VXEVWDQWLDO GHSWKV $IRUP ILQGLQJDQDO\VLV LQV
LPPHUVHG WXQQHO VKRZHG WKDW DW JUHDWHU GHSWKY WKHRSWLPDO V
SUHVVXUH TXLFNO\FRQY@®UJIHKWYWHRIRUFH UFQOB\>FLUFXODU VKDSHV DUH FRQ



7TLETITVSTSWEP

7KH F\OLQGULFDO FRQILJXUDWLRQ FDQ EH OLNHQHG WR D WXEH ZLWK H(
VKDSHLV LQKHUHQWO\VXLWDEOH IRUZLWKVWDQGLQJKLJKH[WHUQDO SL
FDSV $W WKH WUDQVLWLRQ IURP WKH F\AOLQGULFDO PLGVHFWLRQ WR WK]|
GXHWRDFKDQJHLQ FXUYDWXUH SRWHQWLDOO\LQFUHDVLQJLQWHUQDO
GLWLRQDO FRQFUHWH PLJKW EH QHFHVVDU\WR DGGUHVV WKLV FRQFHUQ
LVHQYVLRQHG WR EH OHVV FRPSOLFDWHG LWV XWLOL]DWLRQ SRVVLEO\
VWURQJ FRQWHQGHU

2Q WKH RWKHU KDQG WKH WRUXV UHSUHVHQWY D ORQJ F\OLQGHU ZLWK L
XQLTXH SURSHUW\HOLPLQDWHYV HGJH GLVWXUEDQFHY WKDW PD\RFFXU Z
OHQG LWVHOI ZHOO WR FRQVWUXFWLRQ ZLWK PXOWLSOH SUHIDEULFDWH

%RWK WKH F\OLQGHU DQG WRUXV H[SHULHQFH D PD[LPXP PHPEUDQH IRUF
WKDW RIDVSKHUH ZKHQ VXEMHFWHG WR WKH VDPHKDEORVWDIMLE BUHV V)
FRPSUHKHQVLYHXQGHUVWDQGLQJRIWKHLQWHUQDO SUHVVXUH GLVWUL
DQG WRUXV GHWDLOHG LQIRUPDWLRQ LV DYDLODEOHLQ $SSHQGL]

6KDSH OD[ PHPEUDQHIRUFH>1 P@

6SKHUH %a
&\OLQGHU pa
7TRUXV < pa

7TDEOHOHPEUDQH IRUFHV DFURVV VSKHUH F\OLQGHU DQGPWRUXV XQGHU GLVWULE

'XH WR WKHVH KLIJKHU PHPEUDQH IRUFHV D F\OLQGHU DQG WRUXV UHTX
VSKHUHWR UHVLVW WKH VDPH K\GURVWDWLF SUHVVXUH &RQVHTXHQWO\
RI' FRQFUHWH LV UHTXLUHG IRUWKHVH VKDSHY WR DFKLHYH WKH VDPH L
DURXQG WKH TXHVWLRQ RI ZKHWKHU WKH KLJKHU PDWHULDO XVDJH RI W
VSKHUH FDQ EH MXVWLILHG E\VLPSOHU FRQVWUXFWLRQ PHWKRGV

JXUWKHU UHVHDUFKDQG DQDO\WVLY DUH QHFHVVDU\WR GHWHUPLQH WKH |
LOOXVWUDWLYH GHVLJQ IRU HDEBEXMKD B8 KN IBLUHIVWRWHR QWDQW LQWH!
DFURVV DOO VKDSHV

JLIXUH '"HVLJQ IRUVSKHULFDO F\OLQGULFDO DQG WRURLGDO UHVHUYRL



6IWIEVGLUYIWXMSR

6IWIEVGLUYIWXMSR

7TKHDQDO\WLV RI FRQVWUXFWLRQ IHDVLELOLW\ FRXSOHG ZLWK WKH XQH]
VKDSHV JLYHVULVHWR WKHIROORZLQJUHVHDUFK T TXHVWLRQ

KDW LV WKH RSWLPDO VKDSH IRU D ODULQH 3XPSHG +\GUR (QHUJ\ 6WRUD
FRXQW PDWHULDO XVDJH FRQVWUXFWLRQ IHDVLELOLW\DQG RWKHU LPSC

JRU WKLV VWXG\ WKUHH VKDSHV ZLOO EH FRQVLGHUHG WKH VSKHUH F\
WLRQ ZLOOEHDGGUHVVHG E\LQYHVWLIJDWLQJWKHIROORZLQJVXE TXHV
VKDSHYV

¥:KDW NH\GHVLJQ SDUDPHWHUV PXVWEHFRQVLGHUHG LQLWLDOO\IRU

$:KDW LV WKH WRWDO PDWHULDO XVDJH IRU HDFK VKDSH WDNLQJLQWF
GDWLRQ FRPSRQHQWV"

f:KDWDUH WKH GLPHQVLRQV RIHDFK VKDSH DQG ZKLFK FRQVWUXFWL
IRUWKRVH GLPHQVLRQV™

f:KDW IDFWRUVY QHHG WR EH WDNHQ LQWR DFFRXQW UHJDUGLQJ WUDQ
ZDWHUWLIKWQHVV IRUHDFK VKDSH"

AVSNIGX ETTVSEGL

7KHUHVHDUFK PHWKRGRORJ\DGRSWHG LQ WKLV WKHVLV LV VWUXFWXUH
LQTXLULHVY DQG DFKLHYH WKH VHW REMHFWLYHYV 7KH VHTXHQFH RI WKH
TXHVWLRQV JXLGLQJ WKH IRUPXODWLRQ RIDQ RSWLPDO GHVLJQ IRU WK
QDWXUH RI WKH GHVLJQ SURFHVV LWLV H[SHFWHG WKDW DGMXVWPHQWV
VXE TXHVWLRQV ZLWK RSSRUWXQLWLHV IRUVLIJQLILFDQW RSWLPL]DWLR
WLRQDOO\ SRWHQWLDO DUHDV IRURSWLPL]DWLRQ PD\EHFRPHDSSDUHQ
IRU IXUWKHU UHILQHPHQW WRZDUGV WKH FRQFOXVLRQ RI WKH WKHVLYV
GHOLQHDWHG DVIROORZYV

,GHQWLILFDWLRQ RI'HVLJQ 3IDUDPHWHUYV

$+&RQGXFW D FRPSUHKHQVLYH OLWHUDWXUH UHYLHZ WR LGHQWLI\
03+(6 VIVWHP

$f3HUIRUPEDVLFKDQGFDOFXODWLRQVWRGHWHUPLQHHVVHQWLDO
VWRUDJH YROXPH DQG SUHVVXUH GLVWULEXWLRQ

,QLWLDO 'HVLJQ

$f8WLOL]H WKH LGHQWLILHG GHVLJQ SDUDPHWHUV DV LQSXW WR JH(
F\OLQGHU DQG WRUXYV

F&RQGXFWDQDO\WWLFDO FDOFXODWLRQVWRHVWDEOLVKWKHLQLWL
IDFWRUV VXFKDVLQWHUQDO YROXPH VOHQGHUQHVY DQG FRQFULI

f$SSO\HVWDEOLVKHG UHODWLRQVKLSVWRDVVHVVWKHLPSDFW RI)
VLRQVDQG SHUIRUPDQFH RIHDFK VKDSH

f¥(YDOXDWH WKH PDWHULDO XWLOL]DWLRQ WR LQWHUQDO YROXPH L
PDQFHDQG HFRQRPLF YLDELOLW\RIWKH SURSRVHG GHVLJQV

&ERQVWUXFWLRQ OHWKRG '"HYHORSPHQW

F5HYLHZ HILVWLQJ FRQVWUXFWLRQ PHWKRGV IRU WKH VSKHUH

F(QJDIJHLQ LQWHUYLHZV ZLWK H[SHUWV DQG FRQGXFW OLWHUDWXU
PHWKRGV WDLORUHG WR WKH FAOLQGHU DQG WRUXYV

f(YDOXDWH WKH IHDVLELOLW\ DQG HIIHFWLYHQHVV RI HDFK FRQVW |
WHP

,PSOHPHQWDWLRQ DVSHFWYV



6ITSVXWXVYGXYVI

¥, GHQWLI\DSSURSULDWH WUDQVSRUW DQG LQVWDOODWLRQ PHWKF
VWUXFWXUDO UHTXLUHPHQWVY DQG ORJLVWLFDO FRQVWUDLQWYV

f(VWLPDWH ZDWHUWLJKWQHVY E\ VWXG\LQJ VLPLODU SURMHFWYV D(
WKHLQWHJULW\RI WKH VI\IVWHP GXULQJRSHUDWLRQ

(YDOXDWLRQ RIDVVXPSWLRQV DQG RSWLPL]DWLRQ

f(YDOXDWHWKHLPSDFW RI NH\DVVXPSWLRQV RQ WKHDFFXUDF\RI (

¥ GHQWLI\DUHDV IRU SRWHQWLDO RSWLPL]DWLRQ LQ WKH GHVLJQ
PDWHULDO XVDJH VWUXFWXUDO HIILFLHQF\ DQG RSHUDWLRQDO S

$f5HFRJQL]JH WKH LWHUDWLYH QDWXUH RI WKH GHVLJQ SURFHVV DQC
DVVXPSWLRQV DV QHFHVVDU\

6\QWKHVLYV

6 XPPDUL]JHWKHILQGLQIJVDQG FRQFOXVLRQV GUDZQ IURP WKH UHYV

f'UDZ FRQFOXVLRQV UHJDUGLQJ WKH RSWLPDO VKDSH IRU WKH 03+
PDQFH IHDVLELOLW\ DQG HFRQRPLF FRQVLGHUDWLRQV

&RQVLGHULQJ WKH HVWDEOLVKHG GHVLJQV IRUVSKHULFDO UHVHUYRLUV
WKLFNQHVVHV DQG FRQFUHWH YROXPHV IRU WKLV JHRPHWU\ LV UHGXQG
SOR\HGWRGHULYH WKHVH SDUDPHWHUV LQ HITWDQW OLWHUDWXUH ODFN
PHWKRGRORJLHVY WR FA\AOLQGHUDQG WRUXV FRQILIXUDWLRQV EHFRPHYV L(
QHHG WR GHYLVH D QRYHO DSSURDFK IRU HVWDEOLVKLQJ DQ LQLWLDO (
DQG FRQFUHWH YROXPHY 7KLV HIITRUW LV HVVHQWLDO IRUHQVXULQJ D |
GULFDO DQG WRURLGDO JHRPHWULHV WKHUHE\ PDLQWDLQLQJ PHWKRG
SURFHVV

7TKURXJKRXW WKH SURMHFW DQ LWHUDWLYH GHVLJQ SURFHVYV ZLOO EH L
SURYHPHQWYVY DV QHZ LQVLIJKWY DUH JDLQHG 7KH FRPELQDWLRQ RI OLW
DQDO\WLFDO FDOFXODWLRQV DQG ILQLWH HOHPHQW VLPXODWLRQV ZLC
JXLGHV WKHGHVLIQDQG LPSOHPHQWDWLRQRIDQHIILFLHQWDQG HIITHFW
WKDW FHUWDLQ VKDSHVY PD\ EH HOLPLQDWHG IURP FRQVLGHUDWLRQ LI W
UHODWLYH WR RWKHUV GXULQJ WKH SURFHVV

6ITSVXWXVYGXYVI

7KLV UHSRUW VAVWHPDWLFDOO\ LQYHVWLIJDWHY WKH RSWLPDO VKDSH IR
KHQVLYH OLWHUDWXUH UHYLHZ LV FRQGXFWHG WR LGHQWLI\WKH FXUUH!
IHDVLELOLW\ DQG LPSOHPHQWDWLRQ DVSHFWYV RRWRR AMMSKHW K L G HWW\DD. @
SDUDPHWHUV IRUWKHLQLWLDO GHYV6&XQ \DHTHXRDQW®DA QG L@LAKIIDSOMWAWU X F \
WKHUHVHUYRLUDQG IRXQGDWLRQLVGHYHORSHG IRUWKUHH VKDSHV V!
LQ &KDSWHWK D IRFXVRQHVWLPDWLQJ PDWHULDO XVDJHIRU HDFK VKDSF

1H[W DFRQVWUXFWLRQPHWKRG IRUWKH F\O L QEBHRIQLVZH. QVIKERRWI IO RVLHIGP S R
WDWLRQ FRQVLGHUDWYRQW HVKYDIW.HIUFDWLRQ DQG RSWLPL]DWLRQ SURF#
RIPDWHULDO XVDJH GHWHUPLQDWLRQ DVVXPSWLRQV LV YHULILHG IROOF
GHVLJQ

,Q VXPPDU\ &KIDISWGHUNPLQH DOO WKUHH VKD SHNQBKRPEXHVEK® BWISHVYLILF
LQYHVWLIDWLRQLQWR WKH F\OLQGHU

)LQDOO\ WKHUHVXOWV DQG ILQGLQJV DUH VIQWKHVL]HG OHDGLQJ WR FF



[ XEXI SJ XLIE

(QHUJ\ VWRUDJH SOD\V D FUXFLDO UROH LQ DGGUHVVLQJ WKH LPEDODQF
PDQG SDUWLFXODUO\LQ WKHFRQWH[WRIUHQHZDEOH HQHUJ\VRXUFHV F
7TKHFRQFHSWRIO03+(6LVVSHFLILFDOO\WDLORUHG WRIXQFWLRQDVDQH
IDUPV RUVRODU SDQHO IDUPV DOLJQLQJLWV VWRUDJH FDSDFLW\ ZLWK W
UHQHZDEOH HQHUJ\LQVWDOODWLRQV 6LQFH WKH VWRUDJH FDSDFLW\ RI
WKH QXPEHU RI XQLWY PXVW EH FDUHIXOO\ GHWHUPLQHG WR HQVXUH WK
IRUDQHQHUJ\IDUP LVIXOO\PHW %\VWUDWHILFDOO\PDQDJLQJWKH QXP
HITHFWLYHO\DFFRPPRGDWH WKHHQHUJ\QHHGYV RI WKHUHQHZDEOH HQHL

7KHHQHUJ\ VWRUDJH FDSDFLW\RID VLQJOH 03+(6 VIVWHP UHOLHYV SUHGF
WKHKHLIJKW GLITHUHQFHEHWZHHQ WKH XSSHUDQG ORZHU UHVHUYRLUV D
JUHDWHU K\GUDXOLF KHDG WUDQVODWHY WR LQFUHDVHG WXUELQH GULY
ZDWHUWRSRZHUWKHWXUELQHY +RZHYHU WKHVHIDFWRUVY SRVHOLPLW
+LJKHU K\GUDXOLF KHDGY DUHDFKLHYHG DW GHHSHU GHSWKV UHVXOWL
RQWKHVWUXFWXUH /DUJHUVWRUDJHYROXPHVQHFHVVLWDWHODUJHU YV
VWUHVVHY ZLWKLQ WKH VWUXFWXUH %RWK WKHVHIDFWRUV GHPDQG D W
ZLWKVWDQG WKHVHIRUFHY LQHYLWDEO\OHDGLQJWRLQFUHDVHG FRQVW
VWRUDJH FDSDFLW\DQG WKH YROXPHRIFRQFUHWH XVHG LV D FULWLFDO
LQIOXHQFH WKH RYHUDOO SHUIRUPDQFH RI03+(6 VI\VWHPYV

(ITXL ZSPYQIERHIRIVK]WXSVEKITSXIRXMEP

7KH IHDVLELOLW\ RI 03+(6 LV FRQWLQJHQW RQ D VXEVWDQWLDO ZDWHU
GHYHORSPHQW PLQLPDO FRQVWUXFWLRQ GHSWKV RI @PRWHUMQ@WOMN F
WKH)UDXQKRIHU ,QVWLWXWH WKHOHDGLQJGHYHORSHURIWKLVY FRQFHS
IURP WR PHWHW >W ZDV IRXQG WKDW D PLQLPXP GHSWK RI PHWI
WHFKQR HFRQRPLFDOO\VXIILFLHQW VWRUDJH FDSDFLW\ $ GLIITHUHQW FL
IRUD JUHDWHU GHSWK R® )RRHMRHPBWHLVRQ WUDGLWLRQDO 3+(6 VIVWHF
ZLWK D K\GUDXOLF KHDG UDQJLQJIURP EHORZ @ WHfPRRUHNW KDRYH OMHMW H
SXPSHG K\GUR HQHUJ\ VWRUDJH 3+(6 V\VWHPV WKHLU K\GUDXOLF KHDC
> @

‘KHUH LQWHQGHG LQVWDOODWLRQ GHSWKV PD\ GLIIHU LQ YDULRXV VW X (
03+(6 FRQVWUXFWLRQ UHPDLQV UHODWLYHO\ FRQVL¥WHQW@URBRULQJ IUR
UHVSRQGLQJO\ IRUD VSKHUH WKLV ZRXOG UHVXOW LQ DQ LQQHU GLDPH
WHUYV

8OWLPDWHO\ WKH SHUIRUPDQFH RIWKHFRQFHSW LY GHSHQGHQW RQ WKt
WKDW WKHLQWHUQDO YROXPH DQQ TCXIBMIRE® Q EH H[SUHVVHG E\



6IUYMVIHWXSVEKI GETEGMX]

C= vzg d VIQWHU@XUELQH
:KHUH

$C LV WKH VWRUDJH FDSDFLW\

+ v2LVWKH GHQVLW\ RI VHDZDWHU

tgLV WKH JUDYLWDWLRQDO FRQVWDQW

$d LV WKH RSHUDWLRQDO GHSWK

Vi ownb¥oWKH LQWHUQDO YROXPH RI WKH UHVHUYRLU
f wxueh YVWWKH HIILFLHQF\ RI WKH WXUELQH

WLV LPSRUWDQW WR QRWH WKDW WKH HIILFLHQF\ RI WKH HQWLUH V\VW|
WKH WXUELQH EXW DOVR GHSHQGHQW RQ WKH HIILFLHQF\ Rl WeKH SXPSYV
DUH RXWCODEgWE L8WLOL]LQJ WKHVH SDUDPHWHUY D VWRUDJH FDSDFLW\
HPSOR\LQJD FRQYHUVLRQ IDFWRU RI ( WRWUDQVIRUP XQLWV IURP -RX

1025 9;81 1000 10:000 0;82
3,6E9

C =

=22;90:K

&RQVLGHULQJ WKHVH LOOXVWUDWLYH SDUDPHWHUV RQH FDQ DQWLFLSI

IRUWKHO03+(6 VIVWHP +RZHYHU LWLV ZRUWK QRWLQJ WKDW H[SHULPI
\HW DFKLHYHG WKLY OHYHO RI HIILFLHQF\ SULPDULO\ EHFDXVH WKH IRF>
FRQFHSW UDWKHU WKDQ RSWLP®@]LQJ SXPS HIILFLHQF\ >

3DUDPHWHU 6\PERO 9DOXH 8QLW
"HQVLW\ VHDZDWH U, 1025 NJ P
*UDYLWDWLRQDO BRQVWBEIW P V
&RQVWUXFWLRQ GHSWK 1000 P
,QWHUQDO UDGLX%RI VSKIIH P
,QWHUQDO YROXP N B VYSHE00H P
:DOO WKLFNQHVV t 272 P
(OHFWULFDO VWRIEDJH F28® F LOVK
,QVWDOOHG HOHFWULFDOSDSOFLW\
(IILFLHQF\ RI WXUE QU 09,82
(IILFLHQF\ RI SXPS\xps 0,89

7TDEOH ,O0O0XVWUDWLYH SDUDPHWHUV IRU 03+(6 VSKHUH

6IUYMVIH WXSVEKI GETEGMX]

7KH QHFHVVDU\ VWRUDJH FDSDFLW\ RIDQ HQHUJ\ VWRUDJH V\VWHP LV F
WKHHQHUJ\IDUP LW VXSSRUWYV :LWKLQ WKHIUDPHZRUN RI 03+(6 RIIVKR
DV WKH SULPDU\DQG FRPSHOOLQJ FDQGLGDWHV IRUHQHUJ\ VWRUDJH 2
D QRWDEOH VXUJH ERWK LQ WKHLU LQFUHDVLQJ QXPEHUV DQG D GLVFH
> @ &RQYHUVHO\ RIIVKRUH VRODU IDUPV ZKLOH QRW \HW ZLGHVSUHD
$ QRWHZRUWK\ SURMHFWLRQ IURP 712 VXJJHVWYV WKH LQVWDOODWLRQ R
IHWKHUODQGV B\ 7KtV WUDMHFWRU\ XQGHUVFRUHV WKH G\QDPLF HYRC
ODQGVFDSHV XQGHUVFRULQJWKHQHHGIRUDGDSWLYHHQHUJ\VWRUDJF

$V GHSLFWHRBUKMRYHU RIRIIVKRUH ZLQG IDUPV LQ KDG D SRZHU FDS
RU KLIJKHU ZLWK HIFHHG@QJ&RQVLGHULQJ DQ 03+(6 VIVWHP GHVLJQH
HQHUJ\ IRUDSSUR[LPDWHO\ KRXUV LQ V@ H D/EWRIQFHRAXIQREL W\ Rl 0:}

UHTXLUHG IRUPRUH WKDQ RIH[LVWLQJRIIVKRUH ZLQG IDUPVDQG LV D'
GHPDQGV



6IWIVZSMV WMA*I

SVLQUXDWLRD®G WKHGDWDBUEFROH GHGKH RI VWRUDJH FDSDFLW\WUDQVODW
LQWHUQDO YROXPHRHSUHVRQWHG GLIITHUHQWO\ WKLV LQWHUQDO YROXPF

VSKHUHV RI DWPD GHSWK RI PHWHUV $OWHUQDWLYHO\ FRQVLGHUL
LQYROYHV WKH QHHGRRWUWWRUDPH DW D GHSWK R PHWHUV
v _ C
LQWIURT2 g d WXUELQH
~ 400 3;6E9
~ 1025 9;81 1000 0;82

174:645 P

JLIXUH ,QVWDOOHG RIIVKRUH ZLQGFDSDFLW\ LQ >

KLOH WKLV VLPSOLILHG PRGHO ODFNV SUHFLVLRQ IRUDFWXDO VWRUDJF
LQVLIKWLQWR WKHHQYLVLRQHG VFDOHRIWKHO03+(6 VIVWHP ,QHVVHQF
WRWDOLQWHUQDO YROXPHVWRPHHWWKHHQHUJ\VWRUDJHUHTXLUHPHQ
FDSDFLW\RIWKHVHZLQGIDUPVFRQWLQXHVWRLQFUHDVH VR GRHV WKH

6IWIVZSMV WMAI

$V GLVFXVVHBWIOR®/ KH QHHG IRU VLJQLILFDQW DPRXQWV RI VWRUDJH FD
IDUPV UHVXOWY LQ D VXEVWDQWLDO UHTXLUHG WRWDO LQWHUQDO YRO?>
7KLYV SURPSWV WKH H[SORUDWLRQ RIWKHRSWLPDO UHVHUYRLU VL]H 7KH
FRQVWUXFWLQJ PXOWLSOH VPDOOHU UHVHUYRLUV RUD VLQJOH ODUJHU

&RPPHQFLQJZLWK WKH UHFRJQLWLRQ RIDFRQFHLYDEOH XSSHU OLPLW W
DOEHLW XQGHILQHG DW WKLV VWDJH2SUDFWLFDO FRQVWUDLQWYVY VXFK D
LPSO\LWV HI[LVWHQFH

$SLYRWDO IDFWRULQWKLV GHFLVLRQ PDNLQJSURFHVVLQYROYHV WKH S
QXPEHURISXPS WXUELQH FRPELQDWLRQV ZLWKLQ DQ 03+(6 VIVWHP FRUU
IRUDVVHW EUHDNGRZQV WKHUHE\HOHYDWLQJRSHUDWLRQDO ULVNV DQ
PRVW PDLQWHQDQFH LQWHQVLYHDVSHFW H[SDQGLQJWKHLU TXDQWLW\
GLWXUHV 7KHLPSDFW RQ FDSLWDO H[SHQGLWXUHV EHWZHHQ PXOWLSOF
DVLQJOH ODUJHU SXPS WXUELQH FRPELQDWLRQ UHPDLQV XQFHUWDLQ



"'SQTIXIXMZIRIWW SJ 14,)7 XSI\MWMXMRK WXSVEKIXIGLRMUYIW

7TKHHIILFLHQF\RIK\GUR SRZHUWXUELQHVWHQGVWRDVFHQG ZLWK JUHDYV
HISDQGHG IORZDUHD OHDGLQJWRGLPLQLVKHGIULFWLRQ ORVVHV ORUFE
DUH WA\SLFDOO\GHVLJQHG ZLWK SUHFLVLRQ FR®WULEXWLQJ WR KHLJKW!|

KLOHDVLQJOH SXPS WXUELQHV\VWHP FRXOG SRWHQWLDOO\VHUYHPXO'
SODFHPHQW DPRQJWKH UHVHUYRLUV LQWHUFRQQHFWHG E\ SLSHV +RZ*F
FOXGLQJWKHQHHG IRUWKHVHFRQGXLWY WRZLWKVWDQG FRQVLGHUDEO
> @ 6HWWOHPHQW YDULDWLRQV LQ WKH UHVHUYRLUV IXUWKHU SRVH FI
ORDGV RQ WKHFRQQHFWLQJ SLSHVY &RQVHTXHQWO\ HDFK UHVHUYRLU Vi
ELQH VA\VWHP

*LYHQ WKDW ODUJHU SXPS WXUELQH VA\VWHPV RITHU VXSHULRU HIILFLHQT
UHGXFHG ULVNV FRXSOHG ZLWK WKH QHFHVVLW\ IRUHDFK UHVHUYRLU W
FRQFOXVLRQ HPHUJHVY WKDW HDFKUHVHUYRLU VKRXOG EHGHVLIQHG WR |
HQHUJ\ JHQHUDWLRQ 7KHGHWHUPLQDWLRQ RI WKH ODUJHVW IHDVLEOH |
LWV HIITHFW RQ WKH XVDJH RI PDWHULDO DUH FUXFLDO DVSHFWV H[SORUH

'SQTIXIXMZIRIWW SJ14,)7 XSI\MWMXMRKWXSVEK

(QHUJ\ VWRUDJH WHFKQLTXHYV SOD\ D FUXFLDO UROH LQ DGGUHVVLQJ WK
HUJ\ VRXUFHV OLNH ZLQG DQG VRODU 2QHRIWKH NH\ IDFWRUV LQIOXHQF
VI\VWHPV LV WKH SULFH DUELWUDJH ZKLFK UHIHUV WR WKH GLITHUHQFH L
GHPDQG DQG SHDN GHPDQG 3ULFH DUELWUDJH LV WASLFDOO\H[SUHVVH(
DUELWUDJH VLJQLILHY D ODUJHU GLVSDULW\ EHWZHHQ ORZ DQG SHDN HC
DQGILQDQFLDOO\YLDEOHHQYLURQPHQWIRUHQHUJ\VWRUDJH VA\VWHPYV
WR UHQHZDEOH HQHUJ\ VRXUFHV WKHLQWHUPLWWHQF\RIHQHUJ\ SURG)
OHDGWRDULVHLQ WKH SULFHDUELWUDJH DV WKH YDULDWLRQ LQ HQHU
WKHLQWHJUDWLRQ RIUHQHZDEOH HQHUJ\WHFKQRORJLHV

JLIXUH 3BRZHUDQG HQHUJ\GHQVLWLHV RI GLIITHUHQ® HQHUJ\ VWRUDJH WHFKQ

7RGD\ DYDULHW\RIHQHUJ\VWRUDJH V\VWHPV VHUYH GLYHUVH SXUSRVH
HUJ\ 7KHVHLQFOXGH 3XPSHG +\GURHOHFWULF (QHUJ\6WRUDJH 3+(6 &F
&$(6 K\GURIJHQ IXHO FHOOV 6XSHUFRQGXFWLQJODJQHWLF (QHUJ\B6WRL
DQG XOWUDFDSDFLWRUV WKHODWWHU FRPPRQO\HPSOR\@GTRHVWH JIJHQH !



"'SQTIXIXMZIRIWW SJ 14,)7 XSI\MWMXMRK WXSVEKIXIGLRMUYIW

VI\VWHPV YDU\ LQ VWRUDJH FDSDFLW\ SRZHU FDSDELOLWLHY DQG GXUD\
SLFWHGQOXKQH 7KH[ D[LVRIWKHJUDSKUHSUHVHQWY SRZHURXWSXW LQ :DW
WA\SLFDO WRWDO HQHUJ\ VWRUDJH LQ :DWW KRXUV DVVRFLDWHG ZLWK HD
OHIW TXDGUDQW RI WKH )LIJXUH FRUUHVSRQGYVY WR VKRUW ORDG DQG UHO
VWRUDJH FDSDFLWLHV ZKHUHDV WKH XSSHU ULJKW TXDGUDQW UHSUHVH
ZLWK KLJKHU HQHUJ\ VWRUDJH FDSDFLWLHYV

5HFDOOLQJ WKH HOHFWULFDO VWRUD JH 7ESTH Z WL R4 DWD 8S O R [V 8 B MUHHD A
0:K DQG WKH LQVWDOOHG HOHFWULFDO FDSDFLW\ Rl 0: WKH FRPELQHG
VWRUDJH VIVWHP SRVLWLRQV 03}(6XDHWKH W RS GILEEKWHM WKDW 03+(6 RS
RQD FRPSDUDEOH VFDOH LQ WHUPV RI SRZHUDQG HQHUJ\ GHQVLWLHV SF
DQG &$(6 +HQFH D WHFKQR HFRQRPLF DVVHVVPHQW FRPSDULQJ 03+(6 WI
LV SHUWLQHQW 6XFKDQDVVHVVPHQ®& KDV EHHQ FRQGXFWHG LQ >

3+(6 SODQWV DUHNQRZQIRUWKHLUORQJDVVHWOLIH UHDFKLQJ XS WR
KRXUV KLJKFDSLWDO FRVWY EXW ORZ RSHUDWLRQDQG PDLQWHQDQ|
WR > @

'LWKVHYHUDO SODQWV LQ RSHUDWLRQDQG QXPHURXV RQJRLQJSURMHEYV
VFDOH WHFKQLTXH &$(6 IDFLOLWLHYVY WA\SLFDOO\ XWLOL]JH ODUJH XQGHU.
KLIJK FDSDFLW\ VA\VWHPYV QHFHVVLWDWLQJVSHFLILFJHRJUDSKLFDO FRQ
LQJDLULQ WKHVHVSDFHY DQG ODWHU UHOHDVHG WR@ U&¥(16 B OVDXQW ¥ Q H
W\SLFDOO\H[KLELW GLVFKDUJH WLPHV Rl RUPRUHKRXUVLQ XQGHUJUR>
JURXQG LQVWDOODWLRQVY DFKLHYLQJD URXQGWWLS HIILFLHQF\RIDSSU

,Q ® LW ZDV HVWLPDWHG WKDW WKH LQYHVWPHQW FRVWV IRU D VLQJOH
PLOOLRQ GHSHQGLQJ RQ WKH IDUP VL]H ZLWK DQG XQLWV FRQVLGF
0: WKLY WUDQVODWHV WR VSHFLILFLQYHVWPHQW FRVWYV RI DSSUR[LPDVW
FDSDFLW\ &RQVLGHULQJWKH VWRUDJH FDSDFLW\RIHDFK XQLW ZKLFK L!
DSSUR[LPDWHO\% WRY¥ SHUN:KRIVWRUDJHFDSDFLW\

JLIXUH &RPSDULVRQ RI VSHFLILFLQYHVWPHQW SHULQVWDOOHG FDSDFLW\@EQG VWRUDJH |

$FFRUGLQ@ WWKH DQQXDO FRVWV IRU D IDUP DPRXQW WR % PLOOLRQ WR



"'SQTIXIXMZIRIWW SJ 14,)7 XSI\MWMXMRK WXSVEKIXIGLRMUYIW

WKH FDSLWDO LQYHVWPHQW RYHUDQ H[SHFWHG VHUYLFH OLIH RI \HD U
SHU\HDU WKHVSHFLILFSRZHUJHQHUDWLRQ FRVWVIRUO03+(6 DUHHVWLP
WR Y2"FHQWY SHU N:K

,QLIXUHWKHLQYHVWPHQW FRVWV RI03+(6 DUHFRPSDUHG ZLWK WKRVH RI
GHQRWHVY WKH WRWDO LQYHVWPHQW FRVWY SHULQVWDOOHG NLORZDWW
WKH WRWDO LQYHVWPHQW FRVWY SHU NLORZDWW KRXU RI HQHUJ\ VWRUL
LQGLFDWHV D PRUHIDYRUDEOH UDWLR RILQYHVWPHQW SHU VWRUDJH DQ

7KH VWULNLQJO\ZLGHUUDQJHRILQYHVWPHQW FRVWV DVVRFLDWHG ZLW
03+(6 LVQRWDEOH )RU3+(6 WKLV YDULDWLRQ FDQ EHDWWULEXWHG WR
DV ZHOO DV FDSDFLW\ FRQVLGHUDWLRQV ,QYHVWPHQW FRVWYV DUH VLJQ
QDWXUDOO\RFFXUULQJHOHYDWLRQ GLITHUHQFHV LQ WKH WHUUDLQ DQG
&$(6 WKHZLGHUUDQJHLVLQIOXHQFHG E\FRPSDUDEOH IDFWRUV 7KH SU
FDYHUQ KDV D VLIJQLILFDQW LPSDFWRQLQYHVWPHQW FRVWYV 2YHUJURX:
PHQW FRVWY GXHWR WKH QHFHVVLW\RI FRQVWUXFWLQJFRQWDLQPHQW I
GHUJURXQG VWRUDJH XWLOL]HV WKH H[LVWLQJODQGVFDSHDV D UHDGLO

JLIXUH &RPSDULVRQ RI SRZHU JHQHUDWLRQ FRVWV @1 03+(6 3+(6DQG &$%$(6 >

,QLIXUHWKHFRPSDULVRQIRFXVHVRQ SRZHUJHQHUDWLRQ FRVWV UDWKF
LQLIXUH 7KH ZLGHU UDQJH REVHUYHG IRU 3+(6 DQG &$(6)DMRSSRVHG WR
FDQ EH DWWULEXWHG WR WKH PHWKRGRORJ\ XVHG WR REWDLQ WKH GDWI
GHULYHG IURP OLWHUDWXUH VWXGLHV ZKHUHDV WKH QXPEHUV IRU 03+ (6
DVRXWOL@HG LQ >

$QDO\WLV RI )LDQEHWXIIHVWY WKDW 03+(6 FDQ EH FRVW FRPSHWLWLYH 2
&$(6

JLIXUH 3ULFH DUELWUDJHLQ FRUUHODWLRQ ZLWK \HDUO\ VWRUDJH RSHUDW@RQ KRXUV IR

7KH DQQXDO FRVWV DQ@ ZHYH@EOHOW KQDWHG XVLQJ WKH DQQXLW\ PHWKR
WRRO XVHG WR GHWHUPLQH WKH HTXDO SHULRGLF SD\PHQWYV UHTXLUHG



6IUYMVIQIRXWJSV TSXIRXMEP 14,)7 MRWXEPPEXMSRPSGEXMSRW

VSHFLILHG SHULRG 7KLV PHWKRG DOORZV IRU WKH WUDQVIRUPDWLRQ R
QRQ UHFXUULQJDQG UHJXODU SD\PHQWYV LQWR D FRQVWDQW EXVLQHVV
WKHLQYHVWPHQWV DVV@® VMPWRIWSHRQWRB[W D SRVLWLYH DQQXLW\ UHS
SURILW

JRU 03+(6 WKH HVWLPDWHG DQQXLW\ IRU D VLQJOH XQLW YDULHV IURP
XSRQ WKH IDUP VL]H RU XQLWV UHVSHFWLYHO\ $V SUHYLRXVO\ QR
VLIQLILFDQWO\LQIOXHQFHG E\ SULFH DUELWUDJH DQG RSHUDWLRQDO K|
KDV EHHQ HVYWDEOLVKHG DQG LV GHBKEWBGOSK)WKHMWKUHVKROG RI QHW
UHSUHVHQWHG E\WKHOLQH 2SHUDWLRQVDERYH WKLV OLQHDUH GHHPH
QRW 7R DFKLHYHD QHW JHUR DQQXLW\ ZLWKLQ D UDQJH RI WR RSHI
R “WFHQWYV WR “FHQWYV SHUN:K UHVSHFWLYHO\ LV QHFHVVDU\

6IUYMVIQIRXW JSV TSXIRXMEP 14,)7 MRWXEPPEX

, QWKHFRQWH[WRI3+(6 VIVWHPY WUDGLWLRQDOLPSOHPHQWDWLRQV W\S
EHWZHHQ UHVHUYRLUV PDNLQJFRXQWULHYV ZLW@K ORZIDDHUG W R B RRNHIKF
FHSWRIO03+(6 LQWURGXFHV LWV RZQ XQLTXH WRSRJUDSKLF UHTXLUHPHQ
RIDORFDWLRQLV RI XWPRVWLPSRUWDQFH ZLWKRXW VLIJQLILFDQW ZLQ(
EHQRHQHUJ\WR VWRUH $GGLWLRQDOO\ ZDWHU GHSWK SOD\V D FUXFLD

WKH O03+(6 VIVWHP ZKLOH FRQVLGHULQJRWKHU JHRPRUSKRORJLFDO JHF
@

JRU WKH VXFFHVVIXO LQVWDOODWLRQ RI WKH 03+(6 VIVWHP D IODW VHE
VHDEHG FDQQRW VXSSRUW D VWDEOH IRXQGDWLRQ OHDGLQJWR XQHYHC
7KHUHIRUH JHRPRUSKRORJLHV VXFK DV WUHQFKHV VSUHDGLQJULGJHV
FDUSPHQWYV DQG IDQV DUH FR@/ LEHOH®XRXQFGCWWERD RQ SLOHV PLIJKW ¢
LW ZDV QRW GLVFXVVHG LQ WKH OLWHUDWXUH DQG LQWURGXFLQJ SLOH\
HVVDU\ FKDOOHQJHV ORUHRYHU WKH EHDULQJFDSDFLW\RIWKH VRLO D
PXGG\VDQ®@ +V OLPLWHG $OWKRXJK LGHQWLI\LQJ VLWH VSHFLILF VRLO
IUDPHZRUNV DUHDYDLODEO® IRUWKLV SXUSRVH >

7KH VXLWDELOLW\ RI D ORFDWLRQ IRU 03+(6 LPSOHPHQWDWLRQ LV QRW \
DEVHQFH RI ZLQG RU VRODU IDUPV DV 03+(6 VIVWHPY FDQ EH VHDPOHVYV
HOHUJ\LQIUDVWUXFWXUH ZKHUH ZLQG RU VRODU IDUPV KDYH \HW WR EH
RI'VXFKIDUPVLQ D UHJLRQLQGLFDWHYV D GHPDQG IRUHQHUJ\ SURFXUHP!
,Q WKH DEVHQFH RI HOHFWULFLW\ GHPDQG HQHUJ\ VWRUDJH EHFRPHV U
HOHFWULFDOJULG LVD VLIQLILFDQW IDFWRULQLGHQWLI\LQJVXLWDEOH
RULQGXVWULDO FHQWHUY ORUHRYHU WKH GLVWDQFH IURP WKH VKRU}
FRQIOLFWZLWKRWKHUPDULQHDFWLYLWLHV @ XPKIDWKIHVRERQHRW RHQ G\M C
DUHD VKRXOG QRW IDOO ZLWKLQ D PDULQH SURWHFWHG DUHD

TRLGHQWLI\SRWHQWLDOLQVWDOODWLRQVLWHYVY D*HRJUDSKLFDO ,QIRU
7TKHDQDO\WLV DOORFDWHG SRWHQWLDO ORFDWLRQV WR WKH ([FOXVLYH (
WKHIROORZLQJ KDU®@ SDUDPHWHUYV >

$:DWHU GHSWK P

$%HGVORSMH

$8QVXLWDEOH JHRPRUSKRORJ\DV PHQWLRQHG HDUOLHU
$'LVWDQFH WR HOHFWNJRFDO JULG

$'LVWDQFH WR PDLQWHQDNH EDVHV

$'LVWDQFH WR LQVWDOONPNLRQ EDVHYV

JLIXUHLOOXVWUDWHYV WKH UHVXOWYV RI WKH FRQGXFWHG *,6 DQDO\VLV I
WLRQV DURXQG WKH OHGLWHUUDQHDQ 6HD +RZHYHU WKH FRPSOHWH VYV
ZRUOGZLGH ZLWK WKH 8QLWHG 6WDWHYV HPHUJLQJ DV WKH PRVW SURPLYV
7KHLGHQWLILFDWLRQ RI VXLWDEOH DUHDV ZDV GRQH E\ WKH *,6 DQDO\V
EDVHG RQ WKH DVVXPSWLRQ RI'D [ JUBGRYMSBKHUHY FHIWMRIV RI DYDL



NTIVMQIRXW

JLIXUH SBRWHQWLDO LQVWDOODWLRQ ORFOWLRQVLQ OHGLWHUUDQHDQ V

&RXQWU\ $UHD >@®P 6KDUH RI WRWDO DUHD &DSDFLW\ >*:K@
7RWDO DUHD

723

8QLWHG 6WDWHV
-DSDQ

6DXGL $UDELD
,QGRQHVLD
%DKDPDV

/LE\D

,WDO\

6SDLQ

*UHHFH

.HQ\D

7TDEOH 3BRWHQWLDO ORFDWI@RQV IRU 03+(6 >

VSDFH SHU VSKHUH W ZDV IXUWKHU DVVXPHG WKDW HDFK VSKHUH SURY
6LPLODU VLWH ORFDWLRQDQDO\WV®Y ZHUH DOVR FRQGXFWHG LQ >

JINTIVMQIRXW

7TKLV6HFWLRQ GHVFULEHV WZR GLVWLQFW H[SHULPHQWV DQG WKH SODQ\
E\WKH ODVVDFKXVHWWY ,QVWLWXWH RI 7THFKEQRE&RRBRUQ I ,7 DSUE BDHNVE'\QDALK
WR YDOLGDWH WKH FRQFHSW R103+(6 7KH VHFRQG H[SHULPHQW H[HFXW
SXEOLVKHG LQ LQYROYHG D VFDOH WHVW@RQGXFWHG LQ /DNH &RC

1-8)\TIVMQIRX
,Q WKH 0,7 H{TSHULPHQW D FRQFUHWH VSKHUH ZLWK DQ LQQHU GLDPHWH L
VWUXFWHG E\ MRLQLQJWZR KHPLVSKHUHV WRJHWKHU 7R VLPXODWH GHS
WHUV DERYH JURXQG OHYHO )RUDQ RYHUYIKEZ R I UWKHOWNHK/HVOULHPW W $1 GUAHH |
RI WKLV VHWXS D VHSDUDWH SXPSDQG WXUELQH ZHUH HPSOR\HG WKRXJ
WR IHDWXUH D VLQJOH SXPS WXUELQH VIVWHP 7KH QHFHVVLW\ RI D YHQ
SUHVVXUH LQVLGH WKH VSKHUH ZDV SRLQW RI GLVFXVVLRQ ,W ZDV K\SRW



NTIVMQIRXW

FRPSUHVV WKH UHPDLQLQJDLU SRWHQWLDOO\OHDGLQJWRD GHFUHDVH

JLIXUH 7KH 0,7 H{SHULPHQWDO FRQILIJXUDWLRQ D 6ROLG:RUNVPRGHO RI WKHWHVW VHW)
EXLOW V\VWHP DQG F WKHFRPSUHKHQVLYH WHVW D@VHPEO\ LQFOXGLQJ WKF

"XULQJWHVWLQJ WKHUHVHDUFKHUVIRXQG WKDW WKHDEVHQFHRIDYHQ
DGYDQWDJH EVUHGXFLQJWKHSUHVVXUHLQVLGHWKHVSKHUHZKHQ LW Z|
HITLFLHQF\ ZLWKRXW YHQWLODWLRQ OLQH IURP WR 7KLV HITHFW LV
GHHSHU zDWHU $OWKRXJK WKH H[SHULPHQWV \LHOGHG UHODWLYHO\ OR
WKHVH ZHUH DWWULEXWHG WR WKH JHQHUDOO\ORZ SUHVVXUHVY GXULQJ"
WKH HIILFLHQF\RIDIXOO VFDOH V\VWHP

*VEYRLSJIV)\TIVMQIRX
7KH )UDXQKRIHU H[SHULPHQW ZDV FRQGXFWHG RIIVKRUH LQ ODNH &RQVW
VFDOHG SURWRW\SH PHDVXUHG DQ RXWHU GLDPHW®G RHLPKIMNEHU LQQ
WRQV ,W ZDV EXLOW E\ +RFKWLHI 6ROXWLRQV +76 $V RSSRVHG WR WK
YDOLGDWH WKH FRQFHSW DOO WDVNV LQ WKLV H[SHULPHQW ZHUH FRPSC
IXOO VFDOH&\VWHPHEBWXS ZDV WUDQVSRUWHG RYHU WKHURDG WR WKH WH
DFUDQH 7KHFRPSOHWHLQVWDOODWLRQZDV KHDYLHU WKDQ WKH ZHLJK)
XVHG WR WXJLWWRWKHILQDO LQVWDOODWLRQ VLWH ZKHUH LW ZDV VXI
RI'WKHWHVW VHWXJPLUXGHWVXOUBUHBWRWISHIV ILQDO VKDSH GHYLDWHG VC
VSKHUH LQFRUSRUDWLQJF\OLQGULFDO HIWHQVLRQV DW WKHWRSDQGE
DIRXQGDWLRQ ZKLOH WKH IXOO VFDOH VA\VWHP LVLQWHQGHG WR EH PRU



'SRWXVYGXMSR QIXLSHWWTLIVMGEP HIWMKR

,Q WRWDO D VHULHYV RI IXOO F\FOHV ZLWK RSHQ YHQWLODWLRQ DQG F
IRUPHG ,W ZDV IRXQG WKDW FORVHG YHQWLODWLRQ GLG QRW OHDG WR
FKDUJLQJ WKH VA\VWHP GLG UHTXLUH PRUH WLPHDQG HQHUJ\ 7KLV GLVFR
DVWULFWUHTXLUHPHQW IRURSHUDWLQJ WKH VA\VWHP 7KLV LV DJUHDW I
WHU VXUIDFH LPSRVH FRPSOLFDWHG FKDOOHQJHVY DW WKH SURMHFWHG L
R ZHUH GHVFULEHG LQ WKH H[SHULPHQW 7KH PDLQ LGHQWLILHG FRP
RI WKH IXOO VFDOH VA\VWHP DUH WKH FRQVWUXFWLRQ DQG DVVHPEO\ RI V
RSHUDWLRQV WKHHOHFWUR PHFKDQLFDO HTXLSPHQ® DQG WKH JULG LQ

JLIXUH 7KH )UDXQKRIHU H[SHULPHQWDO FRQILJIXUDWLRQ D OLIWRSHUDWLRQ E WXJJLQ
OHIW DQG F WKHFRPSUHKHQVLYH W@&VW DVVHPEO\RQ WKH ULJKW >

*YXYVITPERRIHINTIVMQIRX

$QRWKHU H[SHULPHQW LV HQYLVLRQHG WR WDNH SODFH LQ RIl WKH F

LVVHW WR EH FRQGXFWHG DW D UHGXFHG VFDOH RI IHDWXULQJ D VSKI
PHWHUV 7KH WDUJHWHG GHSWK IRU WKLV H[SHULPHQW LV PHWHUYV

ZKHWKHU WKH V\VWHP ZLOO UHPDLQ DIORDW GXULQJ WKH H[SHULPHQW DI!

RQ WKHVHDEHG DUH\HW WR EH GHWHUPLQHG

7KLV H[SHULPHQW LV WKH UHVXOW RID  FROODERUDWLYHHIIRUW EHWZHH
KRIHU ,QVWLWXWH +RFKWLHIB6ROXWLRQV DQG 5&%$0 7THFKQRORJLHV ,Q\
EHUHVSRQVLEOH IRUFRQVWUXFWLQJ WKH VSKHUH HPSOR\LQJ '&3 +RFK
DQGDVVHVV WKH ORDGV RQ WKH VWUXFWXUH WKURXJKRXW WKH FRQVWU:

7KH SULPDU\ REMHFWLYH RI WKLV H[SHULPHQW LV WR HQKDQFH XQGHUYV
FRQVWUXFWLQJ WUDQVSRUWLQJ DQG LQVWDOOLQJ WKH 03+(6 VIVWHP
FKDOOHQJHV DQG RSSRUWXQLWLHV LQ@&KLY SLRQHHULQJILHOG >

'SRWXVYGXMSR QIXLSHWWTLIVMGEP HIWMKR
7KH UHDOL]DWLRQ RI HQHUJ\ VWRUDJH DW WKH VHDEHG KROGV LPPHQVH S
VSKHULFDO VWRUDJH WDQNV SRVHV D VLIJQLILFDQW FKDOOHQJH 7KLV 6H
VWUXFWLRQ WHFKQLTXHV WRDGGUHVV WKLV FKDOOHQJH DOORIZKLFKE



'SRWXVYGXMSR QIXLSHWWTLIVMGEP HIWMKR

UHVHUYRLU 6SHFLILFIRFXV LV SODFHGRQ FRQVWUXFWLRQ PHWKRGROR.
DFWHUL]HG E\ LWV ZLGH DYDLODELOLWA\DQG FRVW HIITHFWLYHQHVYV 2 TXI
WKHDQWLFLSDWHG YROXPHWULF UHTXLUHPHQWY ORUHRYHU FRQFUHW
HI[FHOOLQJLQ LWV DELOLW\WRHQGXUH  FRPSUHVVLYHIRUFHV *LYHQ WK
WKH VXLWDELOLW\RIFRQFUHWH DV WKHPDWHULDO RI FKRLFHEHFRPHV L

JQMWTLIVIGSRGITX F] 1-8
,Q® D SUHOLPLQDU\ FRQVWUXFWLRQ PHWKRG ZDV SUHVHQWHG FRQVLVW
JURXW OLQH DW WKH FLUFXPIHUHQWLDO LQWHUIDFH 7KHVH KHPLVSKHU
PROG B6XEVHTXHQWO\ WKH KHPLVSKHUHY DUH VHDOHG WRJHWKHU E\ SX
7KH ERWWRP Rl HDFK KHPLVSKHUH FDQ EH D VWHHO SODWH RU D SUH FL
ZKLFK VHUYHV DV SDUW RlI WKH PROG GXULQJ FRQFUHWH FDVWLQJ DQG S
DQF\

7KLV GHVLJQ WDNHV LQWR DFFRXQW WKH SRWHQWLDO GXDO IXQFWLRQD(
DIORDWLQJZLQG WXUELQH ):7 ,Q WKLV FRQILIXUDWLRQ WKH ):7 ZRXOC
PRRULQJOLQH 7KHHVWLPDWHG WLPH UHTXLUHG IR W@F LRWHMW LW DRVK R B!
ZHUH SURYLGHG IRUWKH UHTXLUHG WLPH WR FRPSOHWH WKH UHVW RI WK
7KH FRQVWUXFWLRQ PHWKRG LV LOOXVWUDWHG LQ ILIJXUH

JLIXUH +HPLVSKHUH FRQFH&W E\ 0,7 >

, JFVMH (GSRGVIXITVMRXMRKERHGEWXMRK QIXLSHF] 6"
$V FRQFUHWH GHVLJQ VXEFRQWUDFWRU RQ WKH 6725( &RQVRUWLXP LW
JUDGXDWLRQ SURMHFW RQ D QRYHO 03+@6 FRKQVVWPDXFWHLLRIY PHKMKRG B [D |
K\EULG WHFKQLTXH LQYROYLQJ FDVWLQJ DQG ' FRQFUHWHHSULQWLQJ
SUHIDE HOHPHQW LV XWLOL]JHG IRU WKH ERWWRP Rl WKH VSKHUH DQG D
,QQHU DQG RXWHU VKHOOV DUH 'SULQWHG DQG FRQFUHWH LV SRXUHG E
RI WKH IRUPZRUN LV GLFWDWHG E\ WKH KDUGHQLQJ WLPH RI ' SULQWHG |
IUHH KHLJKW RI WKH IRUPZRUN UHOLHV RQ LWV UHVLVWDQFH DJDLQVW EX
LQFOLQDWLRQ RIPRUHWKDQ f WKHWRSRIWKHVSKHUHLVFRQVWUXFW
WRWDO FRQVWUXFWLRQ WLPH IRUWKLY PHWKRG LV UHSRUWHG WREH G
5&$0 PHWKRG 5&$0 7THFKQRORJLHV PHPEHURIWKH 6725( &RQVRUWLXP LV
WR DFKLHYLQJ '&RQFUHWH 3ULQWHG 5HQHZDEOH (QHUJ\DQG (QHUJ\ 6W
RI5HLQIRUFHG &RQFUHWH $GGLWLYH ODQXIDFWXULQJ



'SRWXVYGXMSR QIXLSHWWTLIVMGEP HIWMKR

JLIXUH +\EULG '&3 LQ VLWXFDVWLQJFR@VWUXFWLRQ PHWKRG >

%MV TVIWWYVIHJISVQ[SVO F],87
$QLQQRYDWLYHFRQVWUXFWLRQ WHFKQLTXH SDWHQWHGE\+76 (3 $
SRXULQJFRQFUHWHDV D PRQROLWK ZLWKLQ D VSHFLDOO\ @HVIKI)HG V SK
IRUPZRUN FRPSULVHVY VWDFNHG WRURLGDO ULQJV UHLQIRUFHG E\DLU S
LQLJXUH 7R IDFLOLWDWH WKH SURFHVV WKH FRQFUHWH LV SRXUHG IU
FDQ URWDWH 7KH FRQVWUXFWLRQ RFFXUV LQ VHYHUDO SKDVHV DOORZ
HDFK VXEVHTXHQW SRXU *UDGXDO VWDFNLQJRIWKH WRURLGDO ULQJV V
DQG KRRN DQG ORRS IDVWHQHUV VHUYLQJ DV WKH SULPDU\ FRQQHFWLRQ
WHFKQLTXH LV WKHFUHDWLRQRID FLUFXODURSHQLQJDSSUR[LPDWHO\
WKH FRQVWUXFWLRQ 7KLV LV DFKLHYHG E\DQFKRULQJD VWHHO ULQJ W
LQQHU IRUPZRUN DQG DX[LOLDU\ VFDIIROGLQJ WRZHU FDQ EH UHPRYHG V
IXUWKHU FRQVWUXFWLRQ SXUSRVHV 7KH SURGXFWLRQ RI RQH VSKHUH :
WKH LQVWDOODWLRQ ZLOO UHT@®L YR WHD JAKRW B GGHIWCLLIRIGDBOHI BOWODWLRQ |
WLRQ WHFKQLTXH SOHDWH ,\DHOH UKWMRRD) SSEMGGHFLVLRQ QRW WR DVVXPH
VSKHUH SURGXFWLRQ LQ WKH IXWXUH LW KDV OHG WR WKH GLVFRQWLQX
FRQVWUXFWLR@PHWKRG >

JLIXUH )RUPZRUN VA\VWHP IRU IXOO VFDOH FRQWNUXFWLRQ SDWHQWHG E\ +°



-QTPIQIRXEXMSREWTIGXWWTLIVMGEP HIWMKR

3XLIVGSRWXVYGXMSR XIGLRMUYIW
6HYHUDO RWKHU FRQVWUXFWLRQ WHFKQLTXHV KDYHEHHQ IRXQG LQ OLW
WHQVLYHO\GHYHORSHG OLNHO\ GXH WR HDUO\ VWDJH UHFRJQLWLRQ RI
IHDVLELOLW\ +HUH D EULHIRYHUYLHZ RIWKHVH WHFKQLTXHV LV SURYLC

F%ULQIJLQJ VL[ HTXDO VHFWLRQVY L H VWDYHV WRJHWKHU DQG EDQGL
WKH FRQVWUXFWLRQ RVDHEDODUHPORYFHSW XVLQJ SUHIDE H@HPHQWYV
DQGUHMHFWHG GXHWR LWV OLPLWHG VFDODELOLW\DQG FRQFHUQV L

f8VLQJ '&3WR SULQW WKH@QWRHWNKB&HMMKDW LV UHSRUWHG WR EH WLI

f60LS MXPSIRUPLQJWKHVSKHUH ZKHUHLQ WKHIRUPZRUNLV PRYLQJ I
SLHFHZL®@H KLV PHWKRG PD\DOVR EH WLPH FRQVXPLQJ DQG PXOWLS
UHTXLUHG GXHWR YDULDWLRQV LQ WKHGLDPHWHU RI WKHULQJV IRUF

-QTPIQIRXEXMSR EWTIGXWWTLIVMGEP HIWMKR

,Q WKLY 6HFWLRQ WKH GLVFXVVLRQ UHYROYHY DURXQG WKH FRQVWUXF
IROORZHG EA\DQ DQDO\WVLV RI WKH ZDWHUWLJKWQHVV RI WKH GHVLJQ 7}
VSKHUH SHGHVWDO DQGIRXQGDWLRQ JWEKBRVLGHUHG DV LOOXVWUDW

JLIXUH 3RWHQWLDO GHVLJQ RI03+(6 VIVWHP LQFOXG@ QJ SHGHVWDO DQG IRXC

'SRWXVYGXMSRPSGEXMSR
7KH LQLWLDO FRQVLGHUDWLRQ LQ WKH ORJLVWLFDO SURFHVV LV WKH F|
FRQVWUXFWLRQ LWLVSODQQHGWRFRYHUWKHKROHVLQWKHSHGHVWD
DQG IRXQGDWLRQ 7KLV HQVXUHV WKDW WKH PRGXOHYV ZHLJKW LV DSSLU
ZDWH®>

$V GLVFXVVHG L® WSHQBRBPRVHG VSKHUHV KDYHD GUDXJKW RI RYHU PH
DGGLWLRQDO EXR\DQF\ 6WDQGDUG GU\GRFNV DUH QRW HTXLSSHG WR KD
LFDQW FKDOOHQJHVLQ VHOHFWLQJVXLWDEOHFRQVWUXFWLRQ ORFDWLR
HVVHQWLDO WR XVH SRQWRRQV ZLWK VXEVWDQWLDO DLU YROXPHV WR SU

,Q D WHFKQLFDO UHSRUW LW ZDV PHQWLRQHG 8300w ZROWRRQXLALMX D
WR SURYLGH VXIILFLHQW EXR\DQF\ IRU WKH VWUXFWXUH WH1EFH IORDWH(
PHWHUV W ZDV SURSRVHG WR XVH WZR SBRWWR QR0 EHWK G¥BENQVLRQV
PHWHU® >+*RZHYHU LW VKRXOG EH QRWHG WKDW PRVW GU\ GRFNV FDQQR\
ODUJH GLPHQVLRQV $OLVW RIWKHZRUOGTVY ODUYHVW GU\GRFNV LV DYD



*IEWMFMPMX] GSRWMHIVEXMSRW

$OWHUQDWLYHO\ EXLOGLQJ WKH VSKHUH LQ DIMRUG SUHVHQWYV D PRUH
GLWLRQV DQG DPSOH GHSWKV IDFLOLWDWH VPRRWK FRQVWUXFWLRQ RS
LQWURGXFHV FRPSOH[LWLHYV DV WKH FRQVWUXFWLRQ VLWH LV QRZ VLW
RI VXLWDEOH IMRUGY ZRUOGZLGH LV OLPLWHG )RU PRUH LQIRUPDWLRQ R
$SSHQGL]

S8VERWTSVX
2QFH WKH VWUXFWXUH LV OLEHUDWHG IURP LWV FRQVWUXFWLRQ ORFDW
VLWH 7KH GHVLJQ DVWORXWEOBNVYH@WQDOO\ ZHLIJIKWOHVV LQ ZDWHU IDFLO
WKHLQVWDOODWLRQ ORFDWLRQ 7KLV LPSOLHV WKDW PLQLPDO RU QR D
7TXJERDWYV FDQ KDQGOH WKH WUDQVSRUWDWLRQ SURFHVYV

$V DQ DOWHUQDWLYH SURSRVDO WKHUH LV D VXJIJHVWLRQ WR SDFN WKF
UHVHPEOLQJDQ HI@ FOKHVRIQBWRXSHG VSKHUHYV ZRXOG WKHQ EH SODFHG F
YHVVHO 669 8SRQDUULYDODWWKHLQVWDOODWLRQ ORFDWLRQ WKH VS
WKLV FRQILIXUDWLRQ DSSHDUV WR EH PRVW DGYDQWDJHRXV ZKHQ XVLGC
ORDGHG IURP WKH FRQVWUXFWLRQ ORFDWLRQ RQWR WKH 669 8QIRUWXQ
DVWKH UHSRUW FRQWDLQLQJ WKLV LQIRUPDWLRQLV FRQILGHQWLDO

-RWXEPPEXMSR
8SRQUHDFKLQJWKHLQVWDOODWLRQ ORFDWLRQ WKHKROHV LQ WKH SHC
I[UHH DUHD EHWZHHQ WKH VSKHUH SHGHVWDO DQGIRXQGDWLRQ 7KH ZH
DFTXLULQJQHJIJDWLYHEXR\DQF\ $W WKLV SRLQW WKH PRGXOH FDQ EH OF

SBULRUWRDQ\LQVWDOODWLRQ DFWLYLWLHY DVXUYH\FDPSDLJQ ZLOO W
OHYHO DQG FRQGLWLRQHG IRULQVWDOODWLRQ RI VSKHUHV $VSHFLDO |
ERXOGH®@V >

EXIVXMKLXRIWW
7KH5&%$0 PHWKRG VWDQGV RXWDVWKHPRVW SURPLVLQJFRQVWUXFWLRQ
IXUWKHULQ 6HF®¥WKQV DSSURDFK WKHSUHIDEERWWRPLVDWWDFKHG WR
WKURXJK D FROG MRLQW 6XEVHTXHQWO\ WKH SUHIDE WRS LV SODFHG D\
VXPDEO\ XVLQJD ZHW MRLQW ,Q ERWK W\SHV RIMRLQWYV HQVXULQJ ZDW!|

TR HQKDQFH ZDWHUWLJKWQHVY LQ FROG MRLQWYV ZDWHUVWRSSY FDQ EH
6LPLODUON LQ ZHW MRLQWYV YLUWXDOO\WKHVDPHWHFKQLTXHY DUH DSES
RIWKHZHW MRLQW FRQFHUQLQJZDWHUWLJKWQHVYV

$GGLWLRQDOO\ WKH SUHVHQFH RI FUDFNV LQ WKH FRQFUHWH VLJQLILFD
VWUXFWXUH 7KHUHIRUH YHULI\LQJ WKH PD[LPXP FUDFN ZLGWK RI WKH
DVSHFW LV QRW IXUWKHU GLVFXVVHG LQ WKLV UHSRUW

*IEWMFMPMX] GSRWMHIVEXMSRW

7KLY 6HFWLRQ SURYLGHY DQ DVVHVVPHQW RI WKH IHDVLELOLW\ RI1 03+(6
LWV VWDQGLQJ LQ WKH FXUUHQW VWDWH RI WKH DUW )LUVW WKH PDUNH
IROORZHG E\DQ HYDOXDWLRQ RI WKHILQDQFLDO DVSHFWV RI103+(6 )LQD
LVGLVFXVVHG 7KHWRSRJUDSKLFDO IHDVLELOLW\LV QRW FRQVLGHUHG
HVWDEOLVKHG LQ 6HFWLRQ

l1EVOIXJIEWMFMPMX]
7KH WUDQVLWLRQ IURP IRVVLO IXHOV WR UHQHZDEOH HQHUJLHV LVDQ LQ
FOLPDWH FKDQJH DQG HQVXULQJ D VXVWDLQDEOH HQHUJ\ IXWXUH $V W}
WKHHQHUJ\PL[LQFUHDVHY WKHQHHG IRUHIIHFWLYH HQHUJ\VWRUDJH V
7KH LQWHUPLWWHQW QDWXUH RI UHQHZDEOH HQHUJ\ VRXUFHV FUHDWH)\
WHFKQRORJLHVY WR EDODQFH HQHUJ\VXSSO\DQG GHPDQG DQG HQKDQFH

5HVHDUFK DQG GHYHORSPHQW LQ WKH ILHOG RI HQHUJ\ VWRUDJH DUH U



*IEWMFMPMX] GSRWMHIVEXMSRW

WLVWV DQG HQJLQHHUV VHHN LQQRYDWLYH DQG HIILFLHQW WHFKQLTXH\
/IDUJH VFDOH HQHUJ\ VWRUDJH VROXWLRQV DUH EHFRPLQJLQFUHDVLQJO
RILQWHJUDWLQJ YDULDEOH UHQHZDEOH HQHUJ\ VRXUFHV LQWR WKH JUL

03+(6 bvbODUJH VFDOHHQHUJ\ VWRUDJH VA\VWHP KDV VKRZQ JUHDW SR
OLVKHG HQHUJ\ VWRUDJH WHFKQRORJLHY OLNH 3+@ DQG6(&8REHIDLBEFHNRQ
RQDFRPSDUDEOH VFDOH LQ WHUPV RI SRZHUDQG HQHUJ\GHQVLWLHV DQ
ODUJH VFDOH VWRUDJH VA\VWHPV

*MRERGMEPJIEWMFMPMX]

:KLOH03+(6 KDV GHPRQVWUDWHG SRWHQWLDO FRVW FRPSHWLWLYHQHVYV
WHFKQLTXHV WKHUH DUH VHYHUDO FRQVLGHUDWLRQNVQGRPDINVH\Q WEBMD
03+(6 LVQRW\HW ZLWKLQ WKH PRVW IDYRUDEOH UHJLRQ RI WKH JUDSK |
ZLGH LQYHVWPHQW FRVW UDQJHV IRU ERWK &%$(6 DQG 3+(6 LQIOXHQFHG
EH PLVOHDGLQJ 7KH RYHUODSSLQJ UHJLRQ RI1 03+(6 ZLWK &%(6 DQG 3+(6
FRQVLVWHQW FRVW FRPSHWLWLYHQHVV ,QVWHDG LW VXJIJHVWYV WKDW (
LQ UHJLRQV ZKHUH JHRJUDSKLFDO DQG WRSRJUDSKLFDO FRQVWUDLQWYV
3+(6 PRUHH[SHQVLYH VXFK DV DUHDV QHDU RIIVKRUH ZLQG IDUPV

YRU 03+(6 WR JDUQHU LQYHVWRU LQWHUHVW LW PXVW R @HUVDVQ PBMSHRG/ L V
WKDW D VLQJOHO03+(6 XQLWFRXOG\LHOGD SRVLWLYHDQQXLW\RIVHYHUD
GHSLFWHG LQ PLRKIUHYLQJ D QHW JHURDQQXLW\IRUDQ 03+ (6 IDUP ZLWK X
SULFH DUELWUDJH QHFHVVLWDWLQJDW OHDVW %FHQWYVY SHU N:K DW
SODQW VKRXOG LGHDOO\ DFKLHYH IXOO F\FOHV LQ D \HDU RU X O
UHTXLUHPHQW LV VXEVWDQWLDO DQG WKH H[SHFWHG SULFH DUELWUDJH
> @ GHPRQVWUDWHG WKDW WKH GDLO\SULFH GLITHUHQWLDOV LQ (XURSH
WR %FHQWV SHUN:KLQ,UHODQG 7KHVH ILIXUHV L Q@ P E DKWH BAHKRYHW & H
RSWLPLVWLF

2YHUDOO ZKLOH 03+(6 VKRZV SRWHQWLDO DV D FRVW FRPSHWLWLYH HQ
HUDWLRQ RI PXOWLSOH IDFWRUV LQFOXGLQJ SULFH DUELWUDJH RSHUD
FUXFLDO WR GHWHUPLQH LWV HFRQRPLF YLDELOLW\DQG DWWUDFWLYHQ
WKHU UHVHDUFK DQG UHDO ZRUOG GDWD ZLOO EH HVVHQWLDO WR SURYL
03+(6V SURILWDELOLW\ALQ YDULRXV VFHQDULRYV

'SRWXVYGXMSRJIEWMFMPMX] SIWTLIVMGEP HIWMKR
7KHFRQVWUXFWLRQ IHDVLELOLW\RIO03+(6LVDQLPSRUWDQWDVSHFW WR |
RILPSOHPHQWLQJVXFK ODUJH VFDOHHQHUJ\VWRUDJH V\VWHPV $V PHQ'
HUDO FRQVWUXFWLRQWHFKQLTXHVKDYHEHHQ SURSRVHGIRUO03+(6 HDF!
+RZHYHU LW LV LPSRUWDQW WR QRWH WKDW WKH FRQVWUXFWLRQ RI D IX
L]JHG \HW 7KH ODUJHVW VSKHUH EXLOW ZDV RQO\ D VFDOH PRGHO ZKL
ZLWK FRQYHQWLRQDO FDVWLQJ 5HIOHFWLQJ XSRQ WKH DIRUHPHQWLRQF

f+HPLVSKHUH FRQFHSW E\O,7
f$LU SUHVVXUHG IRUPZRUN FRQFHSW E\ +76
F+\EULG PHWKRG RI '&3DQG FRQFUHWH FDVWLQJE\5&$%0

7KH KHPLVSKHUH FRQFHSW E\ 0,7@ DXKS B R ZWHSXEQ@EVKHG LQ 7TKH Wi
KDV VKRZQ GLIILFXOWLHV LQDFKLHYLQJD SURSHUVHDO DW WKHFLUFXPII
GXULQJ WKH VFDOHH[SHULPHQW 7KLV UDLVHV FRQFHUQV DERXW WKH
WLRQ PHWKRG WR IXOO VL]HVSKHUHV $GGLWLRQDOO\ WKH ZHLJKW RI D
PHWHUV ZRXOG EH WRQQHV RI FRQFUHWH 2QFH WKH KHPLVSKHUHV
WXUELQH LQVWDOODWLRQ VKRXOG EHLQVWDOOHG DQG WKH FRQVWUXFYV
FRQVWUXFWLRQLVKHDYLHUWKDQ WKHKLIJKHVW ZHLJKW D R D/XHHKDV HY |
ODFNRIITXUWKHU SXEOLFDWLRQV RQ WKLV VSHFLILFFRQVWUXFWLRQ WHF
LQRYHUFRPLQJWKHLGHQWLILHG FKDOOHQJHV RUD SRWHQWLDO DEDQGI

7KHDLU SUHVVXUHG IRUPZRUN FRQFHSW E\ +76 ZKLOH DYRLGLQJ WKH Ol



'SWX EREP]WMW

GRFNRUZDWHU SUHVHQWV RWKHU FKDOOHQJHY ODQ\GU\GRFNV PD\QRW
RI WKH 03+(6 VWUBRFWXUMWKHUPRUH H[HFXWLRQ RI WKH DLU SUHVVXUHCGC
FKDOOHQJH 3QHXPDWLF IRUPZRUN LV JHQHUDO@ VXIWKDE OB GR X WKILQ |
PHWHUDQG WKLFNQHVYV RI PHWHU WKH03+(6 VSK® UHHALFOHD BHK B O/ DSALHF D
SUHVVXUH RI WKH ZHW FRQFUHWH RQ WKHDLU SUHVVXUHG WRURLGDO UL
WKH SURSRVHG FRQQHFWLRQ PHWKRGY EHWZHHQ WKHULQJV ZLWK KRRN
VXIILFLHQW IRUWKH LQWHQGHG VFDOH $V SUHYLRXVO\PHQWLRQHG WK

7KH K\EULG PHWKRG RI 5&%$0 KDV LWV RZQ IODZV :KLOH WKH DSSOLFDWLI
RIFDVWLQJ WKH VWUXFWXUHDV D PRQROLWK WKH XVHRID SUHIDE HOHP
IURP WKLY DSSURDFKDQG PD\ SRWHQWLDOO\LPSDFW WKH ZDWHUWLJKW(
DSSOLHVWR WKHWRS RIWKHVWUXFWXUH ZKHUH LW ZLOO EHFRPSOHWH
WKH XVH Rl '&3 LV WLPH FRQVXPLQJ ZKLFK EHFRPHV D GLVDGYDQWDJH 7
EHFRQVWUXFWHG

7KH SULPDU\ REMHFWLYH RI WKH H[DPLQHG FRQVWUXFWLRQ WHFKQLTXH
ZLWK VSKHULFDO IRUPZRUN &RQVLGHULQJWKDWDIXOO\RSHUDWLRQDO
WKH UHXVDELOLW\ RIIRUPZRUN EHFRPHYVY LQVWUXPHQWDO LQ UHGXFLQJ
DFKLHYLQJIRUPZRUNUHXVDELOLW\ZKLOHDGKHULQJWRWKHVSHFLILF VS
XQLWY SUHVHQWYVY D QRWDEOH FKDOOHQJH

7KH KHPLVSKHUH FRQFHSW E\ 0,7 SRVHV VFDODELOLW\ FKDOOHQJHV ZK
+76 DSSHDUV VRPHZKDW PDNHVKLIW $PRQJWKHSURSRVHG FRQVWUXFWL
PHWKRG VWDQGV RXWDVWKHPRVW SURPLVLQJ 7KLVLVVXSSRUWHG E\ Wt
PHWKRGV IRU WKH 03+ (6@ SZMKHHWHHVDKH 5&$0 PHWKRG ZDV DVVHVVHG DV WK
$GGLWLRQDOO\ WKH )UDXQKRIHU ,QVWLWXWH D OHDGLQJ GHYHORSHU |
530 DQG XVH WKH 5&%$0 PHWKRG IRUFRQVWUXFWLQJ WKH VSKHUHV

,QDGGLWLRQ WR WKHFKDOOHQJHV DVVRFLDWHG ZLWK WKH FRQVWUXFW.L
RIFRQVWUXFWLRQ ORFDWLRQ IRU 03+(6 VSKHUHVY LOQOWURGXFHV LWV RZQ
QRW HTXLSSHG WR KDQGOH WKH GUDXJKW RI WKH VSKHUH DQG IMRUGYV
GUDXJKWYV DUH QRW ZLGHO\ GLVWULEXWHG JOREDOO\ &RQVHTXHQWO\
VI\VWHPV ZLWK D VSKHULFDO GHVLJQ DSSHDUV WR EH FRQVWUDLQHG WR |
ZRUOGYV ODUJHVW GU\GRFNV RUIMRUGY 7KLV OLPLWDWLRQIXUWKHU XQ
ERWK WKH FRQVWUXFWLRQ PHWKRG DQG WKH VXLWDEOH LQVWDOODWLR
VA\VWHPV

'SWX EREP]WMW

$V KLIKOLIJKWHG LQ OWHHFAKIORQHFRQRPLF DQDO\WVLY KDV GHPRQVWUDWHG W
FRVW FRPSHWLWLYHQHVYV FRPSDUHG WR H[LVWLQJ HQHUJ\ VWRUDJH WHF
LQVLIKWIXO WR HIDPLQH WKH GHWDLOHG EUHDNGRZQ RI WKH RYHUDOO F
DQG RSHUDWLRQ RI WKH 03+(6 VI\VB@HP VEBRRUGD@MWNVRIRSRIJWLRQ 6SHF
RI WKH DQQXDO FRVWV LV DOORFDWHG WR MHNXYHF LI)QJ A PSSO QVWEOHOGLRQLYHZY W
RI WKH FDSLWDO UHODWHG FRVWY SURYLGHV D FORVHU ORRN DW KRZ Wtk
HISHQGLWXUH FDWHJRULHYV

7KHLQWULJXLQJUHYHODWLRQ IURP WKHDQDO\VLY LV WKDW WKH SXPS W
WKHLQYHVWPHQW FORVHO\WUDLOHG E\WKHH[SHQVHV DVVRFLDWHG ZL
FRQFUHWH VSKHUH ,W LV HVVHQWLDO WR UHFRJQL]H WKDW WKHVH ILJXU
KDVQRWEHHQ SK\VLFDOO\LPSOHPHQWHG DQGKHQFHVSHFLILFGDWD RQ
GHVSLWHEHLQJSURMHFWLRQV WKLV DVVHVVPHQW SURYHV LQVWUXPHQ\
WKH HFRQRPLF YLDELOLW\RIWKH 03+(6 VIVWHP

7KH FRVWV OLQNHG WR FRQVW U X FW2; 8 QRD @/G& H QWRN\DED®D D @/Q R QT R DWW\ W X\
PDNLQ3INOSRI WKH FDSLWDO UHODWHG FRVWYV : K@ @O WN HOIOF ¥ D Q W R QN
LV DVVXPHG WKDW IDFWRUV VXFKDV PDWHULDO FRVWY FRQVWUXFWLRQ C
ORFDWLRQ GU\GRFN RUIDFWRU\KDOO UHQWDO FRVWV RI FRQVWUXFW
DQG UHQWDO FRVWV RI WRZLQJERDWVY DQG LPPHUVLRQ VKLSV KDYH EHHG



'SRGPYWMSRWJVSQ PMXIVEXYVI

JLIXUH 3LH FKDUW RIDQQXDO FRVWV RILPSOHPBEQWDWLRQ RI03+(6 VI\VWHP

5HFRJQL]LQJ WKDW WKH OLVW SURYLGHG LV QRW H[KDXVWLYH DQG DFNQ
WLPDWLQJ WKH DFWXDO FRQVWUXFWLRQ FRVWYV RI2& HRV W KH® RMDIOV F
DQ@XDO FRVWY DUH HVWLPDWHG WR EH DOORFDWHG WR FRQVWUXFWLRC
WKDW PDWHULDO FRVWY H[HUW D PRGHVW LQIOXHQFH RQ WKH RYHUDOO
DGGLWLRQDO PDWHULDO DVVRFLDWHG ZLWK WKH FRQVWUXFWLRQ RI WKH
DEOH 7KHVHLQFUHDVHG PDWHULDO FRVWY PLJKW HYHQ EH RIITVHW E\ WK
RWKHU H[SHQGLWXUH FDWHJRULHV

'SRGPYWMSRWJVSQ PMXIVEXYVI

7KH UHYLHZ RI OLWHUDWXUH KDV SURYLGHG YDOXDEOH LQVLJKWYV DSSOL
WKHHQHUJ\ VWRUDJH FDSDFLW\RIDQ 03+(6 VIVWHP PXVW DOLJQ ZLWK WK
SRUWHG HQHUJ\IDUP ZLWK D W\SLFDO GHPDQG H[FHHGLQJ 0:KIRURIIV
LQ 6HFWLRQ

7KH SRWHQWLDO HQHUJ\ VWRUDJH FDSDFLW\ LQFUHDVHY ZLWK JUHDWH
OLPLWDWLRQV RQ LQVWDOODWLRQ GHSWK FRQVLGHULQJ WRSRJUDSK\
FHVVLWDWH D IRFXV RQDXJPHQWLQJ VWRUDJH FDSDFLWLHV E\LQFUHDVL
WHP

$VRXWOLQHG LQBHEMHYR@J D KLIJIKHU WRWDO LQWHUQDO YROXPH IRU D V\
E\HQKDQFLQJ WKH LQWHUQDO YROXPH RILQGLYLGXDO XQLWV UDWKHU W
SUHIHUHQFH LV VKDSHG E\ FRQVLGHUDWLRQV UHODWHG WR V\VWHP HIILF
WXUHV SDUWLFXODUO\WKRVHDVVRFLDWHG ZLWK WKH SXPS WXUELQH V!
UHVHUYRLU WR KDYH LWV RZQ SXPS 7KHLPSDFW RILQFUHDVLQJWKH LQW
WKH UHVHUYRLU LV D FULWLFDO FRQVLGHUDWLRQ H[SORUHG H[WHQVLYH

KLOH*,6 DQDO\VHV KDYHLQGLFDWHG VXLWDEOH ORFDWLRQVIRULQVWD!
DUHOLPLWHG WR VSHFLILFUHJLRQVY VXFKDV WKHOHGLWHUUDQHDQ 6HD
WHFKQRHFRQRPLFDVVHVVPHQW KDV KLIKOLJKWHG WKHFOHDU SRWHQWL
VI\VWHP +RZHYHU WKH FXUUHQW FRQVWUXFWLRQ IHDVLELOLW\ RI WKH V
QHFN WKDW ZDUUDQWYV IXUWKHU H[SORUDWLRQ

JURP WKH SURSRVHG FRQVWUXFWLRQ WHFKQLTXHV IRXQGLQ OLWHUDW X
ELQDWLRQ RI '&3 DQG FRQYHQWLRQDO FDVWLQJ HPHUJHV DV WKH PRVW
WKH VSKHUH

'XH WR WKH UHTXLUHG GLPHQVLRQV FRQVWUXFWLQJ WKH VSKHUH LV KL
VWUXFWLRQ PHWKRGY UHO\ RQ XQSURYHQ WHFKQLTXHV $GGLWLRQDOO\
FRQVWUXFWLRQOLPLWY SRWHQWLDO FRQVWUXFWLRQORFDWLRQV 7KHU
WKH IHDVLELOLW\ Rl WKH FRQVWUXFWLRQ PHWKRG RYHU RSWLPL]LQJ ERC



I XEVXMRKTSMRXWJSV MRN
HIWMKR

,Q WKLV &¢KDSWHU WKH IRXQGDWLRQ IRUWKHGHVLIQ SURFHVV LV ODLGV
SRLQWYV DQDO\WLV RILQLWLDO SDUDPHWHUYVY DQG FRQVLGHUDWLRQ RI \
WKHVXEVHTXHQW FDOFXODWLRQV WKDW GHWHUPLQH WKH PDWHULDO XV

7R HYDOXDWH WKH HITHFWLYHQHVV RI D VKD S HEDEQMIZVSIDQNMD B Rl @DHAH GV K7HK &

VLQwHUQDO
PHWULF TXDQWLILHY WKH UHODWLRQVKLS EHWZHHQ FRVWY UHSUHVHQ)
EHQHILWY H[SUHVVHGLQLQWHUQDO YROXPH

7KH FKDSWHU EHJLQV E\ HVWDEOLVKLQJ WKHLQWHQGHG LQVWDOODWLR
IRUWKH SURMHFW )ROORZLQJ WKLV NH\ GHILQLWLRQV DW WKH FURVYV
SURYLGLQJ FODULWA\DQG FRQWH[W $ GHWDLOHG OD\RXW RI WKH GHVLJC(
GHOYHVLQWR GLVFXVVLRQV VXUURXQGLQJ VWUXFWXUDO ORDGLQJFRQG

I XEVXMRKTSMRXW

7KLY 6HFWLRQ RXWOLQHV WKH LQLWLDO SDUDPHWHUV IRUWKH GHVLJQ S
VWUXFWXUHV LVLQLWLDOO\IL[HG DW P HWHUWUV GHSGLK/ BX\SWHGE H Q \W N ANV
DPELWLRXV GHSWK LQ H[LVWLQJ OLWHUDWXUH :KLOH VKDOORZHU LQVWI|
GHSWK LY QRUPDWLYH $ GHVLJQ VXLWDEOH IRU PHWHUYV FDQ DOVR EF
LPSRUWDQW WR QRWH WKDW VKDOORZHU GHSWKV RITHUDGYDQWDJHYV OLN
EXWFRPHZLWK WKHWUDGH RIIl R VPDOOHU VWRUDJH FDSDFLWLHYV

&RQVLVWHQW ZLWK HDUOLHU GHVLIJQV GRFXPHQW H® Q8 WKW HOH RVHHUWIDHWV XU
WKHPDWHULDO RI FKRLFH IRU WKLY SURMHFW 7KH VHOHFWLRQ LV XQGH!
FRVW HIITHFWLYHQHVY ERWKRIZKLFKDUH SLYRWDO IDFWRUV GXH WR WK
IRUFRQVWUXFWLRQ ORUHRYHU FRQFUHWHLV UHQRZQHG IRU LWV FDSDF
IRUFHY D TXDOLW\RI SDUDPRXQW LPSRUWDQFHJLYHQ WKHLQWHQGHG R

,QWKHDQDO\VHV LQ WKLY &KDSWHU WKHFRQFUHWH JUDGH & LVHPSO
VDIHW\ IDEWRY MMKH GHVLJQ FRPSUHNMY LYW NWUBIERAWKHG DW 1 PP

,Q WKLV VSHFLILF SKDVH RI WKH GHVLJQ SURFHVV WKHFRQVLGHUDWLRQ
7TKHIRFXV RIWKLVY FKDSWHULVWRHVWLPDWH WKHUHTXLVLWHFRQFUHWE
WLVQRWLQWHQGHG WR SUHFOXGH WKH SRVVLELOLW\RIUHLQIRUFHPHQ
RUVWUXFWXUDO GHWDLOLQJ *LYHQ WKHFRQVLGHUDEOH OHQJWK RI F\C
UHLQIRUFHPHQW ZLOO EH HVVHQWLDO IRU UHVLVWDQFH DJDLQVW EHQGL
DWLRQVDUHLQWHQWLRQDOO\VHW DVLGH

7KH GHVLJQ RI WKH UHVHUYRLU DVVXPHV D OHYHO VHDEHG IDFLOLWDWL



7TLETIKISQIXVMIW

GHVLJQ :KLOHWKHSRVVLELOLW\RIHPSOR\LQJDIRXQGDWLRQ VXSSRUW!
WKDW WKLY DVSHFW LV EH\RQG WKH FXUUHQW VFRSHRIWKHUHSRUW 7KF
SUDFWLFDOLW\A\RID VKDOORZIRXQGDWLRQ GHVLJQ

TKURXJKRXW WKLV UHSRUW VHYHUDO SDUDPHWHUV I[UHTXHQWO\ UHFXU
FDOFXODWLRQV 7KM\HEHOMH OLVWHG LQ

3DUDPHWHU 6\PERO 9DOXH 8QLW
&RQFUHWH FRPSUHVVLYHfGHVLJQ VWUR®JWK
'"HQVLW\ FRQFUHWH FrRoQFUHwWH  NJ P
'"HQVLW\ VHDZDWHU vz NJ P
'"HSWK d P
*UDYLWDWLRQDO FRQVWDRQW PV
+\GURVWDWLE SUHVVXUHp 1PP
OHPEUDQH IRUFH n 1P

OD[LPXP HITHFWLYH FRPSUR¥VLYH VWURRYV

7DEOH )UHTXHQWO\UHFXUULQJ SDUDPHWHUV

/LETIKISQIXVMIW
,Q WKLV 6HFWLRQ WKH SDUDPHWHUV WKDW VKDSH WKH JHRPHWU\ RI HDF
6HFWLRQ KHOSV LQ UHPHPEHULQJ WKH GHILQLWLRQV RI WKH SDUDPHWHU
DOL]DWLRQ

7TLIVI
,QLIJXUHD YLVXDOL]DWLRQ RI WKH FURVV VHFWLRQ RI WKH VSKHUH GHVL
DUHDOVR ODEWH GHK SDUDPHWHUY WR WKH LQQHU UDGLXV RI WKH VSKHU

JLIXUH 6 FKHPDWLF FURVV VHFWLRQ RI VSKHUH
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3S3DUDPHWHU 6\PERO 8QLW )RUPXOD
,(QWHUQDO UDGLX¥Y P
6KHOO WKLFNQHVY P

3HGHVWDO KHLJKWsnsHuvwBo
3HGHVWDO WKLFNGQHMNwPo
YRXQGDWLRQ SODWHMKLFNQHVV
JRXQGDWLRQ SODWH GLDPH VKUY t)

4
,QWHUQDO YROXPM_owHuoBO §a3

7TDEOH 6SKHUH GLPHQVLRQDO SDUDPHWHUYV

'IPMRHIV
7KHF\OLQGULFDOUHVHUYRLUDGRSWVDWXEHGHVLIQZLWKIODW FLUFX(
PD\QRWEHWKHPRVWRSWLPDO IRUZLWKVWDQGLQJK\GURVWDWLF SUHVYV
IURPHGJIJHGLVWXUEDQFHYVY RUFRQVHUYLQJFRQFUHWH XVDJH LWV VLPSC
WKDWI\LHOGV XVHIXO UHVXOWV DW WKLV VWDJH LQ WKH GHVLJQ SURFHVYV

7KH VKHOO RI WKH UHVHUYRLU PDLQO\WUDQVIHUV WKH K\GURVWDWLF OF
HISHFWHG WKDW D EHQGLQJPRPHQW ZLOODULVHLQ WKHFHQWHU RIWKH
DVVXPHG WKDW WKHFDSV UHTXLUHWZLFH WKH WKLFNQHVV RI WKH VKHOUC

$ YLVXDOL]DWLRQ RI WKH F\OLQG ULB R0 HG HK/ILTDEE D\HIS L SHOWDH.@W MK HES D UD P
HWHUVa ®RIWKHIHU WR WKH LQWHUQDO VXUIDFH RI WKH UHVHUYRLU

D/RQJLWXGLQDO VHFWLRQ

E&URVV VHFWLRQ

JLIXUH 6 FKHPDWLFV RI F\AOLQGHU
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3DUDPHWHU 6\PERO 8QLW )RUPXOD
,QWHUQDO UDGL XV P
6KHOO WKLFNQHVYV P
,QWHUQDO OHQJWK P

([WHUQDO OHQJWKwruqBo
'LGWK RI IRXQGDWERQ EEDVH
L

BOHQGHUQHVYV 7
,QWHUQDO YROX®HywHuoBo  aZl

7DEOH &\OLQGHU GLPHQVLRQDO SDUDPHWHUV

8SVYW
7KH WRUXV FORVHO\ UHVHPEOHY WKH F\OLQGHU HVVHQWLDOO\ D FXUYH
WKH QHHG IRUD FDS GHVLJQ +RZHYHU$DYHILWIFPQH PIEPLE) G BW DR OAHLYV Q
XQLIRUP DFURVV WKH HQWLUH FLUFXPIHUHQFH RI WKH FURVV VHFWLRQ

7TKHPD[LPXPPHPEUDQHIRUFHLVY VOLIJKWO\KLIJKHUWKDQ WKDW RIWKH F\C
IRUFH LV PDUJLQDOO\ ORZH&I BW DHEHWRDEDFHEQGEHYLYDWLRQ RI WKHVH ILQ
RI WKHVH PHPEUDQH IRUFHYLOXHH QGKHDPMHPE UQRQH IRUFH DFWV LQ D WD
GLUHFWLRQ DV GLVFXVVHG LQ 6HFWLRQ

7KHFURVYVY VHFWLRQDO WKLFNQHVVY GHWHUPLQHG E\WKHFDSDFLW\WR Z
UHPDLQV FRQVWDQW DURXQG LWV FLUFXPIHUHQFH 7KLV PD\ SRWHQWLI
GHVLIQ WKLFNQHVV LV EDVHG RQ WKH QRUPDWLYH PHPEUDQH IRUFH 2S
WKURXJK WKH WRUXV VKHOO E\ SODFLQJ LW PRUHRXWZDUG FDQ UHVXOW
WKHUHE\OHDGLQJWR P@WHULDO VDYLQJV >

$ YLVXDOL]DWLRQ RI WKH)WRUMXVOYGCGRWIDGIDE GEDUDPHWBEOWBUH H[SOD|
6LPLODU WR WKH VSKEKRUHHDHWRAVRLWYEHUQWHUQDO VXUIDFH Rd WKH WRU
UHPDLQV XQDIIHFWHG E\ WKH VKHOO WKLFNQHVY HOLPLQDWLQJ DQ\ GL\
PDMRU UDGLL

3DUDPHWHU 6\PERO 8QLW YJRUPXOD

OLQRU UDGLXVLQWHUQDP

ODMRU UDGLXV b P

6KHOO WKLFNQHVY P

'LGWK RI IRXQGDWWRSQEPVH

6OHQGHUQHVV g

,QWHUQDO YROXPM_owHuoBo 2 2a’b
1,0

OD[LPXP PHPEUDQHpRUFH P pai+§
;+§

OLQLPXP PHPEUDQmIRUFHP mi+g

a

7DEOH 7TRUXV GLPHQVLRQDO SDUDPHWHUYV
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DODMRU FURVV VHFWLRQ

EOLQRU FURVV VHFWLRQ

JLIXUH 6 FKHPDWLFV RI WRUXV

7TPIRHIVRIWW
"KHQ GHVLIJQLQJD VWUXFWXUH ZLWK D VSHFLILHG YROXPH WKH FKRLFH R
FUXFLDO )RU D VSKHUH WKH YROXPH VROMDR SMHLS HLGQG VWK VB KN LWIMG & X
&RQYHUVHO\ IRUD F\AOLQGHU WKH VKDSH LVaG\LF W\l VLD & ER WEKIHJWD WRR R |
DWRUXV WKHVKDSHLY GHWHUPLQHG E\ W KaHDWWQEBAMLIRVERHEVUIBNGEU@XVIVND P L Q R
WKHVH GLPHQVLRQVY RQH FDQ FRPSXWH WKH PHPEUDQH IRUFHV ZLWKLQ
LQVWUXPHQWDO LQ HVWLPDWLQJ WKHUHTXLUHG WKLFNQHVV RI WKH VWU

JRU FAOLQGHUV DQG WRUL WKH UDWLRV EHWZHHQ OHQJWK DQG ZLGWK D
GHILQH%?IIR\U F\OLQC&HBUWQGL ZKHUHD KLIKHUYDOXHUHSUHVHQWY D PR

TDEOHGHPRQVWUDWHY YDULRXV FRQILIXUDWLRQVRIF\OLQGHUVDQG WRL
WKHVH SDUDPHWHU UDWLRYV 7KHVH FRQILIXUDWLRQV LOOXVWUDWH KR:
DUH VLIJQLILFDQWO\VOHQGHU SRWHQWLDOO\FRPSURPLVLQJ WKHLU URE
WKLFNQMEWH@GRHY QRW QHFHVVDULO\V\UHIOHFW WKHDFWXDO UHTXLUHG W
SUHVVXUHDWDGHSWK RI PHWHUV 7KHSULPDU\VNIRFXV KHUHLV WR VKR.
IRUF\OLQGHUV DQG WRUL

$VLIQLILFDQW SRUWLRQ RIWKH ILIJIXUHV LQ WKLY FKDSWHU FRQWDLQV S
F\OLQGHUDQG WRUXV 7RHQVXUHFRQVLVWHQF\ SORWV ZLWK VHOHFWHC
EHHQ FKRVHQ 7KUHH GLITHUHQW YDOXHV DUH VXIILFLHQW WR GHPRQVW!|
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RQ WKHFDOFXODWHG UHVXOWY DQG LW DOORZV IRUWKH REVHUYDWLRQ

WKUHH YDOXHY FRXOG PDNH PRVW SORWY XQFOHDU

Cylinder Torus
L b
2a a
L b
— =8 - =8
2a a
L =12 P =12
2a a
L =20 l—) =20
2a a

7TDEOH ,O0XVWUDWLYH FRQILIXUDWLRQV IRU FA\AOLQGHU DQG WRUXYV



(ITh RMXMSRW SJQIQFVERIJSVGIW ERH MRXIVREP WXVIWWIW

(IhRMXMSRW SJQIQFVERIJSVGIWERH MRXIVREP
,Q &KDSWWKH GHWHUPLQDWLRQ RI ZDOO WKLFNQHVV LV EDVHG RQ WKH F
VSKHUH GXH WR LWV JHRPHWU\ H[SHULHQFHV PHPEUDQH IRUFHY VROHO
WUDWHSBXIUH &RQYHUVHO\ WKH F\OLQGHUDQG WRUXVHQFRXQWHU PHPEU
DQG WDQJHQWLDO GLUHFWLR QNQ G HBH.\F SWHFGVLLY HIONX U H V

7R HVWDEOLVK WKH ZDOO WKLFNQHVY FRQVLGHULQJ WKH PD[LPXP PHPI
ZKHWKHU WKH ORQJLWXGLQDO RUWDQJHQWLDO PHPEUDQH IRUFH SUHYDI
UHODWLRQVKI@BY DSSO\ >

_ pa
Ny, F\OLQ’GHUE
N. FroLgcHBA

5HJDUGLQJ D WRUXV ORQJLWXGLQDO DQG PD[LPDO WDQJHQWLDO PHPEL
SHQGL]

_ pa
NL;, wrRXV >

NI
+
oo

n. wrdxvpa

|_\
+
Qo

*LYHQ WKDW I§?>U1D\M/HRHURD[LPDO WDQJHQWLDO PHPEUDQH IRUFH FRQVLVW

GLQDO PHPEUDQHIRUFH ,QIDFW WKHPLQLPXP WDQZFf¥QWGHO PHPWEURQ H
GHWDLOHG L@ $$SSHQGUR 6HFRWLBEILQaWDEQV RI

,Q &KDSWMKIH DVVXPSWLRQLVY PDGH WKDW WKH QRUPDO WP @ RKYW DIOW W
DFURVV WKH ZDOO WKLFNQHVYV 7KLV DVVXPSWLRQ 3 U@MUIROHOFKRGG Y IR

JRU WKLQ VK40@0O \V? >Z830WKNKH QRUPDO VWUHVV LQ WKH VKHOO ZDOO Ol
VKHOO WKLENQHVYV >

(DUOLHU GHVLJQV RI WKH VSKHULFDO UHVHUY RE5:260GA PEMES3B WKLFNQH
> @ &ODVVLILHG DV D WKLFN VKHOO WKHVH WASLFDOO\ H[KLELW D QRQ

WKLFNQKVVE&RQVHTXHQWO\ LW LV H[SHMDKGHVKORQLQLWHHDWION\D FURV V
WKLFNQHVYV

'HVSLWH WKLV H{[SHFWDWLRQ FDOFXODWLRQV EDVHG RQ WKH DVVXPSWLI
WLRQ RI WKLV DVVXPSWLRQ LV XQGHUWDNHQ LQ 6HFWLRQ



(ITh RMXMSRW SJQIQFVERIJSVGIW ERH MRXIVREP WXVIWWIW

D7DQJHQWLDO PHPEUDQH IRUFH E5S5DGLDO VWUHVV RU GLVWULEXWHG IRUFH

F7TDQJHQWLDO VWUHVYV

JLIXUH 6SKHUH PHPEUDQH IRUFHV DQG VWUHVV GHILQLWLRQV DW FURVV VH
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